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ABSTRACT

Consider elections where the set of candidates is partitioned into
parties, and each party must nominate exactly one candidate. The
PossIBLE PRESIDENT problem asks whether some candidate of a
given party can become the winner of the election for some nom-
inations from other parties. We perform a multivariate compu-
tational complexity analysis of PossIBLE PRESIDENT for a range
of Condorcet-consistent voting rules, namely for Copeland? for
a € [0, 1] and Maximin. The parameters we study are the number of
voters, the number of parties, and the maximum size of a party. For
all voting rules under consideration, we obtain dichotomies based
on the number of voters, classifying NP-complete and polynomial-
time solvable cases. Moreover, for each NP-complete variant, we
determine the parameterized complexity of every possible parame-
terization with the studied parameters as either (a) fixed-parameter
tractable, (b) W[1]-hard but in XP, or (c) para-NP-hard, outlining
the limits of tractability for these problems.
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1 INTRODUCTION

Political elections are always preceded by a turbulent phase where
parties select their nominated candidates for the upcoming election.
Clearly, this process has a great influence on the outcome of the
election, and therefore it is only natural that political parties engage
in all kinds of strategic behavior when choosing their nominees.
We focus on the case which models presidential elections in the
sense that each party needs to nominate exactly one person among
its possible candidates for presidency.

A naive approach would expect each party to simply choose
its “best” candidate—however, in practice it is rarely the case that
there is a single candidate that can be considered the best in all
scenarios. Indeed, a given party may find that different candidates
have different chances of winning the upcoming election depend-
ing on the nominees of the remaining parties. Parties may elect
their nominees through primaries (an approach studied by Borodin
et al. [6]), but a more careful process may take into account the
estimated preferences of all voters over the possible nominees, and
not only the preferences of party members.

Following the formal model of candidate nomination proposed
by Faliszewski et al. [12], we assume that the preferences of all
voters over all potential candidates are known, and in the reduced
election obtained as a result of each party nominating a unique
candidate, the preferences of each voter over these nominees are
simply the restriction of its preferences over the whole pool of can-
didates. Faliszewski et al. asked two natural questions: the PossiBLE
PRESIDENT problem asks whether a given party can nominate some
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candidate ¢ in such a way that ¢ can become the winner of the
election for some nominations from the remaining parties, and the
NECESSARY PRESIDENT problem asks whether some nominee c of the
given party will be the winner irrespective of all other nominations.

In this paper we study the PossIBLE PRESIDENT problem in elec-
tion systems that use some Condorcet-consistent voting rule. A can-
didate that defeats all other candidates in a pairwise comparison is
called the Condorcet winner, and voting rules that always choose
the Condorcet winner if it exists are said to be Condorcet-consistent.
We focus our investigations on the Condorcet-consistent voting
rules Maximin and Copeland?® for « € [0, 1].

Condorcet-consistent voting rules are widely used in sports com-
petitions, but have also been applied by e.g., the Pirate Party in
Sweden and in Germany, and various organizations such as Debian,
Gentoo Foundation, and Wikimedia [21]. Foley [15] has suggested
to use Condorcet-consistent round-robin voting for primary elec-
tions, followed by a general election between the top two candidates,
to overcome the serious flaw in US presidential elections that the
winner may not be the preferred candidate of the majority of voters.

Related Work. Faliszewski et al. [12] dealt only with Plurality,
arguably the simplest type of elections, and derived several NP-
hardness results for both PossiBLE and NECESSARY PRESIDENT. They
also showed that when preferences are single-peaked, NECESSARY
PRESIDENT can be decided in polynomial time. By contrast, they
found that PossIiBLE PRESIDENT remains NP-complete even for
single-peaked preferences, though becomes tractable if the candi-
dates of each party appear consecutively on the societal axis.

Misra [18] extended the results of Faliszewski et al. by studying
the parameterized complexity of POssIBLE PRESIDENT. She exam-
ined the number ¢ of parties as the parameter, and proved that
the problem is W[2]-hard and in XP, and becomes fixed-parameter
tractable (FPT) with parameter t when restricted to 1D-Euclidean
preference profiles. She also strengthened previous results by prov-
ing that PossiBLE PRESIDENT for Plurality is NP-hard even if all
parties have size at most two, and preferences are both single-
peaked and single-crossing; hence, the problem is para-NP-hard
when parameterized by the size of the largest party even on a very
restricted domain. Misra asked whether PossIBLE PRESIDENT for
Plurality is FPT when parameterized by the number of voters; this
questions has been answered negatively by Schlotter et al. in [20].

PossIBLE PRESIDENT for voting rules other than Plurality have
been first treated by Cechlarova et al. [7]. Namely, they dealt with
positional scoring rules (£-Approval, £-Veto, and Borda) and with
Condorcet-consistent rules Copeland, Llull, and Maximin. They
proved that PossiBLE PRESIDENT is NP-hard for each of these rules,
even when the maximum size of a party is two; they left the com-
plexity for Copeland® with a € (0, 1) open.

Schlotter et al. [20] obtained results concerning the parame-
terized complexity of PossiBLE PRESIDENT for several classes of



Copeland® Copeland® Maximin Maximin

# voters . .
classical param. ¢ classical param. t
a=1:P -

n=2 { a < 1: NP-c open } P -
(T3.1T3.2) (T4.1)

n=3 NP-c open P -
(T3.3) (T4.2)

n>4even NP-c W[1]-h, XP NP-c FPT
(T3.2T3.6)  (T3.8) (T4.3) (T4.4)

n>50dd NP-c W([1]-h, XP NP-c FPT
(T3.3) (T3.9) (T4.3) (T4.4)

Table 1: Summary of our results on the classical and param-
eterized complexity of the PossIBLE PRESIDENT problem.
Our parameterized results for NP-hard cases consider pa-
rameter ¢, the number of parties. “NP-¢” and “W[1]-h” stand
for “NP-complete” and “W[1]-hard”, respectively. All our NP-
completeness results hold for maximum party size o = 2.

positional scoring rules, including Borda and nontrivial general-
izations of £-Approval and ¢-Veto. The parameters they examined
were the number of voters, the number of voter types, the number
of parties, the maximum size of a party and their combinations.

Further results concerning elections with parties that nominate
candidates have been provided by Lisowski [16]. He considered
directed graphs called tournaments whose vertices correspond to
candidates, and each directed arc (a, b) indicates that a majority of
voters prefers candidate a to candidate b. Among others, Lisowski
observed that it is possible to check whether a given party has a
possible Condorcet winner in polynomial time, while the problems
to decide whether a Nash equilibrium exists in the associated game
and whether a given party has a Condorcet winner in some Nash
equilibrium are NP-complete.

For a broader view on research related to candidate nomination,
we refer the reader to Appendix A.

Our contribution. We perform a detailed multivariate complex-
ity analysis using the framework of parameterized complexity for
PossiBLE PRESIDENT for two types of Condorcet-consistent voting
rules: Copeland” for every « € [0, 1] and Maximin. Our parameters
are the following: the number n of voters, the number ¢ of parties,
and the size o of the largest party. Table 1 summarizes our results.

For Copeland” elections with & € [0, 1], we obtain a complete
computational dichotomy for the complexity of PossIBLE PREsI-
DENT as a function of the number of voters:

THEOREM 1.1. Let n be a fixed integer and a € [0, 1]. Then Pos-
SIBLE PRESIDENT for Copeland® is NP-complete when restricted to
instances with n voters and maximum party size o = 2, if

(a) n>3,or

(b)) n=2anda < 1.
By contrast, PosSIBLE PRESIDENT for Copeland! (i.e., Llull) restricted
to instances with 2 voters is polynomial-time solvable.

It transpires that PossiBLE PRESIDENT for Copeland® for arbi-
trary @ € [0,1] is para-NP-hard when parameterized by n + o,
i.e., both the number of voters and the maximum party size. We

strengthen this result by showing that parameterizing the problem
with ¢, the number of parties, the problem remains W[1]-hard even
if the number of voters is a constant n > 4. Since the problem is
easily solvable in ‘n®() time [20], this yields a classification of
all parameterized (NP-hard) variants of PossIBLE PRESIDENT for
Copeland®, with parameters chosen arbitrarily from {n, o, t}, as
either (i) FPT, (i) W[1]-hard and in XP, or (iii) para-NP-hard.

We remark that despite this complete classification, we leave
the computational complexity open for certain constant values
of n; namely, we could not resolve the parameterized complexity of
PossiBLE PRESIDENT for Copeland® for parameter ¢t when n € {2, 3}.

For the Maximin voting rule, we again obtain a complete di-
chotomy with respect to the number n of voters:

THEOREM 1.2. Let n be a fixed integer. Then POSSIBLE PRESIDENT
for Maximin voting rule for instances with n voters is

(a) polynomial-time solvable ifn < 3;
(b) NP-complete ifn > 4, even for maximum party size o = 2.

Contrasting the Copeland® voting rule, we show that PossIBLE
PRESIDENT for Maximin is FPT when parameterized by the number ¢
of parties. This tractability result is achieved by a reduction of
our problem to a special polynomial-time solvable version of the
PARTITIONED SUBDIGRAPH ISOMORPHISM problem. Thus, our results
for Maximin yield a complete classification of all parameterized
(NP-hard) variants of the problem as either FPT or para-NP-hard.
In fact, we settle the complexity of the problem for each variant
where n and o both may be restricted to arbitrary fixed integers as
either NP-complete and FPT with ¢, or polynomial-time solvable.

Techniques. Our algorithmic results use standard techniques from
parameterized complexity and algorithmic graph theory. Our hard-
ness results rely on intricate constructions, and we also develop the
technique of using so-called flat elections with three voters and m
candidates where each candidate defeats exactly mTfl candidates;
this method might be of independent interest.

Results marked with (x) have their proofs deferred to the appen-
dices; the symbol x functions as a link to the proof.

2 PRELIMINARIES

We use the notation [i] = {1, 2,..., i} for each positive integer i.

We assume familiarity with basic graph theory and the frame-
work of parameterized complexity. Besides providing all necessary
definitions in Appendix B, we refer the reader to the books [8, 11]
for an introduction into parameterized complexity, and to the
books [2, 9] for the standard notation on graphs we adopt.

Elections. An election & = (C,V,{>y}yecv) consists of a finite
set C of candidates, a finite set V of voters, and the preferences
of voters over candidates. We assume that the preferences of each
voter v are represented by a strict linear order >, over C, where
¢ >y ¢’ means that voter v prefers candidate c¢ to candidate ¢’. We
denote the set of all elections over a set C of candidates by Ec. A
voting rule f : Ec — 2€ chooses a set of winners of the election.
Our model also includes a partition £ = {Py, ..., P;} of the set C
of candidates; each set P; is interpreted as a party that has to decide
whom among its potential candidates to nominate for the election.
Formally, a reduced election arises after all parties have nominated
a unique candidate, leading to a reduced candidate set C’ C C



such that |C" N Pj| = 1 for each j € [t]. We can then define the
reduced election as E¢r = (C', V, {>}yev) where the preference
relation >/, of each voter v € V is the restriction of her original
preference relation >, to C’.

Now we formulate our problem of interest, as introduced in [12].

Problem PossiBLE PRESIDENT for voting rule f:

Input: An election & = (V,C, {>,}yev) with a set V of voters
and a set C of candidates, a partition # of C into parties, and a
distinguished party P* € P.

Question: Is there a candidate p € P* such that for some nomi-
nations of other parties leading to a reduced candidate set C’, p
is the unique winner of the reduced election E¢» according to f?

Notice that we consider the unique winner model, i.e., we aim for
a set of nominations that yield f(Ec) = {p} for the candidate p
nominated by the distinguished party in the reduced election Ec.

Voting rules. In this paper we shall concentrate on two Condorcet-
consistent rules. For two candidates a, b € C, we let Ng(a, b) denote
the number of voters who prefer candidate a to candidate b in elec-
tion &; we shall omit the subscript when & is clear from the context.
If Ng(a,b) > Ng(b, a) we say that candidate a defeats candidate b
in &; if Ng(a,b) = Ng(b,a) and a # b, then candidates a and b
are tied in &. The Condorcet winner is the candidate that defeats all
other candidates; a voting rule is Condorcet consistent, if it always
selects the Condorcet winner whenever it exists.

The Copeland® voting rule, as defined by Faliszewski et al. [13],
assigns to some candidate a a score of 1 for each candidate de-
feated by a, and a score of « for each candidate tied with a, so the
Copeland®-score of ais Cpl% (@) = X defeated by a 1+2b tied with a &
in an election &. The winners of & are all candidates with the max-
imum score. The voting rule obtained for @ = 1 is called the Liull
rule, and we refer to the case a = 0 as the Copeland rule.

In the Maximin voting rule, the Maximin-score of candidate a in
election & over candidate set C is MM g (a) = minyec\ (4} Ng(a, D),
and the winners of & are again the candidates with maximum score.

Notice that Copeland? as well as Maximin winners can be com-
puted efficiently for any election. Therefore it is easy to see that
PossiBLE PRESIDENT for these voting rules belongs to the class NP.

3 COPELAND¢“ VOTING RULE

If there are only two voters, in Section 3.1 we show that Possi-
BLE PRESIDENT for Copeland? is polynomially solvable if & = 1,
(Theorem 3.1), but NP-hard if « < 1 (Theorem 3.2).

For three voters, we show in Section 3.2 that Copeland is NP-
complete (Theorem 3.3). If the number of voters is odd, then no ties
occur, and hence this result holds for Copeland® for any « € [0, 1].
The proof is quite involved, and provides a reduction from a special
variant of the NP-complete problem MAXIMUM MATCHING WITH
CoupLEs, using the crucial notion of flat elections.

The case with four or more voters is treated shortly in Section 3.3.

We address the complexity of PossiBLE PRESIDENT for Copeland
when parameterized by the number of parties in Section 3.4.

3.1 Two Voters

Let us first show that PossiBLE PRESIDENT for the Llull voting rule
is easy if there are only two voters. The key observation that yields
tractability is that the “defeat” relation is transitive for two voters:

OBSERVATION 1. In an election with two voters, if candidate a
defeats candidate b, and b defeats candidate c, then a also defeats c.

Proor. Since b must follow a in the preference lists of both
voters, and ¢ must follow b in both lists too, we immediately know
that ¢ follows a in the preference list of both voters. O

THEOREM 3.1 (%). PossIBLE PRESIDENT for the Llull voting rule is
polynomial-time solvable if there are only two voters.

Proor skeTcH. Using Observation 1, one can prove that accord-
ing to the Llull rule, some candidate p can be a unique winner in
a reduced election & if and only if p defeats every other nominee:
intuitively, assuming that p is the unique winner because every
nominee other than p is defeated by some other nominee, we arrive
at a cycle in the defeat relation, a contradiction showing that p can
become the unique winner only by defeating all nominees.

This offers a quadratic-time algorithm to solve PossIBLE PREsI-
DENT for Llull voting with two voters: we check for each candidate p
in the distinguished party P whether p can become the unique win-
ner, which happens if and only if every other party contains at least
one candidate that is defeated by p. 4

By contrast, a reduction from 3-CoLORING shows that Copeland®
for a < 1 is intractable already for two voters, even if o = 2.

THEOREM 3.2 (%). For each a € [0,1), PosSIBLE PRESIDENT for
Copeland® is NP-complete even for instances with two voters and
maximum party size o = 2.

3.2 Three Voters

As already mentioned, for an odd number of voters no two candi-
dates can be tied, so the value of « is irrelevant, and the Copeland
and Llull voting rules coincide. We show the following.

THEOREM 3.3 (x). PossiBLE PRESIDENT for Copeland is NP-complete
even for three voters and maximum party size o = 2.

To show Theorem 3.3, we will reduce from a special case of an NP-
complete problem MaXIMuM MATCHING WITH COUPLES, described
in Section 3.2.1. We present the most important ingredient of the
reduction, the notion of flat elections in Section 3.2.2, and follow
with a sketch of the reduction in Section 3.2.3.

3.2.1 A special case of MAXIMUM MATCHING wiTH CoupLES. We
are going to reduce from a variant of the following problem called
MaxiMuM MATCHING WITH CouUPLES. This problem involves a set S
of singles, a set C of couples1 and a set R of rooms. Each room has
capacity 2, meaning that it can accommodate either a couple or
at most two singles. Moreover, we need to match everyone to a
room that they find acceptable, where acceptability is described by

! Although in the context of elections C denotes the set of candidates, this slight clash
of notation will not cause any confusion.



a bipartite graph G = ((S U C) W R, E). A complete matching?® in G
is then an edge set M C E that contains exactly one edge incident
to each vertex in S U C and satisfies |M(r) N S|+ 2|M(r) N C| < 2
for each room r € R, where M(r) = {x € SUC: rx € M} denotes
the set of singles and couples matched to r. It is known that the
following problem is NP-complete [4, 5].

Problem MAXIMUM MATCHING WITH COUPLES:

Input: Sets S, C, and R of singles, couples and rooms, respectively,
and a bipartite graph G = ((SU C) W R, E).

Question: Is there a complete matching in G?

We shall use a special case of MAXIMUM MATCHING WITH COU-
PLES as specified in Theorem 3.4. The proof of its NP-completeness
relies on a series of simple reduction rules that transform any in-
stance into an equivalent one, achieving the properties required in
Theorem 3.4 step by step; see Appendix C.3.1.

THEOREM 3.4 (x). MAXIMUM MATCHING WITH COUPLES remains
NP-complete even if |R| = |S|/2 + |C|, and
o each vertex in the input graph has degree 2 or 3, and
e each room adjacent to both singles and couples is adjacent to
exactly two singles and one couple.

3.2.2  Flat elections with three voters. Working towards a reduction
from MAXIMUM MATCHING WITH COUPLES to POSSIBLE PRESIDENT
for Copeland voting with three voters, we next present a construc-
tion for an election &4 over 37 candidates for some g € N* and with
three voters, in which every candidate defeats the same number
of candidates. We will call such elections flat, i.e., an election is
flat if all candidates receive the same Copeland-score. An election
with m candidates where m is odd can only be flat if each candidate
defeats mTfl other candidates. To see this, consider the tournament
underlying the election: clearly, we can only have all out-degrees
equal to some d, if the tournament has m - d arcs, ie,m-d = (g’)
We propose a recursive construction for &4 in Definition 3.5.

Definition 3.5. Let the candidate set of &1 be C1 = {a, b, c}, and
let w, w’, and w”’ be our three voters with preferences

2
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Notice that a defeats b, b defeats c, and ¢ defeats a. Therefore, each
of the candidates obtains a Copeland®-score of 1.

For g > 1, we are going to reuse the candidate set Cy of the
election &g to construct the candidate set Cg+1 of Eg+1 by intro-
ducing three copies of each candidate ¢ € Cy which will be denoted
by c©1,c02,and c®3. Let Lg(w), Lg(w’), and Ly (w”’) denote the
preference lists of voters w, w’, and w”’, respectively, in ;. For a
list L of candidates from C4 and each h € [3], let us denote by Lo h
the list obtained from L by replacing each candidate c in L by its
h-th copy ¢ © h. Using this notation, we are now ready to define
the preferences of the voters in 8q+1:

w: Lg(w)01l, Lg(w)©2,  Lg(w)0O3;
wi Leg(w') 03, Lg(w)ol, Le(w) oz (1)
w’ i Lg(w') 02, Lg(w”)o3, Lg(w”)ol.

2Note that we do not require M to be a matching in the classic graph-theoretic sense,
since we allow edges in M to share endpoints in R.

Notice that each candidate in Eg+1 is then of the form
(((xOh1) ©hp)--- O hg—1) O hyq 2

for some x € {g,b, c} and indices hy, hy, ..., hq € [3].

