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Zusammenfassung

Wir untersuchen die parametrisierte Komplexitéit mehrstufiger Komiteewahlen nach den
Regeln Veto, Bloc, Borda, Copeland, Chamberlin-Courant und Monroe, wobei wir ei-
ne Abfolge von Komitees mit sich d&ndernden Abstimmungsprofilen im Laufe der Zeit
wéhlen wollen. In unserer konservativen Variante verlangen wir, dass sich mindestens
eine bestimmte Anzahl von Kandidaten in den aufeinanderfolgenden Ausschiissen
iiberschneidet, wiahrend die revolutionére Variante sicherstellt, dass sich zumindest ei-
nige Kandidaten in den aufeinanderfolgenden Ausschiissen unterscheiden. Wir zeigen,
dass fast alle Varianten bereits fiir eine konstante Anzahl von Agenten NP-schwer sind,
wahrend die auf Veto, Bloc, Borda und Copeland basierenden Varianten fiir eine konstan-
te Anzahl von Zeitschritten polynomial 16sbar werden. Wir beweisen, dass alle Varianten
in XP und die konservative Varianten W-schwer in Bezug auf die maximale Grofle der zu
wéihlenden Ausschiisse sind. Die revolutionére Variante ist in Féllen von Veto, Bloc, Bor-
da und Copeland einfacher zu berechnen, da sie polynomial 16sbar wird, wenn die Grenze
fiir symmetrische Differenzen konstant ist und die konservative Variante dahingegen fiir
eine konstante Grenze NP-schwer bleibt.

Abstract

We study the parameterized complexity of multistage committee elections under Veto,
Bloc, Borda, Copeland, Chamberlin-Courant and Monroe rules, where we aim to elect
a sequence of committees under changing voting profiles over time. In our conservative
variant, we require that at least a certain number of candidates overlap in the consecutive
committees, whereas the revolutionary variant ensures that at least some candidates
differ in the consecutive committees. We show that almost all variants are NP-hard
even for a constant number of agents while the variants based on Veto, Bloc, Borda and
Copeland become polynomial-time solvable for a constant number of time steps. We
prove that all variants are in XP and that the conservative variants are W-hard regarding
the maximum size of the committees to elect. The revolutionary variant is easier to
compute in cases of Veto, Bloc, Borda and Copeland, since it becomes polynomial-time
solvable if the bound on symmetric differences is constant. The conservative variant,
however, remains NP-hard even for a constant bound.
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Chapter 1

Introduction

There are various situations where societies hold elections to make collective decisions
and since these situations have different characteristics and expectations, various types
of elections and voting rules are used in different settings. While choosing a leader
or a common meeting slot requires a singlewinner election, where a society chooses a
single alternative from a set of candidates, there are also many situations where societies
have to choose, instead of a single alternative, a subset of alternatives, which we call
a committee. These so-called multiwinner elections include for instance parliamentary
elections, various business decisions (e.g., an Internet store has to decide which products
to show on its homepage), or shortlisting tasks (prior to deciding who should receive an
award, typically there is a procedure that finds the finalists) [Fal+17].

The classic multiwinner elections have been subject of some research in the past years
[CHV18; Elk+17; Fal+17], that focus on selecting a single committee considering a single
voting profile. This typical setting disregards the time dimension and fails to prevent
concentration of power and lack of knowledge transfer in case of successive elections. An
online setting can help to avoid such problems in some situations, nevertheless planning
with all information at hand from the beginning is also necessary in various scenarios,
therefore, we use an offline setting.

We focus on a multistage model as in the work by Bredereck, Fluschnik, and Kacz-
marczyk [BFK20], where we seek successive committees with a desired quality for a
sequence of profiles and allow agents to change their preferences over time. The conser-
vative variant of our model allows us to lower-bound the number of coinciding committee
members between two consecutive committees, whereas the revolutionary variant allows
us to lower-bound the number of differing ones.

In contrast to Bredereck, Fluschnik, and Kaczmarczyk [BFK20] who consider only
a single voting rule, i.e., Single Non-Transferable Vote, we aim at continuing their work
line by expanding their model for various voting rules following different principles. We
define our central problem as follows:



10 CHAPTER 1. INTRODUCTION

IT MULTISTAGE R VoTING (IIMRV)

Input: A set A={aiy,...,a,} of agents, a set C = {cy,...,cn} of candidates,
a sequence of 7 voting profiles, and three integers k € N, ¢ € Ny, and
xr eN.

Question: Is there a sequence (C1,...,C;) of committees C; C C such that for all

t € {1,...,7} it holds true that |C;| < k and scoref*(Cy) > x, and for
all t € {1,...,7 — 1} it holds true that

|CtAC 11| < 4 (IT = CONSERVATIVE);
|CtAC 1| > ¢ (IT = REVOLUTIONARY).

This problem definition actually defines a family of problems that differ in the type
of voting profile used and the way the scores are computed. Depending on the voting
rule, two types of voting profiles are mainly used, approval ballots and ranked ballots.
Approval ballots let agents express their preferences by either approving or disapproving
each candidate, and some approval-based rules like Veto and Bloc specify the number of
candidates an agent can approve, whereas ranked ballots allow agents to rank candidates
according to their preferences. Table 2.1 formally shows which type of voting profiles
are used and the way to compute the scores for the rules used in this thesis.

We believe that we have included quite a variety of multiwinner rules in this work.
In fact multiwinner variants of classic singlewinner rules Veto, Borda and Copeland are
called k-Veto', k-Borda and k-Copeland, and choose an exact k-sized committee with
the maximal score. Since k is an upper bound in our model and included in the problem
input, we use Veto, Borda and Copeland to point out rules based on them for the sake
of readability and simplicity. All rules we considered are explained below:

Veto: Every agent approves all but one candidate, and a committee’s score is equal
to the sum of the approvals of the candidates in the committee.

Bloc: Every agent approves the same number of candidates as the desired committee
size, and a committee’s score is equal to the sum of the approvals of the candidates in
the committee.

Borda: Every agent ranks the candidates in order of preference. A candidate’s score
from every agent is the number of candidates ranked below it. A committee’s Borda
score is equal to the sum of scores of the candidates in the committee.

Copeland®: Every agent ranks the candidates in order of preference and all can-
didates are compared pairwise. If the strict majority of agents rank one of them above
another, winner gets a score of 1 and if there is a tie, both of them gets a score of a. A
committee’s Copeland score is equal to the sum of the scores of the candidates in the
committee from pairwise comparisons.

The Chamberlin-Courant and Monroe rules are used in this work as Elkind et al.
[Elk+17] and Faliszewski et al. [Fal417] defined them. All of the following rules have an
utilitarian and an egalitarian variant, which are notated with vy and g, respectively,
and if it is not especially notated, both variants are meant. The score of a committee

!The name k-Veto is also used for the related singlewinner voting rule, where every agent disapproves
exactly k candidates as in the work by Lin [Linl1].
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corresponds to the sum of the individual scores from all agents in the utilitarian variant
and the lowest score from an agent in the egalitarian variant.

a-Chamberlin-Courant (a-CC): Every agent approves any number of candidates
and if any of the approved candidates are in the committee, the agent gives a score of 1
to that committee.

p-Chamberlin-Courant (5-CC): Every agent ranks the candidates in order of
preference. The score a committee receives from an agent is the number of candidates
ranked below the committee member that the agent ranks highest. This scoring is similar
to Borda rule, but only depends on the highest ranked candidates.

An assignment function m : A — C maps every agent to a candidate; 7(a;) is
interpreted as the member of committee C' = 7(A) = {m(a;) | a; € A} that rep-
resents a; under the assignment 7. The assignment 7 satisfies the Monroe criterion
if L%J < |7 ()] < {%—‘ for all ¢ € w(A). The set of all assignment functions for
a committee C’ is denoted by ®(C’) = {7 : A — C | 7(A) = C'} and &M (C") C &(C")
denotes the ones that satisfy Monroe criterion.

a-Monroe (a-M): Every agent approves any number of candidates. An agent
gives a score of 1 to a committee C’ under the assignment 7, if the committee member
representing the agent under 7 is approved by the agent. The Monroe score of C’ is the
best possible score under an assignment m € ®(C”).

f-Monroe (8-M): Every agent ranks the candidates in order of preference. The
score a committee C’ gets from an agent under the assignment 7 is equal to the number
of candidates ranked below the committee member representing the agent under 7. The
Monroe score of C” is t best possible score under an assignment = € ®M (C").

We now give an example to demonstrate a real-world situation in which our model
can be used. This also gives us a small overview on the bounds of conservative and
revolutionary variants.

Example 1. A cinema with two screening rooms shows two movies from different genres
every week. The cinema manager wants to choose two film genres for the next three
weeks considering the preferences of four of their best customers. The customers are
more likely to watch movies from their two most preferred genres. Their preferences
change from week to week and are given in Figure 1.1. We use our model under Bloc
rule and Bloc scores of the genres for each week are given in Figure 1.2. The manager
wants to choose two genres with a total score of at least 5. Possible pairs of genres are
A-C and A-D for Week 1, A-D for Week 2, C-D and C-H for Week 3.

If the manager wants to show at least one different genre from the previous week
in one of the screening rooms, we can use our revolutionary model with a symmetric
difference £ = 2. In that case, they have to show movies from genres Action and Comedy
in Week 1. If they show movies from genres Action and Drama in Week 1 instead, they
cannot choose two genres with a total score of at least 5 and a symmetric difference of
2 in Week 2. If we apply our revolutionary model with £ = 2, a possible solution is to
show movies from A-C in Week 1, A-D in Week 2, C-H in Week 3.

The manager can also prefer to show at least one movie from one of the genres of
previous week for consistency. We can then use our conservative variant with ¢ = 2. In
that case, they cannot show movies from genres Comedy and Horror in Week 3 after they
show movies from genres Action and Drama in Week 2. If we apply our conservative
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Customer Week 1 Week 2 Week 3

Anmn  C,D A, D A, C
Bob A, C A H D, H
Chuck A, D C,D C, H
Don A H A, D C,D

)

Figure 1.1: Possible film genres are action A, comedy C, drama D, and horror H. Two
most preferred (approved) genres of the customers is given for three weeks.

Genre Week 1 Week 2 Week 3

Action 3 3 1
Comedy 2 1 3
Drama 2 3 2
Horror 1 1 2

Figure 1.2: The bloc scores of the film genres according to the preferences given in
Figure 1.1.

model with ¢ = 2, a possible solution is to show movies from A-D in Week 1, A-D in
Week 2, C-D in Week 3.

1.1 Related work

Our work is closely related to the work by Bredereck, Kaczmarczyk, and Niedermeier
[BKN20], who added time dimension to the classical multiwinner voting. However, they
do not allow to set any limit on how many candidates can differ between successive
committees and the agents cannot change the ballots they cast over the time. The work
by Bredereck, Fluschnik, and Kaczmarczyk [BFK20] and ours use the same multistage
model and only differ in the voting rules investigated. Hence, their work is the closest
related to ours and we expand it by adapting their model to other multiwinner voting
rules. Since we use a multistage model, other recently studied multistage problems
[Bam+18; CTW20; Flu+20a; Flu+20b; GTW14] are also somewhat related.

The works by Freeman, Zahedi, and Conitzer [FZC17], and Parkes and Procaccia
[PP13] are also based on a dynamic setting, that allows evolving voting profiles and
successive elections. However, both works focus on singlewinner elections and use an
online setting, despite the offline setting we use. Furthermore, agents report utilities
instead of ballots in the former and are allowed to change their ballots to a limited
extent in the latter.

We should also mention Aziz and Lee [AL18], who studied so-called subcommittee
voting; they aimed to choose several subcommittees to form a single bigger committee.
Nevertheless, their model does not have a time dimension and the subcommittees they
choose are necessarily disjoint.
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1.2 Owur Contributions and Organization

We study the classical and parameterized complexity of multiwinner committee elections
for the multiwinner rules mentioned above. We give an overview of our results in Ta-
bles 1.1 and 1.2 and the results for conservative and revolutionary variants are visualized
in Figure 1.3. We start with introducing necessary definitions and notations in Chap-
ter 2. In Chapter 3, we prove the NP-hardness and the para-NP-hardness regarding n
of almost all our problem variants and the para-NP-hardness of the conservative vari-
ants regarding ¢. In Chapter 4, we give an XP-algorithm with respect to parameter k
and show that all variants are fixed-parameter tractable when parameterized by m. We
present an XP-algorithm in Chapter 5 to show that the revolutionary variants are in XP
with respect to £. Although the Chamberlin-Courant and Monroe rules are para-NP-
hard regarding 7, we discuss the parameterized complexity with respect to 7 for other
rules in Chapter 6 and give a dynamic programming algorithm to show that they are
contained in XP. We conclude this thesis by summarizing our results and discussing the
possible further research directions in Chapter 7.



Table 1.1: The first part of overview of our results. First two columns describe the problems, parameterized complexity results of
which are given in the following columns regarding the parameter indicated at the top. The voting rules are given in
the first column. C stands for conservative variant and R stands for revolutionary variant in the second column. The
following abbreviations are used for complexity classes: p-NP-h stands for para-NP-hard, W[1]-h stands for W[1]-hard
and WI[2]-h stands for W[2]-hard.

R II n m 14 T x
C WI1]-h Thm. 33 p-NP-h Thm. 3.3 XP Cor. 4.7
VETO p-NP-h Thm. 3.3 WI1]-h Thm. 3.3
R XP Thm. 5.1 XP cor. 4.7
C WI2]-h Thm. 48 p-NP-h Thm. 3.9 p-NP-h Thm. 4.8
Broc —— p-NP-h Thm. 3.9
R XP Thm. 5.1 open
C W[2]-h Thm. 49 p-NP-h Thm. 3.13
BorDA —— p-NP-h Thm. 3.13 XP cCor. 4.7
R FPT cor. 43 XP Thm. 4.1 XP Thm. 5.1 XP Thm. 6.1
C p-NP-h Thm. 3.13 W[2]-h Thm. 49 p-NP-h Thm. 3.13 p-NP-h Thm. 3.13
CoreLAND
R open XP Thm. 5.1 open
C WI2]-h Thm. 49 p-NP-h Thm. 3.13
CoPELAND"® —— p-NP-h Thm. 3.13
R XP Thm. 5.1
XP Cor. 4.7
C p-NP-h Thm. 3.13 W[2]-h Thm. 49 p-NP-h Thm. 3.13

COPELAND!
R open

XP Thm. 5.1

4!

