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Abstract

We initiate the work towards a comprehensive picture of the smoothed satisfaction of
voting axioms to provide a finer and more realistic foundation for comparing voting
rules. We adopt the smoothed social choice framework [51], where an adversary
chooses arbitrarily correlated “ground truth” preferences for the agents, and then
independent random noises are added. We focus on characterizing the smoothed
satisfaction of two well-studied voting axioms: Condorcet criterion and participation.
We prove that for any fixed number of alternatives, when the number of voters n is
sufficiently large, the smoothed satisfaction of the Condorcet criterion under a wide
range of voting rules is 1, 1 — exp(—0(n)), ©(n~%?), exp(—O(n)), or being O(1)
and 1 — ©(1) at the same time; and the smoothed satisfaction of participation is
1 —©(n~%5). Our results not only address long-standing open questions by Berg
and Lepelley [3] in 1994, but also confirm the following high-level message: the
Condorcet criterion is a bigger concern than participation under realistic models.

1 Introduction

The “widespread presence of impossibility results” [45] is one of the most important and
fundamental challenges in social choice theory. Such results assert that no “perfect” voting
rule exists for three or more alternatives [1, 25, 42]. Despite the mathematical impossibilities,
an (imperfect) voting rule must be designed and used in practice for agents to make a
collective decision. In the social choice literature, the dominant paradigm of doing so has
been the azxiomatic approach, i.e., voting rules are designed, evaluated, and compared to each
other w.r.t. their satisfaction of desirable normative properties, known as (voting) azxioms.

Most definitions of dissatisfaction of voting axioms are based on worst-case analysis.
For example, a voting rule r does not satisfy CONDORCET CRITERION (CC for short), if
there exists a collection of votes, called a profile, where the Condorcet winner exists but is
not chosen by r as a winner. The Condorcet winner is the alternative who beats all other
alternatives in their head-to-head competitions. As another example, a voting rule r does
not satisfy PARTICIPATION (PAR for short), if there exist a profile and a voter who has
incentive to abstain from voting. An instance of dissatisfaction of PAR is also known as the
no-show paradoz [16]. Unfortunately, when the number of alternatives m is at least four, no
irresolute voting rule satisfies CC and PAR simultaneously [36].

While the classical worst-case analysis of (dis)satisfaction of axioms can be desirable in
high-stakes applications such as political elections, it is often too coarse to serve as practical
criteria for comparing different voting rules inmore frequent, low-stakes applications, such as
business decision-making [5], crowdsourcing [31], informational retrieval [30], meta-search
engines [12], recommender systems [48], etc. A decision maker who desires both axioms
would find it hard to choose between a voting rule that satisfies CC but not PAR, such as
Copeland, and a voting rule that satisfies PAR but not CC, such as plurality. A finer and
more quantitative measure of satisfaction of axioms is therefore called for.

One natural and classical approach is to measure the likelihood of satisfaction of axioms
under a probabilistic model of agents’ preferences, in particular the independent and identi-
cally distributed (i.i.d.) uniform distribution over all rankings, known as Impartial Culture
(IC) in social choice. This line of research was initiated and established by Gehrlein and
Fishburn in a series of work in the 1970’s [21, 23, 22], and has become a “new sub-domain of



the theory of social choice” [11]. Some classical results were summarized in the 2011 book
by Gehrlein and Lepelley [24], and recent progresses can be found in the 2021 book edited
by Diss and Merlin [11].

While this line of work is highly significant and interesting from a theoretical point of
view, its practical implications may not be as strong, because most previous work focused
on a few specific distributions, especially IC, which has been widely criticized to be unre-
alistic (see, e.g., [39, p. 30], [20, p. 104], and [27]). Indeed, conclusions drawn under any
specific distribution may not hold in practice, as “all models are wrong” [7]. Technically,
characterizing the likelihood of satisfaction of CC and of PAR are already highly challenging
w.r.t. IC, and despite that Berg and Lepelley [3] explicitly posed them as open questions
in 1994, not much is known beyond a few voting rules. Therefore, the following question
largely remains open.

How likely are voting axioms satisfied under realistic models?

The importance of successfully answering this question is two-fold. First, it tells us
whether the worst-case violation of an axiom is a significant concern in practice. Second, it
provides a finer and more quantitative foundation for comparing voting rules.

We believe that the smoothed analysis proposed by Spielman and Teng [46] provides a
promising framework for addressing the question. In this paper, we adopt the smoothed
social choice framework [51], which models the satisfaction of a per-profile voting axiom X
by a function X (r, P) € {0, 1}, where r is a voting rule and P is a profile, such that r satisfies
X if minp X(r, P) = 1. Let II denote a set of distributions over all rankings over the m
alternatives (denoted by £(.A)), which represents the “ground truth” preferences for a single
agent that the adversary can choose from. Let n denote the number of agents. Because
a higher value of X(r, P) is more desirable, the adversary aims at minimizing expected
X (r, P) by choosing € II", and then P is generated from 7. The smoothed satisfaction of
X under r with n agents, denoted by X}}ﬁn(r, n), is defined as follows [51]:

)?ﬁnin(ﬁ n) = infzemm Prpoz X(r, P) M)

Notice that agents’ ground truth preferences can be arbitrarily correlated, while the noises
are independent, which is a standard assumption in the literature and in practice [51].

Example 1 (Smoothed CC under plurality). Let X = CC and r = Plu denote the
irresolute plurality rule, which chooses all alternatives that are ranked at the top most often
as the (co-)winners. Suppose there are three alternatives, denoted by A = {1,2,3}, and
suppose Il = {72}, where 7t and ©% are distributions shown in Table 1.

Table 1: Two distributions over three alternatives. “123” represents the ranking 1 > 2 > 3.

123 | 132 | 231 | 321 | 213 | 312
7T 174 | 1/4 | 1/8 | 1/8 | 1/8 | 1/8
2| 1/8 | 1/8 | 3/8 | 1/8 | 1/8 | 1/8

Then, we have é\égm(%, n) = infre(r1 230 Prpoz CC(Pl , P). When n = 2, the
adversary has four choices of ®, i.e., {(x',7"), (x!,7?), (x?,7"), (7, 7%)}. Each 7 leads to

a distribution over the set of all profiles of two agents, i.e. E(.A)2. We have CCH (Plu, 2) =

I3

1, because CC is satisfied at all profiles of two agents. As we will see later in FExample 3,
for all sufficiently large n, E(J]Em(%, n) = exp(—0(n)).



1.1 Owur Contributions

We initiate the work towards a comprehensive picture of smoothed satisfaction of voting
axioms under commonly-studied voting rules, by focusing on characterizing the smoothed
satisfaction of CC and PAR in this paper, due to their importance, popularity, and incom-
patibility [36]. Let m denote the number of alternatives and let n denote the number of
agents. Our technical contributions are two-fold.

First, smoothed satisfaction of CC (Theorem 1 and 2, Lemma 2). We prove
that, under mild assumptions, for any fixed m > 3 and any n that is sufficiently large,
the smoothed satisfaction of CC under a wide range of voting rules is 1, 1 — exp(—©(n)),
O(n=%%), exp(—O(n)), or being O(1) and 1 — O(1) at the same time (denoted by ©(1) A
(1-0(1))). The 1 case and the 1 —exp(—0O(n)) case are positive news, because they state
that CC is satisfied almost surely when n is large, regardless of the adversary’s choice. The
remaining three cases are negative news, because they state the adversary can make CC to
be violated with non-negligible probability, no matter how large n is.

Second, smoothed satisfaction of PAR (Theorem 3—6, Lemma 3). We prove that,
under mild assumptions, for any fixed m > 3 and any n that is sufficiently large, the
smoothed satisfaction of PAR under a wide range of voting rules is 1 — ©(n~%%). These are
positive news, because they state that PAR is satisfied almost surely for large n, regardless
of the adversary’s choice. While this message may not be surprising at a high level, as
the probability for a single agent to change the winner vanishes as n — oo, the theorems
characterize asymptotically tight rates for PAR to be satisfied.

In particular, straightforward corollaries of these theorems to IC address the open ques-
tions posed by Berg and Lepelley [3] in 1994, and also provides a mathematical justification
of two common beliefs related to PAR: first, IC exaggerates the likelihood for paradoxes to
happen, and second, the dissatisfaction of PAR is not a significant concern in practice [28],
especially when it is compared to our results on smoothed CC. Table 2 summarizes corol-
laries of our results under some commonly-studied voting rules w.r.t. IC as well as the
satisfaction of CC and PAR on Preflib data [32].

Table 2: Satisfaction of CC and PAR w.r.t. IC and w.r.t. 315 Preflib profiles of linear orders under
elections category. Experimental results are presented in Appendix G.

Axiom | Plu. ‘Borda‘ Veto ‘ STV | Black ‘ MM ‘ Sch. ‘ RP ‘Copelando‘5
CC O(1) A (1-06(1)) always satisfied
Theory PAR always satisfied | 1-0(n"?)
Preflib CcC 96.8% | 92.4% | 74.2% | 99.7% | 100% |100% | 100% | 100% 100%
PARr 100% | 100% | 100% | 99.7% | 99.4% |100% | 100% | 100% 99.7%

Smoothed satisfaction of axioms in general. Theorems 1-6 and Lemma 2 and 3 are
proved by (non-trivial) applications of a categorization lemma (Lemma 1), which charac-
terizes smoothed satisfaction of large class of axioms that can be represented by unions of
polyhedra, including CC and PAR. While we focus on presenting the results on CC and
PAR in this paper, the categorization lemma appears to be promising tool for analyzing
other axioms in future work.

1.2 Related Work and Discussions

The Condorcet criterion (CC) was proposed by Condorcet in 1785 [9], has been one
of the most classical and well-studied axioms, and has “nearly universal acceptance” [41,



p. 46]. CC is satisfied by many commonly-studied voting rules, with the exceptions of posi-
tional scoring rules [15] and multi-round-score-based elimination rules, such as STV. Most
previous work focused on characterizing the Condorcet efficiency, which is the probability
for the Condorcet winner to win conditioned on its existence. The study can be dated
back to Fishburn’s computer simulations [14, 13]. Analytical work was pioneered by Paris
[40], and Gehrlein and Fishburn [22] proved that when there are three alternatives (m = 3),
Borda maximizes the asymptotic Condorcet efficiency under IC among all positional scoring
rules. This result was generalized to arbitrary m by Newenhizen [37]. Beyond positional
scoring rules, the study was mostly based on computer simulations, see, e.g., [17, 18, 34, 38].

The participation axiom (PAR) was motivated by the no-show paradoz [16] and was
proved to be incompatible with CC for every m > 4 [36]. The likelihood of PAR under
commonly studied voting rules w.r.t. IC was explicitly suggested by Berg and Lepelley [3] in
1994 as an open question and has been investigated in a series of works including [29, 28, 49],
see [24, Chapter 4.2.2]. In particular, Lepelley and Merlin [28] analyzed the likelihood of
different kinds of no-show paradoxes for three alternatives under scoring runoff rules, which
includes STV, w.r.t. IC and other distributions, and “strongly believe that the no-show
paradoz is not an important flaw of the scoring run-off voting systems”.

Our work vs. previous work on CC and PAR. Our results address open questions
by Berg and Lepelley [3] about the likelihood of satisfaction of CC and PAR in two dimen-
sions: first, we conduct smoothed analysis, which extends i.i.d. models and is believed to
be significantly more general and realistic. Second, our results cover a wide range of voting
rules whose likelihood of satisfaction under CC or PAR even w.r.t. IC were not mathemat-
ically characterized before, including CC under STV and PAR under maximin, Copeland,
ranked pairs, Schulze, and Black’s rule. While all results in this paper assume that the
number of alternatives m is fixed, they are already more general than many previous work
that focused on m = 3.

Smoothed analysis. There is a large body of literature on the applications of smoothed
analysis to various computational problems [47]. Its main idea, i.e., the worst average-case
analysis, has been proposed and investigated in other disciplines as well, for example, it is the
central idea in frequentist statistics (as in the frequentist expected loss and minimax decision
rules [4]) and is also closely related to the min of means criteria in decision theory [26].

Recently, Baumeister et al. [2] and Xia [51] independently proposed to conduct smoothed
analysis in social choice. We adopt the framework in the latter work, though our motivation
and goal are quite different. We aim at providing a comprehensive picture of smoothed
satisfaction of voting axioms. [51] focused on analyzing smoothed likelihood of Condorcet’s
voting paradox and the ANR impossibility on anonymity and neutrality. [52] focused on
characterizing the smoothed likelihood of ties. On the technical level, while Lemma 1 is a
straightforward corollary of [52, Theorem 2], applications of it can be highly non-trivial and
problem dependent as commented in [52], which is the case of this paper. We believe that
Lemma 1’s main merit is conceptual, as it provides a general categorization of smoothed
satisfaction of a large class of per-profile axioms for future work.

2 Preliminaries

For any ¢ € N, we let [¢] = {1,...,¢}. Let A = [m] denote the set of m > 3 alternatives.
Let £(A) denote the set of all linear orders over A. Let n € N denote the number of agents
(voters). Each agent uses a linear order R € £(.A) to represent his or her preferences, called
a vote, where a =g b means that the agent prefers alternative a to alternative b. The
vector of n agents’ votes, denoted by P, is called a (preference) profile, sometimes called



an n-profile. The set of n-profiles for all n € N is denoted by L£(A)* = U;—, L(A)". A
fractional profile is a profile P coupled with a possibly non-integer and/or negative weight
vector Wp = (wgr : R € P) € R™ for the votes in P. It follows that a non-fractional profile
is a fractional profile with uniform weight, namely &p = 1. Sometimes the weight vector is
omitted when it is clear from the context or when &p = 1.

For any (fractional) profile P, let Hist(P) € RZ denote the anonymized profile of P,
also called the histogram of P, which contains the total weight of every linear order in £(.A)
according to P. An irresolute voting rule 7 : L(A)* — (24 \ {#}) maps a profile to a non-
empty set of winners in A. A resolute voting rule r is a special irresolute voting rule that
always chooses a single alternative as the (unique) winner. We say that a voting rule r is a
refinement of another voting rule 7, if for every profile P, r(P) C 7(P).

(Un)weighted majority graphs and (weak) Condorcet winners. For any (fractional)
profile P and any pair of alternatives a, b, let P[a > b] denote the total weight of votes in
P where a is preferred to b. Let WMG(P) denote the weighted magjority graph of P, whose
vertices are A and whose weight on edge a — b is wp(a,b) = Pla > b] — P[b > a]. Let
UMG(P) denote the unweighted majority graph, which is the unweighted directed graph that
is obtained from WMG(P) by keeping the edges with strictly positive weights. Sometimes
a distribution 7 over £(.A) is viewed as a fractional profile, where for each R € L(A) the
weight on R is w(R). In such cases, we let WMG(7) denote the weighted majority graph of
the fractional profile represented by 7.

The Condorcet winner of a profile P is the alternative that only has outgoing edges in
UMG(P). A weak Condorcet winner is an alternative that does not have incoming edges
in UMG(P). Let CW(P) and WCW(P) denote the set of Condorcet winners and weak
Condorcet winners in P, respectively. Notice that CW(P) C WCW(P) and |CW(P)| < 1.
The domain of CW(-) and WCW(+) can be naturally extended to all weighted or unweighted
directed graphs.

For example, a distribution 7, WMG(7), and UMG(7) for m = 3 are illustrated in
Figure 1. We have CW(#) = ) and WCW (7) = {1, 2}.

1>-2>3 w.p. 1/4
T=4¢ 2>1>3 w.p. 1/4 = WMG(# i = UMG(#
other ranking w.p. 1/8

Figure 1: #, WMG(#) (only positive edges are shown), and UMG(7).

As another example, let m,,; denote the uniform distribution over £(A). Then, the
weight on every edge in WMG(7yyi) is 0 and UMG(m,y;) does not contain any edge.

Due to the space constraint, we focus on presenting smoothed CC on positional scoring
rules and MRSE rules in the main text, whose irresolute versions are defined below. Their
resolute versions can be obtained by applying a tie-breaking mechanism on the co-winners.
See Section A for definitions of other rules studied in Section 4.

Integer positional scoring rules. An (integer) positional scoring rule Tz is characterized
by an integer scoring vector § = (s1,...,8m) € Z™ with s1 > 59 > -+ > 5, and 81 > 8.
For any alternative a and any linear order R € L(A), we let §(R,a) = s;, where i is the
rank of @ in R. Given a profile P with weights Wp, the positional scoring rule 7z chooses
all alternatives a with maximum ) . p wg - 5(R, a). For example, plurality uses the scoring
vector (1,0,...,0), Borda uses the scoring vector (m — 1,m — 2,...,0), and veto uses the
scoring vector (1,...,1,0).

Multi-round score-based elimination (MRSE) rules. An irresolute MRSE rule 7 for



m alternatives is defined by a vector of m — 1 rules (75, ..., T,,), where for every 2 < i < m,
T, is a positional scoring rule over i alternatives that outputs a total preorder over them in
the decreasing order of their scores. Given a profile P, 7(P) is selected in m — 1 rounds. For
each 1 <i <m —1, in round ¢ a loser (an alternative with the lowest score) under 7,1
is eliminated. We use the parallel-universes tie-breaking (PUT) [10] to select winners—an
alternative a is a winner if there is a way to break ties among the losers in each round, so
that a is the remaining alternative after m — 1 rounds. If an MRSE rule 7 only uses integer
position scoring rules, then it is called an int-MRSE rule. Commonly studied int-MRSE
rules include STV, which uses plurality in each round, Coombs, which uses veto in each
round, and Baldwin’s rule, which uses Borda in each round.

Example 2 (Irresolute STV). Figure 2 illustrates the execution of irresolute STV,
denoted by STV, un-

der Tyuni (the uniform Profile T 7
distribution) —and R oo
be the distribution in {1,2,3} {3}
Figure 1, where each ~ Round1(73) 1 2 3 3
node represents the T /J; _____ \\ l ----------
(tied) loze'rs of ti(zje Round 2 (75) {2,3}y {1,3} {1,2} {1,2}
corresponding  round, 2 3 Voo Ne ) N2
and each edge repre- ‘/\S‘ ____________ \‘ / \‘
sents the loser to be Winner {3} {2} {3} {1} {2} {1} {2y {1}

eliminated. We have
STV(muni) = {1,2,3} .
and STV(#) = {1,2}. Figure 2: STV under muni and 7 (defined in Figure 1).

Axioms of voting. We focus on per-profile azioms [51] in this paper. A per-profile axiom
is defined as a function X that maps a voting rule 7 and a profile P to {0,1}, where 0
(respectively 1) means that 7 violates (respectively, satisfies) the axiom at P. Then, the
classical (worst-case) satisfaction of the axiom under 7 is defined to be minpe 4y~ X (7, P).

For example, a (resolute or irresolute) rule 7 satisfies CC, if minpe,(a)- CC(7, P) = 1,
where CC(7, P) = 1 if and only if either (1) there is no Condorcet winner under P, or
(2) the Condorcet winner is a co-winner of P under 7. A resolute rule r satisfies PAR, if
minpep(a)- PAR(r, P) = 1, where PAR(r, P) = 1 if and only if no voter has incentive to
abstain from voting. Formally, let P = (Ry,..., R,), then

[PAR(r, P) = 1] <= [Vj < n,r(P) =g, r(P — R;j)] ,

where P — R; is the (n — 1)-profile that is obtained from P by removing the j-th vote. For
any pair of alternatives a and b, we write {a} =g, {b} if and only if a =g, b.

Many commonly-studied axioms are per-profile axioms. See Appendix B for a list of 13
well-studied per-profile axioms and one non-per-profile axiom.

Smoothed satisfaction of axioms. Given a per-profile axiom X, a set II of distributions
over L(A), a voting rule 7, and n € N, the smoothed satisfaction of X under 7 with n agents,
denoted by )?ﬁni“ (7,n), is defined in Equation (1) in the Introduction. We note that the
“min” in the superscript means that the adversary aims at minimizing the satisfaction of
X. Formally, II is part of the single-agent preference model defined as follows.

Definition 1 (Single-Agent Preference Model [51]). A single-agent preference model
is denoted by M = (0, L(A),II), where © is the parameter space, L(A) is the sample space,
and II consists of distributions indezed by ©. M is strictly positive if there exists € > 0
such that the probability of any linear order under any distribution in II is at least €. M is
closed if IT (which is a subset of the probability simplex in R™ ) is a closed set in R™.



Example 1 illustrates a simple single-agent preference model for m = 3, where II =
{m!, 72}. Other examples can be found in [51, Example 2 in the appendix].

3 The Smoothed Satisfaction of CONDORCET CRITERION

Smoothed CC under Integer Positional Scoring Rules. We first define almost Con-
dorcet winners (ACW) of a profile P, which are the two alternatives that are tied in the
UMG and beat all other alternatives in head-to-head competitions.

Definition 2 (Almost Condorcet Winners). For any unweighted directed graph G over
A, a pair of alternatives a,b are almost Condorcet winners, denoted by ACW(Q), if (1) a
and b are tied in G, and (2) for any other alternative ¢ ¢ {a,b}, G has a — ¢ and b — c.
For any profile P, let ACW(P) = ACW(UMG(P)).

For example, 1 and 2 are ACWs of 7 (as a fractional profile) in Figure 1. By definition,
|[ACW(G)| is either 0 or 2, and when it is 2, WCW(G) = ACW(G).

We are now ready to present the theorem that characterizes smoothed CC under integer
positional scoring rules, where the condition for each case is characterized by first viewing
distributions 7 in the convex hull of II as fractional profiles, then verifying properties of
7z(m), CW(m), ACW(r), and WCW ().

Theorem 1 (Smoothed CC: Integer Positional Scoring Rules). For any fixed m > 3,
let M = (0©,L(A),I) be a strictly positive and closed single-agent preference model, let Tz
be an irresolute integer positional scoring rule, and let rz be a refinement of Tz. For any
n € N with 2 | n,

1—exp(—0O(n)) if Vr € CH(IL), | WCW(m)| x |Tz(m) U WCW(r)| <1

- O(n-0%) if (1) ¥Vr € CHI), CW(m) N (A\Tz(m)) =0 and
CCp (rsn) = (2) 3m € CHI) s.t. |ACW(m) N (A\Tz(m))| =2
exp(—0O(n)) if 3m € CH(II) s.t. CW(m) N (A\Tz(r)) # 0
O(1) A (1 =06(1)) otherwise

For any n € N with 2 {n,
1 —exp(—©(n))  same as the 2 | n case

(1) CW(m) N (A\Ts(m)) # 0 or
(2) |[ACW(m) N (A\ Ts(m))| =

——min

CCp (rz,n) = exp(—O(n)) if 3m € CH(II) s.t.{

O(1) A (1 —-06(1)) otherwise

Generality. We believe that Theorem 1 is quite general, as it can be applied to any re-
finement of any irresolute integer positional scoring rule (i.e., using any tie-breaking mecha-
nism) w.r.t. any II that satisfies mild conditions. The power of Theorem 1 is that it converts
complicated probabilistic arguments about smoothed CC to deterministic arguments about
properties of (fractional) profiles in CH(IT), which are much easier to check. In particular,
it can be easily applied to i.i.d. distributions (including IC) as shown in Example 3 below.

Intuitive explanations of the conditions. While the conditions for the cases in The-
orem 1 may appear technical, they have intuitive explanations. Take the 2 | n case for
example. The 1 — exp(—©(n)) case happens if every 7 € CH(II) is a “robust” instance
of CC satisfaction, in the sense that after any small perturbation is introduced to =, it
is still an instance of CC satisfaction. For the ®(n~%%) case, condition (1) states that
every m € CH(II) is an instance of CC satisfaction, and condition (2) requires that some
7w € CH(II) corresponds to a “non-robust” instance of CC satisfaction, in the sense that
after a small perturbation 7 is added to 7, CC is violated at m + 7. The exp(—©(n))



case happens if there exists a “robust” instance of CC dissatisfaction m € CH(II), in the
sense that after any small perturbation is introduced to =, it is still an instance of CC
dissatisfaction. The ©(1) A (1 — ©(1)) case holds if none of the other cases hold.

Odd vs. even n. The 2 { n case has similar explanations. The main difference is that when
2 { n, the UMG of any n-profile must be a complete graph. Therefore, when ACW (7) # 0,
with high probability one of the almost Condorcet winners is the Condorcet winner in
the randomly-generated n-profile. Then, the ©(n=°5) case in 2 | n becomes part of the
exp(—0O(n)) case in 2t n.

Example 3 (Applications of Theorem 1 to plurality). In the setting of Example 1,
we apply Theorem 1 to any sufficiently large n with 2 | n and any refinement of irresolute
plurality, denoted by Plu, for the following sets of distributions.

o II = {r!,72}. We have (f]\é;ﬁn(Plu, n) = exp(—0O(n)), because let #’ = #, we
have CW(r') = WCW(r') = {2}, ACW(x') =0, and Plu(’") = {1}.

o II; = {7'}. We have Géﬁi“(m n) = O(n=%9), because CW(rt) =0, WCW(rt) =
ACW(rY) = {2,3}, and Plu(s') = {1}.

o II, = {n?}. We have @E;H(Plu,n) = 1 — exp(—O(n)), because CW(n?) =
WOW(r?) = {2}, ACW(x?) = 0, and Plu(x?) = {2}.

o Il;0 = {muni}, .that 18, the smoothed CC degenerates to the likelihood of CC w.r.t. IC.

We have GEEJZ(PZU, n) = (1) A (1 —0O(1)), because CW(myni) = 0, WOW(Tyni) =
{1,2,3}, and ACW(myni) = 0.

Smoothed CC under int-MRSE Rules. Smoothed CC under an MRSE rule 7 depends
on whether the positional scoring rules it uses satisfy the CONDORCET LOSER (CL) criterion,
which requires that the Condorcet loser, whenever it exists, never wins. The Condorcet loser
is the alternative that loses to all head-to-head competitions. For any voting rule 7, we write
CL(7) = 1 if and only if 7 satisfies CONDORCET LOSER.