We will say that two candidates ¢ and ¢’ in Eg41, having the
form (2) for x and x” in {a, b, ¢} and indices A, . . ., hq and h;, e hf]
from [3], respectively, belong to the same group at level ¢’ for some
q’' € lq].if h; = k] for each ¢’ < i < g; accordingly, we define
a ¢ -level group as a maximal set of candidates that belong to the
same group at level ¢’. Notice that restricting the election Eg1 to
a q’-level group, we obtain a copy of the election &g .

In particular, restricting E4+1 to a g-level group, that is, to the set
of candidates contained in Ly (w) © h for some h € [3], we obtain a
copy of the election Eg. Observing the preferences of the voters as
given in (1), the following facts are immediate:

OBSERVATION 2. For each q € N, the election Egy1 has the follow-
ing properties:
e cach candidate in Lq(w) ©1 defeats all candidates in Lg(w) ©
2, and is defeated by all candidates in Lq(w) O 3;
e each candidate in Lg(w) ©2 defeats all candidates in Lg(w) ©
3, and is defeated by all candidates in Lg(w) © 1;
e each candidate in Lg(w) ©3 defeats all candidates in Lg(w) ©
1, and is defeated by all candidates in Lg(w) © 2.

Furthermore, for each h € [3] and each c,c’ € Cq, candidatec ® h
defeats candidate ¢’ © h in Eg41 if and only if ¢ defeats ¢’ in Eg.

By Observation 2, Eg41 for some g € N is flat if and only &g is
flat. Since &; is flat, we obtain the following consequence.

OBSERVATION 3. For each integer q¢ > 1, every candidate in Cq

Cql-1 q_
defeats % = % candidates in &g, so Eq is a flat election
with 39 candidates. Moreover, no candidate is preferred to another
candidate by all three voters in Eg.

3.2.3 Reduction for Theorem 3.3. We present a reduction from
the variant of MAXIMUM MATCHING WITH COUPLES described in
Theorem 3.4. Let G = ((SU C) W R, E) be the input graph.

High-level description. The main ideas of the reduction are the
way flat elections are used. First, we need a large enough set T
of teams, over which we have a flat election involving three vot-
ers. Each team in T will be either a single, a couple or its copy, a
room, or a dummy, and will be eventually be replaced by a set of
candidates, depending on its type. We will also add a set A U B
of simple candidates, and we fix a simple candidate a; to form the
distinguished singleton party in the constructed instance.

Based on our flat election over T, we do three modifications:
(i) we insert the simple candidates, (ii) we substitute each team
in T with the corresponding candidate lists, and (iii) we move our
distinguished candidate a; “to the left” so that it gains one extra
point in the election. The crux of the reduction is to ensure that in
the obtained election, a; can become the unique winner if and only
if restricting the election to the relevant candidates (those that are
associated with some team in T) yields a flat election. By carefully
designing the candidate set corresponding to each team and their
ordering within the preference lists (used during the substitution
step), we will ensure that the relevant candidates can form a flat



election if and only if our instance of MAXIMUM MATCHING WITH
CoupLES admits a complete matching.

Candidates and parties. First, we define a party P, = {r,r’} for
each room r € R. Next, for each vertex p € SU C adjacent to r in G,
we introduce a party Plr, = {p", -p"}. Additionally, we define two
candidates p and p’ for each p € S U C; if p has degree 3 in G, then
these two candidates form a single party, and if p has degree 2 in G,
then p and p’ both form their own singleton party. This way, we
associate four parties with each single s € S:

o PILPR (s} ('} NG(s) = {ri,ra),

o PILPILPD (5.8} i NG (s) = {r1.rz.rs)
where Ng (v) denotes the neighborhood of a vertex v in G. Similarly,
there are four parties associated with each couple ¢ € C:

o PILPE {eh '} if Na(e) = {rima):

o PP PP {e. 'Y if Ng(c) = {ri,r2,r3}.

Next, for each couple ¢ € C, we introduce a copy X for each
candidate x associated with the couple c, yielding a candidate set
{&",=¢" : r € Ng(c)} U {&¢&'}. We write C = {¢ : ¢ € C}. With
each ¢ € C we associate the parties Pl = {% : x € P_} for each
r € Ng(c), plus one or two parties formed by ¢ and ¢’, depending
on whether ¢ has degree two or three in G, so that altogether there
are four parties associated with ¢ (as for ¢). For practical purposes,
we extend the notation by setting NG (¢) := Ng(c) for each c € C.

We also fix an arbitrary set D of dummy teams whose size is the
smallest non-negative integer for which p := |R|+|S|+2|C|+|D| = 39
for some g € N*, and introduce candidates ay, by, ¢4 for each d € D,
each of them forming its own singleton party. Since for each positive
integer n there is a power of 3 in the interval [n, 3n] (this is easily
shown by induction on n), we get |D| < 2(|S| + 2|C| + |R|).

We call the candidates defined so far relevant candidates, and
denote their set as X. We further define simple candidates ay, . . ., asp
and by, . . ., b3p, each of them forming its own singleton party. We
will write A = {ay,...,a3p} and B = {by, ..., b3, }. Notice that the
maximum party size is ¢ = 2 in G, and the number of parties is
[R| +4|S| + 8|C| + 3|D| + 6p = 9p. Our distinguished party is {a; }.
Teams and their lists. We refer to the set T=SUCUCURUD
as the set of teams. To define the preferences of our voters, v, v’,
and v”’, we introduce for each team t € T three lists that we call
team lists and denote by Fy, F;, and F,’. Each of these three lists
contains the same set candidates that we associate with t.

Let us start with defining the team lists for each room team r € R.
First, if room r is adjacent to singles s; and sz and a couple ¢ in G,
then we set its team list according to (3) below (to the left). Second,
if room r is adjacent to two or three singles, sq, sz and possibly s3,
and no couples in G, then we set its team list as in (4).

if Ng(r) = {s1,s2, ¢} if NG (r) = {s1,52, (s3)}:

Ep=sprspcr', &g Fe=sinsgr’ (s (g
P F T AT T ’. ’— (T oF T ’.
Fl=s),s7,&,c"r,r'; Fl = (s§),sp,s,r.1";

7 _ ) r JF AT AT, " _ ’ r ro.r
F/=rr' s),s7,¢",c; F =17, (s]), 5, s].

Third, if room r is adjacent to two or three couples, c1, c2 and
possibly c3, and no singles in G, then we set

Fr= el () ror 80,8 ()
Fl=¢f,cf,¢,ch, (8)), (ch),r, 1" (5)
=10, (&), (¢}),é5, el ét el

In lists (4) and (5), candidates written within parenthesis may not
exist, in which case they should be ignored.

Next, consider a team p € S U C U C. We set the team lists for p
depending on the degree of p in G:

if No(p) = {r1,r2,r3}:

Fp=pop',=p"™,=p",op"s

F) = =p™, p', =p™, p, p"; Fy==p™,~p",p,p’;

F[// = _|pr1, —|Pr2, _‘prszp’p/n Fé’ = P,, _‘prl’ _|pr2,p_
Finally, for each dummy team d € D, we let

lfNG(p) = {rl,rz}:
F =P, ,, l rl, - Y'z;
p=Dp P p (7)

Fy=ag, by, cg;

4
Fl=cq,a4,bg; (8)
F(,i/ =by,cq,aq.

This finishes the definition of the team lists F;, F/, and F;” for each
team t € T. Observe that the sets of candidates in F; taken over
each t € T form a partition of the set X of relevant candidates.

Preferences. In what follows, it will be convenient to fix an or-
dering over T and use the notation T = {t1,...,t,}. Consider the
election &; introduced in Definition 3.5 over 37 = p candidates.
Since |T| = 39, there exists a bijection ¢ : Cy — T between candi-
dates of &4 and teams in T that maps t; € T to the i-th candidate
in the preference list of w. Using the alias #; = ¢/~ 1(t;) for each
team t; € T, the election Sq can be written as

election{iq: MI/: 5?27'0

Le(1)> (@) Er(p)s ©)

w
w’’ t?r(l)’ t;?(l)» Cey tﬁ(p)

for some permutations 7 and 7 over [p].
We define the permutations ¢ and ¢ over [3p] based on the
election &gy similarly: after renaming the candidates in the elec-

tion Eg41 as ¢1,Ca, . . ., C3p, the election Eg41 can be re-written as
election Eg11: W :CL,Ca...,C3p;
[ ry ry .
W Cp(1)s Cp(2)s -+ > Co(3p)s

et

FC(1),€G(1) - S5 (3p)

for some permutations ¢ and ¢ over [3p].
Now we are ready to give the preferences of voters v, v’, and v”’:

0 Fey Fryoo o, Frp b1, by, b3p1,a1,b3p, a2, a3, . . ., asp;
. ’ ’ .

0 dp(1), - a(p(Sp)’Ft,,(l)’ e Ft,[(p)’ b(p(l)’ A b¢(3p),
"o _ _ _ 7 ’”

[OR b(p(l)’ .. .,b¢(3p),aq,(1), .. .,a¢(3p),Ft7~r(1), .. "Ftﬁ(p)'

Hence, the constructed election is obtained from (9) by substituting
each candidate corresponding to some team ¢; with the team lists
for t;, and adding the simple candidates in the appropriate manner.
It is clear that the construction takes polynomial time, since
building the elections &4 and Eg+1 takes time polynomial in 39,
and q = log;(|T|). Therefore, it remains to prove its correctness.

Connection between solvability of the input instance and
flatness of the election restricted to relevant candidates. To
prove the correctness of our reduction, let us start with the follow-
ing facts, which rely on Observation 3.



o Candidate a; defeats b3, all relevant candidates, and no
candidate in B \ {b3,}; additionally a; also defeats exactly
half of the candidates in A \ {a1}. Therefore,

3p-1 9p+1

T2 2

: (1)

Cplg(a1) =1+3p+

because X is the union of 3p parties.?

e Candidate a; € A\ {a1} defeats all relevant candidates, no
candidates in B, and half of the candidates in A\ {a;}. Thus,
Cplg(a) =3p+ 5+ = 21

e Candidate b3, defeats all cand1dates in A except for a, no
relevant candidates, and half of the candidates in B \ {b3,}.
Thus, Cplg (bsp) = |A| - 1+ 282 = 22

e Candidate b; € B\ {b3,} defeats all candidates in A, no
relevant candidates, and half of the candidates in B \ {b;}.
Thus, Cplg (b)) = |A| + 222 = 2271,

e Relevant candidates defeat all candidates in B and no can-
didates in A.

Due to (10), the above observations imply that a; is the unique
winner in of the election & resulting from some nominations if and
only if all relevant nominees defeat at most % relevant nominees,
i.e., if the election & restricted to relevant nominees is flat. In other
words, our instance of POSSIBLE PRESIDENT is a “yes”-instance if
and only if there exist nominations of all parties corresponding
to singles, couples, and rooms for which the relevant election Ex
below reduced to these nominations becomes flat:
U Ftl,FtZ, .. ->Ftp§
’. Flfﬂ“), F;ﬂ(z), o Ft'ﬂ(p); (11)
. 4 7 . F// X

EW’ R’ )

relevant election Ex:

Recall that i : C4y — T is a bijection between candidates of &g
and teams in T. Comparing (9) and (11), we get the following.

OBSERVATION 4. Replacing each candidate z in the preference lists
’ A . . ’
of w, w', and w"’ in the election Sq with F¢(Z), Fl//(x), and Fl//(x)’

respectively, yields exactly the preference lists of voters v, v, and v”’
in the relevant election Ex.

Observation 4 enables us to take advantage of the structure of
election &g to establish analogous properties of the constructed
instance. Using the specifics of the team list definitions, we can
show that our instance of MAXIMUM MATCHING WITH COUPLES
admits a complete matching if and only if Ex admits nominations
resulting in a flat election; as we have seen, the latter happens if
and only if the constructed instance of POSSIBLE PRESIDENT is a
“yes”-instance. See Appendix C.3.2 for the rest of the proof.

3.3 Four or More Voters

Contrasting Theorem 3.1, showing the tractability of PossiBLE
PRESIDENT for Llull with two voters, a reduction from 3-COLORING
yields NP-hardness for four voters. As it is possible to add two
voters with opposite preferences without changing the election
outcome, Theorems 3.2, 3.3 and 3.6 imply Theorem 1.1.

THEOREM 3.6 (%). PossIBLE PRESIDENT for Copeland® (i.e., Llull)
is NP-complete even for four voters and maximum party size o = 2.

3Henceforth, we write Cplg (x) for the score of candidate x whenever « is irrelevant.

3.4 Few Parties

In this section we consider the parameterization of PossIBLE PRES-
IDENT by ¢, the number of parties. As we will see, intractability
persists even if the number of voters is four, and ¢ is a parame-
ter. Our starting point is Theorem 3.7 which shows that POSSIBLE
PRESIDENT for Copeland? for o < 1 is W[1]-hard with parameter ¢.

THEOREM 3.7. For any constant a € [0, 1), POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t.

Proor. We provide a reduction from the MuLTICOLORED CLIQUE
problem. An instance of this problem consists of a graph G = (U, E)
with its vertex set partitioned into k independent sets Uy, ..., Uy,
and the question is whether G contains a clique of size k. MuLTI-
coLoRED CLIQUE is W|[1]-hard when parameterized by k [14, 19].

We construct an instance of PossIBLE PRESIDENT as follows. The
set of candidates is C = U U {p, p’}, our distinguished party is
P = {p}, and we have further parties P’ = {p’} and U; for each
i € [k]. Thus, we have t = k + 2 parties.

The set of voters corresponds to the set of “non-edges” in G, that
is, to E = {uv’ :u € U,u’ € Uj,i < juu’ ¢ E}. Namely, for each
e = uu’ € E, we create two voters v, and v, with preferences as
in (12). We fix an arbitrary ordering over C, and write X for listing

-
a set X of candidates according to this order, and X for its reverse.

—_—
ve ru,u’, U\ {wu'}, p,p
- (12)
o, p,p"  UN{w v’} u v’
Consider a reduced election & obtained by some nominations of
all parties. Notice that Cpl‘é(p) =ak+1and Cpl‘é (p) = ak, since
p defeats p’, and both are tied with every other candidate.
Assume that G admits a multicolored clique S = {u(i), ., u(k)}
with () € U; for i € [k]. Let each party U; nominate u As S
is a clique in G, it is an independent set in the complement of G,
so there is no e € E containing two vertices of S corresponding to
two nominated candidates. Thus, each nominee from U obtains a
Copeland® score of a(k + 1). Since & < 1, this is strictly smaller
than Cpl (p), so p is the unique winner of the resulting election.
Conversely, assume for the sake of contradiction that p is the
unique winner of some reduced election &, but the nominated can-
didates in U do not form a clique. Let u") € U; be a nominee such
that there is an edge e € E in the complement of G between u(!)
and some nominee u(/) ¢ Uj with i < j; we choose i as the minimal
index where this happens. Then, due to the two voters correspond-
ing to e € E we know that candidate u) defeats candidate u(/),
and due to our choice of i, there is no nominated candidate that
defeats u(?). Hence, Cpl%(u(i)) > ak + 1, a contradiction to our
assumption that p is the unique winner in &. O

We can strengthen Theorem 3.7 as follows:

THEOREM 3.8 (). For any constant a € [0, 1], POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t, the number
of parties, even if there are only four voters.

We prove Theorem 3.8 in two steps, first for « < 1, and then
filling the gap with a more involved reduction for a = 1; see Ap-
pendix D.1. Regarding elections with an odd number of voters, we
were able to prove the following:



THEOREM 3.9 (%). For any constant a € [0, 1], POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t, the number of
parties, even if there are only five voters.

Each of these results uses a reduction from MULTICOLORED
CLIQUE, but the constructions become gradually more complicated;
the proof of Theorem 3.9 necessitates also the notion of flat elections
(see Appendix D.2).

We remark that PossIBLE PRESIDENT is in XP when parameterized
by t, assuming that winner determination can be performed in
polynomial time: there are at most o’ possibilities for how parties
can choose their nominated candidates, so we can check whether
the distinguished party wins in at least one election resulting from
some nomination strategy in o'n®M) time (see e.g., [20]).

4 MAXIMIN VOTING RULE

Turning to the Maximin voting rule, we investigate how the com-
plexity of PossiBLE PRESIDENT for Maximin depends on the number
of voters (Section 4.1) and on the number of parties (Section 4.2).

4.1 Few Voters

We start by extending the tractability result of Theorem 3.1, dealing
with the Llull voting rule with two voters, to the Maximin voting
rule with two or three voters.

For two voters, tractability again relies on Observation 1 stating
the transitivity of the “defeat” relation. For three voters we say
that candidate a strongly defeats a candidate b, if all three voters
prefer a to b. It is easy to see that the “strong defeat” relation is also
transitive. This implies that some candidate is the unique winner in
a Maximin election if and only if it defeats every other candidate.

THEOREM 4.1. POSSIBLE PRESIDENT for the Maximin voting rule is
polynomial-time solvable if there are only two voters.

Proor. The theorem hinges on the fact that a nominee p is a
unique winner in a Maximin election & if and only if p defeats
every other nominee. To see this, first realize that if p defeats all
nominees then MMg(p) = 2 and we have MMg(c) = 0 for every
other nominee c, so p is the unique winner.

Now assume that p is the unique winner of a reduced election &.
Clearly, p cannot be defeated by any nominee, as that would yield
MMg(p) = 0. Neither is MM g (p) = 1 possible, as in this case every
other nominee ¢ must have Maximin-score MMg(c) = 0, i.e., has
to be defeated by at least one other nominee. However, by a similar
argument as in the proof of Theorem 3.1, this quickly leads to a
contradiction, because the “defeat” relation cannot contain cycles.

Therefore, only MM g (p) = 2 is possible, and thus p defeats all
nominees. Hence the same quadratic-time algorithm as in Theo-
rem 3.1 solves the PossIBLE PRESIDENT problem also for the Max-
imin voting rule in the case of two voters. O

THEOREM 4.2. POSSIBLE PRESIDENT for the Maximin voting rule is
polynomial-time solvable if there are only three voters.

PRrRoOOF. Again, we show that p is a unique winner in some elec-
tion & if and only if p defeats every other nominee in &. To see this,
first realize that if p defeats all nominees, then MMg(p) > 2 and
MMg(c) < 1 for every other nominee c, so p is the unique winner.

Now assume that p is the unique winner in some election &.
Clearly, MMg (p) = 0 is impossible. If MMg(p) = 1, then every
other nominee ¢ must have MMg(c) = 0. This means that every
nominee other than p is strongly defeated by another nominee.
However, this is not possible, as there can be no cycles in the “strong
defeat” relation due to its transitivity. Therefore, MMg(p) > 2
must hold, and thus p can become the unique winner in an election
resulting from some nominations if and only if each party has a
candidate that is defeated by p. From this, the polynomial-time
solvability of the problem follows easily. O

The following theorem shows that for n > 4 voters, POSSIBLE
PRESIDENT for Maximin is hard even when all parties have size at
most 2. The proof of Theorem 4.3 deals with the case of even and
odd number of voters separately, providing two reductions from
3-SAT. Theorems 4.1, 4.2, and 4.3 together prove Theorem 1.2.

THEOREM 4.3 (). PosSIBLE PRESIDENT for Maximin is NP-complete
even for instances where the number of voters is a fixed constantn > 4,
and the maximum party size is o = 2.

4.2 Few Parties

Contrasting Theorem 3.7, we show that if the number of parties is
small, then we can efficiently solve PossIBLE PRESIDENT for Max-
imin. More precisely, we provide an FPT algorithm for this problem
with parameter t, the number of parties. This subsection is dedi-
cated to proving the following result.

THEOREM 4.4 (x). There exists an algorithm that solves POSSIBLE
PRESIDENT for Maximin and runs in FPT time with parameter t.

