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Strategy-proofness and single-crossing

ALEJANDRO SAPORITI
School of Social Sciences, University of Manchester

This paper analyzes strategy-proof collective choice rules when individuals have
single-crossing preferences on a finite and ordered set of social alternatives. It
shows that a social choice rule is anonymous, unanimous, and strategy-proof on
a maximal single-crossing domain if and only if it is an extended median rule with
n —1 fixed ballots distributed over the individuals’ most preferred alternatives. As
a by-product, the paper also proves that strategy-proofness implies the tops-only
property. It also offers a strategic foundation for the so-called “single-crossing
version” of the Median Voter Theorem, by showing that the median ideal point
can beimplemented in dominant strategies by a direct mechanism in which every
individual reveals his true preferences.
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1. INTRODUCTION

In social choice theory, a collective decision making process is usually represented by
a social choice rule. A social choice rule associates a unique alternative from the set
of feasible alternatives to every possible list of preferences of the individuals in the so-
ciety. A social choice rule is said to be strategy-proof if no individual can ever benefit
from misrepresenting his true preferences. A fundamental result in social choice the-
ory, known as the Gibbard (1973)-Satterthwaite (1975) Theorem, shows that, if the set
of alternatives contains at least three possible outcomes and individual preferences are
not restricted in any particular way, then every strategy-proof social choice rule is dic-
tatorial. That is, there is an individual whose preferences always dictate the final choice
regardless of the other individuals’ preferences.

The Gibbard-Satterthwaite Theorem holds under the so called universal domain as-
sumption, which means that every profile of complete and transitive preference rela-
tions is an admissible element of the domain of the social choice rule. In many eco-
nomic and political applications, however, preferences satisfy additional properties. A
case in point is the single-peaked property.
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A set of preference relations is single-peaked if there is a linear order of the alter-
natives such that every preference relation has a unique most preferred alternative (or
ideal point) over this ordering, and the preference for any other alternative monotoni-
cally decreases by moving away from the ideal point. Single-peaked preferences natu-
rally arise in economics when a strictly quasi-concave utility function is maximized on
alinear budget set. They were first proposed by Black (1948) to assure the existence of a
Condorcet winner (i.e., an alternative that beats every other alternative in a sequence of
pair-wise majority contests). And they represent a simple case where the conclusion of
the Gibbard-Satterthwaite Theorem does not apply.

To be more specific, consider the family of efficient extended median rules, which
are social choice rules that associate to each preference profile the median alternative
from a list consisting of the n ideal points of the individuals and n — 1 other alterna-
tives from the feasible set of alternatives. An important member of this family is the
well-known median choice rule, which assigns the median ideal point to every profile
of individual preferences.! These rules are obviously non-dictatorial. In fact, they are
anonymous, because the names of the individuals play no role in making social choices.
They are also unanimous, in the sense that they respect any unanimous consensus in
the society about the most preferred alternative. Furthermore, if individual preferences
are single-peaked, then Moulin (1980) has shown that every member of this family is
strategy-proof. Conversely, every anonymous, unanimous, and strategy-proof social
choice rule on the domain of single-peaked preferences is an efficient extended median
rule.

Although single-peakedness is an intuitive domain restriction, there are interesting
problems in political economy and public economics, such as majority voting over dis-
tortionary tax rates, where individual preferences do not exhibit the single-peaked prop-
erty (see, for example, Romer 1975, p. 181, and Austen-Smith and Banks 1999, pp. 114-
115). In some of these cases, however, preferences do satisfy an alternative restriction
called the single-crossing property. This property appears, for example, in models of in-
come taxation and redistribution (Roberts 1977, Meltzer and Richard 1981), local public
goods and stratification (Westhoff 1977, Epple and Platt 1998, Epple et al. 2001), coali-
tion formation (Demange 1994, Kung 2006) and, more recently, in models that study the
selection of policies in the market for higher education (Epple et al. 2006) and the choice
of constitutional and voting rules (Barbera and Jackson 2004).

Unlike single-peakedness, the single-crossing property does not impose a priori any
restriction on the shape of each individual preference relation. So, for example, it does
not exclude preferences that do not monotonically decrease on both sides of the ideal
point. That is the reason why it accommodates non-convexities that arise in some ap-
plications of majority voting. If preferences are strict orderings, what the single-crossing
property requires is the existence of a linear order over the set of individual preferences
with the property that, for every pair of alternatives x and y, whenever two preference
relations P’ and P” coincide in ranking x above y, so do all preferences in between, so

!When n is even, ties at the median are broken in favor of either the largest or the smallest median peak
depending upon the tie-breaking rule in place.
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that the subset of preferences ranking one alternative above the other all lie to one side
of those that have the reverse ranking.? Of course, if indifference between alternatives
is permitted, then the set of preference relations for which x is indifferent to y must be
located between the subsets with a strict ordering of these two alternatives.

