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Abstract

Our work is divided into three parts. In the first chapters, we simulate and compare dif-
ferent electoral systems using the 2019 Swiss parliamentary elections smartvote dataset.
The results show that the dataset is strongly homogeneous, with little to no cantonal
differences in terms of political views and election outcomes. The second part focuses
on modeling an election with election trees. In particular, we define and model the Can-
didate Comparison-Based Election Tree, which allows describing the entire smartvote
population with O(log2(n)) questions, where n is the number of voters. The third and
last part of this work considers the problem of voting fatigue among smartvote users
and proposes possible solutions. We outline an innovative way of building the ques-
tionnaire experience. We design and implement an algorithm that, personalizing the
question ordering, converges faster to the final voting advice. The algorithm chooses the
next question relying on the previous answers of the voter and all the answers of the
candidates. This approach significantly reduces the number of questions needed for 90%
of voters to identify their ultimate winner within the top 10 candidates, resulting in a
substantial decrease ranging from 37% to 61% when compared to the original order of
questions. This optimization allows users affected by voting fatigue to have more reli-
able voting advice provided, even if they opt to conclude the questionnaire before its
completion.
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Chapter 1

Introduction

smartvote is an online voting advice platform founded in 2003 by Politools, a non-profit
and non-partisan organization based in Bern. Using a specific questionnaire on various
political issues, voters can compare their positions with those of candidates and receive
a voting recommendation. All our analyses are based on the smartvote dataset of the
Swiss parliamentary elections of 2019, that contains candidates’ and voters’ data related
to that election. We gained access to such dataset thanks to Politools, the association
behind smartvote. Our work builds upon this tool, and this chapter has the goal of giving
the reader a detailed overview of the dataset.

This work is composed of three main parts. In the first part (Chapters 2-8), we
implement, simulate, analyze, and compare different electoral systems on the smartvote
dataset. In particular, the voting systems included are: plurality, two-round, instant
runoff, plurality veto, sortition. Such systems are evaluated in comparison to the utili-
tarian rule.

In the second part (Chapter 9), we discuss about election trees. We define and
implement Candidate Comparison-Based Election Trees (CCBET). This tool helps us to
define an entire election with n voters with only O(2 log2(n)) questions.

In the third part (Chapter 10) we develop a new way of thinking about the question-
naire, to reduce voting fatigue among the users. Previous analyses (see [1]) showed that
some smartvote users tend to not complete the questionnaire, asking for the final voting
advice after having answered fewer questions than the total. After some theoretical rea-
soning, we implement an algorithm that personalizes the order of the questions in the
questionnaire. This algorithm makes users’ profiles converge faster to the final voting
advice, allowing voters affected by voting fatigue to obtain a more reliable result after
less than 75 questions.

1.1 Description of the smartvote Questionnaire

The smartvote questionnaire involves a set of questions aimed at determining the users’
preferences given a list of candidates. It offers two versions: the “Deluxe” questionnaire,

1



1. Introduction 2

featuring 75 questions, and the �Rapid� version, which consists of only 31 questions.

The questionnaire covers a wide range of social, economic, and political themes to
gauge the user's a�nity towards each candidate. Its primary objective is to accurately
position users on the political spectrum, allowing for e�ective comparison with the posi-
tions of the candidates.

In addition, each question is accompanied by a weight that indicates its importance
to the user. The user has also the option to not assign any weight at all.

The grade of similarity to each candidate is measured in relation to the distance of the
user and the candidate on thek-dimensional space, wherek is the number of answered
questions by the user. In smartvote, candidates always answer questions, but voters
might not answer all questions. The distance to every candidate is therefore computed
with respect to a subset ofk � 75 answered questions. Formally:

De�nition 1.1 (Distance and Matching). Let v; w; c 2 Rk be the vectors representing
respectively the k voter's answers, the associated weights, and the corresponding can-
didate's answers to the questionnaire. Then the distance betweenv and c is de�ned as
follows:

Dist( v; c) := kwT (v � c) k2 =

vu
u
t

kX

i =1

(wi � (vi � ci ))
2 (1.1)

The grade of a�nity of v and c is �nally given by the matching:

Matching(v; c) = 100 �

0

@1 �
Dist( v; c)

q P k
i =1 (100� wi )

2

1

A (1.2)

Then, the smartvote questionnaire returns the linear ordering of the candidates in
descending order of their a�nities to the user. In this work, we will refer to such ordering
as the (user's)pro�le .

More information on the calculation of the recommendations can be found in the
o�cial smartvote documentation. 1

1.2 Description of the Dataset and Methodology

This work focuses on a dataset obtained for the 2019 Swiss federal election, which com-
prises 427,572 voters and 4,663 candidates.

The dataset comprehends two main �les, one for the voters' answers and one for the
candidates' answers, on which we will focus our analyses. The two documents also include
other features, such as the age of the candidates or the district of the user. Most of this

1www.smartvote.ch/method-description
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(a) Candidates smartmap. (b) Voters smartmap.

Figure 1.1: Distribution of smartvote candidates and voters on the political compass.
Dimensionality reduction is computed using principal component analysis.

additional information goes beyond the goal of this work and is not used in our analysis.
However, certain attributes such as the candidates'x and y coordinates on the political
compass, referred to assmartmap_xand smartmap_y, are relevant for interpreting the
results.

smartvote also registers data of users and candidates who do not �ll out the entire
questionnaire. Even if approximately 63% of the voters decided to �ll the �Deluxe�
version, most of them did not answerall of the questions.

For this study, we have excluded candidates who did not complete the entire ques-
tionnaire as well as a small number of candidates (12) who lack smartmap coordinates.
As a result, the total number of candidates has been reduced to 3,913. Each voter and
candidate is identi�ed by a unique identi�er, belonging to the respective setsf 1; : : : ; v� g
and f 1; : : : ; c� g, where v� = 427; 572 and c� = 3 ; 913.

Chapters 2 to 8 include simulations of electoral systems. These simulations have been
conducted with the whole voters' pool (427,572 voters) and the reduced candidates' pool
(3,913 candidates).

1.2.1 Limitations and Biases of the Dataset

In order to be transparent to the reader, it is dutiful to spend some lines describing some
important limitations and biases of the dataset we are working with, and how we decided
to tackle them.

First and foremost, the pools of candidates and voters are not representative of the
Swiss political spectrum. As we see in Figure 1.1, the pools are heavily leaning towards
the left side of the spectrum. Only a small amount of candidates and voters belong to
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the �rst and the fourth quadrant of the compass. In reality, the relative majority of the
Swiss parliament is composed of members of the Swiss People's Party (SVP), which is
historically positioned in the �rst quadrant of the political compass.

A possible bias in the answers is due to the fact that the order of the questions is not
randomized. As a result, users could get tired after answering many questions, and the
quality of their last answers could be lower. This bias will be the focus of Chapter 10.

An important assumption made in this work is that the questions used in the ques-
tionnaire are representative, neutral, and comprehensive. We consider questions to be
representative when they cover Swiss political themes. Additionally, we assume that the
questions are neutral in the sense that they are formulated impartially and comprehen-
sive in the sense that they coverall the major Swiss political themes. Although this
approach has received criticism in the past, as reported in [2], such criticisms go beyond
the scope of this study.

In this work, we also assume the candidates' pool, the voters' pool, and the ques-
tionnaire are representative of an imaginary single-winner election. Furthermore, we
assume that a voter's list of preferences accurately represents the candidate they would
ultimately vote for.

1.2.2 Principal Component Analysis

In the next pages, the presentations of the results will frequently involve political com-
passes, which visually display candidates and voters in a two-dimensional space. As
reported in [3], studies have shown that the two axes usually represent economic policies
(left-wing versus right-wing) and social policies (libertarian versus authoritarian).

On the horizontal axis, the left-wing end typically signi�es policies associated with
wealth redistribution, social equality, and a larger role of the government in the economy.
On the other hand, the right-wing end signi�es policies that prioritize individual freedom,
free markets, and limited government intervention in the economy.

On the vertical axis, which represents the spectrum of social policies, the bottom
end represents a preference for personal freedom and limited government intervention in
personal lives. Conversely, the top end represents a preference for strong governmental
control and regulation of personal behavior and societal norms.

The reduction from the original 75-dimensional space toR2 is computed using princi-
pal component analysis (PCA) as a mean of dimensionality reduction. It is worth noting
that the reduction of dimensions through PCA may result in a signi�cant loss of informa-
tion. Therefore, the interpretations of the two-dimensional plots should be approached
with care and caution.

While the smartvote dataset provides a set of two coordinates for each candidate
through the smartmap_xand smartmap_yvariables, obtained with PCA and reported
in Figure 1.1a, there is no such data available for the voters. Therefore, to provide a
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clearer understanding, as well as to better analyze the results in the following chapters,
we computed a PCA also on the subset of voters who completedall 75 questions.

