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Abstract

In their groundbreaking paper, Bartholdi, Tovey and Trick [6] argued that
many well-known voting rules, such as Plurality, Borda, Copeland and Max-
imin are easy to manipulate. Following the direction proposed by this paper
we examine the influence of features to which attention was not paid pre-
viously, namely, tie-breaking rules, and additional constraints, namely, the
distance to the manipulator’s true preferences, on the complexity of manip-
ulating elections.

In Chapter 3 we show that all scoring rules, (simplified) Bucklin and Plu-
rality with Runoff are easy to manipulate if the winner is selected from all tied
candidates uniformly at random. This result extends to Maximin under an
additional assumption on the manipulator’s utility function that is inspired
by the original model of [6]. In contrast, we show that manipulation under
randomized tie-breaking is hard for Copeland, Maximin, STV and Ranked
Pairs. In Chapter 4 we demonstrate that Plurality, Maximin, Copeland and
Borda, as well as many families of scoring rules, become hard to manipulate
if we allow arbitrary polynomial-time deterministic tie-breaking rules.

In Chapter 5, we investigate the complexity of optimal manipulation, i.e.,
finding a manipulative vote that achieves the manipulator’s goal yet deviates
as little as possible from her true ranking. We study this problem for three
natural notions of closeness, namely, swap distance, footrule distance, and
maximum displacement distance, and a variety of voting rules, such as scoring
rules, Bucklin, Copeland, and Maximin. For all three distances, we obtain
polynomial-time algorithms for all scoring rules and Bucklin and hardness
results for Copeland and Maximin.
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Chapter 1

Introduction

Social choice studies the aggregation of individual preferences to determine
an overall collective decision. The history of social choice theory begins
from the voting paradox, which was found by Marquis de Condorcet. He
pointed out that transitivity, which exists for individual preferences, can be
easily lost in the aggregation process. Another person who influenced social
choice a lot almost at the same time as Marquis de Condorcet, was Chevalier
de Borda (for example, he proposed the voting rule that is now named after
him). They both considered elections as the most natural tool for aggregating
individual preferences. More recently, Arrow stated his famous theorem,
which is now known as Arrow’s impossibility theorem (see [2]). He proved
that it is impossible to design a voting rule that satisfies some very appealing
properties. This theorem is often taken as a beginning of modern social choice
theory.

Evidently, voting is not the only possible method for preference aggre-
gation. For the survey and discussion of the other approaches we refer the
reader to [32] and [8]. However, there are many settings where voting is the
most appropriate approach to aggregating preferences, and in this thesis we
will focus on voting, and, more specifically, algorithmic properties of vari-
ous voting procedures. For a detailed description of voting procedures and
mechanisms see [1].

Commonly, in an election we have some set of candidates and preferences
(or votes), i.e., linear orders over the entire set of candidates, of all voters.
A voting rule takes these preferences and gives us the winner of the election.
Mostly, voting rules grant points to the candidates and the winner of an
election is someone who has the highest score. Still, procedures of granting
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points can have very different nature. For example, the widely used Plurality
rule gives each candidate one point for every vote where he is ranked in the
first position. On the other hand, Copeland is based on a completely different
principle: In this case we consider all possible pairwise elections over the set
of candidates and a candidate obtains a point for every pairwise elections
that he wins.

It is easy to construct preferences that give us different outcomes of the
election under different voting rules. For example, consider the set of candi-
dates { Putin, Zuganov, Mironov, Medvedev} and the following set of votes:

Putin > Zuganov = Mironov > Medvedev

Putin = Zuganov = Mironov > Medvedev
Zuganov = Mironov = Medvedev > Putin
Mironov = Zuganov = Medvedev = Putin
Medvedev » Zuganov > Mironov > Putin

Clearly, if we use Plurality to determine the winner then it would be Putin.
In case of Copeland the victory would be shifted to Zuganov.

Therefore, we can see that careful choice of voting rule is really important.
Understanding weak points of different voting rules as well as properties of
election outcomes under these voting rules can help us make an optimal
choice of voting method.

The example above also illustrates that under Plurality the last voter
has a great incentive to lie about his real preferences, at least assuming his
knowledge about the votes of others. If the last voter submits a vote with
Zuganov at the first place and ties are broken in favor of Zuganov then he can
change the outcome of the election. We can see that he prefers this outcome
to the original one. That gives us an example of possibility of manipulating
the election.

Evidently, it would be a great advantage for the voting rule to be resis-
tant to manipulation. Unfortunately, such voting rules do not exist. It was
proved by Gibbard [26] and Satterthwaite [39] that for elections with at least
3 candidates any non-dictatorial and surjective voting rule is manipulable.
Even after this result hope remains that voting rules can withstand manipu-
lation in practice if it is computationally difficult to find a manipulative vote.
That was the motivation of one of the most influential early contributions
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to computational social choice, namely the paper by Bartholdi, Tovey, and
Trick entitled “The computational difficulty of manipulating an election” [6].
In this paper, the authors suggested that computational complexity can serve
as a barrier to dishonest behavior by the voters, and proposed classifying vot-
ing rules according to how difficult it is to manipulate them. In particular,
they argued that such well-known voting rules as Plurality, Borda, Copeland
and Maximin are easy to manipulate, yet a variant of the Copeland rule
known as second-order Copeland is computationally resistant to manipula-
tion. In a subsequent paper, Bartholdi and Orlin [5] showed that another
well-known voting rule, namely, STV, is NP-hard to manipulate as well.

Since then, the computational complexity of manipulation under various
voting rules, either by a single voter or by a coalition of voters, received
considerable attention in the literature, both from the theoretical and from
the experimental perspective (see, in particular, [49, 48] and the recent sur-
vey |21, 23] for the former, and [44, 12] for the latter). While it has been ar-
gued that worst-case complexity does not provide adequate protection against
malicious behavior (see, e.g. [37, 46, 24, 29|), determining whether a given
voting rule is NP-hard to manipulate is still a natural first step in evaluating
its resistance to manipulation in realistic scenarios.

This thesis continues and refines this line of research. We examine the
influence of features to which attention was not paid previously, namely,
tie-breaking rules, and additional constraints, namely, the distance to the
manipulator’s true preferences, on the complexity of manipulating elections.

1.1 Tie-breaking rules

Many common voting rules operate by assigning scores to candidates, so
that the winner is the candidate with the highest score. Now, in elections
with a large number of voters and a small number of candidates there is
usually only one candidate that obtains the top score. However, this does
not necessarily hold when the alternative space is large, as may be the case
when, e.g., agents in a multiagent system use voting to decide on a joint plan
of action [20]. This does not hold either in the elections where the number of
voters is small and the number of alternatives is not large. If, nevertheless,
a single outcome needs to be selected, such ties have to be broken. In the
context of manipulation, this means that the manipulator should take the tie-
breaking rule into account when choosing his actions. Much of the existing
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literature on voting manipulation circumvents the issue by assuming that
the manipulator’s goal is to make some distinguished candidate p one of the
election winners, or, alternatively, the unique winner. The former assumption
can be interpreted as a tie-breaking rule that is favorable to the manipulator,
i.e., given a tie that involves p, always selects p as the winner; similarly,
the latter assumption corresponds to a tie-breaking rule that is adversarial
to the manipulator. In fact, most of the existing algorithms for finding
a manipulative vote work for any tie-breaking rule that selects the winner
according to a given ordering on the candidates (such tie-breaking rules are
known as lezicographic); the two cases considered above correspond to this
order being, respectively, the manipulator’s preference order or its inverse.

In Chapter 3 we study an equally appealing approach to breaking ties,
namely, selecting the winner among all tied candidates uniformly at random.
Note that under randomized tie-breaking the outcome of the election is a
random variable, so it is not immediately clear how to compare two outcomes:
is having your second-best alternative as the only winner preferable to the
lottery in which your top and bottom alternatives have equal chances of
winning? In this thesis we propose to deal with this issue by augmenting the
manipulator’s preference model: we assume that the manipulator assigns a
numeric utility to all candidates, and his goal is to vote so as to maximize his
expected utility, where the expectation is computed over the random choices
of the tie-breaking procedure; this approach is standard in the social choice
literature (see, e.g., [27]) and has also been used in [14]. We show that in
this setting any scoring rule and Bucklin are easy to manipulate, and so is
the Maximin rule, assuming that the manipulator assigns 1 unit of utility to
one candidate and utility O to all other candidates. In contrast, we provide
NP-hardness results on the complexity of manipulating Maximin for general
utilities as well as Copeland and several iterative voting rules. Our results
for randomized tie-breaking can be summarized by Table 1.1.

In Chapter 4, we focus on deterministic tie-breaking rules. The easiness
results obtained in [6] after careful examination can be extended to arbitrary
lexicographic tie-breaking rules. Given these easiness results, it is natural
to ask whether all (efficiently computable) deterministic tie-breaking rules
produce easily manipulable rules when combined with the voting correspon-
dences considered in [6]. Now, paper [6] shows that for Copeland this is
not the case, by proving that the second-order Copeland rule is hard to ma-
nipulate. However, prior to our work, no such result was known for other
rules considered in [6]. We demonstrate that Maximin and Borda, as well
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P NP-hard

Scoring rules Copeland
Maximin (restricted) | Maximin (general)
simplified Bucklin STV

classic Bucklin Ranked Pairs
Plurality w/Runoff

Table 1.1: Summary of results of Chapter 3.

as many families of scoring rules, become hard to manipulate if we allow
arbitrary polynomial-time deterministic tie-breaking rules. This holds even
if we require that the tie-breaking rule only depends on the set of the tied
alternatives, rather than the voters’ preferences over them; we will refer to
such tie-breaking rules as simple. Our proof also works for Copeland, thus
strengthening the hardness result of [6] to simple tie-breaking rules. We re-
mark, however, that our hardness result is not universal: Plurality and other
scoring rules that correspond to scoring vectors with a bounded number of
non-zero coordinates are easy to manipulate under any polynomial-time sim-
ple tie-breaking rule, However, if non-simple tie-breaking rules are allowed,
Plurality can be shown to be hard to manipulate as well.

1.2 Minimizing the distance to the true prefer-
ences

In Chapter 5 we study a refinement of the question asked by Bartholdi,
Tovey and Trick. We observe that, while the manipulator is willing to lie
about her preferences, she may nevertheless prefer to submit a vote that
deviates as little as possible from her true ranking. Indeed, if voting is public
(or if there is a risk of information leakage), and a voter’s preferences are at
least somewhat known to her friends and colleagues, she may be worried that
voting non-truthfully can harm her reputation—yet hope that she will not be
caught if her vote is sufficiently similar to her true ranking. Alternatively, a
voter who is uncomfortable about manipulating an election for ethical reasons
may find a lie more palatable if it does not require her to re-order more
than a few candidates. Finally, a manipulator may want to express support
for candidates she truly likes, even if these candidates have no chances of
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winning; while she may lie about her ranking, she would prefer to submit a
vote where her most preferred candidates are ranked close to the top.

These scenarios suggest the following research question: does a voting rule
admit an efficient algorithm for finding a manipulative vote that achieves the
manipulator’s goals, yet deviates from her true ranking as little as possible?
To make this question precise, we need to decide how to measure the dis-
crepancy between the manipulator’s true preferences and her actual vote.
Mathematically speaking, votes are permutations of the candidate set, and
there are several distances on permutations that one can use. In our work,
we consider what is arguably the two most prominent distances on votes,
namely, the swap distance [30] (also known as bubble-sort distance, Kendall
distance, etc.) and the footrule distance [42] (also known as the Spearman
distance), as well as a natural variation of the footrule distance, which we
call the maximum displacement distance.

In more detail, the swap distance counts the number of candidate pairs
that are ranked differently in two preference orderings. Thus, when the
manipulator chooses her vote based on the swap distance, she is trying to
minimize the number of swaps needed to transform her true ranking into
the manipulative vote. We remark that for swap distance, our problem can
be viewed as a special case of the swap bribery problem [18]; however, our
question is not addressed by existing complexity results for swap bribery |18,
17, 16, 40]. The footrule distance and the maximum displacement distance
are based on computing, for each candidate, the absolute difference between
his positions in the two votes; the footrule distance then computes the sum
of these quantities, over all candidates, while the maximum displacement
distance returns the largest of them. We believe that each of these distances
captures a reasonable approach to defining what it means for two votes to be
close to each other; therefore, we are interested in analyzing the complexity
of our manipulation problem for all of them.

We study our problem for several classic voting rules, namely, Bucklin,
Copeland, Maximin, as well as all scoring rules. For all these rules, the al-
gorithm of Bartholdi et al. [6] finds a successful manipulation if it exists.
However, this algorithm does not necessarily produce a vote that is opti-
mal with respect to any of our distance measures: in particular, it always
ranks the manipulator’s target candidate first, even if this is not necessary to
achieve the manipulator’s goal. Thus, we need to devise new algorithms—or
prove that finding an optimal manipulation is computationally hard.

We investigate the complexity of optimal voting manipulation for three
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distance measures on votes and four types of voting rules. For all three
distances, we obtain the same classification of these rules with respect to
the complexity of finding an optimal manipulation: our problem is easy for
Bucklin and all polynomial-time computable families of scoring rules (see
Chapter 2 for definitions), but hard for Copeland and Maximin. For swap
distance and footrule distance, we strengthen these hardness results to show
that our problem is, in fact, hard to approximate up to a factor of Q(logm),
where m is the number of candidates.
Our results can be summarized by the following table:

Sc. rules | Bucklin Copeland Maximin
dswap P P Q(log m)-inapp. | (log m)-inapp.
dg, P P Q(log m)-inapp. | (log m)-inapp.
dma P P NPC NPC

Table 1.2: Summary of results of Chapter 5

1.3 Thesis structure

This thesis is organized as follows. Chapter 2 contains the preliminaries
and consists mostly of definitions and discussion of different approaches to
defining manipulation problems in social choice. Chapter 3 and Chapter
4 describe the influence of tie-breaking rules on the complexity of voting
manipulation. In Chapter 3 we focus on randomized tie-breaking. Arbitrary
deterministic polynomial-time computable tie-breaking rules are analyzed
in Chapter 4. Chapter 5 describes algorithms and hardness results for the
optimal manipulation problem. In Chapter 6 we discuss directions for future
work.
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Chapter 2

Preliminaries
An election is given by a set of candidates C' = {cy,...,¢,} and a vector
R = (Ry,...,R,), where each R;, i = 1,...,n, is a linear order over C;

R; is called the preference order (or, vote) of voter i. We denote the space
of all linear orderings over C' by L£(C). The vector R = (Ry,...,R,) is
called a preference profile. For readability, we will sometimes denote R; by
;. When a »; b for some a,b € C, we say that voter ¢ prefers a to b.
We denote by r(cj, R;) the rank of candidate ¢; in the preference order R;:
T(Cj,Ri) = ’{C eC | C; Cj}| + 1.

A woting rule F is a mapping that, given a preference profile R over
C, outputs a candidate ¢ € C'; we write ¢ = F(R). Many classic voting
rules, such as the ones defined below, are, in fact, voting correspondences,
i.e., they map a preference profile R to a non-empty subset S of C'. Voting
correspondences can be transformed into voting rules using tie-breaking rules.

A tie-breaking rule for an election (C,R) is a mapping T' = T'(R, S) that
for any S C C, S # (, outputs a candidate ¢ € S. A tie-breaking rule
T is called simple if it does not depend on R, i.e., the value of T(R,5) is
uniquely determined by S. Such rules have the attractive property that if a
manipulator cannot change the set of tied candidates, he cannot affect the
outcome of the election. Further, we say that T is lexicographic with respect
to a preference ordering > over C'if for any preference profile R over C' and
any S C (' it selects the most preferred candidate from S with respect to >,
i.e., we have T'(S) = c if and only if ¢ > a for all a € S\ {c}.

A composition of a voting correspondence F and a tie-breaking rule T

is a voting rule T o F that, given a preference profile R over C, outputs
T(R,F(R)). Clearly, T o F is a voting rule and T o F(R) € F(R).

9
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2.1 Voting rules

We will now describe the voting rules (correspondences) considered in this
thesis. All these rules assign scores to candidates; the winners are the can-
didates with the highest scores.

Scoring rules Any vector a« = («g,...,q,) € R™ with ag > -+ >
defines a scoring rule F,. Under this rule, each voter grants a; points
to the candidate it ranks in the ¢-th position; the score of a candidate is
the sum of the scores it receives from all voters. The vector « is called
a scoring vector. A scoring rule is said to be faithful if oy > -+ > ay,.
We are interested in scoring rules that are succinctly representable;
therefore, throughout this paper we assume that the coordinates of «
are nonnegative integers given in binary. We remark that scoring rules
are defined for a fixed number of candidates. Therefore, we will often
consider families of scoring rules, i.e., collections of the form (a™)>_,,
where o™ = (af", ..., al). We require such families to be polynomial-
time computable, i.e., we only consider families of voting rules (a™)>_,
for which there exists a polynomial-time algorithm that given an m €

N outputs af*,...,a". A well-known example of a polynomial-time
computable family of scoring rules is Borda, given by o™ = (m —
1,...,1,0).

k-approval, Plurality and Bucklin Under the k-approval rule, a candi-
date gets one point for each voter that ranks him in the top k positions;
l-approval is also known as Plurality. It is easy to see that k-approval
and Plurality are examples of families of scoring rules. Let £* be the
smallest value of k£ such that some candidate’s k-approval score is at
least [n/2] + 1; we will say that k* is the Bucklin winning round. Un-
der the simplified Bucklin rule, the winners are all candidates whose
k*-approval score is at least [n/2] + 1; under the Bucklin rule, the
winners are all k*-approval winners. A candidate’s Bucklin score is his
k*-approval score.

Copeland and second-order Copeland We say that a candidate a wins
a pairwise election against b if more than half of the voters prefer a to
b; if exactly half of the voters prefer a to b, then a is said to tie his
pairwise election against b. Given a rational value v € [0, 1], under the
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Copeland® rule each candidate gets 1 point for each pairwise election
he wins and « points for each pairwise election he ties.

A candidate’s second-order Copeland score is the sum of the Copeland
scores of the competitors he defeats. Under the second-order Copeland
rule, the winner is chosen among the candidates with the highest Co-
peland scores, breaking ties according to the second-order Copeland
score. We follow the definition of second-order Copeland voting rule in
[6]. In this paper the examples of using second-order Copeland can be
also found.

Maximin and Ranked Pairs

For every pair of candidates (¢, d) € C, we define s(c, d) as [{i | ¢ =; d}|.

The Maximin score of a candidate ¢ € C' is equal to the number of
votes he gets in his worst pairwise election; in other words, his score
equals mingee g} s(c, d).

Ranked Pairs was firstly considered by T. N. Tideman in [43]. For
Ranked Pairs the election proceeds in several steps. This rule first cre-
ates an entire ranking of all the candidates, as follows. In each step, we
consider a pair of candidates ¢, d that we have not previously considered
(as a pair): specifically, we choose the remaining pair with the highest
s(c,d) (note that there may be several such pairs; we will comment on
this issue in Chapter 3). We then fix the order ¢, d, unless this contra-
dicts previous orders that we fixed (that is, it violates transitivity). We
continue until we have considered all pairs of candidates (hence, in the
end, we have a full ranking). The candidate at the top of the ranking
wins.

Plurality with Runoff and STV Under the STV rule, the election

proceeds in rounds. During each round, the candidate with the lowest
Plurality score is eliminated, and the candidates’ Plurality scores are
recomputed. The winner is the candidate that survives till the last
round. Plurality with Runoff can be thought of as a compressed version
of STV: we first select two candidates with the highest Plurality scores,
and then output the winner of the pairwise election between them. Note
that these definitions are somewhat ambiguous, as several candidates
may have the lowest/highest Plurality score; we will comment on this
issue in Section 3.6.
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2.2 Manipulation

Given a preference profile R over a set of candidates C, for any preference
order L over C' we denote by (R_;, L) the preference profile obtained from R
by replacing R; with L. We say that a voter ¢ € {1,...,n} can successfully
manipulate an election (C,R) with a preference profile (Ry,..., R,) with
respect to a voting rule F if F(R_;, L) =; F(R). We will now define the
computational problem that corresponds to this notion.

All voting rules defined in Section 2.1 are anonymous, so, we can fix any
candidate as the manipulator. Thus, we fix voter n as the manipulator and
we will make this assumption throughout the thesis.

Definition 2.2.1. Let F be a voting rule. An instance of the F-MANIPULA-
TION™ problem is given by a set of candidates C' and a preference profile R.
The question is whether there exists a vote L € L(C) such that F(R_pn, L) =,
F(R).

Our definition of F-MANIPULATION" is modeled after the standard so-
cial choice definition, see, e.g. [26, 39]. However, in the computational social
choice literature it is usual to consider the decision problem where a manipu-
lator focuses on a candidate p and his goal is to make p elected; we will refer
to this problem as F-MANIPULATION (see, e.g., |6]).

These problems are closely related. First, a polynomial-time algorithm
for F-MANIPULATION can be converted into a polynomial-time algorithm
for F-MANIPULATION™ if the number of candidates is polynomial in the
size of the output: we can simply run F-MANIPULATION on all candidates
ranked by the manipulator above the current winner, and pick the best
among the candidates for which F-MANIPULATION outputs “yes”. Thus,
if F-MANIPULATION" is hard, F-MANIPULATION is hard, too.

