


Variations on

Participatory Budgeting

Simon Rey






Variations on

Participatory Budgeting



ILLC Dissertation Series DS-2023-09

A
Euil

INSTITUTE FOR LOGIC, LANGUAGE AND COMPUTATION

For further information about ILLC-publications, please contact

Institute for Logic, Language and Computation
Universiteit van Amsterdam
Science Park 900
1090 GE Amsterdam
phone: +31-20-525 6051
e-mail: illc@uva.nl
homepage: www.illc.uva.nl

These investigations were supported by the Dutch Research Council (NWO) in the
context of the Collective Information project funded under the VICI scheme (grant
number 639.023.811).

Copyright © 2023 by Simon Rey

Cover design by Simon Rey based on an original idea of Marianne de Heer Kloots.
Printed and bound by Ipskamp Printing.

ISBN: 978-94-6473-211-5


illc@uva.nl
http://www.illc.uva.nl/

Variations on

Participatory Budgeting

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. dr. ir. P.P.C.C. Verbeek
ten overstaan van een door het College voor Promoties ingestelde commissie,
in het openbaar te verdedigen in de Agnietenkapel
op vrijdag 13 oktober 2023, te 10.00 uur

door
Simon Jean Rey

geboren te Caen



Promotiecommissie

Promotor: prof. dr. U. Endriss Universiteit van Amsterdam
Copromotores: dr. R. de Haan Universiteit van Amsterdam
dr. J.F. Maly Universiteit van Amsterdam
Overige leden:  prof. dr. E. Elkind University of Oxford
prof. dr. S. Ghebreab Universiteit van Amsterdam
dr. D. Grossi Universiteit van Amsterdam
prof. dr. J. Lang CNRS & Université Paris Dauphine
dr. rer. nat. R.E.M. Reiffenhduser Universiteit van Amsterdam
prof. dr. G. Schéfer Universiteit van Amsterdam
dr. P.M. Skowron Uniwersytet Warszawski

Faculteit der Natuurwetenschappen, Wiskunde en Informatica



Samenvatting

Variaties op Burgerbegroting

Door de waarneembare afname van het vertrouwen in regeringen is het idee van
een crisis van de democratie steeds meer aanwezig. In de literatuur over politicolo-
gie wordt nog voortdurend gedebatteerd over het optimale niveau van vertrouwen
voor een goed functionerend democratisch proces, maar er bestaat in ieder geval een
duidelijke consensus dat te weinig vertrouwen het proces in gevaar kan brengen. Het
is dan ook niet verwonderlijk dat er in de laatste tijd veel innovatieve instrumenten
zijn ontwikkeld om het democratisch proces te vernieuwen. Deze proefschrift gaat
over een van die instrumenten, namelijk de burgerbegroting (BB), een reeks mecha-
nismen bedoeld om collectieve en participatieve budgetteringsbeslissingen te nemen.

In dit proefschrift onderzoeken we BB-mechanismen als manieren om een col-
lectieve budgetteringsbeslissing te krijgen. In het bijzonder onderzoeken we BB als
een stemprocedure waarbij burgers worden gevraagd hun voorkeuren in te dienen
om te beslissen welke projecten moeten worden gefinancierd, met inachtneming van
een budgetbeperking. Ons onderzoek vindt zijn oorsprong in de literatuur over com-
putationele socialekeuzetheorie, het onderzoeksgebied dat manieren bestudeert om
vanuit individuele voorkeuren tot collectieve beslissingen te komen. Met de stan-
daard gereedschapskist proberen we te begrijpen hoe individuelen meningen kunnen
worden samengevoegd tot een collectieve beslissing in verschillende BB contexten.

Gezien de talloze implementaties van BB is een holistische benadering een uitdag-
ing. Ons onderzoek is gestructureerd langs twee assen, die elk een deel van het proef-
schrift bepalen en die nieuwe aspecten van BB in de analyse inbrengen.

Het eerste deel van het proefschrift is gewijd aan het zogenaamde standaardmodel
van BB, de meest voorkomende wiskundige formalisering van BB processen in de
literatuur. We hanteren twee nieuwe perspectieven om dit model te onderzoeken.