It should be noted that we only performed PCA on this limited subset of voters
because the varying sizes of the voters' vectors (many voters left some questions blank)
would have led to inconsistencies in the process of dimensionality reduction. By focusing
on the subset of voters who completed all questions, we were able to perform PCA on
a consistent set of data and obtain reliable results. Figure 1.1b clearly shows a notable
shift towards the center-left of the political compass. It is important to consider this
observation when interpreting the results that will follow.



Chapter 2

Utilitarian Rule

It is important to say that the utilitarian rule is the reference electoral system, since
it theoretically maximizes social welfare, but it assumes data that is not available to
electoral authorities. Therefore, it can not really be implemented in practice, and one's
goal should be to approximate it as well as possible. In the context of smartvote, the
winner is de�ned as the candidatec� who minimizes the sum of their Euclidean distances
to all voters. More formally:

De�nition 2.1. Let V be the set of voters,C be the set of candidates and, for each
voter v 2 V and candidatec 2 C, let Dist (v; c) be their Euclidean distance in the sense
of De�nition 1.1. The winner 1 c� of the utilitarian rule is de�ned as:

c� = argmin c2 C

X

v2 V

Dist(v; c) (2.1)

This voting system assumes that the goal of an election is to choose a candidate who
provides the greatest bene�t to society as a whole, and not just to a particular group or
individual. The use of this electoral system implies that the purpose of government is to
promote the greatest good for the greatest number of people and that the best way to
achieve this is to elect a candidate that maximizes overall happiness or well-being.

When applying this system to the smartvote dataset we get the results shown in Fig-
ure 2.1. As expected, this plot clearly shows strong similarities to Figure 1.1b, outlining
as winner Candidate 1177, who positions themselves in the center-left of the political
compass.

To discuss the overall satisfaction of the smartvote population, we can modify De�-
nition 1.1 in the following way:

De�nition 2.2 (Entire population (EP) matching) . Let V be the set of voters,C be
the set of candidates and, for each voterv 2 V and candidate c 2 C, let Dist (v; c) be
their Euclidean distance in the sense of De�nition 1.1. Moreover, letwi;v be the weight
assigned from voterv to answer i 2 f 0; : : : ; kvg, where kv 2 f 0; : : : ; 75g is the number of
questions answered by voterv.

1For simplicity we assume it's unique.

6



2. Utilitarian Rule 7

Figure 2.1: Utilitarian rule results. The size of the points is inversely proportional to
the total distance to all voters. Color palette ranges between red (greatest distance) and
blue (smallest distance). We see a strong similarity to Figure 1.1b.

Then, we can de�ne the normalization factor MaxDist EP as the maximum possible
attainable distance:

MaxDist EP =
X

v2 V

vu
u
t

kvX

i =1

(100� wi;v )2 (2.2)

In the end, following the same reasoning of De�nition 1.1, we can quantify the grade
of a�nity of a candidate to the set of voters V as:

MatchingEP (c) = 100 �
�

1 �

P
v2 V Dist( v; c)
MaxDist EP

�
(2.3)

Using Equation 2.3, we can quantitatively assess the level of social welfare/satisfaction
among the entire smartvote population within the framework of a utilitarian rule-oriented
election.

Table 2.1 shows that the winner matches at 61.67% the political ideas of the entire
population. This outcome is similar to the general level of trust that the actual Swiss
population has in their government, which averaged 64.63% over the period 1995-2019,
according to data from the Federal Statistical O�ce 2. An interesting observation emerges

2Trust in the Federal Council - Index from 1 (no trust) to 10 (complete trust), FSO number ind-e-
21.02.30.1606.01.01.
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candidate 1177 2325 77 3884 2254 1258 3593 2274 1315 2987
matching (%) 61.67 60.57 60.36 60.27 59.87 59.85 59.8 59.73 59.73 59.65

Table 2.1: Top-10 winners of the utilitarian rule and their matching to the entire pop-
ulation. The di�erence in matching between the �rst and second is smaller than the
di�erence between the second and the tenth.

when we compare the matching scores between the winner and the runner-up, as well as
between the runner-up and the ninth candidate. Surprisingly, the di�erence in matching
between the winner and the runner-up is greater (1.1%) than the di�erence between
the runner-up and the tenth candidate (0.92%). This �nding shows that among the ten
candidates, all of whom belong to the center-left area of the political compass, Candidate
1177 exhibits a signi�cant lead over the others.

Although the overall satisfaction level is slightly above the 60% threshold, we still
lack information regarding the social welfare of individual cantons. It is important to
note that a candidate whose entire population matching grade is 100% to half of the
population and only 20% to the other half would have the same overall satisfaction score
as a candidate who satis�es everyone at 60%. Despite their vast di�erences, they would
receive identical overall scores. To further explore this issue, we simulate the utilitarian
election at the cantonal level, dividing the voter pool by canton and determining their
winners.

Table 2.2 reports that the utilitarian rule yields similar results when applied at the
canton level. Only in seven out of the 26 cases does the winner di�er from the �global�
winner. This outcome strongly suggests that the smartvote population is homogeneous
when analyzed based on cantonal divisions. Moreover, the only other two candidates who
win in some cantons are Candidate 3884 (with 5 preferences) and Candidate 2325 (with
2 preferences). Not surprisingly, these two candidates are ranked second and fourth in
the national election (cfr. Table 2.1). However, it is noteworthy that Candidate 77, who
holds the third position in the national election, does not emerge as the winner in any of
the cantons.

Furthermore, the level of satisfaction among the population appears to be consistent
across all cantons: it appears that a population tends to elect a winner who satis�es it
at approximately 60%, regardless of the canton size. This observation is also supported
by the linear relationship between the sum of distances of the canton winner and the
number of voters per canton, as shown in Figure 2.2. These results suggest that the
utilitarian rule provides a fair representation of the cantons' preferences.
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canton voters number winner matching (%)
Aargau 40861 1177 60.57
Appenzell Ausserrhoden 1186 1177 59.43
Appenzell Innerrhoden 493 1177 58.54
Basel-Landschaft 12349 1177 61.22
Basel-Stadt 11766 1177 65.08
Bern 84780 1177 62.22
Freiburg 19302 1177 61.71
Genf 9633 1177 63.59
Glarus 539 1177 59.83
Graubünden 10030 1177 60.6
Jura 1936 1177 63.16
Luzern 26579 1177 60.88
Neuenburg 6749 1177 62.69
Nidwalden 488 3884 59.69
Obwalden 1070 3884 60.1
Scha�hausen 2519 1177 61.58
Schwyz 7273 3884 59.51
Solothurn 13107 1177 61.24
St. Gallen 23494 1177 60.2
Tessin 3495 1177 61.46
Thurgau 11757 2325 59.92
Uri 1001 3884 59.4
Waadt 22707 1177 62.8
Wallis 17860 2325 60.57
Zürich 89665 1177 62.69
Zug 6933 3884 60.64

Table 2.2: Utilitarian rule applied regionally. Seven cantons elect a di�erent winner from
the global one. Entire population matching scores are homogeneously spread around
60%, irrespective of the winner or the canton size.
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Figure 2.2: Sum of distances of winning candidates in each canton is directly proportional
to the number of voters per canton. Satisfaction among cantons is therefore similar and
not a�ected by voters pool size.

2.1 Distortion

In the process of comparing di�erent electoral systems, one needs to de�ne a measure
to assesshow di�erent are the outcomes of the systems. To quantify such outcomes,
we need to introduce the concept of metric distortion, which allows us to compare two
di�erent electoral systems in terms of global satisfaction.

When de�ning metric distortion, the utilitarian rule plays a key role. Indeed, distor-
tion relies on the assumption that the utilitarian rule achieves the highest possible level
of satisfaction for a given population. The outcome of the utilitarian rule is therefore the
baseline to compare the outcomes of other electoral systems. The closer the outcome of
a particular voting system aligns with the utilitarian outcome, the more favorable it is
considered.

Distortion quantitatively measures the extent to which the outcomes of an election
are altered or distorted by a particular voting method. In other words, metric distortion
assesses how satis�ed the voters are under a particular electoral system. If the metric
distortion is high, the chosen system may not accurately re�ect the collective preferences,
potentially leading to dissatisfaction. Conversely, if the metric distortion is low (close to
1), the satisfaction grade of the population is high.

Mathematically, as De�nition 2.3 states, distortion is the ratio between the sum of
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the distances of the winning candidate to the voters under a chosen voting system and
the sum of the distances of the winning candidate to all the voters under the utilitarian
rule.

De�nition 2.3 (Distortion) . Let SW(c) be the variable that quanti�es the lack of social
welfare of the total population given by the election of candidatec, de�ned as:

SW(c) =
X

v2 V

Dist(v; c) (2.4)

Moreover, let R be an electoral system, and letcR be the winning candidate under
R.