On the other hand, having a polynomial-time algorithm for the opti-
mization version of F-MANIPULATION”, in which we ask who is the best
candidate (from the manipulator’s perspective) that can be made a win-
ner, is sufficient for solving F-MANIPULATION. Indeed, suppose that we
are given an instance of F-MANIPULATION. Consider the election in which
the manipulator n submits an arbitrary vote L that ranks p first. If p wins
in this election, then we are done. Otherwise, let w be the election win-
ner. If w is ranked second in L, then p can be made the winner if and
only if our election is a “yes’-instance of F-MANIPULATION”. Otherwise,
consider the election obtained by promoting w into the second position in
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L, i.e., one where voter n ranks p first and w second. We know that the
manipulator can make w the winner by voting L. Thus, n’s favorite can-
didate that can be made the winner is either p or w, and therefore we can
solve F-MANIPULATION using an algorithm for the optimization version of
F-MANIPULATION". Further, if 7 is monotone, i.e., the election winner con-
tinues to win if we move him up in all voters’ preferences without changing
the relative order of other candidates, then it suffices to have an algorithm
for the decision version of F-MANIPULATION": in this case, w remains the
winner after we push him upwards in L, and hence the resulting instance
is a “yes’-instance of F-MANIPULATION” if and only if n can make p the
winner. However, it remains unclear if in general /-MANIPULATION can be
reduced to F-MANIPULATION” and hence the existing NP-hardness results
for second-order Copeland [6] and STV [5] do not directly imply that second-
order Copeland-MANIPULATION” and STV-MANIPULATION” are NP-hard.
Both problems stated above are defined for voting rules. The manipula-
tion problems for voting correspondences are also widely discussed. There are
two standard approaches to extending the manipulation problem to voting
correspondences. Under the first approach, we assume that the manipulator’s
goal is to make the specific candidate p the only winner of the election.

Definition 2.2.2. Let F be a voting correspondence. In the F-UNIQUE-
WINNERMANIPULATION problem, we are given an election E = (C, R) with
a preference profile R = (R, ..., R,), and a preferred candidate p € C. The
question is whether there exists a vote L € L(C') such that the preference
profile R' = (Ry, ..., R,_1, L) satisfies {p} = F(R').

Under the second approach, it is assumed that it is enough for the ma-
nipulator to make candidate p one of the election winners.

Definition 2.2.3. Let F be a voting correspondence. In the F-COWIN-
NERMANIPULATION problem, we are given an election E = (C,R) with a
preference profile R = (Ry, ..., Ry,), and a preferred candidate p € C. The
question is whether there erists a vote L € L(C') such that the preference

profile R' = (Ry, ..., R,_1, L) satisfies p € F(R').

It is easy to see that F-UNIQUEWINNERMANIPULATION is equivalent to
F'-MANIPULATION, where the voting rule F’ is obtained by combining F
with the lexicographic tie-breaking rule that is adversarial to manipulator,
i.e., breaks ties according to the ordering obtained by reversing R,,. Similarly,
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in the case of F-COWINNERMANIPULATION we take the composition of F
with the lexicographic tie-breaking rule that favors the manipulator, i.e.,
breaks ties according to the preference order R,,.

2.2.1 The model and the algorithm of Bartholdi, Tovey
and Trick

We will now describe the algorithm for F~-COWINNERMANIPULATION pro-
posed in [6]. This algorithm can be used for any voting correspondence F
that assigns scores to candidates, so that the winners are the candidates with
the highest scores. The algorithm places the manipulator’s preferred candi-
date p first, and then fills in the remaining positions in the vote from top to
bottom, searching for a candidate that can be placed in the next available
position in the n-th vote so that his score does not exceed that of p. This
approach works as long as the voting correspondence F is monotone and we
can determine a candidate’s final score given his position in the manipula-
tor’s vote and the identities of the candidates that the manipulator ranks
above him. It is not hard to show that Plurality and Borda (and, in fact, all
scoring rules), as well as Plurality with Runoff, Copeland and Maximin have
this property. Simplified Bucklin and Bucklin do not satisfy this property,
but they are easy to manipulate as well. For example, the algorithm for
(dswap, Bucklin)-OPTMANIPULATION described in Chapter 5 can be used for
proving the easiness of the manipulation problem.

We can easily modify this algorithm to make it work for F-UNIQUEWIN-
NERMANIPULATION: in that case, when the manipulator fills a position j in
his vote, 7 > 1, he needs to ensure that the score of the candidate in that
position is strictly less than that of p. Generally, if ties are broken according
to a lexicographic ordering > over the candidates, when placing a candidate
c with ¢ > p, the manipulator needs to make sure that c’s score is less than
that of p, and when placing a candidate ¢ with ¢ < p, he needs to make sure
that ¢’s score does not exceed that of p.

In the same paper Bartholdi, Tovey and Trick argued that second-order
Copeland is computationally resistant to manipulation. In a subsequent
paper, Bartholdi and Orlin [5] showed that another well-known voting rule,
namely, STV, is NP-hard to manipulate as well. In [49] Xia et al. showed
that Ranked Pairs is hard to manipulate (for the defenition of Ranked Pairs
given in this thesis).
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2.3 McGarvey theorem

Many proofs in this thesis make use of McGarvey theorem. We will now
state this theorem and give a sketch of its proof.

Let C be a set of candidates and let R = (Ry,..., R,) be a preference
profile.

Definition 2.3.1. We say that a candidate ¢; wins the pairwise election
against a candidate c; if more that half of the voters in R rank c; above c;.

Definition 2.3.2. The digraph H is said to be induced by R if C is a set of
vertices of digraph H and H contains an arc (c;, c;) if and only if c¢; is the
winner of the pairwise election between c; and c;.

Now we can state McGarvey theorem (see also [33] or [35]).

Theorem 2.3.3. For any digraph H,, on m vertices without cycles of length
2 there exists a preference profile R such that R consists of at most m(m—1)
votes and H,, is induced by R.

Proof. We give only a sketch of the proof of this theorem. Let the vertex set
of digraph H,, be C' = {cy,...,cn}

First consider the preference profile that consists of votes described as
follows. For every arc (¢;, c;) of H,, we take votes ¢; = ¢; = ¢1 = ... > ¢
and ¢, > ... > ¢ = ¢; = ¢;. For this profile we have ties in every pairwise
election. It is easy to see that we can make either ¢; or ¢; the winner of their
pairwise election by swapping these candidates in the suitable vote. As a
result, the score of the winner in the pairwise election would exceed the score
of the loser by exactly 2. O

Consider the simple example of using McGarvey theorem. We construct
the preference profile with candidates {¢y, ¢2, ¢3, ¢4} for the graph on 4 vertices
with adjacency matrix defined as follows:

0110
0011
(@) =100 0 1
100 0.

At the first step of algorithm we obtain the preference profile which gives tie
in every pairwise election. We set

RLQ =C > Cy > C3 > C4R271 =Cq = C3 = Co > ClRLg =C1 > C3 > Co > C4R3,1 =Cq > Co > C3 ™ 01R1,4 =
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Afterward following the algorithm we swap ¢;,¢; in R;; for all a;; = 1.
For example, consider a; 2 = 1 we obtain Ry = ¢4 > ¢3 > ¢1 > ¢y instead of
Ry = c4 = c3 = co > ¢1. Thereby we come up with the following profile as
a result of the algorithm.

RLQ =C1 > Cy > C3 > C4R271 =Cq4 > C3 = C1 > CQRLg =C1 > C3 = Co > C4R3’1

It is easy to see that the following corollary can be proved similarly to
Theorem 2.3.3.

Corollary 2.3.4. For any digraph H,, with vertex set C = {c1,...,¢pn} that
does not have cycles of length 2 there exists an election E = (C,R) with a
preference profile R = (R, ..., R,), where n is even and polynomial in m,
such that if Hy,, contains the arc (c¢;, c;) candidate c; obtains eractly § + 1
points in the pairwise election against cj, and if Hy, does not contain an arc
between c; and c; then there is a tie in the pairwise election.

Also we can derive the following corollary from the proof of Theorem 2.3.3.

Corollary 2.3.5. For any digraph H,, with vertez set C = {c1,...,¢n} and
any set of numbers {k; ; | 1,7 : 1,...,m} there exists an election E = (C,R)
with a preference profile R = (Ry,..., R,) where n is even and polynomial
in m and max; j—1._m ki j, such that for any arc (¢;, ¢;) candidate ¢; obtains
exactly 5 + k;; points in the pairwise election against c; and if H,, does not
contain an arc between c; and c; then there is a tie in the pairwise election.

Better bounds on the number of voters needed to construct a profile that
induces a given digraph can be found in [35]. In [13] author have considered
the case of some given preorders for the voters and gave the upper bound for
the number of voter which we need to add to the election due to obtaining a
given digraph. this result also fall into the realm of corollaries above.

2.4 Gibbard-Satterthwaite Theorem

We remark, that one of the reason which support interest in computational
complexity of voting manipulation is the famous Gibbard-Satterthwaite theo-
rem. Informally, this theorem said that manipulation is almost always exists.
The exact formulation of this theorem is as follows.

=Cq4 = Cop > C1 >
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Definition 2.4.1. A woting rule F is dictatorial if there is a voter i (the
dictator) such that F(R) > ¢; for all c; € C'\ {F(R)}.

Definition 2.4.2. A voting rule F is onto if for each a candidate c; there
exists a preference profile R such that F(R) = ¢;.

Now we can state Gibbard-Satterthwaite theorem (see [26, 39]).

Theorem 2.4.3. A non-manipulable voting rule that is onto is dictatorial if
the number of candidates is at least three.
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Chapter 3

Randomized Tie-Breaking Rules

3.1 The model

In this chapter we discuss the complexity of manipulating elections under a
very common approach to tie-breaking, namely, choosing the winner uni-
formly at random among all tied candidates. In this case, knowing the
manipulator’s preference ordering is not sufficient to determine his optimal
strategy. For example, suppose that voter n prefers a to b to ¢, and by voting
strategically he can change the output of the voting correspondence from b to
{a,c}. Tt is not immediately clear if this manipulation is beneficial. Indeed,
if voter n strongly prefers a, but is essentially indifferent between b and c,
then the answer is probably positive, but if voter n strongly dislikes ¢ and
slightly prefers a to b, the answer is likely to be negative (of course, this also
depends on n’s risk attitude).

Thus, to model this situation appropriately, we need to know the utilities
that the manipulator assigns to all candidates. Under the natural assumption
of risk neutrality, the manipulator’s utility for a set of candidates is equal
to his expected utility when the candidate is drawn from this set uniformly
at random, or, equivalently, to his average utility for a candidate in this set.
Since we are interested in computational issues, it is reasonable to assume
that all utilities are rational numbers; by scaling, we can assume that all
utilities are positive integers given in binary.

Formally, given a set of candidates C', we assume that the manipulator is
endowed with a utility function u : C' — N. This function can be extended
to sets of candidates by setting u(S) = ﬁ Y eegu(c) for any S C C.

19
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Definition 3.1.1. Given a voting correspondence F and an election (C,R),
we say that a vote L is optimal for a manipulating voter n with a utility
function u : C' — N with respect to F combined with the randomized tie-
breaking rule if w(F(R_,,L)) > w(F(R_pn, L)) for all L' € L(C). We say
that the manipulator has a successful manipulation if his optimal vote L

satisfies W(F(R—n, L)) > u(F(R)).
Now we can state the problem of finding a successful manipulation.

Definition 3.1.2. An instance of the F-RANDMANIPULATION problem is a
tuple (E,u,q), where E = (C,R) is an election, u : C' — N is the manipula-
tor’s utility function such that u(c) > u(c') if and only if ¢ =, ¢, and q is a
non-negative rational number. It is a “yes™instance if there exists a vote L
such that uw(F(R_,, L)) > q and a “no™instance otherwise.

In the optimization version of F-RANDMANIPULATION, the goal is to
find an optimal vote.

We remark that F-RANDMANIPULATION is in NP for any polynomial-
time computable voting correspondence F: it suffices to guess the manipu-
lative vote L, determine the set S = F(R_,, L), and compute the average
utility of the candidates in S.

In the rest of this chapter, we will explore the complexity of finding an
optimal vote with respect to scoring rules, Bucklin, Maximin, Copeland and
several iterative rules under the randomized tie-breaking rule.

3.2 Scoring rules

All scoring rules turn out to be easy to manipulate under randomized tie-
breaking.

Theorem 3.2.1. For any scoring vector a = (aq, ..., ) Fo-RANDMANI-
PULATION is in P.

Proof. Recall that we assume that the manipulator is the last voter n with
a utility function u, and let R’ denote the preference profile consisting of all
other voters’ preferences. Let s; denote the score of candidate ¢; after all
voters other than n have cast their vote. Let us renumber the candidates
in order of increasing score, and, within each group with the same score,
in order of decreasing utility. That is, under the new ordering we have
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sp < -+ < s, and if s; = s; for some ¢ < j then u(c;) > u(c;). We say
that two candidates c;,c; with s; = s; belong to the same level. Thus, all
candidates are partitioned into h < m levels Hy,..., Hy, so that if ¢; € Hy
and ¢; € Hy, k </, then s; < s;.

Consider first the vote Ly given by ¢; > ... > ¢, and let T be the
number of points obtained by the winner(s) in (R’, Ly). We claim that for
any L € L£(C), in the preference profile (R', L) the winner(s) will get at least
T points. Indeed, let ¢; be the last candidate to get T' points in (R', Lo),
and suppose that there exists a vote L such that ¢; gets less than 1" points
in (R’, L). By the pigeonhole principle, this means that L assigns at least «;
points to some ¢; with j > 4, and we have s; +a; > s; +a; =T, i.e., some
other candidate gets at least T" points, as claimed. We will say that a vote
L is conservative if the winners’ score in (R', L) is T.

We will now describe possible optimal votes for the manipulator.

Lemma 3.2.2. If L mazimizes the utility of voter n, then either L is con-
servative or it can be chosen so that F, has a unique winner under (R’, L).

Proof. Suppose that this is not the case, i.e., any vote L that maximizes the
manipulator’s utility is such that the set S = F,(R', L) is of size at least
2, and all candidates in S get 7" > T points. Let ¢; be n’s most preferred
candidate in S; we have u(¢;) > u(S). Suppose that L grants o, points
to ¢;. Since we have s; + «; > T, it follows that j < 7. Now, consider
the vote obtained from Lo by swapping ¢; and ¢;. Clearly, all candidates in
C\ {ci,cj} get at most T" points, and ¢; gets T" > T points. Further, ¢; gets
sj + a; < s; + a; < T points. Thus, in this case ¢; is a unique winner and
u(e;) > u(S), a contradiction. O

Therefore, to find an optimal manipulation, it suffices to (i) check for
each candidate ¢ € C whether ¢ can be made the unique winner with a
score that exceeds T and (ii) find an optimal conservative vote. The optimal
manipulation can then be selected from the ones found in (i) and (ii).

Step (i) is easy to implement. Indeed, a candidate ¢; can be made the
unique winner with a score that exceeds 7' if and only if s; + a3 > T. To
see this, observe that if s; + a; > T, we can swap ¢; and ¢; in Lg: ¢; will
get more than 7' points, and all other candidates will get at most 7" points.
Conversely, if s; + a; < T, then the score of ¢; is at most 7" no matter how
voter n votes.
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Thus, it remains to show how to implement (ii). Intuitively, our algorithm
proceeds as follows. We start with the set of winners produced by Lg; we
will later show that this set is minimal, in the sense that if it contains z
candidates from some level, then for any vote the set of winners will contain
at least x candidates from that level. Note also that due to the ordering of
the candidates we select the best candidates from each level at this step. We
then try to increase the average utility of the set of winners. To this end, we
order the remaining candidates by their utility, and try to add them to the
set of winners one by one as long as this increases its average utility. We will
now give a formal description of our algorithm and its proof of correctness.

Let Sy = Fo(R', Ly). We initialize S and L by setting S = Sy, L = L.
Let >* be some ordering of the set C' that ranks the candidates in Sy first,
followed by the candidates in C'\ Sy in the order of decreasing utility, breaking
ties arbitrarily. We order the candidates from C'\ Sy according to >*, and
process the candidates in this ordering one by one. For each candidate c;, we
check if u(c;) > u(S); if this is not the case, we terminate, as all subsequent
candidates have even lower utility. Otherwise, we check if we can swap ¢;
with another candidate that is currently not in S and receives T — s; points
from L (so that ¢; gets T" points in the resulting vote). If this is the case, we
update L by performing the swap and set S = S U{c¢;}. We then proceed to
the next candidate on the list.

We claim that the vote L obtained in the end of this process is optimal
for the manipulator, among all conservative votes. We remark that at any
point in time S is exactly the set of candidates that get T points in (R/, L).
Thus, we claim that any conservative vote L satisfies u(F,(R/, L)) < u(S).

Assume that this is not the case. Among all optimal conservative votes,
we will select one that is most “similar” to L in order to obtain a contradiction.
Formally, let £y be the set of all optimal conservative votes, and let £ be
the subset of Ly that consists of all votes L’ that maximize the size of the
set Fo(R', L) N S. The ordering >~ induces a lexicographic ordering on the
subsets of C. Let L be the vote such that the set F, (R', L) is minimal with
respect to this ordering, over all votes in £;. Set S = ]:a(R’,j}); by our
assumption we have u(S) > u(S).

Observe first that our algorithm never removes a candidate from S: when
we want to add ¢; to S and search for an appropriate swap, we only consider
candidates that have not been added to S yet. Also, at each step of our
algorithm the utility of the set S strictly increases. These observations will
be important for the analysis of our algorithm.
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We will first show that S\ S is empty.
Lemma 3.2.3. We have S\ S = 0.

Proof. Suppose that the lemma is not true, and let ¢; be a candidate in S’\S
Suppose that ¢; appears in the j-th position in our ordering of C'\ Sy. If our
algorithm terminated at or before the j-th step, we have u(¢;) < u(S) < u(S’),
and hence u(S\ {¢;}) > u(S). Also, it is easy to see that if we swap ¢; and ¢;
in L than we obtain S\ {¢;} as a set of winners. So, this is a contradiction
with the optimality of L.

Thus, when our algorithm considered ¢;, it could not find a suitable swap.
Since ¢; € S, it has to be the case that there exists an entry of the scoring
vector that equals T — s;; however, when our algorithm processed c¢; it was
unable to place ¢; in a position that grants T' — s; points. This could only
happen if all candidates that were receiving T'—s; points from L at that point
were in S at that time; denote the set of all such candidates by B;. Note
that all candidates in B; belong to the same level as ¢;. Also, all candidates
in B; N .Sy have the same or higher utility than c;, because initially we order
the candidates at the same level by their utility, so that Ly grants a higher
score to the best candidates at each level. On the other hand, all candidates
in B; \ Sy were added to S at some point, which means that they have
been processed before ¢;. Since at this stage of the algorithm we order the
candidates by their utility, it means that they, too, have the same or higher
utility than c;.

Now, since L grants T'— s; points to ¢;, it grants less than 7" — s; points to
one of the candidates in B;. Let ¢ be any such candidate, and consider the
vote L’ obtained from L by swapping ¢; and ¢;,. Let 8" = Fo(R/, L'); we have
S = (S\ {¢;}) U{cx}. By the argument above, we have either u(cy,) > u(c;)
or u(cy) = u(e;). In the former case, we get u(S’) > u(S). In the latter
case, we get u(S") = u(S) and |S'N S| > [SNS|. In both cases, we obtain a
contradiction with our choice of L. O

Thus, we have S C S, and it remains to show that S C 5. We will first

show that S contains all candidates in Sj.

Lemma 3.2.4. We have Sy C S,

Proof. Suppose that |Sy N Hy| = my for k = 1,...,h. We will first show
that |S N Hg| > my for k =1,... h. Indeed, fix a k < h, and suppose that
the first candidate in the k-th level is ¢;. Then in (R, Ly) the scores of the
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candidates in Hj, are s; + o, ..., s; +«a; for some j > 4. If 5, +a; < T, then
my = 0 and our claim is trivially true for this value of k. Otherwise, by the
pigeonhole principle, if it holds that in (R, L) less than my, voters in Hj, get
T points, it has to be the case that at least one candidate in Hy,, U---U Hp,
receives at least «; points from L. However, for any ¢, € Hyy 1 U---U Hj, we
have s, > s;, so sy + a; > T, a contradiction with our choice of L.

Now, suppose that Sy N H, & S N Hy for some k < h, and consider a
candidate ¢, € (SyNHy)\ (SN Hy). Since we have argued that |S N Hy| > my,
it must be the case that there also exists a candidate ¢; € (SNHy)\ (SoNHy).
It is easy to see that Sy contains the my best candidates from Hy, so u(c,) >
u(c;). The rest of the proof is similar to that of Lemma 3.2.3: Consider the
vote L' obtained from L by swapping ¢, and c; and let S = Fo(R, L ). Since
¢ and ¢; belong to the same level, we have S’ = (S \ {¢;}) U {cx}. Thus,
either u(S") > u(S) or u(S') = u(S) and |S' N S| >SN S|. In both cases we
get a contradiction. Thus, we have Sy N Hy C SN H,.. Since this holds for
every value of k, the proof is complete. O

Given Lemma 3.2.3 and Lemma 3.2.4, it is easy to complete the proof.
Suppose that S is a strict subset of S. Observe first that for any subset
S" of S there is a vote L’ such that F,(R',L") = S’: we can simply ignore
the candidates that are not members of S’ when running our algorithm, as
this only increases the number of “available” swaps at each step. Now, order
the candidates in C'\ Sy according to >=*. Let ¢; be the first candidate in
this order that appears in S, but not in S. If there is a candidate c; that
appears later in the sequence and is contained in both S and S , consider
the set S" = S\ {¢;} U{c;}. As argued above, there is a vote L’ such that
Fo(R',L') = 8. Now, if u(c¢;) > u(c;), this set has a higher average utility
that S. Thus, this is a contradiction with our choice of L. On the other hand,
if u(c;) = u(c;), then we have u(S") = u(S), |SNS'| = |SNS|, and S’ precedes
S is the lexicographic ordering induced by >*, a contradiction with the choice
of L again. Therefore, none of the candidates in S that appear after ¢; in the
ordering belongs to S. Now, when we added ¢; to S, we did so because its
utility was higher than the average utility of S at that point. However, by
construction, the latter is exactly equal to u(S). Thus, u(S U {¢}) > u(S),
a contradiction again. Therefore, the proof is complete. O

Example 1. It can be easily seen from the algorithm of finding manipulation
for scoring rules under randomized tie-breaking that for the initializing of
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algorithm we do not need to know R, the sufficient information is scores of
candidates before submission of n-th vote and utility function of the last voter.
Thus, consider the following example with 5 candidates and Borda rule for
determination of the winner. Recall that s; denotes the score of candidate 1
before last voter votes.

S1 — 10,82 :6783 = 12,84 :4,85 = 10,
u(cr) = 2,u(er) = 3,u(es) = 1, uley) = 7,u(cs) = 4.