Let our input instance I of PosSIBLE PRESIDENT be an election
&0 = (V,C,{>y}pev) whose candidate set C is partitioned into
a family P of parties containing a distinguished party P* € P.
Our algorithm AlgMM first makes certain guesses about the prop-
erties of a hypothetical solution to I, i.e., a nomination strategy
that allows P* to become the unique winner in the resulting re-
duced election &. Then, after some preprocessing steps, we reduce
our problem to the following directed variant of the PARTITIONED
SUBGRAPH IsoMORPHISM problem [1, 17].

Problem PARTITIONED SUBDIGRAPH [SOMORPHISM:

Input: Digraphs D and H with labelling y : V(H) — V(D).
Question: Is there a subdigraph H of H that is isomorphic to D,
and an isomorphism f : V(D) — V (H) that maps each vertex v
of D to a vertex of H with label o, i.e., satisfies y(f(v)) =0?

Given an instance of PARTITIONED SUBDIGRAPH [SOMORPHISM,
we may refer to D and H as the pattern and the host graphs, re-
spectively. We say that H is y-isomorphic to D if it satisfies the
requirements given in the problem definition.

It is easy to see that PARTITIONED SUBDIGRAPH ISOMORPHISM
is NP-complete, e.g., by a simple reduction from MULTICOLORED
CLIQUE; see the results by Marx [17] for much stronger lower
bounds for the undirected version. However, we will only need
to solve PARTITIONED SUBDIGRAPH ISOMORPHISM in the easy special
case when all vertices of the pattern graph have indegree at most 1.

LEMMA 4.5. PARTITIONED SUBDIGRAPH ISOMORPHISM can be solved
in O(|V(H)|?) time if the pattern graph D has maximum indegree 1.



Proor. For a vertex v in a digraph G, let N (v) and NZ (o)
denote v’s in- and outneighbors in G, respectively. We will also use
the notation I, = {x € V(H) : y(x) = v} for the set of vertices in H
with label v for some v € V(D).

We introduce two simple rules that reduce the size of the input
instance without changing its solvability. The first rule deals with
vertices in the pattern graph that have indegree 1 and outdegree 0.

Rule A. Let (D, H, y) be an instance of PARTITIONED SUBDIGRAPH
IsoMORPHISM containing a vertex v € V(D) with Ng(v) =0 and
N (v) = {u}. Then delete v from D, and delete all vertices of I,

without out-neighbors in Ty, as well as T, itself from H.

The second rule deals with vertices in the pattern graph that
have both in- and outdegree 1.

Rule B. Let (D, H,y) be an instance of PARTITIONED SUBDIGRAPH
IsoMORPHISM containing a vertex v € V(D) with NB(U) = {w}
and N, (v) = {u} such that (v, w) is not an arc in D.* First delete v
from D and add the arc (u, w) to D. Second, delete I}, from H, and
replace the arcs of H contained in I3, X T}, with the arc set

Auyw ={(x,y) :x e,y €Ty, Nﬁ(x) N Ng(y) NIy # 0}

Cramv 1 (x). Applying Rule A or B yields an equivalent instance
of PARTITIONED SUBDIGRAPH ISOMORPHISM.

Applying Rules A and B preserves the property that all vertices
in the pattern graph have indegree at most 1. After applying Rule A
exhaustively, we obtain an instance where all vertices of the pattern
graph have in- and outdegree at most one, i.e., the pattern graph
is a disjoint union of directed cycles, paths, and isolated vertices.
In fact, since Rule A is applicable whenever the pattern graph has
a connected component that is a directed path with at least two
vertices, we know that after the exhaustive application of Rule A
we arrive at a pattern graph that is a disjoint union of directed
cycles and isolated vertices. Applying then Rule B exhaustively we
arrive at an instance I* whose pattern graph D* consists solely of
isolated vertices, possibly with loops. Solving such an instance I*
is easy: I'* is a “yes”-instance if and only if the host graph contains
a vertex f(v) with label v for each v € V(D*), with f(v) having a
loop whenever v has an incident loop in D*.

Notice that applying either of the two rules consists of the dele-
tion of vertices and, possibly, the addition of arcs to the host graph.
Starting from an instance (D, H, y), the total time spent on the for-
mer is O(|V(H)| + |V(D)|) = O(|V(H)|), whereas the total time
spent on the latter is at most O(|V (H)|?), because no arc is added
more than once to H. Hence, the total running time is O(V|H|[)?. O

We are now ready to describe the steps of AlgMM when run on
the instance (&g, P, P*); see Appendix E.3 for its correctness.

Step 1. Guess the candidate p nominated by P* in the reduced
election &, as well as its Maximin-score s* = MMg(p)
in &.

Step 2. For each party P € P\ {P*}, guess a party P’ € P\ {P} for
which the nominees ¢ and ¢’ of P and P’ in &, respectively,
satisfy Ng(c,c¢’) < s*. Let §(P) denote the guessed party.

“In fact, it is not hard to modify Rule B so that it becomes applicable even if (u, w) is
an arc of D; however, the current weaker version of the rule is sufficient for us.

Step 3. Delete every candidate ¢ € C for which Ng, (p,¢) < s*.

Step 4. For each party P € P such that §(P) = P*, delete all
candidates ¢ € P for which Ng (¢, p) > s*.

Step 5. Let X be the set of candidates deleted in Steps 3 and 4. If
there is a party P € P \ {P*} with P C X, then return “no”

Step 6. Construct a digraph D whose vertex set is # \ {P*} and
contains an arc (P’, P) if and only if P’ = §(P); hence, each
vertex in D has at most one incoming arc.
Construct also a digraph H over C \ X \ P* in which (¢, ¢)
is an arc if and only if Ng, (¢, c’) < s*. We set the label y(c)
of each candidate c to be the party containing c.

Step 7. Solve PARTITIONED SUBDIGRAPH [SOMORPHISM on instance
J = (D, H, y) using the algorithm of Lemma 4.5, and return
“yes” if and only if H admits a subdigraph y-isomorphic
to D. Otherwise return “no.”

5 CONCLUSIONS AND FUTURE RESEARCH

We provided a detailed multivariate complexity analysis of the
PosSIBLE PRESIDENT problem in the framework of candidate nom-
ination by parties for several Condorcet-consistent rules; see Ta-
ble 1 for a summary. Our results show a clear difference between
Copeland” for « € [0, 1] and Maximin: although both remain NP-
hard even for a constant number of voters, POSSIBLE PRESIDENT
for Maximin becomes tractable (in the parameterized sense) in the
realistic scenario where the number t of parties is small, while
Copeland” remains intractable even then. An intriguing question
we left open is whether PossiBLE PRESIDENT for Copeland with two
or three voters becomes FPT when parameterized by ¢.

For another promising research direction, recall that our algo-
rithms for two voters relied on the transitivity of the “defeat” rela-
tion. Interestingly, the defeat relation is transitive for any number
of voters if preferences are single-peaked. Faliszewski et al. [12]
proved that PossiBLE PRESIDENT for Plurality remains NP-complete
for such preferences. Misra [18] strengthened this result by showing
NP-hardness for 1D-Euclidean profiles that are both single-peaked
and single-crossing, even with maximum party size 2. What is the
situation for voting rules other than Plurality?

The related NECESSARY PRESIDENT problem, asking if some can-
didate of a given party can become the winner regardless of nomi-
nations from other parties, was shown to be coNP-complete for Plu-
rality by Faliszewski et al. [12], even with maximum party size two.
Cechlarové et al. [7] added the analogous results for £-Approval,
{-Veto, and Plurality with run-off, and gave integer programs for
NECEssARY PRESIDENT for further voting rules including Copeland,
Llull, and Maximin. As far as we know, the parameterized complex-
ity of this problem has not been considered yet.

ACKNOWLEDGMENTS

Ildiké Schlotter is supported by the Hungarian Academy of Sciences
under its Momentum Programme (LP2021-2) and its Janos Bolyai
Research Scholarship. Katarina Cechlarova is supported by VEGA
1/0585/24 and APVV-21-0369.



REFERENCES

(1]
(2]

(3]

(4]

Noga Alon, Raphael Yuster, and Uri Zwick. 1995. Color-coding. Journal of the
ACM 42, 4 (1995), 844-856. https://doi.org/10.1145/210332.210337

Jorgen Bang-Jensen and Gregory Z. Gutin. 2008. Digraphs: Theory, Algorithms
and Applications (2nd ed.). Springer, London. https://doi.org/10.1007/978-1-
84800-998-1

John J. Bartholdi III, Craig A. Tovey, and Michael A. Trick. 1992. How hard is
it to control an election? Mathematical and Computer Modeling 16(8/9) (1992),
27-40. https://doi.org/10.1016/0895-7177(92)90085-Y

Péter Bir6 and Eric McDermid. 2014. Matching with sizes (or scheduling with
processing set restrictions). Discrete Applied Mathematics 164 (2014), 61-67.
https://doi.org/10.1016/j.dam.2011.11.003

Péter Biré and Eric J. McDermid. 2010. Matching with sizes (or scheduling with
processing set restrictions). Technical Report TR-2010-307. University of Glasgow,
Department of Computing Science. Available at https://real. mtak. hu/13519/7/
BiroM10tr.pdf.

Allan Borodin, Omer Lev, Nisarg Shah, and Tyrone Strangway. 2024. Primarily
about primaries. Artificial Intelligence 329 (2024), 104095. https://doi.org/10.
1016/j.artint.2024.104095

Katarina Cechlarov4, Julien Lesca, Diana Trellov4, Martina Hancova, and Jozef
Han¢. 2023. Hardness of candidate nomination. Autonomous Agents and Multi-
Agent Systems 37 (2023), article 37. https://doi.org/10.1007/s10458-023-09622-9
Marek Cygan, Fedor V Fomin, Lukasz Kowalik, Daniel Lokshtanov, Daniel Marx,
Marcin Pilipczuk, Michal Pilipczuk, and Saket Saurabh. 2015. Parameterized
algorithms. Springer, Cham. https://doi.org/10.1007/978-3-319-21275-3
Reinhard Diestel. 2005. Graph Theory. Graduate Texts in Mathematics, Vol. 173.
Springer-Verlag, Berlin, Heidelberg. https://doi.org/10.1007/978-3-662-53622-3
Rodney G. Downey and Michael R. Fellows. 1999. Parameterized complexity.
Rodney G. Downey and Michael R. Fellows. 2013. Fundamentals of Parameterized
Complexity. Springer, London. https://doi.org/10.1007/978-1-4471-5559-1
Piotr Faliszewski, Laurent Gourves, Jérome Lang, Julien Lesca, and Jérome Mon-
not. 2016. How hard is it for a party to nominate an election winner?. In IJCAI

(13]

[14]

[17]

(18]

[19]

[21]

2016: Proceedings of the Twenty-Fifth International Joint Conference on Artificial In-
telligence. AAAI Press, 257-263. https://dl.acm.org/doi/10.5555/3060621.3060658
Piotr Faliszewski, Edith Hemaspaandra, Lane A Hemaspaandra, and Jérg Rothe.
2009. Llull and Copeland voting computationally resist bribery and constructive
control. Journal of Artificial Intelligence Research 35 (2009), 275-341.

Micheal R. Fellows, Danny Hermelin, Frances A. Rosamond, and Stéphane
Vialette. 2009. On the parameterized complexity of multiple-interval graph
problems. Theoretical Computer Science 410 (2009), pp. 53-61. https://doi.org/10.
1016/j.tcs.2008.09.065

Edward B. Foley. 2021. Tournament elections with round-robin primaries: a
sports analogy for electoral reform. Winsonsin Law Review 1187 (2021), 1187—
1229.

Grzegorz Lisowski. 2022. Strategic nominee selection in tournament solutions. In
EUMAS 2022: Proceedings of the 19th European Conference on Multi-Agent Systems.
Springer, 239-256. https://doi.org/10.1007/978-3-031-20614-6_14

Daniel Marx. 2010. Can you beat treewidth? Theory of Computing 6 (2010),
85-112. https://doi.org/10.4086/toc.2010.v006a005

Neeldhara Misra. 2019. On the parameterized complexity of party nominations. In
ADT 2019: Proceedings of the 6th International Conference on Algorithmic Decision
Theory. Springer, 112-125. https://doi.org/10.1007/978-3-030-31489-7_8
Krzysztof Pietrzak. 2003. On the parameterized complexity of the fixed alphabet
shortest common supersequence and longest common subsequence problems.
Journal of Computer and System Sciences 67, 4 (2003), 757-771. https://doi.org/
10.1016/S0022-0000(03)00078-3

Ildik6 Schlotter, Katarina Cechlarova, and Diana Trellova. 2024. Parameterized
complexity of candidate nomination for elections based on positional scoring
rules. Autonomous Agents and Multi-Agent Systems 38 (2024), article 28. https:
//doi.org/10.1007/s10458-024-09658-5

Markus Schulze. 2011. A new monotonic, clone-independent, reversal symmetric,
and condorcet-consistent single-winner election method. Social Choice and
Welfare 36 (2011), 267-303. https://doi.org/10.1007/s00355-010-0475-4


https://doi.org/10.1145/210332.210337
https://doi.org/10.1007/978-1-84800-998-1
https://doi.org/10.1007/978-1-84800-998-1
https://doi.org/10.1016/0895-7177(92)90085-Y
https://doi.org/10.1016/j.dam.2011.11.003
https://real.mtak.hu/13519/7/BiroM10tr.pdf
https://real.mtak.hu/13519/7/BiroM10tr.pdf
https://doi.org/10.1016/j.artint.2024.104095
https://doi.org/10.1016/j.artint.2024.104095
https://doi.org/10.1007/s10458-023-09622-9
https://doi.org/10.1007/978-3-319-21275-3
https://doi.org/10.1007/978-3-662-53622-3
https://doi.org/10.1007/978-1-4471-5559-1
https://dl.acm.org/doi/10.5555/3060621.3060658
https://doi.org/10.1016/j.tcs.2008.09.065
https://doi.org/10.1016/j.tcs.2008.09.065
https://doi.org/10.1007/978-3-031-20614-6_14
https://doi.org/10.4086/toc.2010.v006a005
https://doi.org/10.1007/978-3-030-31489-7_8
https://doi.org/10.1016/S0022-0000(03)00078-3
https://doi.org/10.1016/S0022-0000(03)00078-3
https://doi.org/10.1007/s10458-024-09658-5
https://doi.org/10.1007/s10458-024-09658-5
https://doi.org/10.1007/s00355-010-0475-4

Appendix A ADDITIONAL RELATED WORK

The topic of this paper—the problem of nominating the candidates
for an election by parties—is relatively new in the computer science
literature, as it was initiated by Faliszewski et al. [12] only in 2017.
However, the study of the computational complexity of problems
connected with elections where the set of candidates is not fixed
appeared already in the seminal paper by Bartholdi et al. [3] in
1992, in the form of control by adding or deleting candidates. Of
the extensive literature on electoral control, we shall mention in
Section A.1 only results that are closest to the current paper, i.e.,
those that consider Condorcet-consistent voting rules, in particu-
lar, Copeland® and Maximin. For a broader overview of electoral
control see the survey by Faliszewski and Rothe [27]. Additionally,
in Section A.2 we present a review of alternative approaches to
the study of elections involving parties that may contain either
candidates or voters.

A.1 Control of Elections

In the model introduced by Bartholdi et al. [3] for electoral control,
there is a central authority, the controller, that aims to achieve a
given goal by applying certain control actions. The possible con-
trol actions related to changing the set of candidates range include
adding, deleting, replacing, or partitioning candidates. The aim of
the controller may be constructive, i.e., to make a distinguished
candidate the winner of the election, or destructive, when it aims
to prevent a given candidate from winning the election. In the
combinatorial variant of control, adding or deleting a candidate
automatically requires adding or deleting a whole group of candi-
dates.

Control by partitioning the candidates assumes a two-stage elec-
tion process where the candidate set C is partitioned into two
disjoint subsets C; and Cs. In a sequential election, the entire elec-
torate first votes on the candidates from Cj, while the second stage
of the election is conducted between the winner of the first election
and the candidates of Cy. Alternatively, in a run-off election the first
stage consists of two separate elections on the candidate sets C;
and Cz, and the second stage of the election is conducted over the
set of winners from C; and Cy. In such two-stage elections, the
controller may aim to achieve its goal by suitably choosing the
partitioning of the candidate set.

Bartholdi et al. [3] dealt with constructive control and observed
that Condorcet voting is immune to control by adding candidates
but is computationally vulnerable to control by deleting candidates
and by partitioning of candidates for both sequential and run-off
elections. The last results have been strengthened by Erdélyi et
al. [25] who showed that polynomial-time solvability of the run-off
version is preserved even in the case when the cardinality of the
two candidate partition sets should differ by at most one.

Betzler and Uhlmann [23] studied constructive control for the
Llull and Copeland voting rules. They showed that control by delet-
ing candidates for Llull is FPT with respect to the parameter “num-
ber of candidates defeating the distinguished candidate” and control
by deleting candidates for Copeland is NP-hard even when for ev-
ery candidate the number of candidates that are not tied with it
is at most three. If the voting is tie-free, then for any a € [0, 1]

control by deleting and adding candidates for Copeland® election
is W[2]-complete with respect to the parameter “number of deleted
candidates” and “number of added candidates”, respectively. For
Copeland elections, control by deleting candidates is NP-complete
for six voters and control by adding candidates is NP-complete if
there are eight voters. For Llull, control by deleting candidates is
NP-complete for ten voters and control by adding candidates is
NP-complete for eight voters.

A follow-up study is provided by Faliszewski et al. [13]. The
authors showed that Copeland® for any « € [0, 1] is vulnerable to
destructive control via adding, deleting, or partitioning candidates.
Constructive control of all these types is computationally resistant
for a € [0, 1] except when the number of added candidates is un-
limited and « € {0, 1}. These results have been fine-tuned by Chen
et al. [24]. The authors show that for Copeland® the constructive
control by adding as well as deleting candidates is NP-hard, the
former if there are 20 voters and the latter for 26 voters.

Gurski and Ross [30] considered approximatin the number of
candidates necessary to add or to delete in order to achieve the
constructive or the destructive aim of the control. They showed that
there is no approximation algorithm with absolute performance
guarantee for optimal constructive control by deleting candidates in
Copeland and by adding candidates in Llull voting schemes, unless
P = NP. Moreover, there is no EPTAS for optimal constructive
control by adding and deleting candidates in Copeland and Llull
voting schemes, unless W[2] = FPT. Furthermore, Gurski and Ross
proposed binary linear programs for solving the studied control
problems and tested their performance on randomly generated
elections.

For the Maximin voting rule, Liu and Zhu [33] proved that con-
structive control by adding candidates is W|2]-hard with respect
to the parameter “number of added candidates”. Chen et al. [24]
showed that constructive control by adding candidates is NP-hard
even if there are only 10 voters. Maushagen and Rothe [34] proved
studied constructive control by partitioning candidates in Maximin
elections, and proved it to be NP-complete in both the sequential
and the run-off versions.

Combinatorial control was studied in Chen et al. [24]. They
proved that combinatorial constructive control by deleting candi-
dates is NP-hard for Copeland* and Maximin, even for elections
with only a single voter, using the fact that these voting rules satisfy
the unanimity property (which means that if a candidate c is ranked
first by all the voters, then c is the unique winner). For destructive
control by deleting candidates they proved NP-hardness for the
Maximin voting rule even in case of five voters, and for Copeland
even in case of three voters. As far as constructive control by adding
candidates is concerned, it is NP-hard even for elections with three
voters for Copeland® with any « € [0, 1] and for Maximin for elec-
tions with only six voters. By contrast, combinatorial destructive
control by adding candidates can be solved in polynomial time.

Erdélyi et al. [26] gave a detailed overview of the results on
computational complexity of election control by adding or deleting
candidates. They complemented the known results by proving that
the constructive control by replacing candidates is NP-complete for
both Copeland® and Maximin voting rules, while the destructive
control is in P in both cases.