Then, the metric distortion d(R) of the given electoral systemR is de�ned as follows:

d(R) =
SW(cR )

minc2 C SW(c)
(2.5)

In the next chapters, we will often refer to Equation 2.4 assatisfaction level/gradeof
a population.



Chapter 3

Plurality Voting System

The plurality voting system (also referred to as the top voting system) is an electoral
system in which each voter votes for a single candidate, and the candidate with the most
votes is declared the winner. Under this system, the candidate who manages to secure
the highest number of votes, regardless of whether they achieve an outright majority
or not, emerges as the winner. Irrespective of how the votes are distributed among the
candidates, the sole criterion for victory is obtaining more votes than any other candidate.

3.1 National Plurality Election

In the context of smartvote, the simulation of the plurality electoral system can be
achieved by attributing one vote to a candidate whenever they rank �rst place in a user's
voting advice pro�le.

Candidate Votes
3884 6162
2325 3659
794 3065
198 2990

1177 2813
77 2717

2254 2233
3655 2229
3809 1986
3442 1943

Table 3.1: Top-10 winning candidates of plurality voting system applied to the smartvote
dataset.

Table 3.1 displays the top-10 winning candidates resulting from the simulation of the
plurality electoral system using the smartvote dataset. Notably, Candidate 3884 manages

12



3. Plurality Voting System 13

Figure 3.1: Results of the plurality voting system on the national level. The size of the
dots is proportional to the number of votes a candidate received.

to secure the election with a signi�cant margin of votes (over 2500) compared to the
runner-up. An interesting observation is that the winner only acquires 6162

427;572 = 1 :44%
of the total votes.1 This highlights the in�uence of several factors, such as a large number
of candidates and the concentration of candidates in political areas with a large number
of smartvote users (cfr. Figures 1.1a and 1.1b), which contribute to the decentralization
of votes. Many voters tend to divide their votes between two candidates who have similar
positions.2 Conversely, Candidate 3884's success can be attributed, at least partially, to a
smaller number of candidates in their political area compared to their opponents. Figure
3.1 shows the political compass distribution of votes.

3.2 Cantonal Plurality Election

To gain a better understanding of the cantonal contributions to the national results, we
analyze how the di�erent cantons voted. By examining Table 3.2, we observe that the
smartvote dataset appears to be homogeneous also with respect to the plurality voting
system. In only six out of the 26 cantons, a candidate other than the national winner
wins. Among these outliers, only Jura and Neuenburg do not feature the winner within
their top three candidates. Interestingly, only four candidates, who do not rank in the

1Note this would likely fail to hold in practice, due to political lobbying and strategic voting.
2More about this phenomenon: https://en.wikipedia.org/wiki/Vote_splitting
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Figure 3.2: Political coordinates of the three cantonal plurality winners.

national top-10, manage to secure a place in the top three positions within any canton,
as highlighted in bold in Table 3.2.

Additionally, when we analyze the political compass cantonal distributions of winners,
we notice similar patterns. Even in the cantons with results that di�er from the national
outcome, the winner comes from the center-left political area, as can be seen in Figure
3.2.

Based on the provided results, we can conclude that the smartvote population, when
subjected to the plurality voting system, appears to be homogeneous, exhibiting little
variation among cantons. This suggests that political preferences within the dataset do
not signi�cantly di�er based on cantonal boundaries. Regardless of their size, all cantons
seem to share similar political views.

However, it is important to note that the plurality voting system has a notable draw-
back: it may result in winners who only receive a small percentage of the total votes
cast. This is a limitation of the plurality electoral method, as the chosen candidate may
not necessarily re�ect the preferences of the majority of voters.
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Canton Winner (% votes) Runner-up Third place
Aargau 3884 (1.69%) 2325 3655

Appenzell Ausserrhoden 3884 (2.11%) 794 2255
Appenzell Innerrhoden 3884 (2.64%) 1706 3050

Basel-Landschaft 3884 (1.55%) 198 2325
Basel-Stadt 3884 (1.03%) 2254 1177

Bern 3884 (1.36%) 2325 198
Freiburg 794 (1.63%) 77 3884

Genf 3884 (1.11%) 77 2325
Glarus 3884 (2.6%) 2723 2325

Graubünden 3884 (1.55%) 2325 1177
Jura 794 (2.17%) 77 3809

Luzern 3884 (1.88%) 2325 198
Neuenburg 794 (1.87%) 77 1315
Nidwalden 3884 (3.07%) 3809 198
Obwalden 3884 (1.59%) 3655 2254

Scha�hausen 2325 (1.31%) 3884 3655
Schwyz 3884 (2.09%) 2325 198

Solothurn 3884 (1.67%) 2325 198
St. Gallen 3884 (1.68%) 2325 198

Tessin 3884 (1.72%) 1177 794
Thurgau 3884 (1.77%) 2325 198

Uri 3884 (1.8%) 2325 3050
Waadt 794 (1.4%) 77 3884
Wallis 794 (1.63%) 77 3884
Zürich 3884 (1.36%) 1177 2254

Zug 3884 (1.89%) 2325 198

Table 3.2: Winners, runner-ups, and third-placed candidates of plurality voting system
for each canton. The majority of cantons align with the national results. Only six
cantons elect a di�erent candidate than the national winner. In bold candidates who are
not present in the top-10 national results. In brackets percentage of voters received by
the winner.

Further tests were conducted, dividing the pool of voters based on their education
level, questionnaire type, and political interest. The results of these simulations are
presented in Figures C.5 to C.8, which can be found in the appendix. The similarity of
these �gures highlight the homogeneity of the dataset with respect of any category-based
division of the voters' pool.

The winner of the plurality voting system, as we have seen in the previous sections,
is Candidate 3884. Candidate 1177, the winner under the utilitarian rule, only manages
to get to �fth place. Figure 3.3 summarizes the di�erences between the two voting rules.
We can see that Candidate 1177 is more left-shifted than Candidate 3884. This di�erence
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Figure 3.3: Comparison of plurality and utilitarian rule. The size of the dots refers to the
number of votes received under plurality, color shade represents the utilitarian distance
of the candidates to the voters. The more red the dot is, the smaller the distance of the
candidate to all the voters is.

between the outcomes of the two systems leads us to some questions: how satis�ed are
the voters, when electing a candidate only voted by 1.44% of the total population? How
satis�ed are the cantons?

To answer this question, make use of the concept of metric distortion, described in
De�nition 2.3.

Table 3.3 displays the distortion values of the plurality voting system for each canton
as well as globally. To establish baselines, we initially consider the distance of the utili-
tarian winner at the global level (Candidate 1177) and compare it to the distances of the
global and cantonal plurality winners (second column). Then, we consider the distances
of the utilitarian winners at the cantonal level and compare them against the distances
of the global and cantonal plurality winners (third column). In both cases, the distortion
values range between 1 (optimal distortion) and 1.13.

Based on these observations, we can conclude that even if plurality winners are elected
by a small percentage of the population, overall population satisfaction remains high. Ad-
ditionally, the distortion values do not appear to be in�uenced by canton sizes, indicating
that the electoral system's impact is consistent across di�erent cantons. The similarity in
satisfaction levels between the two electoral systems can be attributed to the proximity
of the candidates' positions in the 75-dimensional spaceR75.
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Canton Distortion Cantonal distortion
National 1.04 -

Aargau 1.04 1.00
Appenzell Ausserrhoden 1.04 1.01
Appenzell Innerrhoden 1.04 1.00

Basel-Landschaft 1.04 1.02
Basel-Stadt 1.04 1.13

Bern 1.04 1.06
Freiburg 1.06 1.02

Genf 1.04 1.09
Glarus 1.04 1.01

Graubünden 1.04 1.02
Jura 1.06 1.03

Luzern 1.04 1.01
Neuenburg 1.06 1.02
Nidwalden 1.04 1.00
Obwalden 1.04 1.00

Scha�hausen 1.03 1.03
Schwyz 1.04 1.00

Solothurn 1.04 1.01
St. Gallen 1.04 1.00

Tessin 1.04 1.05
Thurgau 1.04 1.01

Uri 1.04 1.00
Waadt 1.06 1.03
Wallis 1.06 1.02
Zürich 1.04 1.05

Zug 1.04 1.00

Table 3.3: Distortion of plurality voting system on the national and cantonal level. The
�Distortion� column refers to the utilitarian global winner as the baseline. �Cantonal
distortion� column refers to cantonal utilitarian winners as baseline (cfr. Table 2.2).
Values are rounded to two decimals.



Chapter 4

Egalitarian Rule

Figure 4.1: Results of the smartvote population under the egalitarian rule. The size of
the dots is inversely proportional to the distance of the candidates to the most distant
voter.