Step 1. We renumber candidates in order of increasing score. For can-
didates of the same score we use order of decreasing utility. After this step
candidate ¢, has score 4 and u(c,) =7, ¢, has score 6 and u(cy) = 3, ¢z and
¢, have scores 10, u(cy) = 4 and u(cy) = 2 and cs has score 12 and u(cs) = 1.

Step 2. Consider vote Ly = (cj,Cy, Cy,Cy, C5). After this vote candidates
have scores as follows.

$()) = 8, 5(ch) = 9, s(ch) = 12,5(c;) = 11, s(ch) = 12.

Here we also found T = 12.

Step 3. Now we determine the best candidate who can become the only
winner. The set of candidates whose score can exceed 12 is {c3,cy, Cs}. The
candzdate 03 has the largest utility among these candidates. By swappmg c
and cy in Ly we obtain vote L. If the last voter submits L then c is the only
winner of the election and the utility of last voter is 4.

Step 4. Now we find the optimal conservative vote. It is easy to see
that candidates from first and second levels (c),c,) cannot be among tied
candidates and cs is always among the tied candidates. From the level 3
exactly one candidate who receive 2 points from the last voter is in the set
of tied candidates. Thus, Lo is the optimal conservative vote. After the
submitting Lo the set of tied candidates is {cg, c:,,} and utility of last voter is
2,5.

Thus, vote L maximizes utility of manipulator. In the original notation
the best manipulative vote is (cs, ca, Cyq, 1, C3).

3.3 Bucklin

In this section, we describe a polynomial-time algorithm for Bucklin-RAND-
MANIPULATION. In the first subsection we will focus on the simplified Buck-
lin rule, and omit the term “simplified” throughout this section; in the second
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subsection, we will explain how to extend our algorithm to the classic Bucklin
rule.

3.3.1 Simplified Bucklin

We first need some additional notation. Consider an election £ = (C,R)

with |C| = m and the preference profile R = (Ry,...,R,), and suppose

that the manipulating voter has utility function u. Set E' = (C,R’) and

R = (Ry,...,R,_1). For any c € C, let si(c) denote ¢’s k-approval score in

R’. Given an L € L(C), let S(L) be the set of Bucklin winners in (R_,, L).
Let £ = min{k | sx(c) > [ 5] + 1 for some ¢ € C}, and set

D:{CEC\SZ(C)ZLgJ—i—l}.

Clearly, for any L € £(C), if k is the Bucklin winning round in (R_,, L),
then £k < /. Foreach i =1,...,m, let

Cz‘ = {C < C | Si(c> = LgJ;Si—1<C) < LgJ}a

and set C; =, Cjifi <land Ccp = (U;,Cj) \ D.

Suppose that ¢ < /. If the manipulator ranks a candidate ¢ € C; in
position ¢ or higher, and ranks each candidate in C'; in position i or lower,
in the resulting election ¢ is the Bucklin winning round, and c¢ is a Bucklin
winner. Conversely, if i < ¢ is the Bucklin winning round in (R_,, L) and a
candidate ¢ is a Bucklin winner, then one of the following conditions holds:
(a) ¢ € C; and c is ranked in position ¢ or higher in L, or (b) ¢ € C; and ¢
is ranked in position ¢ in L, or (¢) i = ¢ and ¢ € D.

For i < ¢ and s < m, let L; s denote the set of all votes L € L(C) such
that (a) ¢ is the Bucklin winning round in (R_,,, L) and (b) |S(L) N C;| = s.
Also, let L}, = argmax{u(S(L)) | L € L;,} be the set of utility-maximizing
votes in L; .

We will now explain how to find a vote in L7 . First, we will show that
if L* € L;, and the set S(L*) contains some candidate ¢ € C';, then c is the
top candidate in C_,.

Lemma 3.3.1. If L* € L}, for some i < { and s <m and S(L*) N Cs; # 0,
then |S(L*)NC4| =1 and S(L*) N C; € argmax{u(c) | c € C;}.
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Proof. Fix a vote L* € Lj, and let ¢ be a candidate in S(L*) N C;. Since
1 is the Bucklin winning round for L* and ¢ € C_;, ¢ cannot be ranked in
position ¢ — 1 or higher in L*. Further, since ¢ € S(L*) and i is the Bucklin
winning round for L*, ¢ cannot be ranked in position ¢ + 1 or lower in L*
(here, for ¢ = /¢ it is crucial that the set C'-, does not contain candidates
in D). Hence, c is ranked in position ¢ in L*, so |[S(L*) N C;| = 1. Now,
if ¢ ¢ argmax{u(c) | ¢ € C.;}, consider the vote L' obtained from L* by
swapping ¢ with some candidate b € argmax{u(c) | ¢ € C.;}. We have
L' € L;s. Further, the argument above shows that b & S(L*), so S(L') =

(S(L*)\ {c}) U {b} and hence u(S(L")) > u(S(L*)), a contradiction. O
Now, we use Lemma 3.3.1 to find a vote in L7 ..

Lemma 3.3.2. For any i < { and any s < |C|, there is a polynomial-time
algorithm that checks whether L; s is non-empty, and, if so, identifies a vote
L e,

Proof. Let ﬁl{s be the set of all votes L in £, ; such that S(L) N C.; # 0,
and let L7, = L;,\ £},. We will identify the best vote in £}, and L7, and
output the better of the two. Observe that either or both of £}, and L7, can
be empty: if both are empty, then so is £, 5, and if Ef}s is empty, but Ei;j is
not, we output the best vote in ﬁij.

If C.; # 0, let b; be some candidate in argmax{u(c) | ¢ € C.;}. By
Lemma 3.3.1, to find the best vote in L;S, we place b; in position i. Now, we
need to place s candidates from C; in top i — 1 positions. Clearly, if |C;| < s
orif s > ¢—1, this is impossible, so Lll,; = (). Otherwise, we pick s candidates
in C; with the highest utility, breaking ties arbitrarily, and rank them in top
s positions in the vote. We then fill the remaining i — 1 — s positions above ¢
with candidates from C'\ (C;UC,;); again, if |C'\ (C;UC,;)| < i—1—s, then
51‘1,5 = (). The remaining candidates can be ranked arbitrarily. It is easy to
see that the resulting vote Ly is in £}, and, moreover, u(S(L1)) > u(S(L'))
for any L' € L} ,.

The procedure for finding the best vote in £, is similar. By the same
argument as in the previous case, if |C;| < sor s >ior |C\ Cipq| <i—s,
then ﬁis is empty. Otherwise, we pick s candidates in C; with the highest
utility, rank them in top s positions in the vote, rank some candidates from
C\ (C; UCL) in the next ¢ — s positions, and then rank the remaining
candidates arbitrarily. The resulting vote Lo satisfies u(S(Lz2)) > u(S(L'))
for any L' € L?,. O
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Using Lemma 3.3.2, we can simply find the best votein £, ; foralle =1,...,¢,
s = 0,...,m; while for many values of ¢ and s the set £, ; is empty, we have
L; s # 0 for some i < ¢, s < m. We obtain the following result.

Theorem 3.3.3. Simplified Bucklin-RANDMANIPULATION is in P.

a a b b d

Example 2. Suppose R = brdac and u(d) = 10,u(b) = 5,u(c) =
d b dd a ’ ’
c ccabd

2,u(a) = 1.

It is easy to see that L%J =3 and |l = 3 as well. Clearly, C; = Cy =
C3 =10, Cy ={a,b} and D = {a,b,d}. Therefore, C.3=Cy\ D = {).

Step 1. Evidently, L, s =10.

Step 2. Clearly, Loy =0 if s > 2. It follows from Cey = 0 that L, =0
fors =1,2. Now we will identify the best votes in £3,1 and E%Q. At first place
we consider 55,1- We take the candidate with highest utility from Cy and this
candidate is b. Afterward we take arbitrary candidate from C'\ (CoUCy) =
{c,d}, for example, c. The following candidates can be placed in arbitrary
order. Thus, we obtain (b,c,d,a) € L3 ,. Similarly we find (b,a,d,c) € L3 ,.
It is easy to see that (b,c,d,a) gives a better outcome of the election.

Step 3. It follows from C.3 = C3 = () that only £§70 can be non-empty.
Similarly to the previous step we obtain (c,d,b,a) € L3,

Comparing (b,c,d,a) and (c,d,b,a) we can see that (c,d,b,a) gives the
best outcome of the election.

3.3.2 Classic Bucklin

To extend our algorithm to the classic Bucklin rule, observe that if L € £,
for some i < ¢, then each Bucklin winner in (R_,, L) has the same i-approval
score (namely, | 5 |41), therefore, any simplified Bucklin winner in (R_,, L) is
also a Bucklin winner in (R_,, L). Thus, only the case i = ¢ has to be handled
differently. In this case, it matters which candidates in D are ranked in top ¢
positions by the manipulator, as this affects their f-approval score. Therefore,
for this case we denote by L, the set of all votes L € £(C) such that (a)
¢ is the Bucklin winning round in (R_,, L) and (b) |S(L) N (C, U D)| = s.
As in the previous case, we define the set of votes EAZS as the set of utility-
maximizing votes in Ly, and let L* be a vote in ﬁzs



3.3. BUCKLIN 29

Lemma 3.3.4. There is a polynomial-time algomthm that checks whether
Egs 1s non-empty, and, if so, identifies a vote L* € E

Proof. Divide the set EAZS into three subsets as follows:
e let £; be the set of all votes L in ﬁ}fs such that S(L) C D;
e let £y be the set of all votes L in ﬁ}‘s such that S(L) N C # 0;
o let L5 =L, \ (L1ULy).

Let d = max{si(c) | ¢ € D}. Evidently, the Bucklin winning score in
(R-n, L) for a L € L] is either d or d + 1.

If d > |2] + 1 then S(L) C D for any L € L;, and, so, L = (} and

= (). Therefore, in this case our algorithm needs to check whether £, = ()
and if it is not the case then find L* € £,. If d = [§] + 1, all three sets can
be nonempty, and the algorithm will identify the best vote in £, L5 and L3
and output the better of the three. Thus, we divide proof into two cases:
d>|5]+landd= %] +1

Denote the set of candidates whose score s,(c) is equal to d by D,, and
the set of candidates whose score s,(c) is equal to d — 1 by Dy 1.

Case d > | 5] + 1. It is easy to see that £; = 0 if |Cy| > m — (€ = 1).
Therefore, we can consider only the case |Cs| < m — (¢ —1). Now we
will construct the best vote L; such that the Bucklin winning score in
(R_n, L) is equal to d + 1 and the best vote Ly such that the Bucklin
winning score in (R_,, Ly) is equal to d, and output the better of the
two. If both votes do not exist then £; = 0.

First suppose that the Bucklin winning score is d + 1. In this case
S(Ly) C Dy. It is easy to see that the utility of any s-element subset
of D, is at most the sum of utilities of s most valuable candidates.
Thus, if |[Dy| — s < m — ¢ —max{|C| — 1,0} and s < ¢ then we rank
s most valuable (ties is broken arbitrary) candidates from D, at top
s positions, rank one of the candidates from C_, at place ¢, and rank
all other candidates in Dy and Cy at the |Dy| 4+ |C<¢| — s — 1 bottom
places; the remaining candidates can be ranked arbitrarily. The output
is the vote L;. In this case £ is the Bucklin winning round in (R_,,, L;)
and only the s candidates from Dy who are ranked above ¢-th position
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have score d+ 1 in this round, while other candidates have lower scores.
So, they are the only winners and the utility of this set of candidates
is larger than the utility of any subset of D,. If s = ¢ the procedure
will be almost the same excluding the placement of one candidate from
C., at position /.

Suppose |Dg| —s > m — { — max{|C-y| — 1,0}. Then all candidates
in the set Dy U C-y cannot be ranked at places ¢ (this position can be
allocated to a candidate in C—, only) and below. Therefore £ = ().

Now consider a vote Lo such that d is the Bucklin winning score for
(R_y, Ly). Evidently, if | D4| > s then there are no such votes, because
Dy C S(Ls). So, we can assume |Dy| < s. By our assumption d >
| 5] + 1, so, it is evident that L, can be obtained almost exactly as
in the previous case with two modifications: We will rank s — |Dy|
candidates from D;_; above £ instead of candidates from D, and place
all remaining candidates from Dy ; and the candidates from Dy, U C_,
below /. One candidate in C, can still be ranked at position .

Case d = | 2] + 1. Notice that Dy = () in this case.

It is easy to see that in this case the best vote L, such that the Bucklin
winning score in (R_,, L1) is equal to d + 1 can be found exactly as in
the previous case. Now we will find an optimal vote L* such that the
Bucklin winning score in (R_,, i*) is equal to d.

First consider L;. Obviously, Dy C S(L;). By definition of L; we also
have S(L;) C Dy, therefore, either S(L;) = Dy and |Dy| = s, or L1 = 0.
If S(L1) = Dy then neither the candidates from Cj, nor those from C_,
can be among the winners of the election and, therefore, all candidates
D4UC,UC, are ranked below ¢. Therefore, if | Dy|+|Cy|+|C<p| < m—¢
then we can put candidates from Dy, U Cy, U C, at bottom places, and
all others can be ranked arbitrary. Otherwise, £; = ().

Second consider L,. By definition of Ly one candidate from C'-, and at
least one candidate from C, can be among the winners of the election.
Thus, at most s — 2 winners can be from the set D;. Therefore, all
candidates from D, and |Cy|—1 candidate from C, are ranked below ¢
as well as | Dy|+|Cy| —s candidates from C;. So, if |Cy|+|Cf|+|Dy|—s <
m — £ + 1 then put |D,4| + |Cy| — s best candidates from Cy (ties are
broken arbitrary) at top places, the best candidate from C., at the
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place ¢, all remaining candidates from C, U C., and candidates from

Dy at bottom places, and all others candidates can be ranked arbitrary.
Otherwise, £, = (.

The third vote L3 can be handled almost exactly as Ls.

Using this lemma we can easily obtain the following theorem.
Theorem 3.3.5. Bucklin-RANDMANIPULATION s in P.

Proof. Using Lemmas 3.3.2 and 3.3.4, we can simply find the best vote in

L; s and in EAKS foralle=1,...,0—1, s =0,...,m; while for many values of
i and s the sets £; s and L, are empty, we have either £; s # () or L, # ()
for some i < ¢, s < m. OJ

3.4 Maximin

3.4.1 General utilities

In this section, we show that Maximin-RANDMANIPULATION is NP-hard. In
fact, our hardness result holds even for a fairly simple utility function, namely
if we set u(w) =0, u(c) = 1 for c € C\{w}, then Maximin-RANDMANIPULA-
TION becomes NP-complete. Observe that if the manipulator has this utility
function, and w is the Maximin winner irrespective of manipulator’s vote,
then the manipulator’s goal is to maximize the overall number of Maximin
winners.

Our hardness proof proceeds by a reduction from FEEDBACK VERTEX
SET [25]. Recall that an instance of FEEDBACK VERTEX SET is given by
a directed graph G with s vertices {v1,...,vs} and a parameter ¢t < s; it is
a “yes’-instance if it is possible to delete at most ¢ vertices from G so that
the resulting graph contains no directed cycles and a “no™-instance otherwise.
It will be convenient to assume that G contains no directed cycles of length
2. It is easy to see that FEEDBACK VERTEX SET remains NP-hard under
this assumption. Indeed, given an arbitrary instance (G,t) of FEEDBACK
VERTEX SET with r arcs, we can introduce r new vertices vq,...,v. and
replace each arc of the form e; = (v;, ) with a path of length 2 that consists
of arcs (v;,v}) and (V},1); denote the resulting graph by G'. Clearly, ¢’

7
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contains no directed cycles of length 2, and if (G,t) is a “yes’-instance of
FEEDBACK VERTEX SET, so is (G',t): if the removal of a vertex set X
eliminates all directed cycles in G, its removal also eliminates all directed
cycles in G'. Conversely, if we can eliminate all directed cycles in G’ by
removing a set of vertices Y, consider the set Y’ obtained from Y by replacing
each vertex v/ € Y with a vertex v; such that (v;, 1)) is an arc of G'. It is easy
to see that removing Y eliminates all directed cycles in G and |Y'| < |Y].
Thus, from now on, we will assume that G contains no directed cycles of
length 2.

Theorem 3.4.1. Maximin-RANDMANIPULATION s NP-complete.

Proof. We have argued that Maximin-RANDMANIPULATION is in NP. For
the hardness proof, suppose that we are given an instance (G, t) of FEEDBACK
VERTEX SET, where G is an s-vertex graph with the vertex set {v,..., s}
that has no directed 2-cycles. We will now construct an instance of our
problem with C' = {c, ¢, ..., cs, w}.

By Corollary 2.3.4, there exists an election F = (C, R’) with a preference
profile R = (Ry,..., R,_1), where n is odd, such that

o fori=1,...,s, if the indegree of v; in G is at least 1, then exactly "T_l
voters rank w above c;; otherwise, exactly "T_l + 1 voter ranks w above
C;.

o if (v;,v;) € G (and hence, since G contains no directed cycles of length
2, (vj,v;) € G), exactly "5 + 1 voters rank ¢; above ¢;.

o if (v;,v;) € G and (v;,1;) & G, exactly "5 voters rank ¢; above ¢;.

Moreover, R’ = (Ry,..., R,_1) can be constructed in time polynomial in s.
We will say that c; is a parent of ¢; if exactly “T’l + 1 voter ranks ¢; above
c¢;. Observe that in the resulting election the Maximin score of w is ”;1, and
the Maximin score of any other candidate is "T_l —1.

Recall that n is the manipulator, and consider the election E” = (C, R")
with a preference profile R” = (R',L) = (Ry,...,R,_1, L), where L is the
manipulator’s vote. Since w is the unique Maximin winner before the ma-
nipulator votes, and w’s score exceeds the score of any other candidate by 1,
a candidate ¢; is a winner of (R/, L) if and only if (a) the manipulator ranks
¢; above all of her parents and (b) w’s Maximin score does not increase;
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on the other hand, w will remain the Maximin winner no matter how the
manipulator votes.

Let the manipulator’s utility be given by u(w) = 0, u(c) = 1 for any
¢ € C'\ {w}. Under this utility function, the manipulator’s utility is 0 if
w is the only Maximin winner, 1 if w is not among the Maximin winners,
and r/(r+ 1) if the Maximin winners are w and r candidates from C'\ {w}.
Let R, be some preference order over C' that is consistent with u, and set
R = (Ry,...,Ry_1,R,) and E' = (C,R). We claim that (G,t) is a “yes”-
instance of FEEDBACK VERTEX SET if and only if (E',u, (s —t)/(s—t+1))
is a “yes™-instance of Maximin-RANDMANIPULATION.

Suppose (G, t) is a “yes’-instance of FEEDBACK VERTEX SET. Then we
can delete t vertices from G so that the resulting graph G’ is acyclic, and hence
can be topologically sorted. Let v;,,...,v;,_, be the vertices of G', listed in
the sorted order, i.e., so that any edge of G is of the form (v;,,v;,) with j < £,
Consider the vote L obtained by ranking the candidates that correspond to
vertices of G’ first, in reverse topological order (i.e., ¢;,_,,...,¢;, ), followed
by the remaining candidates in C'\ {w}, followed by w. By construction,
each of the first s — ¢ candidates is ranked above all of its parents, so its
Maximin score in (R, L) is ”T_l On the other hand, w’s score remains equal
to "51. Thus, the manipulator’s utility in the resulting election is at least
(s—t)/(s—t+1).

Conversely, suppose the manipulator submits a vote L’ so that in the
preference profile (R_,,, L’) his utility is at least (s —t)/(s —t+1). We have
argued that w is a Maximin winner in (R_,, L), and therefore (R_,,, L’) has
at least s —t+1 Maximin winners (including w). Let C’ be a set of some s—t
candidates in C'\ {w} that are Maximin winners in (R_,, L), and suppose
they appear in L' ordered as ¢;,, ..., ¢;._,. Let G’ be the induced subgraph of
G with the set of vertices v;,,...,v;,_,. Each of the candidates in C” appears
in L' before all of its parents. Therefore, in the ordering v;,...,v;,_, of
the vertices of G’ all arcs are directed from right to left, i.e., G’ contains
no directed cycles. Since G’ has s — t vertices, this means that (G,t) is a
“yes”-instance of FEEDBACK VERTEX SET. O

3.4.2 A tractable special case

In the previous section, we have shown that Maximin with randomized tie-
breaking does not admit an efficient algorithm for finding an optimal ma-
nipulation in the general utility model. However, we will now present a



34 CHAPTER 3. RANDOMIZED TIE-BREAKING RULES

polynomial-time algorithm for this problem assuming that the manipulator’s
utility function has a special structure. Specifically, recall that in the model
of |6] the manipulator’s goal is to make a specific candidate p a winner. This
suggests that the manipulator’s utility can be modeled by setting u(p) = 1,
u(c) = 0 for all ¢ € C'\ {p}. We will now show that for such utilities there
exists a polynomil-time algorithm for finding an optimal manipulation under
Maximin combined with the randomized tie-breaking rule.

Theorem 3.4.2. If the manipulator’s utility function is given by u(p) = 1,
u(c) = 0 for ¢ € C\ {p}, the problem of finding an optimal manipulation
under Mazimin combined with the randomized tie-breaking rule is in P.

Proof. Consider an election E = (C, R) with the candidate set C' = {cy,...,cn}
and recall that n is the manipulating voter. In this proof, we denote by s(¢;)
the Maximin score of a candidate ¢; € C' in the election E' = (C,R’), where
R’ =TR_,. Let s = max,,ec s(¢;).

For any ¢; € C, the manipulator’s vote increases the score of ¢; either by
0 or by 1. Thus, if s(p) < s — 1, the utility of the manipulator will be 0
irrespective of how he votes.

Now, suppose that s(p) = s — 1. The manipulator can increase the score
of p by 1 by ranking p first. Thus, his goal is to ensure that after he votes
(a) no other candidate gets s + 1 point and (b) the number of candidates
in C'\ {p} with s points is as small as possible. Similarly, if s(p) = s, the
manipulator can ensure that p gets s + 1 points by ranking him first, so his
goal is to rank the remaining candidates so that in C'\ {p} the number of
candidates with s+ 1 points is as small as possible. We will now describe an
algorithm that works for both of these cases.