To present the result, we first define parallel universes under an MRSE rule 7 at & € R™,
denoted by PUx(Z), to be the set of all elimination orders in the execution of 7 at #. Then,
for any alternative a, let the possible losing rounds, denoted by LR#(Z, a) C [m — 1], be the
set of all rounds in the parallel universes where a drops out. The formal definitions can be
found in Definition 26 in Appendix E.3.

Example 4 (Parallel universes and possible losing rounds under irresolute STV).
In the setting of Example 2, we let T = STV. PUggy(Tuni) consists of linear orders that
correspond to all paths from the root to leaves in Figure 2. Therefore, PUggy(Tuni) = L(A).
For every a € A, LRggy/(Tuni, a) corresponds to the rounds where a is in a node of that round
in Figure 2. Therefore, for every a € A, we have LRgpy(Tuni,a) = {1,2}.

For @ in Figure 1, we have: PUggy(7t) = {[3> 11> 2|,[3 > 2> 1]}, LRgz (7, 1) =
LRg7(7,2) = {2}, and LRg(7,3) = {1}.

We are now ready to present the 2 | n case of our characterization of smoothed CC
under MRSE rules. The full version can be found in Appendix E.3.

Theorem 2 (Smoothed CC: int-MRSE rules, 2 | n). For any fized m > 3, let
M = (©,L(A),II) be a strictly positive and closed single-agent preference model, let T =

1We use > to indicate the elimination order to avoid confusion with >.



(T2, ..., Tm) be an int-MRSE rule and let v be a refinement of 7. For any n € N with 2 | n,
we have

1 if¥2 <i<m,CL(F;) =1
(1) 32 <i<m s.t. CL(T;) =0 and
1 —exp(—©(n))  ifs (2) Vr € CH(IT),Ya € WCW(r),Vi* € LR=(7,a),

Nmin(r n) = we have CL(Fpy1—i+) =1
S - y {(1 ) ¥ € CH(IT), CW(r) N (A\7(x)) = 0 and
(2) Ir € CHI) s.t. [ACW(r) N (A\F(m))| = 2
exp(—0(n)) if 3Ir € CH(IT) s.t. CW(m) N (A\T(m)) # 0

O(1) A (1 —=06(1)) otherwise

The most interesting cases are the 1 case and the 1 — exp(—0O(n)) case. The 1 case
happens when all positional scoring rules used in 7 satisfy CONDORCET LOSER. In this case,
if the Condorcet winner exists, then it cannot be a loser in any round, which means that it
is the unique winner under 7. The 1 — exp(—©(n)) case happens when (1) the 1 case does
not happen, and (2) for every distribution # € CH(II), every weak Condorcet winner a,
and every round ¢* where a is eliminated in a parallel universe, the positional scoring rule
used in round 7*, i.e. Tp,41—i+, must satisfy CONDORCET LOSER. (2) guarantees that when
a small permutation is added to m, if a weak Condorcet winner a becomes the Condorcet
winner, then it will be the unique winner under 7.

Example 5 (Applications of Theorem 2 to STV). In the setting of Example 4, let
STV denote an arbitrary refinement of STV = (¥2,73). The 1 case does not hold for any
sufficiently large n, because Ts (plurality) does not satisfy CONDORCET LOSER.

When ;e = {muni}, Theorem 2 implies that for any sufficiently large n with 2 | n,
the ©(1) A (1 — ©(1)) case holds. The 1 — exp(—O(n)) case does not hold, because its
condition (2) fails: 1 € WCW(rwtyn:) and round 1 is a losing round for alternative 1 (i.e.,
1 € LRggy(uni 1)), yet T3 does not satisfy CONDORCET LOSER. The ©(n~"?) case does
not hold, because its condition (2) fails: ACW(myn;) = 0. The exp(—©(n)) case does not
hold because CW(mypn;) = 0.

Like Theorem 1, Theorem 2 can also be easily applied to i.i.d. distributions. Like Ex-
ample 5, we have the following corollary w.r.t. IC, which corresponds to IT = {7myn; }-

Corrollary 1 (Likelihood of CC under int-MRSE rules w.r.t. IC). For any fized
m > 3, any refinement r of any int-MRSFE rule 7, and any n € N,

] 1 ifvV2<i<m,CL(T;) =1
Prpe e, (CCr, P) = 1) = { O(1) A (1 —=06(1)) otherwise

Proof sketches for Theorem 1 and 2. In light of various multivariate central limit
theorems (CLTs), the histogram of the profile generated from @ = (my,...,m,) is concen-
trated in a ©(n~%%) neighborhood of E;-lzl mj. Therefore, when n is large, the profile is
approximately n - 7* for some 7* € CH(II) with high probability. Despite this high-level
intuition, the conditions of the cases are quite differently from smoothed CC by definition.
To see this, note that (i) the adversary may not be able to set any agent’s ground truth
preferences to be 7* € CH(II), because 7* may not be in II as shown in Example 3, and
(ii) in the definition of smoothed CC, agent j’s vote is a random variable distributed as
7, instead of the fractional vote 7;. Standard CLTs can probably be applied to prove the
1 —exp(—0O(n)) case and the ©(1) A (1 —O(1)) case, but they are too coarse for other cases.

To address this challenge, we model the satisfaction of CC by a union of multiple polyhe-
dra C as exemplified in Section 5. This converts the smoothed CC problem to a PMV-in-C
problem [52] (Definition 3). Then, we refine [52, Theorem 2] to prove a categorization



lemma (Lemma 1), and apply it to obtain Lemma 2 that characterizes smoothed CC for a
large class of voting rules called generalized irresolute scoring rules (GISRs) [19, 50] (Def-
inition 7 in Appendix D.1). Finally, we apply Lemma 2 to integer positional scoring rules
and int-MRSE rules to obtain Theorem 1 and Theorem 2. The full proof can be found in
Appendix E.2 and E.3, respectively. O

4 The Smoothed Satisfaction of PARTICIPATION

In this section, we characterize smoothed PAR under some commonly-studied voting rules
defined in Appendix A to be 1 — ©(n~%%), assuming m,,; € CH(II). These rules belong
to a large class of voting rules called generalized scoring rules (GSRs) [53] (Definition 7 in
Appendix D.1). In fact, if myn; ¢ CH(II), then smoothed PAR converges to 1 at a faster
rate, which is more positive news, as shown in Lemma 3.

Theorem 3 (Smoothed PAR: maximin, ranked pairs, Schulze). For any fivred m > 4,
any GSR r that is a refinement of maximin, STV, Schulze, or ranked pairs, and any strictly
positive and closed I over L(A) with 7y, € CH(IL), there exists N € N such that for every

n>N, %Em(r, n)=1- @(%)
Theorem 4 (Smoothed PAr: Copeland,). For any fived m > 4, any GSR Cd, that is
a refinement of Cdy, and any strictly positive and closed 11 over L(A) with mwyun; € CH(II),

there exists N € N such that for every n > N, PT/\(REIH(Cda,n) =1- @(ﬁ)
Theorem 5 (Smoothed PAR: int-MRSE). For any fized m > 4, any int-MRSE 7, any
GSR r that is a refinement of ¥, and any strictly positive and closed II over L(A) with

Tuni € CH(II), there exists N € N such that for everyn > N, f’?\/REm(r, n)=1- @(ﬁ)

Theorem 6 (Smoothed PAR: Condorcetified Integer Positional Scoring Rules).
For any fixed m > 4, any scoring vector S, any Condocetified positional scoring rule Condg
that is a refinement of Condg, and any strictly positive and closed I over L(A) with Ty, €

CH(IT), there exists N € N such that for everyn > N, f’/\(R;lm(Cond;, n)=1- @(#)

Proof sketches for Theorem 3 through 6. At a high level, the proof of Theorem 3 is
similar to the proof sketch for Theorem 1 and 2 presented in the last section. We will apply
the categorization lemma (Lemma 1) to prove a general result (Lemma 3) on smoothed PAR
under GSRs, then apply it to maximin, ranked pairs, and Schulze. The proofs of Theorem 4
through 6 are done by representing the satisfaction of PAR as unions of polyhedra, then
apply [52, Theorem 2]. The full proofs can be found in Appendix F.2, F.3, F.4, and F.5. O

5 General Result: The Categorization Lemma

In this section, we present a general lemma that characterizes smoothed satisfaction of per-
profile axioms that can be represented by unions of polyhedra, including CC and PARr. To
develop intuition, we start with an example of modeling CC under irresolute plurality as
the union of finitely many polyhedron. We define the following two types of polyhedra in
R™,

e Cnow, which represents that there is no Condorcet winner. Cncw is the union of
polyhedra H¢, where G is an unweighted graph over A that does not have a Condorcet
winner, as exemplified in Example 6.

10



e Ccww, which represents that the Condorcet winner exists and also wins the plurality
election. Coww is the union of polyhedra H* for every a € A, that represents a being
the Condorcet winner as well as a Plu co-winner, as exemplified in Example 7.

Example 6 (H). Let m = 3 and let zap. denote the number of [a = b = c] votes in a
profile. G is shown in the left figure. HE is the polyhedron represented by the system of four
linear inequalities in the right.

: (7213 + T231 + T321) — (T123 + T132 + 312) < —1 (2)

G = / \ = (T123 + T132 + T213) — (T231 + T321 + T312) < —1 (3)
) 3 (T132 + 2312 + T321) — (T123 + 213 + 231) <0 (4)
(7123 + T213 + w231) — (T132 + 312 + 321) <0 5)

Among the four inequalities, (2) represents the 1 — 2 edge in G, (3) represents the 3 — 1

edge in G, and (4) and (5) represent the tie between 2 and 3 in G.

Example 7 (H?%). Let m = 3. H' is the polyhedron represented by the following four
inequalities:

(@213 + @231 + X321) — (T123 + T132 + X312) <
<

1 is the Condorcet winner
(2231 + w321 + T312) — (2123 + T132 + 2213)

-1
-1
(213 + 2231) — (123 + T132

) <
(321 + @312) — (2128 + T132) <

0 -
0} 1 is a Plu co-winner

It is not hard to see that Plu satisfies CC at a profile P if and only if Hist(P) is in
C = Cnew U Coww, where Cnow = UG:CW(G):(Z) HE and Coww = Uae.A H®. An example
of PAR under Copeland can be found in Appendix C.1.

The general problem. In general, the satisfaction of a wide range of axioms can be
represented by unions of finitely many polyhedra. Formally, given ¢ € N, L € N, an L X ¢
integer matrix A, a ¢g-dimensional row vector b, we define

A ) = AT AT N T N\ T
HE2JFeR:A-@) <(b) §, Hao2{TFeR:A (@) < (0)
That is, H is the polyhedron represented by A and b and H<o is the characteristic cone

of H. The smoothed satisfaction problem then reduces to the lower bound of the PMV-in-C
problem defined as follows.

Definition 3 (The PMV-in-C problem [52]). Given ¢,1 € N, C = |J,.; H;, where
Vi < I, H; CR? is a polyhedron, and a set 11 of distributions over [q], we are interested in

the upper bound supzcpn Pr(f(} € C), and the lower bound infzcpn Pr()?ﬁ € (),

where Xz is the (n, q)-Poisson multinomial variable (PMV) that corresponds to the histogram
of n independent random variables distributed as 7.

Example 8 (Xﬁ) In the setting of Example 1, we have g = m! =6. Letn =2 and T =
(w2, 7h). X = is the histogram of two random variables Y1, Ya over [q], where Y1 (respectively,
Y ) is distributed as 7w (respectively, wt).

For example, let Z € {0, 1, 2}5(““) denote the vector whose 123 and 231 components are
1 and all other components are 0. We have PI‘()_(';F =T = i X % + % X % = 6—74.

It was proved in [52, Theorem 2] that the upper and lower bounds are 0, exponential,
or polynomial (including ©(1)) under mild conditions. The next lemma further refines the
O(1) case into three subcases: 1, 1 — exp(n), and being O(1) and 1 — ©(1) simultaneously,
denoted by ©(1) A (1 —O(1)).

11



Lemma 1 (Categorization Lemma, Simplified). For any PMV-in-C problem, there
exist o, B, € [q— 1] for every n € N, such that infzeyn Pr(Xz € C) is 0, exp(—0(n)),

*
Xn—9

o (nﬁ*) O A(1-O(1),1-6 (n ; ) 1 - exp(—O(n)), or 1.

The full version of Lemma 1 in Appendix C also characterizes o, 5,, the condition for
each case, and supzc» Pr()_(';r € C). While the proof is done by straightforward applications
of [52, Theorem 2|, its main merit is conceptual, as it categorizes the smoothed likelihood
into seven cases summarized in the table below, which are referred to as 0 (never satisfied),
very unlikely (VU), unlikely (U), medium (M), likely (L), very likely (VL), and 1 (always
satisfied) in the increasing order.

Name |0 VU U M L VL
Lem. 1|0 [exp(=0(n)) |poly ' (n)[©(1) A (1—-06(1))[1—poly '(n) |1 —exp(—O(n)) |1

The seven cases in the table provides a quantitative comparison: the last three cases
(L, VL, and 1) are positive news, because they imply that in large elections (n — 00), the
axiom is satisfied almost surely regardless of the adversary’s choice. The first three cases
(0, VU, U) are negative news, because they imply that the adversary can set the ground
truth so that in large elections, the axiom is almost surely dissatisfied. The M case can be
interpreted positively or negatively, depending on the context.

Applications to smoothed satisfaction of axioms. We conclude the paper by present-
ing applications of Lemma 1 to CC (Lemma 2) and PAR (Lemma 3) under large classes of
voting rules, which are the used to prove Theorems 1-3. Their formal statements (with the
condition for each case) and proofs can be found in Appendix E.1 and F.1, respectively.

Lemma 2 (Smoothed CC, Informal). For any fired m > 3, let M = (0, L(A),II) be
a strictly positive and closed single-agent preference model. For any resolute voting rule 7
from a large class and any n € N, we have:

o if2|n, then CCly (r,n) is 1, 1—exp(—0(n)), O(n="%), exp(—O(n)), or O(1)A(1-6O(1));
o if 2tm, then CChy (r,n) is 1, 1 — exp(—0(n)), exp(—O(n)), or O(1) A (1 — O(1)).

Lemma 3 (Smoothed PAR, Informal). For any fivzed m > 3, let M = (0, L(A),TI) be a
strictly positive and closed single-agent preference model and let r be a resolute voting rule
from a large class. For anyn € N, %Em(r, n) is either 1, 1—exp(—O(n)) or 1 —0O(n=/?)
for some integer 1 < £, < ml.

6 Future work

There are many open questions. What are the smoothed CC and smoothed PAR for voting
rules not sutdied in this paper, such as Bucklin? What is the smoothed satisfaction of PAR
when a group of agents can simultaneously abstain from voting [28]7 More generally, we be-
lieve that drawing a comprehensive picture of smoothed satisfactions of other voting axioms
and/or paradoxes, such as those described in Appendix B, is an important, promising, and
challenging mission, and our categorization lemma (Lemma 1) can be a useful conceptual
and technical tool to start with.
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A Definitions of More Voting Rules

WDMG-based rules. A voting rule is said to be weighted-majority-graph-based (WMG-
based) if its winners only depend on the WMG of the input profile. In this paper we consider
the following commonly-studied WMG-based irresolute rules.

e Copeland. The Copeland rule is parameterized by a number 0 < o« < 1, and is
therefore denoted by Cd,. For any profile P, an alternative a gets 1 point for each
other alternative it beats in head-to-head competitions, and gets « points for each tie.
Cd,, chooses all alternatives with the highest total score as winners.

e Maximin. For each alternative a, its min-score is defined to be MSp(a) =
minge 4 wp(a,b). Maximin, denoted by MM, chooses all alternatives with the max
min-score as winners.

e Ranked pairs. Given a profile P, an alternative a is a winner under ranked pairs
(denoted by RP) if there exists a way to fix edges in WMG(P) one by one in a non-
increasing order w.r.t. their weights (and sometimes break ties), unless it creates a
cycle with previously fixed edges, so that after all edges are considered, a has no
incoming edge. This is known as the parallel-universes tie-breaking (PUT) [10].

e Schulze. The strength of any directed path in the WMG is defined to be the minimum
weight on single edges along the path. For any pair of alternatives a, b, let s[a, b] denote
the highest weight among all paths from a to b. Then, we write a > b if and only if
sla,b] > s[b, a], and Schulze [44] proved that the strict version of this binary relation,
denoted by >, is transitive. The Schulze rule, denoted by Sch, chooses all alternatives
a such that for all other alternatives b, we have a > b.

Condorcetified (integer) positional scoring rules. The rule is defined by an integer
scoring vector § € Z™ and is denoted by Condz, which selects the Condorcet winner when
it exits, and otherwise uses Tz to select the (co)-winners. For example, Black’s rule [6] is
the Condorcetified Borda rule.

B Per-Profile and Non-Per-Profile Axioms

In this section, we provide an (incomplete) list of 14 commonly-studied per-profile axioms
and one commonly-studied non-per-profile axiom that we do not see a clear per-profile
representation.

Per-Profile Axioms. We present the definitions of the per-profile axioms in the alphabet-
ical order. Their equivalent X definition is often straightforward unless explicitly discussed
below.

1. ANONYMITY states that the winner is insensitive to the identities of the voters. It is
a per-profile axiom as shown in [51].

2. CONDORCET CRITERION is a per-profile axiom as discussed in the Introduction.

3. CONDORCET LOSER requires that a Condorcet loser, which is the alternative who loses
to every head-to-head competition with other alternatives, should not be selected as
the winner. It is a per-profile axiom in the same sense as CC.
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4. CONSISTENCY requires that for any profile P and any sub-profile P’ of P, if r(P’) =
r(P\ P’'), then r(P) = r(P’). Therefore, for any profile P, we can define

[Consistency(r, P) = 1] < [VP' C P,[r(P") =r(P\ P")] = [r(P) =r(P")]]

5. GROUP-NON-MANIPULABLE is defined similarly to NON-MANIPULABLE below, except
that multiple voters are allowed to simultaneously change their votes, and after doing
so, at least one of them strictly prefers the old winner.

6. INDEPENDENT OF CLONES requires that the winner does not change when clones of
an alternative is introduced. The clones and the original alternative must be ranked
consecutively in each vote. Let ToC' denote INDEPENDENT OF CLONES. For any profile
P, welet IoC(r, P) = 1if and only if for every alternative a and every profile P’ obtain
from P by introducing clones of a, we have r(P) = r(P’).

7. MAJORITY CRITERION requires that any alternative that is ranked at the top place
in more than 50% of the votes must be selected as the winner. Majority criterion is
stronger than CONDORCET CRITERION.

8. MAJORITY LOSER requires that any alternative who is ranked at the bottom place in
more than 50% of the votes should not be selected as the winner. MAJORITY LOSER
is weaker than CONDORCET LOSER.

9. MONOTONICITY requires raising up the position of the current winner in any vote
will not cause it to lose. Let MONO denote MONOTONICITY. One way to define
Mono is the following.Let Mono'(r, P) = 1 if and only if for every profile P’ that is
obtained from P by raising the position of r(P) in one vote, we have r(P') = r(P).
Another definition is: M 0n02(r, P) = 1 if and only if for every profile P’ that is
obtained from P by raising the position of 7(P) in arbitrarily many votes, we have
r(P’) = r(P). Notice that the classical (worst-case) MONOTONICITY is satisfied if and
only if minp Mono*(r, P) = 1 or equivalently, minp Mono®(r, P) = 1. The smoothed
satisfaction of minp Mono' might be different from minp Mono?, which is beyond the
scope of this paper.

10. NEUTRALITY states that the winner is insensitive to the identities of the alternatives.
It is a per-profile axiom as shown in [51].

11. NON-MANIPULABLE requires that no agent has incentive to unilaterally change his/her
vote to improve the winner w.r.t. his/her true preferences. More precisely, for any
profile P = (Ry,..., Ry), we have

[Non — Manipulable(r, P) = 1] & [Vj < n,VR} € L(A),r(P) =g, r(PU{R}} \{R;})]

12. PARTICIPATION is a per-profile axiom as discussed in the Introduction.

13. REVERSAL SYMMETRY requires that the winner of any profile should not be the winner
when all voters’ rankings are inverted.

Non-Per-Profile Axiom(s). We were not able to model NON-DICTATORSHIP (ND) as
a per-profile axiom studied in this paper. A voting rule is not a dictator if for each j < n,
there exists a profile P whose winner is not ranked at the top of agent j’s preferences.
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C Materials for Section 5: The Categorization Lemma

While the categorization lemma (Lemma 1) was presented after Theorems 1 through 6 in
the main text, the proofs of the theorems depend on the lemma. Therefore, we present
materials for the categorization letter before the proofs for the theorems in the appendix.

C.1 Modeling Satisfaction of PAR as A Union of Polyhedra

PAR under Copeland,. We now show how to approx-
imately model the satisfaction of PAR under Copeland,.

For every pair of unweighted directed graphs G'1, G2 over . 1]
A and every R € L(A), we define a polyhedron H&1-%C2
to represent the histograms of profile P that contains an

R-vote, G; = UMG(P), and Gy = UMG(P \ {R}). The F1gure 3. G1, G27 and R.
linear inequalities used to specify the UMGs of P and

(P \ {R}) are similar to H® defined above, as illustrated

in the following example.

Example 9. Let m = 3, R =[2 > 3 > 1], and let G1,G2 denote the graphs in Figure 3.
HEEG2 s represented by the following inequalities.

—x931 < —1 (6)
(w213 + w231 + 2321) — (@123 + T132 + 2312) < —1
(w123 + 132 + 213) — (T231 + 321 + 312) < —1 (7)
(w132 + 312 + 2321) — (123 + T213 + 2231) < —1
(w213 + 2231 — 1 + 2321) — (@123 + T132 + 2312) < —1
(7123 + w132 + T213) — (w231 — 1 + 2301 + 2312) < —1 (8)
(w132 + 312 + 2321) — (123 + T213 + 2231 — 1) <0
(w123 + T213 + 231 — 1) — (2132 + 2312 + 2321) <0

(6) guarantees that P contains an R-vote. The three inequalities in (7) represent
UMG(P) = G, and the four inequalities in (8) represent UMG(P) = G.

We do not require x’s to be non-negative, which does not affect the results of the paper,
because the histograms of randomly-generated profiles are always non-negative.

By enumerating GG1, R, and G5 that correspond to a violation of PAR, the polyhedra
that represent satisfaction of PAR under Copeland,, are:

C = U G1,R,G2
G1,R,G2:Copeland,, (G1)>= rCopeland,, (G2)

C.2 Formal Statement of the Categorization Lemma and Proof

Definition 4 (Almost complement). Let C denote a union of finitely many polyhedra.
We say that a union of finitely many polyhedra C* is an almost complement of C, if (1)
CNC* =10 and (2) Z9 CCUC*.

C* is called an “almost complement” (instead of “complement”) of C because C* U C #
RY. Effectively, CZ, can be viewed as the complement of C when only integer vectors are
concerned. It it not hard to see that C is an almost complement of C*. The following result
states that the characteristic cones of C and C*, which may overlap, cover RY.
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Proposition 1. For any union of finitely many polyhedra C and any almost complement
C* of C, we have C<o UCZ, = R.

Proof. Suppose for the sake of contradiction that C<o UCZ, # R9. Let & € R?\ (C<o U
C%y) with |Z]; = 1. Because C<o and CZ, are unions of polyhedra there exists an § > 0
neighborhood Bs = {7 € RY : |¥ — #| < 6} of ¥ in R that is n > 0 away from C<oUCZ.

Therefore, there exists n € N with n > } such that nBs = {ni’ : & € Bs} do not overlap
C UC*. Because the radius of nB; is larger than 1, there exists an integer vector in nBs,
which contradicts the assumption that Z¢ C CUC*. O

W.l.o.g., in this paper we assume that all polyhedra are represented by integer matrices
A where the entries of each row are coprimes, which means that the greatest common divisor
of all entries in the row is 1. For any C = J,.; H; where H; is the polyhedron characterized

by integer matrices A; with coprime entries and Bi, its almost complement always exists
and is not unique. Let us define an specific almost complement of C that will be commonly
used in this paper.

Definition 5 (Standard almost complement). Let C = U;<;H; denote a union of I

rational polyhedra characterized by A; and Ei, we define its standard almost complement,
denoted by C, as follows.

¢= Ud-eAv:Vi<I ﬂi<1 {FeR?: ;-7 _b; -1,

where d; is a row in A; and bl is the corresponding component in Bi. We write C =
U, <j Hi=, where I € N and each Hi- is a rational polyhedron.

It is not hard to verify that C is indeed an almost complement of C. Let us take a look
at a simple example for ¢ = 2.

Example 10. Let C = H1 U Ho, where Hq = {fe R? . { 7; 7(1) ] (i")T < [ 7(2) }}

anngz{feRz:{_i _;}(fﬂg[g]} IthllO’(USthaté=ﬁ1U¢[2U¢[3U7‘24,
|- @7 <| 5 paamfeems] 3
o = 4]} fren 7

Figure 4 (a) shows C and C. Figure / (b) shows C<y and (350, where Hy is a one-
dimensional polyhedron, i.e., a straight line. Note that C UC #R? and C<o U égo = R9.

where

81

]@)TS[ié

©>—‘ @P—‘

To present the categorization lemma, we recall the definitions of «,,, 8,, and Theorem 2
in [52]. We first define the activation graph.

Definition 6 (Activation graph [52]). For each II, H;, and n € N, the activation graph,
denoted by Gric.n, is defined to be the complete bipartite graph with two sets of vertices
CH(II) and {H; : i < I}, and the weight on the edge (m,H;) is defined as follows.

—00 if H%n =
wy, (7, H;) £ —@ otherwise, if m ¢ H; <o
dim(H; <o) otherwise

)
where HZ s the set of non-negative integer vectors in H; whose L1 norm is n.
i,n
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(a) C and C. (b) C<o and C<y.

Figure 4: In (a), C = H1 U H2, where H, is the green area and H: is a shaded area, and ¢ =
H1UHs UHs U 7—[4, where 75 is a shaded area, and H1, ’Hg, and L4 are the yellow, red, and blue
areas, respectively. In (b), C<o U C<0 = RY, where ’Hz is a straight line.