The egalitarian rule ranks the candidates with respect to their distance to the furthest
voter. The winner is de�ned as the candidate who minimizes the distance to their most
distant voter. In other words, under the egalitarian rule, the aim is to make the least
happy voter as happy as possible.

Figure 4.1 represents the outcome of an egalitarian election simulated with the entire
smartvote dataset. Comparing these results to those of the utilitarian rule, we observe
that the candidates are more inclined toward the center. This outcome is intuitive when
considering the contrasting objectives of the two systems.
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Figure 4.2: Comparison of egalitarian rule and plurality voting system. The size of the
dots refers to the number of votes received under plurality, color shade represents the
egalitarian ranking of the candidates. The more red the dot is, the better the candidate
ranks under the egalitarian rule.

The utilitarian rule strives to maximize social welfare for the entire electorate, taking
into account the overall preferences and well-being of the voters. In contrast, the egali-
tarian rule prioritizes the satisfaction of the least happy voter, aiming to make them as
happy as possible.

Considering that the least happy voter is likely to be positioned within the right
half of the political compass (as suggested by the data), the outcome of the egalitarian
system tends to shift towards the right. This shift occurs because the system seeks to
address the concerns and preferences of the least satis�ed voter, potentially leading to a
candidate selection that aligns more closely with their position.

Figure 4.2 presents a comparison between the egalitarian rule and plurality voting
system. The visual representation vividly illustrates the contrasting outcomes of the
two systems. The winner under the egalitarian rule, Candidate 1813, is represented by
the darkest red dot on the graph. However, its small size indicates that this candidate
received only a limited number of votes in the plurality system.

The graph also shows that most of the largest dots, which represent candidates who
got the highest number of votes under the plurality system, are not even depicted in dark
red, highlighting their poor performance under the egalitarian rule.

The discrepancy between egalitarian and plurality voting systems is also highlighted
in Table 4.1. It provides a detailed breakdown of the 10 winning candidates under the
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Egalitarian rank Candidate ID Plurality votes
1 1813 44
2 1800 31
3 107 74
4 1109 20
5 3066 36
6 3572 10
7 1102 18
8 2415 31
9 694 38
10 1144 13

Table 4.1: Top-10 winning candidates under the egalitarian rule. The third column
reports the number of votes gained under the plurality voting system.

egalitarian rule, along with the corresponding number of votes they received under the
plurality system.

None of the candidates listed managed to secure a position in the top-10 rankings of
both the utilitarian and plurality systems. This stark contrast underscores the signi�cant
di�erences in candidate performance across the two voting methodologies.

Moreover, their number of plurality votes falls within the range of 10 to 80. These
numbers are surprisingly small, taking into account that the plurality winner gets over
6000 votes.

Overall, the comparison drawn from Figure 4.2 and Table 4.1 e�ectively demonstrates
the disparities between the egalitarian and plurality voting systems, emphasizing the
di�erences in outcomes and the potential impact on candidate success.



Chapter 5

Two-Round Voting Systems

The two-round system is an electoral system that involves two rounds of voting to de-
termine a single winner. In the �rst round, the voting process is equal to the plurality
voting system depicted in Chapter 3. A second round of voting, also called cuto�, is held
between the top-k candidates who received the most votes in the �rst round, wherek is
an arbitrary value de�ning the number of candidates who can participate in the second
round. The winner of the second round is then declared the overall winner.

By allowing the top candidates to compete in a second round, the system provides
an opportunity for voters to consolidate their support behind one of the remaining con-
tenders. This can lead to a clearer expression of the voters' preferences and a winner
who has broader support among the electorate.

When simulating this voting system in this work, we make the theoretical assumption
that the number of voters in the �rst and the second round is the same, which is not
always the case in real-world scenarios.

5.1 Two-Candidates Ballot

In this section, we analyze the case ofk = 2 : the second ballot takes place between the
two most-voted candidates of the plurality voting rule. When we simulate this electoral
system using the complete smartvote dataset, the result is surprising: Candidate 2325,
who was the second-place candidate in the �rst round of voting (according to Table
3.1), manages to secure victory in the election, despite having received, in the �rst
round, 40% fewer votes than the �rst-place candidate, Candidate 3884. After the ballot,
229,364 voters vote for Candidate 2325 in the second round, while Candidate 3884 only
secures 198,208 votes. Examining further Figure 1.1b and Figure 3.2, it becomes evident
that some immediate considerations are necessary to fully comprehend the outcome in
this scenario. Intuitively, one can deduce that the shift in the results is attributed to
the convergence of votes towards Candidate 2325 in the second round, which they had
previously split with several neighboring opponents. As Candidate 2325's positioning on
the political compass is further to the left compared to its counterpart, it can attract a
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Figure 5.1: Results of the second round withk = 10 candidates. In red is the winner of
the �rst round. The �rst-round candidates' ordering is preserved.

larger number of votes from the smartvote dataset.

It is interesting to notice that the distortion value decreased after the second ballot.
The initial distortion value of 1.04, representing the plurality election with Candidate
3884 as the winner, decreases to 1.03 when Candidate 2325 emerges as the winner. This
indicates that employing a second round of votes by selecting the top-k candidates can
potentially lead to a reduction in the distortion value.

5.2 10 Candidates Ballot

In this section, we analyze the case ofk = 10: the second ballot takes place between
the ten most-voted candidates of the plurality voting rule. Figure 5.1 illustrates that
the winner of this ballot is Candidate 1177, who receives the highest number of votes
among all candidates. Interestingly, Candidate 1177 achieves this victory despite initially
securing only �fth place in the �rst round. As Candidate 1177 is also the utilitarian
winner in the global election, the distortion value in this scenario reaches the optimal
value of 1: the highest overall satisfaction of the population is achieved. This result
highlights the signi�cance of carefully determining the ballot size to elect a winner who
maximizes population satisfaction. If this section shows that an increase in the value of
k may be bene�cial, in the upcoming section we will examine the potential consequences
of an uncontrolled increase in the value ofk within the electoral system.
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Figure 5.2: Results of the second round withk = 50 candidates. In red is the winner of
the �rst round. The �rst-round candidates' ordering is preserved.

5.3 50 Candidates Ballot

In this section, we analyze the case ofk = 50: the second ballot takes place between
the �fty most-voted candidates of the plurality voting rule. In this case, the value of k
includes candidates who in the �rst round got more than 1,000 votes (Candidate 193,
the 50th most voted, got 998). Figure 5.2 reports the candidates in the order in which
they entered the ballot. The winner after the second round is, surprisingly, Candidate
1330, ranked 31st before the ballot, and the distortion value is greater than 1.

This result can be due to the fact that Candidate 1330 and Candidate 1177 are close
to each other in terms of distance to the voters. Letting Candidate 1330 compete in the
ballot, Candidate 1177's votes get divided between the two.

This section also highlights the potential unpredictability of a system when a large
number of candidates are allowed to participate in the ballot. It is therefore important
to carefully decide how many candidates to allow on the ballot.



Chapter 6

Instant Runo� Voting System

The instant runo� is an electoral system that allows the voters to casts a single vote
in the form of a ranked-choice ballot. Under such a ballot, instead of selecting just one
candidate, voters can rank multiple candidates according to their personal preferences.

After the �rst round of the plurality voting system, an arbitrary amount k of can-
didates, who received a number of votes below a certain threshold, are eliminated from
the pool. Their votes are then redistributed according to the voters' rankings.

In a single-winner election, we repeat the process of candidate elimination and vote
redistribution until all candidates except the winner are eliminated. After the initial
steps, the remaining candidates undergo a series of eliminations. In each iteration of this
voting system, the candidate with the fewest preferences is eliminated from the pool, and
their votes are subsequently redistributed based on the rankings provided by the voters.
In the case of ties, we randomly choose which candidate is eliminated.

This process continues until only one candidate remains, which will be the winner.

In the context of smartvote, given the high computational costs of such simulation,
we restrict the voters' pool to 100,000 random voters (approximately 25% of the entire
pool). This choice does not in�uence the reliability of the results, as we show in Chapter
8.

Moreover, we choose to limit the simulation to 900 candidates in the elimination
rounds. This choice is given from the fact that most of the candidates who ranked above
the 900th position did not reach the minimum amount of votes which would allow them
to compete for the win.

We simulate the instant runo� electoral system in the following way:

1. 100,000 voters are selected randomly from the pool.

