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Abstract

Many classic social preference (multiwinner social choice) correspondences are res-
olute only when two alternatives and an odd number of individuals are considered.
Thus, they generally admit several resolute refinements, each of them naturally inter-
preted as a tie-breaking rule. A tie-breaking rule is compulsory every time a single
final decision is needed. Unfortunately, using a tie-breaking rule on some social pref-
erence (multiwinner social choice) correspondence can dramatically compromise its
properties. In particular, very often, the arithmetic relation between the number of
alternatives and the number of voters does not allow to maintain both anonymity and
neutrality. In those cases, the only possibility is to look at suitable different forms of
symmetry that are coherent with the decision context. We find out conditions which
make a social preference (multiwinner social choice) correspondence admit a resolute
refinement fulfilling some weak versions of the anonymity and neutrality principles.
We also clear when it is possible to obtain, for those resolute refinements, the rever-
sal symmetry (immunity to the reversal bias). The theory we develop turns out to be
useful in many common applicative contexts and allows to explicitly construct those
refinements.
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1 Introduction

Consider a committee having 7 > 2 members whose purpose is to determine a ranking
of n > 2 alternatives and assume that committee members are supposed to express their
preferences via a ranking of the alternatives. A preference profile is a list of individual
preferences, one for each committee member. A social preference correspondence
(SPC) is a procedure which associates with any preference profiles a family of rankings
of the alternatives to be interpreted as the family of the social preferences which better
fit the individual preferences. A k-multiwinner social choice correspondence (k-SCC)
is instead a procedure which associates with any preference profile a family of sets
of k alternatives to be interpreted as the family of all the sets of k alternatives that
can be considered the best k alternatives for the society. While the concept of SPC is
classic, the one of k-SCC, which extends the well-established single-winner framework
(corresponding to the case k = 1), is more recent. Indeed, it has been explored for
about thirty years, but only for some years it has been getting a new attention. We refer
to the recent papers by Elkind et al. (2017) and Faliszewski et al. (2017) for general
information on that topic.

Many SpCs and k-SCCs have been proposed and studied in the literature. Most of
them satisfy two requirements which are considered strongly desirable by social choice
theorists, namely anonymity and neutrality. A SPC (k-SCCs) is said anonymous if the
identities of individuals are irrelevant to determine the social outcome, that is, it selects
the same social outcome for any pair of preference profiles such that we get one from
the other by permuting individual names; neutral if alternatives are equally treated,
that is, for every pair of preference profiles such that we get one from the other by
permuting alternative names, the social outcomes associated with them coincide up to
the considered permutation.

Since in many cases collective decision processes are required to select a unique
outcome, an important role in social choice theory is played by resolute SPCs and
k-sccs, namely those SPCs and k-SCCs associating a single ranking or a single set of
k alternatives with any preference profile. Unfortunately, classic SPCs and k-SCCs are
not resolute in general. As a consequence, if the members of a committee agree to
use one of the classic SPCs to aggregate their preferences and a unique outcome is
needed, then they also need to find an agreement on which tie-breaking rule to use
when two or more social rankings are selected. Similarly, if they agree to select the
best k alternatives for the society via a classic k-SCC and a unique outcome is needed,
then they also need to decide which tie-breaking rule to use when two or more sets of
k alternatives are selected.

The choice of a tie-breaking rule usually has a deep impact on the properties of the
final decision rule. Consider, for instance, two special tie-breaking rules often used
in the single-winner framework. The first one, proposed by Moulin (1988), is based
on a tie-breaking agenda, that is, an exogenously given ranking of the alternatives:
In ambiguity case, it is chosen the alternative of the social outcome which is best
ranked in the agenda. The second one is instead based on the preferences of one of
the individuals appointed as tie-breaker: In ambiguity case, it is chosen the alternative
of the social outcome which is best ranked by the tie-breaker. Of course, the resolute
refinements built through a tie-breaking agenda fail to be neutral while those built
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through a tie-breaker fail to be anonymous. Our work allows to cast these two special
types of tie-breaking rules within a more general theory (Sect. 8).! We firmly believe
that a reflection on the concept of tie-breaking rule is mandatory for social choice
scientists in order to control the effective properties of the various resolute SPCs and
k-SPCs in use and of those which could be used in the future. Indeed, it is clearly
useless to choose a SPC or a k-SCC full of desirable properties and spoil a large part of
them through an inappropriate tie-breaking rule.

On the same line of thought, Jeong and Ju (2017) observe that it is unfortunate
that tie-breaking rules are not incorporated in the definitions of the classic 1-SCCs. In
the context of two alternatives and allowing individuals to express also indifference
between them, they discuss anonymous but non-neutral tie-breaking rules for the
simple majority and the majority with quorum. In the same framework, but with
profiles of variable length, McMorris et al. (2020) discuss many variations of the simple
majority and, among them, they consider some of its resolute versions obtained through
non-anonymous tie-breaking rules. Their scope is to characterize those variations in
terms of weak versions of classic axioms and focusing on consistency. Thus, those
authors implicitly treat also the properties which can derive by the use of different
tie-breaking rules.

In order to better explain our results and simplify the exposition, let us focus now
on SPCs. The concept of tie-breaking rule can be naturally formalized in terms of
refinement of a SPC. Let C and C’ be two SPCs. We say that C’ is a refinement of
C if, for every preference profile, the set of social preferences selected by C’ is a
subset of the set of social preferences selected by C. Thus, refinements of C can be
thought as methods to reduce the ambiguity in the choice made by C. In particular,
resolute refinements of C completely eliminate the ambiguity leading to a unique social
outcome, so that they can be identified with the possible tie-breaking rules for C. Of
course, if C is not resolute, it admits many resolute refinements. Thus, an interesting
issue to address is to understand whether it is possible to find resolute refinements of C
which satisfy suitable properties. In particular, since it is immediate to understand that
resolute refinements of even anonymous and neutral SPCs are not generally anonymous
and neutral, one may wonder whether anonymous and neutral resolute refinements of
a given SPC do exist. Unfortunately, as proved by Bubboloni and Gori (2014, Theorem
5), the existence of an anonymous, neutral and resolute SPC is equivalent to the strong
arithmetical condition gcd(k, n!) = 1 which is rarely satisfied in practical situations.
As a consequence, given a SPC, we cannot in general get any anonymous and neutral
resolute refinement of it. The condition gcd(k, n!) = 1 was first introduced by Moulin
(1983, Theorem 1, p.25) as a necessary and sufficient condition for the existence of
anonymous, neutral and efficient social choice functions; Bubboloni and Gori (2014,
Theorem 15) generalize Moulin’s result considering in addition the qualified majority
principle; Campbell and Kelly (2015) show that if n > & (so that gcd(h, n!) # 1) and

1 Some remarks about the tie-breaking agenda and the role of the tie-breaker are proposed in Dogan and
Giritligil (2015) and Bubboloni and Gori (2016b), where the problem of finding resolute refinements of
1- scCs is considered.
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anonymous, neutral and resolute social choice functions exist, then those functions
not only are inefficient but exhibit even more undesirable behaviors.”

Fortunately, in many concrete cases, anonymity and neutrality are too strong
requirements. That happens, for instance, for those committees having a president
who is appointed to be more influential than the other committee members or when a
committee evaluates job candidates giving the female candidates an advantage over the
male ones. Indeed, in such situations, individual and alternative names are not imma-
terial. For such a reason, we propose generalized versions of anonymity and neutrality
which can take into account possible distinctions among individuals and among alter-
natives. Let Sy be the group of permutations of the set H = {1, ..., h} of committee
member names and S, be the group of permutations of the set N = {1, ...,n} of
alternative names. Given a subgroup V of Sj, we say that a SPC is V-anonymous if it
selects the same social outcome for any pair of preference profiles such that we get one
from the other by permuting individual names according to a permutation in V; given
a subgroup W of S, we say that a SPC is W-neutral if for every pair of preference
profiles such that we get one from the other by permuting alternative names according
to a permutation in W, it associates with them social outcomes which coincide up to
the considered permutation. The special groups of permutations V and W need to be
identified on the basis of the specific features of the situation at hand. Of course, Sj,-
anonymity corresponds to anonymity and S,-neutrality corresponds to neutrality. As
a consequence, each anonymous (neutral) SPC is V -anonymous (W -neutral) for every
V (W). It is worth noting that, depending on the particular structure of V and W, it is
possible to get V-anonymous, W-neutral and resolute SPCs even when no anonymous,
neutral and resolute SPC exists.? That implies that, in a situation where suitable weak
versions of anonymity and neutrality are sensible, there may be room for finding a
resolute SPC satisfying such versions of anonymity and neutrality by refining a given
anonymous and neutral SPC.

In this paper, we propose conditions on V and W which are necessary and sufficient
to make a V-anonymous and W-neutral SPC admit a V-anonymous and W-neutral
resolute refinement. Those conditions are summarized by an arithmetical relation
between the size |W| of W and a special number y (V) associated with V (defined
in (12)). Namely, given a V-anonymous and W-neutral SpC C (like, for instance, the
Borda, the Copeland, the Minimax and the Kemeny SPCs which are anonymous and
neutral and then V-anonymous and W-neutral for every choice of V and W), we have
that C admits a V-anonymous and W-neutral resolute refinement if and only if*

ged(y (V). W) =1 ey

2 The existence of anonymous, neutral and resolute SPCs satisfying further properties is also studied by
Bubboloni and Gori (2015), who focus on the majority principle, and Dogan and Giritligil (2015), who
instead focus on monotonicity properties.

3 For instance, in the trivial case where V and W are singletons whose unique element is the identity
permutation, every resolute SPC is V-anonymous and W-neutral.

4 Throughout the paper, given integers x1, ..., xg, for some s € N, we denote by gcd(xy, ..., x5) their
greatest common divisor and by lem (xq, ..., xy) their least common multiple.

@ Springer



Breaking ties in collective decision-making 415

(Theorem 17). The computation of the numbers y (V) and |W] is, in principle, hard.
Fortunately, it becomes easy for many subgroups of interest in the applications (see
Sect. 8). For example, consider a situation where individuals can be divided into dis-
joint subcommittees, say Hj, ..., H,, where individuals have the same decision power
and that alternatives can be divided into disjoint subclasses, say Ny, ..., Ny, where
alternatives have the same exogenous importance. Assume first that such subcommit-
tees (subclasses) can be ranked in such a way that, for every pair of subcommittees
(subclasses), each individual (alternative) belonging to the subcommittee (subclass)
having higher rank is more influential (more important) than any individual (alter-
native) belonging to the other subcommittee (subclass).” In this case, it is natural to
require a collective decision process not to distinguish among individuals (alterna-
tives) belonging to the same subcommittee (subclass). Thus, two groups V and W
naturally arise: V is given by those permutations of individual names mapping every
H; into itself; W is given by those permutations of alternative names mapping every
N into itself. Clearly |W| = ]_[;:1 |N;|! and we show that

y(V) = ged(|Hil, ..., [H]), 2

6 50 that condition (1) becomes’

N
ged (1AL H L TTINGIE | =1 3)
j=1

Assume now that subclasses can be ranked as before while no ranking of subcommit-
tees is available. However, it is known that subcommittees having the same size must
have the same impact in the final decision. This particular situation leads to consider
a collective decision process which does not distinguish among individuals (alterna-
tives) belonging to the same subcommittee (subclass) and also does not distinguish
among subcommittees having the same size. Thus, V is now given by those permuta-
tions of individual names mapping every H; into one of the subcommittees having its
same size (possibly itself), while W is the same as before. We prove then that

y(V) = ged(|Hilty, ..., [Hrltr),

where #; counts the number of subcommittees of size |H;|, so that condition (1)
becomes

N

ged | [Hiltn, o [Hele, [TINGIN | = 1.
j=1

5 The presence of a president and the case of gender discrimination previously mentioned are special
instances.

6 We stress that equality in (2) along with the described results about k-SCCs (Theorems 20 and 21) imply
as an immediate consequence the main result in Bubboloni and Gori (2016b), namely Theorem 8 therein.

7 Note that anonymity corresponds to have H as a unique subcommittee and neutrality corresponds to have
N as a unique subclass. In this special case, (3) reduces to the already commented condition ged(h, n!) = 1.
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We further deepen the analysis of the resolute refinements of a given SPC by consid-
ering the property of reversal symmetry, a property first introduced by Saari (1994).
Recall that the reversal of a ranking of alternatives is the ranking obtained by making
the best alternative the worst, the second best alternative the second worst, and so on,
and that a SPC is said reversal symmetric if, for any pair of preference profiles such
that one is obtained by the other by reversing each individual preference, it associates
with one of them a set of social preferences if and only if it associates with the other
one the set of their reversal. We prove that the condition

ged(y (V), lem(|W1,2)) = 1, “)

along with other technical conditions, is necessary and sufficient to make any V-
anonymous, W-neutral and reversal symmetric SPC admit a V-anonymous, W -neutral
and reversal symmetric resolute refinement (Theorem 18). In particular, from that
result, itis easily deduced that the Borda and the Copeland SPCs admit a V -anonymous,
W -neutral and reversal symmetric resolute refinement if and only if (4) holds true.

Along with the described analysis of SPCs, we also study the problem to deter-
mine whether a k-SCC admits V -anonymous and W-neutral resolute refinements® and
whether some of them are immune to the reversal bias too. Recall that a k-SCC is
immune to the reversal bias if it never associates the same set of k alternatives with
a preference profile and its reversal (see Saari and Barney 2003; Bubboloni and Gori
2016a). We prove that if (1) holds true, then any V-anonymous and W-neutral k-SCC
admits a V-anonymous and W-neutral resolute refinement (Theorem 20). Assuming
(4), we also find out conditions to make every V-anonymous, W-neutral and immune
to the reversal bias k-SCC admit a resolute refinement having the same properties (The-
orem 21). Remarkably, that analysis put in evidence the role played by the number
k of selected alternatives with respect to the number n of alternatives, pointing out
that the existence of an immune to the reversal bias resolute refinement is guaranteed
when the pair (n, k) belongs to a very specific set.

We emphasize that the methods developed in the paper allow to deal with situ-
ations in which forms of symmetry conceptually different from V-anonymity and
W -neutrality are required. The idea is to give room to any possible mixture of the
anonymity and neutrality principles through the consideration of generic subgroups
U of S, x S, and the corresponding definition of U-symmetry and U-consistency
given for SPCs and k-SCCs (see (7), (8), (9)). That is done not in view of a mere and
vacuous generalization, but in order to capture every possible decision scenario. As a
concrete application, we examine, in detail, the case of a committee facing the problem
of electing a subcommittee of size k among n members of the committee itself who run
as candidates. In this particular situation, a collective decision process should make no
distinction among individuals who are candidates and among individuals who are not
candidates and, at the same time, it must carefully take into account the fact that the
alternatives to choose from are now a subset of the set of individuals. In Sect. 8.3, we
prove that if gcd(h, n) = 1, then any anonymous and neutral k-SCC admits a resolute
refinement consistent with the above described requirements.