A.2 Elections Involving Parties

Harrenstein et al. [31] present a model for the strategic selection of
party nominees. Each party is fully described by a set of points on
the line (political spectrum) that correspond to the positions of the
candidates the party has to choose its nominee from. Each nominee
then attracts the closest voters compared to all other representatives.
The paper shows that a Nash equilibrium is not guaranteed to exist
even in two party game. Finding a Nash equilibrium is NP-complete
for the general case, but for two competing parties can be computed
in linear time.

In a different model Harrenstein and Turrini [32] consider district-
based elections. In each district, voters rank the nominated candi-
dates and elect the plurality winners. So parties have to strategically
place their candidates in districts so as to maximize the number of
their nominees that get elected. The authors show that deciding the
existence of pure Nash equilibria for these games is NP-complete if
party size is bounded by a constant and Z}; -complete for the general
case.

Another model of control with elections involving parties was
introduced by Perek et al. [35]. Unlike in the current paper, the
authors assume that voters, not candidates are partitioned into
parties and voters in the same party vote in the same way. It is
assumed that the most preferred candidate of a given leading party
is the winner of the election. The authors study the computational
complexity of the problems to determine the maximum number of
voters who can leave the leading party without changing the winner
and the minimal number of voters that must leave the leading party
to ensure that the winner will be changed. Perek at al. [35] and
a follow-up paper by Guo et al. [29] classify these problems into
polynomial or NP-complete for several different voting rules.

Appendix B ADDITIONAL NOTATION

Here we provide some additional definitions for concepts appearing
in the paper.

Undirected graphs. An undirected graph G is a pair G = (U, E)
where U is the set of vertices and E the set of edges in G, each
edge connecting two vertices. If an edge e connects u and v, then
we write e = uv, and we say that u and v are the endpoints of e.
Moreover, u and v are adjacent to each other, and each of them is
incident to e. The neighborhood of a vertex u € U in G is denoted
by Ng(u) = {v : uv € E}, and we call |[Ng(u)| the degree of u. If
the set of vertices U of G can be partitioned into two disjoint sets
A and B such that each edge connects a vertex in A with a vertex
in B, then G is bipartite, and to stress its bipartition we shall write
G =(AWYBE).

Given a subset of vertices K C U, we denote by G[K] the sub-
graph of G induced by K, i.e., the graph whose vertex set is K and
whose edges are those edges from E that connect two vertices in K.

A clique is a set of vertices that are pairwise adjacent, and an
independent set is a set of vertices so that they are pairwise non-
adjacent. A set of edges is independent, if no two of them shares an
endpoint.

Directed graphs. A directed graph D (or digraph) is a pair (V, A)
with vertex set V and arc set A, where A C V X V; we will also write
V(D) to denote the set of vertices in D. Each arc a = (u,0) € A
points from its head vertex u € V to its tail vertex v € V. A loop is

an arc of the form (v, v) for some vertex v € V. We write N (v) =
{u: (u,0) € A} and NB (v) ={u : (v,u) € A} to denote the set of
in- and out-neighbors of a vertex v € V in D; when the digraph D is
clear from the context, we may omit the subscript.

A tournament is a directed graph D = (V, A) without loops where
for each distinct vertices u, v € V, exactly one of (u,v) and (v,u) is
an arc contained in A.

Digraphs D = (V, A) and D’ = (V’, A”) are isomorphic, if there

exists a mapping f : V. — V’ such that for each u,v € V, it holds
that (u,0) € A if and only if (f(u), f(v) € A’); the function f is
then called an isomorphism.
Parameterized complexity. Parameterized complexity was in-
troduced by Downey and Fellows [10] as a tool to deal with hard
problems. Each instance of a parameterized problem Q is a pair
(I, k) consisting of an input I and a parameter k, which is usually
an integer. A parameterized problem is fixed-parameter tractable
(FPT) if there is an algorithm which correctly determines for each
instance (I, k) of the problem whether (I, k) is a “yes”-instance in
running time f(k) - [I|°1), where f is a computable function.

Analogously to NP-hardness, parameterized complexity theory
offers the notion of W[1]-hardness; proving that a parameterized
problem Q is W[1]-hard provides strong evidence that we cannot
expect an FPT algorithm for Q. W[1]-hardness can be established
via parameterized reductions: given two parameterized problems
Q and Q’, a parameterized reduction from Q to Q’ is an algorithm
that runs in FPT time and transforms an instance (I, k) of Q into
an equivalent instance (I, k”) of Q" such that kK’ < g(k) for some
computable function g. If Q is W[1]-hard, then such a reduction
from Q to Q’ implies that Q" is W[1]-hard as well.

If a parameterized problem Q is NP-hard for some fixed con-
stant value of the parameter, then Q is said to be para-NP-hard
with respect to this parameter. By contrast, if Q can be solved in
polynomial time for all constant values of the parameter, then we
say that Q is in the class XP. Clearly, FPT C XP.

Additional notation for elections. Given a reduced election &,
we define the Copeland®-score of a party P as the Copeland®-score
of its nominated candidate in &, and denote it as C pl% (P). We define
the Maximin-score of P analogously, and denote it as MM (P).
Sometimes, when defining preferences of voters, we assume
that there is an arbitrarily fixed total order 6 given over the set
of all candidates C. When we writez—‘\) for some A C C we mean
the sequence of candidates in A listed according to ; notation A
denotes the sequence of these candidates in the opposite order.

Appendix C MISSING PROOFS FROM
SECTIONS 3.1 AND 3.2

C.1 Proof of Theorem 3.1

THEOREM 3.1 (%). PossIBLE PRESIDENT for the Llull voting rule is
polynomial-time solvable if there are only two voters.

Proor. Using Observation 1, it is not hard to prove the following
claim: some candidate p contained in our distinguished party can be
a unique winner in an election & resulting from some nominations
if and only if p defeats every other nominee.



First, if p defeats all other nominees in &, then its Llull-score is
t — 1, the maximum score possible, while each candidate ¢ € C\ {p}
is defeated by p and hence obtains a Llull-score at most ¢ — 2. Thus,
p is indeed the unique winner of &.

Second, suppose that there exists some candidate ¢y not defeated
by p; we show that p cannot be the unique winner in &. Suppose for
the sake of contradiction that p has higher Llull-score than every
other nominated candidate. Then each nominee in C \ {p} has to be
defeated by some other nominee, as otherwise its Llull-score will
be t — 1, preventing p from being the unique winner. In particular,
co must be defeated by some nominee c;. Similarly, c; must also be
defeated by some nominee cz. Again, c; in turn must be defeated
by some nominee c3. Since we can always repeat this argument
and the number of nominees is finite, we must arrive at a cycle in
the “defeat” relation, contradicting Observation 1.

The claim we have just proved offers a simple quadratic-time
algorithm to solve an instance of PossiBLE PRESIDENT for Llull
voting with two voters: we simply need to check for each candidate
p in the distinguished party P whether each other party P’ contains
at least one candidate cp that is defeated by p (i.e., is ranked worse
than p by both voters). If such a candidate exists for all parties, then
p can be the unique winner by nominating these candidates, and
thus we output “Yes”; otherwise, we know that p cannot be the
unique winner. If no candidate in P can be the unique winner, then
we output “No”. |

C.2 Proof of Theorem 3.2

THEOREM 3.2 (%). For each a € [0,1), PosSSIBLE PRESIDENT for
Copeland® is NP-complete even for instances with two voters and
maximum party size ¢ = 2.

Proor. We reduce from 3-CoLorING. Let G = (U, E) be our
input graph with vertex set U = {uy,...,un}. We construct an
instance of PossIBLE PRESIDENT with voter set {v,0”} and ¢ = 2 as
follows.

We let P = {p} be our distinguished party, and we create can-
didates p;,pé,pé,d, d’ as well as candidates g; for i € [n]; all of
these n+5 candidates form singleton parties. For each color ¢ € [3],
we further create a party Py, = {uf,ﬂf} for each i € [n], and a
party P¢ = {ef, ej} for each edge e = ujuj € E. Then the number
of parties is t = 4n + 3|E| + 6, and each party has size at most two.

To define the preferences of v and v’, we first define certain series
of candidates that we call blocks. For each candidate u{ representing
the option of coloring vertex u; € U with color ¢ € [3], we define
the set

A(uf) = {ef : e € E is incident to u; } .
Note that if i # j, then the sets A(uf) and A(u?) are disjoint, and if
u;juj = e € E, then both of these sets contain exactly one candidate
from the party P¢. Moreover, we also have U] A(4]) = Ueer Pe
for each ¢ € [3]. Recall the notation introduced in Appendix B that
we write X for the ordering of a set X of candidates according to

—
some arbitrary fixed ordering over all candidates, and we write X

for its reverse. We can now define the following blocks, X¢ and X c
for each ¢ € [3]:

X =uf, A(uS), u5, A(u3), . . ., u, Auy);

(13)

X =uf, Alup), u;,_4,

A(up_q), ... ul, A(u)).

We further introduce the following blocks:

3

_ =1 =23 =1 =2 =3 —1 =2 =3,
Y =q1,uq, ul, uy, q2, Uy, Uy, U, - . G, Uy, Upy, Uy

Y = Gn, Uy, Us Uy G, Uy, U, Uy, - -, 1, Uy, 2, U
Now we can define the preferences of voters v and v’ as follows:
o p,ph s p3 Yo XL XA X2 d
o X3 XA XN ddL Y, p,p) phe Db

First notice that Cpl% (p) = 3+a(t—4) in any reduced election &,
because p defeats p7, p}, and pé,_and is tied with every other nom-
inee. Define the candidate set U; := {HLIHIZH?} for each i € [n],
and the set A€ of candidates that are present in X (or equivalently,
in X€), ie., A® := Ueeg Pe U {uf : i € [n]} for each c € [3].

Observe the following facts:

o Nominees in Uie[n] U; U {p;,pé,pg, d,d’} each defeat at
most two nominees, and have Copeland®-score less than
Cplg (p).

e For each i € [n], nominee g; is tied with every other nom-
inee except for those in U;, while it defeats all nominees
in U;. Therefore, Cplg(q,-) < Cpl% (p) if and only if at most
two candidates from U; are nominated, which in turn means
that at least one candidate among {uil, ul?, ul3} is nominated.

e For each ¢ € [3], all nominees in A defeat both d and d’,
and are tied with every other nominee not in A€. Hence, it
holds that all nominees in A€ have Copeland®-score less
than Cpl% (p) if and only if no nominee in A® defeats an-
other nominee in A°.

This shows that p is the unique winner in the reduced election &
if and only if no nominee in A€ defeats another nominee in A€ for
each ¢ € [3]. We claim that there exists such an election & resulting
from some nominations if and only if G admits a proper 3-coloring.

Direction “=”: Suppose first that p is the unique winner in &.
By the above observations, for each i € [n], at least one candidate
among {ull, uiz, u?} must be nominated; let us color vertex u; with
some (arbitrarily fixed) color ¢ € [3] for which u{ is nominated
in &. Using that no nominee in A® can defeat another nominee
in A®, we are going to prove that the constructed coloring is proper.
Assume for contradiction that u; and u; are both colored with some
color ¢ € [3], but there is an edge e = uju; € E. Consider the party
PS = {el.c, eJC.}. If P$ nominates el.c, then both v and o’ prefer ulc to el.c,
and thus party Py, defeats P¢, a contradiction to our assumption
on &. If P$ nominates e?, then a symmetric argument shows that
Pﬁj defeats P¢; a contradiction again. Hence, our coloring is indeed
proper.

Direction “&=": Suppose now that y : U — [3] is a proper

3-coloring of G. Let us nominate ul?((u")

in {Ef/ :¢” € [3],¢" # y(u;)} for each i € [n]. Notice that in this
way, at most two candidates from U; are nominated for each i € [n].
Furthermore, for each e € E and ¢ € [3], let us nominate the
candidate ef where u; is an (arbitrarily fixed) endpoint of e that
does not have color c; crucially, e must admit such an endpoint,
because y is a proper coloring, so y(u;) = y(uj) = c is not possible.

and also the candidates



It remains to show that for each ¢ € [3], no candidate from A
defeats another in A€.

We say that candidates of the form u{ or e{ are associated with
color c. First, note that two candidates associated with different
colors are ranked differently by v and o', due to the ordering of the
different blocks in the preference lists of v and o’. Hence, it suffices
to consider nominated candidates that are associated with the same
color, say ¢ € [3].

Note that each two candidates u{ and u§ for some i, j € [n] are
ranked differently by v and v’, because v and v’ order the candidates
uf,...,uy, in exactly the opposite order. Let us now show similarly
that each two candidates e{ and éj for some i, j € [n] are ranked
differently by v and 0. If i < j, then v prefers all candidates in A(u)
to all candidates in A(u?), while o’ prefers candidates in A(u;) to
candidates in A(uy); the case i > j is analogous. If i = j, then ef
and éjc. are both contained in A(uf), and our claim follows from
the fact that v and " order the candidate set A(uf) in exactly the
opposite order.

Hence, it remains to compare two candidates u{ and ejc. for some
i,j€[n]ande € E.Ifi < j, then v prefers uf to ejc. € A(ujc.), but v’
prefers e]c. to uf. The case i > j is analogous. Therefore, the only
possibility when v and 0" could order u{ and e]c. in the same way
is when i = j. However, then it is not possible that both ul.C and
ejc. = e{ are nominates, since we only nominate ef if y(u;) # ¢, in
which case uf is not nominated. This proves that there are no two
nominees that are ranked in the same order by v and v’. Therefore,
no candidate in A° defeats another candidate in A€, as required,
finishing the proof. o

C.3 Proof of Theorem 3.3

We start with proving Theorem 3.4 in Appendix C.3.1, then prove
the correctness of the reduction presented in Section 3.2.3 in Ap-
pendix C.3.2.

C.3.1 Proof of Theorem 3.4.

THEOREM 3.4 (%). MAXIMUM MATCHING WITH COUPLES remains
NP-complete even if |R| = |S|/2 + |C|, and
o each vertex in the input graph has degree 2 or 3, and
e each room adjacent to both singles and couples is adjacent to
exactly two singles and one couple.

Proor. Let G = (S W C,R,E) be our input instance with S, C,
and R being the set of singles, couples, and rooms, respectively.
It is easy to see that by adding the necessary number, namely
2|R| = (|S] + 2|C]), of dummy singles and making them adjacent to
all rooms in G we obtain an equivalent instance where a complete
matching necessarily assigns two people (i.e., two singles or one
couple) to each room. Hence, we may assume that |R| = |S|/2 + |C|.
We may further assume that G contains no isolated vertices.

Next, we are going to construct an equivalent instance where
each vertex in G has degree at most 3. We will achieve this through
a series of operations, each one modifying the current instance and
constructing an equivalent instance.

Rule 1 decreases the number of rooms that are adjacent to at
least one single and to at least two couples.

Rule 1. If r € R is adjacent to at least two couples and at least
one single, then do the following: add a new room r’ and a new
couple ¢’, and modify the set of edges by making ¢’ adjacent to
both r and r’/, and then replacing each edge rs connecting r to a
single s € S with an edge r’s. See Figure 1 for an illustration.

s1 S si C1 cy cj

Figure 1: Illustration for Rule 1. Singles, couples, and rooms
are depicted as circles, ellipses, and rectangles, respectively.
We highlighted in light blue those nodes that might be con-
nected to parts of the graph not depicted in the figure.

CramM 2. Applying Rule 1 results in an equivalent instance.

CLAIM PROOF. Let G = ((S U C) W R, E) be the instance before
applying Rule 1 for some room r € R, and let the resulting instance
be G’ = (SUCU{c’}) WR, E’). First, observe that given a complete
matching M for G, we can construct a complete matching M’ for G’
as follows. If M contains an edge rc for some couple C, then we set
M’ = MU {r'c’}. Otherwise, there exist singles s and s’ such that
{sr,s’'r} € M; we then set M’ = M\ {sr,s'r} U {sr’,s’r’,rc’}. It is
straightforward to check that M’ is a complete matching in both
cases.

For the other direction, suppose now that G’ admits a complete
matching M’. Then either ¢’r’ € M or ¢r € M. In the former case,
the matching M’ \ {¢’r’} is a complete matching in G. In the latter
case, r’ must be adjacent to two singles, say s and s’ in M’; hence,
M=M \{cr,sr',s'r"} U {sr,s'r} is a complete matching in G. <

Rule 2 deals with rooms that are adjacent to exactly one single
and one couple.

Rule 2. If r € R is adjacent to exactly one single s and exactly one
couple c, then delete the edge rs.

CraiM 3. Rule 2 constructs an equivalent instance.

CrLAIM PROOF. Since a complete matching needs to match ex-
actly two persons (a couple or two singles) to each room, it is clear
that no such matching can include the edge rs, and hence, we can
safely delete it. <

Rule 3 reduces the degree of a single who is adjacent to more than
three rooms.

Rule 3. If s € S is adjacent to at least four rooms ry, r2, r3, and r4,
then do the following: add new singles sy, s3, 54, and s*, along with

new rooms r; and r7, and modify the set of edges by deleting the

edges sry, sr3, and sry, and adding the edge set
’ ’ ’ r ko K/
{5212, 8373, 5474, ST, S271, $37, S475, S 17, ¥ 15 ).

See Figure 2 for an illustration.

CraM 4. Applying Rule 3 results in an equivalent instance.
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Figure 2: Illustration for Rule 3, using the notation of Figure 1.

Double lines depict the edge set Mj defined in the proof of
Claim 4.

CLAIM PROOF. Let G = ((S U C) W R, E) be the instance before
applying Rule 3 for some single s € S, and let the resulting instance
be G" = ((S U {s2,53,54,s*}UC) W (RU {r{,r3}), E").

First assume that G admits a complete matching M. Define the
matching Mo = {s2r7, s* 11,8375, 845 }. If M does not contain any of
the edges sri, i € {2,3,4}, then M’ = M U M is clearly a complete
matching for G’. If sry € M, then define P as the edge set of the
path (r, s, r{,s) in G, and if sr; € M for some i € {3, 4}, then let P
be the edge set of the path (r;, s;, ré, s*, r{, s) in G’. In either case, it
is not hard to verify that M’ = (M U My) AP is a complete matching
in G’

Assume now that G’ admits a complete matching M. Then s*
is matched either to ri or to ré, and these two rooms have to
accommodate exactly four among the singles s*, sy, 53,54, and s.
Hence, at most one single among sy, 53, s4 and s is matched to a
room in {ry, 2, r3, r4}; if there is indeed one such room r;, then let
F = {sr;}, otherwise let F = (. Then deleting all edges of M not
present in G’ and then adding F yields a complete matching in G.

<

Rule 4 reduces the degree of a couple who is adjacent to more
than three rooms.

Rule 4. If ¢ € C is adjacent to rooms ry, . . ., r; for some i > 4, then
do the following: replace ¢ with new couples cy, ..., c;, add new
rooms ry, ..., r;_;, and modify the set of edges by deleting all edges
incident to ¢, and adding the edge set {c;r;: j € [i]}U {er}, Cj+1r;- :
Jj € [i —1]}. See Figure 3 for an illustration.

/ ’ /
1 P Ti—1
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Figure 3: Illustration for Rule 4 using the notation of Figure 1.

Double lines depict the edge set M; for j = 2 defined in the
proof of Claim 5.

Cramv 5. Applying Rule 4 results in an equivalent instance.

CLAIM PROOF. Let G = ((S U C) W R, E) be the instance before
applying Rule 4 for some couple ¢ € C, and let the resulting instance
be G' = (SUC) W (RU{r],....,r[_}),E) for C" = C\ {c} U
{et, ..., ¢}

First assume that G admits a complete matching M. Then cr; € M
for some j € [i]. Let

M;j = {cjri}U{epr, i 1< h<j}U{cpry,_;:j<h<i}; (14)

then M’ = M\ {crj} U M; is a complete matching in G’.
Conversely, if M’ is a complete matching in G’, then it is not
hard to see that since the rooms r{, e, rlLl must accommodate
all but one couple among ¢y, . .., ¢, it follows that M’ contains a
matching M; of the form (14). In this case, M = M’ \ M; U {cr;} is
a complete matching in M. <

Rule 5 is obtained from Rule 4 by switching the roles of couples
and rooms.