Definition 6 slightly abuses notation, because its vertices {H; : i < I} are not explicitly
indicated in the subscript of Gry ¢ . This does not cause confusion when they are clear from
the context.

When H?, = ) we say that H; is inactive (at n), and when H?, # 0 we say that H, is
active (at n). In addition, if the weight on any edge (m,H;) is positive, then we say that =
is active and is activated by H; (which must be active at n).

Roughly speaking, for any sufficiently large n and # = (mq,...,m,) € II", let 7 =
+ >0, mj, then [52, Theorem 1] implies

Pr()_(} € H;) m nvn(mHi)=a

It follows that Pr()? z € C) is mostly determined by the heaviest weight on edges connected
to m, denoted by dimg'*(7), which is formally defined as follows:

max (

dim@ () £ max;<; wn (7, H;)

Then, a max-(respectively, min-) adversary aims to choose @ = (71,...,m,) € II" to max-
imize (respectively, minimize) dimg'3*(;; 1 Z;”:l 7j), which are characterized by a,, (respec-
tively, 3,) defined as follows.

o £ maxqecp() dimg'y (7)
Bn £ mingecpm) dimgy ()

We further define the following notation that will be frequently used in the proofs of this
paper. Let CZ denote the set of all non-negative integer vectors in C whose L; norm is n.

That is,
7 _ z
Cn - Uig[ Hi,n
By definition, CZ = () if and only if all #;’s are inactive at n. Therefore, we have
(an = —00) == (B = —00) <= (C; = 0)

For completeness, we recall [52, Theorem 2] below.
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Theorem 2 in [52] (Smoothed likelihood of PMV-in-C). Given any q,I € N, any
closed and strictly positive I1 over [q], and any set C = J,.; H; that is the union of finitely
many polyhedra with integer matrices, for any n € N, B

0 if ap = —00
sup Pr ()?ﬁ: = C) = eXp(—@_(TL)) Zf — 00 < Qp, < O ,
meln C) (na”’z q) otherwise (i.e. a, >0)
inf Pr ()?ﬁ c c) _ ) exp(—0(n)) if —00< B, <0
ﬁ-‘enn

) (nﬁT_q) otherwise (i.e. fn > 0)

For any almost complement C* of C, let ), and 3 denote the counterparts of «,, and 3,
for C*, respectively. We note that o, and 3 depend on the polyhedra used to representation
C*. We are now ready to present the full version of the categorization lemma as follows.

Lemma 1. (Categorization Lemma, Full Version). Given any q,1 € N, any

closed and strictly positive I over [q], any C = Uz‘gl H; and its almost complement
C* =Uj-<p- Hi-, for anyn € N,

0 if Bp = —0

exp(—0(n)) if —oo<fy<0

) (n””; if0< By <gq
inf Pr (X'ﬁ € c) — ! e)A(1=0(1) ifar=p,=q

*
ay—q

1—@(n 2 ) if0<al <gq
1—exp(—O(n)) if —co<al <0

1 if ay, = 00

0 if an = —00
exp(—0O(n)) if —oo<a,<0
@(n%) if0<a, <q

sup Pr (X,? c c) ={ e()A(1=0(1) ifan=4; =4
el 1-@(#"7"’) if0<pr<q

1—exp(—O(n)) if —co<fi<0
1 if B = —o0

Proof. We present the proof for the inf part of Lemma 1 and the proof for the sup part is
similar. Notice that Z9 C C UC*, we have:

infzemn Pr (X} € C) =1 —supzcmn Pr (Xﬁ € C*)
The proof is done by combining the inf part of [52, Theorem 2| (applied to C) and one minus

the sup part of [52, Theorem 2] (applied to C*).

e The 0, exp(—©(n)) and © (n ﬁnz_q) cases follow after the corresponding inf part

of [52, Theorem 2| applied to C.
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e The ©(1) A (1 —0©(1)) case. The condition of this case implies that the polynomial
bounds in the inf part of [52, Theorem 2| (applied to C) hold, which means that

infzemn Pr (f(} € C) = O(1), and the polynomial bounds in the sup part of [52,
Theorem 2] (applied to C*) hold, which means that

infzcn Pr (Xﬁ € C) =1 — supzepn Pr (Xﬁ € C*) =1-0(1)

e
oy —

e The 1 — O <n 2 q), 1 — exp(—©(n)), and 1 cases follow after one minus the

sup part of [52, Theorem 2| (applied to C*).

O

Remarks. The conditions for all, except 0 and
1, cases are different between sup and inf parts
of the lemma. Moreover, the degrees of poly-
nomial in the L and U cases may be different
between sup and inf parts. Let us use the set-
ting in Example 10 and Figure 5 to illustrate the
conditions for the inf case. For the purpose of
illustration, we assume that all polyhedra in C
and C* are active at n.

e The 0 (respectively, 1) case holds when
no non-negative integer with L; norm n is in C
(respectively, in C*).

e The VU case. Given that the 0 and
1 cases do not hold, the VU case holds when Figyre 5: An Ilustration of mvu, Tu, m,
CH(II) contains a distribution myy that is not and 7y, for the inf part of Lemma 1.
in C<g. Notice that C<o is a closed set and
C<oUC%, = R?. This means that myy is an
interior point of C%,. For example, in Figure 5, myy is not in C< and is an interior point
Of ﬂg,go.

e The U case holds when CH(II) C C<g, and CH(II) contains a distribution 7y that lies
on a (low-dimensional) boundary of C<g. For example, in Figure 5, 7y lies in a 1-dimensional
polyhedron Hs <o € C<g, and is not in any 2-dimensional polyhedron in C<y.

e The M case holds when the U case does not hold, and CH(II) contains a distribution
mv that lies in the intersection of a ¢-dimensional subspace of C<¢ and a g-dimensional
subspace of C%,. For example, in Figure 5, my lies in #; <o and Hs <o, both of which are
2-dimensional.

e The L case holds when every distribution in CH(II) is in a ¢g-dimensional subspace
of C<o, and there exists 71, € CH(II) that lies in a (low-dimensional) boundary of C%,. No
such 7y, exists in Figure 5’s example, but if we apply Lemma 1 to C*, then 7y in Figure 5
is an example of 7y, for C*.

e The VL case holds when every distribution in CH(II) is an inner point of C<q. For
example, in Figure 5, myy, is an inner point of H; <9 C C.
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D GISRs and Their Algebraic Properties

D.1 Definition of GISRs

All irresolute voting rules studied in this paper are generalized irresolute scoring rules
(GISR) [19, 50], whose resolute versions are known as generalized scoring rules (GSRs) [53].
We recall the definition of GISRs based on separating hyperplanes [54, 35].

For any real number z, let Sign(z) € {4+, —,0} denote the sign of x. Given a set of K
hyperplanes in the g-dimensional Euclidean space, denoted by H = (El, cee HK), for any
7 € RY, we let Sign () = (Sign(z - h1),...,Sign(Z - hg)). In other words, for any k < K,
the k-th component of Sign (&) equals to 0, if p'lies in hyperplane Ek; and it equals to +
(respectively, —) if p'lies in the positive (respectively, negative) side of hy. Each element in
{+, —, 0} is called a signature.

Definition 7 (Generalized irresolute scoring rule (GISR)). A generalized irresolute
scoring rule (GISR) T is defined by (1) a set of K > 1 hyperplanes H = (ﬁl,...,ﬁK) €
(R™)K and (2) a function g : {+,—, 0} — (24\ 0). For any profile P, we let 7(P) =
g(Sign g (Hist(P))). T is called an integer GISR (int-GISR) if H € (Z™)K . If for all profiles
P, we have [F(P)| = 1, then T is called a generalized scoring rule (GSR). Int-GSRs are
defined similarly to int-GISRs.

Definition 8 (Feasible and atomic signatures). Given integer H with K = |ﬁ|, let
Sk = {+,—,0}5. A signature t € Sk is feasible, if there exists ¥ € R? such that Signg (Z) =
t. Let Si € Sk denote the set of all feasible signatures.

A signature T is called an atomic signature if and only if t € {+, =}, Let S;? denote
the set of all feasible atomic signatures.

The domain of any GISR 7 can be naturally extended to R™ and to S - Specifically,
for any t € S;7 we let 7(£) = g(t). It suffices to define g on the feasible signatures, i.c., S;.

Notice that the same voting rule can be represented by different combinations of (ﬁ ,9)-
In the following section we recall int-GISR representations of the voting rules studied in this

paper.

D.2 Commonly-Studied Voting Rules as GISRs

As discussed in [52], the irresolute versions of Maximin, Copeland,, Ranked Pairs, and
Schulze belong to the class of edge-order-based (EO-based) rules, which are defined over the
weak order on edges in WMG(P). We recall its formal definition below.

Definition 9 (Edge-order-based rules). A (resolute or irresolute) voting rule 7 is
edge-order-based (EO-based), if for any pair of profiles Pi and P such that for ev-
ery combination of four different alternatives {a,b,c,d} C A, [wp,(a,b) > wp,(c,d)] &
[wp, (a,b) > wp,(c,d)], we have T(Py) = T(Py).

All EO-based rules can be represented by a GISR using a set of hyperplanes that repre-
sents the orders over WMG edges. We first recall pairwise difference vectors as follows.

Definition 10 (Pairwise difference vectors [51]). For any pair of different alternatives
a,b, let Pair,p denote the ml-dimensional vector indexed by rankings in L(A): for any
R € L(A), the R-component of Pairyy is 1 if a =g b; otherwise it is —1.

We now define the hyperplanes for edge-order-based rules.
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Definition 11 (ﬁEo)- ﬁEO consists of (m(";l)) hyperplanes indexed by i_{el,ez, where
e1 = (a1,a2) and ey = (az,bs) are two different pairs of alternatives, such that

hey,en = Pairg, », — Pairg, b,

That is, for any (fractional) profile P, 561762 -Hist(P) < 0 if and only if the weight on e;
in WMG(P) is no more than the weight on ey in WMG(P). Therefore, given Signz_(P),
we can compare the weights on pairs of edges, which leads to the weak order on edges in
WMG(P) w.r.t. their weights. Consequently, for any profile P, Sign ;(P) contains enough
information to determine the (co-)winners under any edge-order-based rules. Formally, the
GISR representations of these rules used in this paper are defined by Hyo and the following
g functions that mimic the procedures of choosing the winner(s).

Definition 12. Let MM, Cd,, RP, Sch denote the int-GISRs defined by Hpo and the
following g functions. Given a feasible signature t € SﬁEo’

e gniv first picks a representative edge e, whose weight is no more than all other out-
going edges of a, then compare the weights of ey’s for all alternatives and choose
alternatives a whose e, has the highest weight as the winners.

® gca, compares weights on pairs of edges a — b and b — a, and then calculate
the Copeland,, scores accordingly. The winners are the alternatives with the highest
Copeland,, score.

e grp mimics the execution of PUT-Ranked Pairs, which only requires information
about the weak order over edges w.r.t. their weights in WMG.

® gsch first computes an edge e, with the minimum weight on any given directed path
p, then for each pair of alternatives a and b, computes an edge e, ) that represents
the strongest edge among all paths from a to b. gscn then mimics Schulze to select the
winner(s).

While Copeland can be represented by Hyo and gcd,, as in the definition above, in this
paper we use another set of hyperplanes, denoted by H, cd, s that represents the UMG of the
profile. The reason is that in this way any refinement of Cd,, would break ties according to
the UMG of the profile, which is needed in the proof of Theorem 4.

Definition 13 (Cd, as a GISR). Cd,, is represented by H'Cda and gcq, defined as follows.
For every pair of different alternatives (a,b), ﬁCda contains a hyperplane }_i(%b) = Pairyp, —
Pairy . For any profile P, gca, first computes the outcome of each head-to-head elections
between alternatives a and b by checking E(mb) - Hist(P), then calculate the Copeland, score,
and finally choose all alternatives with the mazimum score as the winners.

The GISR representation of MRSE rules is based on the fact that the winner(s) can
be computed from comparing the scores between any pair of alternatives (a,b) after a set
of alternatives B is removed. This idea is formalized in the following definition. For any
R € L(A) and any B C A, let R[4\ p denote the linear order over (A\ B) that is obtained
from R by removing alternatives in B.

Definition 14 (MRSE rules as GISRs). Any MRSE T = (Ta, ..., ) is represented by
H and g7 defined as follows. Given an int-MRSE rule T = (Ta,...,Tym), for any pair of

alternatives a,b and any subset of alternatives B C (A \ {a,b}), we let Score@ﬁa’b denote
the vector, where for every R € L(A), the R-th component of Pairp 4 is slm_lBl — s;n_lBl,

where i and j are the ranks of a and b in R| 4\ g, respectively.
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For any pair of different alternatives {a,b} C (A\B), H contains a hyperplane Score§7a7b.

For any profile P, gr mimics T to compute the PUT winners based on whether E(B7a7b) .
Hist(P) is <0, =0, or > 0.

In fact, the GISR representation of 7 in Definiton 14 corresponds to the PUT struc-
ture [52], which we do not discuss in this paper for simplicity of presentation. Any GSR
refinement of 7, denoted by 7, uses the same H in Definiton 14 and a different g function
that always chooses a single loser to be eliminated in each round. The constraint is, for any
profile P, the break-tie mechanisms used in g only depends on Sign;(P) (but not any other
information contained in P). For example, lexicographic tie-breaking w.r.t. a fixed order
over alternatives is allowed but using the first agent’s vote to break ties is not allowed.

D.3 Minimally Continuous GISRs

Next, we define (minimally) continuous GISR in a similar way as Freeman et al. [19], except
that in this paper the domain of GISR is R™" (in contrast to RZ in [19]).

Definition 15 ((Minimally) continuous GISR). A GISR T is continuous, if for any
# € R™, any alternative a, and any sequence of vectors (Z1,To...) that converges to &,

Vj € N,a € 7(Z;)] = [a € T(Z)]

A GISR 7 is called minimally continuous, if it is continuous and there does not exist a
continuous GISR 7 such that (1) for all ¥ € R™, 7 (&) C 7(¥), and (2) the inclusion is
strict for some Z.

Equivalently, a continuous GISR 7 is minimally continuous if and only if the (fractional)
profiles with unique winners is a dense subset of R™. That is, for any vector in R™,
there exists a sequence of profiles with unique winners that converge to it. As commented
by Freeman et al. [19], many commonly-studied irresolute voting rules are continuous GISRs.
It is not hard to verify that positional scoring rules and MRSE rules are minimally continuous
GISRs, which is formally proved in the following proposition.

Proposition 2. Positional scoring rules and MRSE rules are minimally continuous.

Proof. Let §= (s1,...,8,) denote the scoring vector. We first prove that 73 is continuous.
For any # € R™, any a € A, and any sequence (i, ¥,...) that converges to ¥ such
that for all j > 1, a € 7(Z;), we have that for every b € A, 5(Z;,a) > §(&;,b). Notice
that 5(Z;,a) (respectively, §(&;,b)) converges to 5(&,a) (respectively, 5(Z,b)). Therefore,
3(Z,a) > §(Z,b), which means that a € T5(Z), i.e., Tz is continuous.

To prove that 7 is minimally continuous, it suffices to prove that for any # € R™ and
any a € 7z(Z), there exists a sequence (Z1, Zo, . . .) that converges to & such that for all j > 1,
7(Z;) = {a}. Let o denote an arbitrary cyclic permutation among A \ {a} and P denote
the following (m — 1)-profile.

P ={o"(a > others): 1 <i<m—1}

Then, for every j € N, we let &; = £+ %Hist(P). It is easy to check that 7(Z;) = {a}, which
proves the minimal continuity of 7.

Let 7 = (F2,...,Ts,) denote the MRSE rule. We will use notation in Section E.3 to
prove the proposition for 7. We first prove that 7 is continuous. Let ¥ € R™, a € A, and
(&1,Z,...) be a sequence that converges to & such that for all j > 1, a € 7(Z;). Because the
number of different parallel universes is finite (more precisely, m!), there exists a subsequence
of (Z1,a,...), denoted by (&}, 7%, ...), and a parallel universe O € L(.A) where a is ranked

27



in the last position (i.e., a is the winner), such that for all j € N, O is a parallel universe
when executing 7 on #’;. Therefore, for all 1 < i < m — 1, in round 4, O[i] has the lowest
Tm1-i score in %] o, m) among alternatives in O[i, m]. It follows that O[i] has the lowest
Tm41—i score in Z|p[; ) among alternatives in O[i, m], which means that O is also a parallel
universe when executing 7 on Z. This proves that 7 is continuous.

The proof of minimal continuity of 7 is similar to the proof for positional scoring rules
presented above. For any # € R™ and any a € 75(%), let O denote a parallel universe where a
is ranked in the last position. Let P denote the following profile of (m—1)!4+(m—2)!+- - -+2!
votes, where O is the unique parallel universe.

P= U:l {O[1] = -+ = Oli] = R; : VR; € L(O[i +1,m])}

For any j € N, let &; = ¥ — lest(P). It is not hard to verify that (#1,Zs, ...) converges
to Z, and for every 1 < i < m — 1 and every j € N, alternative O[i] is the unique loser
in round i, where —lest(P) is used as the tie-breaker. This means that for all j € N,
7(Z;) = {a}, which proves the minimal continuity of 7. O

D.4 Algebraic Properties of GISRs
We first define the refinement relationship among (feasible or infeasible) signatures.

Definition 16 (Reﬁnement relationship ). For any pair of signatures 51,52 € SK, we
say that t, refines tg, denoted by t; < tg, if for every k < K, if [tg]k # 0 then [tl]k = [tg]
If t1 <ty and =+ tg, then we say that 4 strictly refines tg, denoted by f <ty.

In words, #; refines #5 if #; differs from 5 only on the 0 components in to. By definition,
t1 refines itself. Next, given H and a feasible signature ¢, we define a polyhedron #-* to
represent profiles whose signatures are .

Definition 17 (’Hﬁ’f (H¥in short)). Forany H = (hy, ..., hx) € (ROE and anyt € S
| Ay
we let A = | At |, where
A

(=]

° Ag_ consists of a row —h; for each i < K with t; = +.
o Al consists of a row hi for each i < K with t; = —.
° Ag consists of two rows —FLi and l_il for each i < K with t; = 0.

Let bt = [ -, -1, 0 . The corresponding polyhedron is denoted by ’Hﬁ’;, or Ht in
for Ai for At: for AE

short when H is clear from the context.
The following proposition follows immediately after the definition.
Proposition 3. Given ﬁ, for any pair of feasible signatures t1,ts € Si, ty dty if and only
if H2y 2 HY,
Proposition 4 (Algebraic characterization of (minimal) continuity). A GISR 7 is

continuous, if and only if

Vi € S;, we have F(t) D Ut'es F/<1tj(t_))
git’'d
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7 is minimally continuous, if and only if

Yt e Sy, we have 7(t) = U{'eso -F/<1tj(t7>’ and (2) Vt € S5, we have [7(1) =1
A=

The “continuity” part of Proposition 4 states that for any feasible signature i and its
refinement 7, we must have 7(#') C 7(#). The “minimal continuity” part states that any
minimally continuous GISR is uniquely determined by its winners under atomic signatures
(where a single winner is chosen for any atomic signature).

Proof. The “if” part for continuity. Suppose for the sake of contradiction that there
exists £ € Sy such that 7(£) 2 Upcgo .777(f) but T is not continuous. This means that
©.:'<

there exists # € R™ with Signz(Z) = {. an infinite sequence (Z1,%9,...) that converge to
Z, and an alternative a ¢ 7(Z), such that for every j € N, a € 7(Z;). Because the total
number of (feasible) signatures is finite, there exists an infinite subsequence of (#1, Za, .. .),
denoted by (%},7%,...), and £ € S; such that for all j € N we have Sign () = . Note
that (#7,2%,...) also converges to Z. Therefore, the following holds for every k < K.

e If t, = 0, then for every j € N we have Ry, - Z; = 0, which means that hy - & = 0,

i.e. tk =0.

o If t} = +, then for every j € N we have Ry, - Z; > 0, which means that hy - & > 0,
ie. tr € {0,+}.

e Similarly, if ¢} = —, then for every j € N we have Ry, - Z; < 0, which means that

hy, - <0, ie. t, € {0,—}.

This means that ¢ <. Recall that we have assumed 7(#) D Uifesﬁ:?gf?(?)v which means
that a € 7(#') C 7(f) = 7(Z). This contradicts the assumption that a ¢ 7(Z).

The “only if” part for continuity. Suppose for the sake of contradiction that 7 is
continuous but there exists £ € S such that Utﬂ/esﬁ:tﬂ’gtj(t—?) ¢ 7(t). This means that there
exist # <1t and an alternative a such that a € 7(#) but a ¢ 7(#). Because both £ and ¢ are
feasible, there exists 7,4’ € R™ such that Sign;(#) = # and Sign (') = #'. It is not hard
to verify that the infinite sequence (Z+2', %+ %f’, T+ %f’, ...) converge to Z, and for every
j €N, Signg (¥ + :7) = #', which means that a € 7(& + =@'). By continuity of 7 we have
a € 7(Z) = 7(f), which contradicts the assumption that a ¢ 7(£).

The “if” part for minimal continuity. To simplify the presentation, we formally
define refinements of GISRs as follows.

Definition 18 (Refinements of GISRs). Let 7 and T be a pair of GISR such that for
every & € R™, 7 (%) C 7(¥). 7 is called a refinement of 7. If additionally there exists
7 € R™ such that 7* (%) C 7(Z), then ¥* is called a strict refinement of 7.

Suppose for every t € S we have 7(f) = U;,es%:;,ﬂ;?(?), and for every t € Sy we

have [7(t)| = 1. By the “continuity” part proved above, 7 is continuous. To prove that 7 is
minimally continuous, suppose for the sake of contradiction that 7 has a strict refinement,
denoted by 7*. Clearly for every atomic feasible signature ¢ € S2. we have 7 () = 7(1).

Therefore, by the “continuity” part proved above, for every feasible signature ¢ € S G, We

have
?*(52# Uy =& U == U 7@ =7@,

€851 <E tese vt Tese. . <t

T

which contradicts the assumption that 7* is a strict refinement of 7.
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The “only if” part for minimal continuity. Suppose 7 is a minimally continuous
GISR. We define another GISR 7* as follows.

e For every t € S5 we let 7 (t) C 7(t) and |7*(t)] = 1.
o For every t € S, we let 7 (1) = Upcgo o™ (F)-
PR

By the continuity part proved above, 7 is continuous. It is not hard to verify that 7* refines
7. Therefore, if either condition for minimal continuity does not hold, then 7* is a strict
refinement of 7, which contradicts the minimality of 7.

This proves Proposition 4. O

Next, we prove some properties about HT that will be frequently used in the proofs of this
paper. The proposition has three parts. Part (i) characterizes profiles P whose histogram

is in ’H{; part (ii) characterizes vectors in 7—[20; and part (iii) states that for every atomic

signature 7, 7-[20 is a full dimensional cone in R™".
Claim 1 (Properties of ’HE‘). Given integer ﬁ, any t € Si
(i) for any integral profile P, Hist(P) € HE if and only if Sign g (Hist(P)) = t:
(i4) for any ¥ € R™, Hist(Z) € ’H;O if and only if t < Sign (%) ;
(iii) if £ € 8 then dim(HLy) = ml.

Proof. Part (i) follows after the definition. More precisely, Sign 5 (Hist(P)) = ¢ if and only
if for every k < K, (1) t;, = + if and only if hy, - Hist(P) > 0, which is equivalent to
—hy, - Hist(P) < —1 because hy, € Z™; (2) likewise, t;, = — if and only if hy, - Hist(P) < —1,
and (3) if ¢ = 0 if and only if &, - Hist(P) < 0 and —hy, - Hist(P) < 0. This proves Part (i).

Part (ii) also follows after the definition. More precisely, & € ’Hio if and only if for every
k < K, (1) t), = + if and only if —hy, - & < 0, which is equivalent to [Sign 7 (2)]x € {0,+}; (2)
likewise, ¢ = — if and only if Ay, - & < 0, which is equivalent to [Signz (Z)]x € {0, -}, and
(3)if t), = 0 if and only if iy - & < 0 and —hy - & < 0, which is equivalent to [Sign 7 (Z)]x = 0.
This is equivalent to # < Sign 7 (@).

We now prove Part (iii). Suppose ¢ € S%. Let Z € HIN R’zné denote an arbitrary non-
negative vector whose existence is guaranteed by the assumption that ¢ € S;?. Therefore,

for every k < K, either fzk ¥ < -—1or fﬁk - < —1, which means that there exists 6 > 0
such that any &’ with |#' — Z|e < d, we have hy - £ < 0 or —hy - £ < 0. This means that &
is an interior point of HL in R™', which implies that dim(H%,) = ml. O

E Materials for Section 3: Smoothed CONDORCET CRI-
TERION

E.1 Lemma 2 and Its Proof

For any GISR 7, we first define Ry (respectively, R{yp,) that corresponds to fractional
profiles where a Condorcet winner exists and is a co-winner (respectively, not a co-winner)
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under 7. CWW (respectively, CWL) stands for “Condorcet winner wins” (respectively,
“Condorcet winner loses”).

Tww = & € R™ : CW(Z) N7() # 0}
Rowr, = {Z € R™ : CW(Z) N (A\T(Z)) # 0}

For any set R C R™ let Closure(R) denote the closure of R in R™, that is, all points in
R and their limiting points. Next, we introduce four conditions to present Lemma 2 below.