8 Those concepts are easily adapted to k-SCCs. See Sect. 4.
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Note that some contributions dealing with weak versions of anonymity and neu-
trality are present in the literature. Assuming there are only two alternatives, Perry and
Powers (2008) calculate the number of resolute SPCs that are anonymous and neutral
and the number of SPCs satisfying a weak version of anonymity (that is, all individuals
but one are anonymous) and neutrality; Powers (2010) shows that a SPC satisfies the
previously described weak anonymity, neutrality and Maskin monotonicity if and only
if it is close to SPC obeying an absolute qualified majority; Quesada (2013) identifies
seven axioms (among which there are weak versions of anonymity and neutrality)
characterizing the rules that are either the relative majority rule or the relative major-
ity rule where a given individual can break the ties; Campbell and Kelly (2011, 2013)
show that the relative majority is implied both by a suitable weak version of anonymity,
neutrality and monotonicity, as well as by limited neutrality, anonymity and mono-
tonicity. In the general case for the number of alternatives, some observations about
different levels of anonymity and neutrality can be found in the paper by Kelly (1991).
Bubboloni and Gori (2016b) consider, only for 1- SCCs, weak versions of anonymity
and neutrality, determined by partitions of individuals and alternatives. More recently,
a wide literature about k-SCCs which are representation-focused on some attributes of
the alternatives (sex, age, profession, ethnicity) has been growing. See, for instance,
Lang and Skowron (2016), Bredereck et al. (2018), Celis et al. (2018).

The techniques used in our paper are based on an algebraic approach focused on the
theory of finite permutation groups and the notion of action of a group on a set. That
approach was initially used by Egecioglu (2009) and Egecioglu and Giritligil (2013)
for analyzing the set of preference profiles and later developed by Bubboloni and Gori
(2014, 2015, 2016b) to describe, in a unified framework, profiles and functions on
them satisfying some symmetry properties.’

We emphasize that, generalizing ideas and results in Bubboloni and Gori (2015,
2016b) for managing the resolute refinements of SPCs and k-SCC is in no way a trivial
adaptation of the results in there. On the contrary, some proofs require complex and
tricky arguments and, in particular, a deep consideration of the concept of regular
group, first introduced in Bubboloni and Gori (2015), is needed.

The paper is organized as follows. In Sects. 2, 3 and 4 we give the definitions, the
notation and the basic results needed to understand the model. In Sect. 5, the main
results are stated and developed. Section 6 is devoted to a careful analysis of the concept
of regular group. Section 7 explores V -anonymity and W -neutrality as an application of
the main results of the general theory. Section 8§ is about some concrete applications of
V-anonymity and W-neutrality, as described in this introduction. Finally, appendices
A and B contain the proofs of the main results.

9 Itis worth mentioning that Kelly (1991) discusses the role of symmetry in the arrovian framework through
suitable subgroups of the symmetric group. Within the topological approach to social choices developed
by Chichilnisky (1980), several algebraic concepts, in particular that of symmetric group, are crucial for
proving many results. The algebraic approach also appears in Dogan and Giritligil (2015).
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2 Preliminaries

Throughout the paper, N denotes the set of positive integers and we set No = N U {0}.
Fork € N, the set {1, ..., k} is denoted by [k]. Let X be a finite set. We denote by | X |
the size of X. A subset of X of size k is called a k-subset of X. We denote by P(X)
the set of the subsets of X and by P, (X) the set of the k-subsets of X.

A relation on X is a subset of X2. The set of the relations on X is denoted by R(X).
Fix R € R(X). Given x, y € X, we usually write x > y instead of (x, y) € R and
x >p yinstead of (x, y) € R and (y, x) ¢ R. We say that R is complete if, for every
x,y € X, x =g yory >pg x; reflexive if, for every x € X, x >pr x; irreflexive
if, for every x € X, x ;fR x; antisymmetric if, for every x,y € X, x >r y and
y >g x imply x = y; asymmetric if, for every x, y € X, x >g y implies y %R X;
transitive if, for every x, y,z € X, x >g yand y > z imply x >r z; acyclic if, for
every sequence Xxi, ..., xs of s > 2 distinct elements of X such that x; > x;41 for
alli € [s — 1], we have that x; #g x1. It is well known that if R is transitive and
irreflexive (antisymmetric, asymmetric), then R is acyclic. Complete and transitive
relations on X are called orders on X. The set of orders on X is denoted by O(X).
Complete, transitive and antisymmetric relations on X are called linear orders on X.
The set of linear orders on X is denoted by L(X). Given R’ € R(X), if R” € R we
say that R’ refines R.

In the paper, we make use of basic finite group theory and use standard notation.
Our general reference is Jacobson (1974). For completeness, we give here the main
notions and notation we are going to use. Let G be a finite group. Given g € G, we
denote by |g| the order of g. If U is a subgroup of G, we use the notation U < G.
Given g, v € G and U < G, the conjugate of g by v is g” = vgv~! and the conjugate
of U by v is the subgroup U” = {g" € G : g € U}. We say that g1, g» € G are
conjugate if there exists v € G such that g = g{. The group constituted only by the
neutral element is called the trivial group.

Let n € N. We denote by S, the group of the bijective functions from [n] to
itself with product defined, for every o1, 02 € S, by the compositionlo ojop € S,.
The neutral element of S, is given by the identity function on [r], denoted by id.
S, is called the symmetric group on [r], and its elements are called permutations. A
permutation o € S, \{id} is the product of disjoint cycles of lengths greater than or
equal to 2 uniquely determined by o, up to reordering, and called the constituents of
o. The order reversing permutation in Sy, is the permutation pg € S, defined, for every
r € [n], by po(r) = n —r + 1. Obviously, we have |pg| = 2 so that Q = {id, po} is a
subgroup of S,,. Note that pg has exactly one fixed point when 7 is odd and no fixed
point when #n is even. Note also that 2 is an abelian group which admits as unique
subgroups {id} and .

Let o € S,. Given W € P([n]), we denote the image of W through o by o W
(instead of o (W)). Moreover, given W C P([n]), we define oW = {o W € P([n]) :
W € W}. Note that, for every 01,02 € S,, W € P([n]) and W < P([n]), we have
that (0201)W = 02(01 W) and (0201)W = 02 (01 W). Thus, brackets can be omitted

10 Given A, B and C sets and f 1A — Band g : B — C functions, we denote by gf the right-to-left
composition of f and g, that is, the function from A to C defined, for every a € A, as gf (a) = g(f(a)).
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in this type of writings. Given R € R([n]), we set

oR={0@,0() e[n]*: (x,y) € R}, Rpo={(.x) € [n]*: (x.y) € R},
(5
and R id = R. In other words, for every x, y € [n], x > y if and only if o (x) > g
o(y); x >g yifand only if y >, x. Given Q € R([n]) and p € Q, we also set

6Q={oReR(n]): ReQ), Qo={RpeR([]):ReQ)

Note that, for every o1, 02 € Sy, p1, p2 € 2, R € R([n]) and Q C R([n]), we have
that (0201)R = 02(01R), R(p1p2) = (Rp1)p2, (01R)p1 = 01(Rp1) and (0201)Q =
02(01Q), Q(p102) = (Qp1)p2, (61Q)p1 = 01(Qp1). Those properties allow to avoid
brackets when writing such kinds of products.

3 Preference relations and preference profiles

From now on, let n € N with n > 2 be fixed, and let N = [n] be the set of names of
alternatives.

A preference relation on N is a linear order on N. Let g € L(NV) be a preference
relation. If x, y € N are alternatives, we interpret the writing x >, y by saying that
x is at least as good as y (according to ¢), and the writing x >, y by saying that
x is preferred to y (according to ¢). Note that, since ¢ is a linear order, x >, y is
equivalentto x # y and x >, y. Itis well known that there exists a unique numbering
X1, X2, ..., X, of the distinct elements in N such that, once set R = {(x;, xj+1) €
NZ:jc {1,...,n — 1}} € R(N), we have ¢ 2 R and ¢ is the only linear order
containing the relation R. Thus, we can completely identify ¢ with its subset R, which
we write in the form xq >4 x >4 -+ >4 x,. We refer to r as the rank of x, in g.
Since the map from [n] to [#] which associates with any r € [n] the alternative x,
is a bijection and thus an element of S,, we also have that ¢ is completely identified
with such permutation, which we continue to call g. Explicitly, if ¢ is interpreted in
Sn, then g(r) = x, for all r € [n]. In this way, we have established a well-known
and remarkable identification of L(N) with S,. Note now that if ¢ € §,, then the
relations ¥g and g pp, as defined in (5), are the linear orders given by v (x1) >yq
Y(xX2) >yq - >yq Y(x) and X, >gp0 Xn—1 >qpy " >qpo X1. In particular, for
every ¥ € S, and p € 2, ¥ q and gp can be interpreted as products of permutations
in the symmetric group S,,. As a consequence, thanks to the cancellation law in S,,, we
have that, for every ¥1, ¥» € S, and p1, p2 € Q, Y19 = Yoq implies ¥ = ¥, and
qp1 = gp2 implies p; = pr. Moreover, by elementary properties of the symmetric
group, we have that Y L(N)p = L(N) forall ¢ € §,, and p € Q.

From now on, let # € N with & > 2 be fixed, and let H = [A] be the set of names
of individuals. A preference profile is an element of L(N)". The set L(N)" is denoted
by P.If p € Pandi € H, the ith component p; of p represents the preferences of
individual i.
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Let us set now
G=S8, xS, xQ.

Then, G is a group through component-wise multiplication, that is, defining,
for every (g1, ¥1,01) € G and (2, Y2, ) € G, (@1, V1, p) (@2, V2, 02) =
(p1902, 1Y, p1p2). For every (¢, ¥, p) € G and p € P, define p(w/f,p) e P as
the preference profile such that, forevery i € H,

(PP =Y py-1iyp- (6)

Thus, the preference profile p#¥-#) is obtained by p according to the following rules
(to be applied in any order): For every i € H, individual i is renamed ¢(i); for every
X € N, alternative x is renamed ¥ (x); for every r € [n], alternatives whose rank is r
are moved to rank p(r).

For further details and examples on these issues, the reader is referred to Bubboloni
and Gori (2016b, Sects. 2.2 and 2.3).

4 Social preference and social choice correspondences

A social preference correspondence (SPC) is a correspondence from P to L(N). The
set of the SPCs is denoted by ‘B. Thus, if C € B and p € P, then C(p) is a subset of
L(N).

From now on, let k € [n — 1] be fixed. A k-multiwinner social choice correspon-
dence (k-SCC) is a correspondence from P to Py (N). The set of the k-SCCs is denoted
by €. Thus, if C € & and p € P, then C(p) is a set of k-subsets of N.

We say that C € B (C € &) is decisive if, for every p € P, C(p) # J; resolute
if, for every p € P, |C(p)| = 1. We say that C' € P (C’' € &) is a refinement of
C € P (C € &) if, forevery p € P, C'(p) € C(p). Of course, C admits a resolute
refinement if and only if C is decisive; C admits a unique resolute refinement if and
only if C is resolute.

Let U be a subgroup of G. We say that C € ‘B is U-symmetric if, for every p € P
and (¢, ¥, p) € U, we have

C(pW Py =y C(p)p. (7)

We say that C € B (C € &) is U-consistent if, for every p € P and (¢, ¥, p) € U,
we have
C(p VP =yC(p) ifp=id, (8)
and
C(p ¥y £4yC(p) ifp=pyo and |C(p)| = 1. )

We stress that the writings in (7), (8) and (9) are meaningful due to the definitions
of products between permutations and sets (sets of sets, relations, sets of relations) and
their properties described in Sect. 2. The set of U-symmetric SPCs is denoted by P*V;
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the set of U-consistent SPCs ( k-SCCs) is denoted by ‘I?U (Q,EJ). Observe that we do not
introduce the concept of U-symmetry for k-scCs. Note also that, if U < U < G, then
prU < U Bl < pU and eV < 6,3/. Some basic links between the concepts of
symmetry and consistency are given by the following proposition whose proof is in
“Appendix A.”

Proposition 1 Letr U < G. Then, the following facts hold true:

(i) P*v < pY.
(i) IfU < Sy, x S, x {id}, then P*V = pY.

The concepts of symmetry and consistency with respect to a subgroup U of G
include some classic requirements for SPCs (k-SCCs). Indeed, we have that C € ‘B3
(C € &) is anonymous if and only if it is Sy, x {id} x {id}-consistent; C € P (C € &)
is neutral if and only if it is {id} x §,, x {id}-consistent; C € P (C € &) is immune
to the reversal bias if and only if it is {id} x {id} x Q-consistent; C € ‘B is reversal
symmetric if and only if it is {id} x {id} x 2-symmetric. Moreover, any combination
of the properties above mentioned can be interpreted in terms of U-symmetry or U-
consistency where the subgroup U of G is naturally built as described by the next
propositions. Their proof is given in “Appendix A.” In what follows, given U; and U;
subgroups of G, we denote by (U;, Us) the subgroup of G generated by U; and U.!!

Proposition 2 Let Uy, Uy < G. Then *V2 N p*V2 = p*(U1.02),

Proposition3 Ler Uy, Uy < G such that, for everyi € {1,2}, U; = Z; X R; for some
Zi < Sy x Sy and R; < Q. Then BV N V2 = UL gpg ¢V n g = V102,

In particular, C € ‘P is anonymous, neutral and reversal symmetric if and only
if C is G-symmetric; C € P (C € &) is anonymous, neutral and immune to the
reversal bias if and only if C is G-consistent. Classic SPCs provide examples of SPCs
which are G-symmetric or at least Sj, x S,, x {id}-symmetric. For instance, the Borda
and the Copeland SPCs are G-symmetric while the Minimax SPC is generally only
Sp x S, x {id}-symmetric.'> Note also that the SPC associating with every p € P
the whole set L(N) is surely G-symmetric. Such a SPC is called the trivial SPC and,
obviously, every C € ‘B is a refinement of it. In particular, every C € ‘B can be
interpreted as a refinement.

We finally observe that there is a natural way to construct a k-SCC starting from a
SPC. Indeed, given C € 3, we consider the k-SCC Cy. defined, for every p € P, by

Cip) = {la) i1 =r =k} e Pu(N) 1q € C(p)}.

Notethat{g(r) : 1 <r < k}isthe setof alternatives ranked by ¢ in the first k positions.
Thus, Ci(p) selects the k-subsets formed by the best k alternatives in each winning
ranking selected by C(p). Cy is called the k-SCC induced by C. Induced k-SCCs are
commonly used in decision making when trying to adapt SPCs to the k-multiwinner

I See Jacobson (1974, Section 1.5).
12 See Bubboloni and Gori (2016b).
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selection setting. For instance, k-SCCs induced by the Kemeny and the ranked pairs
SPCs are often considered in the literature.