NOILLONAOYINI T H4HLdVHD



Table 1.2: The second part of overview of our results. First two columns describe the problems, parameterized complexity results
of which are given in the following columns regarding the parameter indicated at the top. The voting rules are given in
the first column. C stands for conservative variant and R stands for revolutionary variant in the second column. The
following abbreviations are used for complexity classes: p-NP-h stands for para-NP-hard, W[1]-h stands for W[1]-hard
and W[2]-h stands for W[2]-hard.

R II n m k l T x
C WI2]-h Thm. 3.19  p-NP-h Thm. 3.19
a-CC —— p-NP-h Thm. 3.19 p-NP-h Thm. 3.19
R p-NP-h Prop. 5.5
C p-NP-h Thm. 3.25 W[2]-h Thm. 325 p-NP-h Thm. 3.25
ﬁ—CC XP Cor. 4.7
R open FPT Cor. 43 XP Thm. 4.1 P-NP-h Prop. 55 ) NP cor. 3.1
C W[2]-h Thm. 3.19 p-NP-h Thm. 3.19
a-M —— p-NP-h Thm. 3.19 p-NP-h Thm. 3.19
R p—NP—h Prop. 5.5
C  p-NP-h Thm. 3.25 WI2]-h Thm. 325 p-NP-h Thm. 3.25
6-M open
R open p-NP-h Prop. 5.5

NOILVZINVOHO ANV SNOILLAdIHLINOD 41O ¢'T

q1
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Figure 1.3: The first diagram depicts the results for the conservative variants and the
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W-hard
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second diagram depicts the results for the revolutionary variants.
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Chapter 2

Preliminaries

In this chapter, we first introduce the notations used in the thesis and provide a table
containing an overview of voting rules studied in the thesis with the corresponding vot-
ing profiles and score computations. Then, we present the NP-hard problems and their
so-called half variants.

We denote by N and Ng the natural numbers excluding and including zero, respectively.
For a set S, P(S) denotes the set of all subsets of S, including the empty set and S itself
and P—,(S) denotes the set of subsets of S of cardinality exactly n € N.

Graph theory. An undirected graph is a pair G = (V, E), with a set V of vertices and
aset E C {{v,w} | v,w € V, v # w} of edges. A directed graph is a pair D = (V, A),
with a set V' of vertices and a set A C {(v,w) | v,w € V, v # w} of arcs.

Let D = (V, A) be a directed graph with s,z € V. An s-z path in D is a sequence of
vertices (vi,...,v,) with vy = s, v, = 2z, v; € V for all i € {1,...,n}, (vi,viy1) € A for
allie {l,...,n—1}, and v; #v; for all 4,5 € {1,...,n} with i # j.

Parameterized complexity theory. Let X be a finite alphabet. A parameterized
problem is a language L C >* x N. A parameterized problem L is fized-parameter
tractable if for any given instance (z,k) it can be decided whether (z,k) € L (yes-
instance) or (z,k) ¢ L (no-instance) in f(k) - ]ac\o(l) time, where f is some computable
function. The complexity class of fixed-parameter tractable problems is called FPT. The
class XP contains the parameterized problems that can be solved in ]a:\f *) time for any
given instance (z, k), where f is some computable function. The problems in XP are
also called slicewise polynomial.
W-hierarchy is a collection of classes of parameterized problems with

FPT = W[0] C W[1] C W[2] C ... C W[P] C XP

and these inclusions are believed to be strict.

A parameterized problem is para-NP-hard with respect to parameter k if it is NP-
hard even for some constant value of k. A parameterized problem in XP can only be
para-NP-hard if P=NP.

17
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Let P and Q be two parameterized problems. A parameterized reduction from P
to @ is a function that computes from an instance (z, k) of P in f(k) - |z|°?) time an
instance (2/, k) of @, such that (x,k) € P, if and only if (2/,k') € Q, and k' < g(k),
where f and g are some computable functions.

Social choice theory. We adapt basic notations from computational social choice
[Bra+16] and multiwinner voting [Elk+17] to the multistage setting.

Let A ={ay,...,a,} denote a set of agents (also called voters) and C' = {cy,...,cn}
denote a set of candidates. An approval ballot cast by agent a; at time step t is denoted
by u:(a;) and is a subset of candidates C', and contains the candidates that are approved
by a; at time step t. A ranked ballot cast by agent a; at time step ¢ is a strict linear
order > ; of C: >4, is transitive (if x =4, y and y >; z then x > ; z for all z,y, z € C),
semiconnex (x >; y or y =; x or x =y for all x,y € C), irreflexive (xv %, = for all
xz € C) and antisymmetric (if z >;; y and © # y then y ¥, x for all x,y € C).A voting
profile uy : A — P(C) or py = (>+¢1,- .., >+n) specifies approval ballots or ranked ballots
for each agent a; € A at time step t. The position of a candidate ¢ € C in the ballot
>t,i is denoted by pos, ;(c) = |[{c' € C'| ¢/ =¢; c}|+1. A ballot - ; is single-peaked with
respect to a strict linear order 1 of C, if d =¢; e =¢; f for d = argmin ¢ pos;;(c)
and for all d,e € C such that ¢ 3¢ 3" or ¢ 3¢ O c. A profile is single-peaked if
there exist a common linear order J on C such that every ballot of the profile is single-
peaked with respect to 1. A profile is single-crossing with respect to a strict linear
order of A with an ordered list (aq,...,ay,), if for each couple {¢,¢ € C' | ¢ # '} there
isaje{l,...,n},such that ¢ ;' if i <jand ¢ >=¢; cif i > jor ¢ »4; cif i < j and
¢ >4 ¢ if i > j. The pairwise majority relation ¢ >} ¢ denotes that a strict majority
of agents rank ¢ over ¢ at time step ¢, i.e., [{a; € A|c = '} > {ai € A =44 ¢},
and ¢ =}’ ¢/ denotes that the same number of agents rank ¢ over ¢’ at time step ¢ as the
number of agents that rank ¢’ over ¢, i.e., [{a; € A|c>¢; I} ={ai € A| =4, c}l.

Further problems. We briefly discuss the following NP-hard problems and their spe-
cial variants, from which we give polynomial-time many-to-one reductions throughout
the thesis.

VERTEX COVER

Input: An undirected graph G and an integer k € N.

Question: Is there a vertex set X C V(G) such that |X| < k and enN X # 0 for
all e € E(G)?

INDEPENDENT SET

Input: An undirected graph G and an integer k € N.

Question: Is there a vertex set X C V(G) such that |[X| > k and e € X for
all e € E(G)?
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HIiTTING SET

Input: A set E of elements, a collection C of subsets of ¥ and an integer k € N.

Question: Is there a set X C F of elements such that |X| < k and SN X # 0 for
all S €C?

We note that INDEPENDENT SET is known to be W[l]-complete [DF95] when param-
eterized by k and HITTING SET is W[2]-complete [DF12] when parameterized by k.
HAvLr VERTEX COVER, HALF INDEPENDENT SET, and HALF HITTING SET are special
variants of the problems mentioned above, where k is set to half the number of ver-
tices or elements. As Bredereck, Fluschnik, and Kaczmarczyk [BFK20] also mentioned,
it is not difficult to see that HALF VERTEX COVER is NP-complete: We can reduce
any instance (G,k) of VERTEX COVER to HALF VERTEX COVER by adding a clique
on |V(G)|—2k+2 vertices to G if k < |V(G)]| /2, or adding enough isolated vertices to G
until & = |V(G)| /2. Similarly, we can reduce any instance (G, k) of INDEPENDENT SET
to HALF INDEPENDENT SET by adding a clique on 2k + 2 — |V(G)| vertices to G and
increasing k by 1 if & > |V(G)| /2, or by adding enough isolated vertices to G and in-
creasing k by the number of added vertices until £k = |V (G)| /2. We can also reduce any
instance (F,C, k) of HITTING SET to HALF HITTING SET. If k£ < |E|/2, we add |E|— 2k
elements to F, increase k by |E| — 2k, and add {e} to C for every added element e.
If k > |E|/2, we just add elements to E until k = |V (G)| /2.

Corollary 2.1. HALF VERTEX COVER, HALF INDEPENDENT SET, and HALF HITTING
SET are NP-complete.
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Table 2.1: Voting rules studied in this thesis with the corresponding voting profiles and
formulas to compute the score of any committee C’ at time step t.

R Voting profile scoreft(C")

VETO w1 A= Popp1(C) Y |ug(a;) NC'|

a; €A
BLoCc u;: A — P_i(0) > Jur(a) N €|
a;€A
BORDA Pt = {>t7l’ cey >'t,n} Z Z HC/ eC | c >'t,i C/}’
ceC’ a;€A
COPELAND®  py = {11,..., =t} > ({€Cle> Y +al{d e C\{c}|e=l})
ceC’

f ; A i ! A’
ve-a-CC  w: A — P(CO) {0’1 {ai € A | ue(a;) NC" # 0} < |A]

1 if [{a; € A | w(ar) 1 C £ 0} = |A]

u-a-CC  uy: A — P(0) [{a; € A | w(a;) N C" # 0}
ve-B-CC  pr={>¢1,...,>n} minmax {deC|cr; c’}‘
a;EA ceC’
vu-6-CC  py = {*t,l, ceey >'t,n} Icréaé)/( Hc/ eC ‘ C >t c’}‘
a;EA
0, if max |{a;i€ A|n(a;) € w(a;)}| <A,
ve-o-M  uy : A — P(C) 1 if WE@M(C)H A | (ai) (@)} = |A|
) i € i) € i)yl =
i wegﬂe}?@) a m(a ut(a
yo-a-M  ug 2 A — P(C) wegllé}z(()') H{a;, € A | 7(a;) € u(a;)}]
'YE‘/B‘M Pt = {>‘t,1, Cey >‘t,n} max min |{C c(C | 77((17;) >‘t,i C}|

TedM(C") a; €A

'YU‘B‘M Py = {>‘t,17 RN >‘t,n} Wegllé}z(cl) QZEA |{C eC | W(ai) ~ti C}|




Chapter 3

Computational Hardness

In this chapter, we analyze the classical computational complexity of conservative and
revolutionary variants of our problems and prove that most of them are NP-complete,
even for small number of agents. We begin by showing that they are all in NP. The only
non-trivial part of a certificate is calculating the scores.

Algorithms A.1 to A.5 are polynomial-time algorithms that compute scores in the
cases of Veto, Bloc, Borda, Copeland, a-Chamberlin-Courant and S-Chamberlin-Courant
rules (they can be found in Appendix A). It is not straightforward to compute the Mon-
roe score of a committee, since we first seek for an assignment that satisfies the Monroe
criterion and maximizes the score. Betzler, Slinko, and Uhlmann [BSU13] and Procac-
cia, Rosenschein, and Zohar [PRZ08| show that an assignment can be found and the
score can be computed in polynomial-time in the number n of agents and the number m
of candidates for a-Monroe and S-Monroe, respectively.

Corollary 3.1. The score scoreft(C) of any committee C at any time step t can be

computed

(i) in O(nm?) time if R € {VETO, BLOC, BORDA, COPELAND®, a-CHAMBERLIN-
COURANT, [3-CHAMBERLIN-COURANT},

(ii) in O(poly(n,m)) time if R € {a-MONROE, S-MONROE}.
Now, we are set to prove that all problem variants studied in this thesis are in NP.

Lemma 3.2. IT MULTISTAGE R VOTING is in NP for all R € {VETO, BLOC, BORDA,
COPELAND, «a-CHAMBERLIN-COURANT, [(-CHAMBERLIN-COURANT, «a-MONROE,
B-MONROE}.

Proof. A certificate for IIMRV for all R € {VETO, BLOC, BORDA, COPELAND,
a-CHAMBERLIN-COURANT, (-CHAMBERLIN-COURANT, a-MONROE, -MONROE} is a

sequence (C,...,C;) of committees and verified if it holds true that
|Cy| < k forallt € {1,...,7}; (3.1)
scorel (Cy) > forallt € {1,...,7}; (3.2)
|CiAC 1] < ¢ forallt € {1,...,7 —1} (IT = CONSERVATIVE);  (3.3)
|CiAC 1] > ¢ forallt € {1,...,7—1} (I = REVOLUTIONARY).  (3.4)
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Clearly, (3.1), (3.3) and (3.4) can be checked in polynomial time. Corollary 3.1 shows
that (3.2) can also be checked in polynomial time. O

3.1 Veto

The first rule we studied is Veto and we start with exploring the classical computational
complexity of CONSERVATIVE MULTISTAGE VETO VOTING (CMVV). Then we continue
with an observation that sets bounds for the possible score of a committee. Lastly, by
reducing the conservative variant to the revolutionary variant, we settle the classical
computational complexity of REVOLUTIONARY MULTISTAGE VETO VOTING (RMVV).
We show that both variants are NP-hard even for two agents.

Theorem 3.3. CONSERVATIVE MULTISTAGE VETO VOTING with £ =0 and REVOLU-
TIONARY MULTISTAGE VETO VOTING with £ = 2k are NP-complete even for two agents,
and CONSERVATIVE MULTISTAGE VETO VOTING is W[1]-hard when parameterized by k
and x even for two agents and £ = 0.

First, we prove the NP-hardness and the W[l]-hardness with respect to k and x of
CMVYV giving a parameterized reduction from INDEPENDENT SET. Then we prove the
NP-hardness of RMVV reducing CMVYV to RMVV.

Lemma 3.4. From an instance (G,k) of INDEPENDENT SET, one can compute in
polynomial time an equivalent instance (A, C,U, k, ¢, x) of CONSERVATIVE MULTISTAGE
VETO VOTING with |A| =2, {=0 and x = 2k — 1.