We construct a directed graph G with the vertex set C' that captures the
relationship among the candidates. Namely, we have an edge from ¢; to ¢;
if there are s(c;) votes in R/, where ¢; is ranked above ¢;. Observe that, by
construction, each vertex in GG has at least one incoming edge. We say that
¢; is a parent of ¢; in G whenever there is an edge from ¢; to ¢;. We remark
that if the manipulator ranks one of the parents of c; above ¢; in his vote,
then ¢;’s score does not increase. We say that a vertex ¢; of G is purple if
s(c;) = s(p) + 1, red if s(¢;) = s(p) and ¢; # p, and green otherwise; note
that by construction p is green. Observe also that if s(p) = s, there are no
purple vertices in the graph. We will say that a candidate c; is dominated
in an ordering L (with respect to G) if at least one of ¢;’s parents in G
appears before ¢; in L. Thus, our goal is to ensure that the set of dominated
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candidates includes all purple candidates and as many red candidates as
possible.

Our algorithm is based on a recursive procedure A, which takes as its
input a graph H with a vertex set U C C together with a coloring of U
into green, red and purple; intuitively, U is the set of currently unranked
candidates. It returns “no” if the candidates in U cannot be ranked so that
all purple candidates in U are dominated by other candidates in U with
respect to H. Otherwise, it returns an ordered list L of the candidates in U
in which all purple candidates are dominated, and a set S consisting of all
red candidates in U that remain undominated in L with respect to H.

To initialize the algorithm, we call A(G). The procedure A(H) is de-
scribed below.

1. Set L = 0.
2. If H contains p, set L = [p|, and remove p from H.

3. While H contains a candidate c that is green or has a parent that has
already been ranked, set L :: [c] (where :: denotes the list concatenation
operation) and remove ¢ from H.

4. If H is empty, return (L, ).
5. If there is a purple candidate in H with no parents in H, return “no”.

6. If there is a red candidate ¢ in H with no parents in H, let H' be the
graph obtained from H by coloring ¢ green. Compute A(H’). If A(H’)
returns “no”, return “no”. Otherwise, if A(H') returns (L', S’), return
(L L', S"U{c}).

7. At this point in the algorithm, each vertex of H has a parent. Hence, H
contains a cycle. Let T be some such cycle. Collapse T, i.e., (a) replace
T with a single vertex t, and (b) for each y € T, add an edge (¢,y) if
H contained an edge (z,y) for some z € T" and add an edge (y,t) if H
contained a vertex z with (y,z) € H. Color ¢ red if T contains at least
one red vertex, and purple otherwise. Let H' be the resulting graph
and call A(H'). If A(H') returns “no”, return “no”. Now, suppose that
A(H’) returns (L', 5").

Suppose that ¢ € S’. At any point in the algorithm, we only put a
vertex in S if it is red, so ¢ must be red, and hence T contains a red
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vertex. Let ¢ be some red vertex in 7', and let L be an ordering of the
vertices in T' that starts with ¢ and follows the edges of T'. Let L” be the
list obtained from L' by replacing ¢ with L (i.e., if L' = Ly =: [t] = Lo,
then L” = Ly =: L :: Ly). Return (L == ", (S"\ {t}) U {c}).

If t  S’, then by Lemma 3.4.3 (see below) ¢ is dominated in H'. Let
a be a parent of t that precedes it in L’. Then T contains a child of
a. Let ¢ be some such child, and let L be an ordering of the vertices
in T that starts with ¢ and follows the edges of T'. Let L” be the list
obtained from L' by replacing ¢ wish L. Return (L :: L”, S").

We will now argue that our algorithm outputs “no” if and only if no
matter how manipulator n votes, some candidate in C'\ {p} gets s(p) + 2
points. Moreover, if A(G) = (L, S) and the set S contains 7 red candidates,
then whenever manipulator n votes so that after his vote all other candidates
have at most s(p) + 1 points, there are at least r red candidates with s(p) + 1
points.

We will split the proof into several lemmas.

Lemma 3.4.3. At any point in the execution of the algorithm, if A(H) =
(L,S), then each candidate in U \ S is dominated in H.

Proof. The proof is by induction on the recursion depth. Consider a candi-
date x € U\ S. Clearly, if there are no recursive calls, A ranks z at Step 3,
and the claim is obviously true.

For the induction step, suppose that the claim is true if we have d nested
recursive calls, and consider an execution that makes d+1 nested calls. Again,
consider a candidate z € U \ S. As in the base case, if x has been ranked
in Step 3 the claim is clearly true. If x was ranked in Step 6, it follows that
x ¢ S', and the claim follows by the inductive assumption. Now, suppose
that = was ranked in Step 7 when we collapsed some cycle T. If x ¢ T', then
x € S and the claim follows by the inductive assumption. In particular, if
x was ranked after ¢ before the expansion, there is some vertex y in T" such
that H contains the edge (y, x), so after expansion z will be dominated by y.

Now, suppose that x € T. If ¢t was in S’, but x was not added to S, it
means that  was not the first vertex of 7' to appear in the ranking, i.e., =
was ranked after its predecessor in 7. If t was not in S’, then by the inductive
assumption t was ranked after its parent in H’, i.e., there is a z € H"\ {t}
such that z is ranked before ¢ in L' and there is an edge (z,t) in H'. By
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construction of ¢, this means that there is a vertex y € T such that there
is an edge (z,y) in H. Thus, when we expanded ¢ into 7', the first vertex
of T" to be ranked was placed after its parent, and all subsequent vertices of
T were placed after their predecessors in 1. Thus, all vertices in 7" and, in
particular, x, are dominated. O

We are now ready to prove that our algorithm correctly determines whether
the manipulator can ensure that no candidate gets more than s(p)+ 1 points.

Lemma 3.4.4. The algorithm outputs “no” if and only if for any vote L
there 1s a purple candidate that is undominated.

Proof. Observe that the algorithm only outputs “no” if it finds a purple can-
didate with no parents. Let ¢ be some such candidate. Now, in the original
graph G each vertex has a parent. Further, if there was an edge from some
x to ¢, and we collapsed a cycle T' that contains x, but not ¢, there is still
an edge from the resulting vertex ¢ to ¢. Thus, the only way to obtain a
purple vertex with no incoming edges is by collapsing a cycle T" such that
T contains purple vertices only, and no vertex of 7" has an incoming edge.
By induction on the execution of the algorithm, it is easy to see that if we
obtained a purple vertex with no incoming edges at some point, then in the
original graph there was a group of purple vertices such that there was no
edge from any red or green vertex to any of the vertices in the group. Now,
in any ordering on C one of the candidates in this group would have to be
ranked first. By construction, this candidate would be ranked before all its
parents, so it is undominated.

Conversely, suppose that the algorithm does not answer “no”, and outputs
a pair (L, S) instead. We have observed that S consists of red vertices only.
Thus, by Lemma 3.4.3 each purple vertex is dominated. O

It remains to show that the set S output by the algorithm contains as
few candidates as possible.

Lemma 3.4.5. At any point in the execution of the algorithm, if A(H) =
(L,S), then in any ordering of the candidates in U in which each purple
vertex in U is dominated, at least |S| red vertices in U are undominated.

Proof. The proof is by induction on the recursion depth. Suppose first that
we make no recursive calls. Then our algorithm outputs S = (), and our
claim is trivially true. Now, suppose that our claim is true if we make d
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nested calls. Consider an execution of A which makes d + 1 nested call, and
suppose that when we call A(H') within this execution, it returns (L, S").

Suppose first that we made the recursive call in Step 6 of the algorithm,
and therefore set S = S" U {c}. Suppose for the sake of contradiction that
there exists a ranking of the candidates in U such that at most |S| — 1
candidate is undominated. Since ¢ has no parents in H, there are at most
|S| — 2 other red candidates that are undominated. In other words, if we
recolor ¢ green, in the resulting instance (which is exactly the instance passed
to A during the recursive call), there are at most |S| — 2 undominated red
candidates. Since |S’| = |S| — 1, this is a contradiction with the inductive
assumption.

Now, suppose that we made the recursive call in Step 7 of the algorithm,
and collapsed a cycle T into a vertex t. Again, assume for the sake of contra-
diction that there exists a ranking L of the candidates in U such that at most
|S| — 1 candidates are undominated. Let ¢ be the first vertex of T" to appear
in L. Consider the ranking of U’ obtained by removing all vertices of T'\ {c}
from L and replacing ¢ with ¢; denote this ranking by L’. We claim that in
L’ at most |S| — 1 vertices of H' are undominated. Indeed, any parent of c
in H is a parent of ¢t in H’, so t is undominated if and only if ¢ was. On the
other hand, if for some vertex x the only parent that preceded it in L was a
vertex y € T'\ {c}, then in H’ there is an edge from t to z, i.e., x is preceded
by its parent ¢ in L’. For all other vertices, if they were preceded by some
parent z in L, they are preceded by the same parent in L'. Since |S| = |5,
we have shown that U’ can be ordered so that at most |S’| — 1 vertices are
undominated, a contradiction with the inductive assumption. O

Combining Lemma 3.4.4 and Lemma 3.4.5, we conclude that if our algo-
rithm outputs (L,S), then L is the optimal vote for the manipulator and if
our algorithm outputs “no”, then the manipulator’s utility is 0 no matter how
he votes. Also, it is not hard to see that the algorithm runs in polynomial
time. Thus, the proof is complete. O

Example 3. In this example we begin from the graph G, which we obtain
from the profile R_,,. This graph can be seen at picture 3. We suppose that
all vertices except p are red in this graph and p is green.

Step 1-6. The only thing which algorithm does at these steps is adding p
to L and deleting it from G. Step 7. After collapsing the cycle (c,d, f) to the
single vertex cdf we obtain the graph at picture 3. Color of vertex cdf is red.
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p

Figure 3.1: Graph G

cdf
b

Figure 3.2: Graph G after contracting the cycle (¢, d, f)
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Now we return to the step 6 and color cdf green. Verter cdf is the only
green vertex in the graph, thus, add it to L. Now, both vertex a and b have
parent in L and therefore can be added to L in arbitrary order (say, a,b). All
vertices ¢, d, f are red, therefore we can replace cdf in L by vertices c,d, f in
arbitrary order. For example, c,d, f.

Now we obtain the vote (p,c,d, f,a,b) and it is easy to see that there are
2 winners p and c. The utility of manipulator is %

3.5 Copeland

For the Copeland rule, we give an NP-hardness reduction from the INDE-
PENDENT SET problem [25]. An instance of this problem is given by an
undirected graph G and a positive integer ¢t. It is a “yes’-instance if G con-
tains an independent set of size at least ¢, i.e., if G has at least t vertices such
that no two of them are connected by an edge; otherwise, it is a “no”-instance.

Our reduction makes use of a technical lemma, which essentially shows
that any undirected graph G can be obtained as a graph of ties in an election
whose size is polynomial in the size of G; a similar result appears in [22]
(Lemma 2.4).

Lemma 3.5.1. Let G be an undirected graph with the verter set vy, ..., Vs,
s > 3. Let d(v;) denote the degree of vertex v;. Then there exists a directed
graph G' with the vertex set G U Z U{w}, where G = {g1,...,9s}, Z =
{21, ..., 24541}, such that the outdegree doy and the indegree dy, of each vertex

of G satisfy
o dou(w) =45+ 1, din(w) = s;
o doyi(g:) =4s+ 1 —d(v;),din(gi) = s fori=1,...,s;
o din(2) + dout(2) =5s+ 1 and dow(2) < 3s+1 forall z € Z,

G' contains no 2-cycles, and, furthermore fori,j € {1,...,s}, g; and g; are
not connected by an arc in G if and only if there is an edge between v; and
Vj m Q

Proof. The graph G’ is constructed as follows. First, we add an arc (g, w) for
each g € G and an arc (w, z) for each z € Z. Further, for any 7,5 € {1,..., s},
i < j, we add an arc (g;,¢;) if and only (v;,v;) € G. Also, we add an arc
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(2i,2;) for any 4,5 € {1,...,4s+ 1} such that j € {i +1,...,7+ 2s}, where
summation is taken modulo 4s+1. At this point, w has the required indegree
and outdegree, dow(9),din(g) < s for any g € G, and di,(2) = dowt(2) = 25
for any z € Z.

Now, for i =1, ..., s, we pick an arbitrary subset Z; C Z of size 4s+ 1 —
d(v;) — d;, where d; is the current outdegree of g;, add an arc (g;, z) for all
z € Z;, and add an arc (z,¢;) for all z € Z\ Z;. After this step, the vertices
in G have the desired indegree and outdegree. Moreover, for each z € Z and
each x € (ZUGU{w}) \ {2z} we have either (z,2) € G or (z,2) € G. Finally,
we have diy(z) > 2s, 50 dow(s) < 3s + 1. Therefore, G’ has the requested
properties. ]

We are now ready to present the main result of this subsection.

Theorem 3.5.2. Copeland”-RANDMANIPULATION is NP-complete for any
rational o € [0, 1].

Proof. Fix a rational o € [0, 1]. We have argued that Copeland®-RANDMA-
NIPULATION is in NP. For the hardness proof, suppose that we are given an
instance (G, t) of INDEPENDENT SET, where G is a graph with the vertex set
{11,...,vs}. We will now construct an instance of our problem with a set of
candidates C' = GUZU{w}, where G = {g1,99,...,9s}, Z = {21, .., 24541}

Given two candidates z,y € C' in an n-voter election, we say that x safely
wins a pairwise election against y (and y safely loses a pairwise election
against x) if at least |n/2| +2 voters prefer x to y. For any candidate z € C,
let SW(x) and SL(z) denote the number of pairwise elections that z safely
wins and safely loses, respectively.

Let d(v;) denote the degree of the vertex v; in G. By Lemma 3.5.1 and
Corollary 2.3.5, we can construct an election E' = (C,R’) with a preference
profile R' = (Ry,..., R,_1) that has the following properties:

o SW(w) =4s+ 1, SL(w) = s;
e SW(g;)) =4s+1—d(v;),SL(g;) =sfori=1,...,s;
o SW(z)+SL(z) =55+ 1 and SW(z) < 3s+1 for any z € Z;

e there is a tie between two candidates ¢ and ¢ if and only if ¢ = ¢,
c =g, for some 4,5 € {1,...,s} and there is an edge between v; and
vjin G.
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Consider an election F = (C,R) with R = (Ry,..., R,_1, R), where R
is a preference ordering that is consistent with the utility function u given
by u(w) = 0, u(z) = 0 for any z € Z, u(g) = 1 for any g € G. For any
L € L£(C), in the preference profile (R_,, L) the Copeland® score of w is
4s + 1, and the Copeland® score of each candidate z € Z is at most 3s + 1.
Moreover, the Copeland® score of each g; € G is at least 4s + 1 — d(v;) and
at most 4s+ 1; to ensure that g;’s score is 45+ 1, the manipulator must rank
g; above all of the candidates that g; is tied with in E’ (note that for a =1
all candidates in G are currently tied with w, but some of them will lose
points after the manipulator votes). We claim that (G,t) is a “yes™instance
of INDEPENDENT SET if and only if (F,u,t/(t + 1)) is a “yes’instance of
Copeland*-RANDMANIPULATION.

Indeed, let J = {v;,,...,v;,} be an independent set in G. Consider a
vote L that ranks the candidates g;,, ..., g;, first (in any order), followed by
the remaining candidates in G U Z, followed by w. Clearly, in the resulting
election the Copeland® score of the top ¢t candidates in L is 4s + 1, so the
manipulator’s utility is at least ¢/(¢t + 1).

Conversely, suppose that for some L’ € £L(C) the manipulator’s utility is
at least t/(t + 1). Let S’ be the set of all candidates in G whose Copeland®
score in (R_,, L) is 4s + 1; we have |S’| > t. As argued above, the manip-
ulator ranks each candidate g € S” above all candidates that ¢ is tied with
in £'. This implies that two candidates in S’ cannot be tied in F’, i.e., S’
corresponds to an independent set in G. O

3.6 Iterative rules

Some of the common voting rules, such as, e.g., STV, do not assign scores to
candidates. Rather, they are defined via multi-step procedures. When one
computes the winner under such rules, ties may have to be broken during each
step of the procedure. A natural approach to winner determination under
such rules is to use the parallel universes tie-breaking |9]: a candidate c is an
election winner if the intermediate ties can be broken so that ¢ is a winner
after the final step. Thus, any such rule defines a voting correspondence in
a usual way, and hence the corresponding RANDMANIPULATION problem is
well-defined. In this section, we consider three rules in this class, namely,
Plurality with Runoff, STV, and Ranked Pairs.

For Plurality with Runoff, RANDMANIPULATION turns out to be in P.
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The main idea of the proof is that if L. is the set of all votes that rank a
candidate ¢ € C first, then the best vote in £, ranks all candidates other
than c according to their utility.

Theorem 3.6.1. Plurality with Runoff-RANDMANIPULATION s in P.

Proof. Consider an election £ = (C,R) and a manipulating voter n with a
utility function wu.

Evidently, if we know the optimal vote in L. for all ¢ € C' we can find
the manipulative vote in linear time. To complete the proof, we will now
show that the best vote in L. ranks all candidates other than ¢ according
to their utility. Consider the vote L € L. that ranks all candidates other
than ¢ according to their utility. We will prove that the utility that the
manipulator obtains in election (C,(R_,, L)), is at least the utility, that
the manipulator obtains in election (C, (R_,,L’)) for any other vote L. It
is easy to see that all candidates have the same score in both elections at
the first step. Therefore, a pair of candidates ¢, ¢y can be obtained as the
pair of candidates at the second step in election (C, (R_,, L)) if and only if
they can be obtained as a pair of candidates at the second step in election
(C, (R, L)).

Now, consider the second step. Suppose, candidates c;, co remain at this
stage. Evidently, if they are ranked in the n-th vote in the same way in both
elections, then the utility obtained by the manipulator is the same in both
cases. Therefore, we only need to consider the case when ¢ does not survive
until the second step and ¢y, co are ranked differently with respect to each
other in L and L'. Without loss of generality we can assume u(c;) > u(ca).
Denote the scores of ¢; and ¢, at the second step of the election (C, (R_,, L))
by s; and so, respectively. Thus, the scores of ¢; and ¢y at the second step
of the election (C, (R_,, L)) are s; — 1 and s, + 1, respectively. It is easy to
see that the score of the candidate of larger utility increases in (C, (R_,, L))
compared to (C,(R_,,L")). Therefore, the manipulator’s utility is at least
as large in (C, (R_,, L)) asin (C, (R_,,L")). O

For STV and Ranked Pairs, RANDMANIPULATION is NP-hard. The proof
of this fact hinges on an observation that allows us to inherit hardness results
from the standard model of voting manipulation.

For STV and Ranked Pairs COWINNERMANIPULATION is known to be
NP-hard (see, respectively, [5] and [49]). It is easy to see that this implies
that for these rules RANDMANIPULATION is hard as well.
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Proposition 3.6.2. For any voting correspondence F, the problems JF-
COWINNERMANIPULATION many-one reduces to F-RANDMANIPULATION.

Proof. Given an instance (E', p) of F~-COWINNERMANIPULATION with £’ =
(C,R'), where R' = (Ry,..., R,), we construct an instance (E,u,q) of F-
RANDMANIPULATION as follows. Set E = (C, R) with R = (R’_,,, R), where
R ranks p first, followed by all other candidates in an arbitrary order. Also,
set u(p) = 1, u(c) = 0 for ¢ € C\ {p}, and ¢ = 1/|C|. It is easy to
see that a “yes’-instance of F-COWINNERMANIPULATION corresponds to a
“yes’-instance of F-RANDMANIPULATION and vice versa. O

Corollary 3.6.3. STV-RANDMANIPULATION and Ranked Pairs-RANDMA-
NIPULATION are NP-hard.

We remark that it is not clear if these problems are in NP, since the
respective winner determination problem is not known to be polynomial-time
solvable; in fact, for STV it is known to be NP-hard [9].

For iterative rules one can also use randomness to break the intermediate
ties. The manipulator’s goal is then to maximize the expected utility with
respect to the resulting distribution. Generally speaking, this problem is dif-
ferent from RANDMANIPULATION: while the set of candidates that win with
non-zero probability is the same in both settings, the probability distribution
on these candidates can be different.

3.7 Related work

In this chapter we assume that the manipulator assigns utilities to all can-
didates, and his goal is to vote so as to maximize his expected utility. This
approach is standard in the social choice literature (see, e.g.,[27]) and has
also been used in [14].

Also, randomized tie-breaking has been considered in the context of con-
vergence to equilibria under Plurality voting [34].

There exists very recent results on Maximin under randomized tie-breaking.
In [51] it was proved that when the manipulator’s utilities for the candidates
are given by the vector (1,...,1,0,...,0), with k& ones and m — k zeros, then
the problem of finding an optimal vote for the manipulator is fixed-parameter
tractable when parameterized by k.
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3.8 Summary

45

We have determined the complexity of finding an optimal manipulation under
the randomized tie-breaking rule for several prominent voting rules, namely,
scoring rules, Maximin, Copeland® for any rational o € [0, 1], two variants
of the Bucklin rule, Plurality with Runoff, STV, and Ranked Pairs. This
provides an essentially complete picture of the complexity of RANDMANIP-
ULATION for commonly studied voting rules (Table 3.1).

P NP-hard

Scoring rules Copeland
simplified Bucklin STV

Plurality w/Runoff

Maximin (restricted) | Maximin (general)

classic Bucklin Ranked Pairs

Table 3.1: Complexity of RANDMANIPULATION for classic voting rules.

To compare the results for manipulation problem under randomized tie-
breaking and lexicographic tie-breaking consider the following table.