Of course, given C € B3, C is decisive if and only if Cy is decisive; if C is resolute,
then Cy, is resolute. Moreover, if C’ € B is a refinement of C, then C ,/c is a refinement
of Cy. The following proposition, whose proof is in “Appendix A,” expresses the main
basic property of the induced k-SCC with respect to symmetry.

Proposition 4 Let U < G. If C € P*Y, then Cy € €.

In particular, the k-SCCs induced by the Borda, the Copeland and the trivial SPCs are
G-consistent, while the one induced by the Minimax SPC is Sy, x S, x {id}-consistent.
Note also that the k-SCC induced by the trivial SPC associates, with every p € P, the
set of all the possible k-subsets of N. We refer to that induced k-SCC as the trivial
k-scC and, obviously, every C € € is a refinement of it. In particular, every C € &
can be interpreted as a refinement.

4.1 Social methods

Let us introduce now a final new concept which will be very important in the sequel.
A social method is a function from P to R(N). The set of social methods is denoted
by M. Let R € M. We say that R is acyclic (transitive, complete, etc.) if, for every
p € P, the relation R(p) is acyclic (transitive, complete, etc.). The SPC associated
with R, denoted by C R is defined, for every p € P, by

CR(p) =1{g e L(N) : R(p) C q}.

Note that, by the well-known Szpilrajn’s extension theorem (Szpilrajn 1930), C¥ is
decisive if and only if R is acyclic.
Given U < G, wesay that R is U-symmetric if, forevery p € P and (¢, ¥, p) € U,

R(p“VP) = yR(p)p.

We stress that the above writing is meaningful due to the definitions of products
between permutations and relations described in Sect. 2. The set of U-symmetric
social methods is denoted by D*Y .

Note thatif U’ < U and R is U-symmetric, then R is also U’-symmetric. Moreover,
as proved in “Appendix A,” the next propositions hold true.

Proposition5 Let U < G. If R € M*Y, then CR ¢ p*V.
Proposition 6 Ler Uy, Us < G. Then MVt N oxV2 = oqpe(Un.U2),

As an example, consider the social method R defined, for every p € P, by
R(p) ={(x,y) e N*:Vie H, x =, y},

and note that R € 991*C . The spC associated with it is called the Pareto SPC and, as well-
known, it is decisive. The k-SCC induced by the Pareto SPC is called the Pareto k-SCC.
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Note that, by Proposition 5, the Pareto SPC is G-symmetric and thus, by Proposition 4,
the Pareto k-SCC is G-consistent.

5 Main results

Given a SPC or a k-SCC, our main purpose is to find a resolute refinement of it satisfying
suitable symmetry or consistency properties. More precisely, we try to find an answer
to the next three questions:

e Given a SPC C and U < G, can we find a resolute refinement of C which is
U-symmetric?

e Given a SPC C and U < G, can we find a resolute refinement of C which is
U-consistent?

e Given a k-scc C and U < G, can we find a resolute refinement of C which is
U -consistent?

Indeed, for each of the above questions, we provide conditions on C and U which allow
to give an affirmative answer. We emphasize that, assuming C to be trivial, the three
questions above are about the existence of resolute U-symmetric SPCs, U-consistent
SPCs and U -consistent k-SCCs.

In order to describe our main results, we need to recall the crucial concept of regular
subgroup of G, introduced in Bubboloni and Gori (2015). A subgroup U of G is said
to be regular if, for every p € P, there exists i, € S, conjugate to pg such that

Staby (p) < (Sp x {id} x {id}) U (Sp x {¥«} x {po}) . (10)

where Staby (p) = {(¢, ¥, p) € U : p@V-P) = p}.
We also recall the fundamental result about those groups proved in Bubboloni and
Gori (2015, Theorem 7):

There exists a U-symmetric resolute SPC if and only if U is regular. an

Thus, if we want to focus on U-symmetric resolute refinements of a given SPC, we
necessarily have to assume U regular. The next result is a generalization of Theorem
11 in Bubboloni and Gori (2015). Its proof is proposed in “Appendix B.”

Theorem 7 Let U be a regular subgroup of G and C be a decisive and U -symmetric
SPC. Then, the three following conditions are equivalent:

(1) C admits a U-symmetric resolute refinement;
(i) there exists an irreflexive and acyclic U-symmetric social method R such that
CR refines C;
(i) there exists an irreflexive and acyclic social method R such that CR refines C
and the following condition is satisfied:

(a) forevery p € P, x,y € N and (¢, ¥, po) € Staby (p), we have that (x,y) €
R(p) if and only if (Y (y), ¥ (x)) € R(p).
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Note that, for every U < G, there exist a lot of decisive and U-symmetric SPCs.
For instance, the trivial, the Pareto, the Borda and the Kemeny SPCs are decisive and
G-symmetric, so that they are U-symmetric too. Theorem 7 may appear cryptic and
awkward, due to its very formal appearance. Fortunately, it immediately reveals its
concrete applicative power.

Corollary 8 Let U be a regular subgroup of G with U < S, x S, x {id} and C be a
decisive and U -symmetric SPC. Then, C admits a U-symmetric resolute refinement.

Proof For every p € P, we have C(p) # @. Choose then, for every p € P, g, €
C(p). Since g, € L(N) € R(N), we define R : P — R(N) setting, for every
p € P, R(p) = qp\A, where A = {(x,x) : x € N}. Then R is an irreflexive and
acyclic social method. Moreover, CR(p) ={q € L(N) : gp\A C g} = {gp}, so that
CR refines C. Since (a) trivially holds, we have that condition (iii) in Theorem 7 is
satisfied. Therefore, by Theorem 7, C admits a U-symmetric resolute refinement. O

The concept of regular group works properly even to analyze consistency. Theo-
rems 9 below is proved in “Appendix B” by widely extending the theory developed in
Bubboloni and Gori (2016b) to the framework here considered.

Theorem 9 Let U be a regular subgroup of G and C be a decisive and U -consistent
SPC. Then, C admits a U -consistent resolute refinement.

Theorem 10 below, also proved in “Appendix B,” is a largely unexpected result.
It establishes a deep link between the number n of alternatives and the number k of
winners to be selected in order to make each decisive and U-consistent k-SCC admit
a U-consistent resolute refinement. It points out that there is a substantial difference
between SPCs and k-SCCs with respect to the existence of U-consistent resolute refine-
ments. Indeed, while for SPCs such existence is guaranteed for every U-consistent
SPC once U is regular (Theorem 9), for k-SCCs one needs the fulfillment of a further
restrictive condition in addition to regularity.

Theorem 10 Let U be a regular subgroup of G. Then, the two following facts are
equivalent:

(1) every decisive and U -consistent k-SCC admits a U -consistent resolute refinement;
(ii) one of the following conditions is satisfied:

(a) for every (¢, ¥, po) € U, ¥ is not a conjugate of po,
(b) n <3,

(©) kefl,n—1},

(d) nis even and k is odd.

Since condition (a) in Theorem 10 certainly holds when U < S5 x S, x {id}, we
immediately obtain the following useful consequence.

Corollary 11 Let U be a regular subgroup of G, withU < S, x S,, x {id}, and C be a
decisive and U -consistent k-SCC. Then C admits a U -consistent resolute refinement.
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Observe that condition (a) in Theorem 10 can be satisfied also by some regular
subgroups not included in §;, x S, x {id}. Consider the group {id} x {id} x €2 and note
that, for every p € P, Staby (p) = {(id, id, id)}.!® Thus, {id} x {id} x Q is regular
and, since id is not conjugate to pg, (a) trivially holds. We end the section by stating
two results about the induced k-SCCs.

Proposition 12 Let U be a regular subgroup of G, with U < S, x S,, x {id}, and C
be a decisive and U -consistent SPC. Then the induced k-SCC Cy admits a U -consistent
resolute refinement.

Proof Since U < S, x S, x {id}, we have that C is U-symmetric and thus, by
Proposition 4, Cy, is a decisive U-consistent k-SCC. Thus, by Corollary 11, Cy admits
a U-consistent resolute refinement. O

Proposition13 Let U < G and C be a decisive SPC. If C admits a resolute
U-symmetric refinement, then U is regular and the induced k-SCC Cy admits a U -
consistent resolute refinement.

Proof Let f be aresolute U-symmetric refinement of C. By (11), U is regular. More-
over, by Proposition 4, f; is U-consistent. On the other hand, clearly, f; is resolute
and refines Cy. O

6 Regular groups

Because of the results presented in Sect. 5, the importance of the regular subgroups
of G is evident. In this section, we propose some theorems which provide a way to
test whether a subgroup U of G of the type V x W x {id} or V x W x Q, with
V < Spand W < S, is regular or not. These types of groups are particularly relevant
for applications. Regular groups of a different structure and still of interest in the
applications will be treated in Sect. 8.3.

We start with some preliminary definitions. Let m € N be fixed in this section.
Consider o € S,,. For every x € [m], the o-orbit x' of x is defined by x*) =
{o'(x) € [m] : t € N}. It is well known that |x'°’| = s where s = min{t € N :
o'(x) = x}. If x is fixed by o, then x‘°) = {x}. If instead x is moved by o and the
constituent of o moving x is the cycle (xg - - - x;), then x') = {x1,..., xs}. The set
O(0) = {x\9) : x € [m]} of the o-orbits is a partition of [m], and we denote its size by
(o). A system of representatives of the o -orbits is a set {x1, ..., Xr0)} € Pro)([m])
such that O (o) = {xfa), L x }.

Next we recall the well-knovrv(r(ly )number theoretical concept of partition. A partition
of m is an unordered list T = [my, ..., m,] where r € N, for every j € {1,...,r},
mj € Nandm = Z;’:l m j. The numbers my, ..., m, are called the terms of T'. The
set of partitions of m is denoted by IT,,.

Consider T € I1,, and assume that 7 admits s € N distinct terms, say m| <

- < myg, and assume that, for every j € [s], m appears t; > 1 times in T'. Then,

13" Indeed p(id’id*pO) = p implies p1pg = p1, which by cancellation law in the symmetric group, gives
the contradiction py = id.
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we use the notation T = [mlll, vy M (Where ¢ ;j is omitted when it equals 1). We
say that [mtll, ...,m% is the normal form of 7 and that ; is the multiplicity of m .
For instance, [2, 1, 3, 1] € IT7 has normal form [12, 2, 3]. We recall the well-known
surjective function

TS — Ty o> T) =171 157 1]
where {x1, ..., X;(5)} € Pr)([m]) is a system of representatives of the o -orbits. For

every o € S, T (o) is called the type of o. In other words, 7' (o) is the unordered
list of the sizes of the orbits of the group generated by o on the set [m]. Note that the
number of terms equal to 1 in 7' (o) counts the fixed points of & while the number
of terms different from 1 counts the constituents of o. Moreover, |o| = lcm(T (0)).
For instance, if o = (123)(456)(78) € So, then (o) = 4, the type of 0 is T (o) =
[1,2,3,3] € o, |o] = lecm[1,2,3,3] = 6 and a system of representatives of the
o-orbits is {1,4, 7,9} € P4([9]). The theoretical importance of the concept of type
relies on the fact that two permutations are conjugate if and only if they have the same
type.
Given U < S, we define the type number of U by

y(U) =lem{ged(T (o)) : 0 € U}. (12)

We describe some basic properties of the type number after having introduced some
arithmetic notation. Let x, y € N. If x divides y, we write x | y. If 7 € N is a prime
number we denote by x; = max{n® : a € Ny, 7 | x} the w-part of x.

Lemma 14 Let U,V < S,,. Then, the following facts hold true.

(i) IfU <V, theny(U) | y(V).
(i) y ) | m.
(iii) If U contains an m-cycle, then y (U) = m. In particular, y (S,;,) = m.

Proof (i) The set of integers {gcd(T (0)) : o € U} is included in the set of integers
{gcd(T (o)) : 0 € V}, and thus, the least common multiple of the first divides
that of the second.

(ii) Leto € U andletT (o) = [my, ..., m;].If d = ged(T (0)), we have thatd | m
forall j € [r] and since 37 _; m; = m we have d | m. Thus, m is a common
multiple for the integers in {gcd(7 (0)) : o € U}, which implies y (U) | m.

(iii)) Let 0 € U be an m-cycle. Then, T (o) = [m] and gcd(T (o)) = m. Thus,
m | y(U). Since by (ii) we also have y (U) | m, we conclude that y (U) = m. O

Theorem 15 Let V < Sy and W < S,,. Then, V x W x {id} is regular if and only if
ged(y(V), [W]) = L.
Proof Let U = V x W x {id}. Assume first that gcd(y (V), |[W|) = 1. Assume

further, by contradiction, that U is not regular. Then, by Theorem 12 in Bubboloni
and Gori (2015), there exist (¢, ¥,1d) € U and a prime & such that ||, > 1 and
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[¥|x | ged(T (¢)). Then w | y(V) and, by Lagrange Theorem, = | |W] so that
| ged(y(V), |W]) = 1, a contradiction.

Assume next that U is regular. We show that if 7 is a prime dividing |W|, then 7 ¢
y(V).Letm | |W]. Then, by Cauchy Theorem, there exists v € W with || = . But,
forevery ¢ € V,wehave (¢, ¥, 1d) € U and, of course, ||, = 7. Thus, by Theorem
12 in Bubboloni and Gori (2015), we have that, for every ¢ € V, 7 1 ged(T (¢)) so
that 77 4 lem{ged(T (¢)) : ¢ € V} = y(V). O

Theorem 16 Let V < Sy and W < S,,.. Then V- x W x Q2 is regular if and only if
ged(y (V), lem(|W|,2)) = 1.

Proof LetU =V x W x Q. Assume first that gcd(y (V), lem(|W|, 2)) = 1. Assume
further, by contradiction, that U is not regular. Then, by Theorem 12 in Bubboloni
and Gori (2015), there exist (¢, ¥,id) € U and a prime 7 such that [¢|, > 1
and |Y|; | ged(T (¢)), or there exist (¢, ¥, pg) € U, with Y2 = id and ¥ not
conjugate of pg, such that 2 | gcd(7 (¢)). In the first case, by Lagrange Theorem,
we have w | |W] as well as w | y(V) and thus 7 | ged(y(V),lem(|]W[,2)) = 1,a
contradiction. In the second case, we have 2 | y (V), which implies the contradiction
2 | ged(y (V), lem(|W],2)) = 1.