Proof. Let I = (G = (V,E),k) be an instance of INDEPENDENT SET, and let F =
{e1,...,em}. We construct an instance I’ = (A,C,U, k,¢,z) of CMVV in polynomial
time as follows.
Construction: Let the set C of candidates be equal to V, and let the set A of agents
be equal to {aj,as}. We construct m voting profiles as follows. For all t € {1,...,m},
set ut(a1) = C\ {v} and wui(az) = C \ {w}, where e, = {v,w}. Then set £ = 0
and x = 2k — 1. This finishes the construction. An example of the construction is given
in Figure 3.1.
Correctness: We prove that I is a yes-instance if and only if I’ is a yes-instance.
(=) Let X C V be an independent set of size k. We claim that the sequence
(C1,...,C) with Cy = X for every t € {1,...,m} is a solution to I'. Firstly, observe
that CtACy11 = (foreveryt € {1,...,m—1}, and that |C}| = k forevery ¢t € {1,...,m}.
Since

scorey P10 (C}) = Z lug(ai) N Cy
a; €A
= |ug(ar) N Cy| + |u(az) N Cyl
= [(C\{v}) NCe| + [(C\{w}) N Cy
= [CNC| = v} NCy+|CNC| — [{w} N T
= 20N G| = (o} NGl + {w} N Ci)
= 2[Cy| — [{v,w} N Cy
=2k — |e; N Cy|
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INDEPENDENT SET instance I = (G, k) with k = 3 and

e1 es3 eq
a b c d

G: \
€2
e

e

€5

6

f

CONSERVATIVE MULTISTAGE VETO VOTING instance I’ = (4,C, U, k, ¢, x) with

A={a1,a2}, C ={a,b,c,d,e, f}, k=3,0=0, 2 =25, and

toa; uay) toai u(a;)
1 ay {b) C, da €, f} 4 ay {CL, ba da €, f}
ag {Qv C, d7 €, f} a {CL, b7 C, €, f}
Ui a {hedert o a {abdef)
a2 {Qa b,c,d, f} az {a’ b,¢,d, 6}
3 al {CL,Q, d767f} 6 al {a“) b7 C, d7 Z}
a {aaba d7evf} a2 {CL, ba c, d,Q}

Figure 3.1: An instance of INDEPENDENT SET and the equivalent instance of CON-
SERVATIVE MULTISTAGE VETO VOTING, constructed as described in the
proof of Lemma 3.4. Underlined candidates in every stage ¢ refer to the
endpoints of the corresponding edge e;. Possible solutions are marked with
red in both instances.

and |e; N X| < 1 for every edge e; = {v,w}, we have score, *™°(Cy) > 2k — 1. This proves
the claim.

(<) Let (C4,...,C:) be a solution to I'. Note that since ¢ = 0, C; = Cj for
every 1,5 € {1,...,m}. We claim that X := C} is a independent set of G (note that
|X| < k). Let t € {1,...,m} be arbitrary but fixed. Since score;*™°(C;) = 2|Cy| — |es N
Cy| = 2|X| —|e: N X| > 2k — 1, we know that |X| > k and |e; N X| < 1. It follows
that e; ¢ X. Since t was chosen arbitrarily, the claim follows. ]

W(1]-hardness follows directly from the above reduction and if we reduce the special
variant HALF INDEPENDENT SET, which is also NP-hard, we get the following.

Corollary 3.5. CONSERVATIVE MULTISTAGE VETO VOTING is NP-hard for two agents,
(=0,z=|C| -1, k=|C|/2, and W[1]-hard when parameterized by k and x, even for
two agents and £ = 0.

Before we continue with the revolutionary variant, we note an observation that will be
helpful to bound z in the reduction from CMVV to RMVV.
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Observation 3.6. Let [ = (A,C,U,k,¢,x) be a instance of II MULTISTAGE VETO
VOTING. For every committee C' C C it holds that

(IC'] =1) - |A] < scorey™™(C") < |C'] - |Al.

Proof. The score of a committee C' C C' is at most |C’| - |A|, even if all members of
the committee are approved by all agents and at least (|C’| — 1) - |A[, since every agent
disapproves at most one candidate in the committee. ]

We are ready to settle the classical computational complexity of RMVV and give the
following reduction for this.

Lemma 3.7. From an instance (A,C,U, k, ¢, x) with |A|-k > x > |A|-(k—1) (see Obser-
vation 3.6), £ =0, and k = |C| /2 of CONSERVATIVE MULTISTAGE VETO VOTING, one
can compute in polynomial time an equivalent instance (A,C', U’ k', ¢',2') of REVOLU-
TIONARY MULTISTAGE VETO VOTING with k' = |C'|/2, ¢/ =2k and |U'| =2|U| + 1.

Proof. Let I = (A,C,U,k,¢,x) with £ = 0, k = |C| /2 and 7 profiles be an instance
of CMVV. We construct instance I' = (A,C", U, k', ¢',2') of RMVV with ¢ = 2k’ in
polynomial time as follows.

Construction: Let the set of candidates C’ be equal to C U {z,y}, where z,y are new
candidates not in C. We construct 2 - 7 + 1 voting profiles as follows. For all a € A
and all t € {1,...,7}, set uh,_;(a) = w(a) U{z,y} and ub,(a) = C’"\ {z}. Moreover,
set up, 1(a) = C"\ {y} for all @ € A. Finally, set &' = k41,1’ = 2k’ = |C"| and 2’ =
x + | A|. This finishes the construction.

Correctness: We prove that I is a yes-instance if and only if I’ is a yes-instance. First,
note that for every ¢ € {1,...,m} and C* C C’ it holds that

scorey TP (C*) = Z luhy, 4 (a;) N C*|
a;EA

= > |(uilas) U{zp}) N 7|

a; €A

= > luwla) O+ Y [{zy}nCY|
a; €A a;€A

= scorey "TO(C* N C) + |A| - |{z,y} N C*|,

scorey 1O (C*) = Z |y (ai) N C*|

a; €A

= |Al-[(C"\{z})nC7|

= |A]- (|C'nC*| - {z} nC¥))

= Al (IC*] = [{z} nC™)),

and scorey "I (C*) = Z |uhy 41 (a;) N C|

a; €A

— 4] [\ whn el

— 14l (I’ n "] - 1y} n )

— 1A (IC*] - |{g} N O]
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(=) Let (Cy,...,C;) be a solution to I such that |C;| = k. Since ¢ = 0, we have
that C; = Cy for every t,t' € {1,...,7}. We claim that (C{,...,C5 ) with C5,_; =
CrU{z} forevery t € {1,...,7+ 1} and C, = (C'\ Cy) U{y} for every t € {1,...,7} is
a solution to I'. Note that |C}]| =k + 1 =|C"|/2 for every t € {1,...,27 + 1}. Since

score;/t]in’(Cét,l) = scoreyETO(Cét,I NC)+|A|- Hz, y} N Cétfl‘ = scoreyETO(C't) + |A4|

for all t € {1,...,7} and (C1,...,C;) is a solution to I, we have scorey,"*°(C%, ;) >
x+|Al=2a'forallt € {1,...,7}. Moreover we have

scorey”(Chy) = |A[ - (|Co| = {2} N o) = [A]- (k +1) > 2 + |A] = 2’
forall t € {1,...,7} and
SCOreYEO(Chr 1) = [A] - (|Choa] = g} O Chria]) = 1]+ (1) > 2+ 4] = o'

Lastly, as C{AC]; = C’ for every t € {1,...,27}, the claim follows.

(<) Let (Cy,...,Co41) be a solution to I’. First observe that, due to ¢ = |C’|, we
have that C;ACy1 = C' for every t € {1,...,27}. Since k¥ = |C’| /2, it follows that
Cy = Cop for every t,t' € {1,...,7} and Cy_1 = Cop_; for every t,t' € {1,...,7+ 1}
and |Cy| = K for every t € {1,...,27+1}. Note that 2’ =z + |A] > |A]- (k—1)+ |A| =
|A| - k. Since

50t} ¥19(Car41) = |A] - (ICors] — [{y} (1 Carpal) = 4] - (£ + 1 [{y} N Carsa]) > 2
and 2’ > |A] - k, we have y & Cor 41 and y &€ Cy—1 for every ¢t € {1,...,7}. Since
scorey; " (Car) = |Al - (|Cor| = [{z} N Cor|) = |A] - (k + 1= [{z} N Cor ) > &'

and 2’ > |A| - k, we have z & Co; and z € Cy_1 for every t € {1,...,7 + 1}. We
claim that (C{,...,CL) with C} = Cy_1 \ {z} for every ¢t € {1,...,7} is a solution to I.
Note that [C}| = k for all t € {1,...,7} and C}AC;, = 0 for all t € {1,...,7 — 1}.
Since scorey T (CY) = scorey "1 (Cy;—1 N C) = scorey,FT(Cor—1) — |A] - [{z,y} N Cy—1| =
scorey,”T(Co—1) — |A| > 2’ — |A| = =, the claim follows. O

Combining Corollary 3.5 and Lemma 3.7, we get the following.

Corollary 3.8. REVOLUTIONARY MULTISTAGE VETO VOTING s NP-hard even for
two agents, { =2k, x =|C| -1, and k = |C| /2.

Theorem 3.3 now follows from Lemma 3.2 and Corollaries 3.5 and 3.8.

3.2 Bloc

Under Bloc, every voter approves exactly the same number of candidates as the desired
committee size. Faliszewski et al. [Fal+17] classify Bloc as an excellence-based multi-
winner rule, which makes it a good choice when, for example, we are trying to select
the applicants to be invited for an interview for an open position. In such so-called
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shortlisting processes, agents are typically experts who are trying to select the finalists
with the highest quality.

In some approval-based multiwinner rules like SNTV and Veto, it is not determined
which candidates to elect if all agents cast the same approval ballots. A clear advantage
of Bloc compared to the rules mentioned is the easy determination of the winning com-
mittee in such a case. Thus, Bloc is considered as one of the most natural multiwinner
rules. In this section, we aim to settle the classical computational complexity of CON-
SERVATIVE MULTISTAGE BLOC VOTING (CMBLV) and REVOLUTIONARY MULTISTAGE
Broc VoTtIinG (RMBLV).

Theorem 3.9. CONSERVATIVE MULTISTAGE BLOC VOTING with £ = 0 and REVO-
LUTIONARY MULTISTAGE BLOC VOTING with £ = 2k are NP-complete even for two
agents.

We begin with CMBLV and give a reduction from HALF VERTEX COVER to show the
NP-hardness of CMBLV, proving the first statement of Theorem 3.9.

Lemma 3.10. CONSERVATIVE MULTISTAGE BLOC VOTING is NP-hard for two agents,
t=0,k=1Cl/2, and x =k — 1.

Proof. Let I = (G = (V,E)) be an instance of HALF VERTEX COVER, and let £ =
{e1,...,em}. We construct an instance I' = (A, C,U, k,¢,z) of CMBLV in polynomial
time as follows.

Construction: Let the set C of candidates be equal to V', and let the set A of agents
be equal to {ai,as}. First, set k = |C| /2. We construct U with r :=m - ('C‘;Q) voting
profiles as follows. For each i € {1,...,m} and {y,z} C C'\ e;, let {X; 1, .1, Y (4.1} be
an arbitrarily chosen partition of C'\ (e; U {y, z}) with ’X@{yjz}‘ = ’Y;,{y,z}’ =k —2. Set
a voting profile u; ¢, .y in U with u; g, 1 (a1) = e; U X; gy -y and u; gy 21 (a2) = e; UY 1y
foreach i € {1,...,m} and {y, z} C C'\ ¢;. Finally, set { = 0 and x = k—1. An example
of the construction is given in Figure 3.2.

Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. (=)
Let X C V be a vertex cover of size |V| /2 = k. We claim that the sequence (C1,...,C;)
with Cy = X forevery t € {1,...,r} isasolution to I’. Firstly, observe that C;ACy11 = ()
for every t € {1,...,r — 1}, and that |C;| < k for every t € {1,...,r}. Let t € {1,...,r}

be arbitrary but fixed and let u; (, .y be the voting profile in the ¢-th stage. Since

score?mc(ct) = Z |uj,{y7z}(ai) N Ct’
a; €A
= [t gy,z3 (@) NG| + | gy, (a2) N Ctf
= ‘(ej UXjfy,23) N Ct‘ + }(ej UYjy21) N Ct‘
= |(ej UXjty:3 UYgyz) NCi| + e NGy
= [(C\{y,2}) N C| +|ej N Cy
= [Ce\{y, 2} + [e; N Cy

and ej N X # (), scoreP™C(Cy |Cy \ {y, 2} + |e; N Cy| > (k—2) + 1=k —1=x. Since t
was chosen arbitrarily, the claim follows.
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HALF VERTEX COVER instance I = (G = (V, E)) with

€1 €3 €4
a b c d

G: \
€2
e

e

€5

6

f

CONSERVATIVE MULTISTAGE BLOC VOTING instance I' = (A,C, U, k, ¢, x) with
A={ay,a2}, C ={a,b,c,dye, f}, k=3,=0,z =2, and
t U {y,2} (i)

{y,2} {edt  Aeep Ao fy Ade}  Hd,f}  A{ef}

L' a {abed {abd) {abd} {abcl {abcl {abc)
az {a,bf} {ab f} {abe} {abf} {abe} {abd}
{y,2} {b,c} {b,d} {6, fr  AHed} {e, f} {d, f}
2 a4 {adet {acet {acel {aber {abe}l {abe}
az {a,e,f} Aae f} {a,de} A{a,e,f} {a,d,e} {a,c e}
{y.2} {a,dy  faye}  faf} {de}  {df} fef}
3

ai {b,c,e} {b,c,d} {bc,d} {a,b,c} {a,b,c} {a,b,c}
U: az {b,c, f} A{bc f} {bce} {bcf} {bce} {becd}

{y.2} {a,b} {a, e} {a, f} {b. e} b, f} {e, f}

4 ai {cd,e} {b,c,d} {b,c,d} {a,c,d} A{a,c,d} {a,c,d}
az {Q d, f} {Q d, f} {Q7 d, e} {Qa d, f} {Q d, €} {b7 G d}
{y, 2} {a,b} {a, d} {a,e} {b, d} {b, e} {d, e}
S a {edfy {hefy {befy {aoft {ocf} {acf)
az {ce ft Ace ft {ed f} {cef} A{ed f} {bc f}
{y,z} {a,b} {a,c} {a,d}  {b,c} {b, d} {e,d}
6

ai {C?Qi} {b7§7i} {bvgi} {avgi} {avgi} {avgi}
a2 {d7ﬁai} {d,ﬁ,i} {QQai} {dagai} {QQai} {b,Q,i}

Figure 3.2: An instance of HALF VERTEX COVER and the equivalent instance of CON-
SERVATIVE MULTISTAGE BLOC VOTING, constructed as described in the
proof of Lemma 3.10. Underlined candidates in every row t refer to the
endpoints of the corresponding edge e;. Possible solutions are marked with
red in both instances.
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(<) Let (C1,...,Cy) be a solution to I’. Note that since ¢ = 0, C; = Cj for
all 4,5 € {1,...,7}. We claim that X := C} is a vertex cover of G (note that |X| < k).
Suppose towards a contradiction that this is not the case. Hence, thereisa j € {1,...,m}
such that e; N X = 0. Let u; g, .} be a voting profile with {y, 2} C X and t € {1,...,r}
be the corresponding stage. Thus, it holds that

scorep %(Cy) = |Cp \ {y, 2} + |e; N C| = [Ce \ {y, 2} =k -2 < k-1 ==,
contradicting the fact that (C1,...,C,) is a solution. Hence, the claim follows. O

Next, we give a reduction from a special case of CMBLV, which is proved to be NP-hard
in Lemma 3.10, to RMBLV to prove the NP-hardness of RMBLV.