Rule 5. If r € R is adjacent to couples cy,...,c; for some i > 4
and no singles, then do the following: replace r with new rooms
r,...,ri, add new couples ¢/, ..., Cz/'—l’ and modify the set of edges
by deleting all edges incident to r, and adding the edge set {c;r;: j €
[i]}u {rjc;., rj+1c} cjeli-1]}

By symmetry, Claim 5 immediately implies the following.
CraM 6. Applying Rule 5 results in an equivalent instance.

Notice that after applying Rule 1 exhaustively, each room that is
adjacent to at least one single can only be adjacent to at most one
couple. Rule 6 deals with such rooms, decreasing their degree in G
whenever it is more than three.

Rule 6. If r € R has degree more than three in G, and is adjacent
to distinct singles s; and s and at most one couple, then do the
following: add a set S of new singles, a set C of new couples, and a
set R of new rooms where

S = {s}, 85, 51,2, s1va, S1v2 )
C= {Cl, C1A2,C3,C4,C5 ),
R={r',r1i,ra, rin2, T1v2, 73, T4, 75},
and then delete the edges rsq, rs, add the edge set E where
E = {siri, s\1i, $iri, SiTis2, S1v2riva, CiaaTina, Civars = i € [2]}
U {esrs, stvariva, Stvariva, sivar, €', ¢’ cipar’, ciparing}
U {s1r1a2, Syrinz},

and finally, if there is an edge between r and a couple c in G, then
replace cr with cr’. See Figure 4 for an illustration.

Cramm 7. Applying Rule 6 results in an equivalent instance.

CLAIM PROOF. Let G = ((S U C) W R, E) be the instance before
applying Rule 6 for some roomr € R,andlet G’ = ((S’UC’)wR’, E’)
denote the resulting instance.

First, we prove that given a complete matching M for G, we can
construct a complete matching M” for G’ as follows. Let My be
defined as the edge set

’ a .
Mo = {s}ri, Siri, civoris : i € [2]}

N ’s .

U {csrs, sivariva, Stvarive, € r's ciazring

see again Figure 4. Observe that My C Eisa complete matching
for the subgraph of G’ induced by S U C U R. Therefore, if the
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Figure 4: Illustration for Rule 6 using the notation of Figure 1.

matching M does not contain any of the edges E \ E’, which Rule 6
removed from G, then M U M is a complete matching for G’.

Otherwise, we distinguish between three cases, depending on
how the room r is matched in M. In each of these case, we will
define an edge set M’. First, if cr € M for some couple ¢ (recall that
there is at most one couple adjacent to r in G), then we set

M =M\ {cr} U{cr,c'r}u My \ {c'r'}).

Second, if |{s1r, s2r} N M| = 1, then assume that s;r € M; the case
sor € M is symmetric. In this case, we let

4 ’ A
M = (MU My \ {s1r,s1r1,c373, 575, S1v2r1va, S1variva}
;o
U {s171, 5173, $1v2r3, €375, C5r1v2, S1var-}
Third, if {s1r, sar} C M, then we can define
M’ =MU M\ {s17, s27, 5171, 5572, c1a2ring, €1’}
7’ ’ ’ ’
U {5171, S272, S171A2, SyT1a2: C1n2r, € 1}

In each of the three cases, it is straightforward to verify that M’ is
a complete matching for G’.

For the other direction, suppose now that M’ is a complete match-
ing for G’. Again, we will define an edge set M depending on the
properties of M’.

First assume that r¢’ € M’. If it further holds that r’cip2 €
M’, then room riaz can only be matched to the singles s; and s
by M’, that is, {s]ria2,s;r1a2} € M’, because M’ is a complete
matching. This also implies {s171, s2r2} € M’. Note also that no
vertex in SUCUR other than the vertices r, s1, and sy can be matched
to a vertex in S U C U E(recall that #’cipz € M’, so r’ cannot be
matched to any couple in C). However, then M = M’ \EuU {s1r,s2r}
is a complete matching for G.

Otherwise, if r¢’ € M’ but r’cip2 ¢ M’, then r’ must be adjacent
to some couple ¢ € C within M’, and the edge cr’ must have been
added to E’ by Rule 6 because it found rc € E. In this case, we must
have ciaaria2 € M, as otherwise c1p2 would be unmatched. Since
s1v2 is not matched to r, we also know that syvarive € M/, which in
turn implies $1varive € M’. This yields also {c3r3, cars, csr5} C M.
Now, as s{ and s; both must be covered by M’ (and they cannot
be matched to r1,2), we obtain s{ri,sjr2 € M. Since $; can only
be matched to r; for both i € [2], we obtain that sirq, sory ¢ M.
Therefore, M = M’ \ E \ {rc} U {rc} is a complete matching for G.

It remains to consider the case when r¢’ € M’. On the one hand,
if rs;ve € M’, then via a reasoning similar to the previous case,
it is not hard to see that My C M’. Thus, setting M = M \ My

is a complete matching for G. On the other hand, if rs;v2 € M’,
then we get ryvacs as otherwise room 1y is not filled. Hence, $1v2
must be matched to r3 or to r4. Assume that §;y2r3 € M’; the case
$1vara € M’ is symmetric. Then r3 must be also matched to si,
which implies s;r; € M. By contrast, r4 must be matched to c4.
Since s;, cannot be matched to 2 (because we have ¢’r’ € M’ and
ciazrinz € M’ due to rsjyz € M’), we obtain that sjr, € M’, and
consequently, sory ¢ M’. This yields that M = M\ EU {s;r} is a
complete matching for G. This finishes the proof. <

After applying Rules 1-6 exhaustively, let G* denote the result-
ing graph. Then singles in G* have degree at most 3, because Rule 3
is not applicable. Similarly, couples in G* have degree at most 3,
because Rule 4 is not applicable. Rooms in G* that are adjacent
to at least one single are adjacent to at most one couple, because
Rule 1 is not applicable, and they are adjacent to exactly two singles,
because neither Rule 2 nor Rule 6 is applicable; in particular, they
have degree 3. Lastly, rooms that are only adjacent to couples also
have degree at most 3, because Rule 5 is not applicable. Hence, G*
has maximum degree at most 3, and fulfills also the requirement of
the theorem on rooms adjacent to both singles and couples. Due to
Claims 2-7, G* is equivalent to the original graph G when inter-
preted as an instance of MaxIMuM MATCHING WITH COUPLES. Note
also that G* also fulfills |[S*|/2 + |C*| = |R*| where S*, C*, and R*
denote the number of singles, couples, and rooms in G*, respec-
tively; to see this, it suffices to observe that each of the Rules 1-6
maintains this invariant.

Let us now show that applying Rules 1-6 takes polynomial time.
To see this, it suffices to observe the following facts. First, no new
vertex introduced during the application of a rule has degree more
than 3, or is adjacent to a single and more than one couple. Hence,
none of the rules can be applied to these vertices. Second, when ap-
plying one of the rules to a given vertex v, the degree of v decreases,
except in the case when v is a room adjacent only to singles, and
we apply Rule 6. However, this latter can happen to each room at
most once (as after the application of Rule 6, they are adjacent to
a newly introduced couple). Since we can decrease the degree of
some vertex of G at most 2|E| times, and we can apply Rule 6 to
a room adjacent only to singles at most |R| times, we obtain that
the total number of applying Rules 1-6 is at most 2|E| + |R]|. Since
applying each rule takes linear time, the construction of G* can be
completed in polynomial time.

It remains to deal with vertices of G* that have degree less than 2.
Let us construct a trivial “no™-instance Gy containing five rooms
ri,...,rs and five couples cy, . . ., c5 whose underlying graph is the
disjoint union of the complete bipartite graph on couples cy, ¢z, c3
and rooms ry, r2, and the complete bipartite graph on couples ¢4, cs5
and rooms r3, 4, rs. We apply the following operations.

Rule 7. If r € R is a room adjacent to exactly one single but no
couples, then output Gy.

Rule 8. If s € S has degree 1, then introduce two new rooms r
and r’, two new singles s’ and s”’, and a new couple c, then add the

edges sr’,cr,s'r, s r,s'r’, s"'r’.

Rule 9. If v is a room adjacent only to one couple (and no singles),
or v is a couple of degree 1, then introduce two new rooms, r and r’,



and two new couples, ¢ and ¢’, and add the edges cr,c’r, cr’, c'r’
plus an additional edge connecting v with either ¢ or r, depending
on whether v is a room or a couple.

CrLamm 8. Applying any of Rules 7-9 results in an equivalent in-
stance.

Cramv PROOF. First, a room r adjacent to only one single and
no couples can never be matched two people; hence, an instance
containing such a room is a “no”-instance and hence equivalent
to Gy, which shows that Rule 7 is correct. Second, observe that all
complete matchings in an instance resulting from applying Rule 8
must contain the edges cr,s’r’,s”’r’ and, hence, cannot match s
along any of the newly introduced edges. From this, the statement
for Rule 8 follows. Similarly, the newly added rooms r, " and cou-
ples ¢, ¢’ in Rule 9 can only be matched to each other (in some way)
and not to v in all complete matchings. From this, the statement for
Rule 9 follows. <

Finally, observe that applying first Rule 7 exhaustively to G*,
then Rule 8 exhaustively, and then Rule 9 exhaustively (which
takes linear time in total), we ensure that each vertex has degree 2
or 3 in the resulting graph, while also maintaining the remaining
properties required by the theorem. O

C.3.2  Correctness of the reduction presented in Section 3.2.3. Before
proving the correctness of the reduction presented in Section 3.2.3,
we present a simple lemma about flat elections.

LemMmA C.1. IfE is a flat election with an odd number of voters
whose candidate set is partitioned into pairwise disjoint sets C1, Co,
and Cs such that

o each candidate in Cy defeats all candidates in Cy,
o each candidate in Cy defeats all candidates in C3, and
e each candidate in C3 defeats all candidates in Cy,

then |C1| = |C2| = |C5].

Proor. Note that for each i € [3], there exists a candidate c;‘

in C; that defeats at least % candidates from C;, because for
each pair of candidates in C; one of them defeats the other (as there
are an odd number of voters), and thus the total number of defeats

within C; is W Recall also that by the conditions of the

lemma, c;( also defeats all candidates in C;4+1 where we set C4 := Cy.

|C|2—1 candidates,

Since & is flat, every candidate defeats exactly
which implies

Cil-1 cl-1
T (15)
ICo| -1 IC] -1
Gyl < 16
5 |Cs] 5 (16)
IC3| -1 IC] -1
il < 17
5 |C4l 5 17)
3|C|-3

Summing up inequalities (15)-17), we obtain on both sides,
which implies that all of these inequalities must hold with equality.
From this, |C1| = |C2| = |C3] follows by simple calculus. O

We are now ready to prove that the reduction presented in Sec-
tion 3.2.3, proving Theorem 3.3, is correct.
Direction “—=:"First, assume that Ex admits nominations result-
ing in a flat election. We start with the following claim.

Cramm 9. Ifaset of nominations for the relevant election Ex results
in a flat election, then for eacht € T exactly three candidates from F;
are nominated, and the restriction of Ex to these three nominees is

flat.

CLAIM PROOF. Assume that we are given a set of nominations
that results in a flat election &.

Consider some candidate z of &g written in the form (2) for
some x € {a,b,c} and indices hy,...,hg—1 € [3]. For each index
i € [q], let Z; , denote the candidates of &4 belonging to the same
group as z at level i; set also Zg, = Cq and Zp, = {z}. By the
construction of & as given in Definition 3.5, we know |Z; .| = 3
foreachi € [q] and Zy, C Z1, C --+ C Zg-1,, C Zg. Moreover,
by Observation 2, the candidate set Z; , for some i € [g] can be
partitioned as Z;_1 , W Zi+—1,z O] Zi_—l,z where

+
i-1,z°
e candidates in Zi+_1 . defeat all candidates in Zi__ Lz’ and
e candidates in Z;_ 1? , defeat all candidates in Z,-_1:Z

o candidates in Z;_; ; defeat all candidates in Z

in the election &y.

For some z € Cg and i € [q], let us define the set I?i’z of candi-
dates in the election Ex as IF,-,Z =U{Fy(r) 12 € Ziz}sforitl € [g]
we define l?;fz and F;z analogously.> Notice that due to Observa-
tion 4, we have that for each i € [g] and z € Cy

(a) candidates in I?,-,l,z defeat all candidates in I?l .+_1 »

(b) candidates in Fl.+_1’ , defeat all candidates in F-

1 and

(c) candidates in ﬁi__l, , defeat all candidates in E‘q,z

in the election Ex. We are going to prove by induction on i that
foreachi=gq,q—1,...,1,0 and for each z € Cy,

(i) there are exactly 3 - 3/ candidates in F; ; nominated in &,
and

(i) nominees in I?i,z defeat exactly half of the nominees not
contained in EZ

Statement (i) clearly holds for i = g, because Fq,z = {F;:teT}=
X for every z € Cy, and X is the union of 3p = 3|T| = 3 - 39 parties.
Statement (ii) is vacuously true for i = q.

Assume now that the hypothesis holds for i, and consider the
statement for i — 1. Fix some z € Cy. If the number of nominees is

equal in the three sets I?,-_l,z, Ft and F~ then statement (i)

i-1,z° i-1,z2°
holds due to the inductive hypothesis for (i), because the number
of candidates nominated in & in each of these three sets will be 3;
statement (ii) also holds, because each nominee in IFi_LZ defeats
half of the nominees not in Fi,z due to the inductive hypothesis

for (ii), as well as all nominees in I*~“l.+71 > Which is exactly half of

the nominees not in F;_p ;.

So suppose that one of the sets }~7,~_1,z, F and Fi_—l . contains

) i+—1,z’
more than 3! nominees in &. In such a case, facts (a)-(c) together
with Lemma C.1 applied to the restriction of & to the nominees
in F; , imply that there exists at least one nominee c* in F;; who
defeats more than 3'3;_1 nominees from I?i,z in &. Due to our in-

ductive hypothesis on statements (i) and (ii), we also know that

SWith a slight abuse of the notation, F; for some ¢ € T is treated here, as well as at
certain places later, as a set (instead of a list) of candidates from X.



candidate ¢* defeats w nominees that are not in EZ This
yields that
3p-3-30 3.341 3p-—1
Cplg(c*) = P 5 > > pz

in total, a contradiction to the flatness of &. This proves the induc-
tion.

In particular, statement (i) for i = 0 yields that for each z € Cg,
there are exactly three nominees in the set I-“o,z = Fy(z); here we
used that Zy ; = {z}. Since this holds for each z € Cg, and ¢ is a
bijection, we obtain that F; for each team ¢ € T contains exactly
three nominees in &.

Using statement (ii) for i = 0 we also obtain that each nominee
in F; for some t € T defeats half of the nominees not in F;; hence
if any nominee in F; would defeat both nominees in F; other than
itself, then it would obtain a Copeland-score of w + 2, which
again contradicts the flatness of &. <

By Claim 9, we know that for each team ¢ € T, the election Ex
restricted to the three nominees contained in F; is flat, i.e., each
of these three nominees defeats exactly one other nominee. Recall
that in this restricted election, the preferences of v, v/, and v’/ are
exactly the lists given by Fy, F;, and F;’, respectively, as defined
in (3)—(8).

Cram 10. If an election with three voters and three candidates is
flat, then it contains no two candidates that are ranked the same way
by all three voters.

CrLaM PROOF. Assume w.l.o.g. that candidate x is preferred to
candidate y by all three voters. Since y also must defeat a candidate
due to the flatness of the election, the remaining candidate z must
follow y in the preference list of at least two voters. However, then
x also defeats z, contradicting the assumption of flatness. N

We next argue how nominations can result in a flat election
when restricted to the candidate set of certain team lists.

Cram 11. If a set of nominations for the election Ex results in a
flat election, then for each p € S U C U C, exactly one candidate of
the form p” for somer € R is nominated.

CrLamM PROOF. By Claim 9, we know that exactly three candi-
dates from F, are nominated. First assume that p is a single or couple
of degree 2 in G, or a copy of such a couple. In this case, there are
two parties P;,l and P;z associated with p for some rooms r; and r;.
Moreover, the candidates p and p’ both form a singleton party, and
thus must be nominated. By the definition of Fj, as given in (7),
there are two additional candidates in F,, namely —p"* and —p"2.
Due to Claim 9, exactly one of these must be nominated, which
means that exactly one of the candidates p™ and p"2 is nominated.

Assume now that p is a single or couple of degree 3 in G, or a
copy of such a couple. In this case, there are three parties P;,l, P;Z
and P;f associated with p for some rooms ry, r2, and r3. Moreover,
candidates p and p’ together form a party, and thus exactly one of
them is nominated. By the definition of Fj, as given in (6), there are
three additional candidates in Fy, namely —p™, =p"2, and =p". Due
to Claim 9, exactly two of these must be nominated, which means
that exactly one of the candidates p", p"2, and p"™ is nominated. <

The following claim finishes the proof of this direction.

CramM 12. If a set of nominations for the election Ex results in a
flat election, then M = {pr : p € SUC,r € R,p" is nominated } is a
complete matching for G.

CrLaIM PROOF. Claim 11 implies that M contains exactly one
edge incident to each vertex in S U C, so it suffices to prove that

IM(r)ynS|+2M(r)ynC| <2 (18)

holds for each room r € R.

Consider a room r € R. Recall that due to Claim 9, there must
be exactly three nominees among the candidates of F,. Recall that
P, C Fy, and that exactly one of the candidates in P, is nominated.
Let x and y denote the other two nominees in Fy. We will distinguish
between three cases.

First, suppose that r is adjacent to one couple ¢ and two singles,
say s1 and sy, in G; so that is F, is defined by (3). Observe that if x
belongs to some party P, or P; associated with a couple ¢ € C or
its copy, then y cannot belong to some party Ps associated with a
single s € S, because then y would be preferred to x by all three
voters, which cannot happen by Claim 10. Therefore, only two cases
are possible: either {x,y} = {¢", ¢"}, which means that M(r) = {c},
or {x,y} = {s{,s)}, which means that M(r) = {s1,s2}. In either
case, (18) holds.

Second, assume that r is only adjacent to singles in G; then F; is
defined by (4). Due to Claim 9, we know that exactly two among the
candidates {s" : sr € E} must be nominated besides the nominee
of Py; hence, M(r) contains exactly two singles, and thus (18) holds.

Third, assume that r is only adjacent to couples in G; then F, is
defined by (5). Again, let x and y denote the two nominees in F,
besides the nominee of P;. First note that x and y cannot both be
of the form ¢” for some c € C, as in that case both of them would
defeat P,, which cannot happen by Claim 9. It also cannot happen
that both are of the form ¢" for some ¢ € C, as in that case P, would
defeat both of them, again a contradiction to Claim 9. Hence, it
must be the case that {x,y} = {c], 6;} for some couples ¢; and c;.
Notice that c; defeats the nominee of Py, and thus, by Claim 9, must
in turn be defeated by é; . This implies that é; must precede c} both
in F; and in F/’, which can only happen if ¢; = ¢;. Hence, in this
case we have {x, y} = {c], ¢] } for some couple c; € C, which means
that M(r) = {c;}, ensuring (18). <

Direction “=:” Assume now that M C E is a complete matching
for our instance of MAXIMUM MATCHING WITH COUPLES.

Cramm 13. Given a complete matching for G, there exists a set of
nominations for the constructed instance such that for each teamt € T,
the restriction of Ex to the candidates of F; is a flat election with three
nominees.