Assume next that U is regular. We show first that if 7 is a prime dividing |W|,
then 7w 1 y (V). Let w | |W|. Then, by Cauchy Theorem, there exists ¢ € W with
|| = m. But, for every ¢ € V, we have (¢, ¥, id) € U and, of course, |{|, = 7.
Thus, by Theorem 12 in Bubboloni and Gori (2015), we get 7 1 gcd(T (¢)) and so also
7 { lem{ged(T (¢)) : ¢ € V} = y(V). We are then left with proving that 2  y(V),
that is, that 2  gcd(T (¢)) for all ¢ € V. Let ¢ € V and consider (¢, id, pg) € U.
Since id?> = id but id is not a conjugate of pg, by Theorem 12 in Bubboloni and Gori
(2015), we get 2 1 gcd(T (¢)). O

Among other things, the above theorems show that regularity, even though in prin-
ciple a very demanding requirement, is quite largely satisfied within the family of
subgroups of G. Indeed, there are many examples of V < S, such that y (V) = 1 and
thus such that V x W x {id} and V x W x Q are regular for any choice of W < §,,. For
instance, taking any V isomorphic to Sy, x S, with i1, hp € Nsuchthath; +hy =h
and gcd(hy, hp) = 1, one surely get y (V) = 1.

In order to let the reader understand how concrete could be the description of the
regular groups of the type V x W x {id} and V x W x 2 given in Theorems 15 and 16,
we find now them all in the case n = h = 3. First note that the complete list of the
subgroups of S3 is given by

G = {id}

G> = {id, (12)}

G3 = {id, (13)}

G4 = {id, (23)}

Gs = {id, (123), (132)}
Ge = Ss.
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Table 1 Main regular subgroups in S3 x S3 x Q

\% y(V) [V W <83 withV x W x {id} regular W < §3 withV x W x Q regular
G 1 1 G1,G2,G3,G4,Gs,Gg G1, G2, G3, Gy, Gs, Gg

V €{Gs,G3,Gy4} 1 2 G1,G2,G3,Gy4,Gs,Gg G1, G, Gs, Gy, Gs, Gg

Gs 3 3 G1,G2,G3,Gy G1,G2,G3,Gy

Ge 3 6 G1,G2,G3,Gy G1.G2,G3,G4

Thus, in S3 x S3 x © we have 36 different subgroups of the form V x W x {id} and
36 different subgroups of the form V x W x Q. The values of y(G;) and |G;| are
immediately computed for all i € {1,..., 6}, and thus, by Theorem 15, we get 32
regular subgroups of type V x W x {id} and, by Theorem 16, 32 regular subgroups
of type V- x W x € as shown in Table 1.

7 Generalized anonymity and neutrality

Consider V < Spand W < §,,.Given C € B (C € &), wesay that C is V-anonymous
if Cis V x {id} x {id}-consistent; W-neutral if C is {id} x W x {id}-consistent. Thus, C
is V-anonymous if permuting individual names according to permutations in V has no
effect on the final outcome; C is W-neutral if the unique effect of permuting alternative
names according to a permutation in W is that alternative names are accordingly per-
muted in the final outcome. Note that, the concepts of Sj-anonymity and S, -neutrality
correspond to the classical concepts of anonymity and neutrality, respectively. Note
also that every C € B (C € &) is {id}-anonymous and {id}-neutral.

We also stress that, by Propositions 2 and 3, C € B (C € €) is V-anonymous
and W-neutral if and only if C is V x W x {id}-consistent; C € 3 is V-anonymous,
W-neutral and reversal symmetric if and only if C is V x W x Q-symmetric; C € P
(C € &) is V-anonymous, W-neutral and immune to the reversal bias if and only if
Cis V x W x Q-consistent.

Below we provide some simple but very important consequences of the theory
developed in the previous sections.

Theorem 17 Let V < S, W < S, and C be a decisive, V -anonymous and W -neutral
SPC. Then, the two following conditions are equivalent:

(1) C admits a V-anonymous and W -neutral resolute refinement;
(i) ged(y(V), [W]) =L

Proof (i) = (ii). Assume that (i) holds true. Then, by (11), we have that the group
V x W x {id} is regular, so that, by Theorem 15, gcd(y(V), |[W]|) = 1.

(i1) = (i). Assume that (ii) holds true. Then, by Theorem 15, the group V x W x {id}
is regular. Then we can apply Theorem 9. O

Note that condition ged(y (V), [W]|) = 1 above is trivially satisfied if one between
V and W is trivial. Observe also that the above theorem generalizes the classic result
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about the existence of a resolute anonymous and neutral SPC. Namely, taking V = Sj,
W = S, and using Lemma 14 (iii), we immediately have that there exists a resolute,
anonymous and neutral SPC if and only if ged(h, n!) = 1.

Theorem 18 Let V < S;, W < S, and C be a decisive, V-anonymous, W -neutral
and reversal symmetric SPC. Then, the two following conditions are equivalent:

(1) C admits a V-anonymous, W -neutral and reversal symmetric resolute refinement;

(1) ged(y(V),lem(|W|, 2)) = 1 and there exists an irreflexive acyclic social method
R such that CR refines C and, for U = V x W x Q, the following condition is
satisfied:

(a) foreveryp € P,x,y € N and (¢, ¥, po) € Staby (p), we have that (x,y) €
R(p) if and only if (Y (y). ¥ (x)) € R(p).

Proof (i) = (ii). Assume that (i) holds true. Then, by (11), we have that the group U is
regular, so that, by Theorem 16, gcd(y (V), lem(]W|, 2)) = 1. Moreover, using now
Theorem 7 we conclude the proof.

(i) = (i). Assume that (ii) holds true. Then, by Theorem 16, we know that the
group U is regular. Therefore we can apply Theorem 7. O

Theorem 19 Let V < S;, W < S, and C be a decisive, V-anonymous, W -neutral
and immune to the reversal bias SPC. If gcd(y (V),lem(|W|, 2)) = 1, then C admits
a V-anonymous, W -neutral and immune to the reversal bias resolute refinement.

Proof By Theorem 16, the group U = V x W x Q is regular. Then Theorem 9 applies.
]

Theorem 20 Let V < S, W < S, and C be a decisive, V -anonymous and W -neutral
k-sccC. If ged(y (V), |[W]) = 1, then C admits a V -anonymous and W -neutral resolute
refinement.

Proof Apply Theorem 15 and Corollary 11. O

Theorem 21 Let V < S, W < S, and assume that gcd(y(V),lem(|W],2)) = 1.
Then, the two following facts are equivalent:

(1) every decisive, V-anonymous, W-neutral and immune to the reversal bias k-
SCC admits a V -anonymous, W -neutral and immune to the reversal bias resolute
refinement;

(i) one of the following conditions is satisfied:

(a) for every v € W, ¥ is not a conjugate of po,
(b) n <3,

(c) kefl,n—1}

(d) nis even and k is odd.

Proof Apply Theorem 16 and Theorem 10. O
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8 Some applications

Consider a committee of 4 members facing the problem of selecting a set of k alterna-
tives within a set of n alternatives. The committee members need a suitable procedure
for determining the k alternatives from their preferences. If they agree to express their
preferences via a linear order on the set of alternatives, they are in fact looking for
a resolute k-SCC. Suppose now that there is a general agreement on the fact that the
resolute k-SCC to be used should obey to certain fundamental principles which can be
summarized in the requirement of being a refinement of a given decisive, anonymous,
neutral and immune to the reversal bias k-scc C.'4

In what follows, we are going to discuss four particular qualifications of the above-
described situation where the theory we developed can be applied and turn out to be
useful to the committee. We stress that the proposed applications only focus on k-SCCs.
Suitable adaptations to the framework of SPCs are natural and left to the reader.

8.1 Grouping individuals and alternatives

Assume that the particular structure of the committee naturally allows to group com-
mittee members into subcommittees and that the typology of the alternatives allows to
group them into subclasses. Suppose that committee members also agree on the fact
that the desired resolute refinement of C should not distinguish among individuals in
the same subcommittee and should equally treat alternatives in the same subclass.

Let r,s > 1 and assume that Hy, ..., H. C H is the list of subcommittees and
that Ny, ..., Ny € N is the list of subclasses so that {Hy, ..., H,} is a partition of
H and {Ny, ..., N} is a partition of N. Then, the committee needs to find a resolute

refinement of C which is V-anonymous and W-neutral, where

V=A{peSy:Vjelr], o(H)) = H;},
W={yeS,:Vjels], v(Nj) =Ny} (13)

Let us prove now that
y(V) =ged (|Hl, ..., |H) (14)

Indeed, consider 0 € V and its type T(0). Let x € Hj, for some j € [r]. Since
o(H;) = Hj, we have that x'°) C H;. Thus, the sets H; are union of o-orbits.
Hence, the partition 7'(¢') of & induces a partition of |H;| for all j € [r]. It fol-
lows that, for every j € [r], ged(7 (o)) divides |H;|, and thus, ged(7T (o)) divides
gcd (|Hyl, ..., |Hy|). Then, we also have that y (V) = lem{gcd(T(0)) : 0 € V}
divides ged (|Hyl, ..., |Hy|). If ged (|Hy], ..., |H;|) = 1, then we also have y (V) =
1 =ged (|Hyl, ..., |Hr|). Assume then that gcd (|H|, ..., |Hy|) # 1. Then, in par-
ticular, |H;| # 1forall j € [r]anditis meaningful to define acycle o; onits elements.
Consider now o € Sj, defined by 0 = o1 ---0,. Then, T (o) = [|H;], ..., |H|] and
gcd(T (o)) = ged (|Hyl, - .., |Hy|) divides y (V). Thus, we obtain (14).

14 Thus, C might be, for instance, the trivial, the Pareto, the Borda or the Kemeny k-SCC. Recall that, those
k-scc are U-consistent for all U < G.
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Clearly, we also have
N

(Wi =]TINl (15)
j=I
Thus, by (14), (15) and Theorem 20, we deduce that if

N
ged [ |Hil. ... 1HA TTINjIY) = 1. (16)
j=1

then C admits a V-anonymous and W -neutral resolute refinement. Moreover, by (14),
(15) and Theorem 21, we deduce that if (16) holds true, not all the subclasses are
singletons and one of the following conditions is satisfied:

(a) there exist at least two subclasses of odd size,
(b) n <3,

() ke{l,n—1},

(d) niseven and k is odd,

then C admits a V-anonymous, W-neutral and immune to the reversal bias resolute
refinement.

8.2 A variation on groupings of individuals and alternatives

Assume that the particular structure of the committee naturally allows to group com-
mittee members into subcommittees and that the typology of the alternatives allows to
group them into subclasses as in Sect. 8.1. Suppose, this time, that committee members
also agree on the fact that the desired resolute refinement of C should not distinguish
among individuals in the same subcommittee, should not distinguish among subcom-
mittees having the same size and should equally treat alternatives in the same subclass.

Using the same notation used in Sect. 8.1, let Hy, ..., H, be the list of subcommit-
tees and Nq, ..., Ny € N be the list of subclasses. Then, the committee needs to find
a resolute refinement of C which is V-anonymous and W-neutral, where

V={peS,:Vje[r],3k € [r] such that p(H;) = Hy}.
and W is as in (13). Defining now, for every j € [r],
tj =tk € [r] : |Hkl = |H;l}|

we claim that

y(V) =ged (|Hilt, ..., [Hltr) (17)
Indeed, consider o € V. Note that, since o is a bijection, for every j € [r], we
have |0 (H;)| = |Hj|, and thus, o maps an element x € H; into an element belong-
ingtoU; = UIHI-|=|H,-\ H;. Thus, every U; is a union of o-orbits and the distinct

sets U; give a partition of H. Hence, the partition T'(o) of & induces a partition of
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|U;| = |Hj|tj for all j € [r]. It follows that, for every j € [r], ged(T (0)) | |U;]l,
and thus, gcd(7T (o)) divides ged (|Uql, ..., |Uy|) for all ¢ € V. Then, we also
have that y(V) = lem{ged(T(c)) : o € V} divides ged (|Uyl, ..., |U:]). If
ged (|Uq], ..., |Ur]) = 1, then we also have y(V) = 1 = ged (|Uyl, ..., |U:|)
and we have finished. Assume then that ged (|Uy], ..., |U,|) # 1. Then, in partic-
ular, |U;| # 1 for all j € [r] and it is meaningful to define a special cycle o;
on its elements in the following way. Let H;,, ... H; be the distinct sets of size
|Hj| =4£ > lwhose unionis U and order the elements inside each of them, say, H;; =
{h1 . hz | S = {hl .. he} Define o; as the |Uj|-cycle on the elements
of U; glvenbyoj (h1 h1 . h h2 h2 h2 h/Z hg . hl) Itis immediately
checked that o (H;,) = H; for all k € [[t — lﬂ whlle a](H,t) = H;,. Consider now
o € Sy definedby 0 = o1---0,. Then, 0 € V and T (o) = [|Uy], ..., |U,|] and
gcd(T (o)) = ged (U], . - ., |Ur|) divides y (V). Thus, we obtain (17).
Thus, by (17), (15) and Theorem 20, we deduce that if

s
ged { |Hil . | Helt JTINGIY) = 1, (18)

then C admits a V-anonymous and W -neutral resolute refinement. Moreover, by (17),
(15) and Theorem 21, we deduce that if (18) holds true, not all the subclasses are
singletons and one of the following conditions is satisfied:

(a) there exist at least two subclasses of odd size,
(b) n <3,

() ke{l,n—1},

(d) niseven and k is odd,

then C admits a V-anonymous, W-neutral and immune to the reversal bias resolute
refinement.

8.3 Alternatives as a subset of individuals

Assume that the committee is facing the problem of electing a subcommittee of size
k among those members of the committee who are running for the selection. In this
particular situation, we have that the alternatives to choose from are a subset of the
set of individuals. Suppose that committee members also agree on the fact that the
desired resolute refinement of C should not distinguish among individuals who are
candidates, should not distinguish among individuals who are not candidates and
should be immune to the reversal bias.

Assume then n < h and name 1, ..., n the individuals running for the selection.
Thus, N = {1, ...,n} C H is the set of alternatives to choose from and the procedure
the committee is looking for corresponds to a U-consistent resolute refinement of C,
where

U={(g.¥.p) € G:Vie[n], p(i) =¥ @)} 19)
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Note that if (¢, ¥, p) € U, then o(H\N) = H \ N. Note also that the above group
U is not necessarily regular. Consider, for instance, the case h = 4 and n = 2. Then,
((12)(34), (12),id) € U violates Theorem 12 in Bubboloni and Gori (2015). In the
next proposition, we see that, as usual, a suitable coprimality condition is equivalent
to regularity.

Proposition 22 Let n < h. The group

U={(p,¥,p) € G:Vieln], o) =¥ (@i)}
is regular if and only if gcd(h, n) = 1.