2. A �rst round of plurality ranks the candidates per the number of preferences re-
ceived.

3. We select the top-900 candidates, who will access the elimination steps. All the
other candidates are straightforwardly eliminated, and their votes are redistributed
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ID 1177 3884 1330 2325 3237 2543 3655 2255 794 2254
Votes-10 12847 12029 13829 9119 10145 9842 9808 7336 7717 7328
Votes-9 15247 13102 14864 9372 10459 10780 9839 8270 8067 -
Votes-8 17488 13587 15255 12364 11302 11429 10271 8304 - -
Votes-7 19687 16357 16131 12824 11499 12849 10653 - - -
Votes-6 20137 22266 16145 14962 13503 12987 - - - -
Votes-5 23840 22986 23855 15739 13580 - - - - -
Votes-4 25006 29097 23900 21997 - - - - - -
Votes-3 33349 41759 24892 - - - - - - -
Votes-2 56666 43334 - - - - - - - -
Votes-1 100000 - - - - - - - - -

Table 6.1: Series of snapshots of the evolution of instant runo� with 900 candidates
participating in the elimination rounds. In bold is highlighted the candidate who got the
most votes at that exact snapshot. Votes-k represents the number of votes received by
each candidate whenk candidates are remaining. Displayed on the table are the last 10
candidates.

to the remaining candidates according to the voters' preference lists.

4. We eliminate the candidate with the least amount of votes and redistribute their
votes to the remaining candidates according to the voters' preference lists.

5. Repeat Step 4 until all candidates except one are eliminated.

6. The last-standing candidate is elected as the winner.

Table 6.1 reports the last 10 snapshots of the instant runo� electoral system with
900 candidates participating in the elimination rounds. When 10 candidates remain, the
winner is Candidate 1330, with one thousand votes more than the �nal winner, Candidate
1177. From 9 to 6 candidates remaining, the winner is Candidate 1177, while after the
elimination of Candidate 3655, Candidate 3884 takes the lead.

With only 3 candidates remaining, we notice that Candidate 3884 has the most votes
by a strong margin of more than 8000 votes. However, most of the votes of Candidate
1330, who gets eliminated, converge to Candidate 1177, who wins the election.

These analyses allow us to discover similarities within the candidates, such as the
one between Candidates 1177 and 1330, already highlighted in the two-round systems
(in particular, see Section 5.3).

Four of the ten last-standing candidates, speci�cally Candidates 1330, 3237, 2543,
and 2255, don't show up in the top-10 strictly after the plurality ballot (cfr. Table 3.1)
but manage to climb the rankings in the elimination rounds.

Although the �nal winner is the same, six of the ten last-standing candidates are not
in the top-10 under the utilitarian rule. In the end, the instant runo� voting system
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Figure 6.1: Snapshot of instant runo� voting system with 12 candidates remaining. This
is the last iteration that includes a candidate coming from the right political area.

converges to the utilitarian result.

As in the case of plurality, all of the ten �nal candidates come from the center-left
political area. To �nd a candidate from another area, we need to delve into the iteration
with 12 candidates left, reported in green in Figure 6.1. In this snapshot, Candidate 2723,
whose political compass coordinates lie in the �rst quadrant, obtains 6660 votes (6.7% of
the total) before getting eliminated. This candidate, among the strongest coming from
that political area, ranked second in the plurality voting system in Canton Glarus but
did not rank in the �rst three positions in any of the other cantons.

In conclusion, the instant runo� voting system yields similar results to the other
electoral systems simulated. The winner and the runner-up outlined by this method are
respectively the utilitarian winner and the plurality winner. On the other hand, strong
di�erences between the latter two methods are found in which candidates manage to get
to the top-10.



Chapter 7

Plurality Veto Voting System

Plurality veto is an innovative electoral system, which has been proposed by Kizilkaya
and Kempe in 2022 [4]. Under this system, each candidate starts with a score equal to
the number of �rst-place votes they receive in a �rst plurality round.

A veto process then takes place overn rounds, where in each round, voters in a
random order decrement the score of their least favored candidate among those still
standing. A candidate is eliminated when their score reaches zero. The last standing
candidate wins. This rule requires only two queries to each voter.

It has been shown that plurality veto is guaranteed to achieve metric distortion of at
most 3. However, its outcome depends on the order in which voters are queried, making
it challenging to study its axiomatic properties. As the results will show, in the context
of smartvote, actual distortion appears to be smaller.

In this work, we simulate the plurality veto voting system in a couple of ways: �rst,
we allow each candidate to participate in the veto round. Then, we limit the access to
the ballot to 10 and 4 candidates. In all of the implementations, the order of the voters
is randomized.

7.1 All Candidates Participate in the Veto Rounds

When allowing every candidate to participate in the veto rounds, the winner is Candidate
1177, who doesn't immediately result in the top candidate (after the plurality round
Candidate 1177 has fewer votes than Candidates 3884, 2325, and some others, who
didn't manage to get to the last 10).

Allowing all the candidates to participate in the veto rounds, we get the same winner
as for the utilitarian rule. It is surprising to note that the candidate who initially received
the most votes in the plurality round (Candidate 3884) did not even make it to the top
9 candidates in the �nal round. Some snapshots of the evolution of the veto round are
given in Table 7.1.
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ID 1177 77 2325 2254 2774 1258 3593 1315 3809 3884
Score-all 2872 2632 3758 2273 1339 1171 1548 1531 20396740
Score-1000 2861 2555 3758 2272 1339 1171 1548 1531 20376736
Score-500 2859 2421 3758 2270 1339 1171 1548 1531 20336733
Score-100 2852 2216 3744 2263 1332 1168 1544 1528 20186548
Score-50 2852 2182 3627 2261 1308 1154 1532 1469 19685726
Score-30 2852 2146 3369 2235 1251 1109 1478 1323 18074131
Score-20 2833 2024 2950 2018 1103 881 1256 1017 1140 1982
Score-10 2803 1890 2430 1657 925 616 842 472 169 157
Score-9 2788 1866 2365 1588 891 578 775 406 22 -
Score-8 2787 1864 2352 1578 886 571 766 394 - -
Score-7 2702 1750 1941 1173 656 277 276 - - -
Score-6 2666 1700 1727 993 521 124 - - - -
Score-5 2622 1645 1608 858 401 - - - - -
Score-4 2499 1443 1113 319 - - - - - -
Score-3 2401 1285 769 - - - - - - -
Score-2 1953 696 - - - - - - - -
Score-1 1501 - - - - - - - - -

Table 7.1: Series of snapshots of the evolution of plurality veto with all candidates
participating to the ballot. In bold is highlighted the candidate who got the most votes
at that exact snapshot. Score-k represents the score of each candidate whenk candidates
are remaining. Displayed on the table are the last 10 candidates who get eliminated.
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ID 1177 2325 3884 77 2254 794 3442 3809 198 3655
Score-9 90603 45264 56874 24222 25178 22513 14927 13578 8480 -
Score-8 89921 44602 55735 23360 22324 19189 10311 6483 - -
Score-7 89344 43725 52819 22509 19889 15898 4526 - - -
Score-6 88342 43017 50492 21157 16246 12696 - - - -
Score-5 85006 38572 37012 16347 3684 - - - - -
Score-4 83705 36040 33211 14731 - - - - - -
Score-3 69192 22078 10983 - - - - - - -
Score-2 59202 15185 - - - - - - - -
Score-1 46648 - - - - - - - - -

Table 7.2: Series of snapshots of the evolution of plurality veto with 10 candidates
participating to the ballot. In bold is highlighted the candidate who got the most votes
at that exact snapshot. Score-k represents the score of each candidate whenk candidates
are remaining. Displayed on the table are the last 10 candidates who get eliminated.

7.2 Ballot with 10 Candidates

In this case, we deal with a veto ballot containing only the top-10 candidates de�ned after
the plurality round. Candidate 1177 secures the win from the beginning of the ballot, with
a strong margin of votes, Candidate 1177 was once again determined to be the winner,
as shown in Table 7.2. However, the order in which candidates were eliminated di�ered
signi�cantly from the previous ballot, where all candidates were considered. Notably,
candidate 3884, who was eliminated early on in the previous ballot, managed to get to
the third position when facing only 9 other candidates. On the other hand, candidate 77
lost two positions in this smaller ballot.

These outcomes emphasize the impact of the number of candidates on the voting
process and the importance of carefully considering how many candidates are included
in the ballot.

7.3 Ballot with 4 Candidates

When limiting the veto rounds to only the top-4 candidates, an interesting phenomenon
occurs: the winner of the Plurality veto system is placed third out of the four candidates
in the ballot, as shown in Table 7.3. Despite starting with more than 25,000 fewer votes
than the top two candidates, candidate 2325 manages to win these rounds. This is likely
due to the fact that the two candidates with more votes are more polarizing, resulting
in a larger number of voters who do not favor them.

In contrast, candidate 2325 may not be the favorite of the majority of voters, but they
are also not the least favorite of many voters. This moderate level of approval allows them
to accumulate enough support from voters who prefer them as an acceptable compromise,
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ID 2325 77 3884 794
Score-4 74411 106302 100325 48743
Score-3 59212 69118 55365 -
Score-2 20167 10396 - -
Score-1 10247 - - -

Table 7.3: Series of snapshots of the evolution of plurality veto with 4 candidates par-
ticipating to the ballot. In bold is highlighted the candidate who got the most votes at
that exact snapshot. Score-k represents the score of each candidate whenk candidates
are remaining. Displayed on the table are the last 4 candidates who get eliminated.

rather than a polarizing choice. This demonstrates how a candidate's level of polarizing
appeal can a�ect their success in the voting process.