Definition 19. Given a GISR 7 and n € N, we define the following conditions, where
7 e R™,

e Always satisfaction: Cag(7,n) holds if and only if for all P € L(A)™, CC(F, P) =
1.

e Robust satisfaction: Crs(7, &) holds if and only if & ¢ Closure(Ryy,)-
e Robust dissatisfaction: Crp (7, E) holds if and only if CW(Z) N (A\T(Z)) # 0.

e Non-Robust satisfaction: Cnrs(7, &) holds if and only if ACW(Z) # () and T ¢
Closure(Ryw)-

In words, Cag(T,n) means that 7 always satisfies CC for n agents. Robust satisfaction
Crs(T, ¥) states that # is away from the dissatisfaction instances (i.e., R{yyy,) by a constant
margin. Robust dissatisfaction Crp (T, %) states that the Condorcet winner exists under
Z and is not a co-winner under 7. Robust satisfaction and robust dissatisfaction are not
“symmetric”, because there are two sources of satisfaction: (1) no Condorcet winner exists
and (2) the Condorcet winner exists and is also a winner, while there is only one source of
dissatisfaction: the Condorcet winner exists but is not a winner.

The intuition behind Non-Robust satisfaction Cxgrs (T, Z) may not be immediately clear
by definition. It is called “satisfaction”, because ACW(Z) # 0 implies that CW (&) = 0,
which means that 7 satisfies CC at Z. The reason behind “non-robust” is that when a small
perturbation &’ is introduced, UMG(Z + &’) often contains a Condorcet winner that is not
a co-winner under Z, because Z is constantly far away from Ry -

Example 11 (The four conditions in Definition 19). Let m = 3 and n = 14. Tu-
ble 3 illustrates four distributions, their UMG, the irresolute plurality winners, and their
(dis)satisfaction of the four conditions introduced defined in Definition 19. ©' 72, and =’
are the same as in Example 1 and 3. Notice that 7' is a linear combination of ' and 72.

Let Pyy denote the 14-profile {6 x [1 = 2 = 3,4 x [2 >3 > 1],4x [2 = 1> 3]}. It is
not hard to verify that alternative 2 is the Condorcet winner under Pyy and Plu(Pyy) = {1}.
Therefore, Cas(Plu,14) = N.

o . Crs(Plu,m') = N. To see this, let & denote the vector that corresponds to the

single-vote profile {2 = 3 = 1}. For any sufficiently small § > 0, 7' + 067" € REY,,,
because 2 is the Condorcet winner and 1 is the unique plurality winner. Crp(Plu, ') =
N because CW(r') = 0. Cyps(Plu,7') =Y because ACW(r!) = {2,3}, and for
any & € RS and any 6 > 0 that is sufficiently small, in ©* + 0% we have that 2
or 3 is Condorcet winner and 1 is the unique plurality winner, which means that
!+ 07 € Ry

e 2. COps(Plu,m®) =Y because the plurality score of 2 is strictly higher than the

plurality score of any other alternative, which means that for any & € R™, for any
6 > 0 that is sufficiently small, 2 is the Condorcet winner as well as the unique plurality
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Table 3: Distributions and their (dis)satisfaction of conditions in Definition 19.

winner in w2 +57:f". This means that w2 is not in the closure of vectors where CC is
violated. Crp(Plu,7®) = N because CW(w?) N (A\ Plu(r?)) = {2} n{1,3} = 0.
Cnrs(Plu, ) = N because ACW(n?) = ().

® Tyuni- CRs(ﬁl/, Tuni) = N. To see this, let & denote the vector@t corresponds to
the 14-profile Py defined earlier in this example to prove Cags(Plu,14) = N. For

any 6 > 0 that is sufficiently small, we have wy,; + 0T € Rglﬁm, because 2 is the

Condorcet winner and 1 is the unique plurality winner. Crp(Plu,myn;) = N because

CW(Tuni) = 0. Cngrs(Plu, Tuni) = N because ACW(myni) = 0.

#. Let ' = #. Crs(Plu, ') = N because ' € REM, . Crp(Plu,m') =Y
because CW(n') N (A \ Plu(t")) = {2} N {2,3} # 0. Cyrs(Plu,7’) = N because
ACW(r'") = 0.

For any condition Y, we use —Y to indicate that Y does not hold. For exam-

ple, =Cas(7,n) means that Cag(7,n) does not hold, i.e., there exists P € L(A)" with
CC(7,P) = 0. A GISR rule r; is a refinement of another voting rule 7o, if for all # € R™,
we have 71 (Z) C ro(Z). We note that while the four conditions in Definition 19 are not
mutually exclusive by definition, they provide a complete characterization of smoothed CC
under any refinement of any minimally continuous int-GISR as shown in the lemma below.

Lemma 2. (Smoothed CC: Minimally Continuous Int-GISRs). For any fized
m >3, let M = (0,L(A),II) be a strictly positive and closed single-agent preference model,
let T be a minimally continuous int-GISR and let r be a refinement of 7. For any n € N
with 2 | n, we have

1 if Cas(T,n)

1 —exp(—6(n)) z'f—\C?S)(F, n) and (Vﬂ')e C'H(l_([)7 C;RS(F, )
—min _ ) 1)Vm € CH(II), -~ Cgrp(T,7) and
CCp (r,n) =4 ©(n™*?) / { (2) 3r € CH(TI) s.1. Caps(r. )

exp(—0O(n)) if 3m € CH(II) s.t. Crp(T, )

O(1) A (1 —=06(1)) otherwise
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For any n € N with 2 { n, we have

1 same as the 2 | n case
a\émin(r n) = 1—exp(—O(n))  same as the 2| n case
AR ) exp(—0(n)) if 3w € CH(II) s.t. Crp(T, ) or Cyprs(T, ™)

O(1) A (1 —06(1)) otherwise

Lemma 2 can be applied to a wide range of resolute voting rules because it works for any
refinement r (i.e., using any tie-breaking mechanism) of any minimally continuous GISR
(which include all voting rules discussed in this paper). Notice that r is not required to be
a GISR, the L case and the 0 case never happen, and the conditions of all cases depend on
7 but not 7.

Example 12 (Applications of Lemma 2 to plurality). Continuing the setting of Ex-
ample 11, we let Plu denote any refinement of Plu. We first apply the 2 | n part of Lemma 2
to the following four cases of I for sufficiently large n using Table 3. The first three cases
correspond to i.i.d. distributions, i.e., [II| = 1. In particular, I1 = {myn;} corresponds to IC.

o Il = {r',72}. We have Eé?llm(Plu, n) = exp(—0O(n)), that is, the VU case holds.
This is because let ' = W, we have 7' € CH(I1) and Crs(Plu, ') = N according
to Table 3.

n

o II; = {7'}. We have é\éﬁ (Plu,n) = ©(n=99), that is, the U case holds.
o I, = {n?}. We have @E;H(Plu, n) =1 —exp(—0O(n)), that is, the VL case holds.
o Il;c = {muni}. We have 6\6;1:(Plu, n) = 0(1)A(1—06(1)), that is, the M case holds.

When 2 ¥ n and II; = {7'}, we have é\é;lin(Plu, n) = exp(—O(n)), that is, the VU case
holds.

Intuitive explanations. The conditions in Lemma 2 can be explained as follows. Take
the 2 | n case for example. In light of various multivariate central limit theorems, the
histogram of the randomly-generated profile when the adversary chooses 7 = (71,...,7,)
is concentrated in a ©(n~°-%) neighborhood of Z?Zl 7j, denoted by Bz. Let avg(®) =
1 2;21 mj, which means that avg(7) € CH(II). The condition for the 1 case is straightfor-
ward. Suppose the 1 case does not happen, then the VL case happens if all distributions in
CH(II), which includes avg(7), are far from instances of dissatisfaction, so that no instance
of dissatisfaction is in Bz. Suppose the VL case does not happen. The U case happens if
the min-adversary can find a non-robust satisfaction instance (Cnrs(7, 7)) but cannot find
a robust dissatisfaction instance (wCgrp(7,7)). And if the min-adversary can find a robust
dissatisfaction instance (Crp (7, )), then Bz does not contain any instance of satisfaction,
which means that the VU case happens. All remaining cases are M cases.

Odd vs. even n. The 2 {n case also admits a similar explanation. The main difference is
that when 2 { n, the UMG of any n-profile must be a complete graph, i.e., no alternatives are
tied in the UMG. Therefore, when Cngrgs(T, ) is satisfied, a Condorcet winner (who is one
of the two ACWs in 7) must exist and constitutes an instance of robust dissatisfaction when
2 n. On the other hand, it is possible that the two ACWs in 7 are tied in an n-profile when
2 | n, which constitutes a case where CC is satisfied because the Condorcet winner does not
exist. This happens with probability ©(n=5). This difference leads to the ©(n=°5) case
when 2 | n, and it becomes part of the exp(—©(n)) case when 2{n .
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Proof sketch. Before presenting the formal proof in the following subsection, we present
a proof sketch here.

We first prove the special case r = 7, which is done by applying Lemma 1 in the following
three steps. Step 1. Define C that characterizes the satisfaction of CC under 7, and an
almost complement C* of C. In fact, we will let C = Cncw U Coww as in Section 5 and
Section C.1, and prove that one choice of C* is the union of polyhedra that represent profiles
where the Condorcet winner exists but is not an 7 co-winner. Step 2. Characterize o}, and
By, which is technically the most involved part due to the generality of the theorem. Step
3. Formally apply Lemma 1.

Then, let r denote an arbitrary refinement of 7. We define a slightly different version
of CC, denoted by CC*, whose satisfaction under 7 will be used as a lower bound on the
satisfaction of CC under r. For any GISR 7 and any profile P, we define

CC* (7, P) = 1 if CVV(P) =0 or CW(P) =7(P)

0 otherwise
Compared to CC, CC* rules out profiles P where a Condorcet winner exists and is not the
unique winner under 7. Therefore, for any 7 € II", we have

Prp.z(CC*(7,P) =1) < Prp.z(CC(r,P) =1) < Prp.z(CC(F,P) = 1)
Then, we prove that smoothed CC*, i.e., (/3\(3/*;“ (7, n), asymptotically matches G\C/Em (F,n),
which concludes the proof of Lemma 2.

E.1.1 Proof of Lemma 2

Proof. The 1 cases of the theorem is trivial. In the rest of the proof, we assume that
the 1 case does not hold. That is, there exists an n-profile P such that CW(P) exists
but is not in 7(P). We will prove that the theorem holds for any n > Ny, where Ny € N is a
constant that only depends on 7 that will be defined later (in Definition 24). This is without
loss of generality, because when n is bounded above by a constant, the 1 case belongs to the
U case (i.e., ©(n~%?)) and the VU case (i.e., exp(—O(n))).

Let 7 be defined by H and g. We first prove the theorem for the special case where
r =7, and then show how to modify the proof for general r. For any irresolute voting rule
7, we recall that CC(7, P) = 1 if and only if either P does not have a Condorcet winner, or
the Condorcet winner is a co-winner under 7.

Proof for the special case »r = 7. Recall that in this case 7 is a minimally continuous
GISR. In light of Lemma 1, the proof proceeds in the following three steps. Step 1.
Define C that characterizes the satisfaction of CONDORCET CRITERION of 7 and an almost
complement C* of C. Step 2. Characterize ll¢ ,, ¢+, B,, and of,. Step 3. Apply
Lemma 1.

Step 1: Define C and C*. The definition is similar to the ones presented in Section 5
for plurality. We will define C = Cxcw U Coww, where Cxow represents the histograms of
profiles that do not have a Condorcet winner, and Coww represents histograms of profiles
where a Condorcet winner exists and is a co-winner under 7. Cncw is similar to the set
defined in [51, Proposition 5 in the Appendix]. For completeness we recall its definition
using the notation of this paper.

Recall that Pair,; is the pairwise difference vector defined in Definition 10. It follows
that for any profile P and any pair of alternatives a,b, Pair, ; - Hist(P) > 0 if and only if
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there is an edge @ — b in UMG(P); Pair,;, - Hist(P) = 0 if and only if a and b are tied in
UMG(P). Then, we use Pair, 3’s to define polyhedra that characterize histograms of profiles
whose UMGs equal to a given graph G.

G
Definition 20 (H%). Given an unweighted directed graph G over A, let A¢ = [ Izeéqe } ,

tie

where Afdge consists of rows Pairy o for all edges a — b € G, and Agige consists of two rows
Pairy, ., and Pair,, for each tie {a,b} in G. Letb% =] —1 , 0 ] and

for AG =~ for AG

HE = {:z*e R™ : AC . ()7 < (BG‘)T}

Next, we define polyhedra indexed by an alternative a and a feasible signature ¢ €
S that characterize the histograms of profiles P where a is the Condorcet winner and
Sign; (P) =t.

Definition 21 (H®%). Given H = (hy,....hg) € RYX, a € A, and T € S, we let
CW=a
Al — { ATH
At
alternative b # a, and Al is the matriz used to define HE in Definition 17. Let pat =
T

[ -1 , b']and
~—
for ACW=a for AT

}, where ACW=4 consists of pairwise difference vectors Pairy,, for each

~—

N o Lo T
Ha7t _ {fe Rm! . Aa,t . (f)T < (ba,t) }

Next, we use HE and Ht as building blocks to define C = Cxcw UCcww and an almost
complement of C, denoted by Cowr,. At a high level, Cnow corresponds to the profiles where
no Condorcet winner exists (NCW represents “no Condorcet winner”), Coww corresponds
to profiles where the Condorcet winner exists and is also an 7 co-winner (CWW represents
“Condorcet winner wins”), and Cowr, corresponds to profiles where the Condorcet winner
exists and is not an 7 co-winner (CWL represents “Condorcet winner loses”).

Definition 22 (C and Ccwr). Given an int-GISR characterized by H and g, we define

HG and CCWW = U Ha’t

C=CncwUCcww, whereCncw = U a€AES a7 (T)
) H*

G:CW(G)=0

a,t

C =
ewL UaEA,FGSﬁ:aQF(t_) H
We note that some H%¢ can be empty. To see that Cowr, is indeed an almost complement
of C = Cnew U Coww, we note that C N Cowr = 0, and for any integer vector &,
e if ¥ does not have a Condorcet winner then ¥ € Cxow C C;

e if 7 has a Condorcet winner a, which is also an 7 co-winner, then & € H*5enz (@) C
Ccww € C;

e otherwise ¥ has a Condorcet winner a, which is not an 7 co-winner. Then ¥ €
Ha,Signg(i‘) C CowL.

Therefore, Z? C C U CowrL.
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Step 2: Characterize Il¢ n, Ilcow, ,ns Bn, and a,. Recall that 3, and o, are defined
by dimg'*(7) and dimg?y () for 7 € CH(IT) as follows:
fn = mingccum) dimgﬁx(w) = min;ccp(m) Max (dimrcnlfgwm(w), dim’cngv’;w)n(w))

*

. max
&, = MaXzecCH(ID) dlmcCWL,n(W)

For convenience, we let Il¢ ,, denote the distributions in CH(II), each of which is connected
to an edge with positive weight in the activation graph (Definition 6). Formally, we have
the following definition.

Definition 23 (Il¢,). Given a set of distributions II over q, C = J,; Hi, and n € N, let

e, ={me€ CHI):3i < I st HE #0 and 7 € Hi<o}

Table 4 gives an overview of the rest of the proof in Step 2, which characterizes dimg'3* ()
and dimg,y () by the membership of 7 € CH(II) in Tleyow ns Hecww,ns and Hegyy, n,
respectively, where n > Ny for a constant Ny that will be defined momentarily (in Defini-

tion 24).

7 € eyow,n * * N Y Y N
7€ Mooy Y[ Y N N N | N
S HCCWLJL Y N Y Y N N
d%mrcmnl\zgw,n(w) (Clai.m 3) * * en | Morm!—1] ml
jlmgfiv,gzv’;(ﬂ) (Claim 6) m!| m! < - <0 <0 N/A
e, () = ! [ R jmmex |
max (dim® (), dim3> (@) |™] ™| Teen | dmcvew (™| m!
dimgfv’;hn(ﬂ) (Claim 6) m! —% m! m! —IOgL"

Table 4: dimg5,*(7) and dimgsy,, ., (7) for CC for 7 € CH(II) and sufficiently large n.

We will first specify Ny in Step 2.1. Then in Step 2.2, we will characterize Il¢y oy ,n
and dimg®  (7) in Claim 3, and characterize gy ,n, dime, o (1), ey n, and

Cnow,n Coww,n
dimg;y, ,(7) in Claim 6. Finally, in Step 2.3 we will verify dimg () and dimg?y, ()
in Table 4.

Step 2.1. Specify Nz. We first prove the following claim, which provides a sufficient
condition for a polyhedron to be active for sufficiently large V.

Claim 2. For any polyhedron H characterized by integer matriz A and b < 6, if
dim(H<o) = m! and H NRY # 0, then there exists N € N such that for all n > N,

H is active at n.

Proof. By Minkowski-Weyl theorem (see e.g., [43, p. 100]), X = V + H<o, where V is a
finitely generated polyhedron. Therefore, any affine space containing H can be shifted to
contain H<p, which means that dim(#) > dim(H<o) = m!. Because H N RZ # 0, it
contains an interior point (inner point with an full dimensional neighborhood), denoted by

#, whose § neighborhood (for some 0 < § < 1) in L is contained in HNR™). Let B denote

the § neighborhood of Z. Let N = miZ) Then, because b < 0 and 2~ > 1, for every

6 |Z]1

n > N and every ' € B we have
T T AT
a(ze) <) <)
|Z]1 %1
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This means that Z—B C H N R7%. Moreover, it is not hard to verify that 17, B contains
the following non-negative integer n vector

n n m!—1 n
TS L1 s | T Tml—-1| TV — Z T T
%1 |71 — [ |72

This proves Claim 2. [

We now define the constant N7 used throughout the proof.

Definition 24 (N7). Let Ny denote a number that is larger than m* and the mazimum
N obtain from applying Claim 2 to all polyhedra H in Cnxow, Coww, or Cowr where
dim(H <o) = m! and HNRTY # 0.

Step 2.2. Characterize Ilcycw,ns Hegww,ns and Iegyr n-

. . . . max
Claim 3 (Characterizations of Ileyow,n and dimgl7

that = Cas(F,n) and any distribution ™ over A, we have

(m)). For any n > m* such

o if 2| n, then ™ € Ucyown if and only if CW(m) =0, and

—Toen U CW(m)#0

dimg®> (m)=4q m!—1 if ACW(rm)#0
m! otherwise (i.e. CW(r)U ACW(r)=10)

o if2tn, then m € llc,y.n if and only if CW(m) U ACW(r) =0, and

dimm (= | “Teen Y CWMUACW(T) #0
. Tl om! otherwise (i.e. CW(m)U ACW(r)=10)

Proof. In the proof we assume that n > m*. We first recall the following characterization
of HY, where part (i)-(iii) are due to [51, Claim 3 in the Appendix] and part (iv) follows
after [51, Claim 6 in the Appendix].

Claim 4 (Properties of HE [51]). For any UMG G,
(i) for any integral profile P, Hist(P) € HC if and only if G = UMG(P);
(ii) for any ¥ € R™, ¥ € ’Hgo if and only if UMG(Z) is a subgraph of G.
(iii) dim(HE ) = m! — Ties(G).

(iv) For anyn > m*, HY is active at n if (1) n is even, or (2) n is odd and G is a complete
graph.

The 2 | n case. By Claim 4 (iv), when n > m* and 2 | n, every H is active. This
means that 7 € Heyoy,n if and only if 7 € HE for some graph G that does not have
a Condorcet winner. According to Claim 4 (ii), this holds if and only if there exists a
supergraph of UMG(7) (which can be UMG(7) itself) that not have a Condorcet winner,
which is equivalent to UMG(w) does not have a Condorcet winner, i.e. CW(w) = 0. It

follows that dimgl | (7) = — 2 if and only if CW(m) # 0.

Cnow,n log
To characterize the m! — 1 case and the m! case for dimg? . (7), we first prove the
following claim to characterize graphs whose complete supergraphs all have Condorcet win-
ners.
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Claim 5. For any unweighted directed graph G over A, the following conditions are equiva-
lent. (1) Every complete supergraph of G has a Condorcet winner. (2) CW(G)UACW(G) #

Proof. We first prove (1)=(2) in the following three cases.

e Case 1: [WCW(G)| = 1. In this case we must have CW(G) = WCW(G), otherwise
there exists an alternative b that is different from the weak Condorcet winner, denoted
by a, such that a and b are tied in G. Notice that b is not a weak Condorcet winner.
Therefore, we can complete G by adding b — a and breaking other ties arbitrarily,
and it is not hard to see that the resulting graph does not have a Condorcet winner,
which is a contradiction.

o Case 2: |WCW(G)| = 2. Let WCW(G) = {a,b}. We note that a and b are not
tied with any other alternative. Otherwise for the sake of contradiction suppose a is
tied with ¢ # b. Then, we can extend G to a complete graph by assigning ¢ — a and
a — b. The resulting complete graph does not have a Condorcet winner, which is a

contradiction. This means that a and b are the almost Condorcet winners, and hence
(2) holds.

e Case 3: |[WCW(G)| > 3. In this case, we can assign directions of edges between
WCW(G) to form a cycle, and then assign arbitrary direction to other missing edges
in G to form a complete graph, which does not have a Condorcet winner and is thus
a contradiction.

(2)=(1) is straightforward. If CW(G) # 0, then any supergraph of G has the same Con-
dorcet winner. If ACW(G) = {a,b} # (), then any complete supergraph of G either has a
as the Condorcet winner or has b as the Condorcet winner. This proves Claim 5. O
The dimg?” . (m) = m! — 1 case when 2 | n. Suppose ACW(7) = {a,b}. Let G
denote a supergraph of UMG(7) where ties in UMG(7) except {a, b} are broken arbitrarily.
By Claim 4 (ii), 7 € &, and by Claim 4 (iii), HE, = m! — 1. Recall from Claim 4 (iv) that
HE is active at n because we assumed that n > m?. Therefore, dimZ®*  (7) > m! — 1.

C n
To see that dimgye ., (7) < m!— 1, we note that for every graph G that does not have a
Condorcet winner such that m € HE. By Claim 4 (ii), G is a supergraph of UMG(). This
means that G is not a complete graph, because by Claim 5, any complete supergraph of
UMG(7) must have a Condorcet winner. It follows that Ties(G) > 1 and by Claim 4 (iii),
HE, < m!— 1. Therefore, dimg> (7)) =m! —1.

The dimg 7 (7) = m! case when 2 | n. Suppose CW(r)UACW(7) = (). By Claim 5
there exists a complete supergraph G of UMG(7) that does not have a Condorcet winner,
which means that H® C Cxcw € C. We have 7 € ’Hgo (Claim 4 (ii)), dim(?—[go) = m!

(Claim 4 (iii)), and H is active at n (Claim 4 (iv)). Therefore, dimg\>  (7) = m!.

The 2 { n case. By Claim 4 (iv), when n > m* and 2 { n, HE is active if and only
if G is a complete graph. It follows from Claim 4 (ii) that 7 € Ieygyw.n if and only if
T E 'Hgo, where G is complete supergraph of UMG(w) that does not have a Condorcet
winner. By Claim 4 (iii), dim(H%,) = m!. Therefore, by Claim 5, 7 € Hegqy,n if and only
if CW(mr) UACW(7) = (. Moreover, whenever m € Iy qy.n We have dimg™  (7) = m!.

CNnow,n

This proves Claim 3. O

Recall that we have assumed the 1 case of the theorem does not hold, that is, ~Cag(7, n).

: : : : max : max
The following claim characterizes Ilcoyy,n, dimeie (), Hecyr n, and dimgly o (),
when —Cag(7,n).
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Claim 6 (Characterizations of Ilcgyw,n, dimg?> —(7), Iegwe,ns and

Ccww,n
diménsv’;hn(ﬂ)). Given any strictly positive 11 and any minimally continuous int-GISR

7, for any n > Ny (see Definition 24) such that =Cas(F,n) and any m € CH(II),

[m € Heppwomnl € [m € Closure(Reyw)] < [dimg (1) =ml], and

Ceww,n

[ € Mepy,n] < [1 € Closure(Rey)] < [dimg | (7) = ml]

Cewr,n

Proof. We first prove properties of H® ¥in the following claim, which has three parts. Part
(i) states that H® ' characterizes histograms of the profiles whose signature is £ and where

alternative a is the Condorcet winner. Part (ii) characterizes the characteristic cone of H* i,
Part (iii) characterizes the dimension of the characteristic cone for some cases.

Claim 7 (Properties of ’H‘l’{). Given ﬁ, for any a € A and any t € S,

(i) for any integral profile P, Hist(P) € HoE if and only if a is the Condorcet winner
under P and Signg(P) =t;

(ii) for any & € R™, ¥ € 7—[ zf and only if a is a weak Condorcet winner under & and
< Signz(Z);

(iii) if t € S% and HOE £ 0, then dim(?—l%’g) =ml.

—

Proof. Part (i) follows after the definition. More precisely, ACW=2. (Hist(P))' < (—_’ if

1
R AT
and only if a is the Condorcet winner under P, and by Claim 1 (i), Af- (Hist(P))' < (bt)
if and only if Sign z (Hist(P)) = t.

AT
Part (ii) also follows after the definition. ACW=a.(z)" < (0) if and only if a is a weak

o N\ T -
Condorcet winner under P, and by Claim 1 (i), AT (Z)" < (O) if and only if ¢ ISign 5 (Z).
To prove Part (iii), suppose Z € Ht, Because f € S° , we have pat = T —1 (Definition 21).
Therefore, there exists ¢ > 0 such that for all vector &’ Such that |#' — &)1 < §, A% £ ("’)T <

— T nd nd
(0) , which means that ' € 7—[‘;8 Therefore, H‘;’é contains the ¢ neighborhood of Z, whose

dimension is m!. This means that dim(?—l%’g) =ml. O

[ € Mleoww,n] < [7 € Closure(RGyww)]- Suppose m € Closure(Riyyy) and let
(Z1,Z,...) denote an infinite sequence in Ry that converges to 7. Because the number
of alternatives and the number of feasible signatures are finite, there exists an infinite subse-
quence (7,45, . ..) such that (1) there exists a € A such that for all j € N, CW(7) = {a},
and (2) there exists £ € S5 such that a € 7(¢) and for all j € N, Sign () = t. Because
7 is minimally continuous, by Proposition 4, there exists a feasible atomic refinement of
t, denoted by t, € S%, such that 7(f,) = {a}. Therefore, to prove that 7 € Ieogw,ns it

suffices to prove that (i) for every n > N, Hote is active, and (ii) 7 € Hi’éa, which will be

done as follows.
(i) H* *a is active. By Claim 2, it suffices to prove that H® fa NR™} # (). This is proved

by explicitly constructing a vector in H% ta ]R>0 as follows. Because t, is feasible, there
exists 7% € R™ such that Sign (%) = t,. Recall that 7 is strictly positive and (&, Z5, . . .)
converges to 7, there exists j € N such that & > 0. For any 6 > 0, let ¥5 = f; + dr*. We
let § > 0 denote a sufficiently small number such that the following two conditions hold.
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e Z5 > 0. The existence of such § follows after noticing that T > 0.
e CW(Z5) = {a}. The existence of such § is due to the assumption that CW(z) = {a},

T
which means that ACW=¢. (;i"’;)T < (0) , where ASW=¢ is defined in Definition 21.