Randomized tie-breaking

Lexicographic tie-breaking
Scoring rules P
(classic) Bucklin P
Plurality w/Runoff | P
Maximin (restricted) | P
Maximin (general) P
Copeland p
STV N P-hard
Ranked Pairs N P-hard

P
P
P
P
N P-hard
N P-hard
N P-hard
N P-hard

Table 3.2: Complexity of MANTPULATION for classic voting rules under lexi-

cographic and randomized tie-breaking.
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Chapter 4

Deterministic Tie-Breaking Rules

In [6] it was proved that several well-known voting correspondences are easy
to manipulate if ties are broken in manipulator’s favor. In Chapter 2, we have
argued that the algorithm of [6] can be modified to work for an arbitrary lex-
icographic tie-breaking rule. Given these easiness results, it is natural to ask
whether all (efficiently computable) tie-breaking rules produce easily ma-
nipulable rules when combined with the voting correspondences considered
in |6]. In this chapter we show that Maximin and Borda, as well as many
families of scoring rules, become hard to manipulate if we allow arbitrary
computable deterministic tie-breaking rules. This holds even if we require
that the tie-breaking rule only depends on the set of the tied alternatives,
rather than the voters’ preferences over them; we refer to such tie-breaking
rules as simple. Now we give the formal defenition of simple tie-breaking.

As it was defined in the preliminaries a tie-breaking rule for an election
(C,R) is a mapping T = T(R,S) that for any S C C, S # 0, outputs a
candidate ¢ € S.

Definition 4.0.1. A tie-breaking rule T is called simple if it is polynomial-
time computable and the value of T(R,S) is uniquely determined by S .

Our proof also works for Copeland, thus strengthening the hardness result
for second-order Copeland proved in [6] to simple tie-breaking rules. We re-
mark, however, that our hardness result is not universal: Plurality and other
scoring rules that correspond to scoring vectors with a bounded number of
non-zero coordinates are easy to manipulate under any polynomial-time sim-
ple tie-breaking rule, However, if non-simple tie-breaking rules are allowed,
Plurality can be shown to be hard to manipulate as well.

47



48 CHAPTER 4. DETERMINISTIC TIE-BREAKING RULES

We will first present a specific simple tie-breaking rule 7. We will then
show that manipulating the composition of this rule with Borda and Maximin
is NP-hard. We then show that by tweaking this tie-breaking rule a little,
we can also obtain an NP-hardness result for Copeland.

Recall that an instance C of 3-SAT is given by a set of s variables
X ={x1,...,25} and a collection of ¢ clauses Cl = {cy,..., ¢}, where each
clause ¢; € Cl is a disjunction of three literals over X, i.e., variables or their
negations; we denote the negation of x; by Z;. It is a “yes’-instance if there
is a truth assignment for the variables in X such that all clauses in CI are
satisfied, and a “no’-instance otherwise. This problem is known to be hard
even if we assume that all literals in each clause are distinct, so from now
on we assume that this is the case. Now, given d variables 1, ..., x4, there
are exactly ¢ = (23d) 3-literal clauses that can be formed from these vari-
ables (this includes clauses of the form z; V T; V z3). Ordering the literals
as r1 <7 < --- < xg < Ty induces a lexicographic ordering over all 3-literal
clauses. Let ¢; denote the i-th clause in this ordering. Thus, we can encode
an instance C of 3-SAT with d variables as a binary string o(C) of length ¢,
where the i-th bit of o(C) is 1 if and only if ¢; appears in C.

We are ready to describe 7. Given a set S C C' of candidates, where
|C| = m, T first checks if m = ¢+ 2s + 4 for some s > 0 and ¢ = (%). If
this is not the case, it outputs the lexicographically first candidate in S and
stops. Otherwise, it checks whether ¢,, € S and for every i = 1,... s, the
set S satisfies |S N {cpi2i-1,Co2:}] = 1. If this is not the case, it outputs
the lexicographically first candidate in S and stops. If the conditions above
are satisfied, it constructs an instance C = (X, Cl) of 3-SAT by setting
X =Azy,... x5}, Cl={¢; | 1 <i <Vl ¢ €S}. Next, it constructs a truth
assignment (&1,...,&) for C by setting & = T if ¢p0;i1 € S, cor2; € S and
&= Lifcpoig €S, copo € S. Finally, if C(&y,...,&) = T, it outputs ¢,
and otherwise it outputs the lexicographically first candidate in S. Clearly,
T is simple and polynomial-time computable, and hence the problem 7" o F-
MANIPULATION is in NP for any polynomial-time computable rule F (and,
in particular, for Borda, Maximin and Copeland). In the rest of this section,
we will show that T o F-MANIPULATION is NP-hard for all these rules.
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4.1 Borda and other scoring rules

We will first consider the Borda rule. We will then show that essentially the
same proof works for a large class of scoring rules. To simplify notation, in
the proof of Lemma 4.1.1 and Theorem 4.1.2 we will denote the Borda score
of a candidate = in a preference profile R by s(R, z).

Lemma 4.1.1. For any set of candidates C = {cy,...,cn} with m > 4 and
any vector (B, ..., Bm-1) with B; € {0,1,....m} fori=1,....,m —1 and
p1 > 0, we can efficiently construct a preference profile R = (Ry, ..., Ry)
with n' = m(m — 1) voters such that for some K > m*+ m + 1 and some
u < m(m — 1) the Borda scores of all candidates satisfy s(R,c;) = K + b
fori=1,...,m—1 and s(R,cy,) = u.

Proof. For convenience, we will reformulate our problem as a bin-packing
problem by associating the candidates with bins, and scores distributed by
each voter with items. We will first argue that if we have m(m — 1) items of
size 1 for each ¢ = 0,...,m — 1, then we can place the same number of items
in each bin so that the size of the i-th bin is the desired value of s(R,¢;).
We will then show that given any assignment of items into bins such that
every bin holds the same number of items, we can construct a corresponding
preference profile (i.e., match items to the voters so that no voter places
two items in the same bin). We remark that the latter result has also been
proved in Theorem 3.1 in [12]; however, we provide a much simpler proof
that generalizes easily to arbitrary scoring rules.

Let us assume that we have m(m — 1) items of each size. First, for each

1 =2,...,m— 1, let us place m items of size i into each of the first m — 1

bins. At this point, each of these bins contains m(m — 2) items and its size
2

is % — m. We now place 3; items of size 1 and m — 3; items of size 0

into the i-th bin for : = 1,...,m — 1, bringing each of the first m — 1 bins
to its target size. We are left with m(m — 1) items of size 0 and 1, which we
will place in the last bin. Clearly, at this point each bin contains m(m — 1)
item. Set K = W — m, and let u be the current size of the last bin.
Clearly, this placement of items satisfies our constraints.

We will now show how to extract a preference profile from this assignment
of items to bins. Our proof works for any assignment in which the number
of items in each bin is the same. We proceed in stages: at each stage we
construct one voter and remove the respective items from all bins. We need
to argue that at each stage we can construct a new voter, i.e., pick one
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item from each bin so that all these items have different sizes. Then, after
m(m — 1) stages this algorithm produces the target preference profile.

The proof proceeds by induction. The basis of induction is easy: we can
pick one item of size 0 from the last bin, one item of size 1 from the first bin
(recall that we assume that 8; > 0), and each other item size is guaranteed
to appear in all bins, so we can pick the remaining items easily.

For the induction step, suppose that we have already constructed ¢ voters.
Then currently we have m(m—1)—i items of each size, and each bin contains
m(m — 1) — i items. We construct a bipartite graph whose vertices are item
sizes and bins, and there is an edge from an item size to a bin if this bin
currently contains an item of that size. We claim that this graph satisfies
the conditions of Hall’s theorem [45]. Indeed, pick a k& < m and consider a
collection of k different item sizes. If all items with these sizes appear in at
most k£ — 1 bins, then these bins contain k(m(m — 1) — 7) items, so some bin
must contain at least %5 (m(m — 1) — i) items, a contradiction. Thus, by
Hall’s theorem, this graph contains a complete bipartite matching. Clearly,
any such matching corresponds to a voter. Thus, we construct the (i 4 1)-st
voter and remove the corresponding items from the bins. O

Theorem 4.1.2. T o Borda-MANIPULATION" 45 NP-hard.

Proof. Suppose that we are given an instance C of 3-SAT with s variables.
Note that this instance can be encoded by a binary vector (o1, ..., 0¢), where
(= (235), as described in the construction of T ¢; = 1 if and only if C con-
tains the i-th 3-variable clause with respect to the lexicographic order. We
will now construct an instance of our problem with m = ¢ 4+ 2s 4+ 4 candi-
dates ¢y, co, . .., ¢ For readability, we will also denote the first ¢ candidates
by uq,...,up, the next 2s candidates by x1,y1,...,%s,ys, and the last four
candidates by d;, do, w, and c.

Let U = {uy,...,u}, let Q = {¢; € U | 0, = 1}, and let ¢ = |Q|. For
convenience, we renumber the candidates in U so that @ = {us, ..., u,}.

We will now use Lemma 4.1.1 to construct a preference profile R’ =
(Ry,..., R,—1) with the following scores:

o s(R,w)=K+m, s(R,c) =K+ 1;

Rluui):

Riu)=Kfori=q+1,...,¢
):

R,z;)=s(R,y)=K+i+1fori=1,...,s;

e s K+m—ifori=1,...,q

® S
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o s(R,dy) =K, s(R',ds) = u,

where K > m?+m +1 and u < m(m — 1).

Now, consider an election with the set of candidates C' and the preference
profile Ry, ..., R,, where Ry,..., R, 1 are constructed above and the pref-
erences R, of the last voter (who is also the manipulating voter) are given
by

CH WXL =YL= oo = Lg =Yg = UL = .. = Up = dy > ds.

Observe that if the manipulator votes truthfully, then w wins. Thus, a
manipulation is successful if and only if voter n manages to vote so that ¢
gets elected.

Suppose first that we have started with a “yes”-instance of 3-SAT, and
let (&1,...,&) € {T,L}* be the corresponding truth assignment. For i =
1,...,8, 8¢t z; = x; if & = T and 2; = y; if & = L. Suppose that the
manipulator submits a vote L in which he ranks ¢, z1, ..., z, in the top s +1
positions (in this order), u,, ..., u;,w in the bottom ¢ 4 1 positions (in this
order), and all other candidates in the remaining positions in between.

It is not hard to see that in this case the candidates ¢, w, zq,..., 2z, and
all candidates in ) get K +m points, while all other candidates get less than
K + m points. Thus, the set of tied candidates S is Q U {c,w, z1, ..., z5}.
Therefore, given the set S, our tie-breaking rule will reconstruct C, check
whether zi,..., 2, encode a satisfying truth assignment for C (which is in-
deed the case), and output ¢,, = c¢. Thus, in this case L is a successful
manipulation.

Conversely, suppose that n submits a vote L so that ¢ gets elected. Since
we have s(R’,w) — s(R',c¢) = m — 1, it follows that L ranks c first and w
last, and hence both of them get K + m points. Similarly, we can show by
induction on ¢ that for alli = 1,..., ¢ it holds that n ranks u; in the (m —1i)-
th position; thus, each candidate in () also gets K + m points. Moreover, all
other candidates in U \ @ get less than K + m points, i.e., the manipulator
cannot change the formula encoded by the set of tied candidates. Let S be
the set of all candidates with the top score. Since ¢ wins the election, it has
to be the case that the set S N {x1,y1,..., % ys} encodes a satisfying truth
assignment for C, i.e., C is satisfiable. Thus, the proof is complete. O

It is not hard to generalize the result of Theorem 4.1.2 to all families of

scoring vectors (a™)°_,, where o = (af*,...,a”) € N and the coordi-

nates of each scoring vector satisfy the following conditions:
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(1) o' > - > g

(2) am—l = 17 Oé?nl = 07

(3) there exists a polynomial p = p(m) such that o/" < p(m) for all m > 1
and all 1 < m.

That is, we require each scoring vector to be faithful and polynomially
bounded, as well as to satisfy o) _; =1, a = 0.
Indeed, in the proof of Theorem 4.1.2, we can modify the construction of

the non-manipulators’ preference profile R’ by requiring

o s(Riw)=K+a"+1,
e s(R,c)=K+1;
e s(Riuj))=K+ao'—a . +1fori=1,...,q

=Kfori=q+1,....¢
(RLy)=K+a'"—a"+1fori=1,...,s;
s

L] S(R/, dg

=

NN NG NN
I
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where K —u > of", and s(R’, z) denotes the score of a candidate z with
respect to the scoring rule F,. Assuming that such a profile can be con-
structed in polynomial time, the rest of the proof of Theorem 4.1.2 goes
through as long as the scoring vector is faithful. To construct R’, we modify
the statement of Lemma 4.1.1 by requiring 0 < 3; < af"+1 and K —u > of’,
and set the number of voters to (af* 4+ 1)(m — 1) (which is polynomial by
condition (3)). This version of Lemma 4.1.1 can be proved in essentially the
same way as the original Lemma 4.1.1; the proof uses condition (2) and the
observation that condition (1) implies o™ > m — i. Thus, we obtain the
following corollary.

Corollary 4.1.3. For any family of scoring rules (Fom)_, such that the
corresponding family of scoring vectors (a™)°_, satisfies conditions (1)-(3)

it holds that T o Fom-MANIPULATION" is NP-complete.

Theorem 4.1.2 can also be extended to scoring rules with non-faithful
scoring vectors that satisfy conditions (2) and (3), as long as they have suf-
ficiently many non-zero coordinates. However, the proof will have to be
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modified by adding dummy candidates. In particular, we can show that ma-
nipulating the composition of T" and k-approval is NP-hard as long as k and
m are polynomially related (i.e., m < (k) for some polynomial ¢). Similarly,
we can remove condition (2) by altering the tie-breaking rule 7. We omit
the formal proofs of these statements, as they are tedious, yet conceptually
similar to the proof of Theorem 4.1.2.

On the other hand, while condition (3) does not seem essential, in the
sense that it is plausible that scoring rules with exponentially large coordi-
nates are also hard to manipulate under suitable polynomial-time computable
tie-breaking rules, the current proof strategy will not work for this case. In-
deed, for such scoring vectors the preference profiles constructed in the proof
of (an analogue of) Lemma 4.1.1 may have exponentially many voters.

Note, however, that we cannot hope to prove an analogue of Theo-
rem 4.1.2 for all scoring rules as long as we insist that the tie-breaking rule
is simple: we have to require that the scoring vector has a superlogarithmic
number of non-zero coordinates. Indeed, if the number of non-zero coordi-
nates k satisfies & = O(logm), the manipulator can simply try all possible
placements of the candidates into the top k positions in polynomial time.
This strategy works for any simple polynomial-time tie-breaking rule, since
the set of tied candidates only depends on the top k positions in the manip-
ulator’s vote. This remark can be applied for example to k-approval. On the
other hand, if we drop the simplicity requirement, there exists a tie-breaking
rule 77 for which even Plurality is hard to manipulate. Informally, 7" inter-
prets the set of winners as a boolean formula and views the manipulator’s
vote as a truth assignment.

Theorem 4.1.4. There exists a tie-breaking rule T" such that T" o Plurality-
MANIPULATION" is NP-complete.

Proof. Suppose |C| = m. First we will construct the tie-breaking rule 7.
Given a set S C C of candidates, T first checks if m = £ + s + 2 for some
s>0and (= (238). If this is not the case, it outputs the lexicographically
first candidate in S and stops. After that 7" checks whether ¢,, € S and if
this is not the case, it outputs the lexicographically first candidate in S and
stops. Otherwise, it considers the n-th (last) vote R,. Set S’ consists of all
candidates that are ranked before ¢,,_; with the exception of the candidate
at the first position.

Recall that an instance C of 3-SAT with s variables can be encoded by
a binary vector (o1, ...,0,) as described in Theorem 4.1.2. If ¢,, € S, then
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T constructs an instance C = (X, Cl) of 3-SAT where X = {zy,..., 2} and
Cl is encoded by the string {o; =1 |1 <i < {,¢; € S}. Next, it constructs
a truth assignment (&,...,&) for C by setting & = T if ¢y € S’ and
& = L otherwise. Finally, if C(&1,...,&) = T, it outputs ¢,, and otherwise
it outputs the lexicographically first candidate in S. This completes the
description of T".

Given an instance C of 3-SAT with s variables such that (L,..., 1) is
not a satisfying assignment for C we construct an instance of 7" o Plurality-
MANIPULATION” with ¢ + s 4+ 2 candidates as follows. For readability, we
denote the first £ candidates by uq, ... us, the next s candidates by z1,..., z,,
and the last two candidates by w and c.

Let U = {uy,...,u}, let Q = {¢; € U | 0, = 1}, and let ¢ = |Q|. For
convenience, we renumber the candidates in U so that @ = {uy,...,u,} and
u; precedes ug, . .., U, in the lexicographic ordering of the candidates.

Using at most 3¢ + 2 votes we can obtain a profile R’ = (Ry,..., R,_1)
such that the scores of candidates in () are equal to 3, the score of ¢ is equal
to 2 and the scores of all other candidates are 0. Let the manipulator’s
preference order R, be

CW Ty > ... Tg>=U = ... Uy

The instance of 7" o Plurality-MANIPULATION™ is (C, R) with R = (R/, R,,).

Suppose that the manipulator submits his truthful vote. In this case the
set of tied candidates is QU{c} and S” = (). Therefore, u; is the winner of the
election. Evidently, for any vote L the winner of the election (C,(R_,, L))
has at least 3 points and, thus, he is a candidate from the set QU {c}. Thus,
our election is a “yes’-instance of T" o Plurality-M ANIPULATION" if and only
if ¢ can be made the winner.

Suppose first that we have started with a “yes™instance of 3-SAT, and let
(&1,...,&) € {T, L} be the corresponding truth assignment. Set X' = {x; |
& = T}. Suppose that the manipulator submits a vote L in which he ranks
¢ in top position followed by candidates from X’ in positions 2,...,|X’| + 1
(ranked according to his preference order), w in position |X'| + 2, and all
other candidates in the remaining positions in arbitrary order.

It is not hard to see that in this case candidate ¢ and all candidates in
@ get 3 points, while all other candidates get 0 points. Thus, the set of tied
candidates S is @ U {c}. Therefore, given the set S, our tie-breaking rule
will reconstruct C, check whether X’ encodes a satisfying truth assignment
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for C (which is indeed the case), and output ¢,, = ¢. Thus, in this case L is
a successful manipulation.

Conversely, suppose that n submits a vote L so that ¢ gets elected. Since
the score of ¢ in R’ is 2 and the score of each candidate in @ is equal to
3, it follows that L ranks c first and hence all candidates in Q U {c} get 3
points in (R’, L). All other candidates in C'\ (Q U {c}) get 0 points, i.e., the
manipulator cannot change the formula encoded by the set of tied candidates.
Let X’ be the set of all candidates who are ranked between ¢ and w. Since
¢ wins the election, it has to be the case that the set X’ encodes a satisfying
truth assignment for C, i.e., C is satisfiable. Thus, the proof is complete.

O

4.2 Maximin

We will now show that 7' o Maximin is hard to manipulate using essentially
the same construction as in the proof of Theorem 4.1.2.

Theorem 4.2.1. T o Maximin-MANIPULATION™ is NP-hard.

Proof. Given a 3-SAT formula C, we construct an election F = (C, R) where
C, U, Q and q are as in the proof of Theorem 4.1.2.

We can encode an election over a set of candidates C' as a matrix {a(, j) }i jec,
where for all i # j the entry a(i,j) equals the number of voters that prefer i
to j. By Corollary 2.3.5, for some n = poly(m) we can efficiently construct a
preference profile R’ = (Ry, ..., R,_1) corresponding to the following matrix:

o a(uj,uiy1) =b+1fori=1,... ¢

o alui,uin) =b—1fori=q+1,....0

o a(z;,y;) =aly,uw;)=bfori=1,... s;

e a(c,w) =a(dy,c) =b, a(w,dy) =b+1;

o a(c,dy) =g+ 1,

o a(z,y) =g+b—aly,x) if a(y,z) has been defined above;

e a(z,y) = %2 for all other pairs (z,y) € C x C,
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where wpy 1 = uy, b < m, g > 2m, and b+ g = n — 1. Now, consider an
election with the set of candidates C' and n voters, where for i« < n — 1 the
preferences of the i-th voter are given by R;, and the preferences of the last
voter (who is also the manipulating voter) are given by

CwWrdy >=do =Ty = Y1 = ... = T =Yg = Up > ... > U.

Observe that if voter n votes truthfully, then a(w, d;) = b+2, a(w, x) > b+2
for all x € C'\ {d;}, while the Maximin score of any other candidate is at
most b+ 1, so w is the election winner. Hence, a manipulation is successful
if and only if n manages to vote so that ¢ gets elected. We will now show
that this is possible if and only if we have started with a “yes’-instance of
3-SAT. Suppose first that we have started with a “yes™instance of 3-SAT,
and let (&1,...,&) € {T,L}* be the corresponding truth assignment. For
1=1,...,8,set z; =x; if § = T and z; = y; if { = L. Suppose that voter n
submits a vote L given by

Co 2 > > 2y = Up > UL . W,

where the candidates in C'\ (UU{c,w, 21, ..., zs}) are ranked in an arbitrary
order between u; and w. It is easy to see that after this vote the Max-
imin scores of ¢, w, z1,...,z, and the candidates in () are b+ 1, while all

other candidates have at most b Maximin points. As argued in the proof of
Theorem 4.1.2, this implies that L is a successful manipulation.

Conversely, suppose that voter n submits a vote L so that ¢ gets elected.
Before the manipulator votes, there are candidates whose Maximin score is
b+ 1. Therefore, the manipulator needs to ensure that ¢’s Maximin score
is b + 1, and the set of the tied candidates includes all candidates whose
Maximin score is b+ 1 prior to n’s vote. That is, w, uy, ..., u, will be among
the winners and wugy1, ..., u, will not, because their scores prior to n’s vote
do not exceed b — 1. Hence, ¢ is not the unique winning candidate. Let S
be the set of tied candidates. Since ¢ wins the election, it has to be the case
that the set SN {x1,y1,...,2s ys} encodes a satisfying truth assignment for
the formula encoded by @), i.e., C, and thus C is satisfiable. Thus, the proof
is complete. O

4.3 Copeland

For our proof for Copeland® we need to change the tie-breaking rule a little.
The tie-breaking rule T” differs from 7" in the number of dummy candidates.
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T" checks whether the number of candidates equals to /+2s+6 and afterwards
it works exactly as 7T

Now we prove the following technical lemma, which is needed for the
proof of the hardness result for Copeland.