De studie van het standaardmodel in de literatuur houdt zich bijna uitsluitend
bezig met de vraag hoe een rechtvaardige uitkomst kan worden verkregen. Meestal
zijn beperkende hypothesen vereist, waarbij ofwel onredelijke veronderstellingen



worden gemaakt over het gedrag van de kiezers, en/of wordt geéist dat de kiezer
onrealistische hoeveelheden informatie geeft. In het eerste hoofdstuk van dit deel
van het proefschrift vechten we deze benaderingen aan en opperen we een nieuwe
kijk op rechtvaardigheid voor BB die niet aan deze nadelen lijdt. We bestuderen een
groot aantal nieuwe rechtvaardigheidsconcepten, bespreken hoe ze kunnen worden
geimplementeerd, en tonen de levensvatbaarheid van onze nieuwe benadering aan.

Hoewel het standaardmodel een groot aantal reéle BB-processen omvat, beperkt
het feit dat rechtvaardigheid het meest bestudeerde onderwerp is de toepasbaarheid
ervan. Rechtvaardigheid is immers niet het hoofddoel van alle BB-processen; som-
mige processen zijn bijvoorbeeld georganiseerd om te ontdekken wat de beste alter-
natieven zijn. Op basis van deze vaststelling presenteert het tweede hoofdstuk van
dit deel de eerste studie van het standaardmodel vanuit een epistemisch perspectief.
Hier is het doel om enkele grondwaarheden over de intrinsieke kwaliteiten van de
projecten bloot te leggen. We onderzoeken de epistemische vermogens van vele BB-
regels, en tonen aan dat de meeste er eigenlijk geen hebben.

In het tweede deel gaan we over op de studie van BB-modellen die de standaard-
model uitbreiden om meer aspecten van BB-processen vast te leggen.

In het eerste hoofdstuk onderzoeken we multi-beperkte BB-modellen waarbij de
budgetlimiet niet de enige beperking is die de haalbaarheid van een uitkomst bepaalt.
We presenteren een algemene aanpak voor een dergelijke uitbreiding van het stan-
daardmodel, waarbij we in detail aangeven hoe budgettoewijzingen moeten worden
bepaald wanneer de structuur van de uitkomst complexer is.

Het tweede hoofdstuk behandelt het tijdsaspect van BB. BB-processen worden
immers uitgevoerd over meerdere jaren, waarbij er elk jaar één verkiezing wordt
gehouden. We nemen dit aspect op in de formele analyse, waarbij de nadruk ligt op
rechtvaardigheid over de tijd. We introduceren noties van temporele rechtvaardigheid
en onderzoeken onder welke voorwaarden deze kunnen worden toegepast.

Een ander belangrijk aspect van BB-processen dat nog niet in de analyse was
opgenomen, is het feit dat de projecten in BB-processen door de burgers zelf worden
voorgesteld. In het laatste hoofdstuk van dit deel breiden we het standaardmodel
uit door een voorfase op te nemen waarin projectvoorstellen worden ingediend en
vervolgens worden geselecteerd om de reeks projecten te vormen die in stemming
worden gebracht. We richten ons eerst op deze eerste fase, waarbij we verschillende
methoden voor het bepalen van de shortlist onderzoeken, en gaan vervolgens over
tot het bestuderen van de interacties tussen de twee fasen.

In het algemeen bestudeert dit proefschrift procedures voor het selecteren van
projecten die in BB-scenario’s worden gefinancierd. We hebben ernaar gestreefd om
een breder scala aan feitelijke implementaties van BB-processen in de formele analyse
op te nemen dan tot nu toe was gedaan. Het eindproduct omvat een grote verschei-
denheid aan toepassingen van BB-processen, bestudeerd vanuit verschillende inval-
shoeken. Ik hoop dat dit werk, op kleine schaal, kan bijdragen tot betere beslissingen
voor BB, en daardoor de democratie op grotere schaal kan helpen verbeteren.
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Summary

Variations on Participatory Budgeting

The third quarter of the 20" century has seen the rise of the idea of a crisis of democ-
racy, both inside and outside of the academic literature. This crisis is often linked to
the observation that confidence and trust in governments and governmental bodies
is declining in many countries. There is a—still on-going—debate in the political sci-
ence literature regarding the optimal level of trust for a well-functioning democratic
process, but there is clear consensus that too little trust can endanger it. It is thus
not surprising that the past 40 to 50 years have also seen the rise of a wide range of
innovative tools developed to deepen and renew the democratic process. One such
tool is participatory budgeting (PB), which encompasses a large range of mechanisms
that aim to make budgeting decisions in a participatory and collective manner.