7.4 Considerations About Distortion

Plurality veto applied to the smartvote dataset seems to yield optimal results in terms
of distortion whenever allowing Candidate 1177, the utilitarian winner, to participate in
the ballot. In contrast to the two-round election, presented in Section 5, there are no
downsides with respect to distortion if we increase the number of candidates allowed to
the veto rounds. The metric distortion of plurality veto applied to the smartvote dataset
is therefore 1.

Once again, most of the ballots (all except top-4) do converge to Candidate 1177, the
utilitarian winner.



Chapter 8

Sortition Voting System

This chapter o�ers an analysis of the �sortition� voting system applied to the smartvote
dataset. This framework works as follows: we select a random sample of voters and
assign them the task of voting on behalf of the entire population.

The ultimate aim of this section is to �nd a solution to the following question: what is,
if it exists, the minimum percentage of people we must compel to participate in voting,
to ensure that the sample accurately represents the entire population? Moreover, are
there any restrictions to how the sample needs to be chosen?

More formally, given a set of votersV and an electoral system, letp 2 [0; 1] be the
fraction of people who actually vote. Our task is to �nd the minimum value p� of p which
is required to vote for the sample to be representative. In this context,representative
means that the winner of the election is the same as the winner of the election if the
whole population votes. To do that, for each value ofp we randomly selectp percent
of the given population 100 times and compute the winner of the given electoral system
with this subset of voters. Then, we have that a subset is a representative as soon as the
following requirements are ful�lled:

1. With p �xed, the winner w� has to be the same for each sampling.

2. Assuming the above 1,w� has to be the same of the winner withp = 1 .

For practical reasons, it is useful to reformulate 1 and 2 as follows.

De�nition 8.1 (p� ). Given an electoral system, letV be a set of voters,p 2 [0; 1] be
the fraction of elements ofV selected to go to vote. Run the electiont times for each
value of p and store the di�erent winners in the set Wp. Moreover, denote asw� the �nal
winner. Then p� is de�ned as follows:

p� = argmin 0� p� 1f Wp = f w� g; 8p 2 [p;1]g: (8.1)

It should be noted that the model described above is retrospective, in the sense that
the exact value ofp can only be computed after the winner of the whole given population
is known. However, the analyses presented in this section o�er a useful approach for
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Figure 8.1: Amount of unique winners elected varyingp over the smartvote dataset.
The red line highlights the minimum number of voters and the percentage of the whole
population needed to get a reliable result. Every test was run 100 times.

estimating the minimum fraction of people required to obtain a representative sample
for future elections.

8.1 Global Plurality

For the plurality voting system given the smartvote dataset, the results are summarized
in Figure 8.1. The red vertical line highlights the p for which De�nition 8.1 holds. Less
than 1% of the voters are needed in order to make the voting session representative.
Speci�cally, we found an exact value of3206voters, which corresponds to0:75% of the
total population.

We can make some observations and comments based on this result. First, the fact
that such a small percentage of voters is needed for the sample to be representative
suggests that the winner of the election does not heavily depend on the preferences of
a speci�c group of people. This may lead to a state where the voting population is
relatively homogeneous in terms of political views. This means that a small fraction of
the population can accurately represent the views of the larger group. In a hypothetical
scenario in which the sortition voting system is implemented, this result could have
important implications for the cost and logistics of holding elections.
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Figure 8.2: Canton plurality p� values against canton sizes. For big cantons, the value
stabilizes at less than 10%. For small cantons, the behavior is unde�ned.

8.2 Canton Plurality

The same computations can be done for each Swiss canton and the results are interesting
to understand how the canton size a�ects the results and how homogeneous a speci�c
canton is. To summarize the obtained results, which are reported in Figures F.1 to F.4,
we refer to Figure 8.2.

The graph shows a clear trend for cantons with populations of greater than 25,000,
where a fraction of the population of approximately0:1 is required to obtain meaningful
results. This is intuitively correct since a bigger population makes the random sampling
more accurate and reliable. It is interesting to notice that for small cantons (less than
25,000 voters) the results are less straightforward. This could be due to the fact that
random samplings of smaller populations are more heterogeneous and people-dependent,
which makes it more di�cult to obtain a representative sample.

This result shows that the sortition voting system is e�ective for populations of more
than 25,000 voters. In such cases, a small fraction of voters are required to get a reliable
result. In the context of smartvote, Aargau, Bern, Luzern, St. Gallen and Zürich are the
cantons that would actually bene�t from adopting sortition as an electoral system.
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Figure 8.3: Absolute values of voters needed to get a reliable result per canton. Cantons
are indexed alphabetically.

8.3 Absolute Values

As described above, it appears that the reliability of results in the sortition voting system
is not solely dependent on a speci�c percentage of voters but rather on the speci�c
circumstances of each canton: small cantons seem to be unpredictable. While there is no
precise valuep� , that guarantees a reliable outcome, there are indications that certain
cantons require a smaller number of voters to achieve reliable results. The data presented
in Figure 8.3 suggests that in 18 out of 26 cantons, reliable results can be obtained with
fewer than 2500 voters.

Further examination of the remaining eight cantons reveals that the higher number
of voters required (up to 17,000 for the case of Canton Waadt) is often associated with a
close tie between two candidates. For example, Figure 8.4 reports the results for Canton
Wallis, which necessitates the second highest number of voters (see canton 24 in Figure
8.3). After 20% of the voters are required to vote, there seems to be a close tie between
two candidates, which is only decided after 80% of voters cast their preferences. Similar
ties occur in the other 7 outliers of Figure 8.3.



8. Sortition Voting System 35

Figure 8.4: Amount of unique winners elected varyingp over Canton Wallis smartvote
dataset. After p = 0 :2, there seems to be a close tie between the two candidates. 80% of
voters are needed to elect the �nal winner.

8.4 Conclusions

We opened this chapter with a question: what is, if it exists, the minimum percentage
or number of people we must compel to participate in voting, to ensure that the sample
accurately represents the entire population?

On a national level, results show that only less than 1% of the population is needed
to declare a unique winner. The amount of voters needed to elect Candidate 3884 is
3206. This is a strong result that underlines how homogeneous the smartvote population
is. On the cantonal level, we can conclude that generally, with big cantons (with more
than 25,000 voters), one requires a percentage of less than 10% to reliably elect a unique
winner.

When discussing the actual amount of voters needed, results show that, regardless of
the size of the cantons, a number of voters in the order of thefew-thousandsare needed
to get a reliable result in the sortition voting system. In cases with two strong candidates
who are close to each other, a tie could raise the number of voters needed up to 80% of
the total population. These cases outline that in cantons of less than 25,000 people, one
needs to carefully consider the candidates' pool when implementing this voting system.

To conclude, it is clear that these results are purely theoretical. The big real-world
obstacle to actually implementing the sortition voting system is selecting a truerandom
sample of the population.



Chapter 9

Candidate Comparison-Based
Election Trees

In the previous sections, we constructed elections based on users' responses to the 75
questions posed in the smartvote questionnaire. Now, our goal is to explore the possibility
of building the same elections while minimizing the number of variables necessary to
de�ne the pro�les. We assume that each voter is aware of their pro�le, and we want to
determine their complete pro�le by asking the fewest number of questions. We limit the
questions to be of the form �Do you prefer candidate A or candidate B?�. To e�ectively
model this experiment, we can use decision trees. In particular, we de�ne Candidate
Comparison-Based Election Trees (CCBET).

9.1 De�nition and Construction

Consider an electionE with m candidates andn� voters. To construct a Candidate
Comparison-Based Election Tree (CCBET), we begin by merging voters who have the
same voting pro�les. This merging process helps us identify the number ofunique voters,
denoted asn. We de�ne the set of candidates asC = f c1; c2; : : : ; cm g and the set of
unique voters' pro�les as V = f v1; v2; : : : ; vng. Each voter's pro�le is a permutation of
the candidates inC, where the position of each candidate in the sequence represents its
ranking in that voter's pro�le. We will now describe the construction of a Candidate
Comparison-Based Election Tree.

In a CCBET, each node represents a subset of the setV . If a subset contains only
one element, it is considered a leaf node representing a unique voter pro�le. If a subset
contains more than one element, it splits into two children nodes based on the comparison
of two candidates' positions in the permutations.

The construction of the tree proceeds as follows:

1. Assign to the root node the entire set of unique votersV .

2. If the current node's subset contains only one element, consider it as a leaf node
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representing a unique voter pro�le and stop the algorithm. Otherwise, proceed
with the next steps.