Lemma 4.3.1. Let m = {4+ 25+ 6, { = (235) and s > 3. Then for any
0<q< g — 5 there exists a directed graph G with the verter set G U X U
Y UA{w,c,dy,dy,ds,dy}, where G = {g1,...,9:}, X = {x1,...,25}, YV =
{y1,...,ys}, such that the outdegree doy and the indegree d;, of each vertex
of G satisfy

hd dout(gi) - % + Q;din(gi) - % =3 fori=1,...,q;
i dout(gi) = %7din(gi) = % -1 fO?"i =q+1,.. '76;

o dowt(7) = dowt(y) = F + 1 and din(z) = din(y) = 5 — 3 for all v €
X, yeyY;

o doy(w) =3 +2,din(w) =5 —8;

o doy(c) =5 +2,din(c) = 5 — 3;

o dou(dh) = dowt(do) = § — ¢, din(dh) = din(d2) = § + ¢ + 25+ 4;
o dow(ds) = £, din(d3) = £ + 25+ 4;

o dout(d4) = 17 dm(dd) =m — 2.

Also, G does not contain arcs between x; and y; for anyi=1,...,s as
well as arcs between w and ¢, dy, ds, d3, dy and G does not contain cycles
of length 2.

Proof. Order the vertices in GU X UY U {c} as
L= =G =T <Y == Ty <Yy < C

For each vertex u in this order, add arcs to the next % +smod £ +2s+1
vertices. Then for each j =1,..., s remove the arc (z;,y;).

We obtain douw(g:) = dout(y;) = dout(c) = g +sforalli=1,...,¢
j=1,...,s and dou(z;) :§+s—1f0r all7=1,...,s.

Next, we add arcs from w to y for all y € Y and to g; for i = % —4,.../
and from each remaining vertex of G U X to w. Now the indegree and the

outdegree of w are as in the statement of the lemma.
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Next, we add arcs from all x € X and y € Y to dy, ds, d3, ds. Now all the
vertices in X UY have desired properties.

At this stage we only need to set arcs between G U {c} and dy, ds, ds, d4
and within the set dy, ds, d3, d4. First, we add arcs from all vertices of GU{c}
to dy. Second, we add arcs from g; for i = 1,...,q and ¢ = é +1,...,¢ to
dy,do; from g; fori =1, ... ,g to ds3. Also, we add arcs from 9t 49t 391 o
to d; and from gL 1,9t to dy. (These arcs were not set earlier, because by
our assumption g < g —5.) For all remaining pairs g;,d; fori=1,...,¢ and
Jj =1,2,3 we add arcs from d; to g;. Also, we add arcs from c to dy, ds, ds.
Now, the vertices in G U {c} have the requested properties.

The remaining arcs are set as follows. We add arcs from d; to ds, ds, dy,
from dy to ds,dy and from dy to ds. It is easy to see that di,ds, ds,ds have
the desired degrees.

Therefore, G has the requested properties. O

Theorem 4.3.2. T"” o Copeland®-MANIPULATION" is NP-hard for any o €
[0, 1].

Proof. Given a 3-SAT formula C, we construct an election F = (C, R) where
C, U, @) and g are the same as in the proof of Theorem 4.1.2. Without loss
of generality we assume that ¢ < g — 5. We say that = safely wins a pairwise
election against y (and y safely loses a pairwise election against z) if at
least % + 2 voters prefer x to y. For any candidate x € C, let SW(z) and
SL(x) denote the number of pairwise elections that = safely wins and safely
loses, respectively. By Corollary 2.3.5 and Lemma 4.3.1, we can construct a
preference profile R' = (R, ..., R,_1) with the following properties:

o SW(u;) =% +2,SL(u;) =% —=3fori=1,...,q;
o SW(u;) =%, SL(u;) =% —Lfori=q+1,....4
() =SW(y;)) =F +1fori=1,...,s;

3forve=1,...,s;

1, SL(c) = 2 — 3;
2, SL(w) =2 —§;

e SW(ds) = £, SL(d3) = £ + 25+ 4;
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e there is a tie between ¢ and w, w and dy, ds, d3, ds, and x; and y; for
1=1,...,s.

Now, consider an election with the set of candidates C' and a set of n voters,
where for ¢ < n — 1 the preferences of the i-th voter are given by R;, and the
preferences of the last voter (who is also the manipulating voter) are given
by

c-w>=dy>=do=dy>=dyg>=x1 = Y1 > ... =T > Ys > Up > ... > U,

If the manipulator votes truthfully, then w wins. Hence, a manipulation is
successful if and only if n manages to vote so that c gets elected. We will
now show that this is possible if and only if we started with a “yes™instance
of 3-SAT.

Suppose first that we have started with a “yes™instance of 3-SAT, and
let (&1,...,&) € {T,L}* be the corresponding truth assignment. For i =
1,...,8, 8¢t z; = x; if & = T and z; = y; if & = L. Suppose that the
manipulator submits a vote L in which he ranks ¢, 21,...,2, in top s + 1
positions and places w last. It is easy to see that in the resulting election
C,W, 21, -+ Zs, U1, - - -, Ug have T + 2 points and all others candidates have at
most % 41 points. Thus, the set of tied candidates S is QU {c,w, z1, ..., zs}.
Therefore, given the set S, our tie-breaking rule will reconstruct C, check
whether z,...,z, encode a satisfying truth assignment for C (which is in-
deed the case), and output c¢,, = ¢. Thus, in this case L is a successful
manipulation.

Conversely, suppose that ¢ wins. Since prior to the manipulator’s vote ¢
has % +1 points and w and the candidates in @ have 3 + 2 points, it follows
that voter n ranks ¢ above w and the set of tied candidates S contains ¢, w,
and all candidates in (). On the other hand, it cannot contain any candidates
in U\ @, as n’s vote cannot affect their scores. Thus, for ¢ to win it has to
be the case that S N {xy,y1,...,2s, ys} encodes a satisfying assignment for
the formula that corresponds to @, i.e., C. O

4.4 Related work

One can view the results in this chapter as a continuation of the line of work
suggested in [10, 19|, namely, identifying minor tweaks to voting rules that
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make them hard to manipulate. Indeed, here we propose to “tweak” a voting
rule by combining it with an appropriate tie-breaking rule; arguably, such a
tweak affects the original rule less than the modifications proposed in [10]
and [19] (i.e., combining a voting rule with a preround or taking a “hybrid”
of the rule with itself or another rule).

4.5 Summary

We have explored the complexity of manipulating many common voting rules
under arbitrary polynomial-time tie-breaking procedures. We have shown
that Borda (and a large class of scoring rules), Maximin and Copeland
are NP-hard to manipulate under simple tie-breaking. Moreover, all of our
hardness reductions directly show hardness of both variants of the problem,
namely, F-MANIPULATION” and F-MANIPULATION. Also we have demon-
strated that there exists voting rules which are manipulable in polynomial
time under any simple tie-breaking rule, namely, Plurality. However, there
exists a (non-simple) tie-breaking rule such that its combination with Plu-
rality is NP-hard to manipulate.



Chapter 5

Optimal Voting Manipulation

5.1 The model

In this chapter, we study the problem of finding a successful manipulative
vote that minimizes the distance to the manipulator’s true preference order.
We consider this problem for three distances on votes, namely, the swap dis-
tance, the footrule distance and the maximum displacement distance (defined
below) and the following voting rules: scoring rules, Bucklin, Copeland, and
Maximin.

We begin by giving the definition of a distance.

Definition 5.1.1. A distance on a space X is a mappingd : X x X — R
that has the following properties for all x,y,z € X:

(1) non-negativity: d(z,y) > 0;

(2) identity of indiscernibles: d(x,y) = 0 if and only if v = y;
(3) symmetry: d(z,y) = d(y,x);

(4) triangle inequality: d(x,y) + d(y, z) > d(z, 2).

In this thesis, we will be interested in distances over votes, i.e., mapping of
the form d : L(C) x L(C) — R. In fact, since we are interested in asymptotic
complexity results, we will consider families of distances (d™)y>1, where d™
is a distance over the space of all linear orderings of the set {ci,...,cn}-
Specifically, we will consider three such families (in the following definitions,
C' ={ci,...,cn}tand R and L are two preference orders in £(C'), also denoted
as > and >p):

61
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Swap distance. The swap distance dsyap(L, R) is given by
dswap (L, R) = [{(cis¢;) | i =1 ¢j and ¢j >R ¢ }].

This distance counts the number of swaps of adjacent candidates needed
to transform L into R.

Footrule distance. Recall that 7(c;, R;) denotes the rank of candidate c;
in the preference order R;: r(cj, R;) = |{c € C' | ¢ >; ¢;}| + 1.

The footrule distance de.(L, R) is given by

dy(L, R) = Z Ir(c;, L) — r(ci, R)|.

This distance calculates by how much each candidate needs to be shifted
to transform L into R, and sums up all shifts.

Maximum displacement distance. The mazimum displacement distance
dma(L, R) is given by

dma(L, R) = max |r(c, L) —r(c, R)|.

- i=1,....m
This distance is similar to the footrule distance; the only difference is

that instead of summing up all shifts it only considers the maximum
shift.

It is not hard to verify that the swap distance, the footrule distance,
and the maximum displacement distance fulfill all distance axioms. It is
also known [15] that the swap distance and the footrule distance are always
within a factor of two from each other: we have dgyap(L, R) < di(L, R) <
2dswap (L, R) for any space of candidates C' and any L, R € L(C).

Recall that we assume that voter n is the manipulator. In this chapter
we assume that ties are broken adversarially, i.e., against the manipulator’s
wishes.

We will now formally describe our computational problem.

Definition 5.1.2. Let D = (d™),,>1 be a family of integer-valued distances,
where d™ is a distance over L({c1,...,cn}). Let F be a voting rule. An
instance of (D, F)-OPTMANIPULATION is given by an election (C,R) with
C ={c,...,em}, R = (Ry,...,R,), a candidate p € C, and a positive
integer k. It is a “yes™instance if there exists a vote L € L(C') such that
F(R-n, L) ={p} and d™(R,, L) < k, and a “no™instance otherwise.
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A few remarks are in order.

Remark 5.1.3. The problem (D, F)-OPTMANIPULATION is in NP as long
as all distances in D and the rule F are polynomial time computable: one
can guess a vote L and check that F(R_,, L) = {p} and d"(R,,L) < k. In
particular, it is in NP for all distance families and voting rules considered in
this thesis.

Remark 5.1.4. We formulated OPTMANIPULATION as a decision problem.
However, it also admits a natural interpretation as an optimization problem:
in this case, we are given an election (C,R) and a candidate p, and the goal
is to find the smallest value of k such that there exists a vote L € L(C) at
distance at most k from R, that satisfies F(R_,, L) = {p} (k is assumed to
be 400 if there is no vote L with F(R_,, L) = {p}). In this version of the
problem, one can relax the optimality condition, and ask for an approximately
optimal manipulative vote: an algorithm is said to be a p-approxrimation
algorithm for (D, F)-OPTMANIPULATION, p > 1, if, given an instance of
the problem for which the correct answer is k € R U {400}, it outputs
a value k' that satisfies &k < k' < pk. We will consider the optimization
version of OPTMANIPULATION (and prove hardness of approximaton results)
for Copeland and Maximin under swap distance (Sections 5.2) and footrule
distance (Section 5.3).

Remark 5.1.5. In our definition of OPTMANIPULATION, the manipulator
wants to make a specific candidate elected; the identity of this candidate is
given as a part of the instance description. An alternative approach would be
to ask if the manipulator can obtain what he considers a better outcome by
submitting a non-truthful vote, i.e., whether there is a vote L € £(C') such
that d™(R,, L) < k and F(R_,, L) >, F(R); we will refer to this problem
as OPTMANIPULATION" (see discussion in Chapter 2). Clearly, an efficient
algorithm for OPTMANIPULATION can be used to solve OPTMANIPULA-
TION™, by determining the winner w under truthful voting, and then running
the OPTMANIPULATION algorithm for all candidates that the manipulator
ranks above w. Hence, OPTMANIPULATION is at least as hard as OPTMA-
NIPULATION", In what follows, we will provide polynomial-time algorithms
for the “harder” problem OPTMANIPULATION. On the other hand, all our
NP-hardness results apply to the “easier” problem OPTMANIPULATION": in
fact, in all our hardness proofs the manipulator’s goal will be to make his
favorite candidate the election winner. Using OPTMANIPULATION as our
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base problem allows for a direct comparison between the problem of finding
the optimal manipulation and the swap bribery problem (see Section 5.5).

5.2 Swap distance

We start by considering optimal manipulability with respect to what is per-
haps the best known distance on votes, namely, the swap distance dgyap-

5.2.1 Scoring rules and Bucklin

The main result of this section is a simple polynomial-time algorithm that
solves OPTMANIPULATION for swap distance and an arbitrary scoring rule;
we then show that this algorithm can be adapted to work for the Bucklin
rule.

An observation that will be important for our analysis of scoring rules
in this and subsequent sections is that once we select the position of the
candidate p whom manipulator tries to make the winner, we know final score
of p. Thus, once p’s position is fixed, it remains to rank other candidates
so that their scores remain strictly lower than that of p (recall that we use
adversarial tie-breaking). More formally, let s,(c) be the total number of
points a candidate c receives from non-manipulators under a voting rule F,;
we will say that a position j is safe for a candidate ¢, given that p is ranked
in position f if s,(c/) + @ < s4(p) + a. Clearly, for a manipulation to be
successful, all candidates other than p should be ranked in positions that are
safe for them:.

Fix a scoring rule F, with a = («y, ..., ;). Our algorithm relies on a
subroutine A that given an election (C, R) with |C| = m, a candidate p, and
a position f in n’s vote, finds an optimal manipulation for n among all votes
that rank p in position f. More formally, let

Li(a) ={L € L(C) | Fa(R-n, L) = {p}.7(p. L) = f};
our subroutine outputs
o L if £7(a) is empty;

e a vote L such that dgp(L, Ry) < dewap(L, Ry) for all L € £f(a) oth-

erwise.
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Given A, we can easily solve (dswap, Fo)-OPTMANIPULATION: we run A for
all values of f between 1 and m and output “yes” if at least one of these
calls returns a vote L with dswap([:7 R,) < k. Thus the running time of our
algorithm is m times the running time of A. It remains to describe A.

Theorem 5.2.1. For any a = (a1, ...,qy,) € Z.™ there exists a procedure
A that takes an n-voter m-candidate election (C,R), a candidate p € C, and
a position f € {1,...,m} as its input, outputs L if L/ (a) = 0 and a vote
L that satisfies dswap(f}, R,) < dgwap(L, Ry) for all L € L7 () otherwise, and
runs in time O(m?log(namay))-

Proof. For convenience, let us renumber the candidates in C' so that ¢,, = p
and ¢; >, ... =, Cn_1. Our algorithm proceeds in m — 1 rounds. In the
(-th round, ¢ =1,...,m — 1, we determine the final position of candidate cy;
we then say that this candidate is pinned to that position, and the position
becomes unavailable. Initially, all candidates are unpinned and all positions
are available.

Initialization: We pin p to position f (thus f becomes unavailable), and
then fill the remaining positions with the candidates in C'\ {p}, in the order
of n’s preferences, i.e., placing c¢; in the highest available position and ¢,
in the lowest available position. In what follows, we will shift the candidates
around in order to make p the winner.

Round ¢, ¢/ = 1,...,m — 1 Suppose that in the beginning of the round
candidate ¢, is ranked in position j. If j is safe for ¢,, we pin ¢, to position j
(which then becomes unavailable) and proceed to the next round. Otherwise,
we find the smallest value of h such that position h is available and safe for
cp; if no such value of h can be found, we terminate and return L. If a
suitable value of h has been identified (note that h > j), then ¢, gets pinned
to position A, and all unpinned candidates in positions 741, ..., h are shifted
one available position upwards.

If A does not abort (i.e., return L), it terminates at the end of the (m—1)-
st round and returns the vote obtained at that point. Each round involves
O(m) score comparisons and shifts, and each comparison can be performed in
time O(log(nay)); this implies the bound of O(m?log(nay)) on the running
time. It remains to argue that A works correctly.

The following observation will be useful for our analysis.
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Lemma 5.2.2. Suppose that at the beginning of round ¢ candidate c; s
ranked in position j. Then positions 1,...,7 — 1 are not available at that
point.

Proof. An easy inductive argument shows that the set of candidates ranked
above ¢, at the beginning of round ¢ is a subset of {cy,...,¢c,—1}. For each
t =1,...,¢ — 1, candidate ¢; is pinned in round ¢t and therefore by the
beginning of round ¢ his position is unavailable. As this holds for all positions
above j, the lemma is proved. O

We split the rest of proof into two lemmas.

Lemma 5.2.3. If the subroutine A(C,R,p, f) outputs a vote L then L €
L/ (a), and if it outputs L then LS (a) = 0.

Proof. By construction, if A outputs a vote L, then r(p, [:) = f. Moreover,
every other candidate c¢; can only be pinned to a position that is safe for
him. Since A returns L only when all candidates in C are pinned, we have
FulR_n, L) = {p}, and hence L € L/ (c).

Now, suppose that A(C, R, p, f) =L. This means that for some candidate
¢, £ < m — 1, our algorithm was unable to find an available safe position.
Let L be the vote constructed by the algorithm by the beginning of round /,
and let A be the lowest available position at the beginning of round /.

Suppose for the sake of contradiction that £/ (a) # (), and let L be some
vote in £/ (). Since the algorithm has output L, position A is not safe for .
Thus, in L candidate ¢, is ranked in position h + 1 or lower. Consequently,
some candidate ¢; that is ranked in position h + 1 or lower in L must be
ranked in position A or higher in L. Since positions h + 1,...,m are not
available at the beginning of round /¢, they are occupied by candidates who
were pinned to these positions in earlier rounds (and, possibly, by p), i.e.,
t < £. This means that position h was available when ¢; was processed, but
the algorithm chose not to place ¢; in position h. By Lemma 5.2.2, it was
not the case that ¢; was pinned to the position it was in at the beginning of
round t. Hence, the reason why ¢; was ranked in position h + 1 or lower was
that h (and, a forteriori, any position above h) was not safe for ¢;. On the
other hand, we have argued that ¢, is ranked in position A or higher in L, a
contradiction with L € £/(a). Thus it has to be the case that £/(a) = 0. O

Lemma 5.2.4. If A(C,R,p, f) = L, then dewap(L, Ry) < dswap(L, Ry) for
all L € LI (a).
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Proof. We will prove a somewhat stronger statement: there is a unique op-
timal vote in £f(a), and this vote coincides with L. Suppose for the sake of
contradiction that there exists a vote L € £/(a) such that deyap(L, Ry) <
dswap(L', Ry,) for all L' € £/(a) and L # L. Let ¢, be the first candidate
ranked differently by L and L, i.e., £ = min{j | r(c;, L) # 7(c;, L)}.

Suppose first that r(cy, i) > 1(cg, L). Tt cannot be the case that ¢, remains
in place during round ¢: by Lemma 5.2.2 all positions above ¢, in L are filled

with candidates in {cy, ..., 1}, and r(c;, L) = r(c;, L) for j < £. Hence, ¢,
has to move during round ¢. Now, r(cy, [:) is the highest available position
that is safe for ¢,. Since r(cs, L) is necessarily safe, it follows that r(c,, L)
must be unavailable at the beginning of round ¢. However, this means that
there is a candidate c;, j < /¢, pinned to this position in i, and all such
candidates are ranked in the same positions in L and IA/, a contradiction.

Thus, it has to be the case that 7(cs, L) < 7(cy, L). Let ¢; be the candidate
ranked in position r(cy, ﬁ) in L; we have j > { by our choice of £. Let L' be
the vote obtained from L by swapping ¢, and ¢;. We claim that L' € £/ («)
and dswap(L', Ry,) < dswap(L, Ry), thus contradicting our choice of L.

To see that L' € L'(«a), observe that after the swap the scores of all
candidates other than ¢, do not go up, and r(cs, L') = r(c;, L) = r(cq, L),
so position 7(cg, L) is safe for ¢,. It remains to prove that dgyap(L', R,) <
dswap (L, Ry,). To this end, we need and additional definition: we say that a
pair of candidates (¢, ) is an inversion in a vote R if r(c, R,) < r(c, Ry),
but r(¢, R) > r(d, R). Clearly, the swap distance from R to R, is simply
the number of inversions in R. Thus, our goal is to show that L’ has fewer
inversions than L.

Observe first that (c;,c,) is an inversion in L, but not in L'. Among all
other pairs of candidates, it suffices to consider pairs of the form (¢;, ¢) and
(¢, ce), where c is ranked between ¢; and ¢, in L; any other pair of candidates
is an inversion in L if and only if it is an inversion in L'.

Since j > ¢, we have three possibilities:

ce >n € >y cj. In this case, both (c;,¢) and (c, ¢/) are inversions in L, but
neither of them is an inversion in L'.

ce >n ¢; >, c. In this case, (c,¢/) is an inversion in L, but (¢j,¢) is not.
On the other hand, (c,¢;) is an inversion in L', but (¢, ¢) is not.

¢ >n C¢ >n ¢;. In this case, (¢;,¢) is an inversion in L, but (¢, ¢/) is not. On
the other hand, (¢, ¢) is an inversion in L', but (c, ¢;) is not.
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Thus, for any candidate c ranked between c; and ¢, in L the pairs involving
¢ contribute at least as much to the inversion count of L as to that of L'. By
taking into account the pair (c¢j, ¢p) itself, we conclude that dgyap (L', Ry) <
dswap(L, Ry,), a contradiction.

It follows that L is the optimal vote in £/(c) and the proof of the lemma
is complete. O

The theorem now follows easily from Lemmas 5.2.3 and 5.2.4. O

We have already explained how to convert the subroutine A into an al-
gorithm for OPTMANIPULATION. Thus, we obtain the following corollary.

Corollary 5.2.5. For every polynomial-time computable family
F = (FI)m=1... of scoring rules, the problem (dswap, F)-OPTMANIPULATION

18 1 P.

For the Bucklin rule, the algorithm is essentially the same; the only dif-
ference is in the definition of a safe position.

Theorem 5.2.6. (dgyap, Bucklin)-OPTMANIPULATION is in P.

Proof. Consider an election (C,R). Just as in the proof of Theorem 5.2.1,
it suffices to design a procedure that, for a given value of f € {1,...,m},
searches for the best manipulative vote that ranks p in position f and returns
L if no such vote can make p the unique winner.