This thesis studies PB mechanisms. We view them as ways of obtaining a collec-
tive budgeting decision. More specifically, we investigate PB as a voting procedure in
which citizens are asked to submit their preferences in order to decide which projects
should be funded, subject to a budget constraint. Our investigation has its roots in
the literature on computational social choice, the field of research that studies ways
of reaching collective decisions from individual preferences. Equipped with the stan-
dard toolbox of the computational social choice scientist, we aim at understanding
how to aggregate individual opinions into a collective decision in a wide variety of
PB contexts.

There exists a myriad of different implementations of PB in real life. This makes
taking a holistic approach to PB particularly challenging. Our investigation is struc-
tured along two axes, each defining a part of the thesis, each bringing new aspects of
real-world PB processes into the analysis.

The first part of the thesis is dedicated to the so-called standard model of PB, i.e.,
the most frequently encountered mathematical formalisation of PB processes in the
literature. We consider two new perspectives on PB to investigate it.

The study of the standard model in the literature is primarily concerned with the
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question of how to obtain a fair outcome. However, restrictive hypotheses are usu-
ally required, either making unreasonable assumptions about the voters’ behaviours,
and/or requiring the voters to provide unrealistic amounts of information. In the first
chapter of this part of the thesis, we challenge these approaches and propose a new
take on fairness for PB that does not suffer from these drawbacks. We study a large
range of new fairness concepts, discuss how they can be enforced, and demonstrate
the viability of our new approach.

The standard model captures a large and diverse set of real-life PB processes.
However, focusing on fairness restricts the applicability of the formal analysis. In-
deed, fairness is not the main objective of all PB processes; some processes are for
instance organised to discover what the best alternatives are. Motivated by this ob-
servation, the second chapter of this part presents the first study of the standard model
from an epistemic perspective. Here, the goal is to uncover some ground truths about
the intrinsic qualities of the projects. We investigate the epistemic abilities of many
PB rules, and show that most actually do not enjoy any.

In the second part of the thesis, we move to the study of PB models that extend
the standard one, in order to capture additional aspects of real-life PB processes.

In the first chapter we investigate multi-constrained PB models. More specifically,
we study models of PB in which the budget limit is not the only constraint that de-
termines the feasibility of an outcome. Additional constraints can be used to model
statements such as “at least € 10 000 have to be allocated to cycling infrastructure”. In
this chapter we present a general approach for such extension of the standard model,
detailing how to determine budget allocations when the structure of the outcome is
more complex.

The second chapter of this part tackles the temporal aspect of PB. Indeed, most PB
processes are implemented over the course of several years, one election being ran
each year. We incorporate this aspect into the formal analysis, and focus on providing
fairness over time. We introduce several notions of temporal fairness and present
conditions under which they can be enforced.

Another important aspect of PB processes that had not been incorporated in the
analysis before is the fact that projects are not just voted on but also proposed by the
citizens. In the last chapter of this part, we extend the standard model by including
a preliminary stage in which project proposals are submitted and then shortlisted to
form the set of projects that are brought to the vote. We first focus on the first stage,
investigating different methods of determining the shortlist, and then move on to the
study of the interactions between the two stages.