3. If the current node's subset of voters contains more than one element, select a pair
of candidates (ci ; cj ) that has not been selected in any previous iteration. This
selection must satisfy the condition that there exists at least one pair of unique
voters who rank ci and cj di�erently (at least one voter prefers ci over cj and at
least one voter preferscj over ci ). For example, if c1 is ranked abovec2 in some
voter pro�les and ranked below c2 in other pro�les, we can select(c1; c2) as the
candidate pair.

4. Split the current node's subset into two subsets:

ˆ Subset A: Contains the elements from the current node's subset whereci is
positioned beforecj in the permutations.

ˆ Subset B: Contains the elements from the current node's subset wherecj is
positioned beforeci in the permutations.

5. Create two child nodes for the current node, assigning Subset A to one child and
Subset B to the other.

6. Recursively repeat steps 2 to 5 for each child node until all leaf nodes representing
unique voter pro�les are reached.

At the end of this process, we will have constructed a Candidate Comparison-Based
Election Tree. Each leaf node of the tree represents a unique voter pro�le, and the path
from the root node to each leaf node represents the comparison of candidate positions in
the permutations. This tree provides a useful framework for analyzing and understanding
the relationships between di�erent voter pro�les based on the positions of candidates in
their permutations.

9.2 Example

To illustrate this process more clearly, let's consider the following example.

Consider an electionE with m = 4 candidates andn� = 8 voters. We de�ne C =
f a; b; c; dg as the set of candidates andV � = f v�

1; : : : ; v�
8g as the set of voters. Table 9.1

illustrates the process of merging voters into unique voters. In the left table, one can
observe that votersv�

3 and v�
4 have the same pro�le (a,c,b,d). Therefore, we merge these

voters into a single unique voter, denoted asv3 in the right table. Moreover, voters v�
5,

v�
7 and v�

8 also share the same pro�le (d,a,c,b), and are merged into the unique voterv4.
The resulting election consists ofm = 4 candidates andn = 5 unique voters.

To construct a CCBET for the given election, we follow the procedure described in
the previous section. The root node of the tree represents the entire set of distinct voters
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Pro�les
v�

1 a b c d
v�

2 b a d c
v�

3 a c b d
v�

4 a c b d
v�

5 d a c b
v�

6 c d b a
v�

7 d a c b
v�

8 d a c b

�!
Unique pro�les

v1 a b c d
v2 b a d c
v3 a c b d
v4 d a c b
v5 c d b a

Table 9.1: Example of voters' pro�les set and unique voters' pro�les set. Votersv�
3 and

v�
4, having the same pro�les, have been merged intov3. Voters v�

5; v�
7; v�

8, having the same
pro�les, have been merged intov4.

V . During each iteration of the algorithm, we partition the subsets of voters according to
the preference rankings between two candidates. In this particular instance, thesplitting
candidates are selected randomly. However, it is worth noting that this approach may
not always yield optimal results in terms of minimization of the tree height. We will
delve into this topic further in Chapter 9.3, where we explore the concept of tree height
optimization.

Let's illustrate the construction of the CCBET for the election, shown in Figure 9.1
(note that voters are represented with numbers from 1 to 5, where votervi is represented
with number i ). The �rst step involves assigning the set of unique voters to the root
node of the CCBET.

We will now proceed with the iterative steps, following steps 2 to 5 (as described in
the previous section) for each node until all leaf nodes are reached. Here is a breakdown
of the iterations:

ˆ First iteration: Split based on the relative positions of randomly-chosen candidates
b and c. The left node will include votersv1 and v2 since b ranks higher than c
in the respective pro�les. The right node will contain the remaining voters, v3; v4,
and v5, where candidate c is ranked higher than candidate b.

ˆ Second iteration: Split based on the relative positions of candidates d and c for the
left part of the tree and the relative positions of candidates a and b for the right
part of the tree. For the left node, we split the voters' set based on the ranking of
d and c. For the right node, we split the voters' set based on the ranking of a and
b.

ˆ Third iteration: At this level, three out of the four nodes are leaf nodes, representing
a unique voter pro�le. We only need to work on the remaining non-leaf node, which
contains voters 4 and 5. We split this node with respect to the candidates d and
a, resulting in two new leaf nodes.
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Figure 9.1: Example CCBET with splitting candidates randomly selected at each step.
Voters are represented with numbers from 1 to 5, where votervi is represented with
number i . a > b occurs whenever candidate a ranks before candidate b in a pro�le.

ˆ Fourth iteration: At this stage, every path in the CCBET reaches a leaf node,
representing a unique voter pro�le. The algorithm terminates.

With these iterations, the construction of the CCBET is complete, and we have a
tree that fully represents the election scenario.

9.3 Height Minimization

Asking fewer questions in the process of building the CCBET for an election has several
bene�ts, since it reduces potential frustration or fatigue that voters may experience
when faced with numerous questions. By ensuring a low number of required questions,
we prioritize e�ciency and create a valuable tool for accurately describing the election.
Therefore, in the context of a CCBET, our primary goal is to devise an algorithm that
constructs a tree with the shortest possible height, where the height of a tree is de�ned
as the length of the longest path from the root of the tree to its farthest node.

9.3.1 In Theory

When considering the set of all permutations ofm elements, the optimal height of a
comparison-based binary tree is given bydlog2 (m!)e. This height represents the minimum
number of comparisons required to sort the permutations using a binary tree structure.
While it is true that this binary tree is perfectly balanced, constructing a perfectly
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Pro�les
v1 a b c d e f
v2 a b c d f e
v3 a b c e d f
v4 a b d c e f
v5 a c b d e f
v6 b a c d e f

Table 9.2: With this set of pro�les the CCBET height is n. This is the worst case for an
election with an equal number of candidates and unique voters.

balanced binary tree that divides permutations into two subsets of the same cardinality
at each level is not always possible, as we will see in this section.

In the study of di�erent types of elections related to the construction of a CCBET,
two edge cases can be considered: one where the number of unique votersn is equal to
the number of candidatesm, and another where the number of voters is equal to the
factorial of the number of candidatesn = m!. In the latter case, all of the permutations
are present in the voters' pro�les.

In the case where the pro�les includeall possible permutations ofm elements (n =
m!), comparison-based sorting algorithms can be employed. It is well known that any
deterministic comparison-based sorting algorithm requireslog2 m! comparisons to sort
n elements in the worst case. To simplify the expression, we can apply Stirling's ap-
proximation, which approximates the factorial function. We thus obtain O(log2 m!) �
O(m log2 m).

On the other hand, we don't observe the same behavior in the case wheren = m.
With this setting, the worst-case scenario occurs if you let V be the set of permutations
that switch any two adjacent elements. Table 9.2 illustrates an example of the case with
n = m = 6 , where C = f a; b; c; d; e; fg and V = f v1; : : : ; v6g.

This leads to a situation where the height of the CCBET tree, representing the
comparison-based sorting process, is equal ton. The number of possible permutations
that switch any two adjacent elements isn = m � 1. However, for any pair of candidates,
at least m � 2 permutations preserve their order. As a result, the binary tree constructed
for this election needs to have a height ofn � 1, as each comparison can eliminate at
most one permutation in the worst case. Therefore, the complexity of this case isO(n).
For all elections with n < m , the same result is trivially true. We can therefore conclude
that the height of a CCBET is not in O(log2 n), for n � m. Moreover, for this speci�c
example, we can conclude that it is not possible to create a balanced binary tree that
divides permutations into two subsets of the same cardinality at each level.

In conclusion, we can state that not every election can be represented with a Candi-
date Comparison-Based Election Tree of heightdlog2 (m!)e. But what about smartvote?
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9.3.2 In Practice

The smartvote dataset, with m < n � m! unique voters, falls between the above two
cases, and it presents a unique problem as no speci�c theorem exists to address this
scenario. The complexity of the sorting process for such a dataset is not immediately
evident, and further research is required to develop e�cient algorithms or determine the
lower and upper bounds for this speci�c case. The crucial challenge is the selection of the
two candidates that will lead to the most e�ective division of voters at every iteration of
the creation of the CCBET (point 3 of subsection 9.1).

To investigate this issue, we compare four di�erent methods:

ˆ Random: The two splitting candidates are selected randomly.

ˆ Best Two: The two splitting candidates is the winner and runner-up of an imag-
inary presidential election run with the subset of pro�les present in a node at each
iteration.

ˆ Random Top: The two splitting candidates are randomly selected from the set
of winners of each pro�le present in a node.

ˆ C1 �xed: One candidate is randomly selected and �xed throughout the entire
algorithm, while a random opponent is chosen at each iteration.