Lemma 3.11. From an instance (A,C,U, k,¢,x) with £ = 0 and k = |C| /2 of CON-
SERVATIVE MULTISTAGE BLOC VOTING, one can compute in polynomial time an equiv-
alent instance (A,C, U’ k, V', x) of REVOLUTIONARY MULTISTAGE BLOC VOTING with
' =2k and |U'| =2|U].

Proof. Let I = (A,C,U,k,¢,x) be an instance of CMBLV with ¢ = 0, k = |C| /2,
and 7 profiles. We construct instance I' = (A,C, U’ k, ', x) of RMBLV with ¢ = 2k
and U’ = {u],...,ub } in polynomial time as follows.
Construction: First, set u5, (a;) = ui(a;) and ub,(a;) = C\ug(a;) forallt € {1,...,7}
and a; € A. We note that |uj(a;)| = k for all t € {1,...,27} and a; € A. Finally,
set ¢/ = 2k = |C|. This finishes the construction.
Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance.
(=) Let (Cy,...,C;) be a solution to I such that |Ci| = k. Since £ = 0, we have
that C; = Cy for every t,t' € {1,...,7}. We claim that (C1,...,C5,) with Cy,_, = C}
and Cy = C\ C} for every t € {1,...,7} is a solution to I'. Note that |C{| = k for
every t € {1,...,27}. Since

B
scoreg; 1 (Cy—1) = Z |1 (ai) N Cyy_y|
a;EA
= > Jula:) NGy
a; €A

= scoreP ¢(Cy)

and scorep°¢(Chy) = Z |uby (i) N Coy|

a;EA

= > l(C\w(a)) N (C\ Gyl
a;€EA

= > (0] = [u(a)| = |Gyl + [ue(ai) N Cel)
a;€A

= > Jula:) NGy
aiEA

= scoreP™°%(CYy)
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for all t € {1,...,7} and (C1,...,C,) is a solution to I, we have score™°°(Cy) > z for
all t € {1,...,27}. Lastly, as C{AC], | = C' for every t € {1,...,27 — 1}, the claim
follows.

(<) Let (C1,...,Car) be a solution to I'. First observe that, due to £ = |C|, we have
that CyACy11 = C for every t € {1,...,27 — 1}. Since k = |C| /2, it follows that Cy =
Cop and Oy = Coy_q for every t,t' € {1,...,7} and |Cy| = k for every t € {1,...,27}.
We claim that (C1,...,CL) with C] = C; for every t € {1,...,7} is a solution to I. Note
that |C]| = k for all t € {1,...,7}. By construction, score*°¢(C}) = scoreB°(Cy) > =
forallt € {1,...,7}, and as C{AC], |, =Qforallt € {1,...,7—1}, the claim follows. [J

Combining Lemmas 3.10 and 3.11, we get the following.

Corollary 3.12. REVOLUTIONARY MULTISTAGE BLOC VOTING is NP-hard even for
two agents, { =2k, k=1|C| /2, and x =k — 1.

Theorem 3.9 now follows from Lemmas 3.2 and 3.10 and Corollary 3.12.

3.3 Borda and Copeland

In this section, we discuss the classical computational complexity of the problem variants
based on two well-known voting rules, Borda and Copeland. Their multiwinner versions,
namely k-Borda and k-Copeland are also excellence-based rules like Bloc and focus on
candidate excellence rather than the diversity of the selected committee [Fal+17].
Borda belongs to a class of voting rules called scoring rules. Each scoring rule can
be described by a score vector (wi,...,wy). This means that each agent awards w;
points to its top-ranked candidate, wsy to its second-ranked, and so on. We note that
employing the same construction used in the proofs in this section we can also prove the
NP-hardness of the problems based on scoring rules with any score vector (ws, ..., wy)
such that wy,ws > w; and w; + wy,43—; = d for all i € {3,...,m} and a constant d € R.

Theorem 3.13. Following problems are NP-complete even for two agents:
(i) CONSERVATIVE MULTISTAGE BORDA VOTING with ¢ = 0,
(ii) CONSERVATIVE MULTISTAGE COPELANDY VOTING with £ =0 and = = 1,
(iii) CONSERVATIVE MULTISTAGE COPELAND® VOTING with £ =0, if o > 0,
(iv) REVOLUTIONARY MULTISTAGE BORDA VOTING with ¢ = 2k,
(v) REVOLUTIONARY MULTISTAGE COPELAND®S VOTING with { = 2k.

We start with proving (i), (i) and (i) of Theorem 3.13 and reduce HALF VERTEX
COVER to CONSERVATIVE MULTISTAGE BORDA VOTING (CMBOV) and CONSERVA-
TIVE MULTISTAGE COPELAND® VOTING (CMC®V) to prove their NP-hardness.

Lemma 3.14. CONSERVATIVE MULTISTAGE BORDA VOTING, CONSERVATIVE MULTI-
STAGE COPELAND?® VOTING and CONSERVATIVE MULTISTAGE COPELAND! VOTING
are NP-hard even for two agents, { = 0 and k = |C| /2. CONSERVATIVE MULTISTAGE
CoPELAND? VOTING is NP-hard even for two agents, £ =0, k= |C| /2 and x = 1.
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Proof. Let I = (G = (V,FE)) be an instance of HALF VERTEX COVER, and let E
be equal to {e1,...,emn}. We construct an instance I' = (A, C, P, k,¢,x) of CMRV
with R € {BorDpA, COPELAND®} in polynomial time as follows.

Construction: Let the set C' of candidates be equal to V', and the set A of agents be
equal to {ay,a2}. We construct m voting profiles as follows. For all e, = {u,w} € E,
set u 1 w, w2 u, Y = 2 for every y € {u,w}, z € C\ {u,w}, i € {1,2} and rank
candidates ¢, € C'\ {u,w} in any order among themselves such that ¢ >, ¢ if and
only if ¢ > c. Finally, set k =|C| /2, £ =0 and

v = €. (el -3)+1, if R = Borpa,
- % -a(|C|-3)+1, if R = COPELAND®.

An example of the construction is given in Figure 3.3.
Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every ¢t € {1,...,m} and C’ C C it holds that

score L OrPA(C") = Z Z {d e C | e Y

ceC’ a;€A

= Z ([{ € C e Y+ |{d € C|e=2 Y
ceC’

= > e\ {e}+21C\eD)+ > 1O\ (erU{c})|
ceC'Ney ceC’\et

=|C"Ne (2]C] =3) +|C"\ e[ (IC] = 3)

and scorey OPELANDT (1) — Z ({eCle>t Y +al{d eC\{c}|c=]}|)

ceC’
= > ({deClext M +al{d eC\{c}|c=l}])
ceC'Ney
+ Y ({deC et Y +al{d eC\{c}|c=}})
ceC’\ey
= > (C\el+ale\{)+ D (0+a|C\ (e U{c}H)])
ceC’Net ceC’\ey

=|C"Nel - (IC] =2+ a)+|C"\ &l - a(|C| - 3).

(=) Let X C V be a vertex cover of size |V|/2. We claim that the sequence
(Cy,...,Cp) with C; = X for every t € {1,...,m} is a solution to I'. Firstly, observe
that CyAC;11 = 0 for every t € {1,...,m—1}, and that |Cy| < k forevery ¢t € {1,...,m}.
Since X Ne; # 0 for every t € {1,...,m}, we have

21C| -3+ (Kl —1)(|0] - 3), if [XNel=1,
41C) =6+ (L —2) (101 =3), if [XNnel =2,

scorep OfPA(Cy) = >z and

(€] -2+a)+ (S =1) -a(cl-3), i [Xnel=1, N
>
2(yC|—2+a)+(@—2)-a(\cy_g), if X Ney =2,

Score?OPELANDQ (C )
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HALF VERTEX COVER instance I = (G = (V, E)) with
el €3 €4

a b c d

G : \
€2
e

@

€5

6

f

CONSERVATIVE MULTISTAGE R VOTING instance I’ = (A, C, P, k, ¢, z) with
10, if R = BORDA,

A: P} 502 7b7 7d) 9 7k:3’€:0’ =
{a1, a2} {a;b,¢.de, f} v {9a+1, if R = COPELAND?,

t a; e C\ e t a; e C\ e
. ap a=b>= c=d=cec>f A ap c=d>= ax-b=erf
az b=a>= fres=d-c ag d=c>= fre=bra
P s O a-e> b-c>=d>f . ag c=f> a=b-d-e
ag e=a>= f=d-c>b as fr=c- e=d>=bra
5 a1 b=c> a=d=e>f 6 ap e>=f>= ax-b=c>d
ag c>=b>= fre>=d>a ag fre> d>-c>b>a

Figure 3.3: An instance of HALF VERTEX COVER and the equivalent instances of
CONSERVATIVE MULTISTAGE BORDA VOTING and CONSERVATIVE MUL-
TISTAGE COPELAND® VOTING, constructed as described in the proof of
Lemma 3.14. Possible solutions are marked with red in both instances.

This proves the claim.

(<) Let (C4,...,Cp) be a solution to I'. Note that since ¢ = 0, C; = Cj; for
every i,j € {1,...,m}. We claim that X := Cj is a vertex cover of G (note that
|X| < k). Suppose towards a contradiction that this is not the case. Hence, there is
ate{l,...,m} such that X Ne; = (). This means that

scorePORPA (CL) = |C; \ eg| (|IC] = 3) < k- (|C] = 3) = ’? (|C] = 3) < z and

N C
scoreCOPELANDT (0y — |04\ e4] - a(|C] — 3) < k- (|C] — 3) = ’2| ca(|C]-3) <=,
contradicting the fact that (C1,...,Cy,) is a solution. Hence, the claim follows. O

Next, to prove the NP-hardness of RMBoOV and CMC%5V, we give a reduction from
their conservative variants. We first note an observation which will be used in the
subsequent lemma.
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Observation 3.15. Let [ = (A,C, P, k,l,z) be an instance of II MULTISTAGE R VOT-
ING with R € {BORDA, COPELAND®}. For any time step t and C' C C it holds that

9114l (jC| = 1), if R = Borpa,

R / R N __ R _
S (C ) " S (C \ ¢ ) o (C) a {E(\C! - 1)7 ifR = COPELAND?.

Proof. Since the score of a committee C” is equal to the sum of the scores of candidates
it contains, the sum of the scores of C' and C'\ C" is equal to the sum of the scores of all
candidates and this sum is constant for a given instance. In case of a IIMBOV instance,
each agent gives a total score of @(!Cﬁ —1), so that the sum of the scores of all candidates

is equal to % |A| (|C| —1). In case of a IMC®V instance, the sum of the scores of all

candidates is equal to the number of pairwise comparisons, i.e., (g) = @(|C’ |—1). O

We are ready to settle the classical computational complexity of RMBOV and CMC%5V.
We give the following reduction.

Lemma 3.16. From an instance (A,C, P, k,¢,x) with £ = 0 and k = |C| /2 of CON-
SERVATIVE MULTISTAGE R VOTING, one can compute in polynomial time an equivalent
instance (A,C, P' k,¢',x) of REVOLUTIONARY MULTISTAGE R VOTING with ¢' = 2k
and |P'| = 2|P| for all R € {BorDA, COPELAND?}.

Proof. Let I = (A,C,P,k,¢,x) with £ = 0, k = |C| /2 and 7 profiles be an instance
of CMRV. We construct instance I' = (A,C, P’ k,¢',z) of RMRV with ¢ = 2k in
polynomial time as follows.

Construction: For allt € {1,...,7} set p),_; = p;. Next, for profile pl,, t € {1,...,7},
set ¢ =5, ; ¢ if and only if ¢’ ¢ ; ¢ for every ¢,¢’ € C, a; € A. Finally set ¢’ = 2k = |C].
This finishes the construction.

Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every ¢t € {1,...,m} and ¢’ C C with |C’| = |C| /2 it holds that

scoren tPA(C") = Z Z {d e Clexb,; Y

ceC’ a;€A

= Z Z HC, eC ‘ d ~ti C}‘
ceC’a;€A

= > Y (0l-1-[{¢ eCleruc}])

ceC’ a;€A
Il

=5 Al (IC|—1) — score?ORDA(C”)

= scorelO"PA(C'\ "), and
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scoreGOPELAND®? () — Z <’{c/ eCle>h M+ 5 ’{c e C\{c}| C_th}O

ceC’
= > [{dec|d >t c}‘~|— Y e\ {e}| =} ¢}
ceC’ CEC/
= > (Cl-1-[deClexf Y- [{d e C\{e} e}
ceC’
e O (e = el
ceC’
- Y (ol -1
ceC’
_Z <|{c/EC\C> c/}|+ |{C eC\{c} | _¢C}|>
ceC’
€|

_ (|C'| . 1) . ScoretCOPELANDO5(C/)

_ ScoretCOPELANDO's (C'\ C/).

(=) Let (C4,...,C;) be a solution to I such that |C7| = k. Since £ = 0, we have
that C; = Cy for every t,t' € {1,...,7}. We claim that (C},...,C%.) with Cy,_, = C}
and C), = C\ Cy for every t € {1,...,7} is a solution to I'. First, note that |C}| = k
for all t € {1,...,27}. Since phy,_; = p; for all t € {1,...,7} and (C,...,C;) is
a solution to I, we have scoreX,_ (C5, ;) > =z for all R € {BorpA, COPELAND""}.
Since scoreBORPA(CY,) = scorePORPA(C\Ch,) = scorePORPA(Cy) and scoreg‘/OPELANDO'5 (Ch,) =
scorefOPFIANDos(C \ C%,) = scorelOPFAND (O for all ¢ € {1,...,7} and (C4,...,C;) is
a solution to I, we have scorel(Ch,) > x for all R € {BorDA, COPELAND®S}. Lastly,
as C{AC{,, = C for every t € {1,...,27 — 1}, the claim follows.

(<) Let (C1,...,C2) be a solution to I'. First observe that, due to ¢ = |C|, we
have that C;ACyy; = C for every t € {1,...,27 — 1}. Since k = |C| /2, it follows
that Cy = Cyy and Cyy—1 = Cop_q for every t,t' € {1,...,7} and |C| = k for every
t € {1,...,27}. We claim that (C],...,CL) with C] = Cy_1 for every t € {1,...,7}
is a solution to I. Note that |C}| = k for all t € {1,...,7} and C{AC},; = 0 for all

t € {1,...,7—1}. By construction, scoref*(C}) = scorel, _;(Co;_1). Since (C1,...,Ca;) is
a solution to I’, scorel(C}) > x for all t € {1,...,7} and R € {Borpa, COPELAND’*}.
This proves the claim. O

Combining Lemmas 3.14 and 3.16, we get the following.