CramM PROOF. For each edge sr € E incident to a single S, let
party P} nominate the candidate s” if sr € M, and —s" otherwise.
Similarly, for each edge cr € E incident to a couple c, let P, nomi-
nate ¢ (and Ps nominate ¢") if cr € M, and —c¢" (=¢", respectively)
otherwise.

Given a room r, we define the nominee of P, as follows. If M(r)
contains a single that appears as the first candidate in F,, then let
P, nominate r, and r’ otherwise. Based on the definitions (3)—(5),



it is straightforward to check that these nominations fulfill the
requirements of the claim for F;.

If p € SUCUC is such that p and p’ are both singletons,
then the team lists for p are defined by (7). Using that exactly one
candidate of the form p” and, consequently, one candidate of the
form —p” is nominated, it follows that the restriction of Ex to the
three nominees in F) is a flat election.

By contrast, if p € SU C U (’ is such that candidates p and p’
belong to the same party, then the team lists for p are defined by (6).
Since p (or the couple whose copy is p) is incident to exactly one
edge of M, we know that there are exactly two nominees in Fj, of
the form —p” for some r € R. Let us nominate candidate p’ if the
first candidate of Fl’,' is not nominated, i.e., it is =p” where pr € M;
otherwise nominate the candidate p. It is straightforward to check
that in this case, the nominations again fulfill the requirements
for Fp.

Finally, it is trivial that all possible nominations fulfill the re-
quirements for the team lists corresponding to some dummy d € D,
as defined in (8). <

Consider the nominations guaranteed by Claim 13. Let t € T
be a team. Notice that by Observation 4, a nominee in F; defeats
a nominee in Fy for distinct teams ¢ and ¢’ if and only if ¢~ 1(t)
defeats 1y ~1(t') in &g. Hence, Observation 3 means that each nom-
inee x in F; defeats exactly (3|T2|_3) nominees from X that are not

contained in F;. By Claim 13, we also know that x defeats exactly
(IT]-3)
2

one nominee in F;. From this we get Cplg(x) = +1=

w. Hence, the proposed nominations for Ex indeed result
in a flat election. This finishes the proof of the correctness of our
reduction.

C.4 Proof of Theorem 3.6

THEOREM 3.6 (). POSSIBLE PRESIDENT for Copeland® (i.e., Llull)
is NP-complete even for four voters and maximum party size o = 2.

Proor. We present a reduction from 3-COLORING that uses some
ideas from the proof of Theorem 3.2. Let G = (U, E) be our input
graph with vertex set U = {uj, ..., un}. We construct an instance
of PossiBLE PRESIDENT with voter set {v,0’,w,w’} and ¢ = 2 as
follows.

We let P = {p} be our distinguished party, and we create candi-
dates g; for i € [n], with each ¢; forming its own singleton party.
For each color ¢ € [3], we further create a party Pj;, = {u, ui} for
each i € [n], and a party P¢ = {ef, e}‘f} for each edge e = ujuj € E.
Then the maximum party size is o = 2. We shall use the notation

UBl = (ue si e [n],ce 3]},

T =@ el ce 3]

gl = {ef : e € Eis incident to u;,i € [n], ¢ € [3]},
0={q1,....qn}

—[3

so that our candidate setis Co = {p} UQ U uldlu U[ ] UEB],

To define the preferences of our voters, we will use the definition
of blocks X¢ and X¢ for each color ¢ € [3] as defined in (13), and
we additionally introduce the following blocks:

Z =0y, U3, 03, qu, Uy, U5, U Qo T, U U s

~_=1 =2 —3 -1 =2 =3 =1 =2 =3 (19)

Z = Up, Uy, Ups Gns Upy_ 15 Uy _ 15 Upy_ 15 qn—1, - - - U7, U7, UT, q1.

Now we are ready to define the preferences of our voters:
—_—
v:p 0.x1 X2 X3 T,
< —
o X3, %%, 0 0 p:
—_—

—
w E[s],p,Z,U[s];

e —
w': Z, Ul p B

For some reduced election & with candidate set C C Cy, let
Ag(x) for each x € C denote the set of nominees that defeat x in &.
The following observations follow directly from the preferences of
voters:

* Ag(p) =10
o Ag(uf) 2 Q for each nominee uf € U3l

(3]

o Ag(uf) 2 E[3]' 1 C for each nominee weU .
Notice also that candidates in Q either are tied with or defeat
. . —[3]
every nominee in C \ U
[3]. However, due to the definition of blocks Z and Z R
each nominee g; € Q is tied with all nominees in ﬁ[g] \ {E}, E?, E?}
Thus, we also get

, and thus can be defeated only by nom-

inees in U

Ag(qi) € {@;. ;. 7;} (20)
for each i € [n].

Similarly, note that candidates in EBI are either tied with or
defeat every nominee in C \ U [3], and thus can be defeated only
by nominees in Ulsl, However, due to the definition of blocks X°
and X¢ for some color ¢ € [3], each nominee ef € EB] is tied with

all nominees in U3\ {u{}. Thus, we also get

Ag(e) € {uj} (21)
for each nominee e in &.
Since Cpl}s(x) =1t —1- Ag(x) for each nominee x € C, we get
that
Cplg(p)=t-1, (22)
which shows that p is the unique winner in & if and only if all
nominees in Q U E[?] are defeated by at least one other nominee.
Moreover, for each i € [n] and ¢ € [3] we obtain that

Cplg(uf) <t-1-1Q|=t-1-n ifu € C;  (23)
cply @) <t-1-|EB ncl=t-1-3E| ifafec. (29

We claim that p can be the unique winner in the reduced elec-
tion & if and only if G admits a proper 3-coloring.

Direction “=": Suppose first that p is the unique winner in &.
Since each candidate q; € Q must be defeated by at least one
nominee in & due to (22), by (20) we know that at least one candidate
in {ﬁllﬂlz,ﬁ?} must be nominated in & for each i € [n]. Thus, for
each i € [u] we can fix one candidate uj that is nominated in &, and
assign the color ¢ to u;. We argue that the coloring y thus defined
is a proper coloring for G.

For the sake of a contradiction, assume that there exists some
edge e = u;u; € E and color ¢ € [3] so that y(u;) = y(u;) = c. This
means that both ﬂf and ﬁ; are nominated in &, and consequently,



neither uf nor uj are nominated due to the definitions of parties Py,
and P,ﬁj. By (21), this implies that if candidate ei” is nominated,
then A(ef) = 0, and similarly, if ejc. is nominated, then )L(ejc.) =0.
Therefore, CpliS (PS) =t-1= Cpllg(p) in both cases, contradicting
our assumption that p is the unique winner in &. Hence, y is indeed
a proper 3-coloring for G.
Direction “<=": Suppose now that y : U — [3] is a proper 3-
coloring of G. We provide a nomination strategy for all parties
which yields a reduced election & whose unique winner is p.
First, for each i € [n] we nominate ﬁf( (i) together with the
candidates in {ulc, : ¢’ # y(u;)}. By (20), this immediately yields
As(qi) = {ﬁf(ui)} and hence

Cplg(qi) =t -2 (25)

Next, for each e € E and color ¢ € [3], let us nominate the
candidate e where u; is an (arbitrarily fixed) endpoint of e that
does not have color c; as we have argued in the proof of Theorem 3.2,
e must admit such an endpoint, because y is a proper 3-coloring.
Note that in this case, candidate u{ is nominated (by ¢ # y(u;)}), so
the nominee e{ is therefore defeated by u{. Hence, Cplz8 (ef) <t-2
follows. Together with our previous observations in (22)—-(25), this
means that all nominated candidates have score at most t — 2, while
p has score t — 1. Thus p is indeed the unique winner in &. ]

Appendix D ADDITIONAL MATERIAL FOR
SECTION 3.4
All reductions in this section are from the MULTICOLORED CLIQUE

problem which is W[1]-hard when parameterized by the size of
the desired clique [14, 19].

MULTICOLORED CLIQUE.

Input: An undirected graph G = (U, E) with the vertex set U
partitioned into k independent sets Uy, . . ., U.

Question: Is there a clique of size k in G?

We now define some notation that will be useful in our reductions
from MULTICOLORED CLIQUE.

For each pair of distinct indices i, j € [k] let Ey; ;1 denote the set
of edges in G that run between U; and Uj; note that E(; j; = E(; i}
We may assume w.l.o.g. that [U;| = n and |E(; j;| = m for every
i,j € |k] with i # j; thus, we will write U; = {ullul”} and
Eqijy = {e%i’j}, .. .,ef{’;’j}}. Indeed, to achieve this we can simply
add a newly constructed independent edge set of appropriate size
to each set E(; ;1 to guarantee |E(; ;3| = m for all i # j, and then
add the necessary number of isolated vertices to each vertex set U;
so that they all have the same size.

For each vertex u € U;, welet E/ (u) = {uv € E:v € Uj} for each
j € [k] \ {i}, as well as the edge sets E> (u) = Uje[k]’j»Ej(u)
and E¥'(u) = Uje(x],j<i E/ ().

D.1 Proof of Theorem 3.8.

THEOREM 3.8 (%). For any constant a € [0, 1], POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t, the number
of parties, even if there are only four voters.

We will prove Theorem 3.8 in two steps, dissecting it into Theo-
rems D.1 and D.2. We start with the following result.

TaEOREM D.1 (%). Forany constanta € [0, 1), POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t, the number
of parties, even if there are only four voters.

Proor. Let G = (U, E) and k be our instance of the MuLTICOL-
ORED CLIQUE with U partitioned into sets Uy, . . ., Uy ; we use all the
notation introduced at the beginning of Appendix D. We define an
instance of PossIBLE PRESIDENT as follows.

First, we set P = {p} as our distinguished party. We also intro-
duce a party P’ = {p’}. We add U; for each i € [k], as well as E; j,
for each pair {i, j} € [k] with i # j as parties. Thus, we have
t=2+k+ (’;) parties. Our four voters will be v,0”, w, and w’. To
define their preferences, we first construct the following blocks for
eachi € [k]:

F7 =ul E™ (u}), u? ™ (uf), ..., ul E™  (ulh);

ff = E>’.(ui1),u-1 E>i(uf),ui2,..,

i JETH ), ults

< 1 p<ig 1 2 p<i( 2 <i
Foo=u; E¥ (), uf, EX'(uf), ..., ul ,E¥ (ul);

< _ p<i/,1 1 p<i/ 2 2
F~ = E~"(u;),u;, ES' (), uj, . ...

,E<i(u?), ull.

Note that blocks F;” and I-“l > contain exactly those edges that have
one endpoint in U; and the other endpoint in some set U; with j > i.
Similarly, blocks F;* and 1?1.< contain exactly those edges that have
one endpoint in U; and the other endpoint in some set U; with j < i.
This also means that candidates of E; ;) for some 1 <i < j <k
are contained precisely in the blocks Fi> , 171?, Fj<, and 1?;.

We are now ready to define the preferences of our voters:

v :p,p',F>,F2>,...,Fk>_1,Fk>;

> > > ’.
v .Fk,Fk_l,...,Fz,Fl,p,p,

wipp F s, B LSS
< < < <
w i FSFC L Fy L FLpp

Observe that in every reduced election & resulting from some
nominations, p receives a score of Cpl% (p) = 1+a(t—2), because it
defeats p’ and is tied with all remaining nominees. Since « < 1, this
implies that p is the unique winner of & if and only if no nominee
other than p defeats any other nominee in &. We show that such
an election & exists if and only if G contains a clique of size k.
Direction “=”: Suppose first that p is the unique winner in &,
and let u:.((l) denote the nominee of party U; for each i € [k]. We
are going to show that the vertices in K = {uf(l) :i € [k]} forma
clique in G. Fix some i, j € [k] withi < j, and lete = uf’uj be the
edge nominated by party Ey; ;).

We claim that e is incident to u;.c(l), that is, h = k(i). To see this,
first note that w and w’ rank uf(l) (contained in blocks F l< and Ff)

and e (contained in blocks Fj< and 1?;) differently. Moreover, v

and v’ both prefer uf(i) to e (both contained in blocks F;” and Fl?)
k(i)

exactly if k(i) < h, while they both prefer e to u;
k(i)

i

if and only if

k(i) > h. Since u and e must be tied in & (as do every pair of



candidates not involving p), we get that only h = k(i) is possible,
proving our claim.

An analogous argument shows that e is incident to u}c(j ), that

is, £ = k(j): First, note that v and v’ rank e and u;(j ) differently,
because the former is contained in blocks Fl.> and IFI?, while the

latter is contained in blocks Fj> and Fj > . Moreover, if £ < k(j), then

both w and w’ prefer e to u;{(j), while if £ > «k(j), then both w
x(Jj)

and w’ prefer u; ’ to e. Since these two candidates must be tied

in &, we obtain ¢ = k() as required.

Hence, e is the edge connecting uK(l)

and u}c(j), Since we proved
this for arbitrary indices i, j € [k] w1th i # j,itfollows that K forms

a clique in G.

Direction “—=": Suppose now that there exists a clique K in G.
We claim that nominating the vertices and edges of K results in
an election & in which p is the unique winner. By our previous
observations, it suffices to prove that there exists no nominee c
other than p that defeats another nominee in &.

First, p’ clearly cannot defeat any other candidate. Second, for
every i,j € [k], the nominee of U; cannot defeat the nominee
of Uj: voters v and v’ rank them differently, because they are in
different blocks within the preferences of v and v’, and the same
holds for voters w and w’ as well. Third, for indices i,’, j, j’ € [k]
with i # jand i’ # j’, the nominee of E(; j, cannot defeat the
nominee ofE{if’jr }s because v and v’, as well as w and w’, rank them
differently, irrespective whether they belong to different blocks (in
which case the ordering of blocks ensures our claim) or not (in
which case they share an endpoint, and therefore the ordering of
edges within a single block guarantees our claim).

Hence, it remains to show that the nominee of Uj, say uK(Z)
the nominee of some party E(y j;y where 1 < i’ < j’ < k are tled
in &. First, i # i/, then these two nominees are in different blocks
in the votes of v and ¢’, hence are ranked differently by them. If
i = i/, then they are again ranked differently by v and v’, because
the nominee of E(;» j} (an edge incident to some vertex in Uy = Uj,

namely, to uf(l)) must be contained in E>i(u;<(i)), and hence is

preferred to u;c(l) by o’, while is less preferred than u:.c(') by v.
Hence, in either case, v and v’ rank these two nominees differently.
The analogous argument shows that w and w’ also rank them
differently, implying that they are indeed tied in &. This proves
that p is indeed the unique nominee that defeats another nominee,
and hence is the unique winner in &, proving the correctness of
our reduction. ]

Recall that the intractability result stated in Theorem D.1 does
not hold for & = 1. The following theorem fills this gap by a more
sophisticated reduction.

THEOREM D.2 (x). For any constant a € (0, 1], POSSIBLE PREs-
IDENT for Copeland® is W|[1]-hard when parameterized by t, the
number of parties, even if there are only four voters.

Proor. Let G = (U, E) and k be our instance of the MuLTICOL-
ORED CLIQUE with U partitioned into sets Uy, . . ., Uy; again, we use
all the notation introduced at the beginning of Appendix D. We
define an instance of PossIBLE PRESIDENT as follows.

First, we set P = {p} as our distinguished party. We also intro-
duce a party P’ = {p’}. We add U; for each i € [k], as well as E; j,
for each pair {i, j} C [k] with i # j as parties. We next define the
following copies of these parties as follows:

Ul =9 heln]) forie[klandce K]\ {i};
(C) —{eh(c) he[m]} forit<i<j<kandce{01};

{u} {lj}
A{l,J}—{aij €[m]} for1<i<j<k;

We remark that for some edge e € Ey; ;; we may denote its two
copies as e(o) and eV ignoring that this edge e must have the
for some h € [m].

It will be useful for us to define the following two sets of parties:

s~ | Jwiru () Eupk

form e = e

ielk] 1<i<j<k
copy _ ) (i) (0) (1) .
s = | W o B B )
1<i<j<k

We further create certain candidate sets that are not parties;
namely, we create sets Cy; ;) and Dy, jy for each i, j € [k] with
i < j, sets Cp and Dy, and sets Bs and Dy for each party S € Serig,
Each of these sets contains two candidates, both of them forming a
singleton party. Hence, the number of parties is

t=2+k? +4(§) +2 (2(’5) +24 2|S°rig|) =k? + 12(’5) +4k +6.

Next, we let v, v’, w, and w’ be our four voters. We will define the
preferences of these voters in a piecewise manner: each preference
list will be constructed by concatenating several blocks, where each
block is a list of candidates.

We first construct vertex-copy blocks Y; and Y; for each i € [k]:

vi=al, | @ 9%nd ) w9

ce[k]\{i} ce[k]\{i}
B —
sl | w9% @)
ce[k]\{i}
?i = u?, U {u?’(c) }’u?_l’ U {ulfl*l,(c) 1
ce[k]\{i} ce[k]\{i}
-
ull, U {ul.l’(c)}. (27)
cel[k]\{i}

Similarly, we construct edge-copy blocks Fy; ;, and f{i’ jy for
each i, j € [k] withi < j:
Fris al 10 L) e2(0) 2.(1)
()= €y Sy Sy i Sy Sy S

am ™ (0) em,(l) (28)

iy T gy iy
F, M e m(0) m-1 m-1 m- 1(1) M 1(0)
() = €y Wiy iy Cigy {u} Yigy iy gy
RN HCORSEN()
Ay iy . (@)

Next, we construct blocks IC and IC by setting

OC = D12}, C1,2}> D131, Cp1,3) - - - D{k—1,k}> Clh-1,k}3

OC = Dyk— 1k} Clk—1k}> Dik—2k} Cik—2.k} - - -» Di1.2)> Cl1.2} -



_—
Let us clarify that the block IC contains all lists (Dy; jy,Cy; j})
where 1 < i < j < k in some arbitrarily fixed order, whereas IC also
e
contains all lists (Dy; j3,Cy; j3) where 1 < i < j < k, but exactly
in the reversed ordering.
Similarly, we construct blocks CA and (A by setting

A=C12)A11,2),Cr13p A3} - - - Clie-1k) Alk-1k) 5

A= Cik-1,k} Atk-1,k}> Clk—2,k}s Alk—2,k}s - - Cl1,2) A{1,2} -

Next, we construct a block B by concatenating the lists (]3;, ]?5))
for each party S € S°U8 in some fixed order, and we obtain the
block BB by concatenating the lists (B;, i%) for S € S°8 in the
reversed order. N

Similarly, we create a block BS by concatenating the lists (Bs, S)
for each party S € S°€ in some fixed order, and we obtain the
block BS by concatenating the lists ((B—S (S_) for § € S°8 in the
reversed order. We also define the set

D= U Dg U U Dy jy-

Se Sorig 1<i<j<k

Next, let us define incidence blocks Hy; ;) and I—~I(,-’j) for each
indices i, j € [k] with i # j.If i < j, then we define

L) 2,(j)
H(i,j) = U {e(0>}’ui’ J 5 U {e(O)}’ ui’ J s

ecE/ (u}) ecE/ (u?)
N )
S O R L) RV )
ecEJ (ull)
ﬁ(i,j): U {e(o)}’u?,(ﬂ, U {6(0)},11?_1’(1),
e€EJ (u}) ecE/ (ult)

-
A U {6(0)},14;’(1). (31)

ecE/ (u})
Otherwise, i.e., if i > j, then we define

L(J) 2,(J)
Hip= |J Dy [ (eWhaf?,

ecE/ (u}) ecE/ (u?)

n,(j)
e U {e(l)},ui’j; (32)

ecEJ (ul)

U Opurto,

ecE/ (ul™)

1(1)
o U e 33

ecE/ (u})

ﬁ(i,j) = U {e(l)}, uln’(]),

ecEJ (ul)

We are now ready to define the preference lists of all voters:
, = =
v:DB,ICYg,..., YkaF{l,z}, .. ~)F{k—1,k}ap s Ds Dp, Cp;
, ==, = ~ = S = =
v Dp,Cp,p ’P’F{k—l,k}’ .. ~,F{1,2}’ Ye, ..., Y1,0C,DB;
- =,
w: BS, O\,H(l’z), .. ~:H(k,k—l):P» D,Cp,p ;
= P
w Cp,p P H(k,k—l)a . va(l,Z)a D, CA, BS.