Overall, this thesis is concerned with procedures to select the projects to be funded
in PB scenarios. Throughout our analysis, we aim at incorporating a wider range of
actual implementations of PB processes into the formal analysis than had been done
before. The end product covers a large diversity of implementations of PB processes,
studied from various angles. I hope that this work, at its small scale, can help make
better decisions for PB, and by that, improve the democratic process at a larger scale.
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Chapter 1

Introduction

Not very long after I started my PhD, my mother called me to discuss a problem
she was facing at work. At the time, she was involved in the management of a re-
search and development team. They wanted to try out new methods to determine
which research projects should be carried out, that is, which ones should be funded.
The process they envisioned involved two stages. In the first stage, the management
team would collect research project proposals from the team members. In the second
stage, the team members would be asked to submit their preferences regarding which
projects they would want to work on. Based on the reported preferences, the man-
agement team would then decide which projects to fund. My mother wanted me to
help her decide what procedure the management team should use for this last step.
She was thus after a mechanism to find a collective allocation of public funds to a
collection of projects. Coincidentally, studying such procedures ended up being the
exact topic I would work on during my PhD, and is, four years later, at the very heart
of this thesis.

This thesis studies scenarios in which a decision regarding how to allocate public
funds is to be reached collectively. This very broad definition accounts for a wide
variety of processes, including the one described above. As the title of the thesis sug-
gests, we will specifically focus on the case of participatory budgeting (PB). Generally
speaking, PB is a democratic tool used to allocate a given amount of money to a col-
lection of projects based on a group of individuals’ preferences over the projects. It is
participatory in the sense that the decision is based on the opinion of the individuals
who will most directly be impacted by it. This is completely opposite to more clas-
sical expert-based budgeting decisions where a committee of experts decides on the
allocation. Another implication of the participatory objective of a PB process is that
a large number of individuals are involved—typically all residents of a city—making
PB a collective budgeting problem.

Reaching a collective decision is not an easy task. No one who ever tried to plan
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a holiday with a group of ten friends would disagree on that. The participatory and
the collective aspects of any PB process thus raise a lot of intricate questions. Indeed,
when considering expert-based budgeting decisions, it is usually the case that, be-
cause of the small number of people involved, simple deliberation will be enough to
reach a final consensus. Now, such a deliberative process cannot be run at the scale
of a major city such as Paris where hundreds of thousands of citizens are asked to
provide their opinion. Thankfully, we have known for centuries how to efficiently
determine outcomes based on the opinions of thousands, or millions: by simply run-
ning an election. In this thesis, we will approach PB as a voting process.

To help us make the best budgeting decisions for PB, we can thus exploit the
large academic literature that analyses voting procedures. This literature has mainly
been developed within social choice theory, the research area investigating questions
related to the aggregation of individual opinions into a collective decision (Arrow,
1951; Arrow, Sen and Suzumura, 2002). Although it has received a lot of attention in
the past 70 years, social choice theory cannot be directly applied to PB, yet. Indeed,
PB is a more complex voting setting than the ones typically studied in the literature
(Arrow, Sen and Suzumura, 2002, 2011). This is due to the fact that in a budgeting
scenario the outcomes we are after (i) are composed of several winners who can have
different costs, and, (i7) should not cost more than a given budget limit. Even though
these two requirements may sound straightforward, they do make the setting much
more involved for a formal analysis. For instance, even the simpler setting of multi-
winner voting—where outcomes should satisfy (7) and (77) but with alternatives that
all have the same cost—required many years of research until it reached a stable state,
which only happened recently (Lackner and Skowron, 2023). The formal analysis of
PB is still at a burgeoning stage and the literature, though growing at a fast pace, is
still fairly sparse.

Overall, the question of how to aggregate preferences in a budgeting scenario
is far from being answered, and I am not ashamed to admit that I had no concrete
suggestion for my mother back in October 2019. The picture has changed since then,
and even though I would still struggle to provide a definitive answer to my mother’s
question, I would probably be more useful. The content of this thesis would actually
be of great help for that, as the underlying motivation for all the pages to come is to
provide an answer to a similar question, namely:

How should we aggregate preferences over costly alternatives into a collective decision
regarding which of the alternatives to fund, given a budget limit?

There is no single answer to this question, and without additional context it is proba-
bly impossible to answer it. Throughout this dissertation, we will discuss and inves-
tigate several possible answers. We will analyse budgeting procedures from various
angles, investigate numerous budgeting settings, draw connections between different
formal frameworks, and much more.