Corollary 3.17. REVOLUTIONARY MULTISTAGE BORDA VOTING and REVOLUTION-
ARY MULTISTAGE COPELAND’® VOTING are NP-hard even for two agents, £ = 2k, and
k=|C| /2.

Theorem 3.13 now follows from Lemmas 3.2 and 3.14 and Corollary 3.17.
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3.4 Chamberlin-Courant and Monroe

In this section, we discuss the classical computational hardness of two voting systems
based on the idea of proportional representation, Chamberlin-Courant and Monroe.
Classical multiwinner elections under these rules are known to be NP-hard. We have
the following hardness results from prior works for single-stage elections:

e Utilitarian variant of Chamberlin-Courant using Borda scores is NP-hard [LB11].

e Utilitarian variants of Chamberlin-Courant and Monroe based on approval ballots
are NP-hard [PRZ08].

e Utilitarian variant of Chamberlin-Courant using Borda scores and all egalitarian
variants are NP-hard [BSU13].

Hence, all variants of II MULTISTAGE CHAMBERLIN-COURANT VOTING and II MUL-
TISTAGE MONROE VOTING are NP-hard even for 7 = 1. Combining these results and
Lemma 3.2, we get the following.

Corollary 3.18. For all R € {a-CHAMBERLIN-COURANT, [3-CHAMBERLIN-COURANT,
a-MONROE, -MONROE}, IT MULTISTAGE R VOTING is NP-complete even for T = 1.

Despite these results, under some domain restrictions typical single-stage Chamberlin-
Courant and Monroe elections become polynomial-time solvable. Betzler, Slinko, and
Uhlmann [BSU13] show polynomial-time algorithms for single-peaked profiles for all
variants but IIM~y-8-MV and Skowron et al. [Sko+15] show that for single-crossing
preferences, the single-stage problem admits a polynomial-time algorithm for the Cham-
berlin—Courant rule.

To the best of our knowledge, single-crossingness and single-peakedness have not
yet been defined for a sequence of profiles as it is the case in our multistage setting.
One natural way to interpret these domain restrictions for a sequence of profiles is to
evaluate every stage independently and call the sequence of profiles single-crossing or
single-peaked if all profiles satisfy the property. We show that the problems become
NP-hard even under these domain restrictions adhering to this interpretation.

We note that another interpretation can be to call a sequence of voting profiles single-
crossing or single-peaked if there exists a common linear order satisfying the property
for all profiles. We leave open whether the problems admit polynomial-time algorithms
according to this interpretation.

3.4.1 Approval-based Variant

We begin with the variants based on approval ballots, namely a-Chamberlin-Courant
and a-Monroe. By showing their NP-hardness in case of profiles with one agent, we
can conclude that the problems are NP-hard even for single-peaked and single-crossing
profiles, since the voting profiles with one agent are clearly single-peaked and single-
crossing. First, we prove the following theorem for Chamberlin-Courant and then show
the equivalence of both rules for the special case used in proof.
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Theorem 3.19. CONSERVATIVE MULTISTAGE R VOTING with £ = 0, and REVOLU-
TIONARY MULTISTAGE R VOTING with ¢ = 2k are NP-hard even for one agent, x =1,
and R € {a-CHAMBERLIN-COURANT, a-MONROE}. CONSERVATIVE MULTISTAGE R
VOTING with R € {a-CHAMBERLIN-COURANT, a-MONROE} is W|[2]-hard when param-
eterized by k, even if |A|=1,¢=0 and x = 1.

We reduce HITTING SET to CMa-CCV to show the W[2]-hardness and the NP-hardness
of CMa-CCV. Then, we give a reduction from a special case of CMa-CCV, which we
also prove to be NP-hard, to RMa-CCV.

Lemma 3.20. From an instance (E,C,k) of HITTING SET, one can compute in poly-
nomial time an equivalent instance (A, C,U, k,¢,x) of CONSERVATIVE MULTISTAGE «-
CHAMBERLIN-COURANT VOTING with |A] =1, =0 and x = 1.

Proof. Let I = (E,C, k) be an instance of HITTING SET, and let C = {S1,...,S,}. We
construct an instance I’ = (A,C, U, k, ¢, z) of CMa-CCV with |A] = 1 in polynomial
time as follows.
Construction: Let the set C of candidates be equal to E, and let the set A of agents
be equal to {a;}. We construct m voting profiles as follows. For every t € {1,...,m},
set ug(ay) = S¢. Finally, set £ =0 and = = 1.
Correctness: We prove that I is a yes-instance if and only if I’ is a yes-instance.
(=) Let X C E be a hitting set of size at most k. We claim that the sequence
(Ch,...,Cp) with Cp = X for every t € {1,...,m} is a solution to I'. Firstly, observe
that CyAC;+1 = D for every t € {1,...,m—1}, and that |C}| < k for every ¢t € {1,...,m}.
Note that for every t € {1,...,m} it holds that
ore]E-0C(C) — {o, i [{ai € A | uia) NGy # 0} < |A] = 1,
1, if [{a; € A|u(a;) NCy # 0} = |A| =1,

0, if ut(al) NCy = @,
1, ifug(a;) NCL#0,
= |{a; € A| u(a;) N Cy # 0}
= score]V ().
Hence, since S; N X # () for every ¢ € {1,...,m}, it holds that

score] 2 *°CC(Cy) = score]" ™ C(C) =1 > =

for every ¢t € {1,...,m}. This proves the claim.

(<) Let (C4,...,C:) be a solution to I'. Note that since ¢ = 0, C; = Cj for
every i,j € {1,...,m}. We claim that X := (' is a hitting set of E' (note thatéX] <k).
Let ¢t € {1,...,m} be arbitrary but fixed. Since score]=*“C(C,) = scoregU'O"C (C) >1
we know that w;(a1) N Cy # 0, implying that S; N X # (). Since t was chosen arbitrarily,
the claim follows. O

W/2]-hardness follows directly from the reduction. If we reduce the special variant HALF
HiTtTING SET, which is also NP-hard, then we get the following.
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Corollary 3.21. CONSERVATIVE MULTISTAGE a-CHAMBERLIN-COURANT VOTING is
NP-hard even for one agent, ¢ =0, x = 1, k = |C| /2, and W|2]-hard when parameterized
by k, even if |A|=1,¢=0 and x = 1.

We can reduce CMa-CCV to RMa-CCV to show the NP-hardness of RMa-CCV
by using the same construction Bredereck, Fluschnik, and Kaczmarczyk [BFK20] used
in their work to reduce CONSERVATIVE MULTISTAGE PLURALITY VOTING to REVOLU-
TIONARY MULTISTAGE PLURALITY VOTING.

Lemma 3.22. From an instance (A,C,U, k,¢,x) with £ =0 and k = |C| /2 of CONSER-
VATIVE MULTISTAGE a-CHAMBERLIN-COURANT VOTING, one can compute in polyno-
mial time an equivalent instance (A, C', U’ k', V', x) of REVOLUTIONARY MULTISTAGE
a-CHAMBERLIN-COURANT VOTING with k' = |C'] /2, ¢! = 2K, and |U'| = 2|U| + 1.
Proof. Let I = (A,C,U,k,¢,z) be an instance of CMa-CCV with £ = 0, k = |C| /2,
and 7 profiles. We construct instance I’ = (A,C", U, k', 0', z) of RMa-CCV with ¢/ = 2k
and U’ = {u],...,ub } in polynomial time as follows.

Construction: Let the set C’ of candidates be equal to C' U {z,y}, where z,y are
new candidates not contained in C. First, set ub, ;(a;) = wi(a;) and uby,(a;) = {y} for
all a; € A and t € {1,...,7}. Moreover, set u5_,(a;) = {z} for all a; € A. Finally,
set k' = k41 and ¢/ = 2k’ = |C’|. This finishes the construction.

Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every t € {1,...,7} and ¢’ C C' it holds that

Swm%%m«m:{a i [fas € A | ty(a) 1O 0} < |4,

,if {ai € A uby(a) NC'# 0} = |Al,
_Jo it Haie Al{yrnC £ 0} < 4],
_L,ﬁHweAHw00#®H=ML
=|{y}nc|

scoregtU'a'CC(C’) =|{a; € A | uhy(a;) NC" # 0}
= [{a; € A[{y} N C" # 0}
= 4] {y} n |

wﬁa«m_{m if [{ai € 4| uh,q(ai) N C"# 03| < |A],

—_

and scorey; ]
2Tt , i [{a;i € Al uh, 4 (a) NC"# 0} = |A],

_Jo, i Ha e A {z}nC" £ 0} < 4],
L,ﬁHweAH%ﬂO#®H=ML
=|{z} nC|

score}17Y(C") = {ai € A | b,y (as) N C" # B}
=[{aic A {z}nC’ 0}
=[A]-[{z}n |

—_

(=) Let (Cy,...,C;) be a solution to I such that |Ci| = k. Since ¢ = 0, we have
that C; = Cyp for every t,t' € {1,...,7}. Let X := C; U{z} and YV := C’"\ X.
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Note that |X| = |[Y| = [C’| /2. We claim that (C{,...,C5,, ;) with C5,_; = X for
every t € {1,...,74+ 1} and Cy, =Y for every t € {1,...,7} is a solution to I’. First,
note that |Cj| = k for all ¢ € {1,...,27 + 1}. Since u),_;(a;) = w(a;) for all a; € A
and t € {1,...,7}, and (C1,...,C,) is a solution to I, we have scorel, ;(Ch, ) > x for
all R € {yp-0-CC,yy-a-CC}. Since y € Y, we have score]2*9C(Cy,) = [{y} N CY| =
1> z and score]V9C(Cy,) = |A|-|[{y} N Ch| = |A| >z forall t € {1,...,7}. Since z €
X, we have scoregfffcc(CQTH) = [{z}nC4. ;1| =1 >z and scoregfffcc( 1) =
Al - [{z} N Ch, 44| = |A| = =. Lastly, as C{ACy,, = C for every t € {1,...,27}, the
claim follows.

(<) Let (Cy,...,C2,41) be a solution to I’. First observe that, due to £ = |C],
we have that C;ACy1 = C for every t € {1,...,27}. Since k = |C|/2, it follows
that Co = Cop and y € Cy for every t,t' € {1,...,7}, and Cy_1 = Cop_1 and z €
Co—q for every t,t' € {1,...,7 + 1} and |Cy| = k for every t € {1,...,27}. We claim
that (CY,...,CL) with C] = Cy—1 \ {z} for every ¢t € {1,...,7} is a solution to I. Note
that |C/| <k for all t € {1,...,7}. By construction, scoref*(C}) = scorell |(Co_1) > =
for all t € {1,...,7} and R € {yg-a-CC,yy-a-CC}, and as C{AC], | = 0 for all t €
{1,...,7 — 1}, the claim follows. O

Combining Corollary 3.21 and Lemma 3.22, we get the following.

Corollary 3.23. REVOLUTIONARY MULTISTAGE «-CHAMBERLIN-COURANT VOTING
is NP-hard even for one agent, { =2k, x =1, and k = |C| /2.

Next, we show the equivalence of IIMa-CCV and IIMa-MV in case of a single agent.
Combining this equivalence we use with Corollary 3.23 will prove Theorem 3.19.

Lemma 3.24. II MULTISTAGE a-CHAMBERLIN-COURANT VOTING and II MULTI-
STAGE a-MONROE VOTING are equivalent if there is only one agent.

Proof. The only difference between these two problems is the way the scores are com-
puted. Let I = (A,C,U, k¢, z) with |A| =1 and 7 profiles be an instance of IIMa-MV
and I’ := I be an instance of [IMa-CCV . We claim that score®M(C”") = score®““(C")
forall ¢’ C C,t € {1,...,7}. Let A = {a1} be the set of agents. Since there is only
one agent, every assignment satisfies Monroe criterion, which means ®M (C’) = ®(C")
for every set C’ of candidates. Since

Hu-a-M o = , €A i) € i
scon " MC!) = mx [{as € A | wlas) € (o)}
~J0, if m(ar) € ug(ar) for all m € &(C),
|1, ifw(ar) € wi(ar) for some m e B(C),
0, if max eqmony [{ai € A| m(a;) € ur(ai)}| < |Al,
1, if max e (o [{ai € Al m(a;) € wiai)}| = [A],

= score;” Moy
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0, if m(a1) € u(ay) for all 7 € (C"),

and scoref™M(C') =
1, if 7(a1) € ue(ay) for some 7 € (C’),

)0, ifuar)nC =9,
L ifu(a)NC £,

= score?“C(C) (see Equation (3.5))
for any time step t, the claim follows. O

Theorem 3.19 now follows from Corollaries 3.21 and 3.23 and Lemma 3.24.

3.4.2 Variant using Borda scores

In this subsection, we focus on the variants using Borda scores, namely S-Chamberlin-
Courant and S-Monroe. We prove that they are NP-hard even for one agent. It follows
that they remain NP-hard for single-peaked and single-crossing profiles as the approval-
based variants. Since both rules are equivalent in case of a single agent, we start with
proving the following theorem for Chamberlin-Courant and then show the equivalence
of both rules for the special case used in proof.

Theorem 3.25. CONSERVATIVE MULTISTAGE 5-CHAMBERLIN-COURANT VOTING and
CONSERVATIVE MULTISTAGE [B-MONROE VOTING are NP-hard even for one agent
and ¢ =0, and W|2|-hard when parameterized by k, even if £ = 0.

First, we reduce HITTING SET to CM3-CCV to prove the W[2]-hardness and the NP-
hardness of CM3-CCV.

Lemma 3.26. CONSERVATIVE MULTISTAGE (-CHAMBERLIN-COURANT VOTING is

NP-hard even for one agent and ¢ = 0, and W[2]-hard when parameterized by k, even
if £ =0.

Proof. Let I = (E,C, k) be an instance of HITTING SET, and let C = {S1,...,S,,}. We
construct an instance I’ = (A,C, P, k,¢,z) of CMpB-CCV with |A| =1 and ¢ = 0 in
polynomial time as follows.