N
Therefore, for any sufficiently small 6 > 0 we have ACW=0. (f(;)T < (O) , which

means that a is the Condorcet winner under Zs.

Because 7, is a refinement of 7, we have Sign 5 (75) = t,. Therefore, T5 € Hale 0 R;”é.
Following Claim 2 and the definition of N (Definition 24), we have that Hle is active for
all n > NF.

- AT
(il) w € ”H%’(t)". Because for all j € N, ACW=a. (fg)T < (0) and (77,25, . ..) converge

AT
to 7, we have ACW=a. (7r)T < (0) , which means that a is a weak Condorcet winner under

7. It is not hard to verify that for every k < K, if ¢, = + (respectively, — and 0), then we
have [Sign (7)) € {0,4} (respectively, {0,—} and {0}). Therefore, £ < Sign (), which

means that £, < Sign ;(7) because , <. By Claim 7 (ii), we have 7 € ’H%’g“.

[ € Hegww,n] = |7 € Closure(RGww)]- Suppose m € Hegyy,n, which means that

there exists a € A and £ € Sj; such that 7 € HEL a € 7(T), CW(F) = {a}, and #! contains
a non-negative integer n-vector, denoted by #’. By Proposition 4, because 7 is minimally
continuous, there exists t, € 8;7 such that t, <t and 7(t,) = {a}. Let * € H'» denote an

arbitrary vector, which is guaranteed to exist because &, € SI"?. Because 1’ € 7—[“’{, we have
AT AT
ACW=a. ()T < (—1) . Therefore, there exists &, such that ACW=a.(# 4+ §,5*)" < (O) .
- AT
Let # = @' +6,4*. Recall that 7 € HZ{, which means that ACW=a ()T < (0) . Therefore,
for all 6 > 0 we have

N T
A= (r457)T = ACV= ()T 4 A ()T < (0)

which means that CW(r + 0%) = {a}. It is not hard to verify that Sign;(m + 0%) = {,,
which means that 7(m + 6%) = {a}. Consequently, for every § > 0 we have 7+ 6T € Ryyw-
Notice that the sequence (7 +Z, 7+ %55’, ...) converges to 7. Therefore, 7 € Closure(RGyww)-

Cocww,n

[7 € Closure(RGww)| = [dimmax () = m!]. Continuing the proof of the

[ € Hegww.n] = [m € Closure(Ri,yw)| part, because 7 is strictly positive and (7 +
Z,m+ %f, ...) converges to m, there exists j € N such that m + %:f > 0. Recall that
CW(m + %f) = {a}, Signz (7 + %f) =t,, and t, is atomic, we have

T T
— 1 - T ng 1 — T
ACW=a. (71' + jf) < (O) and Ala . <7r + jf) < (O)
Therefore, there exists £ > 0 such that

ACW=0, (4(7r ; ;f))T <(-1) ana A% <€<w + ;@)T <(-1) .

which means that 6(77—1—%9?) € Hlo NR™) # 0. by Claim 7 (iii), we have dimg® () = ml.

Ccww,n
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[dimg‘;v’;w,n(ﬂ) = m!} = [7m € Hegww,n] follows after the definition of ey n-

More concretely, dimg () = m! means that there exists a polyhedron H C Coww
such that the weight on the edge (m, H) in the activation graph is m!, which implies that
7 € Hegww,n-

The proofs for Il¢gy,,n and dim,

: max
dlmccww i

g?v);Ln(Tr) are similar to the proofs for Ilc,y,n and

(). For completeness, we include the full proofs below.

[ € Tleowr,n] < [m € Closure(RTwy)|- Suppose m € Closure(RGyyy,) and let
(Z1,Z2,...) denote an infinite sequence in Ry, that converges to m. Because the number
of alternatives and the number of feasible signatures are finite, there exists an infinite subse-
quence (7,45, . ..) such that (1) there exists a € A such that for all j € N, CW(7) = {a},
and (2) there exists t € Sy such that a ¢ 7(£) and for all j € N, Sign () = t. Let b € 7(t)
denote an arbitrary winner. Because_f is minimall_}f continuous, lt_{y Proposition 4, there
exists a feasible atomic refinement of ¢, denoted by t,, such that 7(¢,) = {b}. Therefore, to
prove that m € Il¢g . n, it suffices to show that (i) for every n > N, Hob s active, and (ii)
TE ’H‘i’gb.

(1) Heto is active. We will apply Claim 2 to prove that Hab s active at every
n > N. In fact, it suffices to prove that Heb R’;’é # (). This will be proved by explicitly
constructing a vector in H% R7Y as follows. Because {; is feasible, there exists 7% € R™
such that Sign (") = ;. Recall that  is strictly positive and (&, 7}, ...) converges to T,
there exists j € N such that 7 > 0. For any & > 0, let &5 = T + 52%. We let 6 > 0 denote
a sufficiently small number such that the following two conditions hold.

e 75 > 0. The existence of such § follows after noticing that T > 0.
e CW(Z;) = {a}. The existence of such § is due to the assumption that CW(z) = {a},

AT
which means that ACW=¢ . (fj)—r < (O) , where A®W=¢ ig defined in Definition 21.

AT
Therefore, for any sufficiently small § > 0 we have ACW=a. (7;)' < (O) , which

means that a is the Condorcet winner under Zs.
Because {, is a refinement of ¢, we have Signz (Z5) = tp. Therefore, s € Hab 0 ]R’;%.

Following Claim 2 and the definition of N (Definition 24), we have that Hle s active for
all n > Nr.

- AT
(i) = € ’HZ’f)b. Because for all j € N, ACW=a. (i"j)—r < (O) and (2,25, . ..) converge

AT
to 7, we have ACW=a . (1)1 < (O) , which means that 7 is a weak Condorcet winner. It

is not hard to verify that for every k < K, if t;, = + (respectively, — and 0), then we have
[Signz(m)]x € {0,+} (respectively, {0, —} and {0}). Therefore, ¢ < Sign (), which means

. oL . AT
that t, < Signg () because t, < t. It follows that Afbv . (7r)T < (0) . This means that

T
TeHL.

[ € Hegwe,n] = [7 € Closure(RGwy)]- qSuppose 7 € Iegwe.ns Which means that
there exists a € A and f € S such that 7 € ’H%’é C Cowr, a ¢ 7(t), CW(r) = {a}, and H*!

contains a non-negative integer n-vector, denoted by Z’. Let b € F(f) denote an arbitrary co-
winner. By Proposition 4, because 7 is minimally continuous, there exists t;, € S;T such that

t, <t and 7(f,) = {b}. Let * € H™ denote an arbitrary vector whose existence is guaranteed

41



o o AT
by the assumption that ) € S7. Because 7 € H¥, we have ACW=a. (a'c”)—r < (—1) .
NT
Therefore, there exists §, such that ACW=a.(# 4 §,*)" < (0) . Let ¥ = ¥ +8,7*. Recall
- AT
that m € H%}, which means that ACW=2. ()" < (0) . Therefore, for all § > 0 we have

N
ACW=a . (74 59?)T < (0) , which means that CW (7 + §%) = {a}. It is not hard to verify

that Sign (7 + %) = 3, which means that 7(r + 6&) = {b}. This means that for every
§ > 0 we have T+ 0% € Ry, Notice that 7 is the limit of the sequence (7 + Z, 7+ %f, co)e
Therefore, m € Closure(R{yr,)-

CowL,n

[w € Closure(RGwr)] = [dim"mlx (m) = m!|. Continuing the proof of the

[ € Hegwe,n) = [7 € Closure(Reywy,)] part, because  is strictly positive and (7 + Z, 7 +

1%, ...) converges to T, there exists j € N such that 7+ %f > 0. Recall that CW (7 + %f) =

. . T AT
{a}, Signg(m + %f) = 15, and #, is atomic, which means that ACW=2. (7r + %:E') < (0)

- T AT
and A’ . (77 + %f) < (O) . Therefore, there exists £ > 0 such that

ACW=0. <e<w ; ;@)T < (-1)" and A% (e(w + ;aﬂ)T <(-1) .

which means that f(ﬂ'—l—%f) € ’H“’EbﬂRZ% # 0. by Claim 7 (iii), we have dimg™  (7) = ml.

CowL,n

[dimma‘x (w) = m!} = [m € Ilegy,n] follows after the definition.

CcwL,n

This proves Claim 6. O

We are now ready to verify Table 4 column by column as follows.

e xYY: dimg (7)) = max(dimegyy ,(7),dimgSy (7)), and by Claim 6 we have
dimg o (m) = ml The dimgly , (7) part also follows after Claim 6.

e xYN: The dimg'*(7) part follows after Claim 6. Recall that we have assumed
—Cas(7,n). This means that there exists an n-profile P such that CW(P) # ()
and CW(P) ¢ 7(P). Let {a} = CW(P) and t = Signgz(P). It follows that
Hist(P) € H%"Z £ § and H®' C Cowr. Because m ¢ egwr,n, according to the

definition of the activation graph (Definition 6), the weight on the edge (m, H%?)

is —+2— and the weight on any edge connected to 7 is not positive. Therefore,
logn
s max _ n
dlmCCWLyn(ﬂ—) — " logn-

e NNY: The dimg'}*(7) part follows after the definition. The dim¢?y , (7) part follows
after Claim 6.

e YNY: Recall that the “N” means that 7 ¢ Ilgoyw,n, Wwhich implies that

dimggy o n(m) < 0. Therefore, dimg%*(m) = max(dimgls ., (7), dimgiy (7)),
which means that dimg’y*(7) = dimg?e (7). The dimg?y , (7) part follows after
Claim 6.

e YNN: We first prove the dimg'y*(7) part. Because in this case 7 € Tleyoy,n and

7 & ey n, Dy the definition of Heyey,n and Hegyy n, we have dimee o (7) >0
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and dimgly o (1) < =5 . Therefore, dime*(m) = dimg . (m). It suffices to

oox o (m) = ml. Recall from Proposition 1 that

prove that dime ' 5,

!
Cnew,<o U Coww,<o U Cowr,<o = R™

Therefore, there exists a polyhedron H in Cncw, Coww, or Cowr, such that m € H<o
and dim(H<p) = m!. We now prove that H is indeed active. Because 7 is strictly
positive and H<o is convex, H<o contains an interior point in R’;%, denoted by Z.
Formally, let #/ denote an arbitrary interior point of H<g. It is not hard to verify that
™+ 67 -
1+0

for some sufficiently small § > 0, ¥ = € R@é is an interior point of H<p.

. AT
Suppose H is characterized by A and b. Then, we have A - (aﬁ’)—r < (O) . Therefore,

T
there exists ¢ > 0 such that A - (Ef)T < (b) , which means that (7 € H NR7} # 0.
By Claim 2 and the definition of N7 (Definition 24), H is active at every n > Nr.

Recall that in the YNN case we have m ¢ eiyww.n and m ¢ Ilegy,.n. Therefore,
H C Cncw, which means that dimggy (7)) = m! = dimg'3* (7). Following a similar

] L3 « ) s max _ logn
reasoning as in the “xYN” case, we have dimg?y ,(7) = —=&=.

e NNN: This case is impossible because as proved in the “YNN” case, for all n > N,
7T & Hegww,n and m & Ieoy,, . implies that m € Hegow . n-

Step 3: Apply Lemma 1. In this step, we apply the inf part of Lemma 1 by combining
and simplifying conditions in Table 4.

e The 0 case never holds when n > m*, because any complete graph is the UMG of
some n-profile [51, Claim 6 in the Appendix|. In particular, any complete graph where
there is no Condorcet winner is the UMG of an n-profile.

e The 1 case holds if and only if 7 satisfies CC for all n profile P, i.e. Cag(T, n).

e The VU case. According to the inf part of Lemma 1, the VU case holds if and
only if 8, = —&. Note that we do not need to assume Cag(7,n) in the VU case.

According to Table 4, 3, = — 5o if and only if there exists 7 € CH(II) such that the
“NNY” column holds. Recall that the “NNN” column is impossible for any n > Nz.
Therefore, the “NNY” column holds for 7 € CH(II) if and only if 7 ¢ Il¢y oy .n and

7 & Tegww.ns Which is equivalent to the following condition by Claim 6

7 ¢ Heyew.n and m & Closure(RGywyw ) (9)
Next, we simplify (9) for 2 | n and 2 t n, respectively.

— 2| n. By the 2 | n part of Claim 3, 7 ¢ Il¢, .y » if and only if 7 has a Condorcet
winner. We prove that in this case (9) is equivalent to:

CW(m) N (A\TF(m)) #0 (10)

(9)=-(10). Suppose 7 has a Condorcet winner, denoted by a, and (9) holds.
For the sake of contradiction suppose that (10) does not hold, which means that
a € 7(mw). Then, following a similar construction as in the proof of Claim 6, the
minimal continuity of 7 implies that there exist £, € S with t, < Sign () and

7(f,) = {a}, and & € H' such that for every § > 0 we have 7 + 6% € Réww-
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Then (m + @, 7 + 3,...) converges to m, which contradicts the assumption that
7 ¢ Closure(Rww)-

(10)=(9). Let a € CW(m) N (A \ 7(w)), which means that {a} = CW(x) and
a ¢ T(m). Suppose for the sake of contradiction that (9) does not hold. Due to
Claim 3, we have 7 ¢ Il¢ oy n- Therefore, 7 € Closure(R{ ). This means
that there exists a sequence (Z1, T2, ...) in Ry that converge to 7. It follows
that there exists j* € N such that for all j > j*, a is the Condorcet winner
under Z;, which means that a € 7(Z;) because Z; € Riyw- Therefore, by the
continuity of 7, we have a € 7(w), which means that CW(r) N (A \ 7(m)) = 0.
This is a contradiction to (10).

Therefore, when 2 | n, the VU case holds if and only if there exists 7 € CH(II)
such that (10) holds, which is as described in the statement of the theorem, i.e.

Ir € CH(II) s.t. Crp(T, )

— 2 4 n. By the 2 1 n part of Claim 3, 7 ¢ I¢yow.n iS equivalent to CW(m) U
ACW(m) # 0, i.e. either CW () # () or ACW(7) # (). When CW(7) # 0, as in the
2 | n case, (9) becomes (10). When ACW(x) # 0, (9) becomes Cngrs (7, 7) = 1.
Therefore, when 2 t n the VU case holds if and only if the condition in the
statement of the theorem holds, i.e.

37 € CH(TI) s.t. Crp(7,7) or Cxrs (7, 7)

e The U case. According to the inf part of Lemma 1, the U case holds if and only if
0 < B, < m!. According to Table 4, 0 < 5, < m! if and only if

(i) for every m € CH(II) the NNY column of Table 4 does not hold, and

(ii) there exists m € CH(II) such that the YNY column of Table 4 holds and

dimgi2 o (m) < ml.

max

Part (ii) can be simplified as follows. By Claim 3, dim¢g?  ,,(m) < m! if and only if
2 | n and ACW(r) # (), and in this case dim¢yo  ,,(7) = m! — 1. We show that it
suffices to additionally require that © ¢ Ile yw.n (i-€. the “N”); or in other words,
given dimgy’ (7)) = m! =1, m & Hcoyy,n implies m € ey, o (i-e. the second “Y”).
Suppose for the sake of contradiction that dimg?”  ,(7) = m! — 1, 7 ¢ Tleqyww n, and
7 ¢ Iegyw,n- Notice that this corresponds to the “YNN” column in Table 4, which

means that dimg?y . (7) = m!, which is a contradiction. By Claim 6, 7 ¢ Tlcqyy.n

if and only if m ¢ Closure(R{ ). Therefore, part (ii) is equivalent to
Ir € CH(II) s.t. Cnrs(7, )

Summing up, the U case holds if and only if the condition in the statement of the
theorem holds, i.e.

2| n, and (1) Vr € CH(II), =Cgrp (7, 7), and (2) I= € CH(II) s.t. Cnrs(T, )

e The L case never holds when n > m* because according to Table 4, o =

maxrecn(m) dimegy, () is either — 2= or m!, which means that it is never in [0, m!).

e The VL case. According to the inf part of Lemma 1, the VL case holds if and only
if the 1 case does not hold and o, = — 1ng1 —. According to Table 4, this happens in the
“«YN” column or the “YNN” column, which is equivalent to only requiring that the

last “N” holds (because “NNN” is impossible), i.e. for all 7 € CH(II), 7 ¢ Iy n- By
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Claim 6, the VL case holds if and only if if and only if the condition in the statement
of the theorem holds, i.e.

—Cas(7,n) and Vr € CH(II), Crs (7, 7)
e The M case corresponds to the remaining cases.

Proof for general refinement r of 7. We now turn to the proof of the theorem for an
arbitrary refinement of 7, denoted by r. We first define a slightly different version of CC,
denoted by CC*, which will be used as the lower bound on the (smoothed) satisfaction of
the regular CC. For any GISR 7 and any profile P, we define

CC* (7, P) = { 1 if CW(P) =0 or CW(P) =7(P)

0 otherwise
In words, CC*(7, P) = if and only if (1) the Condorcet winner does not exist, or (2) the
Condorcet winner exists and is the unique winner under P according to 7. Compared to
the standard Condorcet criterion CC, CC* rules out profiles P where a Condorcet winner
exists and is not the unique winner. CC* and CC coincide with each other when 7 is a
resolute rule. Because for any profile P we have r(P) C 7(P), for any 7@ € II"™ we have

Prpo=(CC*(7, P) = 1) < Prp=(CC(r, P) = 1) < Prp_=(CC(F, P) = 1)

Therefore,
————min

CC*y (F,n) < CCh (r,n) < CCh (7,n) (11)
n ordgr to prove the theorem, it suffices to prove that the lower bound in (11), i.e.,

——~—min ——mi

CC*; (F,n), has the same dichotomous characterization as CCEIH(?, n). To this end,
we first define a union of polyhedra, denoted by C’, and its almost complement C{yyy, that
are similar to Definition 22 as follows.

Definition 25 (C’ and C(yyy,). Given an int-GISR characterized by H and g, we define

, , , _ a,t
C'=CnewUCoww, where Coyy = UaeA,FeSH:F(E):{a} H

a,t

/ —
cwL — UaeA,Fesﬁ;F(i);é{a}
Notice that Cxcw used in Definition 25 was define in Definition 22. Just like Cowry, is

an almost complement of C, Cliyy, is an almost complement of C’. Formally, we first note
that ¢’ N Ciyy, = 0, and for any integer vector Z,

e if 7 does not have a Condorcet winner then & € Cyow C C';

e if # has a Condorcet winner a, which is the unique 7 winner, then @ € H®*5gna (@) C
Coww € G

e otherwise & has a Condorcet winner a, which is either not a 7 co-winner or |[F(Z)| > 2.
In both cases 7 € H*Se14 (@) C Clyyrp.

—~—min ——mi
Therefore, Z9 C C'UClyy,- The proof for CC*; (7, n) is similar to the proof for CCEln (7,n)
presented earlier. The main difference is that C, Coww, and Cowr, are replaced by C', Coww
and Clyyr,, respectively. The key part is to prove a counterpart to Table 4, which follows
after proving I, = n = Hegww,n and ey n = Hegy,n for every n > N, as formally
shown in the following claim.
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Claim 8. For any n > N7, we have Uc,, = n =egyyn and ey =egy,n-

Proof. The main difference between C’CWW Qrespectively, Céwr,) and Coww (respectively,
Ccwr) is the memberships of polyhedra H%, where a € 7(f) and 7(f) > 2. Therefore, to
prove the claim, it suffices to show that the membership of HaE does not affect ey, on
(vespectively, ¢, ) compared to Hcgyy,n (respectively, egyy,n)-

It suffices to show that for any polyhedron H* t, where a € 7( f) and 7( f) > 2, for any
7 € CH(II) and any n > N, if Hot is active and 7 € ’H<0, then there exist 7-[ t” -

Coww N Ciww and HE tb C Cewr N Cawr, such that (1) H‘ié“ and ’H‘iéb are active at n,
and (2) m € ’H‘;f)“ N ”H‘;éb. In other words, if a distribution 7 € CH(II) is in C{yww Cowrs

CCWWL or Cowr due to 7—[“”?, then it is also in the same set without considering its edge
to H®! in the activation graph. As we will see soon, (1) follows after the assumption that
n > Ny and (2) follows after the minimal continuity of 7. Formally, the proof proceeds in
the following three steps.

(i) Define t, and t,. Let b # a denote a co-winner under 7, i.e., {a,b} C7(m). Because
7 is minimally continuous, by Proposition 4, there exists a feasible atomic signature
t € S} (respectively, t, € S7;) such that t, I ¢ (respectively, t, <t) and 7(t,) = {a}

(respectively, 7(t,) = {b}).

(ii) Prove that ’Ha e and HZ, % are active at any n > Ny. Because f, is feasible,
there exists & € Rm' such that Sign; (%) = t,. Therefore, recall that 7 is strictly
positive (by €), for some sufficiently small § > 0, we have 7+ 0% € R}, CW (7 +6%) =
{a}, and Sign 5 (7+0%) = f,. This means that 7447 is an interior point of H®a o (which
also means that dim(H* il ) = m!). Recall that the b part of H® it (Definition 17
and 21) is non-positive, we have H®% C ’H‘iéa, which means that dlm(HZé“) m! as
well. Therefore, according to Claim 2 and the definition of Ny (Definition 24), H% "
is active at any n > Nz. Similarly, we have that Hato is active at any n > Nr.

(iii) Prove that = € ’H<(t]° NnH t”. Recall that m € ’H,Z’g. Therefore, according to
Claim 7 (ii), we have £ < SlgnH( 7), which means that ¢, < Sign (), because f, < t.

a,a atb

By Claim 7 (ii) again, we have 7 € HZy". Similarly, we can prove that T € HZ

This completes the proof of Claim 8. O

Therefore, EC_/*H (7,n) has the same characterization as 66;““ (7,n), which concludes
the proof of Lemma 2 due to (11). O

E.2 Proof of Theorem 1

Theorem 1. (Smoothed CC: Integer Positional Scoring Rules). Let M =
(0, L(A),II) be a strictly positive and closed single-agent preference model, let Tz be a min-
imally continuous int-GISR and let rz be a refinement of Tz. There exists N € N such that
for any n > N with 2 | n, we have

1 —exp(—O(n))  if Y € CH(I), |[WOW(r)| x |[F(m) U WOW(x)| <

3

1
. o0 (1) ¥r € CH(IT), CW(x) A (A\ Fs(r)) = 0 and
O™ ey = 4 O Zf{ (2) 3 € CH(ID) s.t. |ACW(r) N (A\ Ts(m))| =
exp(—0O(n)) if 3 € CH(II) s.t. CW(mw) N (A\Tz(m)) #£0

O(1) and 1 — O(1) otherwise
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For any n > N with 2 { n, we have

1 —exp(—0O(n)) same as the 2 | n case

CCp (rzn) =4 exp(—06(n)) if 3m € CH(II) s.t. {
O(1) and 1 — O(1) otherwise

(1) CW(m) N (A\T5(m)
(2) |[ACW(r) N (A\ Ts(

@)

Proof. We apply Lemma 2 to prove the theorem. For any integer irresolute positional scoring
Ts T

rule 7z, we prove the following claim to simplify Closure(R ) and Closure(Ryy,)-

Claim 9. For any m € CH(II),
|:7T € Closure(RF(fWW)] & [WCW(r) NTz(m) # 0]
{77 € Closure(R?gWL)] < [Fa#b st ae WCW(r) and b € Tz()]

Proof. The proof is done in the following steps.

[w € Closure(’R?Ww)} = [WCW(x) N7z(m) # 0]. Suppose 7 € Closure(Rgiyw )

which means that there exists a sequence (Z1,Zs,...) in RZ‘WW that converges to m. It
follows that there exists an alternative a € A and a subsequence of (Z1, T2, .. .), denoted by
(7,45, . ..) such that for every j € N, CW(2’;) = {a} and a € T5(2;). This means that the
following holds.

e a is a weak Condorcet winner under 7. Notice that for any b # a and any j € N, we
have Pairy,, - a'c'; < 0, which means that Pair,, -7 < 0.

e a € Tg(m). Notice that for any b # a and any j € N, the total score of a is higher than
=

or equal to the total score of b in Z;. Therefore, the same holds for 7, which means
that a € Fg(ﬂ').

Therefore, a is a weak Condorcet winner as well as a Tz co-winner, which implies WCW ()N

Ta(m) # 0.

[w € Closure(R?ww)} < [WCW(n) NTgz(mw) # B]. Suppose WCW () NTz(w) # 0

and let a € WOW(7r) N75(7). We will explicitly construct a sequence of vectors in R{jyw
that converges to m. Let o denote a cyclic permutation among A\ {a} and let P denote the
following (m — 1)-profile

P = {0'(a = others) : 1 <i <m — 1} (12)
It is not hard to verify that CW(P) = 7z(P) = {a}. Therefore, for any § > 0 we have
CW(m + ¢ - Hist(P)) = Tg(m + 6 - Hist(P)) = {a},

which means that 7+ 4-Hist(P) € Closure(R Gy )- It follows that (7 + %Hist(P) :jeN)is

a sequence in Closure(R 5y ) that converges to 7, which means that 7 € Closure(R{yw)-
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[71' € Closure(R?WL)} = [Ja # bs.t. a € WCW(wx) and b € Tz(m)]. Suppose

mE Closure(Réi,VL), which means that there exists a sequence (¥1,Zs,...) in R?;VVL that
converges to . It follows that there exists a pair of different alternatives a,b € A and a sub-
sequence of (1, T2,...), denoted by (i,d%,...) such that for every j € N, CW(z) = {a}
and b € 75(7";). Following a similar proof as in the Ry Part, we have that a is a weak
Condorcet winner under 7 and b € Tg(7).