Providing a definite answer to this question will not only help my mother but also
positively impact society in general. The investigation presented in this thesis indeed
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fits within a broader research agenda that aims at developing better ways of organ-
ising grassroots democracy initiatives. As we will explain later, PB processes are by
their very nature grassroots as they were initially developed to reignite the Brazilian
democracy. Years later, PB is still viewed as an important innovative tool to improve
the democratic process. Getting a better understanding of how to make good, fair,
efficient, and/or optimal decisions for such processes is thus of prime importance to
sustain the development of participatory democracy. To the question “What are your
working on?”, one of my dear colleagues once answered “We are fixing democracy
here!”. This is, on a very small scale, what this thesis is about.

We have now outlined the general context of this thesis. Many important details
have been omitted for the sake of simplifying the exposition, and the next point on
our agenda is to clarify them all. This will be done in the rest of this chapter. We will
also introduce the different topics covered in the thesis.

1.1 The Object: Participatory Budgeting

Participatory budgeting is an innovative democratic institution through which citizens
are involved in the decision process of the allocation of public funds (Wampler, Mc-
Nulty and Touchton, 2021). It has originally been developed by politicians in the city
of Porto Alegre, Brazil, where it was first implemented in 1989. After years of dicta-
torship, the hope of the local politicians was to establish Brazil’s new representative
democracy by increasing the number of administrative mechanisms involving citi-
zens (Abers, 2000). After this initial success, PB spread to other Brazilian cities, and
not long after was used worldwide (Porto de Oliveira, 2017; Dias, 2018; Dias, Enriquez
and Julio, 2019).

1.1.1 Definition

With the rise of PB processes throughout the world, more and more diverse mecha-
nisms have been implemented under the name of PB, making it hard to provide a clear
definition of what actually is a PB process. Instead of providing a direct definition,
political scientists usually prefer to characterise PB processes through the properties
they satisfy. Following this idea, Sintomer, Herzberg and Rocke (2008) present five
criteria making any budgeting process involving non-elected citizens a PB process:

» It should be about the allocation of scarce resources;

» It should involve a public institution (city, district) with an elected body and
power over administration and allocation of resources;

» It has to be repeated over the years;

» It has to allow for public deliberation phases;
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» It should implement some mechanisms enforcing accountability on the result.

The above list informs us about the organisational aspects of a PB process. Comple-
menting this approach, Wampler (2012) identifies five' core principles that need to be
implemented (at least in part) by any PB processes in order to generate social change:

» Voice: citizens are offered a chance to voice their opinions and ideas;

» Vote: by voting in the PB process, citizens actively take part in state-sanctioned
decision-making processes;

» Social justice: areas that are more in need are targeted to achieve a better
redistribution of resources;

» Social inclusion: traditionally marginalised groups are offered additional op-
portunities to be represented,

» Oversight: citizens are involved at every step of the process to organise it,
monitor the implementation of the projects, and so on.

These two sets of principles and criteria only offer us a general overview of the
key components of any PB process, but do not touch on how PB processes are actually
implemented. This is the topic of the next section.

1.1.2 Implementation

It is once again hard to provide a general description of how a PB process is organised
given the multiplicity of actual implementations. Still, researchers have been able
to single out several key steps that almost all PB processes follow (Wampler, 2000;
Cabannes, 2004; Shah, 2007). We present them below.

» Regular meetings are held by the municipality to discuss potential projects that
could be funded using the available budget. Typically, these projects are pro-
posed by the citizens.

» A shortlist of potential projects is decided upon, usually, by collecting all pro-
posals that are feasible and fit the requirements of the PB process. Additionally,
the cost of each possible project is determined, either by experts from the mu-
nicipality or by the citizens who submitted the project.

» Citizens vote on the shortlisted projects to determine which of them will be
funded, given the budget constraint.

» The municipality reports back to the citizens on the advancement of the actual
realisation of the selected projects.

'Note that Wampler (2012) only discusses four core principles. Social inclusion was only added at
a later stage (see, e.g., Wampler, McNulty and Touchton, 2021).
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This description of a typical PB process is the one we adopt for the thesis. Specif-
ically, when referring to a PB process, we will have in mind a mechanism implement-
ing these steps. Note that we will mainly focus on the voting stage, i.e., the third bullet
point of the above.