Proof We first describe in a convenient way the elements in U. Let (¢, ¥, p) € U and
let

v=[]» (20)
i=1

where the y; are disjoint cycles, constituents of ¢ and s > 0. The case s = 0 is to
be intended as taking the product over the empty set, and by definition is equal to id.
Since ¢ € §, is a permutation of the set N € H and ¢ € §j, is a permutation of
the set H sharing with ¢ the same behavior on N, we have that ¢ = v for some
permutation v of the set H\N. Thus, there exist » > 0 disjoint cycles y; on the set
H\N,with j € {s+1,...,s 4 r}, such that

s+r

=[] @1)
i=1

and the above writing expresses ¢ as product of its constituents. Note that if r = 0,
the set {s + 1, ..., s 4 r} is empty and no cycle has to be added.
We claim that the following property holds true:

if (. Y. p) € U. then ged(T (¢)) | ged(h, ged(T(¥))) | ged(h,n).  (22)

Indeed, let (¢, ¥, p) € U. For ¥, we have the representation (20) with s > 0, and for
¢ the representation (21) with » > 0. If ¥ = id € §,,, then ¢ admits at least one fixed
point. Thus gcd(7 (¥)) = 1 and ged(T (¢)) = 1 and (22) is obvious. If ¢ # id, we
have s > 1 and

ged(T (¢)) | ged(lyi))i—y = ged(T () | n.

On the other hand, gcd(7 (¢)) | h and thus (22) follows. Assume now that gcd(h, n) =
1. Then, by (22), we have gcd (7T (¢)) = 1. In order to show that U is regular, we show
that the conditions (a) and (b) in Theorem 12 in Bubboloni and Gori (2015) are satisfied.
Let (¢, ¥, id) € U, with ¥ # id, and 7 be a prime such that ||, = ¢, for some
a € N. Then, obviously 7% 1 gcd(T (¢)) = 1.
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Let next (¢, ¥, pg) € U, with wz = id and ¥ not a conjugate pg. Then, clearly
2 4 ged(T(p)) = 1. Assume now that ged(h,n) # 1. Let m be prime dividing
gcd(h, n). Let ¢ € S, be a product of n/m disjoint r-cycles and ¢ € Sy, be a product
of h/m disjoint w-cycles with the first n/m of them equal to those forming . Then,
(p,¥,id) € U and ||, = 7 | ged(T (¢)) = m. Thus, condition (a) in Theorem 12
in Bubboloni and Gori (2015) is not satisfied. Hence, U is not regular. O

Note that the arithmetical conditions n < h, gcd(h, n) = 1 are surely milder than
the condition ged(k, n!) = 1 which guarantees the existence of a resolute, anonymous
and neutral SPC. For instance, when &7 = 4, n = 3 the first conditions are satisfied
while the second is not.

By Theorem 10, we deduce thatif gcd (4, n) = 1 and one of the following conditions
is satisfied:

(b) n <3,
(c) ke{l,n—1},
(d) niseven and k is odd,

then C admits a U-consistent resolute refinemen

Observe that the nature of the group U defined by (19) is very different from the
groups of symmetry considered in Sects. 8.1 and 8.2. In fact, U cannot be expressed
as a direct product of subgroups in S; and S,. Indeed, assume by contradiction that
U=V xW x Q,forsuitable V < §;, and W < §,,. Then, for every (¢, ¥, p) € U
we also have (id, ¥, p) € U. But picking (¢, ¥, p) € U, with ¥ # id, we instead
necessarily have ¢ # id and thus (id, ¥, p) ¢ U.

The fact that different typologies of subgroups of G could be of interest in the
applications make our theoretical approach much more concrete than one could in
principle imagine.

t‘15

8.4 Committee members with diverse decision power

Assume that committee members have different decision power described by an order
on the set of individuals. Orders model those situations in which it is reasonable to
divide individuals into disjoint groups where all individuals have the same decision
power and to rank such groups. Consider, for instance, a faculty committee composed
by full and associate professors which is going to select some applicants for an aca-
demic position. There are in this case two well distinguished groups in the committee
and a natural hierarchy between them ranking first the full professors and second the
associate professors. Assume then that committee members agree to use a resolute
refinement of C consistent with the decision power of individuals and which equally
treat all the alternatives.

Consider then the relation R € O(H) defined as follows: For every x, y € H, we
define x >g y if and only if individual x has a decision power which is at least as great
as the one of individual y. The procedure the committee is looking for is a resolute
refinement of C which is Aut(R)-anonymous and neutral, where Aut(R) is the group

15 Note that condition (a) in Theorem 10 cannot be satisfied because (¢, 00, po) € U, forany ¢ € Sj, such
that 9(i) = po(i) foralli € [n].
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Aut(R) ={o € S, :Vx,y € H, o(x) =g o(y) if and only if x > vy},

called the group of automorphisms of R.
It is well known that the relation

I(R) = {(x,y) € H>: (x,y) € Rand (y, x) € R}

is an equivalence relation in H. Denote by H, ..., H,, where r > 1, the equivalence
classes of 1(R). We claim that

Aut(R) ={p € S, :Vj e [r], ¢(Hj) = Hj}. (23)

Indeed, first order the sets Hy, ..., H, sothat x € H; and y € H; withi < j if
and only if x > y. The permutations in K = {¢ € S, : Vj € [r], ¢(Hj) = H,}
clearly form a subgroup of S;. We show that K < Aut(R). Pick ¢ € K and let
x,y € H with x >g y. If we also have y > x, then x and y belong to the same H;
and thus, by definition of K, ¢(x) and ¢(y) belong to H; too. Thus ¢(x) >g ¢(y).
If instead y /g x, then x >g y. Thus, we have x € H; and y € H; for some
i, j € [r] withi < j. Thus, we have ¢(x) € ¢(H;) = H; and ¢(y) € ¢(H;) = H;
so that, ¢(x) >g ¢(y) and then, in particular, ¢(x) > ¢(y). Let now x, y € H with
@(x) =g @(y). Then, the same argument applies to ¢!, giving x =g y.

We next show that Aut(R) < K. Let ¢ € Aut(R) and j € [r]. We need to see
that ¢(H;) = H;. To that purpose, since ¢ is a bijection, it is enough to show that
@¢(Hj) € H;.Pickx € Hj.Since Hi, ..., H, are apartition of H, there existsi € [r],
such that y = ¢(x) € H,. Assume, by contradiction, that i # j. Then, we have that
X >gr yory>pg x.Assume that x >r y = ¢(x). Since ¢ € Aut(R), applying ¢ to
that relation, we get ¢(x) >g <p2(x), and thus, by transitivity x >g (pz(x). Iterating
this argument, we then find x >g ¢™ (x), for every m € N. Considering now m such
that ¢ (x) = x, we get the contradiction x >x x. A similar argument shows the
impossibility of y >p x.

As a consequence, by (14), y (Aut(R)) = gcd (|Hyl, ..., |Hy|). Thus, by Theo-
rem 20, we deduce that if

ged (|Hil, ..., [Hy [, [N =1, (24)

then C admits an Aut(R)-anonymous, neutral and resolute refinement. Moreover, by
Theorem 21, we deduce that if (24) holds true and one of the following conditions is
satisfied:

(b) n <3,
(©) kef{l,n—1},
(d) niseven and k is odd,

then C admits an Aut(R)-anonymous, neutral and immune to the reversal bias resolute
refinement. !0

16 Note that condition (a) in Theorem 21 cannot be satisfied because obviously S, contains permutations
which are conjugate of pg.
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Assume now that the conditions for the existence of Aut(R)-anonymous and neutral
resolute refinements of C are satisfied. In general, such refinements of C are more than
one. However, the information we get from R goes further the mere knowledge of the
indifference sets of R and we can use this information for better selecting the resolute
refinement. In order to explain this point, assume that the committee has a president, say
individual 1, and assume that the president has a decision power which is greater than
the one of all the other members of the committee. Assume further that all individuals
but the president have the same decision power. Such a situation can be modeled by
the order R € O(H) defined by

R={(l,y)e H>:ye H}U{(x,y) € H>: x,y € H\{1}}.

In this case, the indifference classes of I(R) are Hy = {1} and H, = {2, ..., h} so
that (24) holds and C admits a resolute refinement which is Aut(R)-anonymous and
neutral. Note that

Aut(R) ={p € S, : (1) = 1}.

As already emphasized, resolute refinements can be many and the problem of select-
ing one of them is certainly crucial. The special characteristics of the situation under
consideration can be used to make this selection. Assume that k = 1. Then, among
those resolute refinements it is natural to choose the one obtained by letting the pres-
ident break the ties by choosing his/her best alternative. This is exactly the classic
tie-breaker method widely used in practical situations. Another Aut(R)-anonymous
and neutral resolute refinement can be obtained, for instance, by selecting the alter-
native which is the worst one for the president. Of course, this option is not in line
with the decision power among individuals and the role of the president, and it is
reasonably discarded. Anyway it is important to observe that it arises as one of the
possible Aut(R)-anonymous and neutral resolute refinements.

Assuming now k > 2, there is no standard and intuitive way to select a resolute
refinement. However, looking at the particular characteristics of the decision problem
some resolute refinements can be easily discarded and others can be reasonably taken
into consideration.

Next consider a planner who wants to organize a committee made up of 2z members
to judge some candidates applying for k job positions, using some well-established k-
Scc C. The planner reasonably desires to dispose of a resolute refinement of C in order
to produce an actual decision. Preserving neutrality, he can get that goal by renouncing
the full anonymity in the collective decision. To that purpose, he can simply fix two
numbers /1 and hy with ged(hy, ko) = 1 and hy + hy = h, split the committee into
two subcommittees H; and Hy with |H{| = h; and |H,| = h», and let the decision
power relation among the committee members be described by a suitable R € O(H)
with indifference sets H and H,. The planner can generally choose the most suitable
partition [h1, h2] among many. For instance, if # = 7, he can choose [/, h2] among
[1,6], [2,5] and [3, 4]; if h = 8, he can choose [, hy] between [1, 7] and [3, 5].
Note that those choices work whatever the number n of candidates could be. Knowing
the number n of candidates can lead to other possibilities. For instance, if & = 7
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and n = 4, we have gcd(h, n!) = 1, and thus, the planner is not obliged to split the
committee to reach the goal. In that case, he can reach full anonymity.

8.5 Final considerations

The applications described in this section indicate some strategies to identify, in a
decision process, the group U < §; x S, x 2 consistent with the specific situation
under examination. The group U is in no way arbitrary but must reflect the typology
of the committee called to make a decision and the aim of the decision itself. Once U
is determined, our theorems establish whether U-consistent (U -symmetric) resolute
refinements of a given k-SCC (SPC) exist. When such resolute refinements exist, their
use strengthen the social acceptability of the decision and sounds as a basic and
necessary fulfillment of fairness.

9 Building tie breaking rules

Up to now, we mainly focused on the existence of resolute refinements of given SPCs or
k-sccs with special properties. All the results stated in the previous sections originated,
however, by quite technical results that allow in fact to get a complete information about
all the possible refinements (especially Propositions 27, 30 and 32 and Theorems 28, 31
and 33 in “Appendix B”). More precisely, they allow to potentially build and count
all the resolute refinements having the desired properties and give rise to a precise
algorithm which we are going to make explicit in this section.

9.1 The general construction

Let C be a decisive SPC or a decisive k-SCC and let U be a regular subgroup of G.
Due to the fact that the group U acts on the set P of preference profiles (Bubboloni
and Gori 2015, Proposition 2; see also Appendix A), we have that the set of prefer-
ence profiles can be partitioned into subsets called U -orbits. Each U-orbit is obtained
by considering all the preference profiles of the type p'¥-¥-#), where p is fixed and
(¢, ¥, p) varies on U. Picking an element from each U-orbit, we build what is called
a system of representatives of the U-orbits. Note that the concept of system of rep-
resentatives has nothing to do with C but only depends on the set P and the group
U (“Appendix B.17). Of course, finding explicitly a system of representatives is in
general a complex problem. However, that can be managed for small values of 4 and
n, that is, when the size n!"* of P is not too large.

We explain now how the systems of representatives turn out to be fundamental for
building the desired resolute refinements of C.

Case 1. Assume that C is U-consistentand U < S, x Sy, x {id}. Thus, by Theorem 9
or Corollary 11, we know that C admits a U-consistent resolute refinement. Once a
system of representatives (p/ );.”:1 is found, a U-consistent resolute refinement f of
C can be build as follows:
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(1) forevery j € {1,...,m}, pick x; € C(p/),"”

(2) forevery p € P, set f(p) = {¥x;}, where j € {1,...,m} and (¢, ¥, id) € U
are such that p = pJ/@¥-id),

By Proposition 30 and its proof and Theorem 31, f is well defined and all the U-

consistent resolute refinements of C can be built in this way.

Case 2. Assume that C is U-consistent and U £ S, x S, x {id} (if C is a k-
SCC also assume that one of the conditions (a), (b), (¢) and (d) of Theorem 10 is
satisfied). Thus, by Theorem 9 or Theorem 10, we know that C admits a U -consistent
resolute refinement. This time to explicitly construct those refinements, once a system
of representatives (p/ )’j’.’: | 18 found, we have to divide the set of indexes {1, ..., m}
in two sets. The first one, denoted by 731U , is the set of indexes j such that if there
exists (¢, ¥, p) € U such that p/ = p/@ VP then necessarily p = id; the second
one, denoted by 792U , is the set containing the other indexes (one of these sets might be
empty).'® By the regularity of U, for every j € 7)2(] , there exists (a unique) ¥; € S,
such that if p/ = p/(@¥-r0) for a certain (¢, ¥, pg) € U, then necessarily ¥ = ;.
Moreover, for every j € PZU , there exists o; € Sy, such that ; = o ,000;1.

Fixed now an element (¢, ¥4, po) € U, compute, for every j € PIC , the set

AS(p)) = {(y,2) € C(p?) x C(p/ @V y oL 7}

and, for every j € 732C , the set

AS(p)) = {x € C(p)) 1 jx # x).

Thus, a U-consistent resolute refinement f of C can be built as follows:

(1) forevery j € PV, pick (y;,z;) € A (p);
(2) forevery j € PY, pick x; € AS(p/)
(3) forevery p € P,

(i) if there exists j € P and (¢, ¥,id) € U such that p = p/@ V19 then
F(p) = Uy |
(ii) if there exists j € 7?1U and (¢, ¥, po) € U such that p = p/@¥-2) then
Fp) = (v 20, |
(iii) if there exists j € PZU and (¢, ¥, p) € U such that p = p/@V#) then
f(p) ={Wojpa;'x)).

By Proposition 32 and its proof and Theorem 33, f is well defined and all the U-
consistent resolute refinements of C can be built in this way.