[71' € Closure(R?WL)} < [Ga #bst. a € WCW(r) and b € Fz(w)]. Let a # b

be two alternatives such that « € WCW(w) and b € Tz(m). We define a profile P where
CW(P) = {a} and 75(P) = {b}, whose existence is guaranteed by the following claim,
which is slightly different from [15, Theorem 6] for scoring vectors § = (si,..., S$my) with
S§1 > 82 > > Sy

Claim 10. For any m > 3, any positional scoring rule with scoring vector § = (s1,...,8m)
where s1 > Sy, any n > 8m + 49, and any pair of different alternatives a # b, there exists
an n-profile P such that CW(P) = {a} and 73(P) = {b}.

Proof. We explicitly construct an n-profile P where the Condorcet winner exists and is
different from the unique 73 winner. Then, we apply a permutation over A to P to make a
the Condorcet and b the unique 7z winner. The construction is done in two cases: s = s,
and s > S.,.

e Case 1: s3 = Sy,. In this case 7z corresponds to the plurality rule. We let

-1 —
P_{nz Jx[2>—1>—3>—others]+{n23J X [3 %=1 > 2 > others]

-1
+<n+1—2{n2 J)x[1>2>3>others]

It is not hard to verify that the alternative 1 is the Condorcet winner and 2 is the
unique plurality winner.

e Case 2: sy > s,,. Let 2 < k < m — 1 denote the smallest number such that
Sp > Sgy1- Let Ay =[4>--->=k+1]and Ay =[k+2 > --- > m], and let P* denote
the following 7-profile.

Pr={3x[1>=2> A1 3> A]+2x[2>3> A1 = 1> Aj]
+B 1= A1 =2 A +[2= 1= A1 =3 > As]}
It is not hard to verify that 1 is the Condorcet winner under P*, and the total score
of 1is 3s1 + 289 + 25,41 < 351 + 352 + Sk+1, which is the total score of 2. Note that
the total score of any alternative in A; is 7sj, which might be larger than the score
of 2. If 3s1 4+ 3s2 + Sg41 > Tsg, then we let b = 2; otherwise we let b = 4. Let P

denote the following (m — 1)-profile that will be used as a tie-breaker. Let o denote
an arbitrary cyclic permutation among A \ {b}.

Py = {o"([b = others]) : 1 <i <m —1}
Let

— 1 — 1
P= VL:H_J xP*—i—Pb—i—(n—m—i—l—?{WJ) x [b > others]

It is not hard to verify that when n > 8m + 49, CW(P) = {1}, 75(P) = {b}, and
b#1.
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This proves Claim 10. [

Let P denote the profile guaranteed by Claim 10. For any § > 0 we have
CW(m + ¢ - Hist(P)) = {a} and 7(7 + § - Hist(P)) = {b},

which means that  + § - Hist(P) € Closure(R{yy,). It follows that (7 + %Hist(P) :j€N)

is a sequence in R?CWL that converges to m, which means that = € Closure(RngL). This
proves Claim 9.

Claim 9 implies that the 1 case doe not hold, i.e., Cas(Tz,n) = 0 for all n that is
sufficiently large. We now apply Claim 9 to simplify the conditions in Lemma 2.

e Cgrs(Tg, 7). By definition, this holds if and only if 7 ¢ Closure(R gy, ), which is equiv-
alent to fla # b s.t. a € WCW(7) and b € T5(n). In other words, either WCW(7) = ()
or (WCW(rm) = 7z(r) and [WCW(m)| = 1). Notice that 7z(w) # 0. Therefore,
Crs(Ts, m) is equivalent to |[WCW (7)| x [Fz(m) U WCW(mr)| < 1.

Closure(R&yw), which is equivalent to ACW(7w) # 0 and WCW () N Tg(m)

The latter is equivalent to WCW(m) N (A \ Tz(7)) = WCW(x). We note that when
ACW(r) # 0, we have WCW (mr) = ACW(r). Therefore, Cnrs(Ts, 7) is equivalent to
JACW () N (A\Tz(m))| = 2.

e Cngrs(Ts,m). By definition, this holds if and only if ACW(mr) # () and 7 ¢
— ®~

Theorem 1 follows after Lemma 2 with the simplified conditions discussed above. O

E.3 Definitions, Full Statement, and Proof for Theorem 2

For any O € L(A), any 1 < i < ¢ < m, and any a € A, let O[i] denote the alternative
ranked at the i-th place in O, let O[i, '] denote the set of alternatives ranked from the i-th
place to the i’-th place in O, and let O~![a] denote the rank of a in O. For any A C A and
any Z € R™ that represents the histogram of a profile, let |4 € RI4" denote the histogram
of the profile restricted to alternatives in A.

Example 13. Let O = [3> 11> 2].2 We have O[2) = 1, O71(2) = 3, and 0[2,3] = {1,2}.
Let & denote the (fractional) profile in Figure 1. We have #|o[2,3 = (0.5, 0.5).
X2 2¥1
Definition 26 (Parallel universes and possible losing rounds under MRSE). For
any MRSE 7 = (Ta,...,Tm) and any ¥ € R™, the set of parallel universes under 7 at &,
denoted by PU=(Z) C L(A), is the set of all elimination orders under PUT. Formally,

PU=(Z) ={0 € L(A) : V1 <i <m —1,0[i] € argmin, Scorez,, ., _,(Z|o}i,m),a)},

where Scorer,, ., (%|o}i,m), a) is the total score of a under the positional scoring rule Ty, 114,
where the profile is Z|o[i,m;-
For any alternative a, let the possible losing rounds, denoted by LR#(Z,a) C [m — 1], be

the set of all rounds in the parallel universes where a drops out. Formally,

LR#(#,a) ={0[a] : O € PUK()}

2 Again, we use [> in contrast to > to indicate that O is a parallel universe instead of an agent’s preferences.
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See Example 4 for examples of parallel universes and possible losing rounds under STV.

Theorem 2. (Smoothed CC: int-MRSE). Let M = (0, L(A),II) be a strictly positive
and closed single-agent preference model, let 7 = (Ta,...,Tpm) be an int-MRSE and let v be
a refinement of 7. For any n € N with 2 | n, we have

1 ifV¥2 < i <m, CLF) =1
(1) 32 <i<m s.t. CL(T;) =0 and
1 —exp(—0O(n)) if ¢ (2)¥m e CHII),Ya € WCW(r) and Vi* € LR#(m,a),

66min( ) = we have CL(Tpq1—i+) =1
m )= (-0 L[ (1)¥Yr e CHIL), CW(r) N (A\ 7(r)) = 0 and
(n™™%) if { (2) 3 € CH{II) s.t. |ACW(x) N (A\ F(x))| = 2
exp(—0(n)) if 3m € CH(II) s.t. CW(m)N(A\T(7)) #0

O(1) and 1 —O(1) otherwise

For any n € N with 2 { n, we have

1 same as the 2 | n case
- 1 —exp(—0(n)) same as the 2 | n case
CCn (rn) = exp(—0O(n)) if 3m € CH(II) s.t. { gﬁ ﬁlwé%r/zg %4(‘}471\(22;“&0;

O(1) and 1 —O(1) otherwise

Intuitive explanations. The conditions for U, VU, and M cases are the same as their
counterparts in Theorem 1. The most interesting cases are the 1 case and the VL case. The
1 case happens when all positional scoring rule used in 7 satisfy CONDORCET LOSER. This is
true because for any positional scoring rule that satisfies CONDORCET LOSER, the Condorcet
winner, when it exists, cannot have the lowest score among all alternatives. Therefore, like
in Baldwin’s rule, the Condorcet winner never loses in any round, which means that it must
be the unique winner under 7.

The VL case happens when (1) the 1 case does not happen, and (2) for every distribution
m € CH(II), every weak Condorcet winner a, and every round i* where a is eliminated in
a parallel universe, the positional scoring rule used in round ¢*, i.e. 7414+ for m + 1 —
i* alternatives, must satisfy CONDORCET LOSER. (2) makes sense because it guarantees
that when a small permutation is added to =, if a weak Condorcet winner a becomes the
Condorcet winner, then it will be the unique winner under 7, because in every round ¢* where
a can possibly be eliminated before the perturbation (i.e. i* is a possible losing round), the
voting rule used in that round, i.e. Tp,41-4+, will not eliminate a after a has become a
Condorcet winner. The following example shows the VL case under STV.

Proof. We apply Lemma 2 to prove the theorem. We first prove the following claim, which
states that when n is sufficiently large, Cag(7,n) = 1 if and only if all scoring rules used in
7 satisfy the Condorcet loser criterion.

Claim 11. For int-MRSE T, there exists N € n such that for everyn > N, Cas(T,n) holds
if and only if for all 2 <i <m, CL(F;) = 1.

Proof. The <« direction. Suppose for all 2 < ¢ < m, CL(7;) = 1 and for the sake of
contradiction, suppose Cas(7,n) = 0, which means that there exists an n-profile P such
that CW(P) = {a} and a ¢ 7(P). This means that LR#(m,a) # . Let O € LR#(m,a)
denote an arbitrary possible losing round of a and let i* = O~![a], which means that a has
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the lowest total score in the restriction of P on the remaining alternatives (i.e. O[i*, m]),
when 7,114+ is used. In other words,

a € argminy Scorer, . (Plofi*,m];b)

Notice that a is the Condorcet winner under P, which means that a is also the Condorcet
winner under P|of« ). We now obtain a profile P~ over O[i*,m] from P|p[+ ), which
constitutes a violation of CONDORCET LOSER for 7, 41—i«. Let n' = |P].

P = (0 +1) x L(O[i*,m]) — P

That is, P;« is obtained from (n’+ 1) copies of all linear orders over O[i*, m]) by subtracting
linear orders in P. It is not hard to verify that a is the Condorcet loser as well as an 7., 41—+
co-winner in P;+, because all alternatives are tied in the WMG of (n’ +1) x £(O[:*,m]) and
are tied w.r.t. their total 7,,41_;+ scores under (n’ + 1)£(O[i*,m]). This is a contradiction
to the assumption that all 7;’s satisfies the Condorcet loser criterion.

The = direction. For the sake of contradiction, suppose CL(7;<) = 1 for some 2 <
i* < m, which means that there exist a profile P; over m + 1 — i* alternatives {i*,...,m},
such that alternative ¢* is the Condorcet loser and a co-winner of ¥p,41_;+ under P;. We
will construct a profile P over A to show that Cag(7,n) = 0 for every sufficiently large
n. We will show that alternatives in O[1,i* — 1] are eliminated in the first ¢* — 1 round of
executing 7 on P. Then ¢* will be eliminated in the next round.

First, we define a profile P’ over O[i*, m] where ¢* is the Condorcet winner as well as
the unique 7,414+ loser. Let o denote an arbitrary cyclic permutation among O[i* 4 1, m],
and let

Py ={o'(a>=O[i*+1,m]): 1 <i<m—i},

where alternatives in O[i* 4+ 1, m| are ranked alphabetically. Let n; = |P;| and
P'=m(ny +1) x L(O[i*,m]) —m x P, — Py

It is not hard to verify that P’ is indeed a profile, i.e., the weight on each ranking is a
non-negative integer. i* is the Condorcet winner under P’ because i* is the Condorcet loser
in P;, and |Py| < m. i* is the unique loser under P’ because for any other alternative
a € O[i*, m], we have

Scorer, | . (m(n' 4+ 1) x L(O[i*,m]),i*) = Scorez, ., .. (m(n'+1) x L(O[i*,m]),a),
Scorer, ., _.(P1,i") > Scorez, ., .. (P1,a), and

Scorer Py,i*) > Scorer, ., . (P2, a).

m41—i* (

Next, we let P* denote the profile obtained from P’ by appending O[1] = O[2] &= --- >
O[i* — 1] in the bottom. More precisely, we let

P*={R>O0O[1]=0[2]=---=O0O[i*—1]: Re P'}

Finally, we are ready to define P. Let o1 denote an arbitrary cyclic permutation among
alternatives in O[1,i* — 1]. Let n’ = |P'| and P = P! U P2 U P3, defined as follows.
e P! consists of n' copies of {oi(P*) : 1 < i < i* —1}. This part has (n/)?(i* — 1)
rankings and is mainly used to guarantee that O[1,i* — 1] are removed in the first
1" — 1 rounds.

IND
e P? consists of {%J copies of P*. This part guarantees that i* is the Con-

IN2 [k
dorcet winner. We require n to be sufficiently large so that L%J >n/.
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e P3 consists of n—|P;|—|Ps| copies of [O[m] = O[m—1] = --- = O[1]], which guarantees
that |P] = n. Note that the number of rankings in this part is no more than n’.

Let N = (n/)%. For any n > N, notice that the second part has at least n’ copies of P*,
where i* is the Condorcet winner. Therefore, i* is the Condorcet winner under P. It is
not hard to verify that O[1,4* — 1] are removed in the first i* — 1 rounds under 7, and in
the i*-th round alternative ¢* is unique ¥, 41_;« loser, which means that ¢* ¢ 7(P). This
concludes the proof of Claim 11. O

We prove the following claim to simplify Closure(R ) and Closure(RGywr,)-

Claim 12. For any int-MRSE T and any © € CH(II),

(7 € Closure(Rpyw)| < [WCW(m) NT(r) # 0]
[7 € Closure(Riy)] < [3a € WCOW(n) and i* € LR#(7,a) s.t. CL(Fpq1—i+) = 0]

Proof. The proof for the Ry part is similar to the proof of Claim 9. We present the
formal proof below for completeness.

[w € Closure(RGww)] = [WCW(mw) N7(w) # 0]. Suppose © € Closure(Riyww )
which means that exists a sequence (%1, z2, . . .) in Rgww that converges to 7. It follows that
there exists an alternative a € A and a subsequence of (%, Z2, . ..), denoted by (&}, x5, ...),
and O € L(A) where O[m] = a, such that for every j € N, CW(z}) = {a} and O € PUz(7}).
This means that the following holds.

e ¢ is a weak Condorcet winner under 7.

e a € 7(m). More precisely, O € PUx(m). To see this, recall that O € PUx(7}) is
equivalent to
V2 < i < m, O[i] € argminy, Scoreg, (| ofi,m), b)

Therefore, the same relationship holds for 7, namely
V2 <i <'m,O[i] € arg min, Scorez, (7|o[;,m], b),
which means that O € PUz(r).

Therefore, a is a weak Condorcet winner as well as a ¥ co-winner, which implies that

WCW(m) N7(m) # 0.

[m € Closure(RGww)| < [WCW(m) N7(w) # 0. Suppose WCW(m)N7(m) # 0 and
let a € WCW(m) N7(w). We will explicitly construct a sequence of vectors in Riw that
converges to m. Because a € F(w), there exists a parallel universe O € PUx(7) such that
O[m] = a. Let = —Hist({O}), i.e. we will use “negative” O to break ties, so that for every
1 <i<m—1, O[i] is eliminated in round i. For any ¢ > 0, it is not hard to verify that
O € PUx(r + 6%). In fact, PUr(m + 6%) = {O}, i.e.

V2 <i <m,{O[i]} = argminy Scorer, ((7 + 6Z)|o[i,m), b),

which means that {a} = 7(7 + §%). Notice that a is the Condorcet winner under = + 0%
for any sufficiently small § > 0. Therefore, for any sufficiently small § > 0 we have 7 +
6% € Riyw- Because the sequence (m + Z, 7 + 3,...) in Ry converges to m, we have
7 € Closure(R&yww)-
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[m € Closure(RTyw;,)] = [3a € WCW(x) and i* € LRy(m,a) s.t. CL(Fmq1-4-) = 0].
Suppose m € Closure(R{yyy,), which means that there exists a sequence (Z1,Z2,...) in
Riwy, that converges to m. It follows that there exists a € A, O € L(A) with O[m] # a,

and a subsequence of (#1,%2,...), denoted by (&},Z%,...) such that for every j € N,

CW (&) = {a} and O € PUx(Z}). Let * = O~ '[a], i.e. ¢* is the round where a loses in the
parallel universe O, which means that for every j € N,

. —/
a € argming Scorer, . (T;]ofi*,m), b)-

Notice that a is the Condorcet winner among O[i*,m|. This means that 7,,11_;+ does
not satisfy the Condorcet loser criterion, because for any sufficiently large ¥ > 0, a is the
Condorcet loser as well as a co-winner in v - Hist(O[i*, m]) — 2% o[+, m). Because (77, 7%, .. .)
converges to , it is not hard to verify that « € WCW(7) and O € PUx(rw). Therefore, we
have a € WCW(x), i* € LR#(m, a), and CL(Fp,41—4+) = 0.

[w € Closure(RGwr)| < [Ga € WCW(7r) and i* € LR#(7,a) s.t. CL(Tpmq1—4-) = 0].
Let a € WCW(rw) and * € LRs(m, a) such that CL(F) = 0. Furthermore, we let

O* € PUx(m) denote the parallel universe such that O[i*] = a. Because Ty, 41—+ does not
satisfy the Condorcet loser criterion, there exists profile P, over O[i*,m] where a is the
Condorcet loser but a € Tp,y1-4+(P,). In fact, there exists a profile P} where a is the
Condorcet loser but {a} = Fpyy1-4+(P*), i.e. a is the unique winner under P;}. To see this,

let o denote an arbitrary cyclic permutation among O[i* + 1, m], and let

P={c'(a>O[*+1,m]):1<i<m—i*}

It is not hard to verify that the score of a is strictly larger than the score of any other
alternative under P. Therefore, when § > 0 is sufficiently small, a is the Condorcet loser as
well as the unique winner under P} = P, 4+ § - P. Now, we define a profile P’ over A by
stacking O[1,7* — 1] on top of each (fractional) ranking in P}. In other words, a ranking
[O[1] = -+ = O[i* = 1] = R*] is in P’ if and only if R* € P, and the two rankings have the
same weights (in P’ and P, respectively).

Let £ = —Hist(P’). It is not hard to verify that for any § > 0, a is the Condorcet
winner under 7 + 6Z and in the first ¢* rounds of the execution of 7, O[1],0[2],..., O[]
are eliminated in order. In particular, O[i*] = a is eliminated in the i*-th round, which
means that a ¢ 7(m + 0Z). Consequently, 7 + 0% € Ry, Notice that (7 + %f :j€eN)isa
sequence in Ry, that converges to 7, which means that = € Closure(Ryyy,). This proves
Claim 12. O

We now apply Claim 12 to simplify the conditions in Lemma 2.

e Cgs(7,m). By definition, this holds if and only if 7 ¢ Closure(R{yyy,), which is
equivalent to fla € WCW(x) and i* € LR#(m,a) s.t. CL(Fypp1-i+) = 0. In other
words, for all @ € WCW(r) and all i* € LR#(,a), Fryr1—i- satisfies CONDORCET
LOSER, or equivalently, Va € WCW () and Vi* € LR#(m, a), CL(Fppq1—+) = 1.

e Cngrs(T, 7). By definition, this holds if and only if ACW(wr) # 0 and m ¢
Closure(Rww), which is equivalent to ACW(w) #  and WCW(xw) N7 (w) = 0.
The latter is equivalent to WCW(m) N (A \ 7(7)) = WCW(7r). We note that when
ACW(r) # (), we have WCW(7) = ACW(x). Therefore, Cnrs(T, ) is equivalent to
JACW(m) N (A\7(n))| = 2.

Theorem 2 follows after Lemma 2 with the simplified conditions discussed above. O
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F Materials for Section 4: Smoothed PARTICIPATION

F.1 Lemma 3 and Its Proof

We first introduce some notation to present the theorem.

Definition 27 (@ operator). For any pair of signatures t1,ty € Sk, we define t; ® ty to
be the following signature:

R e if [B]k = [t
s = { [ S0~

and tg = (4,0,0), we have t] @ty = (+,0,0).

For example, when K ,
t1 &P tg.

= (—'—7
By definition, we have t; <

3,11 = (+,—,0)
t1 @ty and to 4

Definition 28 (Viop,,(n) and £,). For any GSR r and any n € N, we define

Viop,g(n) = {SignH (P) @ Signgz(P\{R}): P e LIA)",Rc L(A),r(P\{R}) r r(P)}

— t
n, = m! — maxy, Viop,  (n):3r€ CH(I), s.t. i<1Signg (m dlm(H<o)

In words, Viop,, (n) consists of all signatures £ that is obtained by combining two feasible
signatures, i.e., Sign 5 (P) and Sign 7 (P\{R}), by the & operator, where P and R constitutes
an violation of PAR. Notice that r(P \ {R}) >r r(P) implicitly assumes that P contains
an R vote. Then, ¢, is defined to be m! minus the maximum dimension of polyhedron ’Hf,
among all £ in Viop,,(n) that refines Sign 5 (7) for some 7 € CH(II).

Lemma 3. (Smoothed PAR: Int-GSR). Let M = (0, L(A),II) be a strictly positive
and closed single-agent preference model, let r be an int-GSR. For any n € N,

R 1 if Viopye(n) =10
Pary (r,n) ={ 1—exp(—O(n)) otherwise if Vo € CH(II) and t € VioPAR ),t A SzgnH )
1—-0O(n /2  otherwise, i.e. 3 € CH(II) and t € V’LOPAR( ) s.t. t < Signg(m)

Applying Lemma 3 to a voting rule r often involves the following steps. First, we choose
an GSR representation of r by specifying the H and g, though according to Lemma 3 the
asymptotic bound does not depend on such choice. Second, we characterize Viop,,(n) and
verify whether it is empty. If Viop,,(n) is empty then the 1 case holds. Third, if Viop,,(n)
is non-empty but none of ¥ € Viop,(n) refines Sign () for any 7 € CH(II), then the VL
case holds. Finally, if neither 1 nor VL case holds, then the L case holds, where the degree
of polynomial depends on ¢,,. Characterizing Viop,,(n) and ¢, can be highly challenging,
as it aims at summarizing all violations of PAR for n-profiles (using signatures under H ).

Proof. The high-level idea of the proof is similar to the proof of Lemma 2. In light of
Lemma 1, the proof proceeds in the following three steps. Step 1. Define C that charac-
terizes the satisfaction of PARTICIPATION of r, and an almost complement C* of C. Step 2.
Characterize possible values of o and their conditions, and then notice that o is at most
m! — 1, which means that only the 1, VL, or L case in Lemma 1 hold. This means that the
value of §,, does not matter. Step 3. Apply Lemma 1.
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Step 1. Given two feasible signatures 1,1y € S5 and a ranking R € L(A), we first

formally define a polyhedron HIRE to characterize the profiles whose signature is ¢; and
after removing a voter whose preferences are R, the signature of the new profile becomes ts.

Definition 29 (’H{l’R’F?). Given H = (El,...,HK) € (ZHK, 1,1 € Sz, and R € L(A),

— Hist(R)
we let Aotz — | Ah , bt — (1 b b" + Hist(R) - A"] and
At2 for Af for Af2

bRt — (Z e R™ . AfLRE (f)T < (Bfl,R,?z)T}

Notice that Hist(R) € {0 1}™ is the vector whose R- component is 1 and all other
components are 0’s. The A® part in Definition 29 is equivalent to A’ - (Z — Hist(R)) " <

=
(bt2> . We prove properties of H1'®% in the following claim.
Claim 13 (Properties of HER, tz) Given integer H. For anyt),ts € S, any R € L(A),

(i) for any integral profile P, Hist(P) € HORE if and only if Signgz(P) = t and
Signg (P\{R}) = ta;

t17R 2

(ii) for any T € R>0, TeHS if and only if t; ® ty < Sign g (%);

(i11) If there exists T € ’Hil(’)R’fz such that [Z]gr > 0, then dim(?—lé(’)R’t}) = dim(?—l’;l(?t}).
Moreover, if t; # ty and Htl’R 2 £, then dlm(’Htl’R tz) <m!-1.

Proof. Part (i) follows after the definition. Part (ii) also follows after the definition. Recall
- N AT

that 7 € Htl’R %2 if and only if ATt - ()" < (0) JAR (7)< (0) , and the R component

of & is non-negative, which is automatically satisfied for every & € R’;%. The first sets of
- NT -

inequalities holds if and only if An®% . (7)" < (0)

To prove the first part of Part (iii), let A] and AJ denote the essential equalities of
AtvRtz and A9 respectively. We show that A and AJ contains the same set of row
vectors (while some rows may appear different number of times in AT and A;r ). As noted
in the proof of Part (ii), the set of row vectors in A*:f:2 is the same as the set of row
vectors in Af1®t2 except that the former contains —Hist(R). Recall that we have assumed

that there exists & € Htl % guch that [Z]r > 0, which means that —Hist(R) - (Z) does

tl Rt2

not hold for every vector in HZ . Therefore, —Hist(R) is not a row in A}, which means

that AT and AJ contains the same set of row vectors. Then, we have
dlm(H bR ) = m! — Rank(A]) = m! — Rank(AJ) = dim(’H';léB&)

The second part of Part (iii) is proved by noticing that when ] # i5, £, @® 5 contains at

tl th

least one 0. Suppose [t1 @tQ]k = 0. This means that for all 7 € 7-[ , we have ﬁk -F =0,

which means that dlm("Ht1 oI tz) <m!-1. O

We now use HR% to define C and C*.
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Definition 30 (C and C* for PARTICIPATION). Given an int-GSR r characterized by H
and g, we define
C = U ’Ha’R’FQ
Fl,FQGSﬁ,REE(A)ZT(Fl)tRT(Fg)
Cc* — U i1,R, o
{1,FQESFI,REﬁ(A):7'({1)-<RT({2)

In words, C consists of polyhedra O RE that characterize the histograms of profiles
such that after any R-vote is removed, the winner under r is not improved w.r.t. R. C*
consists of polyhedra H! ' that characterize the histograms of profiles such that after
removing an R-vote, the winner under r is strictly improved w.r.t. R. It is not hard to see
that C* is an almost complement of C.