Figure 9.2 illustrates the tree heights of these four methods, and reports in black
the theoretical lower bound of dlog2(n)e. None of the methods yield optimal results.
However, the Random Top method seems promising, as it achieves results close to an
expected complexity ofO(log2(n)) . It would be interesting to consider more tests, to
deepen our understanding of the relation between CCBET and smartvote.
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Figure 9.2: Comparison of candidates-selection methods withn 2 f 100; 1000; 10000g
unique voters pro�les. Optimal sizes are set atdlog2 ne.



Chapter 10

Personalization of the Questionnaire

Survey fatigue refers to the phenomenon wherein individuals experience laziness or a lack
of interest when responding to questionnaire questions. It is a well-recognized issue that
can impact the quality and reliability of survey data and, in the context of smartvote,
can lead to inaccurate voting advice. Prior research (see [1], 22�24, and [5], 8�9) have
demonstrated that smartvote is not immune to the e�ects of survey fatigue: especially
in the last 15 questions of the �Deluxe� questionnaire the attention of the users drops,
and the number of answered questions drops consequently. This raises concerns about
the accuracy of the voting advice provided to users experiencing survey fatigue.

To address this problem and mitigate the potential for incorrect voting advice due
to survey fatigue, one immediate solution is to reduce the number of questions. This
approach has been implemented by introducing a �Rapid� version of the questionnaire,
which consists of only 31 questions. However, as previously stated, survey fatigue pri-
marily a�ects users who opt for the longer version of the questionnaire.

10.1 The Approach

Although the idea of reducing the number of questions in the long version of the ques-
tionnaire is the easiest to tackle survey fatigue, it is important to consider the trade-o�
involved in reducing the number of questions. While it may alleviate survey fatigue, it
also leads to a loss of information, that inevitably leads to less precise voting advice.
Consequently, users who do not experience fatigue may be disadvantaged by receiving
less accurate recommendations.

To lose the least amount of users' information, our idea is not based on proactively
reducing the number of questions, but rather on improving the so-calledconvergence of
the �nal pro�le . The idea is to personalize the order of questions for each user, ensuring
an earlier appearance in the pro�les of the candidates who will eventually be featured
in the �nal pro�le. This way, if a user experiences fatigue and decides to conclude
the questionnaire prematurely, the resulting advice is more accurate compared to the
standard ordering of questions. This approach implies that if a user decides to stop
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answering questions earlier than anticipated, the advice generated is still reliable and
re�ective of their preferences.

The solution we propose is based on the principle of portability: we do want to make
it work not only for the 2019 smartvote dataset, which we are working on and which is
useful to benchmark our algorithms, but we want to propose an innovative way of building
the questionnaire experience for the user only given the answers of the candidates. In
this way, future questionnaires can be optimized with our algorithm. For this reason, the
algorithm only relies on the answers of the candidates.

10.2 The Highest-Variance Question Selection Algorithm

The Highest-Variance Question Selection algorithm is a new method designed to enhance
the voting advice provided to smartvote users. By personalizing the order of questions
for each user, this algorithm aims to deliver more reliable recommendations earlier in the
questionnaire process. The algorithm operates in iterations, selecting each subsequent
question based on the user's previous answers and the answers of the candidates.

In the initial phase, a random subset ofn questions (wheren < 75) is chosen and asked
every user. Once these initial questions have been answered, the algorithm computes a
voting pro�le for each user. The voting pro�le strongly depends on the user's answers
and serves as a basis for subsequent question selection.

Next, from the remaining pool of75� n questions, the algorithm identi�es the question
that maximizes the variance of answers among the top-10 candidates in each user's pro�le.
This selection process is described in Algorithm 1 and is repeated iteratively until either
a user decides to conclude the questionnaire or all questions have been asked.

The choice to focus on the top-10 candidates in each user's pro�le was made using
a greedy approach. The goal was to �nd a balance between having a su�ciently large
number of candidatesk to allow for potential rearrangements, but small enough to give
weight to the previous answers of the users, which are embedded within the top-k pro�le.
To determine the optimal value for k, several tests were conducted with di�erent values
(k 2 f 5; 10; 20; 50g), and it was found that k = 10 yields the most promising results.
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Algorithm 1 Select question with maximum variance

1: function getNextQuestion (topPro�le, questionnaire)
2: remainingQuestions store not already asked questions
3: nextQuestion  -1 . Initialize variable nextQuestion
4: maxVariance  -1 . Initialize variable maxVariance
5: for all question in remainingQuestionsdo
6: variance  compute variance of answers of question among the candidates

present in topPro�le elements
7: if variance > maxVariance then
8: maxVariance  variance
9: nextQuestion  question

10: end if
11: end for
12: return nextQuestion
13: end function

Canton Number of voters Number of candidates
Aargau 26173 383
Appenzell Ausserrhoden 653 1
Appenzell Innerrhoden 296 4
Basel-Landschaft 7736 121
Basel-Stadt 7481 116
Bern 54328 554
Freiburg 11730 145
Genf 6257 139
Glarus 305 2
Graubünden 5991 82
Jura 1159 32
Luzern 15777 218
Neuenburg 4143 43
Nidwalden 244 1
Obwalden 526 4
Scha�hausen 1366 26
Schwyz 4290 81
Solothurn 8285 157
St. Gallen 14551 223
Tessin 2311 95
Thurgau 7207 124
Uri 543 3
Waadt 14955 297
Wallis 10943 200
Zürich 58372 799
Zug 4225 63

Table 10.1: Number of voters and candidates per canton. In bold cantons that have been
tested.
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10.3 Testing

To test the algorithm, it is important to make some considerations. In the previous
sections, we simulated hypothetical smartvote presidential elections, which is why we
utilized the entire pool of voters and candidates to simulate di�erent voting systems.

However, in this section, our focus is on optimizing the questionnaire itself and en-
hancing the users' experience. Therefore, we will test our algorithm using the original
smartvote cantonal divisions. This means that we will split both the candidates and
voters pools according to the respective cantons.

Furthermore, to ensure accurate benchmarking, the voters' pool has been limited to
the 269,847 users who completed the �Deluxe� version of the questionnaire: all users who
completed the �Rapid� version have been excluded from the benchmarks.

Table 10.1 reports the features of each canton. To ensure accurate testing within
our infrastructure limitations, certain cantons have been excluded. Speci�cally, Appen-
zell Ausserrhoden, Appenzell Innerrhoden, Glarus, Nidwalden, Obwalden, and Uri have
been excluded due to their limited number of candidates (less than 10), which makes
it impossible for our algorithm to run correctly. Additionally, Aargau, Bern, Luzern,
St. Gallen, and Zürich have been excluded due to their substantial number of voters
(more than 15000), which would require an impractical amount of time to process given
our current resources.

The remaining cantons, which are of medium size in terms of both the number of
voters and candidates, have been subjected to benchmarking. Each test was repeated
100 times for accuracy and reliability.

We run tests to compare three di�erent ordering methods: the original smartvote
order, a randomly-ordered questionnaire, and our HVQS algorithm ordering. For the
HVQS algorithm, we consider di�erent scenarios wheren initial random questions are
used, speci�cally n 2 f 1; 2; 5; 10g. These scenarios allow us to analyze the impact of the
number of initial random questions on the performance of the algorithm.

We measure two indicators to evaluate the performance of the di�erent questionnaire
orderings. The �rst indicator is the presence of the �nal winner within the top-10 pro�les
of a user. This measures how likely it is for the winning candidate to appear in the top
10 choices of a user's pro�le after a number of questions answered. The second indicator
is the evolution of the presence of the �nal top-5 candidates within the top-10 pro�les.

These two indicators do not consider the speci�c ordering of candidates or the asso-
ciated similarity scores.
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Figure 10.1: Cantonal comparison of HVQS algorithm withn = 1 and original smartvote
ordering. Percentage of voters with �nal winner present in top-10 per number of ques-
tions.

10.4 Results and Discussion

Consistent results were observed across all cantons, indicating that the Highest Variance
Question Selection algorithm with 1 initial random question has the best convergence in
terms of both the presence of the winner and the presence of the top-5 candidates within
the top-10 pro�les throughout the questionnaire.

Figures 10.1 and 10.2 summarize the �ndings we will discuss in the next subsections
and report the results for the HVQS algorithm with n = 1 initial random question and
for the original smartvote order. The heatmaps show the percentage of voters with
respectively the winner and the top-5 candidates present in their top-10 pro�le with
respect to the number of questions answered. Both �gures show a clear trend: for all
cantons the personalized order performs better and converges faster to the �nal voting
advice.

10.4.1 Final Winner in Top-10

Figure 10.3 shows the relationship between the percentage of voters who have the �nal
winner included in their top-10 pro�le and the number of questions they have answered.
For every canton, the �rst four rows of the respective heatmap report the HVQS per-
formances with n 2 f 1; 2; 5; 10g initial random question. The �fth row outlines the
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