As should be clear by now, this description only fits most PB processes, but not
all. For instance, the above is phrased as if the organising entity was a municipality.
This is the typical case; however, the scale of the process can vary significantly: from
schools,” or housing communities,” to neighbourhoods of a city,” and even to subna-
tional entities.” It is also interesting to note that not all the processes include a voting
stage. Indeed, some PB processes are organised as a simple deliberative mechanism
throughout which the set of projects to implement is determined meeting after meet-
ing. This was typically the case for some of the first PB processes implemented in
Brazil (Cabannes, 2004). Any PB process considered in this thesis will be assumed to
include a voting stage however.

1.2 The Question: Aggregating Preferences for Par-
ticipatory Budgeting

The previous section specifically highlights the existence of a plethora of ways PB pro-
cesses are implemented. Such variety in the object of study hinders the development
of a unique formal approach for PB. Instead, it calls for a multi-faceted analysis, one
that can investigate PB processes in their full variety. This is the approach adopted
in this thesis, with a special focus on the voting stage of PB processes.

With this in mind, we can rephrase the central question we posed on page 4 in
a more accurate way. Our goal is to understand ways of aggregating preferences in
PB settings, with an emphasis on incorporating the variety of PB processes in the
analysis. Essentially, this thesis tries to answer the following research question:

How should we aggregate the reported preferences in a PB setting,
taking into account the variety of forms PB processes can take?

In other words, given a set of costly alternatives, we are interested in knowing how
to aggregate the reported preferences over the alternatives into a collective decision
regarding which of them to fund, subject to a budget constraint. In addition, we are
interested in aggregation methods that make it possible to account for the multiplicity
of actual implementations of PB processes.

2See participatorybudgeting.org/pb-at-ps139 for an example of PB within a primary school.

*See the example of social housing in Scotland for instance: sharedfuturecic.org.uk/participatory-
budgeting-within-social-housing-ideas-for-better-engaging-with-tenants-and-residents-groups.

*E.g., Amsterdam organises individual PB processes for each district (City of Amsterdam, 2022).

’PB processes were organised at the scale of a regional department in Peru (Shah, 2007).
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1.3 The Method: (Computational) Social Choice

As we briefly mentioned earlier, we will provide an answer to our research question
following the (computational) social choice method (Arrow, Sen and Suzumura, 2002,
2011; Brandt, Conitzer, Endriss, Lang and Procaccia, 2016a; Endriss, 2017).

Social choice is a research field that emerged when highly educated individu-
als started to methodologically study ways of determining the winner(s) of an elec-
tion. The actual birth of the research field is usually attributed to two multi-faceted
scholars—Nicolas de Condorcet and Jean-Charles de Borda—who argued in the 18th
century about how to best determine the winner of an election (Borda, 1781; Con-
dorcet, 1785; McLean and Urken, 1995). The concepts they discussed at the time—
today known as the Borda rule and the Condorcet paradox—are now of fundamen-
tal importance to the formal analysis of voting. Social choice theory only blossomed
many years later when Kenneth Arrow published his seminal book featuring his cele-
brated impossibility theorem (Arrow, 1951). Since then, social choice became an active
field of research, mainly within the economics community. The last important turn
for social choice theory happened in the *90s and early *00s when computer scientists
started to investigate social choice problems using tools from theoretical computer
science, and to use social choice tools for their own problems (Bartholdi, Tovey and
Trick, 1989; Hudry, 1989; Ephrati and Rosenschein, 1993). This led, some years later,
to the establishment of computational social choice as a research field (Endriss and
Lang, 2006; Brandt, Conitzer, Endriss, Lang and Procaccia, 2016a), which is still very
active now (Endriss, 2017; Laslier, Moulin, Sanver and Zwicker, 2018).

Though it started with the study of (single-winner) voting methods, the focus of
(computational) social choice theory now includes a much broader set of applications
including more complex voting settings, the fair allocation of items to agents, coali-
tion formation between agents, and many more (Brandt, Conitzer, Endriss, Lang and
Procaccia, 2016a; Endriss, 2017). What do all these topics have in common? They
all are concerned with determining collective decisions based on the preferences re-
ported by the agents involved in the process. Overall, social choice theory can be
defined as the field of research that is concerned with the ways of aggregating indi-
vidual opinions into collective decisions.