Case 3. Assume that C is a U-symmetric SPC and assume that one of the conditions
(i1) and (iii) of Theorem 7 is satisfied. Thus, by Theorem 7, we know that C admits a
U -symmetric resolute refinement. In order to build a refinement, we do not need now
to distinguish the two cases U < S; x S, x {id} and U £ Sj, x S, x {id}. Indeed,

17 Recall that x j is a linear order when C is a SPC and a set of size k when C is ak-sccC.
18 See “Appendix B.1”.
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given a system of representatives (p/ );'.1:1, a U-symmetric resolute refinement f of C
can be build as follows:

(1) forevery j e{l,...,m},pickgq; € C(p/)N S(p’), where

S(p!) ={q e LIN) : Y(p, ¥, p) € U, if p/ V") =pl then yqp = q}.

(2) forevery p € P, set f(p) = {{q;}, where j € {I,...,m}and (¢, ¥,id) € U
are such that p = p/ @ ¥:id),

By Proposition 27 and its proof and Theorem 28, f is well defined and all the U-
symmetric resolute refinements of C can be built in this way.

9.2 A concrete example

Leth =5and n = 3. Thus N = {1, 2, 3} and, by Theorem 16, G is regular, so that
we can choose U = G. Note also that pg = (13). Consider now the Borda 2-SCCs
denoted by BOR; and defined, for every p € P, by

BOR2(p) = {W S N : [W| =2,¥x e N,y e MW () = 557 ()}

where, sgor : N — Ris the well-known Borda score function associated with p. Note
that BOR is decisive and G-consistent. However, BOR; is not resolute.
Since condition (b) of Theorem 10 is satisfied, we get that BOR;, admits a G-
consistent resolute refinement. Let us apply then what described in Case 2 of Sect. 9.1.
A system of representatives of the G-orbits for this particular situation is available
in Bubboloni and Gori (2015, p. 83). We refer here to that system and use the same
notation. As proved in Bubboloni and Gori (2016b), we have

PO =1{2,4,5,7,8,10, 11,12, 14, 15, 16, 18,21, 22,23,24} and
PY =1{1,3,6,9,13,17, 19, 20, 25, 26}.

Choose (¢4, ¥, po) = (id, id, pp), the simplest element in G having a not trivial
third component. Then, an easy computation, carried out just using the definition of
A?ORZ ( pf ) and A?ORZ ( pj ), leads to Tables 2 and 3. In order to let the reader be aware
of the work done, we comment in detail a couple of interesting cases. Consider first

111 2
p0%=12 2 2 1
3 3 3 3

—_ W N

and note that 10 € PY. We have sf,?g(l) = sz?{) (2) =7 and s];% (3) = 1. Thus,

BOR(p'%) = {{1,2}} and BOR, (p'*04¥)) = {(1,3), (2, 3)}.
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Table2 Computation of

BOR,, ;i
. A j
A?ORZ (p/) for j € 731G 1 p7)

(1.2}, (2.3))
({12}, {2.3})
({1.2}, (2.3})
({1.2}, (1.3})
({1.2}, (2.3})
(1.2}, (13}, ({1.2}, {2.3})
(1.2}, (2.3})
({12}, (1.3}, ({1.2}, {2.3})
({1.2}, (1.3})
(1.2}, (2.3})
(1.2}, {1.3})
18 (1.2}, {1.3)., ({23}, (1.3)
2 (1.2}, {1.3})
= (1.2}, {2.3})
3 (1.2}, {2.3})
2 (1.2}, {13}, ({1.2}, {2.3D)

—_ e e e = 00 N W RN
wm A N = O

S TS S S~ T~ 2~ e~ T~ T~ T~ T~ T~ T~ B~ T~ T~ |
)

Since {1, 2} # {1, 3} and {1, 2} # {2, 3}, we then get

A]130R2(p10) ={{1,2}.{1,3)., ({1,2}, {2. 3D }.

Consider now

1 1
p25 =12 2
3 3

— N W
—_ W N

3
1
2

and note that 25 € 7326 and p25 = p25 ((43).(13).p0) | Thus, Y5 = (13). Moreover,

sPOE(L) = sP9E(2) = sP9%(3) = 5 50 that

BOR»(p®) = {{1,2}, {1, 3}, {2, 3}}.

In order to compute AI;ORz (p?), we need to exclude the sets in BOR;(p>) which

are fixed by the permutation v»5, and thus, we get
0
ASOR (p®) = {{1,2}, (2.3}
Looking at Tables 2 and 3, we can understand, in particular, that in the case of 5
individuals and 3 alternatives there exists 2° anonymous, neutral and immune to the

reversal bias resolute refinements of BOR». In order to select one of them, one just
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TaBb(I)eI-{ 3; C(.)mputelltiontz;f ABORy (9
A, (p/) for j € Py 2
p! {12}
3 {1.2}
6 {1,2}
»° {1.2}
13 {1,2}
p17 {1,2}
p19 (1,3}
20 {1,2}
P25 {1,2},{2,3}
p26 (1,2}
Table 4 Particular breaking tie ‘f(p-f) f(p_j (id,id,po))
p!? {1,2} {2.3}
p? {1.2} {2.3}
p'® (2.3} {1.3}
p* (1.2} {2.3}
1725 (2,3}

needs to look at the preference profiles p'?, p'2, p!8, p?*, p? and ask which of the
two possibilities in the tables is the one that best fits the decision problem for which
the refinement of the Borda 2-SCC is required.19 Once this choice is made, one can
write down automatically the values f(p) for all p € P.

Assume, for instance, that the refinement f identified by the choices expressed in
Table 4 is chosen. Let us compute then f(p), where

21 3 1 1
p=|13 2 3 2
321 2 3

We have that p = p?*@ V.20 where ¢ = (14)(35) and ¥ = (123). Notice that
24 € P]G so that, according to Case 2 discussed in Sect. 9.1, we get

f = {vv ;) = [(123)id{2, 3)} = {{1,3}}.

19 In Table 2, if (v, z) appears in A?ORz (pj), then we have a resolute refinement f with f(pj) =yand
f(pj (id’id’pO)) = z; in Table 3, if x appears in A2BOR2 (pj), then we have a resolute refinement f with
f(pj) = x. Recall that in this last case, the value of f(pj (id’id"’o)) is induced from the choice for f(pj).
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Appendix
A Symmetry and consistency

First of all, let us note that, for every o € S,, p € 2, Wi, W, € P(N), W, W, C
P(N), R{, R, € R(N) and Q1, Q2 € R(N), we have that

oW1 CoWo & W CW,,, oW CoW, & W, CWs,,

(25)
RiC Ry & 0R CoRy ¢ Rip C Rap,
Q<CQ 4 0Qi Q24 Qip Q.

From those inclusions, analogous relations for equalities hold true. We freely use
those properties in the rest of the paper. We emphasize their use when particularly
remarkable.

Let U < G. In Bubboloni and Gori (2015, Proposition 2), it is shown that the
definition (6) determines an action of U on the set of preference profiles. In particular,
forevery p € P and (¢1, V1, p1), (92, ¥2, p2) € U, we have

p Wr1e2:9192.0102) — (p (92.92.02)) (019100 (26)

The above equality is a main tool throughout the paper. To begin with, it allows to
prove the basic results on symmetry and consistency stated in Sect. 4.

Proof of Proposition 1 (i) Let C € &B*U and p € P. Consider first (¢, ¥,id) € U.
Since C is U-symmetric, then C(p(‘”*‘/”id)) = ¥y C(p)id = ¥y C(p) and (8) is
satisfied. In order to prove (9) assume, by contradiction, that |C(p)| = 1 and that
there exists (¢, ¥, po) € G such that C(p@¥P0)) = 4 C(p). Then, C(p) = {q}
for some g € L(N) and, by the U-symmetry of C, we get v C(p)po = ¥ C(p).
Thus, C(p)po = C(p), thatis, gpg = g, which gives the contradiction py = id.

(ii) From (i) we know that B*Y < Y. On the other hand, if C € PBY we have that
condition (8) is satisfied and, since U < §j, x S, x {id}, that equals condition (7)
so that C € P*V. O
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Proof of Proposition 2 The fact that p(V1-V2) < 3*U1 n3*U2 s obvious. We show the
other inclusion. Let C € *Ut N P*V2. Consider the set

W={(g,¥,p) €G:VpeP, Cp¥»Vr)=yC(p)p)

We show that W is a subgroup of G. Let (¢1, ¥1, p1), (g2, ¥2, p2) € W and show
that (@192, Y192, p102) € W. Given p € P, by (26) and recalling that 2 is abelian,
we have

C(p(wlfpz,lm*//z,plpz)) = C ((p (<PZJ//2»P2))((P1J//1&1)> =y1C(p ((ﬂzﬂ/fz,pz))pl
= Y1v2C(p)p2p1 = Y1v2C(p)p1p2.

Since W is a group and contains both U; and U;, then we necessarily have W >
(Uy, Us). But , by definition of W, C € P*W and thus also C € p*1-02), O

Proof of Proposition 3 The proof is formally the same of Proposition 10 in Bubboloni
and Gori (2016b), simply taking into account (25). O

Proof of Proposition 4 Let C e P*V and p € P. Consider at first (¢, ¥,id) € U.
Since C is U-symmetric then C(p@¥19) = 4 C(p), that is, C(p @ V1) = {yg €
L(N):q € C(p)}. Then,

C(p @) = (W) ) 1 1 <7 = k) e Pe(N) 1 g € C(p)

={vlam 1 =r=mePv g ecp)

=v{la) 1 =r =K PNy 1g e CR} =y Culp),

sothat Cy, satisfies (8). In order to show that Cy satisfies (9) too, assume by contradiction
that |Cx(p)| = 1 and that there exists (¢, ¥, po) € G such that Cx(p¥-¥-r0)) =
Y Cr(p). Then, there are k distinct elements xi, ..., x; of N such that Cr(p) =
{{x1, ..., xx}} and

Ce(p PPy = (), -, Y )} 27)

In particular, for every g € C(p), we have {g(1),...,qk)} = {x1, ..., x}. By the
U-symmetry of C, we have C(p#¥-P0)) = 4,C(p)po, and thus,

Ce(p V")) = {{g'(1), ..., q'(k)} € P(N) : ' € ¥ C(p)po}.

Now if ¢’ € ¥ C(p)po there exists g € C(p) such that ¢’ = ¥qpp and therefore
q' (1) = Yqpo(1) = ¥q(n). Since n > k and ¢ is a bijection, we have that g(n) ¢

{g(1),...,q(k)} = {x1,...,x}. Thus, since also i is a bijection, we also have
g’ (1) = Yqn) ¢ {Y(x1),..., ¥(xp)). It follows that no element of Cy(p¥-¥-P0))
can coincide with {{(x1), ..., ¥ (xx)}, against (27). O

Proof of Proposition 5 We show that, for every p € P and (¢,¥,p) € U,
CR(pW¥:Py = yCR(p)p. Fix p € P and (¢, ¥, p) € U and prove first that
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YCR(p)p € CR(p@ V). Pick ¢ € CR(p) and show that ygp € CR(p@V-P),
We have ¢ © R(p), which implies ¥ gp 2 ¥ R(p)p. Since R is U-symmetric, we
then have gp 2 R(p“¥-?)) and therefore ygp € CR(p¥-V-P).

Let us prove now the other inclusion CR(p@-¥-P)) € ¢ CR(p)p. Let p = p@¥-P)
and note that p = ¢ *¥""#)_ Observe that, since U is a group and (¢, ¥, p) € U
also its inverse (¢, ¥, ,0)_1 = ((p_l, 1//_1, p) € U. Thus, by the inclusion just proved,
we get Y~ CR(@)p € CREY V10), thatis, ! CR(p@ VM) p € CR(p) and
we conclude applying v on the left and p on the right to both sides of that inclusion.

O

Proof of Proposition 6 Repeat word by word the proof of Proposition 2 writing 971
instead of 3 and R instead of C. O

B Proof of Theorems 7,9 and 10

The proofs of Theorems 7, 9 and 10 are definitely technical and require some prelim-
inary work. We underline that the results we are going to prove are more general as
they provide a method to potentially build and count all the resolute refinements.

B.1 The role of the orbit representatives

LetU < Gand p € P.Theset pU = {p8 € P : g € U} is called the U-orbit of p and
Staby (p) = {g € U : p8 = p} < U is called the stabilizer of p in U. Recall that, for
every g € U, we have Staby (p?) = Staby (p)%. The set PY = {pV : p € P} of the
U -orbits is a partition of 2. We use P as set of indexes and denote its elements with
J- A vector (pj)jepu € X jepu P is called a system of representatives of the U -orbits
if, forevery j € PU, p/ € j. The set of the systems of representatives of the U-orbits
is denoted by & (U). If (pj)lepy € G(U), then, for every p € P, there exist j € PV
and (¢, ¥, p) € U such that p = p] (9.¥.0) Note that if p“ (@1.¥1.01) — plz (92.92,02)
for some J], jr € PU and some (o1, V1, ,01) (92, V2, p2) € U, then j; = jr and, by

(26). (@3 1. Y3 "Y1, p3 ' p1) € Staby (pih).
In this section, we present some results explaining how a correspondence C €
BV uplu (‘l,lcj is determined by the values it assumes on a system of representatives

of the U-orbits in PP. To that purpose, the first step is to split PY into two parts plU
and 732U , Where

P =]jeP! vpej stby(p) < 5 x5, x fid)].
PY = [j e PU :Vp e j, Staby(p) £ S X Sp % {id}}.
Note that those sets are well defined because U N (S, x S, x {id}) is normal in U.

Moreover, ’PIU U PZU =PV and PIU N PZU = . In particular, PlU and PZU cannot
be both empty. Obviously, if U < S, x §,, x {id}, then PZU =gand PV = PIU #* J.
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We recall a part of Proposition 24 in Bubboloni and Gori (2016b) which s interesting
for our scope:

Pg # @ if and only if there exists (¢, ¥, pp) € U such that ¢ is a conjugate of py.
(28)

Proposition 23 Let U < G and C, C' € B*V. Assume that there exists (pj)jepu €
S(U) such that, for every j € PY, C(p/) = C'(p’). Then, C = C'.

Proof Let p € P and show that C(p) = C’(p). We know there exist j € PI.} and
(¢. Y. p) € U such that p = p/ V) Then, C(p) = C(p’ V")) = yC(p/)p =
Y C'(ph)p = C'(p! V) =C'(p).

Proposition 24 Let U < Sj, x S, x {id} and C, C' € Y (C,C’ € €). Assume that
there exists (p])jePU € &(U) such that C(pl) = C'(p)) for all j € PY. Then,
c=C.

The proof of the above result is the same as the one of Proposition 12 in Bubboloni
and Gori (2016b) and so is omitted.

Proposition 25 Let U < G suchthat U £ Sy x S, x {id}, C,C" e BV (C,C’ e ).
Assume that there exist (P'/)jePU € 6(U) and (¢, ¥+, po) € U such that C(p’) =
C'(p?) forall j € PV and C(p/ @=V=P0)) = C'(pJ @xV=r0)) forall j € PY. Then,
c=cC.