It follows from Claim 13 (i) that for any n-profile P, PAR is satisfied (respectively,
dissatisfied) at P if and only if Hist(P) € C (respectively, Hist(P) € C*).

Step 2: Characterize . In this step we discuss the values and conditions for «;; (for
C*) in the following three cases.

a; = —oo. This case holds if and only if PAR holds for all n-profiles, which is equivalent

to Viop,s(n) = 0.

ar = —%. This case holds if and only if (1) PAR is not satisfied at all n-profiles, which
is equivalent to Viop,,(n) # 0, and (2) the activation graph G ¢+, does not contain any
non-negative edges, which is equivalent to Vr € CH(IT) and YH* -2 C C* that is active at

n, we have 7 ¢ Htgl(’)R’tz. We will prove that part (2) is equivalent to the following:

(2) <= [V € CH(II) and t € Vio},,(n),t £ Sign(7)] (13)

We first prove the “=" direction of (13). Suppose for the sake of contradiction that
this is not true. That is, G ¢+ does not contain any non-negative edges and there exist
7 € CH(IT) and £ € Viop,,(n) such that ¢ € Signj(m). Let P denote the n-profile such
that Sign;(P) = t1, Signg (P \ {R}) = t2, r(P\ {R}) =g r(P), and = £; & f>. By
Claim 13 (i), Hist(P) € MR which means that H R is active at n. By Claim 13
(ii), Hist(P) € ’Hil(’)R’FZ. These imply that the weight on the edge (m, H/-R:42) in Gr,cn
is non-negative (whose weight is dim(HébR’F2)), which contradicts the assumption that (2)
holds.

Next, we prove the “<” direction of (13). Suppose for the sake of contradiction that (2)
does not hold, which means that there exists an edge (, Hfl’R’fz) in G c+,n whose weight
is non-negative. Equivalently, HORE ig active at n and 7 € ’Hil(’)R’{Q. By Claim 13 (ii),
t @ 152 € Viop,,(n). Recall that 7 is strictly positive, and then by Claim 13 (ii), we have
ty © to JSign (7). However, this contradict the assumption.

These prove (13).

a; > 0. For this case, we prove

o, = MAaX7evior, (n):3reCH(IT), s.t. {<ISign 4 () dim(HtSO)’ (14)

We first prove the “<” direction in (14). For any edge (, H’?l’R’FQ) in G ¢+, whose weight
is non-negative, H 2 is active at n. Therefore, there exists an n-profile P such that
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Hist(P) € HivRE. Let £ = f; & fy. We have £ € Viop,,(n). By Claim 13 (i), we have
t < Signg(m). By Claim 13 (iii), we have dim(?—[é(’)R’t}) = dim(’Ht;O). Therefore, the “<”
direction in (14) holds.

Next, we prove the > direction of (14). For any t € Vioh,,(n) and 7 € CH(II) such
that ¢ < Signg(m), let P denote an n-profile and let R denote a ranking that justify 's
membership in Viop,,(n), and let #; = Sign;(P) and 5 = Sign7(P \ {R}), which means
that ¢ = #; @ f5. By Claim 13 (i), Hist(P) € H"-% C C*, which means that H-Rf2 ig
active at n. By Claim 13 (ii), 7 € %%, By Claim 13 (iii), dim(H2;™%) = dim(HL,).
This means that the weight on the edge (r, 1 R2) in Grce.n is dim(?—[io), which implies
the “>” direction in (14) holds.

Therefore, (14) holds. Notice that by Claim 13 (iii), f < m!— 1.

Step 3: Applying Lemma 1. Lemma 3 follows after a straightforward application of
Lemma 1 and Step 2. Notice that Il¢ ,, and j,, are irrelevant in this proof because only the
1, 1 —exp(n), and 1 — H(n) cases will happen. This completes the proof of Lemma 3. [

F.2 Proof of Theorem 3

Recall from Definition 9 that an EO-based rule is determined by the total preorder over edges
in WMG w.r.t. their weights. Theorem 3 characterizes smoothed PAR for any EO-based
int-GSR refinements of maximin, Ranked Pairs, and Schulze.

Theorem 3. (Smoothed PAR: maximin, Ranked Pairs, Schulze). For any m > 4,
any EO-based int-GSR r that is a refinement of mazximin, STV, Schulze, or ranked Pairs,
and any strictly positive and closed I over L(A) with Ty, € CH(IL), there exists N € N
such that for every n > N,

Pare " (v n) = 1 — @(%)

Proof. Because r is EO-based, w.l.0.g., we assume that its int-GSR representation uses ﬁEO
(Definition 11).

Overview. The proof is done by applying Lemma 3 to show that for any sufficiently
large n, the 1 case and the VL case do not happen, and ¢, = 1 in the L case. This is
done by explicitly constructing an n-profile P, under which PAR is violated when an R-
vote is removed (which means that ¢ = Signg__(P) & Signg__ (P \ {R}) € Viop,,(n) and
therefore the 1 case does not hold), then show that <7y, or more generally, any signature
refines Sign (muni) (which means that the VL case does not hold), and finally prove that

dim(?—l’;o) = m! — 1, which means that ¢,, = 1.

Maximin: r refines MM. We first prove the proposition for 2 { n, then show how to
modify the proof for 2 | n. As mentioned in the overview, the proof proceeds in the following
steps.

Constructing Pyiv and Ry that violates PAR. Let Gy denote the following
weighted directed graph with weights wyn, where the weights on all edges are odd and
different, except on 4 — 1 and 3 — 2.
o U)MM(4,].) = wMM(372) = 5, U)MM(].,Q) = ]., wMM(1,3) = 9, wMM(2,4) = 13, and
’LUMM(?),4) = ].7;
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o for every 5 < i < m, wvmm(l,7) > 21, wmm(2,4) > 21, wmm(3,7) > 21, and

U/MM(47 7,) 2 21;

e the weights on other edges are assigned arbitrarily. Moreover, the difference between
any pair of edges is at least 4, except that the weights on 4 — 1 and 3 — 2 are the
same.

See the middle graph in Figure 6 for an example of m = 5.

2 1

AN AN
NVan \\// N4

if "(Gym)={1}, then if r(Gy)={2}, then
-[3>2>1> 4> others] -Rev(3 > 2> 1 >4 > others)

Figure 6: WMGs for minimax. MM (co)-winners are circled.

It follows from McGarvey’s theorem [33] that for any n > m? and 2 { n, there exists an
n-profile Pypyy whose WMG is Gy. Therefore, for any n > m* 4 2 and 2 { n, there exists
an n-profile Py whose WMG is Gyiv, and Py includes the following two rankings:

[3 2> 1> 4> others], Rev (3 > 2 > 1> 4 > others),

where for any ranking R, Rev(R) denotes its reverse ranking. We now show that
PAR(r, Pyiv) = 0, which implies that the 1 case does not happen. Notice that the min-
score of alternatives 1 and 2 are the highest, which means that r(Pym) C {1, 2}.

o If r(Pum) = {1}, then we let Rym = [3 = 2 > 1 > 4 > others]. It follows that
in Pyyv — Ryvw, the min-score of 2 is strictly higher than the min-score of any other
alternative, which means that r(Py \ {Rvmm}) = {2}. Notice that 2 >pg,,,, 1, which
means that PAR(r, Pyv) = 0. See the left graph in Figure 6 for an illustration.

o If »(Pyim) = {2}, then we let Ry = Rev (3 = 2= 1= 4 > others). It follows that
in Pyyv — Ry, the min-score of 1 is strictly higher than any the min-score of other
alternatives, which mean that r(Pywm \ {Rmm}) = {1}. Notice that 1 >=pg,,,, 2, which
again means that PAR(r, Pyiv) = 0. See the right graph in Figure 6 for an illustration.

Let {1 e SignﬁEo(PMM)’ R = Rywm and FQ e SignﬁEo(PMM \ {RMM}) . We have
1 @ty € Viop,,(n) # 0, which means that the 1 case of Lemma 3 does not hold. The VL
case of Lemma 3 does not hold because #; @& tp < SigngEo (7uni) and 7y, € CH(II).

Prove dlm(’HtMM) = m! — 1. Let e; = (4,1) and es = (3,2). Notice [f1](c;.ep) =
[tl](e%el) = 0, where [tﬂ(el es) is the (e1, e2) component of t1, and all other components of
1 are non-zero. Also notice that f, is a reﬁnement of #;. This means that #; @ iy = #;.
Notice that Hist(Py) is an inner point of ’H<0, such that all inequalities are strict except

the two inequalities about e; and es. This means that the essential equalities of ABOE are
equivalent to
(Pair471 - Pairg,g) =0
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Therefore, dim(?—léée{z) =m!—1.
The maximin part of the proposition when 2 { n then follows after Lemma 3. When
2| n, we only need to modify Gy in Figure 6 by increasing all positive weights by 1.

Ranked Pairs: r refines RP. The proof is similar to the proof of the maximin part,
except that a different graph Grp (with weight wgrp) is used, as shown in the middle graph
in Figure 7. Formally, when 2 { n, let Grp denote the following weighted directed graph,
where the weights on all edges are odd and different, except on 4 — 1 and 3 — 4.
o U}Rp(4,1) = U)RP(3,4) = 97 pr(l,Q) = 5, ’LURp(].,3) = 13, ’LURp(2,4) = ].7, and
’LURP(2, 3) = 21;

e for any 5 < ) < m, pr(l,i) > 257 ’LURP(Q, Z) > 25, pr(S,i) > 25, and ’U}RP(4,i) > 25;

e the weights on other edges are assigned arbitrarily. Moreover, the difference between
any pair of edges is at least 4, except that the weights on 4 — 1 and 3 — 4 are the
same.

See the middle graph in Figure 7 for an example of m = 5.

6

e LA At
N4 \\// N4

if r(Ggp)={1}, then if r(Ggp)={2}, then
-[2>3>1> 4> others] -Rev(2 >3 > 1 >4 > others)

Figure 7: WMGs for ranked pairs. RP (co)-winners are circled.

Again, according to McGarvey’s theorem [33] that for any n > m* and 2 { n, there exists
an n-profile Prp whose WMG is Grp. Therefore, for any n > m* + 2 and 2 { n, there exists
an n-profile Prp whose WMG is Grp, and Prp includes the following two rankings:

[2 >3 > 1> 4> others], Rev (3 > 2 > 1 > 4 > others)

We now show that PAR(r, Prp) = 0, which implies that the 1 case does not happen. Notice
that depending on how the tie between 3 — 4 and 4 — 1 are broken, the RP winner can be
1 or 2, which means that RP(Prp) = {1,2}.

o If r(Prp) = {1}, then we let Rgp = [2 > 3 = 1 > 4 > others|. It follows that in
WMG(Prp — Rrp), 4 — 1 has higher weight than 3 — 4, which means that 4 — 1 is
fixed before 3 — 4, and therefore r(Prp \ {Rrp}) = {2}. Notice that 2 =g, 1, which
means that PAR(r, Prp) = 0. See the left graph in Figure 7 for an illustration.

o If r(Prp) = {2}, then we let Rgp = Rev (2 > 3 = 1 > 4 > others). It follows that in
WMG(Prp \ {Rrp}), 3 — 4 has higher weight than 4 — 1, which means r(Pgrp —
Rgrp) = {1}. Notice that 1 > g, 2, which means that PAR(r, Pgp) = 0. See the right
graph in Figure 7 for an illustration.

The proof for ¢, = 1 is similar to the proof for the maximin part. The only difference is
that now let e; = (4, 1), €y = (3,4), t1 = SignﬁEo (PRP); and ty = SignﬁEo (PRP \ {RRP})
When 2 | n, we only need to modify G in Figure 6 (b) such that all positive weights are
increased by 1.
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Schulze: r refines Sch. The proof is similar to the proof of the maximin part, except
that a different graph Gsp, is used, as shown in the middle graph in Figure 8. Formally,
when 2 1 n, let Ggen, denote the following weighted directed graph, where the weights on all
edges are odd and different, except on 4 — 1 and 2 — 3.

o wsch(4,1) = wsen(2,3) = 9, wsen(1,2) = 13, wsen(1,3) = 5, wsen(2,4) = 1, and
wsch(3,4> =17;

e for any 5 < i < m, ’wsch(l,i) > 21, wsch(2,i) > 21, wsch(S,i) > 21, and wsch(4,i) >
21;

e the weights on other edges are assigned arbitrarily. Moreover, the difference between
any pair of edges is at least 4, except that the weights on 4 — 1 and 3 — 4 are the
same.

See the middle graph in Figure 8 for an example of m = 5.

AR A G AP
NN \\//

if F(Ggp)={1}, then G if F(Gge)={3}, then
-[2>3> 1> 4> others] Sch -Rev(2 >3 > 1 > 4 > others)

Figure 8: WMGs for Schulze. Sch (co)-winners are circled.

Again, according to McGarvey’s theorem [33] that for any n > m* and 2 { n, there exists
an n-profile Psq, whose WMG is Ge,. Therefore, for any n > m* +2 and 2 { n, there exists
an n-profile Ps., whose WMG is Ggep and Psep, includes the following two rankings:

[2 > 3> 1> 4> others], Rev (3 > 2 > 1 > 4 > others)

We now show that PAR(r, Psen) = 0, which implies that the 1 case does not happen. Notice
that s[1,3] = s[3,1] = 9, and for any alternative a € A\ {1,3} we have s[1,a] > s[a, 1].
Therefore, Sch(Pscy) = {1, 3}.

o If r(Psch) = {1}, then we let Rge, = [2 = 3 = 1 = 4 > others]. It follows that in
Psen— Rsen we have s[1, 3] = 8 < 10 = s[3, 1], which means that 7(Pscn \{Rscn }) = {3}
Notice that 3 =g, 1, which means that PAR(r, Psen) = 0. See the left graph in
Figure 8 for an illustration.

o If (Pscn) = {3}, then we let Rsch, = Rev (2 - 3 = 1 = 4 > others). It follows that in
Psch \ {Rsch}, we have s[1,3] = 10 > 9 = s[3, 1], which means that r(Psch — Rsen) =
{1}. Notice that 1 >gg, 3, which means that PAR(r, Psch) = 0. See the right graph
in Figure 8 for an illustration.

The proof for £, = 1 is similar to the proof for the maximin part. The only difference is
that now let e; = (4,1), ea = (2,3), i = SignﬁEo (Psen), and fy = SignﬁEo(Psch \ {Rsch})-
When 2 | n, we only need to modify Gge, in Figure 8 such that all positive weights are
increased by 1.

This completes the proof of Theorem 3. O
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F.3 Proof of Theorem 4

A voting rule r is said to be UMG-based, if the winner only depends on UMG of the profile.
Formally, r is UMG-based if for all pairs of profiles P; and P» such that UMG(P;) =
UMG(P2), we have r(Py) = r(Py).

Theorem 4. (Smoothed Par: Copeland,). For any m > 4, any UMG-based int-GSR
refinement of Cd,,, denoted by Cd,, and any strictly positive and closed II over L(A) with
Tuni € CH(II), there exists N € N such that for everyn > N,

in

PARp (Cda,n) =1—0O(—=)

1
Jn

Proof. Because Cd,, is UMG-based, we can represent Cd, as a GSR with the H’Cda defined
in Definition 13, which consists of (ZL) hyperplanes that represents the UMG of the profile.
The high-level idea behind the proof is similar to the proof of Theorem 3: we first explicitly
construct a violation of PAR under Cd,, then show that the dimension of the characteristic
cone of the corresponding polyhedron is m! — 1.

Let G* denote the complete unweighted directed graph over A that consists of the
following edges.

e 15223 3—1.
e For any i € {4,...,m}, there are three edges 1 — 4, 2 = 4, 3 — 4.
e The edges among alternatives in i € {4,...,m} are assigned arbitrarily.

For example, Figure 9 (a) illustrates G* for m = 4. Let P denote any profile whose UMG

| ——— 2

4e«—3

Figure 9: G* for Copeland with m = 4.
is G*. It is not hard to verify that Cd,(P) = {1,2,3}. W.Lo.g. let Cd,(P) = {1}.
2 tn case. The proof is done for the following two sub-cases: a > 0 and o = 0.

2tn and a > 0. Let Geq, (with weights wcg, ) denote the following weighted directed
graph over A whose UMG is G*, the weight on 2 — 3 is 1, and the weights on other edges
are 3 or —3.

® Wcd, (2,3) =1 and Wwed, (3, 1) = dea(l,Q) = 3.
e For any 4 <i < m, weca,(1,7) = wecq, (2,1) = wea, (3,7) = 3.

e The weights on other edges are 3 or —3.

61



—-[4>2>3>1>others] 2

4 2 3

(a) GCda = WMG(PCda>. (b) WMG(PCda \ {RCdu})-

Figure 10: Gca, and WMG(Pcq,, \ {Pca, }) for 24n and a > 0.

See Figure 10 (a) for an example of Ggq,. According to McGarvey’s theorem [33] that
for any n > m* and 2 { n, there exists an n-profile Pcg,, whose WMG is Geq,, . Therefore,
for any n > m*+2 and 2 { n, there exists an n-profile Pcq, whose WMG is Gcq,,, and Pcq,
includes the following two rankings.

[4 2> 3> 1> others], Rev (4 > 2 > 3 > 1 > others)

We now show that PAR(r, Pcq, ) = 0, which implies that the 1 case Lemma 3 does not hold.
Let Rca, = [4 > 2 > 3 = 1 > others]. Notice that in the profile Pcg, — Rcd,, , the Copeland,,
score of alternative 3 is m — 2 + «a, which is strictly higher than the Copeland, score of
alternative 1, which is m — 2. Therefore, Cdy(Pca, \ {Rca, }) = {3}. See Figure 10 (b) for
WMG(Pcq, \ {Rca,}).- Notice that 3 > g, 1, which means that the PAR(r, Pcq, ) = 0.

Therefore, the 1 case of Lemma 3 does not hold. Let #; = Signﬁcd (Pca,,) and ty
Signg_. (Pcd, \ {Rca,}). The VL case of Lemma 3 does not hold because t @iy
Signﬁcd (muni) and 7y € CH(II).

Next, we prove that dim(’Hth@tZ) = m! — 1. Notice that [ﬂ](lg) = + and [7?2](2’3) =0,
and all other components of #; and t, are the same and are non-zero. Therefore, {7 is a
refinement of #5, which means that #; @ t» = 5. Notice that Hist(Pcq,, ) is an inner point
of 7—[20, in the sense that all inequalities are strict except the inequalities about (2, 3). This
means that the essential equalities of AT®R g0 equivalent to Pairp 3 - & = 0. Therefore,
dim(?—[?o) = dim(’}-[tggatz) = m! — 1. This proves the proposition when 2 t n, a > 0, and
Cdo(P)={1}.

If Cdy(P) = {2} (respectively, Cdy(P) = {3}), then we simply switch the weights on
2 — 3 and 3 — 1 (respectively, 2 — 3 and 1 — 2) in Figure 9 (b), and the rest of the proof
is similar to the Cd,(P) = {1} case. This proves Theorem 4 for 2{n and a > 0.

2t{n and o = 0. Let Geg, (with weights wcq, ) denote the following weighted directed
graph over A whose UMG is G* as illustrated in Figure 9 (a).
o wea, (2,3) = wea, (3,1) = wea, (1,2) = 3.
e For any 4 <i <m, wecq, (1,7) = wea, (2,1) = wea, (3,7) = 3, except weq, (4,1) = 1.
e The weights on edge between {4,...,m} are 3 or —3.

See Figure 11 (a) for an example of Gcq,. According to McGarvey’s theorem [33] that
for any n > m* and 2 { n, there exists an n-profile Pcgq, whose WMG is Gcq,,. Therefore,
for any n > m* +2 and 2 { n, there exists an n-profile Pcq, whose WMG is Gcq,, and Pcq,
includes the following two rankings.

[3 2> 1> 4> others],Rev (3 > 2 > 1 > 4 > others)
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(a) GCda = WMG(PCda>. (b) WMG(PCda \ {RCdu})-

Figure 11: Gca, and WMG(Pcq,, \ {Pca, }) for 24n and a = 0.

We now show that PAR(Cd,, Pcq, ) = 0, which implies that the 1 case Lemma 3 does not
hold. Let Rca, = [3 > 2 > 1 > 4 > others]. Notice that in the profile Pcg, \ {Rcd, }s
the Copeland,, score of alternative 1 is m — 3 + a = m — 3, which is strictly higher than
the Copeland, score of alternative 2 and 3, which means that Cd,(Pcq, — Rca,,) C {2, 3}.
See Figure 11 (b) for an example of WMG(Pcq, \ {Rca,}). Notice that 2 =g, 1 and
3 = Rea, 1, which means that PAR(Cda, Pcg,) = 0.

The proofs for £, = 1, the Cd,(P) = {2} case, and the Cd,(P) = {3} case are similar
to their counterparts for the “24n and a = 0” case above.

2 | n. The proof for the 2 | n case is similar to the proof of the 2 t n case with the following
modifications. The n-profile Poq, where PAR is violated is obtained from the profile in the
2 1 n plus Rev (Rcq, ). Below we present the full proof for the case of 2 | n and « > 0 for
example. The other cases can be proved similarly.

2 | nand a > 0. W.lo.g. suppose Cdo(G*) = {1}. Let Gcq, (with weights wcq,,)
denote the weighted directed graph in Figure 10 (a). According to McGarvey’s theorem [33]
that for any n > m* and 2 | n, there exists an (n — 1)-profile Pty whose WMG is Geg,, -
Let

Pcq, = PGq, +Rev (4 > 2> 3>~ 1 > others)

It is not hard to verify that in Pcg,, the Copeland, score of alternative 3 is m — 2 + «,
which is strictly higher than the Copeland, score of alternative 1, which is m — 2.
Therefore, Cdy(Pca,) = {3}. Let Rca, = Rev(4 > 2> 3> 1> others). Notice that
Cdy(Poa, \{Rca,}) = Cda(G*) = {1} and 1 Reca,, 3, which means that PAR(Cd,, Pca,, ) =
0. Therefore, the 1 case in Lemma 3 does not hold. Let #; = Signg . (Pcg,,) and
ty = Signg, (Pcd, \ {Rca.}). Like in other cases, the VL case of Lemma 3 does not
holds because ] @ t5 < SignﬁCd (Tuni)-

Next, we prove that dim(’H’éO@{?) = m! — 1. Notice that [t1](2,3 = 0 and [t2](23) = +,
and all other components of #; and t, are the same and are non-zero. Therefore, {7 is a
refinement of to, which means that ¢; @ t3 = t;. Notice that Hist(Pcq, ) is an inner point

of Héo, in the sense that all inequalities are strict except the inequalities about (2, 3). This

means that the essential equalities of AT®% are equivalent to
Pairp 3 - & = 0 and — Pairy 3 - & = 0

Therefore, dim(H25*) = m! — 1, which means that ¢, = —(m! — (m! — 1)) = 1. The
2 | n and o > 0 case follows after Lemma 3.

The proof for other subcases of 2 | n are similar to the proof of 2 | n and a > 0 case
above. This completes the proof of Theorem 4. O
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F.4 Proof of Theorem 5

Theorem 5. (Smoothed PARr: int-MRSE). Given m > 4, any int-MRSE 7, any int-
GSR r that is a refinement of T = (Ta,...,Tm), and any strictly positive and closed 11 over
L(A) with 7y, € CH(IT), there exists N € N such that for every n > N,

—— min 1

PAryg (r,n)=1-— @(ﬁ)

Proof. The intuition behind the proof is similar to the proof of Theorem 3. Indeed, Lemma 3
can be applied to r, but it is unclear how to characterize £,,. Therefore, in this proof we do not
directly characterize dim(H% ) as in the proof of Theorem 3, but will instead define another
polyhedron H" to characterize a set of sufficient conditions for PAR to be violated—and the
dimension of the new polyhedron is easy to analyze. Let us start with defining sufficient
conditions on a profile P for PAR to be violated under any refinement of 7.

Condition 1 (Sufficient conditions: violation of PAR under an MRSE rule). Given
an MRSE T, a profile P satisfies the following conditions during the execution of T.

(1) For every 1 < i < m —4, in the i-th round, alternative i + 4 drops out.

(2) In round m — 3, 1 has the highest score, 2 has the second highest score, and 3 and 4
are tied for the last place.

(3) If 3 is eliminated in round m — 3, then 2 and 4 are eliminated in round m — 2 and
m — 1, respectively, which means that the winner is 1.

(4) If 4 is eliminated in round m — 3, then 1 and 3 are eliminated in round m — 2 and
m — 1, respectively, which means that the winner is 2.

(5) P contains at least one vote [4 = 2 = 1 > 3 = others] and at least one vote [3 = 1 >
2 = 4 > others|, where “others” represents 5 > -+ > m.

(6) Alllosers described above, except in (2), are “robust” , in the sense that after removing
any vote from P, they are still the unique losers.

Let us verify that for any profile P that satisfies Condition 1, PAR(r, P) = 0. It is not
hard to see that 7(P) = {1,2}. If »(P) = {1}, then let R, = [4 > 2 > 1 > 3 > others].
This means that when any voter whose preferences are R, abstain from voting, alternative
4 drops out in round m — 3 of (P \ {R,}), and consequently 2 becomes the winner. Notice
that 2 =g, 1, which means that PAR(r, P) = 0. Similarly, if 7(P) = {2}, then let R, = [3 >~
1 > 2 > 4 > others|, which means that 3 drops out in round m — 3 of (P \ {R,}), and 1
becomes the winner. Notice that 1 =g 2. Again, we have PAR(r, P) = 0. The procedures
of executing 7 under P and (P \ {R,}) are represented in Figure 12.