Fix a particular value of f, and let £; = {L € L(C) | r(p,L) = f}.
Let Ly be an arbitrary vote in L£;. Let r* be the smallest value of r such
that p’s r-approval score in (C, (R_,, L)) is greater than n/2; note that r*
does not depend on the choice of L;. For every candidate ¢ € C, and every
r=1,...,m, let s.(c) denote ¢’s r-approval score in (C,R_,), and let s be
p’s r*-approval score in (C, (R_,, Ly)); note that s > n/2.

To make p the winner, we need to ensure that r* is the Bucklin winning
round and that the r*-approval score of any candidate ¢ € C'\ {p} does not
exceed s. Thus, if there is a candidate ¢ € C'\ {p} such that s,(c) > n/2
for some r < r* or s,«(c) > s, then there is no vote in £y that makes p the
unique election winner, so we return L and stop.

Now, suppose that this is not the case. Set

Cr={ce C\{p} | sm(c) =s -1},
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Cy={ceC\(C,U{p}) ]| si(c) = ng for some < 1}

Intuitively, candidates from C can prevent p from winning by receiving the
same r*-approval score as p, which happens if they are ranked in the top
r* positions. Similarly, candidates from C5 can prevent p from winning by
receiving a strict majority vote in an earlier round; this happens if they are
ranked in the top r* — 1 positions. Thus, p is the unique Bucklin winner in
the election where the manipulator submits a vote L € L if and only if

e 7(c,L) > r*forall c € C; and
e (¢, L) > r* for all c € Cs.
We will say that a position j is safe for a candidate ¢ € C'\ {p} if
e cZ(CiUCy or
ecce(Ciand j>r*or
e cc(Cyandj>rr.

The argument above shows that p is the unique Bucklin winner in the election
(C,(R_n, L)) if and only if in L each candidate ¢ # p is ranked in a position
that is safe for him.

Given this definition of a safe position, we can apply the algorithm for
scoring rules described in the proof of Theorem 5.2.1; note that this algorithm
operates in terms of safe positions rather than actual scores. The proofs
of correctness and optimality are identical to those for scoring rules (these
proofs, too, are phrased in terms of safe positions). O

5.2.2 Maximin and Copeland

For both Maximin and Copeland, finding an optimal manipulation with re-
spect to the swap distance turns out to be N P-hard. In fact, we will prove
that the optimization versions of these problems (see Remark 5.1.4) cannot
be approximated up to a factor of dlog|C| for some 6 > 0 unless P=NP;
this implies, in particular, that the decision versions of these problems are
NP-hard (and hence, by Remark 5.1.3, NP-complete).

We provide reductions from the optimization version of the SET COVER
problem [25]. Recall that an instance of SET COVER is given by a ground
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set G = {g1,...,g:} and a collection S = {51, ...,S,} of subsets of G. In the
optimization version of the problem, the goal is to find the smallest value of
h such that G can be covered by h sets from S; we denote this value of h by
h(G,S). More formally, we are interested in the smallest value of A such that
G = Ugres'S" for some collection of subsets &' C S with |S'| = h. A p-app-
roximation algorithm for SET COVER is a procedure that, given an instance
(G, S) of set cover, outputs a value b’ that satisfies h(G,S) < I < p-h(G,S).
There exists a 0 > 0 such that SET COVER does not admit a polynomial-time
d log t-approximation algorithm unless P=NP [38]. The inapproximability
result still holds if we assume that (1) G = UgesS; (2) t < r;and (3) r <t
for some positive constant K. Indeed, if (1) fails, the instance does not admit
a solution, (2) can be achieved by duplicating sets in S, and (3) follows by a
careful inspection of the proof in [38]. Thus, in what follows, we only consider
instances of SET COVER that satisfy conditions (1)—(3).

Theorem 5.2.7. There exists a 6 > 0 s. t. (dswap, Maximin)-OPTMANIPU-
LATION does not admit a polynomial-time ¢ log |C|-approzimation algorithm

unless P=NP.

Proof. Suppose that we are given an instance (G,S) of SET COVER with
G=A{q,.-.,q}, S ={S51,...,S5,} that satisfies conditions (1)—(3).

In our election, the candidate set is C' = {p} UG U X U S, where X =
{z1,..., 29, } and S = {s1,...,5,}.

Corollary 2.3.5 implies that we can construct a preference profile R’ with
n' voters, where n’ is polynomially bounded in ¢ and r, so that n’ is even
and:

e For any ¢ € C'\ {p} exactly n'/2 — 2 voters prefer p to c.
e For any S; € S and any g, € S; exactly n'/2 — 2 voters prefer g, to s;.

e For any other pair of candidates (¢,¢’) € GUS x GU S, exactly n'/2
voters prefer ¢ to ¢.

e For j =1,...,2r — 1 exactly n'/2 — 4 voters prefer z; to z,41, and
n' /2 — 4 voters prefer xq, to x;.

e Lor any g; € G and any = € X exactly n'/2 voters prefer g; to .

e LFor any s; € S and any z € X exactly n'/2 — 4 voters prefer s; to .
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Denote the Maximin score of candidate ¢ in election (C,R’) by s(c). We
have s(p) = n'/2 — 2, s(g;) = n'/2 — 2 for any ¢g; € G (this follows from
condition (1)), s(s;) =n'/2 —4 for any s; € S, and s(z;) = n'/2 — 4 for any
X € X.

We let n = n/+1, i = n and set our preference profile to be R = (R’, R,,),
where voter n ranks the candidates as

P91 > ...>=Qt =Ty > ... Lo > S1 > ... Sp.

This completes the description of our (dgyap, Maximin)-OPTMANIPULATION
instance (as we consider the optimization version of the problem, we need
not specify k).

Observe that p’s final Maximin score is n’/2 — 1 if and only if the manipu-
lator ranks p first. Further, the final Maximin score of any candidate in X US
is at most n'/2 — 3. Finally, the final Maximin score of a candidate g; € G is
n’/2 — 1 if in the manipulator’s vote g; appears above all candidates s, such
that ¢g; € Sy and n'/2 — 2 otherwise. Thus, to make p the unique winner, the
manipulator should rank him first, and rank each candidate g; € G below a
candidate representing a set that covers g;.

Suppose that h(G,S) = h, i.e., there exists a collection of subsets &’ =
{Si,, ..., S, } with i, <... <, such that UgiesrS” = G. Consider a vote L
that ranks p first, followed by candidates s;,,...,s;, (in this order), followed
by candidates in X U G (in the order of their appearance in R,,), followed
by the remaining candidates in S (in the order of their appearance in R,,).
By the argument above, p is the unique Maximin winner of (C,(R',L)).
Furthermore, we have dgyap(L, R,) < h(t 4 2r + (r — h)): to transform R,
into L, we swap each of the candidates s;;, j = 1,..., h, with (a) t candidates
in G, (b) 2r candidates in X and (c¢) at most r — h candidates in S. By
condition (2), we obtain dsyap(L, Ry,) < 4hr.

On the other hand, consider an arbitrary vote L’ such that p is the unique
Maximin winner of (C, (R’, L')). Construct a bipartite graph with the vertex
set G U S in which there is an edge between g; and s, if and only if s, is
ranked above g; in L'. We claim that this graph contains a matching of
size h. To see this, consider a greedy algorithm that constructs a matching
by inspecting the vertices in G one by one and matching each vertex to
one of its previously unmatched neighbors in S; if some vertex in G cannot
be matched, the algorithm proceeds to the next vertex. If this algorithm
terminates without finding h edges, it means that the matched vertices in
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S correspond to a cover of size at most h — 1, a contradiction. Consider
a pair of candidates (g;, s¢) that corresponds to an edge of this matching,
and an arbitrary candidate x € X. It cannot be the case that L' ranks g,
above x and x above s;: otherwise, by transitivity, L would rank g; above
s¢. Therefore, at least one of the pairs (g;, ) and (x, s¢) is ordered differently
in R, and L', and therefore each edge of the matching contributes at least
2r to the swap distance between L’ and R,. Summing over all edges of the
matching, we obtain that dgyap(Rp, L) > 2hr.

Now, suppose that there is a polynomial-time p-approximation algo-
rithm M for (dgwap, Maximin)-OPTMANIPULATION: given an instance of
(dswap, Maximin)-OPTMANIPULATION that admits a successful manipulative
vote L with dgwap(L, R;) = k, this algorithm outputs a value k' that satisfies
k < k' < pk. Consider the following algorithm M’ for SET COVER: given
an instance (G,S) of SET COVER with |G| = t, |S| = r, M’ transforms it
into an instance of (dgyap, Maximin)-OPTMANIPULATION as described above,
applies M, and divides the returned value by 2r. Clearly, M’ runs in poly-
nomial time. We claim that it provides a 2p-approximation algorithm for
SET COVER.

Indeed, let h = h(G,S). In this case for the corresponding instance of
(dswap, Maximin)-OPTMANIPULATION there exists a successful manipulative
vote L with dgyap(L, R;) < 4hr and hence M outputs a value £’ that satisfies
k' < 4phr. On the other hand, for any successful manipulative vote L’
we have dgyap(L', R;) > 2hr, and hence the value k&’ output by M satisfies
k' > 2hr. Thus, M produces a value b’ that satisfies h < b’ < 2ph.

Since |C| = O(t + r) and, by condition (3), r < t¥, we have log|C| <
~vlogt for a suitable constant v > 0. Therefore, if there exists a polynomial-
time 0 log |C|-approximation algorithm for (dsyap, Maximin)-OPTMANIPU-
LATION for some constant 0 > 0, then there exists a polynomial-time ¢’ log t-
approximation algorithm for SET COVER for some constant ¢’ > 0, and,
by [38], this implies P=NP. O

The argument for Copeland is similar.

Theorem 5.2.8. There exists a 6 > 0 such that for any o € QN [0, 1],
(dswap, Copeland®)-OPTMANIPULATION does not admit a polynomial-time
d log |C|-approximation algorithm unless P=NP.

Proof. Suppose that we are given an instance (G,S) of SET COVER with
G={g1,-.., 9}, S = {51,...,5,} that satisfies conditions (1)—(3); we will
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additionally assume that ¢ and r are odd.

In our election, the candidate set is C' = {p} UG U X U S, where X =
{z1,...,2¢;} and S = {s1,..., 5}

It is easy to see that using a variant of the construction in the proof of
Lemma 3.5.1 (with summation modulo ¢ for adding the arcs between vertices
of G and summation modulo 7r for adding the arcs between vertices of XUS),
we can construct a graph that induces the following outcomes of pairwise
elections between the candidates:

e Candidate p beats all candidates in GUS as well as (t—1)/2 candidates
in X, and loses to all other candidates in X.

e Every candidate g; € G is tied with all candidates s, such that g; € .S,
and beats all other candidates in X U S.

e Every candidate in G beats exactly (¢t — 1)/2 other candidates in G.

e Every candidate in X U S beats exactly (7r — 1)/2 other candidates in
XUS.

By Corollary 2.3.5, we can construct a preference profile R’ with n’
voters, where n’ is polynomially bounded in ¢ and r, so that n’ is even and
the outcomes of pairwise elections between candidates are as described above.

We let n = n/+1 and set our preference profile to be R = (R, R,,), where
voter n (the manipulator) ranks the candidates as

CQ1 > ...> G >y > ... Zgr ™81 > ... Sp.

This completes the description of our (dsyap, Copeland®)-OPTMANIPULA-
TION instance; note that n is odd and therefore the value of « is unimportant
for our analysis.

Observe that in R the Copeland score of p is (t—1)/2+ 7r, the Copeland
score of each g; € G is (t —1)/2 4+ 7r, and the Copeland score of each
candidate in X U S is at most (7r —1)/2 + 1 < 4r. Thus, under truthful
voting p is not the unique winner; indeed, for p to be the unique winner, in
the manipulator’s vote every candidate g; € G' must be ranked below some
candidate s, such that g; € S,. Note also that the manipulator’s vote can
only affect the outcomes of pairwise elections for candidate pairs of the form
(9j,5¢), g; € Se. Thus, no matter how the manipulator votes, the Copeland
score of every candidate z € X is at most 4r < (¢t — 1)/2 + 7r, and the
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Copeland score of every candidate s, € S is at most 4r +¢ < (t —1)/2+ 7r
(recall that we assume ¢ < r), and hence candidates in X U S are not among
the election winners. We conclude that L is a successful manipulative vote
if and only if it ranks each candidate g; € G' below a candidate representing
a set that covers g;. This condition is almost identical to the one in the
proof of Theorem 5.2.7, and, from this point on, the proof repeats the proof
of Theorem 5.2.7 almost verbatim; the reader can verify that the analysis is
not negatively impacted by the fact that the set X contains 6r candidates
(rather than 2r candidates, as in the proof of Theorem 5.2.7). O

5.3 Footrule distance

For the footrule distance our analysis turns out to be much easier than for the
swap distance: for scoring rules and Bucklin, we design a simple matching-
based algorithm, and for Copeland and Maximin we can use the fact that the
swap distance and the footrule distance are always within a factor of 2 from
each other, as this allows us to inherit the hardness results of the previous
section.

5.3.1 Scoring rules and Bucklin

The overall structure of our argument is similar to the one in Section 5.2:
for any scoring rule F,, with o = («v, ..., @) we will design a procedure A’
that, given an election (C,R) with |C| = m, the preferred candidate p, a
target position f for the preferred candidate, and a bound £ on the distance,
constructs a vote L such that (a) F(R_,,L) = {p}; (b) r(p,L) = f; (c)
de (L, R,) < k, or returns L if no such vote exists. We then run this procedure
for f =1,...,m and return “yes” if at least one of these calls does not return
1.

We assume without loss of generality that the manipulator ranks the
candidates as ¢; =, ... >, ¢, (note that this is different from the assumption
we made in Section 5.2), and denote by s,(c) the score of a candidate ¢ € C
in election (C,R_,,) under the voting rule F,. Let r be the rank of p in n’s
truthful vote, i.e., p = ¢,.

A’ proceeds by constructing a bipartite graph G with parts X = C'\ {p}
and Y = {1,...,m} \ {f}; there is an edge from ¢; to ¢ if and only if
position ¢ is safe for c;, ie., so(c;) + ar < so(p) + oy, Each edge has a
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weight: the weight of the edge (c;,¢) is simply |j — ¢|. Clearly, there is a
one-to-one correspondence between votes L that rank p in position f and
satisfy Fo(R_n, L) = {p} and perfect matchings in this graph. Furthermore,
the cost of a matching M is x if and only if the corresponding vote L,
satisfies d,(Lys, Ry,) = x + |r — f|. Thus, it suffices to find a minimum cost
perfect matching in GG; our algorithm returns the vote L that corresponds to
this matching if its cost does not exceed k — |r — f| and L otherwise. The
graph G can be constructed in time O(m?log(namay)), and a minimum-cost
matching can be found in time O(m?) [11].
We summarize these observations as follows.

Theorem 5.3.1. For every polynomial-time computable family
F = (FI)m=1,.. of scoring rules, the problem (dg, F)-OPTMANIPULATION
15 in P.

For the Bucklin rule, it suffices to combine the matching-based algorithm
given above with the definition of a safe position given in the proof of Theo-

rem 5.2.6. We obtain the following corollary.

Corollary 5.3.2. (dg, Bucklin)-OPTMANIPULATION is in P.

5.3.2 Maximin and Copeland

In Section 5.1 we have mentioned that for any candidate set C' and any pair
of votes L, R € L(C) we have dgyap(L, R) < d(L, R) < 2dsywap(L, R) [15].

Now, suppose that there exists a p-approximation algorithm Ay, for (dg, F)-
OPTMANIPULATION for some voting rule F. Consider an instance (C, R, p)
of (the optimization version of) this problem, and let

L'=A{LeL(C) | F(R-n, L) = {p}}

If £/ #0, let k = min{de(L,R,) | L € £'}. On this instance Ayg outputs a
value k' that satisfies k < k' < pk; this value corresponds to a vote L € L’
such that di (L, R,,) = k.

Now, for any vote L' € L' we have

1
dswap(Lla Rn) Z édfr(LlaRn) Z

o |

On the other hand, for L we obtain

dswap(L7 Rn> < dfr(L7 Rn) =k < pk
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Now, consider an algorithm Agyap for (dswap, F)-OPTMANIPULATION that,
given an instance of the problem, runs Ay, on it and returns the value reported
by Ag. The computation above proves that Agya, is a 2p-approximation
algorithm for (dswap, F)-OPTMANIPULATION (note that Agy,p returns 4+o0o
if and only if £ = ). Combining this observation with Theorems 5.2.7
and 5.2.8, we obtain the following corollaries.

Corollary 5.3.3. There exists a § > 0 s. t. (dg, Maximin)-OPTMANIPULA-

TION does not admit a polynomial 0 log |C|-approximation algorithm unless
P=NP.

Corollary 5.3.4. There exists a § > 0 such that for any « € QN [0,1],
(dgy, Copeland®)-OPTMANIPULATION does not admit a polynomil-time § log |C'|-
approzimation algorithm unless P=NP.

5.4 Maximum displacement distance

Maximum displacement distance is fairly generous to the manipulator. In-
deed, the optimal manipulation problems for swap distance and footrule dis-
tance become trivial if the maximum distance £ is bounded by a constant:
in this case, there are only polynomially many possible manipulative votes,
and the manipulator can try all of them. In contrast, for the maximum dis-
placement distance, there are exponentially many votes even at distance 2
from the true vote (to see this, cut the manipulator’s vote into segments of
length 3; within each segment, the candidates can be shuffled independently).
Nevertheless, from the algorithmic perspective maximum displacement dis-
tance exhibits the same behavior as swap distance and footrule distance: we
can design efficient algorithms for all scoring rules and the Bucklin rule, and
derive NP-hardness results for Copeland and Maximin.

5.4.1 Scoring rules and Bucklin

For scoring rules, we can use a simplified variant of the min-cost matching
argument given in Section 5.3.1. Again, suppose that we are given a scoring
rule F, with a = (a1, ..., ay,), an election (C, R) with |C| = m, a preferred
candidate p and a distance bound k. We assume that the manipulator ranks
the candidates as ¢; >, ... =, ¢,. Foreach f=1,... m we try to find a
successful manipulative vote L with dy,q(L, R,,) < k that ranks p in position
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f; in fact, it suffices to consider only values of f that satisty |f—r(p, R,)| < k.
For each such f, we construct a bipartite graph G with parts C' \ {p} and
{1,....,m}\ {f}. In this graph, there is an edge from ¢; to ¢ if and only if ¢
is safe for ¢; (we use the same definition of a safe position as in Section 5.3.1)
and |¢ — j| < k. In contrast to the construction in Section 5.3.1, the graph
is unweighted. It is immediate that there is a one-to-one correspondence
between perfect matchings in G and successful manipulative votes at distance
at most k from R,,. Thus, we obtain the following result.

Theorem 5.4.1. For every polynomial-time computable famaly

F= (FI)m=1..... of scoring rules, the problem (dmd,]:")-OPTMANIPULATION
is in P.

For the Bucklin rule, we use the same approach as in Section 5.3, i.e.,
combine the matching-based algorithm with the definition of a safe position
given in the proof of Theorem 5.2.6. This results in the following corollary.

Corollary 5.4.2. (dyqg,Bucklin)-OPTMANIPULATION is in P.

5.4.2 Copeland and Maximin
Theorem 5.4.3. (d;,q, Maximin)-OPTMANIPULATION is NP-hard.

Proof. We provide a reduction from SET COVER to (dpg, Maximin)-OPTMA-
NIPULATION. Suppose that we are given an instance (G, S, k) of SET COVER
with G = {¢1,...,q:} and § = {Sy,...,S,} that satisfies conditions (1)
G = USeSS§ (2) t S T.

We will now construct an instance of (dpg, Maximin)-OPTMANIPULA-
TION with a set of candidates C'= {p} UBUG U X U S, where

B:{bla"'>bt+1}a 52{817"'787“}7

X = {xl,la SRR 5 15T S IIRIRIR S (Y S IS B xt+1,2r}-

Corollary 2.3.5 implies that we can construct a preference profile R’ with n’
voters, where n’ is polynomially bounded in ¢ and r, so that n’ is even and:

e For any ¢ € C'\ {p} exactly n'/2 — 2 voters prefer p to c.
e For any S; € S and any ¢, € S; exactly n'/2 — 2 voters prefer g, to s;.

e Lor any z;; and g; exactly n//2 — 2 voters prefer z;; to g;.
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e For any z;;41 and x;,; exactly n’'/2 — 2 voters prefer z;,.1 to x;;.

e Lor any z;o, and b;;; where j =1,...,¢ exactly n'/2 — 2 voters prefer
T;or t0 bj11, and exactly n'/2 — 2 voters prefer x4y 9, to by.

e For any other pair of candidates (¢,d) € BUGUX x BUG U X,
exactly n'/2 voters prefer ¢ to .

e For any s; € S and any ¢ € BU G U X exactly n'/2 — 4 voters prefer
s; to c.

Denote the Maximin score of candidate ¢ in election (C, R’) by s(c). We have
s(p) =n'/2 =2, s(b;) = n'/2 — 2 for any b; € B, s(g;) = n'/2 — 2 for any
gj € G (this follows from condition (1)), s(z; ;) = n'//2 — 2 for any z;,; € X,
and s(s;) =n'/2 —4 for any s; € S.

We let n = n’ 4+ 1, and set our preference profile to be R = (R, R,),
where the manipulator ranks the candidates as

P=by = ... =b =91 = ... G -

=Xyl e X1 e > L1 1 e L1 2 7 ST e > Sy

We set K = (t+1)(2r + 1) + kK — 1. That completes the description of
our (dyq, Maximin)-OPTMANIPULATION instance.

Observe that p’s final Maximin score is n//2 — 1 if and only if the manip-
ulator ranks p first. Further, the final Maximin score of any candidate in S
is at most n’/2 — 3.

Here we will use same “parent”-terminology as in Section 3.4.2 (i.e., we
say that ¢; is a parent of c¢; whenever ¢; obtains exactly n'/2 — 2 points in his
pairwise election against ¢;.)