It is straightforward to verify that all candidates are listed in the
preferences of each of the four voters. It is clear that the presented

reduction can be computed in polynomial time. Moreover, since
the number of parties created is t = O(k?), it is a parameterized
reduction. It remains to prove its correctness.

We start with some observations regarding the relationship be-
tween the parties in the constructed instance. Observing the pref-
erence lists of v and v’, we obtain that both v and v’

e prefer candidates in Dg to candidates in Bg for each S €
S°Ti€ due to the definition of [8 and IB;
o prefer candidates in Dy; ;) to candidates in Cy; ;; for each
i, j € [k] with i < j due to the definition of IC and IX;
e prefer candidate p’ to p;
e prefer candidates in D) to candidates in Cp.
Notice also that each pair of candidates that falls into one of the
above categories is ranked differently by w and w’.
Observing the preference lists of w and w’, we obtain that both w
and w’
e prefer candidates in Bg to candidates in S foreach S € S orig,
o prefer candidates in C(; jy to candidates in Ay; ;} for each
i,j € [k] withi < j;
o prefer candidates in some party in S°°PY U{P} to candidates
in D;
o prefer candidates in C, to candidate p’.
Again, each pair of candidates that falls into one of the above cat-
egories is ranked differently by v and o’. Taking into account the
observations of the previous paragraph (and considering again the
preferences of voters where necessary), we obtain that
(a) p defeats all candidates in D, is defeated by candidate p’,
and is tied with all remaining candidates;
(b) each party in S°PY defeats all candidates in D;
(c) each party S € S°8 is defeated by both candidates in Bg;
(d) both candidates in Bg are defeated by both candidates in Dg
for all S € S°tig.
(e) both candidates in Cy; ;) defeat both candidates in A; ;)
and are defeated by all candidates in Dy; ;y;
(f) both candidates in Cp, defeat candidate p” and are defeated
by both candidates in D,,.
In particular, statement (a) means that for any reduced election & re-
sulting from some nomination strategy, we get that the Copeland®-
score of p is exactly

Cplg(p) = DI+ a(t - |D| - 2). (34)

The key properties of a nomination strategy we need is captured
in the following definition.

Definition D.3. We call a set of nominations by parties in S°8 U
SCOPY valid, if

(i) the nominee of U; precedes the nominees of Ul.(c) for each
¢ € [k] \ {i} in both blocks Y; and Y;, for each i € [k];

(i) the nominee of E(; ;) precedes the nominees of Eif)j} for

both ¢ € {0,1} in both blocks Fy; ;, and IF{LJ-}, for each
i,j € [k] withi < j;

(0)
By (
i > j, precedes the nominee of Ui(]) in both blocks H; j
and ITI(i,j), for each i, j € [k] with i # j.

(iii) the nominee of where ¢ = 0ifi < jand ¢ = 1if



CraIM 14. There exists a valid nomination for all parties in S°™g U
SPY if and only if G admits a clique of size k.

CLAIM PROOF. Suppose that there exists a valid nomination. Let
u;.((l) denote the nominee of U; for each i € [k], and let e’{ci(;’i)
denote the nominee of E(; j, for each i, j € [k] with i < j.

Condition (i) of validity can be satisfied only if for each ¢ €
[k] \ {i}, the nominee uh (©) of Ul.(c) satisfies, on the one hand,
h > k(i) due to the deﬁmtlon of Y; in (26) and, on the other hand,
h < k(i) due to the definition of Y; in (27). Therefore, Ul.(c) must

nominate the candidate u;.c(i)’(c) for each ¢ € [k] \ {i} in &. With
an analogous argument based on the definitions of the blocks F; ;

and ﬁ{l j) as given in (28)—(29), condition (ii) of validity implies

that EE © W must nominate the candidate e’{c(;;) €) in & for both

¢ €40, 1} for each i, j € [k] withi < j.

Consider now condition (iii) of validity for some indices i, j € [k]
with i < j. On the one hand, by the definition of the block H; ;) as
K (i)
{i.j} —
in {ufl : 1 < h < x(i)}. On the other hand, by the definition of H; ;
K (i,j)
{ujy
: k(i) < h < n}. Therefore, e'{i.(;,’{) must be incident
to u;.c(l) . Consider now the condition (iii) of validity for the index
pair (j,i); recall that j > i. The definition of the blocks H(; ;)
and ﬁ( j,i) as given in (32) and (33) implies through an analogous

reasoning that the edge e ( (Ji)

the vertices u; () and u} () must be connected by an edge. Since
this holds for each i, j € [k] with i < j, we obtain that G indeed
contains a clique of size k.

For the other direction, it is straightforward to verify that given
a clique K of size k in G, nominating the vertices and edges of K,
as well as all their copies, yields a set of nominations for parties
in S°M8 U SPY that is valid. <

given in (30), we get that the edge e must be incident to a vertex

as given in (31), we get that the edge e must be incident to a

vertex in {uf’

must also be incident to u}c(j ). Thus,

Using Claim 14, it is now not hard to prove the correctness of
the reduction.

Cram 15. IfP is the unique winner in an election & resulting from
some nominations, then G contains a clique of size k.

CramM PROOF. Notice that for P to become the unique winner
in &, all nominated candidates in & must have Copeland”-score

less than Cpl (p). Consider the party U(j) for some i,j € [k]

with i # j. By Ui(j ) € SPY and statement (b), we know that Ui(j )
defeats all candidates in D; recall that each of these candidates
forms a singleton party, yielding a partial score of |D| for Ul.(J ),
Observing the preference lists, we can see that the only parties that

may defeat Ui(j ) are U; and either Ei ) i where c = 0ifi < j, and

¢ = 1ifi > j; all remaining t — |D| — 3 parties are tied with Ul.(j)
in &. Therefore, by (34) we get

CpIEWU") = DI+ alt - D] = 3) = CpIE (p).
Moreover, unless both of the two parties mentioned above—namely,

U; and Eif)j} with ¢ defined as 0 if i < j and as 1 otherwise—defeat

Ul.(j ), we know that the nominee of Ul.(j ) obtains an additional score

of at least « from the comparison with these two parties. That would
result in Ui(j) having Copeland®-score at least |D| + a(t — |D| - 2),
preventing p from becoming the unique winner of &, due to (34).
Therefore, both of these two parties must defeat Ul.(j ), which means
precisely that conditions (i) and (iii) must hold.

Consider now the party E©)  for some i,j € [k] withi < jand

{i.j}
c€{0,1}. By EEC)]} € SCPY and statement (b), we know that Eic) }

defeats all candidates in D. Observing the preference lists again,
we can see that the only parties that may defeat Eii,)j} are Eq; ;)

and Ay; ;y. Therefore, by (34) we get
C I“(E(”)}) > D]+ a(t - [D| - 3) = Cpl% (p).
(c)

Again, E (i) additionally obtains at least & score from the com-
parison with parties Ey; ;) and A jy, thereby preventing p from
becoming the unique winner in &, unless both Ey; ;3 and Ag; j
defeat EE )]} Hence, condition (ii) of validity most also hold.

This proves that the nominations that result in the election &
must be valid, and thus by Claim 14 we know that G admits a clique
of size k. <

Cramm 16. If G contains a clique K of size k, then P is a winner in
an election & resulting from some nominations.

k(i)

CramM PROOF. For eachi € [k], defineu; " as the vertex of K

in Uj, and let e'{c(;{) denote the unique edge in E(; ;) connecting
two vertices of K. Let & be the election resulting from the following
nominations:

e party U; nominates uf(i) for each i € [k];

e party Ul.(j) nominates uf(i)’(j) foreachi, j € [k] withi # j;
we(i.j)
{ij}

nominates e{Ki(if{)’(C) for each i, j € [k] with

e party E(; ;) nominates e foreach i, j € [k] withi < j;

(c)

{i.j}
i<jandc € {0,1};

e party Ay; j) nominates a’{cl.(ljfi) for each i, j € [k] withi < j.

e party E

It is straightforward to verify that the above nominations are
valid. Taking into account statements (b)—(f), it follows that each
party except for P is defeated by at least two other parties. Note also
that each party defeats at most |D| parties. Hence, if some party
other than P defeats k < |D| other parties in &, then it must have
Copeland®-score at most k+a(t —k—3), which is less than Cpl’(’é (p)
due to (34) and 0 < & < 1. Therefore, each party other than P has
score less than Cpl (p), so P is indeed the unique winner of the
election &. <

The correctness of the reduction now follows from Claims 15
and 16. O

D.2 Proof of Theorem 3.9

Before proving Theorem 3.9, we state a lemma which will be useful
for us. This lemma creates the possibility to construct nearly flat
elections, where we can increase the score of certain candidates
slightly by shifting them “to the left” (i.e., closer to the top) in the
preferences of one voter.



LEmMA D4 If q = [logs ] + [logs £'] + 1, then Cy4 contains
¢ candidates c1, .. .,c¢ and ¢ candidate sets C—1,...,C—y¢, each of
size ¢, such that:

e for each i € [¢], candidate c; is directly preceded by the
candidates of C; in the preferences of w;

e foreachi € [f], each candidate in C—; defeats c; in Eq;

o the sets {c;} U C; fori € [£] are pairwise disjoint.

ProoF. Set ¢’ = [log; £'], and consider the election 41, de-
fined by (1) with ¢’ taking the role of q. Let ¢* denote the first can-
didate in Ly (w) © 2, and notice that ¢* is preceded by 37 > ¢ can-
didates in the preferences of w, each of whom defeats c¢* in Eq+1;
let C* denote this candidate set.

Recall that each (g +1)-level group within Eg is a copy of E4/41,
and hence contains a copy of ¢* and C*. By 3¢~ (4'+1) > 3llogs (1 >
¢, there are at least £ such (¢’ + 1)-level groups in &y. Fixing an
arbitrary ordering over these groups, let ¢; and C; be the copy
of ¢* and C*, respectively, in the i-th such group fori =1,...,¢.
It is then clear that the sets {¢;} U C—; are pairwise disjoint, and
that each ¢; is defeated by all candidates of C;. Notice also that
candidates belonging to the same group (at some level) appear
consecutively in each of the preference lists in &4, and therefore c;
is directly preceded by the candidates of C; in the preference list
of win &g. O

THEOREM 3.9 (%). For any constant a € [0, 1], POSSIBLE PRESIDENT
for Copeland® is W[1]-hard when parameterized by t, the number of
parties, even if there are only five voters.

Proor. Let G = (U, E) and k be our instance of the MuLTICOL-

ORED CLIQUE with U partitioned into sets Uy, . . ., Uy; again, we use
all the notation introduced at the beginning of Appendix D. We
define an instance of PossIBLE PRESIDENT as follows.
Candidates and parties. We set P = {p} as our distinguished party.
We also add U; foreach i € [k],aswellas Ey; 1, A(; j),and A(j ;) for
each i, j € [k] with i < j as a party where A(; ;) and A(; ;) are two
copies of the edge set Ey; ; defined as A; jy = {a}i’j), . .,aE’lf,j)}
for each i, j € [k] for i # j. We will also add a set D of dummy
candidates, each of whom forms its own singleton party. We set
the total number of dummies as

un:s*4—3c)—k—1 where (35)

q = [logs(k + 1)1 + [logs kT + 2; (36)
observe that |D| = O(k?). It will be useful for us to set aside a
set D C D of dummy candidates for indexing purposes, and to
associate with each d € D two copies in D \ D, denoted by d’
and d”’, such that [{d,d’,d”’ : d € D}| = 3|D|. We will also use the
notation Dy = D\ {d,d’,d”’ : d € D}. We set the sizes of these sets
such that |Dy| = 2k + 2 and thus by (35) we have

|5|:|D|_$=3‘1_(§)_k_1. (37)

The number of partiesis t = 1+ k + 3(];) +|D| = O(k?).

High-level description. We will use the techniques developed in
Sections 3.2.2 and 3.2.3 for proving Theorem 3.3. First, we create

a flat election &; with three voters, namely v,0’, and v”, with
sufficiently large number of candidates so that we can associate a
candidate in &4 with each of the parties P and U; for i € [k], as well
as with each edge set Ey; ;) for 1 < i < j < k. We then substitute
each candidate of & in the preference list of a voter in {v,0”,0"'}
with corresponding team lists, as done in the proof of Theorem 3.3.
Relying on Lemma D.4, we will then shift all candidates in the
party U; for i € [k], so that each of these parties obtains k more
points in a Copeland? election than the rest of the candidates except
for certain dummy candidates, who lose one point each. Similarly,
we shift candidate p so that it gains 2 additional points.

Next, we introduce voters z and z’ whose preferences are al-

most exactly opposed: they rank each pair of candidates differently,
h
(i.j)

didate u € U; in the preferences of both z and z’ whenever the

with the exception that a candidate a of A(; j) may defeat can-

edge e?i i is incident to u. Hence, by choosing nominees for the
parties A(i)j) for i, j € [k] with i # j so that they correspond to
edges that are incident to the nominees of the parties U;, i € [k],
we can decrease the score of each U; by k — 1 points at the cost of
increasing the score of each party A; j by 1, enabling p to become
the unique winner. With a minor adjustment of the scores of the
parties Ey; ;1 for i, j € [k] with i # j, we can also ensure that the
team lists associated with the edge set E(; j) must induce a flat
election, which in turn guarantees that the nominations in A; ;)
and A(; ;) are consistent in the sense that they correspond to the
same edge of E; ;) for each i, j € [k], implying that the nominees
of the parties Uj; for i € [k] must form a clique in G.

Teams and their associated lists. Let us define the following
families of parties:

Pu ={Ui:iec[k]},
Pp={E(jy:1<i<j<k}
P5={{d}:d e D}.
We will refer to the family
T={P}UPy UPEUP;

of parties as the set of our teams. Notice that by (37) we know
|T| = 39. To define the preferences of voters v, v/, and 0"/, we
introduce team lists F;, F], and F,’ for each team t € T.

With the distinguished party P = {p}, we associate the following
team lists, where d,, and d;, are two dummies in Dy:

Fp=dj,p.dp; (38)
1’ ’
FP = dp, dp, p.
Similarly, with each party U; for i € [k], we associate the following
team lists, where d; and dlf are two dummies in Dy:

N
Fy, = U, d;, d};
Fl, =d., U, ds;
UL' - Y I Y1 (39)
Y = did},T;
U; — YL Y% Y
When defining the above team lists, we always use distinct dum-

mies, so that the team lists in (38)—(39) contain a total of 2k + 2 =
{dp. d;,} U {d;,d] : i € [k]}| dummy candidates, using up all of Dy.



Next, we define a team list for each party E(; ;) where i, j € [k]
with i < j:

Fr) = gy gy S0 iy Sy S
i = %0y Sy Sy 0 Sy iy (40)
Fron = €Ly 30y Sy iy Sy Sy
Finally, we define the team list for each d € D as
Fgy=d.d.d";
ﬁf” - Zd d d‘;; (41)
@y -4

Preferences. To define the preferences of our five voters, we create
an election EF in three steps. First, based on Definition 3.5 we
create an election & that is obtained from the flat election &4 by
using a bijection ¢ between our team set T and the candidate set Cgq
of &g, and substituting each candidate of Cg with the team list of
the corresponding team. Second, we shift certain candidates in &
so that p gains 2 points but parties in Py gain k points each; we
denote by E#1 the resulting election. Third, we add two additional
voters together with their preferences to obtain K. Let us explain
these three steps more in detail.

Step 1: Constructing the election &%. Consider the election &,
defined over candidates set Cy as in Definition 3.5. Recall that the
number of candidates in Eg is |Cy| = 3.

Due to our choice of g as defined in (36), we can apply Lemma D.4
to Eg—1 for £ = k+1and £’ = k. We obtain that there are candidate
sets {c;} U C—j in Eg—1 for i € [k + 1] such that

e candidate c; is directly preceded by the candidates of C—;
in the preferences of w;
o for each i € [f], each candidate in Cc—; defeats c; in Eq-1;
e the sets {c¢;} UC; fori € [k + 1] are pairwise disjoint and
have size k + 1.
We define a bijection ¢ from T into the set Cq of candidates in &,
such that ¢(U;) = ¢; ®© 1 for each i € [k], ¢(P) = cj+1 © 1, and
moreover, teams in Pg are mapped to candidates in {c© 2 : ¢ €
Cq-1}. Notice that such a function exists and can be easily computed

based on E4-1, because |Pg| = (’;) < 3971 holds due to our choice
of g, as defined in (36).

Now, we create the election E¢ as follows. For each candidate
in ¢ € Cq, we substitute c in the preference list of v, 0", and 0’ with
the team list Fj,-1 (), F(,p’l(c)’ and F;;,*l(c)’ respectively.

Before proceeding to the next step, let us establish the following
claim.

CramM 17. Let N be a set of nominees containing exactly one
candidate from each party in the constructed instance. Then in the
election 8?5]

e each nominee c € N defeats exactly 3 - (39 — 1) /2 nominees
among those not contained in the same team lists as c;

. Cpl‘g}q\;j (P) = CpISf](U,-) = Cplsf] (d) = L;_l for each
U; € Py and each dummyd € D;

o candidate p, as well as the nominee of U; for each i € [k], is
defeated by each of the 3k nominees directly preceding it in
the preference list of v in 8;@;

o the nominee of U; defeats the nominees of A; jy and of Ey; )
foreachi,j € [k] withi # j.

CramM PrOOF. First notice that for each party, there is exactly
one team list containing all of its candidates. In particular, this
means that for any nomination by the parties, each team list con-
tains exactly three nominees. Using that ¢ is a bijection, the first
statement of the claim follows from Observation 3.

The second statement follows from the observation that the team
lists containing candidates of P, of ;¢ (k] Ui or of D are all cyclic in
the sense that they can be interpreted as copies of the election &y;
see their definitions in (38), (39), and (41). Hence, these candidates
obtain a score of 3(39 — 1)/2 + 1 in 8;‘6].

To see the the third statement, note that p as well as the nominee
of each party in Py is contained in the team list F,-1(.,) for some
candidate ¢; € Cq-1,1 € [k + 1], resulting from Lemma D.4, and
in particular is listed first among the nominees in F,,-1(.,) in the
preferences of v. By our conditions on ¢; and C;, all 3k nominees
in the team lists associated with the k teams that are mapped to
candidates of C—; by ¢ defeat all nominees in F(p—l (c;) in Sf]. Since

these 3k nominees are exactly those that in 814\)] directly precede the
first nominee within F-1(.,y in the preferences of v, the statement
follows.

Finally, the fourth statement follows from the property of the
election &y that each candidate in {c ® 1 : ¢ € Cy—1} defeats
every candidate in {c ® 2 : ¢ € Cy4-1}; see Definition 3.5. Note
that we also use our condition on ¢ that it maps parties in Py
to candidates in {c ©® 1 : ¢ € C4—1} and maps parties in Pg to
candidatesin {c ®2 : ¢ € Cq_l}, and hence, all nominees in the
team lists of some team in Py defeat all nominees in the team lists
of some team in Pg. <

Step 2: Constructing the election &%, We modify & by shift-
ing every candidate in U; to the left (i.e., towards the most-preferred
position) by k positions for each i € [k], and shifting the candi-
date p to the left by 2 positions in the preferences of v.