Construction: Let the set C of candidates be equal to EUD, where D := Uie{l,...,m} D;,

D; = {d},. ..dLE‘}, and the set A of agents equal to {a;}. We construct m voting
profiles as follows. For profile p;, t € {1,...,m}, set ¢ =11 d, ¢ =41 ¢, d =41 ¢ for
all c € S, d € Dy, and ¢ € C'\ (St U Dy), and rank them arbitrarily among themselves.
Finally, set £ = 0 and z = m|E|. An example of the construction is given in Figure 3.4.
Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every t € {1,...,m} it holds that

Scorer'B'CC(Ct) = Z max {d € C|cry; Y
a;EA et
= 'eC ! 3.6
rcré%gt(‘{ce ]c>t7lc}‘ (3.6)
= glenfll rcré%)t( Hcl eC ‘ C >t C/H

= scoreZE'ﬁ ey,
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HITTING SET instance I = (E,C, k) with

E= {e)fmgvh}v C= {Sl = {eafa.g}752 = {h/}753 = {f7g}}> and k = 2

CONSERVATIVE MULTISTAGE [3-CHAMBERLIN-COURANT VOTING instance
I' = (A,C,Pk,{,z) with A = {1}, C = {e, f,9,h} UU_,(D; = {d}, d2,d3,d}}),
k=2,¢=0,x =12, and

t a; S C\ (St U Dy)

- =
1 a1 e-f>=g> = h> Dy > D3

—

__>
2 ap h»> = e>=f»g>= D1 > D3

SLISL B8

- =
3 a1 frgr = e>=h> D) > Dy

Figure 3.4: An instance of HITTING SET and the equivalent instance of CONSER-
VATIVE MULTISTAGE (-CHAMBERLIN-COURANT VOTING, constructed as
described in the proof of Lemma 3.26. 17; denotes djl- b djz - d? — d;*.
Possible solutions are marked with red in both instances.

(=) Let X C E be a hitting set of size at most k. We claim that the sequence
(Cy,...,Cp) with Cy = X for every t € {1,...,m} is a solution to I’. Firstly, ob-
serve that CyACiy1 = 0 for every t € {1,...,m — 1}, and that |C;| < k for ev-
ery t € {1,...,m}. Since C; N Sy # (), we have score]°Y(C}) = score]=C(Cy) =
maxcec, |[{¢ € C'|c>=¢1 '} > |E\ S |U|D| > m|E| =z for every t € {1,...,m}. This
proves the claim.

(<) Let (Ch, ..., C7) be a solution to I'. Note that since £ = 0, C; = C; for every i, j €
{1,...,m}. For every t € {1,...,m} such that C1 N D; # (), pick an arbitrary candidate
from S; and let Y be the set of these picked candidates. We claim that X := (C1NE)UY
is a hitting set of E (note that |X| < k). Let t € {1,...,m} be arbitrary but fixed.
Since scoreZU_E'CC(Ct) = scoreZE'B'CC(Ct) = maxeeq, [{¢ € C | c>11 '} > m|E|, we
know that CyN(SUD;) # 0. If C1NS; = 0, then C1ND; # @ and Y contains a candidate
from Sy, and if C1 NSy # (0, Cy N E contains a candidate from S;. Hence, X NSy # 0.

Since t was chosen arbitrarily, the claim follows. O

Next, we show the equivalence of [IMS-CCV and IIMB-MV in the case of a single
agent. Combining this equivalence with Lemma 3.26 will prove Theorem 3.25.

Lemma 3.27. II MULTISTAGE 3-CHAMBERLIN-COURANT VOTING and II MULTISTAGE
B-MONROE VOTING are equivalent if there is only one agent.

Proof. The only difference between these two problems is the way the scores are com-
puted. Let I = (A,C, P,k,¢,z) with |A| = 1 and 7 profiles be an instance of IIM3-MV
and I’ := I be an instance of IIMB-CCV . We claim that score, ™ (C") = score! “C(C")
forall C" C C,t € {1,...,7}. Let A = {a1} be the set of agents. Since there is only
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one agent, every assignment satisfies Monroe criterion, which means ®M (C’) = ®(C")
for every set C’ of candidates. Since

score] M (C"y =

and score, ™M (C") =

max Z H{e e C | m(ai) =+, c}

ﬂ-e(b(C/)a'eA

eC -
ﬂé%?é/)‘{c | m(a1) =¢1 c}

g i € C|m(a;) =i c
JDax, min {e € €| m(a) i o}

score;” My

C -
ng%)cc’l) Hece C|m(ar) >4 c}l

/ /
Ic%%)f’{c €C |y Y

scoretﬁ'CC (" (see Equation (3.6))

for any time step t, the claim follows. O

Theorem 3.19 now follows from Lemmas 3.26 and 3.27.



Chapter 4

Size k of a Committee

In this chapter, we study the parameterized complexity of our problems regarding the
parameter k, the desired maximum size of any elected committee. We show that all
problems studied in this thesis are contained in XP when parameterized by k.

Theorem 4.1. II MULTISTAGE R VOTING for both II = CONSERVATIVE and Il =
REVOLUTIONARY admits

(i) an O(T - m?***2n) algorithm if R € {VETO, BLOC, BORDA, COPELAND®, a-
CHAMBERLIN-COURANT, [-CHAMBERLIN-COURANT},

(ii) an O(1 - m?* - poly(n,m)) algorithm if R € {a~-MONROE, -MONROE},
and hence is contained in XP when parameterized by k.

Bredereck, Fluschnik, and Kaczmarczyk [BFK20] prove that CMPV and RMPV are
contained in XP when parameterized by k. To this end, they compute an auxiliary
directed graph in XP-running time in which they then check for the existence of an s-t
path witnessing a yes-instance. This idea can be also applied to the problems discussed
in this work.

Lemma 4.2. For all R € {VETO, BLOC, BORDA, COPELAND®, a-CHAMBERLIN-
COURANT, [-CHAMBERLIN-COURANT, a-MONROE, -MONROE}, IT MULTISTAGE R
VOTING admits an O(1 -m?k) - Tg (n,m) algorithm, where Tr(n,m) is the running time

of the algorithm that computes scoref*(C) of committee C at any time step t.

Proof. Let I = (A,C,U,k,¢,x) be an instance of CMRV (or RMRV) with n agents,
m candidates, 7 voting profiles, and R € {VETO, BLOoC, BORDA, COPELAND®, «-
CHAMBERLIN-COURANT, [3-CHAMBERLIN-COURANT, a-MONROE, 3-MONROE}. We
construct a directed graph D = (V, A) in XP-running time as follows.
Construction: Set the vertex set V = {s, 2} W Viw...w V" where

= {vl | X C C,|X| < k,scoref(X) > x}
and arc set A = {(s,v) |v € VI} W {(v,2) |v e VT}w AW, ... ,wATL where

A {(vh, vE) | | XAY| < £}, if TT = CONSERVATIVE,
C O H{(wh, 08 | [ XAY| > ¢}, if TT = REVOLUTIONARY.

41
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CONSERVATIVE MULTISTAGE BLOC VOTING instance [ = (A, C, U, k, ¢, x) with
A=A{a1,a2,a3}, C ={e, f,g,h}, k=2,0=2 =4, and

a; ui(a;) wua(a;) us(ag)
U - a1 {67 f} {67 h} {fv .,q}

a2 {679} {C,f} {fag}
as {fvg} {97 h} {97 h}

Figure 4.1: An instance of CONSERVATIVE MULTISTAGE BLOC VOTING and the cor-
responding directed graph D constructed as described in the proof of
Lemma 4.2. For the sake of readability, we denote /Uf:x,y} by U;’y. A possible
solution to the given CONSERVATIVE MULTISTAGE BLOC VOTING instance
and the corresponding s-z path in D are marked with red.

An example of the construction is given in Figure 4.1.

Running time: Note that there are at most 7 - m”* + 2 vertices and at most (7 — 1) -

m?* 4+ 2m* arcs. Hence D can be constructed in O(7 - m?*) - Tg (n, m) time. Note that

we can check for an s-z path in D in time linear in the size of D.

Correctness: We prove that [ is a yes-instance if and only if D admits an s-z path.
(=) Let (C1,...,C;) be a solution to I. Observe that |C;| < k and scoreft(Cy) > =

for all ¢t € {1,...,7}. Hence, Utct exists for all ¢t € {1,...,7}. We claim that P =

(5,11};1, ..,V , 2) is an s-z path in D. Clearly, the arcs (s,vél) and (vg_,2) are in A.
For each t € {1,...,7 — 1}, the arc (va,vgﬁl) exists since |CtACiy1| < £ (> £ in the

revolutionary case). Hence, P is an s-z path in D.

(<) Let P = (s,v}h, ..+, V5 %) be an s-z path in D. We claim that (Cy,...,C;) is
a solution to I. First, observe that |Cy| < k and scorel(Cy) > z for all t € {1,...,7}.
Moreover, we have that |CtACi1| < £ (> ¢ in the revolutionary case) for each ¢ €
{1,...,7 — 1}. The claim thus follows. O
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Theorem 4.1 now follows from Lemma 4.2 and Corollary 3.1. Since & < m, it follows
that all problem variants are fixed-parameter tractable when parameterized by m.

Corollary 4.3. II MULTISTAGE R VOTING for both Il = CONSERVATIVE and Il =
REVOLUTIONARY admits

(i) an O(t - m*™*2n) algorithm if R € {VETO, BLOC, BORDA, COPELAND®,
a-CHAMBERLIN-COURANT, (-CHAMBERLIN-COURANT},

(ii) an O(T - m*™ - poly(n,m)) algorithm if R € {a-MONROE, 3-MONROE}
and hence is contained in FPT when parameterized by m.

Next, we make some observations and use some prior results to show that Il MULTISTAGE
R VotiNG for R € {VETO, BORDA, COPELAND"® COPELAND!, 3-CHAMBERLIN-
COURANT} is contained in XP with respect to parameter x as well.

Observation 4.4. Let I = (A,C, Pk, ¢, x) be an instance of 11 MULTISTAGE BORDA
112 !
VOTING. For every committee C' C C it holds that scoreP°"PA(C") > w - A].

"2 _ |
Proof. A committee C' C C gets a score of at least w from every agent, even if
the members of the committee are the least preferred candidates by the agent. O

Observation 4.5. Let I = (A,C,P,k,{,x) be an instance of II MULTISTAGE
COPELAND® VOTING with o € {0.5,1} . For every committee C' C C it holds that
Score§OPELAND‘)‘ (Cl) > |C”|22—|C"|'

Proof. A committee C’ C C gets a score of at least 1 from every pairwise majority com-
parison between every two candidates in the committee, regardless of the preferences of

4 2— 4 . . . . . .
the agents and there are w pairwise majority comparisons between the candidates

of C". O

Observation 4.6. Let I = (A,C,Pk,{,x) be an instance of II MULTISTAGE
B-CHAMBERLIN-COURANT VOTING. For every committee C' C C it holds that
scoref“CC(C’) >|C' - 1.

Proof. The score of a committee C’ C C'is at least |C’|—1, even if there is only one agent
and the members of the committee are the least preferred candidates by the agent. [

Let I = (A,C,Pk,¢,z) be an instance of II MULTISTAGE R VoOTING with R €
{VETO, BORDA, COPELAND?5, COPELAND!, 3-CHAMBERLIN-COURANT}. From Ob-
servations 3.6 and 4.4 to 4.6 it follows that x can be lower-bounded by a polynomial
function g(k) of k, which means that I is a yes-instance if x < g(k) and we can assume
that x > g(k). Together with Theorem 4.1, we thus get the following.

Corollary 4.7. For R € {VET0, BOorRDA, COPELAND’®, COPELAND', 3-CHAMBERLIN-
COURANT}, IT MULTISTAGE R VOTING parameterized by x is contained in XP.

We gave an XP-algorithm with respect to parameter k and also achieved results for
parameters m and x as a side-product. In the following two sections we give parameter-
ized reductions to the variants based on Bloc, Borda and Copeland rules to prove their
W2]-hardness when parameterized by k.
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4.1 Bloc

We give a parameterized reduction from HITTING SET to CMBLV to show W[2]-
hardness with respect to k. This reduction also proves para-NP-hardness of CMBLV
when parameterized by .

Theorem 4.8. CONSERVATIVE MULTISTAGE BLOC VOTING is W|[2]-hard when param-
eterized by k, even if £ =0 and x = 1.

Proof. Let I = (E,C,k) be an instance of HITTING SET, and let C = {S1,...,Sn} and
Sy ={s},..., 8LSt|} forall t € {1,...,m}. We construct an instance I' = (A, C, U, k, ¢, x)
of CMBLYV in polynomial time as follows.

Dy :={d},...,df} and the set A of agents equal to {a1,...,af gk} Next construct m
voting profiles as follows. For every profile u;, t € {1,...,m}, set

w(ag) = {sFO7DF sk ifie {1, 1S, /K] — 1,
4 ki—|St| '
ular) = {s,""V* 8P o | {dl}y iti=TISi/ /K], and
j=1
w(a;) =Dy ifie{[|S]/k]+1,....[|E|/k]}-

Finally, set £ = 0 and = = 1. An example of the construction is given in Figure 4.2.
Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every ¢ € {1,...,m} it holds that

scorelHOC(Cy) = Z lug(a;) N Cy

a; €A
=lus(ar) N Col + ... + [wi(ags, m1-1) N Co| + ue(aps,u) N Cl
+ |uelansm+1) 0 Cel + -+ Jurlagpym) N G|

[1S¢|/k] [E]/k]
= U ut(ai) NCy| + Z |DtﬂCt|
i1 i=[15e/K 41
k[1Se|/K1=Se] [1E|/k]
= Sy U U {dg} NC| + Z |DtﬁCt|
j=1 i=[|S¢|/k]+1
A EET
=15 N Ci| + U A&y G|+ (TIEI /K] = [1S:] /K1) [De N Cel.
j=1

(=) Let X C E be a hitting set of size at most k. We claim that the sequence
(C1,...,Cp) with Cy = X for every t € {1,...,m} is a solution to I’. Firstly, observe
that CtAC 41 = 0 forevery t € {1,...,m—1}, and that |Cy| < k for every ¢t € {1,...,m}.
Since Sy N X # 0 for every t € {1,...,m}, we have score["°°(C;) > 1 = z for every
t € {1,...,m}. This proves the claim.
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HITTING SET instance I = (E,C, k) with

E = {67 fa.g>h}7 C= {Sl = {67 .fvg}aSQ = {h’}aS?) = {f7g}}7 and k = 2

CONSERVATIVE MULTISTAGE BLOC VOTING instance I’ = (A4,C, U, k, ¢, x) with
A={a1,a2}, C ={e, f,g,h} U U?Zl{d;,d?}, k=2¢=0,x=1,and

a; ui(a;) uz(as) uz(a;)
U ar Aefy {nd}  {f.9}

Figure 4.2: An instance of HITTING SET and the equivalent instance of CONSERVA-
TIVE MULTISTAGE BLOC VOTING, constructed as described in the proof
of Theorem 4.8. Possible solutions are marked with red in both instances.