It can be easily seen that a candidate in the set BUGUX has score n'/2—2
only if at least one of his parents is ranked above him in the manipulator’s
vote. Each candidate in the set BU X has exactly one parent. Therefore, if p
is the winner of the election then for i = 1, ..., ¢ candidates {g;, z;1,...,Zi2}
are ranked higher than b;.; and candidates {z¢+11,...,Zt+12,-} are ranked
higher than b,.

Suppose that h(G,S) = k, i.e., there exists a collection of subsets &’ =
{Sh’ N Slk} with 41 < ... < i, such that USIESIS/ =G.

Consider a vote L that ranks p first,

e followed by candidates xy11, ..., Tey1,2, 01,
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followed by candidates s;,, ..., s;, (in this order),

followed by candidates in G' and remaining candidates in X (in the
order of their appearance in R,,),

followed by candidates by, ..., b;y1 (in this order),

followed by the remaining candidates in S (in the order of their ap-
pearance in R,,).

By the argument above, p is the unique Maximin winner of (C, (R', L)).
It is easy to see that dyq(R, L) = (2r+ 1)(t+1) +k — 1.

On the other hand, suppose h(G,S) > k and consider an arbitrary vote
L’ such that p is the unique Maximin winner of (C, (R', L')).

Consider a candidate by such that r(by, L") > p(b;, L') fori =1,...,t + 1.
Consider candidates who are ranked higher than b, in L’. All candidates in
the set B have position in L’ which is at least as high as the position of b,.
Therefore, all candidates in the set X U G are ranked above the respective
elements of B, because p is the only winner of the election. Also p occupies the
first place. We assume that h(G,S) > k, so, at least k + 1 elements of S are
ranked above elements of GG, because every element of G has to be preceded by
at least one of his parents. Therefore, 7(by, L') > 14 (k+1)+|B|+|G|+|X| =
2+k—+t+(2r+1)(t+1). It is evident that the lowest position that is achievable
for by in R is t + 2. Thus, dpa(R, L) > 2r+ 1)(t+ 1) + k.

Thus, we have constructed an election (C,R) and a positive integer K =
(2r+1)(t+1)+k—1so that (C, R, K) is a “yes™instance of (d,q, Maximin)-
OPTMANIPULATION if and only if (G, S, k) is a “yes™instance of SET COVER.

O

Theorem 5.4.4. (d,,q, Copeland®)-OPTMANIPULATION is NP-hard for any
rational o € [0, 1].

Proof. We provide a reduction from SET COVER to (d,,q, Copeland®)-OPTMA-
NIPULATION. Suppose that we are given an instance (G, S, k) of SET COVER
with G = {¢1,...,q:} and S = {S1,...,S,} that satisfies conditions (1)
G = UsesS; (2) t <r; (3) tis odd.

We will now construct an instance of (d,q, Copeland®)-OPTMANIPULA-
TION with a set of candidates C' = {p} U {b} UG U X U S U D, where
X ={x1,..., 2941}, D={dy,...,di1,} and S = {s1,..., 8.}

It is easy to see that we can construct a digraph that induces the following
outcomes of pairwise elections.
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e Candidate p is tied with all candidates in {b} UG U X, beats 9r —t — 2
candidates in D, and loses to all other candidates.

e Candidate b beats all candidates in S U D and is tied with all other
candidates.

e Every candidate g; € G is tied with all candidates s, such that g; € .S,
and beats all other candidates in X U.S as well as 8 — % —1 candidates
in D and % in G.

e Every candidate in XUS beats exactly 7r other candidates in XUSUD.

e Every candidate in dy,...,d:1 beats all candidates in {p} U G and
exactly 7r other candidates in XUSUD. Every candidate in d% +
1,...,da1¢42 beats {p} and exactly 7r other candidates in X USU D.
All other candidates in D beat exactly 7r candidates in X U S U D.

The only thing that is not described among the results of pairwise elec-
tions is how to obtain the outdegrees 7r for the induced subgraph on vertices
X USUD. Evidently, | X USUD| = 14r + 1 and we can use a construc-
tion with summation modulo 14r + 1 similar to the one used in the proof of
Lemma 3.5.1.

By Corollary 2.3.5, we can construct a preference profile R’ with n’ voters,
where n/ is even and polynomially bounded in ¢ and r and the outcomes of
pairwise elections between candidates are as described above.

We let n = n/+1 and set our preference profile to be R = (R’, R,,), where
voter n (the manipulator) ranks the candidates as

Co g1 > o> G =T > oo = Topa] = 81 > oo = Sp = dy = ... > dyyp.

Set K = 2r+1-+t+k. This completes the description of our (d,,q, Copeland®)-
OPTMANIPULATION instance; note that n is odd and therefore the value of
« is unimportant for our analysis.

Observe that in R the Copeland score of p is 12r, the Copeland score of
bis 14r +t + 1 the Copeland score of each g; € G is 12r, and the Copeland
score of each candidate in X USUD is at most 7r +t¢t+1 < 9r. Thus, under
truthful voting p is not among the winners at all. For p to be the unique
winner, in the manipulator’s vote every candidate g; € G must be ranked
below some candidate s, such that g; € S; or below b and b must be ranked
below all candidates in {p} UG U X.
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Note also that the manipulator’s vote can only affect the outcomes of
pairwise elections for candidate pairs of the form

® (gj.50); gj € Si;
® (ba 91)7
e (p,z), where z is any candidate in {b} UG U X.

Thus, no matter how the manipulator votes, the Copeland score of every
candidate x € X U S U D is at most 7r +t < 8r, and hence candidates in
X USUD are not among the election winners.

So, we can conclude that L is a successful manipulative vote if and only
if it ranks each candidate g; € G below a candidate representing a set that
covers g;, candidate b below all candidates in {p} UG U X and candidate p
higher than all candidates in {b} UG U X.

Suppose that h(G,S) = k, i.e., there exists a collection of subsets &' =
{Sil, RN Slk} with 4; < ... < i, such that US’GS’S/ =G.

Consider a vote L that ranks p first, followed by candidates x1, ..., X211,
followed by candidates s;,,...,s; (in this order), followed by candidates
in G and followed by the remaining candidates in S and candidates in D
(in the order of their appearance in R,).By the argument above, p is the
unique Copeland winner of (C, (R', L)). It is easy to see that dpq(R, L) =
2r+14+t+k.

On the other hand, suppose h(G,S) > k and consider an arbitrary vote
L' such that p is the unique Copeland winner of (C,(R’,L’)). Consider
candidates who are ranked higher than b. All candidates in the set {p}UXUG
are ranked above candidate b, because p is the only winner of the election.
We assume that h(G,S) > k, so, at least k + 1 elements of S are ranked
above elements of G, because every element of G has to be preceded by
at least one of the elements s, such that g; € Sy. Therefore, r(b, L") >
k+1+1+|G|+|X|+1=4+k+t+2r. In R candidate b occupies position
2. Thus, dpa(R, L) >2r +1+t+k+ 1.

Thus, we have constructed an election (C,R) and a positive integer K =
2r+1+t+k so that (C, R, K) is a “yes™instance of (d,q, Copeland®)-OPTMA-
NIPULATION if and only if (G, S, K) is a “yes™instance of SET COVER. [
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5.5 Related work

Our work can be placed in the broader context of mechanism design with
verification |28, 41, 36]. This research area deals with the design of mecha-
nisms (voting rules, auctions, etc.) for selfish agents in settings where agents
cannot misrepresent their private information (type) arbitrarily, but rather
are restricted to submit a report that is in some way related to their true
type. In some settings (most notably, mechanism design for scheduling prob-
lems) imposing natural restrictions on possible misreports enables one to
circumvent known impossibility results [4, 3. We remark, however, that the
Gibbard-Satterthwaite theorem has been recently shown to be very robust
with respect to restrictions on misreporting: every non-dictatorial voting
rule for 3 or more candidates remains manipulable even if we only allow the
manipulative votes that only differ by a single swap of adjacent candidates
from the manipulator’s true preference ranking [7]. Viewed from the per-
spective of mechanism design with partial verification, the hardness results
in this thesis provide a complexity-theoretic separation between the unre-
stricted manipulation problem for Copeland and Maximin and its version
with partial verification (where the permissible misreports are required to be
within a certain distance from the manipulator’s true ranking). To the best
of our knowledge, this is a first result of this type in the mechanism design
with partial verification literature.

5.5.1 Optimal manipulability and swap bribery

The problem of finding an optimal manipulation with respect to the swap
distance can be viewed as a special case of the swap bribery problem [18].
In the swap bribery model, there is an external party that wants to make a
particular candidate the election winner. This party can pay the voters to
change their preference orders, with a price assigned to swapping each pair of
candidates in each vote. The goal is to decide whether the manipulator can
achieve his goal given a budget constraint. Clearly, our problem is a special
case of swap bribery, where for one voter each swap has unit cost, and for the
remaining voters the prices are set to +00. Swap bribery is known to be hard,
even to approximate, for almost all prominent voting rules, including such
relatively simple rules as 2-approval. Thus, the easiness results of Section 5.2
identify a new family of easy instances of the swap bribery problem, thus
complementing the results of [17, 16, 40]. It would be interesting to see if a
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somewhat more general variant of the swap bribery problem for scoring rules,
where only one voter can be bribed but swap bribery prices can be arbitrary,
remains tractable; it is not clear if the algorithm given in Section 5.2 can be
adapted to handle this setting.

On the other hand, one may wonder if the hardness results of Section 5.2
are implied by the existing hardness results for swap bribery. However, this
does not seem to be the case: the hardness (and inapproximability) of swap
bribery for Copeland and Maximin follows from the hardness results for the
possible winner problem [47]|, and the latter problem is easy if all but one
voter’s preferences are fixed (it can be verified that the algorithm of Bartholdi
et al. ([6]) works even if the positions of some candidates in the vote are
already fixed). Thus, the hardness results for Copeland and Maximin given
in Section 5.2 strengthen the existing hardness results for swap bribery with
respect to these rules.

5.6 Summary

We have considered the problem of finding a successful manipulative vote
that differs from the manipulators’ preferences as little as possible, for three
distance measures on votes and four types of voting rules. Our results
are summarized in Table 5.1 (where “NPC” stands for “NP-complete” and
“Q(log m)-inapp.” stands for “inapproximable up to a factor of Q(logm)”).

Sc. rules | Bucklin Copeland Maximin
dswap P P Q(log m)-inapp. | Q(log m)-inapp.
dg P P Q(log m)-inapp. | Q(log m)-inapp.
Ao P P NPC NPC
Single-voter manip. P P P P

Table 5.1: Summary of results and comparing with single-voter manipulation
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Chapter 6

Future Work

6.1 Tie-breaking rules

We have determined the complexity of finding an optimal manipulation under
the randomized tie-breaking rule for several prominent voting rules, namely,
scoring rules, Maximin, Copeland® for any rational o € [0, 1], two variants
of the Bucklin rule, Plurality with Runoff, STV and Ranked Pairs. This
provides an essentially complete picture of the complexity of RANDMANIP-
ULATION for commonly studied voting rules.

Still there is a number of open questions left by our work. For instance,
it would be interesting to see whether the easiness results for coalitional ma-
nipulation under lexicographic tie-breaking proven by [50, 49| extend to ran-
domized tie-breaking, or whether our algorithmic results hold under a more
general definition of randomized tie-breaking, where different candidates may
be selected with different probabilities; the latter question includes, in par-
ticular, the setting considered in the end of Section 3.6. Another promising
research direction is designing approximation algorithms for the optimization
version of RANDMANIPULATION. We conjecture that for Copeland it can be
shown that this problem does not admit a constant-factor approximation al-
gorithm, it is not the clear if this is the case for Maximin, STV, or Ranked
Pairs.

Other interesting questions include identifying natural tie-breaking rules
that make manipulation hard and extending our results to multi-winner elec-
tions.

85
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6.2 Minimizing the distance to the true prefer-
ences

We have considered the problem of finding a successful manipulative vote
that differs from the manipulator’s preferences as little as possible, for three
distance measures on votes and four types of voting rules.

A natural direction for future work is extending our results to other
distances on votes; for instance, it should not be too hard to generalize
our results to weighted variants of swap and footrule distances; such dis-
tances play an important role in several applications of rank aggregation,
and have received considerable attention in the literature (see [31] and ref-
erences therein). At a more technical level, we remark that for maximum
displacement distance we only have NP-hardness results for Copeland and
Maximin; it would be interesting to see if this variant of our problem admits
efficient approximation algorithms.



Bibliography

1]

2]

13l

4]

[5]

[6]

7]

18]

K. Arrow, A. Sen, and K. Suzumura. Handbook of Social Choice and
Welfare. North Holland, 2002. (1)

K. J. Arrow. A difficulty in the concept of social welfare. Journal of
Political Economy, 58. (1)

V. Auletta, R. D. Prisco, P. Penna, and G. Persiano. The power of
verification for one-parameter agents. Journal of Computer and System
Sciences, 75(3):190-211, 2009. (82)

V. Auletta, R. D. Prisco, P. Penna, G. Persiano, and C. Ventre. New
constructions of mechanisms with verification. In Proceedings of the 33rd
International Colloguium on Automata, Languages and Programming
(ICALP’06), pages 596-607, 2006. (82)

J. J. Bartholdi, III and J. B. Orlin. Single transferable vote resists
strategic voting. Social Choice and Welfare, 8(4):341-354, 1991. (3, 13,
14, 43)

J. J. Bartholdi, ITI, C. Tovey, and M. Trick. The computational difficulty
of manipulating an election. Social Choice and Welfare, 6(3):227-241,
1989. (1, 3,4,5,6, 11, 12, 13, 14, 34, 47, 83)

I. Caragiannis, E. Elkind, M. Szegedy, and L. Yu. Mechanism design:
from partial to probabilistic verification. In Proceedings of the 158th ACM
Conference on Electronic Commerce (ACM EC’12). (82)

V. Conitzer. Making decisions based on the preferences of multiple
agents. Communications of the ACM, 53:84-94, 2010. (1)

87



88

191

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

BIBLIOGRAPHY

V. Conitzer, M. Rognlie, and L. Xia. Preference functions that score
rankings and maximum likelihood estimation. In Proceedings of the 21st
International Joint Conference on Artificial Intelligence (IJCAI'09),
pages 109-115, 2009. (42, 44)

V. Conitzer and T. Sandholm. Universal voting protocol tweaks to make
manipulation hard. In Proceedings of the 18th International Joint Con-
ference on Artificial Intelligence (IJCAI’03). (59, 60)

T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein. Introduction
to algorithms. MIT Press, 2001. (75)

J. Davies, G. Katsirelos, N. Narodytska, and T. Walsh. An empirical
study of Borda manipulation. In Proceedings of the 3rd International
Workshop on Computational Social Choice (COMSOC’10), pages 91—
102, 2010. (3, 49)

B. Debord. Caractérisation des matrices des préférences nettes et méth-
odes d’agrégation associées. Mathématiques et Sciences Humaines, 97:5—
17, 1987. (16)

Y. Desmedt and E. Elkind. Equilibria of plurality voting with absten-
tions. In Proceedings of the 11th ACM Conference on Electronic Com-
merce (ACM EC’10), pages 347-356, 2010. (4, 44)

P. Diakonis and R. Graham. Spearman footrule as a measure of disarray.
Journal of the Royal Statistical Society B (Methodological), 39(2):262—
268, 1977. (62, 75)

B. Dorn and I. Schlotter. Multivariate complexity analysis of swap
bribery. In Proceedings of the 5th International Symposium on Param-
eterized and Exact Computation (IPEC’10), pages 107-122, 2010. (6,
82)

E. Elkind and P. Faliszewski. Approximation algorithms for campaign
management. In Proceedings of the 6th Workshop on Internet and Net-
work Economics (WINE’10), pages 473-482, 2010. (6, 82)

E. Elkind, P. Faliszewski, and A. Slinko. Swap bribery. In Proceedings of
3rd International Symposium on. Algorithmic Game Theory (SAGT09),
pages 299-310, 2009. (6, 82)



BIBLIOGRAPHY 89

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

[27]

28]

[29]

E. Elkind and H. Lipmaa. Hybrid voting protocols and hardness of ma-
nipulation. In Proceedings of the 16th Annual International Symposium
on Algorithms and Computation (ISAAC’05), pages 206-215, 2005. (59,
60)

E. Ephrati and J. Rosenschein. A heuristic technique for multi-agent
planning. Annals of Mathematics and Artificial Intelligence, 20(1-4):13—
67, 1997. (3)

P. Faliszewski, . Hemaspaandra, and L. Hemaspaandra. Using com-
plexity to protect elections. Communications of the ACM, 53:74-82,
2010. (3)

P. Faliszewski, E. Hemaspaandra, and H. Schnoor. Copeland voting:
Ties matter. In Proceedings of the 7Tth International Joint Conference
on Autonomous Agents and Multiagent Systems (AAMAS’08), pages
983-990, 2008. (40)

P. Faliszewski and A. Procaccia. Al’s war on manipulation: Are we
winning? Al Magazine, 31:53-64, 2010. (3)

E. Friedgut, G. Kalai, and N. Nisan. Elections can be manipulated often.
In Proceedings of the 49th Annual IEEE Symposium on Foundations of
Computer Science (FOCS’08), pages 243-249, 2008.  (3)

M. Garey and D. Johnson. Computers and Intractability: A Guide to
the Theory of NP-Completeness. W. H. Freeman and Company, 1979.
(31, 40, 69)

A. F. Gibbard. Manipulation of voting schemes. Fconometrica,
41(4):587-601, 1973. (2, 12, 17)

A. F. Gibbard. Manipulation of schemes that mix voting and chance.
Econometrica, 45:665-681, 1977. (4, 44)

J. Green and J.-J. Laffont. Partially verifiable information and mecha-
nism design. Review of Economic Studies, 53:447-456, 1986. (82)

M. Isaksson, G. Kindler, and E. Mossel. The geometry of manipulation—
a quantitative proof of the Gibbard—Satterthwaite theorem. In Proceed-
ings of the 51st Annual IEEE Symposium on Foundations of Computer
Science (FOCS’10), pages 319-328, 2010. (3)



90

[30]

[31]

32]

33]

[34]

[35]

36]

37]

38

[39]

[40]

BIBLIOGRAPHY

M. G. Kendall. A new measure of rank correlation. Biometrika, 30(1-
2):81-93, 1938. (6)

R. Kumar and S. Vassilvitskii. Generalized distances between rankings.
In Proceedings of the 10th International World Wide Web Conference
(WWW’10), pages 571-580, 2010. (86)

C. List and C. Puppe. Judgment aggregation: A survey. Oxford Hand-
book of Rational and Social Choice, pages 84-94, 2009. (1)

D. McGarvey. A theorem on the construction of voting paradoxes.
Econometrica, 21(4):608-610, 1953.  (15)

R. Meir, M. Polukarov, J. S. Rosenschein, and N. R. Jennings. Con-
vergence to equilibria in plurality voting. In Proceedings of the 2/th
Conference on Artificial Intelligence (AAAI'10), pages 823-828, 2010.
(44)

J. W. Moon. Topics on Tournaments. Holt, Rinehart and Winston,
1968. (15, 16)

N. Nisan and A. Ronen. Algorithmic mechanism design. Games and
Economic Behavior, 35:166-196, 2001. (82)

A. Procaccia and J. Rosenschein. Junta distributions and the average-

case complexity of manipulating elections. Journal of AI Research,
28:157-181, 2007. (3)

R. Raz and S. Safra. A sub-constant error-probability low-degree test,
and a sub-constant error-probability PCP characterization of NP. In
Proceedings of the 29th Annual ACM Symposium on Theory of Comput-
ing (STOC"97), pages 475-484, 1997. (70, 72)

M. Satterthwaite. Strategy-proofness and Arrow’s conditions: Existence
and correspondence theorems for voting procedures and social welfare
functions. Journal of Economic Theory, 10(2):187-217, 1975. (2, 12,
17)

I. Schlotter, P. Faliszewski, and E. Elkind. Campaign management under

approval-driven voting rules. In Proceedings of the 25th Conference on
Artificial Intelligence (AAAI’11), pages 726-731, 2011. (6, 82)



BIBLIOGRAPHY 91

[41]

42|

[43]

[44]

[45]
[46]

[47]

48]

[49]

[50]

[51]

N. Singh and D. Wittman. Implementation with partial verification.
Review of Economic Design, 6:63-84, 2001. (82)

C. Spearman. The proof and measurement of association between two
things. The American Journal of Psychology, 15(1):72-101, 1904.  (6)

T. N. Tideman. Independence of clones as a criterion for voting rules.
Social Choice and Welfare, 4:185-206, 1987. (11)

T. Walsh. Where are the really hard manipulation problems? The phase
transition in manipulating the veto rule. In Proceedings of the 21st In-
ternational Joint Conference on Artificial Intelligence (IJCAI'09), pages
324-329, 2009. (3)

D. West. Introduction to Graph Theory. Prentice Hall, 2001. (50)

L. Xia and V. Conitzer. A sufficient condition for voting rules to be
frequently manipulable. In Proceedings of the 9th ACM Conference on
FElectronic Commerce (ACM EC’08), pages 99-108, 2008. (3)

L. Xia and V. Conitzer. Determining possible and necessary winners
given partial orders. Journal of Artificial Intelligence Research, 41:25—
67, 2011. (83)

L. Xia, V. Conitzer, and A. Procaccia. A scheduling approach to coali-
tional manipulation. In Proceedings of the 11th ACM Conference on
FElectronic Commerce (ACM EC’10), pages 275-284, 2010.  (3)

L. Xia, M. Zuckerman, A. Procaccia, V. Conitzer, and J. Rosenschein.
Complexity of unweighted coalitional manipulation under some common
voting rules. In Proceedings of the 21st International Joint Conference
on Artificial Intelligence (IJCAI'09), pages 348-352, 2009. (3, 14, 43,
85)

M. Zuckerman, A. Procaccia, and J. Rosenschein. Algorithms for
the coalitional manipulation problem. Artificial Intelligence Journal,
173:392-412, 2009. (85)

M. Zuckerman and J. S. Rosenschein. Manipulation with randomized
tie-breaking under maximin (extended abstract). In The 11th Interna-
tional Joint Conference on Autonomous Agents and Multiagent Systems

(AAMAS 2012). (44)



92

BIBLIOGRAPHY