Recall now that due to the third statement of Claim 17, candi-
date p, as well as the first candidate in E; for each i € [k], is pre-
ceded by 3k dummy candidates in the preferences of v in &%, each
of whom defeats it. Therefore, the shifts applied to the election &
increase the score of p by exactly 2, increase the score of each Uj,
i € [k], by exactly k, and decrease the score of certain dummy

candidates by 1. Consequently, in any reduced election 8;\0]’5}1 we
get that

39+ g
Cpl_.pn(P) = ——— +2 and (42)
8N 2
39t —1
Cpls(p,sh(Ui) =—+k. (43)
N 2

Notice that for each candidate e € E, the applied shifts do not
change the relative position of e with respect to any other candidate.
Step 3: Constructing the election EGK. We are going to add
two more voters, z and 2, to the election Eh
election 89K, To define the preferences of these two additional

voters, we need to define a set A(u) for each vertex u as

, resulting in the

A(u) = {a?ij) : e?ij} is incident to u, and i is such that u € Ul-} R



containing one copy of each edge incident to u. Then we can define
the blocks Y; and Y; for each i € [k] as

Y s A(ul),ul A, ul;
i ihUisens i HUjs
N o (44)
i A(ul),ul, .. .,A(ul!),uil.

We also need to fix an arbitrary dummy d* that is contained in
the team list of some team mapped to a candidate in {c®1:c €
Cq-1} by ¢; since all such teams contain a dummy in their lists
(recall that teams in P are all mapped to {c ©2: ¢ € C4—1} by ¢),
such a dummy exists. Notice that d* defeats all candidates of each
party in P in the election £, and hence, also in the election EPssh,

Finally, we set the preferences of z and z’ as follows:

— —_—
z:p, E,d*,D\{d*},Y1,Yo,...,Y};
(45)

- ~ e

Z Y, Yeoq1,..., Yi,D\ {d*}, E,d*, p.

The following claim is immediate from the preferences of voters z
and z’, our choice of d*, and (42).

CraM 18. Let N be a set of nominees containing exactly one can-
didate from each party in the constructed instance. Then the nominee

of each party E(; ;y € PE is defeated by d* in S%Sh but defeats d*
in Gk . N; moreover,

30+ — 1

Cp'sg,k (P) = Cplglq\};sh (P) = — +2 (46)
Correctness. We claim that there exists a set N of nominees (con-
taining exactly one candidate from each party) such that p is the
unique winner in the reduced election Sg’k if and only if G contains
a clique of size k.

Direction “=”: Suppose that p is the unique winner in &9 that
1
is, each nominee in N \ {p} obtains at most WT_I + 1 points. Let

u;((i) denote the nominee of U; for each i € [k]. We are going to

show that the vertex set K = {uf(i) :i € [k]} induces a clique in G.

Fix some i € [k]. By (43) and (46) we know that there must
exist a set Nl.* of at least k — 1 nominees that are defeated by U;

in S%Sh but defeat U; in Sg’k. Clearly, each nominee in Nl.* must
precede the nominee of U, that is, u;((i) in the preferences of both z
and z’. Observing the preferences of these voters as given in (45)
and the definition of the blocks Y; and Y; in (44), we deduce that
Nl.* - A(uf(l)) for each i € [k], and hence, by |Nl.*| >k —1we get

that A(u:.c(l)) must contain the nominee of each of the k — 1 parties
Ay, j) for j € [k] \ {i}. In other words, the edges corresponding to
the nominees of the parties A; jy, j € [k] \ {i}, must all be incident
to u;((i).

Consider now a party A(; j) for some i,j € [k] with i # j.
The above arguments imply that the nominee of A(; ;) defeats at
least w + 1 candidates not contained in the team list Fg, 5
the 3 - (37 — 1)/2 nominees it already defeated in 8;'/\]] (due to the
first statement of Claim 17), plus the nominee uf(l) that it defeats

in Sg’k due to voters z and z’ but not in 67\], (as shown also by the
third statement of Claim 17).

(39—
Similarly, the nominee of Ey; ;) defeats at least w +1
candidates not contained in the team list Fp the3-(39-1)/2

nominees it already defeated in 81(’\7, (due to the first statement of
Claim 17) and hence also defeated in 8;':]’5]1 (as the shifts applied
in Step 2 do not affect E; ;}), plus the dummy d* that it defeats
h (due to Claim 18).

This implies that the restriction of &Gk to the three nominees in
the team list Fg, ;, must be flat, as otherwise one of the candidates
nominated by parties A; jy, A(j,;), and Ey; j) would gain two addi-
tional points (against the nominees within in the team list FE{L].})

in Sg’k due to voters z and z’ but not in 8}(’:]’8

(39— _ .

and thus would obtain a score of > (32 Dys= 3q+; L +2, which by

(46) contradicts the assumption that p is the unique winner in Sfj’k.
Considering the team lists associated with Ey; ;; as defined

in (40), it follows in a straightforward way that the restriction

of EFK to the three nominees in the team list Fg,; ;, can only be flat

if A(; j) and A(; ;) both nominate the copies of the same edge, i.e.,

h h
(i.J) ?‘;d 4y
h K(i h
Therefore, ag ;€ A(u; ") and alin
other words, e?ij} is incident to both u

their nominees are a respectively, for some h € [m].

€ A(u;(j )) must hold, in
K (i)
\ i
have proved this for arbitrary i, j € [k] with i # j, it follows that
K forms a clique in G.

and u;?(]). Since we

Direction “=”: Suppose now that K = {u;((i) i € [k]} induces
a clique in G. Consider the election obtained by nominating each
vertex of K, as well as each edge e?ij} in G[K] together with its

copies a’(l H and a_ | besides nominating p and all dummies. Let

Lj (1)

N denote the set of nominees.
Notice that restricting &? to the nominees contained in some
arbitrarily chosen team list yields a flat election. Hence, it is imme-

diate by Observation 3 that 81% is a flat election. The shifts applied
in Step 2 to obtain E¥1 increase the score of p by 2, increase the
score of each U; € Py by k, and do not change the score of Ey; j),
irrespective of the nominations; dummies’ score may decrease but
not increase. Finally, since the nominee of A; ;) for some i, j € [k]
with i # j precedes the candidate of U; in the preferences of both z
and z’ (since it is a copy of an edge incident to the vertex in K N U;),
we get that the addition of voters z and z’ increases the score
of A(; j) by 1for each i, j € [k] with i # j, and decreases the score
of U; by k — 1 for each i € [k]. Taking into account Claim 18 and
the observation that no dummy’s score may increase due to the
addition of voters z and z’, we get that each party in Py U Pg
as well as each party A; j), i, j € [k] with i # j, obtains a score

a+l_ . .. . . .
of 3 =1 > 111in 80K, Hence, P is indeed a unique winner in Sg’k

by (46), finishing the proof of correctness for our reduction. O

Appendix E  ADDITIONAL MATERIAL FOR
SECTION 4

E.1 Proof of Theorem 4.3

THEOREM 4.3 (x). POSSIBLE PRESIDENT for Maximin is NP-complete
even for instances where the number of voters is a fixed constantn > 4,
and the maximum party size is o = 2.



We first prove the statement for four voters in Theorem E.1, and
then for five voters in Theorem E.2; as it is possible to add two
voters with opposite preferences without changing the election
outcome, these results imply Theorem 4.3.

THEOREM E.1. PossIBLE PRESIDENT for Maximin is NP-complete
even for instances with four voters and maximum party size o = 2.

Proor. We present a reduction from NP-complete 3-SAT prob-
lem. Let the input instance for 3-SAT be a formula ¢ = /\’k":1 ck
over a set X = {x1,..., xp} of variables that is the conjunction of a
set C = {c¥ : k € [m]} of clauses, where each clause ¢ € C contains
exactly three literals. We may assume w.l.o.g. that ¢ is not trivial
in the sense that there is at least one variable that appears both as
a positive and a negative literal in ¢.

We are going to define an instance of POSSIBLE PRESIDENT for
Maximin as follows. We let V = {o,0’, w, w’} be the set of voters.
We let P = {p} be our distinguished party, and we define another
party P’ = {p’}. For each variable x € X we further introduce a
party Py = {x,X}, and for each clause ¢ € C we introduce three
parties P j = {cj, cJT}, J € [3]. Notice that each party has size at
most two.

To provide the preferences of the voters, we introduce some
notation. Let

C™={c; :ceCje[3]} (47)
and L = {x,x : x € X} be the set of all literals. For each literal £ € L
we define

A(f) ={cj:ce€C,je [3],¢isthe j-thliteralinc}.  (48)
We also define the following blocks for each ¢ € C and each ¢ € L:
Ye =c1,02,03,¢1,¢5,05;

Ye =c3,¢2,01,63,¢5,075

Fp = f,m; (49)
Fy=6,A(0).

Now we are ready to define the preferences of our voters:
/—)
U:p,p,L,Ycl,...,YCm;
’ e Y <
o ip, Yem, .., Yo, p, Ly
—
w:C ,P,Fxl,~--,Fxn,Ffl,-~~yF§n,P;

" F F. F - p
Wi x s s s Dxs -0 Xlac PP

We claim that P can be the unique winner in some reduced
election & if and only if ¢ admits a satisfying truth assignment.

Note first that candidate p has Maximin-score MMg(p) = 2
because it is tied with every other nominee in &. Thus, p is the
unique winner in & if every other nominated candidate obtains
Maximin-score at most one, that is, gets defeated by at least one
other nominee.

Suppose that this indeed happens. Note that it is not possible
that each of the three candidates €€y s and ¢y is nominated in &
for some ¢ € C, as in that case none of the remaining nominees
can defeat these nominees. Hence, for each ¢ € C there exists
some j € [3] for which c¢; is nominated by party P ;. Based on
the preferences of the voters, it is straightforward to verify that

candidate c; can only be defeated by the nominee of a party Py.
In particular, c; can only be defeated by the literal ¢ for which
cj € A(£). Thus, we get that the j-th literal in ¢ must be nominated.
This immediately implies that the truth assignment that sets exactly
the nominated candidates from L as true satisfies ¢, since for each
clause ¢ € C it sets at least one literal true.

Assume now that we have a satisfying truth assignment o for ¢.
Consider the election & where each party Py, x € X, nominates the
literal set to true by a, and where each party P¢ j,c € Cand j € [3],
nominates c; if and only if the j-th literal in c is set to true by a. It
is straightforward to check that p is the unique winner in &, since
each nominee other than p gets defeated by some other nominee:

e p’ gets defeated by every nominee in C~ (note that there
is at least one nominee in C~ by our assumption that ¢ is
nontrivial);

e cach nominee ¢; € C~ gets defeated by all nominees in
{c1, ¢2, 3}, and at least one of these candidates is nominated
because « satisfies ¢;

¢ each nominee c; for some ¢ € C, j € [3] gets defeated by
the j-th literal in ¢, which is a literal set to true by « (since
cj is nominated) and thus nominated in &;

e each nominated literal ¢ € L is defeated by p’.

This proves the correctness of our reduction. O

THEOREM E.2. PossIBLE PRESIDENT for Maximin is NP-complete
even for instances with five voters and maximum party size o = 2.

Proor. We provide a polynomial-time reduction from 3-SAT
based on the reduction presented in the proof of Theorem E.1. We
keep all notation regarding the input instance ¢ of 3-SAT, as well
as the notation introduced in (47), (48) and (49). Furthermore, the
set of parties and candidates contains all candidates and parties
defined in the the proof of Theorem E.1, as well as an additional
party P’ = {p/"}.

We define the set of voters as V = {v,0’, w,w’, z}, and define
their preferences as follows:

v :p,?, Yo, ..., Yem, p', p”;
o i p, Yem, .., Yo, ps 0", T

—

:p”,F Py, Fx Fz,.C™.p.p;
WP s AX st X A Xy Xy ,P sP,
’ ’ ’” -
w Ip,p ,an,..., }l,Fxn,...,Fxl,C ,P

— -
z:C,p',p", L{cj:ceC,je[3]}p.

We claim that P can be the unique winner in the election &
resulting from some nominations for the parties if and only if ¢
admits a satisfying truth assignment.

Observe first that candidate p has Maximin-score MM g(p) = 2
in &. Let us further observe the following facts:

o p’’ defeats each nominee in L by 4 : 1;
o p’ defeats p”’ by 4:1;
e each nominee in C~ defeats p’ by 4 : 1;

Now assume that p indeed is the unique winner in &. Then
each candidate ¢; € C~ that is nominated in & must be defeated
by 4 : 1 by some nominee in &; however, it is immediate from
the preferences of the voters that this can only be done by some



nominee in {cq, ¢z, c3}. Hence, we get that for each ¢ € C there
exists some j € [3] such that c; is nominated in &.

Next consider some nominee c¢; where ¢ € C, j € [3]. Again by
construction, it follows that the only nominee that may defeat c;
by 4 : 11is the literal ¢ for which ¢; € A(f), that is, the j-th literal in
clause c. Hence, for each clause c there must exist a literal in ¢ that
is nominated in &. This immediately yields a satisfying assignment
that sets a literal to true if and only if it is nominated in &.

Assume now that ¢ admits a satisfying truth assignment «. Con-
sider the election & where each party Py, x € X, nominates the
literal set to true by a, and where each party P¢ j, ¢ € C and j € [3],
nominated c; if and only the j-th literal in c is set to true. Again, it
is straightforward to check that p is the unique winner in &, since
every other nominee obtains a Maximin-score at most 1. To see
this, it suffices to complement our earlier observations with the
following:

o there is at least one nominee in C~ by our assumption that
¢ is nontrivial;

e for each ¢ € C there is at least one nominee in {cy, c2, ¢3},
and this nominee defeats each nominee in {c],c;,c;}
by 4:1;

o foreachnomineecj,c € Cand j € [3], the j-thliteral £inc;
is set to true by « and hence is nominated in &; moreover,
¢ defeats c; by 4 : 1.

This proves the correctness of our reduction. O

E.2 Proof of Claim 1

Cramv 1 (x). Applying Rule A or B yields an equivalent instance
of PARTITIONED SUBDIGRAPH ISOMORPHISM.

ProoF. Given an instance I = (D, H, y) of PARTITIONED SUB-
DIGRAPH IsomorPHISM we will refer to a subdigraph of H that is
y-isomorphic to D as a solution for I.

Consider Rule A when applied to an instance I = (D, H, y), and
letU={xely: N;'I(x) N T, = 0}. First, ifHisa subdigraph of H
that is y-isomorphic to D, then the unique vertex of H with label u
must have an out-neighbor with label v. Hence, H cannot contain
a vertex from U, which means that deleting U from H yields an
instance I’ equivalent to I.

The instance I”” constructed by Rule A is obtained by further
deleting v from D and T, from H — U. We show that I’ is equivalent
to I’ and, hence, to I. Assume that H is a solution for I’’. Then H
contains a vertex x € V(H — U — I},) with label u, and because
x ¢ U, there must exist a vertex y in H among the out-neighbors
of x in H that has label 0. Adding the vertex y and the arc (x, y) to H
yields a solution for the instance I’. Conversely, the solvability of I’
implies the solvability of I”’, because deleting the unique vertex
with label v from a solution to I’ yields a solution for I"’.

Consider now Rule B applied to instance I = (D, H, y), and let I
be the constructed instance with digraphs D’ and H’.

First, if H is a subdigraph of H that is y-isomorphic to D wit-
nessed by an isomorphism f, then (f(u), f(w)) € Ay is clear,
due to f(v) € Ny, (u) N N (w) N Ty. Hence, deleting f(v) from H
and adding the arc (f(u), (w)) yields a subdigraph of H’ that is
y-isomorphic to D’.

Conversely, if H is a solution to I’ , then it contains an arc (x, y) €
Ay such that x € Ty, and y € Ty, because (u, w) is an arc in D’.
By the definition of Ay, it follows that there is a vertex z €
Nf;(u)NNp; (w) NIy in H. Adding z and replacing the arc (x, y) with
arcs (x, z) and (z, y) yields a subdigraph of H that is y-isomorphic
to D. This shows that I’ is indeed equivalent with I. O

E.3 Proof of Theorem 4.4

THEOREM 4.4 (%). There exists an algorithm that solves POSSIBLE
PRESIDENT for Maximin and runs in FPT time with parameter t.

Lemma E.3. If AlgMM returns “yes”, then the input instance of
PossIBLE PRESIDENT for Maximin is a “yes-instance.

Proor. AlgMM may only return “yes” in Step 7, which requires
that instance J of PARTITIONED SUBDIGRAPH IsoMORPHISM admits
a solution, i.e., a subdigraph H of H that is y-isomorphic to D.
Note that C’ := V(H) contains exactly candidate from each party
in P \ {P*}; let & be the election where the nominees are exactly
C’ U {p}. By Step 3 we know C’ N X = 0, implying MMg(p) =
mingecr N(p,c) > s*. Consider now some ¢ € C’ nominated by
a party P, and let ¢ € C’ be the vertex of H to which §(P) is
mapped by the isomorphism witnessing the solution H for J. As
(8(P), P) is an arc in D, there must be an arc (¢’, ¢) in H as well. By
construction, this means N(c,¢’) < s*. Hence, we get MMg(c) =
mingecrygpy N(e €) < N(e,¢’) < s*. Thus, p is indeed the unique
winner in &. O

LEMMA E.4. For each “yes™instance of POSSIBLE PRESIDENT for
Maximin, AlgMM returns “yes”.

Proor. Assume that there exists a set of nominations resulting
in an election & where P* is the unique winner. Let C’ denote the
set of nominees in &, and let cp denote the nominee of party P for
each P € P\ {P*}.

Consider the branch of AlgMM where the algorithm’s guesses
are correct, that is, it correctly guesses the nominee p of P*, the
Maximin-score s* of p in &, as well as a party §(P) for each
party P € # \ {P*} whose nominee fulfills Ng(cp,cs(p)) < s*.
Clearly, such a party §(P) exists, as otherwise P would have Maximin-
score at least s* in &. We will use the fact that Ng, (c,¢’) = Ng(c, ¢’)
holds in any reduced election & of & for each two candidates ¢
and ¢’ that take part in the election &.

First, note that AlgMM cannot return “no” in Step 5, because for
each party P € P \ {P*} we know that

(i) Ng,(p.cp) = Ng(p,cp) = MMg(p) = s*, and that

(i) if §(P) = P*, then Ng, (¢, p) = Ng(c,p) < s*,
and therefore cp is not deleted in Steps 3 and 4, so cp ¢ X. Hence,
the algorithm reaches Step 7.

It now suffices to show that the subgraph H[C’] of H spanned
by all nominees in & contains a graph y-isomorphic to D. We show
that the function f(P) = cp is a good witness for this, i.e, for each
arc (P1, Py) in D there is an arc (f(P1), f(P2)); note that the label
constraint y(f(P)) = y(cp) = P is satisfied automatically for each
P € P\ {P*}. Recall that (P;, P;) is an arc in D if and only P; =
d(P2). As we assume that the algorithm’s guesses are correct, we get
N(Cp2,05(p2)) < s*. Since f(P]) =cpy = C5(Py) and f(Pg) = Cp,,
this is equivalent with saying that N(f(P2), f(P1)) < s*. Hence,



by the definition of H we get that (f(P;), f(P2)) is an arc in H, as
promised. This shows that AlgMM returns “yes” in Step 7. ]

Lemmas E.3 and E.4 together imply the correctness of AlgMM,
so to finish the proof of Theorem 4.4, it remains to determine it’s
running time.

The number of possible guesses that the algorithm has to explore
due to Steps 1 and 2 is |[P*| - |[V| - (t — 1)!~1. For each such guess,
performing Steps 3-6 takes O(|V| - |C|?) time, as this is the time
necessary to compute Ng, (c, ¢’) for each two candidates ¢ and ¢’
in &y. Finally, running the algorithm for PARTITIONED SUBDIGRAPH
IsomorPHIsSM guaranteed by Lemma 4.5 takes O(|C|?) time. Hence,
the overall running time of AlgMM is O(t! - |V|? - |C|®), which is
clearly fixed-parameter tractable with respect to parameter ¢.
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