(<) Let (C4,...,C;) be a solution to I’. Note that since £ = 0, C; = Cj for ev-
ery i,j € {1,...,m}. For every t € {1,...,m} such that C; N Dy # (), pick an ar-
bitrary candidate from S; and let Y be the set of these picked candidates. We claim
that X := (C1NE)UY is a hitting set of E (note that |X| < k). Let t € {1,...,m} be ar-
bitrary but fixed. Since scoref*°¢(Cy) > 1 we know that (S;UD;)NCy # 0. If C1NS; = 0,
then C1 N Dy # () and Y contains a candidate from S;, and if C; NSy # 0, C1 N E con-
tains a candidate from S;. Hence, X N S; # ). Since ¢t was chosen arbitrarily, the claim
follows. O

4.2 Borda and Copeland

We give a parameterized reduction from HITTING SET to CMBoOV and CMC*V to
prove their W[2]-hardness when parameterized by k.

Theorem 4.9. CONSERVATIVE MULTISTAGE COPELAND® VOTING and CONSERVATIVE
MULTISTAGE BORDA VOTING are W[2|-hard when parameterized by k, even for two
agents and £ = 0.

Proof. Let I = (E,C, k) be an instance of HITTING SET, and let C = {S1,...,S,}. We
construct an instance I' = (A, C, P, k,¢,x) of CMRV with R € {BorDA, COPELAND®}
in polynomial time as follows.

and Dy := {d},.. .,d,le|} for all t € {1,...,m}, and let the set A of agents be equal to
{ay,as}. We construct m voting profiles as follows. Let M; := S; U {d},... ,dLEI_wtl}
and M| := (E U Dy) \ My. For profile py, t € {1,...,m}, set ¢ = e, ¢ >=¢; d, e =; d
for every ¢ € My, e € M/, d € D\ D; and i € {1,2}. Rank candidates {c,c'} C M,
M € {M;,M/,D \ D;}, in any order among themselves such that ¢ >;; ¢ if and only
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if ¢ =42 ¢. Finally, set £ =0 and

) @IE|m — |E| - 1)k +1, if R = BORDA,
|l (E|m+ (o —1)|E| —a)k+1, if R = COPELAND®.

This finishes the construction. An example of the construction is given in Figure 4.3.
Correctness: We prove that [ is a yes-instance if and only if I’ is a yes-instance. First,
note that for every t € {1,...,m} and C' C C

scoreLORPA(C") = Z Z {d e C ey Y

ceC’ a; €A

:Z ({eCle=1dM+{d€Cleci2}])

ceC’

= > (M \ {3 +2lC\ M)+ > (|M\{c} +2[D\ D)

ceC'NM; ceC'NM|
+ Y [(D\D)\{e}|
ceC’'N(D\Dy)
=[C'N M| (2|E|m+ |E| = 1)+ |C' 0N M| (2|E|m — |E| - 1)
+|C"'N(D\ Dy)| (|E|m — |E| - 1)

and scoref "N (CN) =" (|{d e C e > dY +al{d e C\{c} | =} c}|)
ceC’

= > (C\M+alM\{)+ D (ID\Dif+a|M\{c}])

ceC'NMy ceC'NM;

+ Z ([0] + [ (D \ Dg) \ {c}])
ceC’'N(D\Dy)
=|C'N M| (|E|m+ «|E| — a) + |C' N M| (|E|m + (a — 1) |E| — a)
+ |C”ﬁ(D\Dt)‘ (a|E|m — «a|E| - a).

(=) Let X C E be a hitting set of size k. We claim that the sequence (Cy,...,Cp)
with Cy = X for every t € {1,...,m} is a solution to I'. Firstly, observe that CtACy11 =
() for every t € {1,...,m—1}, and that |C;| < k forevery ¢t € {1,...,m}. Since S;NX # (),
and hence My N X # (), for all t € {1,...,m}, we have

scoreP"PA (Cy) > (2|E|m 4 |E| — 1)+ (k — 1)(2|E|m — |E| — 1) > z, and

scoreCOPEANDT (O > (|E|m + a |E| —a) + (k— 1) (|E|m + (e = 1) |E| —a) > z

for every t € {1,...,m}. This proves the claim.

(<) Let (C4,...,C;) be a solution to I'. Note that since £ = 0, C; = C; for ev-
ery i,j € {1,...,m}. For every t € {1,...,m} such that Cy N D; # (), pick an arbitrary
candidate from S; and let Y be the set of these picked candidates. We claim that
X :=(C1NE)UY is a hitting set of E' (note that | X| < k). Let t € {1,...,m} be arbi-
trary but fixed. Since scoreP°"PA(Cy) > k-(2 |E|m—|E|—1)+1 and scorel PPN (Cy) >
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HITTING SET instance I = (E,C, k) with

E= {67 f?gah‘}a C= {Sl = {eafag}v‘SQ = {h/}7S3 = {fag}}) and k = 2

CONSERVATIVE MULTISTAGE R VOTING instance I’ = (A, C, P, k, ¢, x) with

A={a1,a2}, C ={e, f,9,h} UUI_1(D; = {d},d?,d,d}}), k=2, £ =0,

39, if R = BORDA,
- {17 + 6, if R = COPELAND?, and
t a; M, M! D\ D,
L@ e-frgmd= h=d=d~d~ Dy~ Dy
g di=g>fre= di=d=d=h> Ds= Dy
P , @ he=di=d3=ds>= e=f>=g=dj>- D = Dy
ag d3=di=di-h>= dj=g=f=e- Ds = Dy
, @ f=g=di=d3= e=h»=d3=di- f)?>f);
ag di=di=-g=f= di-di=h=ex> E><171

Figure 4.3: An instance of HITTING SET and the equivalent instances of CONSER-
VATIVE MULTISTAGE BORDA VOTING and CONSERVATIVE MULTISTAGE
COPELAND® VOTING, constructed as described in the proof of Theo-
rem 4.9. 5; denotes djl - d? - d;’ - d? and E denotes d? - d;-’ — d? — djl-.
Possible solutions are marked with red in both instances.

E-(|[Elm+ (a—1)|E| —«a) + 1, we know that C, N M, = Cr N My # 0. If Cy N Sy = 0,
then C1 N Dy # () and Y contains a candidate from Sy, and if C;yNS; # 0, C1 N E
contains a candidate from S;. Hence, X N'S; # (). Since ¢ was chosen arbitrarily, the
claim follows. ]






Chapter 5

Bound £ on the size of symmetric
differences

In Chapter 3, we have seen as a side-product of our general hardness results that the
conservative variants of all problems are NP-hard for constant bound ¢ on the size of
symmetric differences. In this chapter, we study the complexity of the revolutionary
variants with respect to the parameter /. We use a similar algorithm as in the work
of Bredereck, Fluschnik, and Kaczmarczyk [BFK20] to prove that REVOLUTIONARY
MULTISTAGE R VOTING is contained in XP when parameterized by ¢ for R € {VETO,
Broc, BorpaA, COPELAND?}.

Theorem 5.1. REVOLUTIONARY MULTISTAGE R VOTING can be solved in O(T-m*+2n)
time for all R € {VETO, BLOC, BORDA, COPELAND®} and hence is contained in XP
when parameterized by £.

The XP-algorithm uses an auxiliary graph, namely, a so-called in-out graph [BFK20].
In order to prove Theorem 5.1 and to define in-out graphs we start with some ob-
servations. First, we can clearly assume that ¢ < 2k. Second, every possible so-
lution C = {C1,...,C;} to the revolutionary variant of our problems has a common
structure. Since |C;AC;41| > £ for each i € {1,...,7 — 1}, there are X; C C; \ Ciy1
and Y; C Cj41 \ C; such that X; NY; = 0 and ‘Xz U }/z| > 4.

The construction of an in-out graph is based on the latter observation. We define a
vertex set for each pair of consecutive stages containing a vertex for each possible (Xj, Y;)
pair. Thus, every vertex indicates which candidates from a prior committee are excluded
in the following one and which candidates that are not contained in the prior committee
are included in the following one. Edges connect the vertices that can follow each other
considering the differences between committees they represent. Formally, an in-out
graph is defined as follows:

Definition 5.2. The in-out graph of an instance I = (A,C,U, k, ¢, z) of REVOLUTION-
ARY MULTISTAGE R VOTING is a directed graph D; = (V, E) with vertex set

V=V'Uu..-uVTluU{s, 2} where
Vi={vky | X,Y CC, [X],[Y| < XNY =0, [XUY] >4},

49
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REVOLUTIONARY MULTISTAGE BLOC VOTING instance I = (A,C, U, k, ¢, ) with
A={a1,a2,a3}, C ={e, f,g,h}, k=2,0=3, x =4, and

a; ui(a;) wa(a;) uz(ag)

g. @ left A{eht {f.9}
a {679} {C,f} {f7g}
as {f,9y A{g,h} {g,h}

1
‘ 1 ! 2
L Uhles | Yelg,h
| |
| |
| |
I I
l l
| 1 |
|
§ | Yeglf |
I
I
I
I
|
|
|
|

Figure 5.1: An instance of REVOLUTIONARY MULTISTAGE BLOC VOTING and its in-
out graph Dj constructed according to Definition 5.2. For the sake of
readability, we denote vzz,...},{y,...} by Ui,-..\y,...‘ A possible solution to the
given REVOLUTIONARY MULTISTAGE BLOC VOTING instance and the cor-
responding s-z path in D; are marked with red.

and arc set

E=FE'U---UE" where
E' = {(S,/U}(yy) |C'cC\Y, XCC, |C'| <k, scorel (C") > x},
E' = {(véal,,vé(,’yl) |C'CC\(XUY'), YV,X'CC, |C'| <k, scorel (C) > x}
foralli e {2,...,7— 1}, and
ET = {(v?{%,z) |C'CC\X, Y CC, |C| <k, score} (C) > x}.

T

An example of an in-out graph is given in Figure 5.1.

Lemma 5.3. Given an instance I = (A,C,U, k,?, ) of REVOLUTIONARY MULTISTAGE
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R VOTING with n agents, m candidates, T voting profiles, and R € {VETO, BLOC,
BoRDA, COPELAND®}, the in-out graph Dy of I can be computed in O(7-m**+2n) time.

Proof. The number of candidate subsets of a maximum size of ¢ is at most m’. Hence, we
can compute each V; in O(m?) time by brute-forcing every pair of candidate subsets each
of size at most £. Thus, we can compute V in O(7-m?’) time. Every arc set E* contains at
most m* arcs and since the computation of the scores needs O(m?n) time, each arc can
be computed in O(m?n) time, resulting in an overall running time in O(7-m**2n). O

Next, we prove that we can decide an instance I of REVOLUTIONARY MULTISTAGE R
VoTING for R € {VETO, BLoC, BORDA, COPELAND®} by deciding whether the in-out
graph D contains an s-z path.

Lemma 5.4. Let I be an instance of REVOLUTIONARY MULTISTAGE R VOTING and
Dy its in-out graph. Then, there is an s-z path in Dy if and only if I is a yes-instance.

Proof. Let I = (A,C,U, k,¢,x) be an instance of RMRV and D; the in-out graph for I.

(=) By construction, we know that if there is an s-z path in Dy, then it is of the form
P = (s,v}(hyl, e ’vgf:L,YFN z). Since arcs (s,v}(hyl) and (v&:ihYT?l,z) exist, there is
a committee C7 containing X7 but disjoint from Y7 with scorelf‘(C’l) >z and |Cy| <k,
and there is a committee C,- containing Y;_; but disjoint from X, 1 with scoreB(CT) >x

and |Cr| < k. Since the arc (vl w”?il y,,,) exists for each i € {1,...,7—2}, thereis a

committee Cj 41 containing Y;U X1 but disjoint from X;UY;1; with scoreﬁl(C’iH) > x
and |Ciyq1| < k for all i € {1,...,7 —2}. Observe that C;AC; 11 2 X; UY; and thus,
|C;AC; 41| > £ for all i € {1,...,7 — 1}. Hence, we can find a solution (C1,...,C;) to I
if there is an s-z path in Dj.

(<) Let (C4,...,C;) be asolution to I. Since |C;AC 41| > ¢foralli € {1,...,7—1},
there are X; C C;\Ciy1 and Y; C Ciy1 \ C; with | X; NY;| > £ and |X;],|Yi| < ¢, and ver-

tex U_ZXZYZ exist for all i € {1,...,7—1}. We claim that P = (s, U}(LYI’ . ,v}:il Y

forms an s-z path in D;. Note that |C;| < k and scorel(C;) > = for all i € {1,...,7}.
Since C; contains X; and is disjoint from Y7, arc (s,v}(hyl) exists and since C con-

1

tains Y,_1 and is disjoint from X,_1, arc (v}: z) exists. Observe that every C;

—1,Yr—1’
with i € {2,...,7 — 1} contains X; and Y;_; and is disjoint from X;_; and Y;. Hence,
arc (UZL Yi_1’U§Q,Yi) exists for all 4 € {2,...,7 — 1}. This proves the claim. O

Given Lemmas 5.3 and 5.4, we are set to prove Theorem 5.1.

Proof. Let I = (A,C,U,k,¢,x) be an instance of REVOLUTIONARY MULTISTAGE R
VOTING with n agents, m candidates, 7 voting profiles, and R € {VETO, BLOC, BORDA,
COPELAND®}. We construct the in-out graph Dy of I in O(7 - m**2n) time and then
check for an s-z path in Dy in time linear in the size of Dy. If an s-z path is found, then
I is a yes-instance, and if no such s-z path is found, then I is a no-instance. ]

Unlike the other rules, problems based on Chamberlin-Courant and Monroe rules are
NP-hard even for constant £. To show their para-NP-hardness with respect to £ we use
their NP-hardness even for single-stage elections, i.e., 7 = 1.
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Proposition 5.5. REVOLUTIONARY MULTISTAGE R VOTING with £ = 0 is NP-hard
for all R € {a-CHAMBERLIN-COURANT, (3-CHAMBERLIN-COURANT, a-MONROE, [3-
MONROE}.

Proof. Assume that all instances of REVOLUTIONARY MULTISTAGE R VOTING with
¢ =0 and R € {a-CHAMBERLIN-COURANT, (3-CHAMBERLIN-COURANT, o-MONROE,
B-MONROE} can be decided in polynomial time. Then, particularly the instances with
¢ =0 and 7 =1 are polynomial-time solvable. Since the instances with 7 = 1 that only
differ in ¢ are equivalent amongst themselves, it implies that all instances with 7 = 1
are decidable in polynomial time. This contradicts the NP-hardness of the Chamberlin-
Courant and Monroe rules for 7 = 1. Hence, the proposition follows. O



Chapter 6

Number 7 of stages

In this chapter, we focus on the parameterized complexity with respect to the param-
eter 7. In Section 3.4, we reference some prior studies showing the NP-hardness of the
Chamberlin-Courant and Monroe rules even for a constant number of stages, whereas
both variants of our multistage problem based on other rules are contained in XP re-
garding the number of stages. To prove the following theorem, we give a dynamic
programming algorithm similar to the one used to prove Theorem 5.1 by Bredereck,
Fluschnik, and Kaczmarczyk [BFK20].