The proof of the above result is formally the same as the one of Proposition 13 in
Bubboloni and Gori (2016b) and so is omitted.

B.2 Resolute spCs and k-SCCs

We have defined C € P (C € &) resolute if, for every p € P, |C(p)| = 1. We
now denote by § () the set of resolute SPC (k-SCC). Obviously, we have § C ‘3 and
Sk € € and, for every U < G, we can consider the following sets

FUV=5np?Y, gV=3n3Y, V=%ncl.

They describe, respectively, the set of the U-symmetric resolute SPC, the set of the
U -consistent resolute SPC, the set of the U-consistent resolute k-SCC.

Given C € §, for every p € P, there exists a unique ¢ € L(N) such that C(p) =
{g}. Thus, C can be naturally identified with the social preference function (SPF) f
from P to L(N) defined, for every p € P, by f(p) = g. Similarly, given C € 3§,
for every p € P, there exists a unique W € Py(N) such that C(p) = {W}. Thus,
C can be naturally identified with the k-multiwinner social choice function (k-SCF)
f from P to Py (N) defined, for every p € P, by f(p) = W. We will freely adopt
those identifications and the language of functions in what follows. For that reason,

20 Further details can be found in Section 5.2 of Bubboloni and Gori (2016b).
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we will refer to S*U also as the set of the U-symmetric SPFs; to SU also as the set of
the U-consistent SPFS; to 3,1(] also as the set of the U-consistent k-SCFs.

Let C € B (C e &). Denote the refinements of C by B (k. ¢). Then, the resolute
refinements of C are the functions in the set §¢ (Sk,c) defined by §¢c = § N P

(Sk,c =8k N & 0).
Letnow U < G. Given C € ‘I3, we consider the following sets

SV =5Ynge, 3L =3Yn%c.

They describe, respectively, the set of the U-symmetric SPFs which are refinements of
C and the set of the U-consistent SPFs which are refinements of C. Given C € &, we
finally consider the set

&gc =3V N%c

describing the set of U-consistent k-SCFs which are refinements of C.

B.3 Proof of Theorem 7

In order to approach the proof of Theorem 7, we need some preliminary facts. Let
U < G and S € ‘B be defined, for every p € P, by

S(p) ={q € L(N) : Vg, ¥, p) € Staby (p), ¥qp = q}.

21

Proposition 26 Let U < G. Then, the following facts hold:
(i) S is decisive if and only if U is regular:
(ii) § e P*Y.
(i) If f € Y, then f € §s.
Proof (i) Let U be regular. Proving (11), in Bubboloni and Gori (2015), the authors
showed that

L(N) if Staby (p) < S), x {id} x {id}
S(p) =
uCs, (po) if Staby(p) £ Sy x {id} x {id},

where Cg, (po) denotes the centralizer of pp in S, and u € S, is such that
Vs = upou~", with ¥, € S, the permutation appearing in the definition (10) of
regularity. In particular,

n! if Staby(p) < Sp x {id} x {id}
Isp=1 (29)
2811211 if Staby(p) £ Sy x {id} x {id}.

21 The spc S was first considered in Bubboloni and Gori (2015, Section 4.1) and there denoted by S fj
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Thus, the fact that S is decisive immediately follows from (29).

Assume now that S is decisive. We need to show that, for every p € P,
(¢, ¥,1d) € Staby(p) implies ¥ = id, and (¢, ¥, po) € Staby(p) implies
Y = i, for a suitable unique conjugate ¥, of po. Let p € P and pick gg € S(p).
If (¢, ¥, 1d) € Staby(p), then we have gy = qo, and thus, by cancellation,
Y = id. If (@, ¥, po) € Staby(p), then we have {¥rqop0 = qo, which implies
¥ = qopoqq - Thus, Y, = gopogq ' works.

(ii) In order to show that § is U-symmetric, we pick (¢1, ¥1, p1) € U and see that
S(p(col,l/n,pl)) — 1ﬂ1S(p)m.RecallthatStabU(p(“’l"/”’p”) — StabU(p)(wl,‘//l’Pl).
Thus, ¢ € S(p¥-¥1-PD) if and only if, for every (¢, ¥, p) € Staby(p),
Vv 'gpippr ! = g, which is equivalent to Y (¥, 'gp1)p = v 'qp1, that
is, to lﬁl_lq,ol € S(p) and thus to ¢ € ¥1S(p)p;.

(iii) This is just Lemma 4 in Bubboloni and Gori (2015). O

By the above proposition, any U-symmetric SPF maps the profile p into an element
of S(p). The next result shows that, conversely, one can construct f € F*V just fixing
a system (p/) ;cpu of representatives and assigning within S(p/) the value to be

assumed on each p/. Its proof is formally equal to Proposition 5 in Bubboloni and
Gori (2015).

Proposition 27 Let U < G be regular and (pj)jepu e S(U). For every j € PY,

let q; € S(p’). Then there exists a unique f € U such that, for every j € PY,
f(ph) =gq;.

Proof Given p € P, there exist a unique j € PY such that p = p/ @ ¥V.P)
for some (¢, ¥, p) € U. We claim that, if for some j € PU there exist

(@1, Y1, p1), (@2, Y2, p2) € U such that p/ @000 = pl @292:02) then 119,01 =
V2q;p2. Indeed, by (26), we have that p/ @rvieD) = pi@2y2.02) implies

(<p2_1<p1, w;lwl, pz_l,ol) € Staby (p/). Since qj € S(p/) and  is abelian, we have

that g; = v 'Yiq;p5  p1 =5 'Yigip1p ' and thus Yiqjp1 = Vg, pa.

As a consequence, the resolute SPC f defined, for every p € P, by f(p) = ¥q,p,
where j € P and (¢, ¥, p) € U aresuchthat p = p/ @ V- is consistent. Moreover,
for every j € PV, f(p/) = qj. Let us prove that f € P*U. Consider p € P and
(@, ¥, p) € U.Let p = pl @r¥1.00) for some j € PY and (g1, Y1, p1) € U. By the
definition of f and by (26) and using again the fact that €2 is abelian, we have

f(p(w,w,m) =f <<pj (wl»llfl,pl))(w’w’p)) — f(pj (Wl,llflﬁl»pm)) = (Y1)q,(po1)
= (WY (p1p) = Y (W1g;p)p = ¥ f (! V) p =y f(p)p.

In order to prove the uniqueness of f, it suffices to note that if f’ € S*U is such that,
for every j € PV, f'(p/) = q,, then we have f = f’ by Proposition 23. O

Given now (pj)jepu e 6(U), let
D . Xje'pUS(pj) — U
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be the function which associates with every (g;) jepu € XjepuS (p/) the unique

f € §*Y defined in Proposition 27. Of course, ® depends on (p/) jepv but we do not
emphasize that dependence in the notation. Note that & is injective.

Theorem 28 Let U < G be regular, (pj)jepu € &) and C € P*Y. Then
5 =@ (xjepuS(rH N Cph)
and

571 =[] 1swncp)l.

jePY

Proof We first prove that @ (x;cpuS(p/) NC(p/)) < Y. Let (q))jepv €
X jepuS(p) N C(p’) and f = @ ((g;);epv). We show that f € 3V We know
that f € U, so that have are left with showing that f € F¢. Given p € P,
there exist j € PV and (¢, ¥, p) € U such that p = p/ @¥-#)_ As we know that
qj = f(p’) € C(p’), by U-symmetry of f and C, we have

F(p) = f(pl@VPy=vyqip e yC(pp = C(p! @VP) = C(p)

as desired. _ _

Let us next prove that ¢’ S @ (x;cpuS(p/) N C(p’)). Consider then f €
S*CU .and note that,.by Proposition 26(iii)3 for every j € PY, f(ph) € S(pHyn
C(p’). Then (f(pf))jepu € xjepuS(p-/) N C(p’). Thus, the function f and the
function ® (( fp’) jE’PU) are U-symmetric functions which coincide on a system of
representatives. Hence, by Proposition 23, we obtain f = @ (( () jepu).

The last part of the statement is an immediate consequence of the fact that & is
injective. o

In order to write down the proof of Theorem 7, we need a final technical lemma.

Lemma29 Let R € M*Y and p € P. Then, for every x,y € N and (¢, ¥, po) €
Staby (p), (x,y) € R(p) if and only if (Y (y), ¥ (x)) € R(p).

Proof Let x,y € N and (¢, ¥, po) € Staby (p). Then, by the U-symmetry of R, we
have R(p) = R(p@V-P0) = yy R(p)po. On the other hand, x >R(p) Y is equivalent

0 Y (y) =y R(p)py ¥ (x) and thus to V¥ (y) >g(p) ¥ (x).

Proof of Theorem 7 (i) = (ii). The fact that C € *V admits a U-symmetric resolute
refinement means that S”&U # . Let then f € S”&U and define the social method
R:P — R(N),by R(p) = f(p)\A forall p € P, where A = {(x,x) : x € N}.
Note that A isarelationon N and that forevery ¢ € S, and p € Q2,wehave y Ap = A,
accordingly to the definitions given in Sect. 2. We show that R is irreflexive, acyclic,
U-symmetric and that C® refines C.
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Let p € P. R(p) is irreflexive by definition and surely acyclic since it refines the
linear order f(p). Let (¢, ¥, p) € U. Then, by the U-symmetry of f, we have

R(pOVP) = fF(p P PNA = W fF(P))\(WAp) = ¥ (f(P\A)p = Y R(p)p.

Thus, R € 9*V. Finally, observe that

CR(p)=1{g e LIN): R(p) Cq}={g e LIN): fF(P\A S q} ={f(p)}  C(p).

Thus CX refines C.

(i1) = (iii) Let R be an irreflexive, acyclic, U-symmetric social method such that
CR refines C. Then, by Lemma 29, condition (a) in (iii) is fulfilled.

(iii) = (i) The proof is a remake of Bubboloni and Gori (2015, Section 8), which is
essentially obtained replacing the minimal majority relation R"(?)(p) there, with the
present relation R(p). O

B.4 Analysis of 3¢ and 3}, .when U < S, x S, x {id}

The next result, whose proof is similar to the one of Proposition 17 in Bubboloni and
Gori (2016Db), is very important.

Proposition 30 Let U < Sj, x S, x {id} be regular; (p!) jcpu € S(U) and C € PV
(C € QIICJ). For every j € PY, let Xj € C(p’). Then there exists a unique f € Sg
(f e S’,gc) such that, for every j € PY, f(p/) = Xj.

Proof Let C € Y. Consider f € § defined as follows. Given p € P, consider the
unique j € PY such that p € j and the nonempty set Up = {(¢,¢¥,id) € U :
p = pl @V} Pick (¢, ¥,id) € U, and let f(p) = ¥x;. We need to prove that
the value of f(p) does not depend on the particular element chosen in U),. Indeed,
let (1, ¥1,1d), (¢2, ¥2,id) € U, and note that (¢, '¢1, V5 '¥1,id) € Staby (p/).
Since U is regular, that gives ¥1 = ¥ and then ¥1x; = v¥ox;.

We show that f satisfies all the desired properties. Since U < G, we have
(id, id, id) € U and thus the definition of f immediately implies f(p/) = xj.Letus
prove that f € V. Consider p € P and (¢, ¥, id) € U and show that f(p® V1) =
Vf(p). Let p = p/ @¥1id) for quitable j € PY and (@1, ¥1,id) € U. Thus,
f(p) = y1xj and, by (26), f (p@ V1V = f(p! WVVIID) = yryix; =y f (p).

Let us next prove that f € §¢. Consider then p € P and show that f(p) € C(p).
Let p = p/ @1:¥1id for suitable j € PV and (¢1, ¥1,id) € U. Thus, f(p) = ¥1x;
and, since C is U-consistent, ¥1x; € wlC(pj) = C(pj (@ryrid)y — C(p). Finally,
in order to prove uniqueness, let f' € &lcj such that f'(p/) = x; forall j € PV. Then
f"and f coincides on (p])jepu € G(U) and Proposition 24 applies giving f' = f.

Letnow C € C,lcj. The proposition can be proved using the same argument. O
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Let U < S, x S, x {id} be regular, (p/) ;cpv € &(U) and C € BV (C € 7).
Consider the function

@ x;epuC(pl) > FY, (q> L epuCp) — g,ﬁ{c)

which associates with every (Xj)jepU € X jepu C(pj) the unique f € Sg (f € S,gc)
defined in Proposition 30. Of course, ® depends on U, ( pj ) jepU and C but we do
not emphasize that dependence in the notation. Note that we used the same letter ®
to treat both SPFs and k-SCFs. Note also that @ is injective.

Theorem31 Let U < S x S, x {id} be regular, (pj)jEpU € GWU) and C € %U
(C € &). Then

U= (xjepUC(pf)) (s,ifc — o (xjepUC(pf)))
and

%= TT |ewh| (8Lcl=TT |cwn]|).

jePY jePY
In particular, if C is decisive, then SKC] # O (S,gc # Q).

The proof of the above result is similar to the one of Theorem 18 in Bubboloni and
Gori (2016b) and thus omitted.

B.5 Analysis of g‘c’ and SI‘(’ cWhenU £ Sp % Sp x {id}

Let U < G be regular such that U jé Sp xS, x {id}, C € ‘I?U(C € (’:,lcj). Recall that
if pe Pandy € C(p),theny € L(N) (y € Pr(N)). Moreover, given ¥ € S, the
meaning of the writing vy is carefully explained in Sect. 2.

Fix (pj)jepu € G(U) and (@4, ¥4, po) € U. Define, for every j € PIU, the set

Ac(p!) ={(3,2) € C(p)) x C(p! WPy 7 2 ),
and, for every j € P2U , the set
AL ={x e cphyrux £,
where v ; is the unique element in S, such that

Staby (p’) € (S x {id} x {id}) U (S x {¥;} x {po}). (30)

Note that the uniqueness of /; is guaranteed by Lemma 16 (ii) in Bubboloni and Gori
(2016Db).
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Next if PlU # &, then define
AL = %, p AL,
and if Péj # &, then define
AZC = XjEPZUAzc(pj).

Recall that PlU and 732U cannot be both empty. Thus, at least one of the above sets is
always defined. Of course, Alc and AZC depend also on U, ( p/ ) jePU and (@, V¥, o)
but we do not emphasize that dependence in the notation.

The proof of the next important result is similar to Proposition 19 in Bubboloni and
Gori (2016b).
Proposition32 Let U < G be regular such that U £ S, x S, x {id}, (pj)jepu €
SW), (s, Yu, po) € U and C € PV (C e ). For every j € PY, let (y;,z)) €
Alc(pj) and, for every j € PZU, letx; e A2C (p!). Then, there exists a unique f € &g
(f € %,((]’C) such that f(p)) = y; and f(pd @eVnp0)y = zjforall j e PIU, and
f(phH) = xjforall j € ’P2U.