The rest of the proof proceeds as follows. In Step 1 below, We will prove by construction
that for every sufficiently large n, there exists an n-profile P, that satisfies Condition 1. Then
in Step 2, we formally define H" to represent profiles that satisfy Condition 1. Finally, in
Step 3, we show that dim(HZ,) = m! — 1 because there is essentially only one equality (in
Condition 1 (2)). Theorem 5 then follows after 1 minus the polynomial case of the inf part
of [52, Theorem 2].
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Figure 12: Executing 7 for a profile that satisfies Condition 1.

Step 1: define P,. Before defining P,, we first define a profile P* that consists of a
constant and odd number of votes in Steps 1.1-1.3. We then prove that PAR is violated at
P* in Step 1.4 and 1.5, where in Step 1.4 we show that 7(P) = {1,2} and in Step 1.5 we
point out a violation of PAR depending on r(P*). Then in Step 1.6, we show how to expand
P* to an n-profile P, for any sufficiently large n.

Let P* = P, + P, + P3, where P, consists of even number of votes and is designed to
guarantee Condition 1 (1), i.e., 5, ..., m are eliminated in the first m—4 rounds, respectively.
This means that in the beginning of round m — 3, the remaining alternatives are {1, 2, 3,4}.
P, consists of an odd number of votes and is designed to guarantee Condition 1 (2), i.e., in
round m — 3, T4 outputs the weak order [1 > 2 > 3 = 4]. P5 consists of an even number
of votes and is designed to guarantee Condition 1 (3) and (4), i.e., if 3 (respectively, 4) is
eliminated then 1 (respectively, 2) wins.

Step 1.1: define P;. Let P} denote the following profile of (24m(m—4)1+
1)!) votes.

m+5)2(m74) (m_

Pll = mx{[R1 >~ Rs :VR; € ﬁ({1,2,3,4}),R2 S ﬁ({5, ce ,m})}UO ZX{[Z - RQ] :VRy € £(A\{Z})}

For every 2 < i < m, let the scoring vector of E be (si,..., 1) For example, the scoring
vector of 7y is (s, s3,s3,51). We let P, = (s — s} + 1)|P2| x P}, where |P| is the number
of votes in P,, which is a constant and will become clear after Step 1.2.

Step 1.2: define P>. The main challenge in this step is to use an odd number of votes
to define P, such that in round m — 3, the score of 1 is strictly higher than the score of 2,
which is strictly higher than the score of 3 and 4. We first define the following 8-profile,
denoted by Pj.

P} = {[1 = others = 3 = 4 = 2], [1 = others = 4 = 3 = 2],
3 x [1 > others > 2 > 4 > 3],3 x [2 > others > 1 > 3 > 4]}

The numbers of times alternatives {1,2, 3,4} are ranked in each position in P21|{1’2¢374} are
indicated in Table 5.

Next, we define a profile P§ that consists of an odd number of votes where the scores
of 3 and 4 are equal. Let d; = s} — s3 and dy = s5 — s3. The construction is done in the

following three cases.
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Alternative | 1st | 2nd | 3rd | 4th
1 5 3 0 0
2 3 3 0 2
3 0 1 4 3
4 0 1 4 3

Table 5: Number of times each alternative is ranked in each position in P21|{1)27374}.

e If d; =0, then we let P§ consist of a single vote [3 = 4 = 1 = 2 = others].
e If d; # 0 and dy = 0, then we let P consist of a single vote [1 = 3 = 4 = 2 = others].

e If d; # 0 and dy # 0, then we let d} = dy/ ged(dy, d2) and dy, = da/ ged(dy, ds), where
ged(dy, da) is the greatest common divisor of dy and ds. It follows that at least one of
dy and d is an odd number.

— If d} is odd, then we let

P} = (d}y +dy) x [1 =3 =42 > others| +dy x [4 = 1 = 3 = 2 = others]

— Otherwise, we must have d is even and d} is odd. Then, we let
P} = (dy+dy) x[3=4=1>2others] +d} x [4 > 1> 3>~ 2> others]

It is not hard to verify that in either case P? consists of an odd number of votes, and the
score of 3 and 4 are equal under P#. To guarantee that 3 and 4 have the lowest 7,4 scores in
Ps|{1,2,3,4y, we include sufficiently many copies of Pj in P,. Formally, let

Py = (|P?| +1) x Py + P}

Step 1.3: define P;. We let P3 = ((s; — s3)| 2| + 1) x P§, where Pj = P;' + P;? is the
36-profile defined as follows. P;! consists of 12 votes, where each alternative in {1,2, 3,4}
is ranked in the top in three votes, followed by the remaining three alternatives in a cyclic
order.

Pyl ={[1 =2 >3 >4 > others|,[1 = 3= 4 = 2 = others], [1 = 4 = 2 = 3 = others],

[2 > 1> 4> 3> others],[2 >4 = 3 > 1> others],[2 > 3 > 1 > 4 > others],

[3 %=1 4> 2> others],[3 =4 = 2 > 1> others],[3 > 2 > 1 > 4 > others],

[4>1%> 2> 3> others],[4 = 2> 3> 1> others|, [4 > 3 > 1 > 2 > others]}
P;2 consists of 24 votes that are defined in the following three steps. First, we start with
L£({1,2,3,4}), which consists of 24 votes. Second, we replace [3 =2 =4 > 1] and [4 > 1 >
3>=2by [3>1>4>2]and [4> 2> 3> 1], respectively. That is, the locations of 1 and
2 are exchanged in the two votes. This is designed to guarantee that the 7, scores of all
alternative are the same in P§2|{172)374}, and after 3 is removed, 1’s T3 score is higher than
2’s T3 score; and after 4 is removed, 2’s T3 score is higher than 1’s 7sscore. Third, we append

the lexicographic order of {5,...,m} to the end of each of the 24 rankings. Formally, we
define

P2 ={Ry=5»=---=m:Ry € L({1,2,3,4})} —[3>=2>=4> 1> others]
—[4>1%>3>2>others|]+ [3 > 1> 4> 2> others] + [4 = 2 > 3 > 1 > others]
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Step 1.4: Prove 7(P*) = {1,2}. Recall that P* = P, + P> + P5. Notice that the P;
part guarantees that {5,..., m} are dropped out in the first m — 4 rounds, and the scores of
all alternatives in {1, 2, 3,4} are the same under P; no matter what alternatives are dropped
out. Therefore, it suffices to calculate the results of the last three rounds based on P, + Ps,
which is done as follows.

In round m — 3, it is not hard to check that every alternative in {1, 2, 3,4} gets the same
total score under P53, where each of them is ranked at each position for 9 times. Therefore,
due to Ps, alternative 3 and 4 are tied for the last place in round m — 3.

If 3 is eliminated in round m — 3, then P3|;;24) = P§“1|{17274} + P§2|{17274} becomes
the following.
Pilpoay ={2x[1=4=2],[1=2=4,2x[2>1>4],[2>~4> 1],
M>-4>=2],[4>2>1],2>1>4],2x[4>1>2],[4>2>1]}
PP loqy =4x L{1,2,4}) —[2-4=1]-[4=1=2]+[1=4>2]+[4>2>1]

It is not hard to verify that the numbers of times alternatives {1,2,4} are ranked in each
position in P31 2 4} are as indicated in Table 6 (a).

Alternative | 1st | 2nd | 3rd Alternative | 1st | 2nd | 3rd
1 13 12 11 1 11 12 13
2 11 12 13 2 13 12 11
4 12 12 12 3 12 12 12
(a) 3 is removed. (b) 4 is removed.

Table 6: Number of times each alternative is ranked in each position in round m — 2.

This means that the score of alternative 2 is strictly lower than the score of 1 or 3,
because s3 — s3 > 1, where the score vector for 73 is (s3,s3,s3). Recall that Ps consists of
sufficiently large number of copies of Py. Therefore, even considering the score difference
between alternatives in Ps, the score of 2 is still the strictly lowest among {1,2,4} in P* in
round m — 2. This means that alternative 2 drops in round m — 2, and it is easy to check
that 1 > 4 in 20 votes in Py, which is strictly more than half (= 16). This means that 1 is

the » winner if 3 is eliminated in round m — 3.

If 4 is eliminated in round m — 3, then P§|{1 23, = P§‘1|{172,3} + P§2|{17273} becomes
the following.

Pi'lgosy ={2x[1=2=3],[1>3=2},2x[2=3>1],[2> 1> 3],
2xB3=2>=1,[3>=1>2],1>=2=3],]2>3>1],[3>1> 2]}
P3P losy =4x L({1,2,3}) —[3-2-1—-[1>3=2]+[3>1>2]+[2>3>1]

The numbers of times alternatives {1,2,3} are ranked in each position in P§|;1 23} are as
indicated in Table 6 (b). Again, it is not hard to verify that alternative 1 drops in round
m — 2, and 2 beats 3 in the last round to become the r winner in this case.

Step 1.5: Prove that PAR is violated at P*. At a high-level the proof is similar to
Step 1.4, and the absent vote is effectively used as a tie breaker between alternatives 3 and
4. Recall that r is a refinement of 7 and it was shown in Step 1.4 that 7(P*) = {1,2}.
Therefore, either r(P*) = {1} or r(P*) = {2}. The proof is done in the follow two cases.
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o If r(P*) = {1}, then we let
R.=[4> 2> 1> 3> others],

which is a vote in PZ. Then in (P*\ {R,}), alternative 4 is eliminated in round m — 3,
and following a similar reasoning as in Step 1.4, we have r(P* \ {R,}) = {2}. Notice
that 2 >p, 1, which means that PAR is violated at P*.

o If r(P*) = {2}, then we let
R, =[3> 1> 2> 4> others],

which is a vote in P§. Then in (P*\ {R,}), alternative 3 is eliminated in round m — 3,
and following a similar reasoning as in Step 1.4, we have r(P* \ {R,}) = {1}. Notice
that 1 >p, 2, which means that PAR is violated at P*.

Step 1.6: Construct an n-profile P.. The intuition behind the construction is the
following. P, comsists of three parts: P}, P?, and P3. P! consists of multiple copies of P*
defined in Steps 1.1-1.3 above, which is used to guarantee that PAR is violated at P, and
the score difference between any pair of alternatives is sufficiently large so that votes in P2
does not affect the execution of r. P? consists of multiple copies of £(A). P3 consists of no
more than m! — 1 votes, and |P2| is an even number.

Define P!. To guarantee that |P3| is even, the definition of P} depends on the parity of
n. Recall that P* consists of an odd number of votes. When 2 | n, we let

P! =ml (s} —s3) x P*

When 2t n, we let
Pl = (m! (s} —s3)+1) x P*

Define P?. Let ny = |P}|. P? consists of as many copies of £(A) as possible, i.e.

m!

P2 = V‘”ﬁ X L(A)
Define P3. P2 consists of multiple copies of pairs of rankings defined as follows.

3 n—n — |P?|
P’ = —y x {[1 = 2> 3 >4 > others],[2 > 1 > 4 > 3 > others]}

It is not hard to verify that P. = P} + P2 4+ P? share the same properties as P*: 7(P,) =
{1,2}; if [4 > 2 > 1 > 3 > others] is removed, then 2 is the unique winner; and if [3 = 1 >
2 > 4 > others] is removed, then 1 is the unique winner. This means that PAR is violated

at P,.

Step 2: define a polyhedron A" to represent profiles that satisfy Condition 1.
To define H", we recall from Definition 14 that for any a,b, any B C A\ {a,b}, and any
profile P, Scoreé’a’b -Hist(P) is the difference between the 7,,,_| | score of a and the 7,,_|p
score of b in P|4 p. We are now ready to define H™ whose A matrix has five parts that

correspond to Condition 1 (1)~(5). Condition 1 (6) will be incorporated in the b vector of
H.
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Al

A2
Definition 31 (H"). Given 7 = (Fa,...,Tm), we let AT = | A®) | where

A

A(5)

e AW: for every 1 < i < m —4 and every j € A\ {i + 4}, AD has a row
A
SCOTels it3)ita,ie

e A@ ABG) and AW are defined as follows.

A
Score 5,...,m},2,1

A A
Score } Score 3,5,...,m},4,1 Score 4,5,...,m},3,2
(2) _ 5,...,m},3,2 3) _ (4) _
A B Score } 7A - Score 3,5,...,m},2,4 ’A - Score 4,5,...,m},1,3
5,...,m},4,3
Score(s 35, . m}a,1 Scorey 45, m}.,3.,2

SCOT€{5 ..... m},3,4

o AO) consists of two rows defined as follows.

—Hist(4 = 2 > 1 > 3 > others)

AG) —
—Hist(3 = 1 > 2 > 4 > others)

Let B?:[ b® ,(83—3‘11—1,33—3‘11—1,0,0),(5%—sf—l,sg—sf—l,sg—sf—1),

for A(D) for A(2) for A®)
3 3 3 3 2 2
(s3 —s7— 1,83 —s7 — 1,85 —s7 —1),(=1,-1)],
———
for A4 for A(5)

where for every 1 < i < m —4 and every j € A\ {i + 4}, b®) contains a row s’n’fbﬁ:f —

s 1. Let

Step 3: Apply Lemma 3 and [52, Theorem 2]. We first prove the following properties
of HT.

Claim 14 (Properties of H"). Given any integer MRSE rule T,
(i) for any integral profile P, if Hist(P) € H" then PAR(r, P) = 0;
(i) Tuni € HZ;

(i) dim(HL,) =m! — 1.

Proof. Part (i) follows after a similar reasoning as in Step 1 of the proof of Theorem 5. To
prove Part (ii), notice that for any B C A and a,b € (A\ B), we have Scoreg‘%lfl = 0. Also

. O NT AT
notice that for any R € £(A) we have —Hist(R)-1 = —1 < 0. Therefore, A" - (1) < (O) ,

_ _ AT
which means that myn; € HZ,. To prove Part (iii), notice that A" - @' < (O) contains

one equality in A i.e.
Score{A5 m}3.4 @' =0 (15)
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This means that dim(HZ,) < m! — 1. Recall that P, is the n-profile defined in Step 1
that satisfies Condition 1. Notice that Hist(P,) is an inner point of HZ, in the sense that

_ AT
all inequalities in A - (&) < (O) except Equation (15) are strict, which means that
dim(HZ,) > m! — 1. This proves Claim 14. O

Because of the existence of P, defined in Step 1, and Claim 14 (i) and (ii), the 1 case
and the VL case of Lemma 3 do not hold for any sufficiently large n. Therefore, it follows

from the L case of Lemma 3 that %Em(r, n) is at least 1 — O(n=%%), because £, > 1. It

remains to show that %E’ (r,n) is upper-bounded by 1—Q(n~°5). We have the following
calculations.

—— min

1 —PARy (r,n) = sup Prp.z(PAR(r,P) =0)
Telln
> sup Prpoz(Hist(P) € H") Claim 14 (i)
Telln
=0(n""9) Claim 14 (ii), (iii), and [52, Theorem 2]

The last equation follows after applying the sup part of [52, Theorem 2] to H". More
concretely, recall that in Step 1 above we have constructed an n-profile P, for any sufficiently
large n and it is not hard to verify that Hist(P,) € H", which means that H" is active at
any sufficiently large n. Claim 14 (ii) implies that the polynomial case of [52, Theorem 2]
holds, and Claim 14 (iii) implies that a,, = m! —1 for H".

This proves Theorem 5. O

F.5 Proof of Theorem 6

Theorem 6. (Smoothed Par: Condorcetified Integer Positional Scoring Rules).
Given m > 4, an integer positional irresolute scoring rule Tz, any Condocetified positional
scoring rule Condg that is a refinement of Condg, and any strictly positive and closed 11
over L(A) with wy,, € CH(II), there exists N € N such that for everyn > N,

in 1

PaRy  (Conds,n) =1 — @(%)

Proof. The proof follows the same logic in the proof of Theorem 5. We first prove the
theorem for even n then show how to extend the proof to odd n’s.

Intuition for 2 | n. Let §= (s1,...,8,). We first identify a set of sufficient conditions
for PAR to be violated.

Condition 2 (Sufficient conditions for the violation of PAR). Given a Condorcetified
irresolute integer positional scoring rule Condg, P satisfies the following conditions.

(1) Condz(P) = {2}, and the score of 2 is higher than the score of any other alternative
by at least s1 — s + 1.

(2) Alternative 1 is a weak Condorcet winner, wp(1,3) =0, and for every i € A\ {1,3},
’u)p(l,i) > 2.

(8) P contains at least one vote of [3 = 1= 2 > others|.
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Recall that Condg is a refinement of Condz and due to Condition 2 (2), P does not
contain a Condorcet winner. Therefore, according to Condition 2 (1), we have Condg = {2}.
Any voter whose preferences are [3 > 1 > 2 > others| has incentive to abstain from voting,
because the voter prefers 1 to 2, and {1} is the Condorcet winner in P—[3 = 1 > 2 > others],
which means that

Condz(P — [3 > 1 > 2 > others]) = {1}

This means that PAR(Condg, P) = 0 for any profile P that satisfies Condition 2. The rest
of the proof proceeds as follows. In Step 1, for any n that is sufficiently large, we construct
an n-profile Py that satisfies Condition 2. Then in Step 2, we formally define H°"ds to
represent profile that satisfy Condition 2. Finally, in Step 3 we formally prove properties
about H%°"4s and apply Lemma 3 and [52, Theorem 2] to prove Theorem 5.

Step 1 for 2 | n: define Pz. The construction is similar to the construction in the proof
of Claim 10, which is done for the following two cases: Tz is the plurality rule and 7z is not
the plurality rule.

e When 73 is the plurality rule, i.e. so = s,,, we let
P; = (576> X [2 = 1> 3> others| +4 x [2 > 3 > 1 > others]

+(5-6) x[3 12~ others] + 6 x [1 - 2 = 3 =~ others

It is not hard to verify that Ps satisfies Condition 2 for any even number n > 28.

¢ When 73 is not the plurality rule, ie., s > s,,, like Step 1 in the proof of
Theorem 5, we first construct a profile P* that consists of a constant number of votes
and satisfies Condition 2, then extend it to arbitrary odd number n. Let 2 < k < m—1
denote the smallest number such that s; > sp41. Let 43 =4 > -+ = k+ 1] and
As =[k+2 > --- > m], and let P* = P; 4+ Pj, where P; is the following 10-profile
that is used to guarantee Condition 2 (2) and (3).

Pr={4x[1>2>A;>3>A]+3x[2>3>A;>1> Ay
+2x[B3=1% A1 =2 Ag]+[2>1> A1 = 3> As]}

And let Py denote the following 36(m — 3)!-profile, which is used to guarantee that 2
is the unique winner under P*, i.e., Condition 2 (1).

PQ* =6 X {[Rl - RQ] :VR; € ﬁ({l, 2, 3}), Ry € ﬁ({4, R ,m}),}
It is not hard to verify that the following observations hold for Py.

— 1 is the Condorcet winner, wps(1,3) = 0, and for any 7 € A\ {1,3}, we have
wpl*(l,i) Z 2.

— The total score of 1 under Py is 4s; + 3s2 + 3sk+1, the total score of 2 under
Py is 4s1 + 482 + 25541, and the total score of 3 under P} is 251 + 352 + 5Sk+1.
Recall that we have assumed that se > si41. Therefore,

4s1 + 459 + 25541 > 451 + 352 + 3SK+1 > 281 + 352 + 5541,

which means that the score of 2 is strictly higher than the scores of 1 and 3 in
Pr.
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Given these observations, it is not hard to verify that P* = P 4+ P5 satisfies Con-
dition 2. Let Py denote as many copies of P* as possible, plus pairs of rankings
{[2 > 1> 3 > others],[2 = 3 = 1 > others]}. More precisely, let

n . n_|P*|'L|];l*|J
Pz = P x P*+ — s x{[2 > 1 > 3 > others], [2 > 3 > 1 > others]}

It is not hard to verify that Pj satisfies Condition 2, which concludes Step 1 for the 2 | n
case.

Step 2 for 2 | n: define a polyhedron H¢°"ds to represent profiles that satisfy
Condition 2.

Definition 32 (HC°"d%). Given an irresolute integer positional scoring rule Tz =
AWM

(515-++,8m), we let A5 = | A®) | where
AB)

o AW: for everyi € A\ {2}, AY) contains a row Score; o.

e A® contains two rows Pairy 3 and Pairs 1, and for every i € A\{1,3}, A contains
a row Pairy .

o A®) consists of a single row —Hist(3 = 1 = 2 = others).

Let b = |(sm—s51—1)-1,(0,0,-2,...,-2), —1
for A(D) for A(2) for A®3)

and  H® = {:E’e R™: A% (@) < (BE)T}.

Step 3 for 2 | n: Apply Lemma 3 and [52, Theorem 2]. We first prove the following
properties of HConds,

Claim 15 (Properties of HC°"ds), Given any integer positional scoring rule 3,
(i) for any integral profile P, if Hist(P) € HC°"% then PAR(Conds, P) = 0;
(ii) Tuni € HEG"™;

(iii) dim(HET") = m! — 1.

Proof. The proof for Part (i) and (ii) are similar to the proof of Claim 14. To prove Part
. AT

(iii), notice that A% (&) < (O) contains one equality in A i.e.

Pairy 5 - (Z) = (0)" (16)

This means that dim('H<gnd5) < m! — 1. Notice that Hist(Ps) is an inner point of Hggndg

in the sense that all other inequalities except Equation (16) are strict, which means that
dim(HZ"4) > m! — 1. This proves Claim 15. O
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Therefore, we have the following bound.

1- PT;AJR?H(Condg, n)
= sup Prp.z(PAR(Condg, P) =0)

Tell™

> sup Prp.z(Hist(P) € HOods) Claim 15 (i)
Telln

=0(n%9) Claim 15 (ii), (iii), and [52, Theorem 2]

Consequently, %;ﬂn(CODdg, n) =1—Q(n"%%). Notice that the 1 case and VL case
Lemma 3 do not hold because of the existence of Py and Claim 15 (ii). Therefore, Theorem 6
for the 2 | n case follows after the 1 — O(n~%%) upper bound proved in Lemma 3.

Proof for the 2 { n case. When 2 {n, we modify the proof as follows.

e First, Condition 2 (2) is replaced by the following condition:
(2"): Alternative 1 is the Condorcet winner under P, wp(1,3) = 1, and for every
i€ A\ {1,3}, wp(1,3) > 3.

e Second, in Step 1, Py has an additional vote [2 > 1 = 3 > others].

e Third, in Step 2 Definition 32, the b¥ components corresponding to A? is
(1,-1,-3,...,-3).

A similar claim as Claim 15 can be proved for the 21 n case. This proves Theorem 6. [

G Experimental Results

We report satisfaction of CC and PAR using simulated data and Preflib linear-order data [32]
under four classes of commonly-used voting rules studied in this paper, namely positional
scoring rules (plurality, Borda, and veto), voting rules that satisfy CONDORCET CRITERION
(maximin, ranked pairs, Schulze, and Copelandg 5), MRSE (STV), and Condorcetified posi-
tional scoring rule (Black’s rule). All experiments were implemented in Python 3 and were
run on a MacOS laptop with 3.1 GHz Intel Core i7 CPU and 16 GB memory.
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Figure 13: Satisfaction of CC and PAR under IC for m = 4, n = 40 to 800, 200000 trials.
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Synthetic data. We generate profiles of m = 4 alternatives under IC.®> The number
of alternatives n ranges from 40 to 800. In each setting we generate 200000 profiles. The
satisfaction of CC under plurality, Borda, veto, and STV are presented in Figure 13 (a), and
the satisfaction of PAR under STV, maximin, ranked pairs, Schulze, Black, and Copelandy 5
are presented in Figure 13 (b). Notice that voting rules not in Figure 13 (a) always satisfy
CC and voting rules not in Figure 13 (b) always satisfy PAR.

The results provide a sanity check for the theoretical results proved in this paper. In
particular, Figure 13 (a) confirms that the satisfaction of CC is ©(1) and 1 — O(1) under
positional scoring rules (Theorem 1) and STV (Corollary 1) w.r.t. IC. Figure 13 (b) confirms
that the satisfaction of PAR is 1 — ©(n~%®) under maximin, ranked pairs, Schulze (The-
orem 3), Copeland, (Theorem 4), STV (Theorem 5), and Black (Theorem 6). Figure 14
in Appendix G summarizes results with large n (1000 to 10000) that further confirm the
asymptotic observations described above.
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Figure 14: Satisfaction of CC and PAR under IC for m = 4, n = 1000 to 10000, 200000 trials.

Preflib data. We also calculate the satisfaction of CC and PAR under all voting rules
studied in this paper with lexicographic tie-breaking for all 315 Strict Order-Complete Lists
(SOC) under election data category from Preflib [32]. The results are summarized in Table 7,
which is the bottom part of Table 2.

Table 7: Satisfaction of CC and PAR in 315 Preflib SOC profiles. Some statistics of the data are
shown in Figure 15.

Plurality | Borda Veto STV Black | Maximin | Schulze | Ranked pairs | Copelandg s
CC 96.8% 92.4% | 74.2% | 99.7% | 100% 100% 100% 100% 100%
PAR 100% 100% 100% | 99.7% | 99.4% 100% 100% 100% 99.7%

Table 7 delivers the following message, that PAR is less of a concern than CC in Preflib
data—all voting rules have close to 100% satisfaction of PAR, while the satisfaction of CC
is much lower for plurality, Borda, and Veto. The most interesting observations are: first,
maximin, Schulze, and ranked pairs achieve 100% satisfaction of CC and PAR in Preflib
data, which is consistent with the belief that Schulze and ranked pairs are superior in
satisfying voting axioms, and maximin is doing well in PAR (and indeed, maximin satisfies
PAR when m = 3). Second, STV does well in CC and PAR, though it does not satisfy either
in the worst case. Third, veto has poor satisfaction of CC (74.2%), which is mainly due

3See [8] for theoretical results and extensive simulation studies of PAR under the TAC model.
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Figure 15: Histograms of number of candidates and number of voters in the 315 Preflib SOC data
studied in this paper.

to the profiles where the number of alternatives is more than the number of voters, so that
a Condorcet winner exists and is also a veto co-winner, but loses due to the tie-breaking
mechanism.
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