Theorem 6.1. For R € {VETO, BLOC, BORDA, COPELAND?}, II MULTISTAGE R
VOTING parameterized by T is contained in XP.

First, we define the boolean dynamic programming table needed for our algorithm.

Definition 6.2. The back-to-back table of an instance I = (A, C,U, k, ¢, x) with n = |A|
and C = {c1,...,cp} of II MULTISTAGE R VOTING with R € {VETO, BLOC, BORDA,
COPELAND®} is a boolean table

T[i,kl,...,k‘r,dl,...,del,Sl,...,ST]

with 0 <i<m,0<k; <k, 0<d; <2k, and 0 < s; < z, where

n-(m-—1), if R=VETO,
_Jk-n, if R=BLoc,
T () -n= mim .p  if R=BORDA,
2- (') =m*—m,  if R=COPELAND®.

We interpret the table as follows. An entry T'[i,k1,... k-, d1,...,dr1,51,...,5;] in the
table is true if and only if there are committees C1,...,Cr C Uj_;{c;} with |Cy| = Ky
forallt € {1,...,7}, |CtACiy1| =d; for all t € {1,...,7 — 1}, and

S, if R € {VETO, BLOC, BORDA, COPELAND", COPELAND'},
5¢/2, if R = COPELAND’®,

scoref (Cy) = {

forallt € {1,...,7}.
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Lemma 6.3. Given an instance I = (A,C,U,k,¢,x) of II MULTISTAGE R VoOT-
ING with n agents, m candidates, T voting profiles, and R € {VETO, BLOC, BORDA,
COPELAND®}, the back-to-back table T[i,ki,...,kryd1,...,dr—1,81,...,87] of I can be
computed in O(k®™ - 27 - m? - n) time, where

n-(m-—1), if R=VETO

k-mn, if R=BLoC
Z = 2 3
o en, if R=BORDA
m? —m, if R=COPELAND®.

Proof. We note that the table is of size O(m - k*7 - 27). Next, we show how to fill the
table and compute the entries efficiently.

Construction: First, we set T'[0,...,0] to true and all other entries T7[0,...] to false.
For i > 0, we compute all entries T'[i, . ..] as follows, assuming all entries T'[i —1, . ..] have
already been computed. For every “true”’-entry T'[i—1,k1,..., kr,d1,...,dr—1,51,...,S7]
and subset F' C {1,...,7}, which is interpreted as the subset of stages in which the ith

candidate is selected to the committee, we set T[i,k, ... kL, dy, ..., d. 1,8}, ..., s,], if

it exist, to true if

W ki +1, ift e F,
ky, otherwise,

. {dt+1, iftc Fxort+1¢€F,

dy, otherwise,

sy + scorel ({c;}), if t € F and R # CoOPELAND’?,
and s; = < sy +2-scoref({c;}), ift€ F and R = COPELAND®?,

St, otherwise,

for all ¢ € {1,...,7}. Then, set all other entries T7i,...] to false.

Running time: There are 27 subsets of stages and at most k27 - 27 “true”-entries
T[i —1,...], and the score of a single candidate can be computed in O(m - n) time.
Thus, we can compute the “true”-entries for each i in O(k? - 2™ - m - n) time. The
“false”-entries cost another O(k?™ - 27) time for each i. Hence, the whole table can be
computed in O(k%" - 27 - m? - n) time.

Correctness: We claim that each entry T[i, k1,...,kr,dy,...,dr—1,81,...,87] in the
table is set to true if and only if there are committees C1,...,C;r C Uézl{cj} with |Cy| =
ki for all t € {1,...,7}, |CtACiy1| =dy for all t € {1,...,7 — 1}, and

sy, if R € {VETO, BLOC, BORDA, COPELAND", COPELAND'},
5¢/2, if R = COPELAND"?,

scoref (Cy) = {

forallt € {1,...,7}.
We prove our claim via induction and note that our claim is correct for all ini-
tial entries with ¢ = 0. Now, assume that for some ¢ € {0,...,m — 1} it holds



95

that T'[i,k1,...,kr,d1,...,dr—1,51,...,5;] is set to true if and only if there are com-
mittees C1,...,Cr C i_ {c;} with [Cy| = & for all t € {1,...,7}, [CtAC1] = dy for
allt € {1,...,7— 1}, and

5¢, if R € {VETO, BLOoC, BorRDA, COPELAND", COPELAND!},

scorer (Cy) = {

5¢/2, if R = COPELAND"?®,

forall t € {1,...,7}.

Next, we show that each table entry T'[i+1,k1,...,kr,d1,...,dr—1,51,...,57] is also
set to true if and only if there are committees C1,...,C; C U;ill{cj} with |Cy| = k¢ for
allt € {1,...,7}, |CtACi11| =di for all t € {1,...,7— 1}, and

S, if R € {VETO, BLOC, BORDA, COPELAND", COPELAND!},
5¢/2, if R = CoPELAND’®,

scorel (C}) = {

forallt e {1,...,7}.

(=) Let T[i + 1, k3, ... kX, d},...,d5_ 1, sT,...,s%] be arbitrary but fixed and set to

y vy y Wr—1» y 9T
true. This implies that there is a subset F* C {1,...,7} and a table entry T'[i, &, ..., k.,
dy,....d _y, s}, ..., 5] set to true with
1 — ki +1, ifteF*,
¢ k;, otherwise,
g — d,+1, ifte F*xort+1¢€ F*,
! dj otherwise,
s, + scorel ({civ1}), if t € F* and R # COPELAND’®
and s; = ¢ s} +2-scoref({c;+1}), ift € F* and R = CoPELAND’?,
s, otherwise,

for all t € {1,...,7}. Thus, there are committees C},...,CL C U§':1{Cj} with |C]| = K}
forallt € {1,...,7}, |C/AC) | =dj forall t € {1,...,7 — 1}, and

s}, if R € {VETO, BLOC, BORDA, COPELAND", COPELAND!},

scoref (C}) = {

s,/2, if R = CoPELAND,

for all t € {1,...,7}. We can easily observe that for the committees C7,...,C; C
Uit e where
o {Cé U{cipr}, ift e F™,
¢ Cy, otherwise,
it holds that |C}| = kf for all ¢t € {1,...,7},
and

CZ‘AC’?H‘ =dj forallt € {1,...,7 — 1},

s, if R € {VETO, BLOoC, BOorRDA, COPELAND’, COPELAND!},

Ry
score; (C}) =
¢ () {s,jf/Q, if R = CoPELAND?,
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forall t € {1,...,7}.

(<) Let CF,...,Ct C U;ill{cj} be committees with |C}| < k for all t € {1,...,7}.

Let kf = |Cf| for all t € {1,...,7}, df = |C’t*ACfH| forallt € {1,...,7 — 1}, and

. |scoref(CY), if R € {VETO, BLOC, BORDA, COPELAND", COPELAND'},
! 2 - scoref(Cy), if R = CoPELAND?®,
for all t € {1,...,7}. We claim that T'[i + 1, k},... kX, d},....d5_1,s],...,s%] is set to

true. Let F = {t € {1,...,7} | cit1 € Cf}. Note that there are committees C1,...,C] C
Uj=1{cj} where

o — {c;\{ciﬂ}, if t € F,

b Cy, otherwise,
ki—1, ifteF,
with |Cf| =kj= ¢

kf, otherwise,

di —1, ifteF t+1€F,
|CIAC | =di= 1 ot

{ dj, otherwise,
Ry o s}, if R € {VETO, BLoC, BorRDA, COPELAND’, COPELAND!},
score; (Cy) = . 0.5
s;/2, if R = COPELAND"",
st —scorel({ciy1}), if t € F and R # COPELAND"?,
and s; = < sf —2-scoref({ci+1}), ift € F and R = CoPELAND®,
EXR otherwise,
for all ¢t € {1,...,7}. Thus, T[i,k},..., k., d},...,d _{,s},...,s.] was by inductive
assumption set to true. Using the subset F' = {t | ¢;11 € Cf}, our algorithm would
set T[i+ 1,k ..., kX dy,...,d5_q,s%,...,s%] to true and the claim follows. d

Given Lemma 6.3, we are set to prove Theorem 6.1.

Proof. Let I = (A,C,U,k,¢,x) be an instance of II MULTISTAGE R VOTING and T
its back-to-back table. As a result of the definition of the back-to-back tables, I has a
solution if and only if T'[m, ki, ... k., d}, ... d._1, s}, ..., )] is true for some combina-
tion of kY,..., k., d},...,d._,s),..., s, with kj < k for all ¢t € {1,...,7},d} < {¢in
the conservative variant (dj > ¢ in the revolutionary variant) for all ¢ € {1,...,7 — 1},
and s}, > z (s} > 2z if R = CoPELAND?Y) for all t € {1,...,7}. We construct the

back-to-back table T of I in O(k®™ - 27 - m? - n) time, where

n-(m-—1), if R=VETO
k-n, if R=BLoc
z =
"LQT*T” -n, if R=BORDA
2 _

m°—m, if R=COPELAND®.
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and then check for a “true”-entry mentioned above in time linear in the size of T'. If
a “true”’-entry is found, then [ is a yes-instance, and if no such “true”-entry is found,
then I is a no-instance. d






Chapter 7

Conclusion

In this thesis, we investigated multistage committee elections for six well-known voting
rules, namely, Veto, Bloc, Borda, Copeland, Chamberlin-Courant and Monroe in both
the conservative variant and the revolutionary variant. We also distinguished between
the variants of Copeland that differ in scoring in the event of a tie, and approval-based
and Borda-based variants of Chamberlin-Courant and Monroe.

While setting the classical hardness, we showed that all but four variants are NP-
hard even for small number of agents n, which means that they are para-NP-hard with
respect to n. We left open whether the other four are also para-NP-hard with respect
to n but we strongly believe they are. We also left open for some variants of Copeland
and Monroe whether they remain NP-hard for a constant x. Since the score computation
is directly dependent to the used voting rule and makes the main difference between the
rules, we observed a non-surprising discrepancy in the parameterized complexity results
with respect to desired minimum score x. We gave an XP-algorithm to prove that multi-
stage committee elections under all but Chamberlin-Courant and Monroe rules become
polynomial time solvable for a constant number of stages 7. We left open whether they
are also fixed-parameter tractable regarding 7. Moreover, providing an XP-algorithm,
we showed that all variants become polynomial-time solvable if the maximum size k
of the committees is constant. We also proved W-hardness regarding the parameter k
for all conservative variants while we leave open whether the revolutionary variants are
W-hard or fixed-parameter tractable.

Apart from some parameterized complexity results that we left open, the param-
eterized complexity regarding the combinations of multiple parameters could also be
investigated. As a result of fixed-parameter tractability with respect to the number of
candidates m, we know that all problem variants are fixed-parameter tractable with re-
spect to m+n, m+ 7 and m+x. We believe that it can be observed that some problem
variants are fixed-parameter tractable regarding some other combinations (e.g., n + 7)
and the existence of polynomial kernels could be an another question.

Although we investigated multistage committee elections for quite a variety of mul-
tiwinner rules, there are still some other famous multiwinner voting rules, such as Single
Transferable Vote, that could be adapted to multistage setting, and would be the sub-
ject of further research. Single Transferable Vote, for example, needs possibly a different
problem formulation than ours, since it is not clear how to measure the committee
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quality.

Another relevant research direction might be the domain restrictions in the multi-
stage setting. As we briefly mentioned in Section 3.4, some NP-hard single-stage multi-
winner elections become polynomial-time solvable under some domain restrictions. The
reinterpretation of these existing domain restrictions and the possibility of defining new
restrictions for the multistage setting can be considered. For example, single-peakedness
can be adapted to the multistage setting as a property which is satisfied if all ballots
at all time steps are single-peaked with respect to a common linear order of candidates.
We can also allow some small changes in the linear order over the time. It would be
interesting to investigate whether multistage committee elections become easier under
such domain restrictions.

Finally, some other problems from computational social choice, such as singlewinner
elections can also be investigated in the multistage setting. The bound on symmetric
differences in revolutionary and conservative variants can be replaced by single-candidate
similarity concepts for singlewinner elections.



Appendix A

Algorithms

Algorithm A.1: Veto (Bloc) Score Algorithm

Input: A, C, C’, u
Output: Veto (Bloc) score of committee C' C C' according to voting profile u
of agents A
1 score < 0;
2 forall a € A, c € u(a), ¢ € C' do
3 if ¢ = ¢ then
4 L L score < score + 1;

5 return score

Algorithm A.2: Borda Score Algorithm

Input: A, C,C', p
Output: Borda score of committee C’ C C according to voting profile p of
agents A
1 score < 0;
2 foralla; € A, ce C, ¢ € C' do
3 if ¢ =; c then
4 L L score < score + 1;

5 return score
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Algorithm A.3: Copeland® Score Algorithm
Input: A, C,C', p
Output: Copeland® score of committee C' C C according to voting profile p of

agents A
1 score < 0;
2 forallce C, ¢ € C' do
3 net < 0;
4 forall a; € A do
5 if ¢ =; c then
6 ‘ net < net + 1;
7 else if ¢ =; ¢’ then
8 L net <— net — 1;

9 if net > 0 then

10 ‘ score <+ score + 1;
11 else if net = 0 then
12 L score < score + «

13 return score

Algorithm A.4: ~;-a-Chamberlin-Courant Score Algorithm
Input: A, C,C', u
Output: v;-a-Chamberlin-Courant score of committee C/ C C' according to
voting profile u of agents A
1 score < 0;
2 forall a € A do
3 sat < 0;
4 | forall ¢ € C', ¢ € u(a) do
5 L if ¢/ = c then
6

L sat + 1;

7 if t = U then

‘ score < score + sat;
else if t = F A sat < score then
10 L score < sat;

11 return score




Algorithm A.5: +;-8-Chamberlin-Courant Score Algorithm

Input: A, C, C’, p
Output: v;-3-Chamberlin-Courant score of committee C’ C C' according to
voting profile p of agents A

1 score < 0;

2 forall a; € A do

3 min < 0;

4 forall ¢ € C’ do

5 pos <+ 0;

6 forall c € C do

7 if ¢ =; ¢ then

8 L Lpos<—pos+1;

9 if pos < min then
10 L min <— pos;
11 sat < len(C) — min;
12 if ¢t = U then
13 ‘ score <— score + sat;
14 else if t = ' A sat < score then
15 L score < sat;

16 return score
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