Social choice theory thus studies aggregation methods, trying to single out a set
of most appealing ones for different settings. To do so, the standard method is to
adopt the axiomatic approach. Following this approach, one would first devise a set
of normative properties that are considered appealing for an aggregation method—
the so-called axioms—and would then analyse different aggregation methods in light
of these axioms (Thomson, 2001). This clearly is the standard method in social choice
and it has led to many of its most famous results, such as impossibility theorems
(Arrow, 1951; Gibbard, 1973; Satterthwaite, 1975), and characterisation results (Black,
1948; May, 1952; Young, 1974; Young and Levenglick, 1978; Moulin, 1980).

The computational take on social choice adds to the axiomatic approach the tool-
box inherited from computational complexity theory (Arora and Barak, 2009). Broadly
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speaking, complexity theory assesses how hard it would be to solve certain problems
using a computer. It does so by classifying problems based on the number of elemen-
tary steps that would be required to solve them. Using this approach, researchers have
been able to analyse the complexity of determining the outcome of aggregation meth-
ods (Hemaspaandra, Hemaspaandra and Rothe, 1997; Lipton, Markakis, Mossel and
Saberi, 2004; Hemaspaandra, Spakowski and Vogel, 2005), of computing successful
manipulations by the agents or the decision makers (Bartholdi, Tovey and Trick, 1989;
Faliszewski, Hemaspaandra and Hemaspaandra, 2009; Conitzer and Walsh, 2016; Fal-
iszewski and Rothe, 2016), and of verifying structural properties (Escoffier, Lang and
Oztiirk, 2008; Elkind, Lackner and Peters, 2022), among others. We will see in the
coming chapters specific computational problems designed for the analysis of PB.
Additional new tools came with the computer science perspective (numerical simu-
lations, computer-aided methods), that we will also make use of later on.

Overall, our toolbox for investigating aggregation problems for PB will include
both the standard axiomatic analysis from social choice theory, together with the
computational complexity and numerical simulation analysis from computer science.

1.4 The Contribution: Variations on Participatory
Budgeting

All the elements are now in place. We have presented the object of our study: par-
ticipatory budgeting; the research question: aggregation problems in PB; and the
method: computational social choice. The last step is now to describe the contri-
bution of this thesis, that is, its actual content.

Let us first position this work with respect to the literature. This thesis is not the
only work that uses tools from computational social choice to analyse aggregation
problems for PB. Nonetheless, the literature on this topic is relatively recent, and
only a handful of papers had been published when I started working on it in 2019.
As we will see later (Chapter 3 is dedicated to surveying the literature), the literature
has grown significantly since then, and many aspects of the aggregation problems for
PB have already been studied. However, the focus has almost exclusively been on the
voting stage of PB processes with the only constraint being the budget limit.

Overall, the research question posed on page 4 is already (partially) answered by
the literature, but its refinement stated on page 7 is left mostly unanswered. The use of
“mostly” here is due to the observation that several published papers contribute to the
study of formal models that are extensions of the standard PB model (see Section 3.6).
However, all these works—with the only exception of Hershkowitz, Kahng, Peters
and Procaccia (2021)—do not capture alternative models of PB as implemented at a
large scale in real life, but rather explore variations of the model that could potentially
be implemented.” By focusing on actually implemented variations of PB, the present

®This can be witnessed by the absence of real-life examples in all the papers cited in Section 3.6.



10 Chapter 1. Introduction

thesis contributes in closing this gap in the literature.

Let us now turn to the content of the thesis. All the chapters will be introduced
below, providing a general overview of the contribution of the thesis.

The first item on our agenda is to provide general background information on PB.
This will be done in Part . We will first formalise our approach in Chapter
There, the standard model of PB will be defined, and all other relevant concepts will
be introduced. More background information will be provided in Chapter 3, which
presents a comprehensive survey of the computational social choice literature on PB.

Once the scene will have been set, we will turn to the technical contribution. The
research question clearly highlights our will to account for variations in PB. We will
do so following two general directions, each making up for