Proof Let C € Y. Given j € PZU, consider the set KUY (p/) = [o €Sy Y =

0,000_1 ], where /; is defined in (30). Since U is regular, KU(p/) is nonempty so
that we can choose an element o; in K Y(p7). Note that, for every j € Péj and

(¢, ¥, p) € Staby (p’), we have ¥ = ojpofl.

Let us consider then f € § defined, for every p € P, as follows. Given p € P,
consider the unique j € PV such that p € j and the nonempty set U p =g, ¥, p) €
U:p=p/ @V} Pick (¢, ¥, p) € U, and let

vy; if jeP! andp=id
f(p)y= vy, 'z if j Pl andp = po (€3]
t/foj,oaj_lxj if je ’PZU

We need to prove that the value of f(p) does not depend on the particular element
chosenin U, and that f satisfies all the desired properties. That can be done following
the same reasoning used in the proof of Proposition 19 in Bubboloni and Gori (2016b).
]
Let U < G be regular such that U £ S, x S, x {id}, (p-j)jEpU e 6U),

(x> Y p0) € U and C € PV (C € ¢)).
~IfPY = @, thenlet ¥y : AL — FY (¥ : AL — &,E{C) be the function which
associates with every (y;, Zj)jePlU € AIC, the unique f € Sg (f € &gc) defined

in Proposition 32.
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~IfPY = @, thenlet ¥ : A2 — FY (U, : A2 — &,gc) be the function which
associates with every (x;) jepy € AZC, the unique f € Sg (f € S,gc) defined in
Proposition 32.
U U .4l 2 U .4l 2 U
- Py #0and Py # &, thenlet W3 : Ap x Ag — §¢ (W3 : Ap x A — §f )
be the function which associates with every ((y;, Zj)jePIU’ (x.i)jePZU) € AIC x A2,
the unique f € &lcj (f € &,gc) defined in Proposition 32.

Of course, W, W; and W3 depend on U, (pj)je'pU, (¢, ¥, po) and C but we do not
emphasize that dependence in the notation. Note also that W, W, and W3 are injective.

Theorem 33 Let U < G be regular suchthat U £ S x S, x {id}, (pj)jepu e 6(U),
(@s, Vs, po) € U and C € BY (C € €). Then

U U \pl(Alc) lf’PzU =g
§e (Brc) = 1 va(4p) if PY =2
W3(AL x A2) if PU £ @and PY # o
and
T |A;c| if Pglj =g
8cl (I8k.cl) = 1 14¢! if Pl =2

|AGL-1AE] if PY # @and PY +# o

Moreover, if C is decisive, then we have that:

e forevery j € PIU, Alc(pj) #* O,
o 3¢ # D Y ¢ # D) ifand only if, for every j € PY, AL(p)) # @.

Proof Let C € PY. Assume first that PlU and Pg are both nonempty. Consider
f e Sg and note that

(P, fPT 1) o, (£ (P epy ) € AE x AL,
and
s ((F ). fp7 V=0 s o (F (PN jepy ) = .-

Thus, W3 is bijective and we have |§¢| = |[AL x AZ| = |AL|-|AZ|. The case PV = &
and the case PZU = o are similar and then omitted.

Assume now that C is decisive. Assume, by contradiction, that there exists j € plU
such that Alc(pj) = @. Thus, for every y € C(p/) and z € C(p/ #=¥=r0)) we have
7 = ¥, y. Using decisiveness, fix 7 € C(p/ @ V=) If y;, y, € C(p/), we then have
Z = Yyl = Ysyo so that y; = y,. It follows that [C(p/)| = 1 = |C(p/ @=V=r0))|
and that C(p/ @=V=r0)y = v, C(p/), against U-consistency. The last part of the
theorem is trivial.
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Let now consider C € Q,EJ. The theorem can be proved using formally the same
argument. O

B.6 Proof of Theorem 9

Proof of Theorem 9 Let first U < S;, x S,, x {id}. Then, by Theorem 31, we have that
%g # . Letnext U j{ Sy x S, x {id}. In order to show that also in this case we have
%g # &, by Theorem 33, we need to prove that, for every j € PZU, Azc(pj) #* O.
Assume, by contradiction, that there exists j € PzU such that AQC( p/) = @ and
consider ¥; € S, as defined in (30). Then, for every x € C(p’), we have Yix = x.
Recall that v is a conjugate of pp, and thus, in particular, y; # id. Since C is decisive,
we can pick x € C(p/). Thus, x € S, and, using the cancellation law in S,,, we get
the contradiction v; = id. O

B.7 Proof of Theorem 10

Theorem 33 says that to guarantee the existence of a U -consistent resolute refinement
for some C € Qﬁ,l(] U PY, we need to satisfy the condition AZC( pl) # @ for every
j € 732U , Where ( pf ) jepU € S (U). We have seen in the proof of Theorem 9, that that
condition always holds if C € 3V On the other hand, there is no reason for having
it satisfied when C € Q,g. Indeed, in that context, A2C (pj ) = @ for some j € 732U
means that for ¢; € S, defined by (30) we have

for every x € C(pj), Yix = x. 32)

In other words, /; fixes all the k-subsets of N appearing in C( p7). Thus, the elements
of C(p/) need to be union of j-orbits and this does not constitute, in principle, a
contradictory fact.

The situation is then more variegated with respect to the case of the SPCs and, in
order to manage it, we need some preliminary work. The next lemma is an easy but
very useful starting point.

Lemma 34 Let U < G be regular such that U £ Sy x S, x {id}, (pj)jepu e 6(U)
and C € €. If j € PY is such that |C(p/)| = 1, then AZ(p)) # @.

Proof Let C(p’) = {x|} where x; is a k-subset of N and assume, by contradiction,
that AZC (p/) = @. Thus, by (32), we have Yix1 = x1, with ¢; € S, defined in (30).
Since j € PZU , there exists (@1, Y1, po) € Staby ( pj ) and, by the regularity of U, we
have ¥y = ;. Thus, ¥1x; = x;. It follows that wl_IC(pj) = C(p/). On the other
hand, since U £ S, x S, x {id}, there exists (¢, ¥, po) € U and, by (26) and (8),
we deduce that

C(pl Gevem)y — ((pj <<p1,w1,po>)(¢*wr‘,x/f*w;lim)
. —1 —1 - . .
= C(p’ (pey Yy ,1d)) — I/f*‘ﬁflc(P/) = ¥, C(p’),
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which contradicts (9). O

Proof of the implication (ii) = (i) of Theorem 10 Assume that one among (a)—(d)
holds and let C € C,((] be decisive. We will prove that S,E{C #* 2.

If (a) holds then, by (28), we have 772U = @. Hence, by Theorem 33, we immediately
deduce S,L{] ¢ # 9. Assume then that (a) does not hold but one among (b)—(d) holds.
Then, using the other implication in (28), we have 792U # & and, by Theorem 33, we
need to show that, for every j € PY, AZ(p/) # @.

Assume by contradiction that for some j € ’P2U , we have A2C( p/) = @. Thus (32)
holds true, for ; € S, defined by(30). Recall now that v; is a conjugate of pg. Thus,
if n is even all its orbits have size 2; if n is odd we have a unique orbit of size 1 given
by the only fixed point of v; and all the other orbits have size 2.

Assume first that k = 1. Then, for every x € C(p/), x is a singleton and the unique
element in x is a fixed point for v ;. Since, for n even, ¥; has no fixed point we deduce
that n is odd and C(p/) = {{x1}} where x; is the only fixed point of ¥ ;. Thus, by
Lemma 34, we get the contradiction Azc( ph) # .

Assume now that n < 3. Because of the previous step, we need to consider only
the case n = 3 and k = 2. Thus, every x € C(p/) is a 2-subset of N fixed by Y. But
T,/,]. = [1, 2], thatis, ; = (a b) for some distincta, b € N. Thus, the only possibility
is x = {a, b} and hence C(p/) = {{a, b}} is a singleton. Again Lemma 34 gives the
internal contradiction AZC (p)) # @.

Assume next that 7 is even and k is odd. Every x € C(p/) is a k-subset of N fixed
by ;. But since every orbit of ¥; has size 2, any subset of N fixed by v; has even
size. Thus C(p’) = @ against decisiveness.

Finally, assume that k = n — 1. If n is even, then k is odd and we conclude by the
previous step. If n is odd, we have that every x € C(p/) is a (n — 1)-subset of N
fixed by v;. But the unique subset of N of size n — 1 fixed by v; is the union of the
orbits of ¥; of size 2, that is N\{x1}, where x; is the unique fixed point of v;. Thus,
|C(p/)| = 1 and Lemma 34 gives the contradiction A2C (p)) #+ @. O

We are now left with proving the implication (i) = (ii) of Theorem 10. To that
purpose, we need to introduce and study a special family of k-SCCs.

Let U < G be regular. For every p € P, denote by v, the unique permutation in
S,, such that

Staby (p) S (S x {id} x {id}) U (Sk x {¥p} x {po}) -
The k-scc Uy, associated with U is defined, for every p € P, by
Py (N) if Staby(p) < Sp x {id} x {id}
Uk(p) =
{x e Pr(N) : ¥, x =x} if Staby(p) £ Sy x {id} x {id}
The next two propositions show some important properties of Uy.

Proposition 35 Let U < G be regular. The following facts are equivalent:
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(i) Uy is decisive.
(i) One of the following condition is satisfied:

(@ PY =g
(b) n is odd;
(c) nisevenwithn > 4 and k is even.

Proof (i) = (ii) Let Uy be decisive, 732U # & and n even. We show that n > 4 and that
k is even. Since P2U # @, there exists p € P such that Staby (p) £ Sy x {id} x {id}
and thus there exists (¢, ¥, po) € Staby (p). By Ur(p) # &, we deduce that there
exists at least one k-subset x of N fixed by ¥,,. Since 1 < k < n — 1, x is a proper
nonempty subset of N which is union of v ,-orbits. Since 7 is even, we have n/2 orbits
all of size 2. If n = 2, then we have just one orbit and thus the only subsets of N which
are union of orbits are @ and N. It follows that n > 4 and that k = |x| is even.

(ii) = (i) Let Q@ = {p € P : Staby (p) £ Su x {id} x {id}}. Since Px(N) # &, in
order to show that Uy is decisive, it is enough to see that for every p € Q, we have
xelP(N):Ypx=x} #a.If PZU = (o, this is clear because necessarily we also
have Q = &. Let n be odd and pick p € Q. Then v/, has % > 1 orbits of size 2 and
one orbit of size 1. Assembling some of those orbits we can surely build a k-subset of
N fixed by v, whatever k is. Thus, {x € Px(N) : ¥, x = x} # @. Let finally n be
even with n > 4 and k be even. Then, we have 2 < k < n — 2. Pick p € Q. Then,
Vp has 5 > 2 orbits of size 2. Assembling some of those orbits we can surely build a
k-subset of N fixed by v/,. Thus, {x € Px(N) : ¥ x = x} # @. O

In order to state the next result, let us first define the set

T={(nk eN:n<3}U{n k) eN*:ke{l,n—1}
U{(n, k) € N? : nis even, k is odd}. (33)

Proposition 36 Let U < G be regular. Then, the following facts hold:

() If (¢, . p) € U and p € P, then Ux(p'$V"?) = y Ui(p).
(i) If (n, k) & T then, for every p € P, |Ux(p)| = 2. In particular Uy, is decisive.
(i) If (n, k) ¢ T then Uy € €.

Proof (i) Let first p be such that Staby(p) < Sj x {id} x {id}. Then, also
Staby (p¥ V) < §), x {id} x {id} and thus Uy (p' V") = U (p) = Pr(N) =
VPr(N) = Y Uk(p).

Letnext p be such that Staby (p) £ Sy x {id} x {id}. Then also Staby/ (pv-P)) £
Sp x {id} x {id}. We find the link between v, and wp(w,w,p). Let (@1, ¥p, po) €
Staby (p). Then, using the fact that Q2 is abelian, we have

@1, ¥p, 00) VP = (@ u Y, b)) = (0f, ¥, po) € Staby (p)( @V
4 14
= Staby (p¥V?)).
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Thus, Vpwu.n = (wp)‘”. Using Py (N) = ¥ P (N) and (25), it follows that

Ur(pV?) = {x € Pr(N) : ¥ ppm X = x}

= {Yx € Pr(N) : x € Pe(N), ¥¥,¥ ' x = ¢}
= (Yx € Pt(N) : x € Pe(N), ¥px =x} = Yy Ui(p).

(ii) Let (n, k) ¢ T.Then,wehavek ¢ {1,n—1}andn > 4. Moreover, n is odd or n is
even and k is even. Thus, by Lemma 35, Uy is decisive. Fix now p € P. We show
that |Ux(p)| = 2. If Ux(p) = Pr(N), we have |Ui(p)| = (Z) > n > 2. If instead
Ur(p) = {x € Pr(N) : ¥, x = x}, then Ur(p) is made up by all the k-subsets
of N which can be formed as union of ,-orbits. Since |Ui(p)| > 1 we have at
least one of them, say x; € Ui (p). Let first n be odd. Then, n > 5 and there are
"—51 > 2 orbits of v, of size 2 and one orbit of size 1. Since k > 2, there is at
least one orbit of size 2 included in x;. On the other hand, not all the orbits of size
2 are included in x1, otherwise k = |x1| = n — 1. Now exchange one orbit of size
2 included in x; with one orbit of size 2 left out. This builds another k-subset x;
of N belonging to Uy (p). Let next n be even and k be even. Here, n > 4 and we
have % > 2 orbits of ¥, all of size 2. Obviously, we have used at least one orbit
to build x; but not all and we can exchange one orbit included in x; with one left
out building another k-subset x, of N belonging to Ui (p).

(iii) By (i) we have that condition (8) for U-consistency is satisfied; by (ii) we also
have that, trivially, condition (9) for U-consistency is satisfied because it is never
the case to have Ui (p) a singleton for any p € P. Thus, Uy € Q,l(]. O

Proof of the implication (i) = (ii) of Theorem 10 By (28), we get the desired result
proving that if 792U # Jand (n, k) ¢ T,then S,[({Uk = . Indeed, assume that qu #
and (n, k) ¢ T and consider Ug. By Proposition 36, we have that Uy, € L’Z,l(]. Consider
(p)) jepu € S(U) and pick j € PY so that Staby (p/) £ Sp x {id} x {id}. Then, by
definition of Uy, we have

Ur(p!) = {x € Pe(N) 1 Yy x = x} = {x € Pe(N) : Yy x = x}.

Therefore we surely have that, for every x € Ux(p), ¥; x = x and (32) is satisfied,
so that A%/k (pj) = @ and, by Theorem 33, SKU]( = . O
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