In several applications, notably in models of redistribution financed by income tax-
ation, the single-crossing property is implied by more fundamental assumptions about
preferences and technologies. For instance, it holds when the heterogeneity among
individuals is created by a one-dimensional parameter 8 (which can be interpreted
as income, productivity, an elasticity of substitution, a discount factor, etc.), and the
utility over social alternatives exhibits increasing differences in 8 (Milgrom and Shan-
non 1994). In addition, under differentiability and some mild conditions on indiffer-
ence curves, the single-crossing property is also equivalent to the more familiar Spence-
Mirrlees condition of incentive theory and information economics, which requires that
the marginal rate of substitution be increasing in 8 (Milgrom and Shannon 1994).

The single-crossing property has in many cases a substantive interpretation. A work-
ing example is the collective choice of an income tax rate. Suppose a moderately rich
individual prefers a high tax rate to another relatively smaller tax rate, so that he reveals
a preference for a greater redistribution of income. Then, the single-crossing property
requires that a relatively poorer individual, who receives a higher benefit from redistri-
bution, also prefers the higher tax rate. Sometimes this is interpreted in the literature
by saying that there is a complementarity between income and taxation, in the sense
that lower incomes increase the incremental benefit of greater tax rates. For another
example, consider a strong army that prefers a large territorial concession and a small
probability of war to a small concession and a high probability of war. Then, under
single-crossing, a weaker army, with a lower expected payoff from war, should also pre-
fer the large concession (Ashworth and Mesquita 2006, pp. 217-218).

Like the single-peaked property, single-crossing also guarantees the existence of a
Condorcet winner and allows a simple characterization of it. The Condorcet winner is
the ideal point of the median agent, where the latter is the individual whose preference
takes up the median position over the ordering of individual preferences for which the
single-crossing property is satisfied.> This result appeared first in the seminal works of
Roberts (1977) and Grandmont (1978) and, more recently, in Rothstein (1991), Gans and
Smart (1996), and Austen-Smith and Banks (1999). It is referred to by Myerson (1996)
as the “single-crossing version” of the Median Voter Theorem (MVT). Alternatively, due
to the existence of a median individual who is decisive for every subset of alternatives,
Rothstein (1991) calls it the Representative Voter Theorem (RVT).

The problem with the Representative Voter Theorem is that, unlike the MVT over
single-peaked preferences, whose non-cooperative foundation was provided by Moulin

2When preferences are strict, it is also possible and convenient to derive a linear order over the set of
alternatives from the order of the preference relations, by defining alternative x to be “smaller than” alter-
native y if and only if the preference relations for which x is preferred to y lie on the left of the relations that
rank y above x.

3Instead, under single-peakedness, the Condorcet winner is given by the median ideal point over the
ordering of the alternatives for which the single-peaked property holds.
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(1980), the RVT is based on the assumption that individuals honestly reveal their prefer-
ences. A natural question is therefore how legitimate the Representative Voter Theorem
is when preferences are private information and individuals can report them insincerely.
This question has been recently addressed by Saporiti and Tohmé (2006). They show
that the single-crossing property is sufficient to ensure the existence of social choice
rules that are immune to any individual and group misrepresentation of preferences. In
particular, this is true for the median choice rule.

Building on Saporiti and Tohmé (2006), this paper characterizes the family of anony-
mous, unanimous, and strategy-proof social choice rules on a maximal single-crossing
domain.* This family coincides with the class of peak rules, which are extended median
rules with n — 1 fixed ballots distributed over the individuals’ most preferred alterna-
tives. This class includes the median choice rule as a particular case. Hence, the main
message of the analysis is that the single-crossing property is another meaningful do-
main restriction where majority voting works with “maximal” incentive properties. The
paper explains the source of this good property of single-crossing domains, and how far
we can go in changing majority rule.

The rest of the paper is organized as follows. Section 2 presents the model. Section 3
contains the main results of the paper, including the characterization of peak rules and
the relationship between strategy-proofness and the tops-only property. As happens
with other preference domains, in our model every strategy-proof social choice rule ig-
nores all information about preferences except individuals’ most preferred alternatives.
The proof of this property constitutes a major step in establishing our characterization,
and we devote considerable space to developing the formal argument that proves this
result. Section 4 analyzes the robustness of our results to preference reports outside
the single-crossing domain. Final remarks appear in Section 5. For expositional conve-
nience, some of the proofs are in the appendices.

2. THE MODEL

2.1 Individuals, alternatives and preferences

Let N ={1,...,n} be a finite set of individuals. Except where otherwise noted, n > 2. Let
X =1{x,y,z,...} be afinite set of alternatives, with |X| > 2.5

Let 2 be the set of all complete, transitive and antisymmetric binary relations on X.
A preference ordering over the elements of X is represented by an element P of &2, with
the usual interpretation that for any pair x,y € X, “x Py” denotes a strict preference for
X over y. Sometimes we write P = (xy z ...) to indicate that x Py, y Pz, etc. For any
Pe#,and any Y C X, let 7|y(P) = argmaxy (P) be the top (peak) of P on Y. Notice that
the top set 7|y(P) is a singleton because preferences are antisymmetric. For simplicity,
we denote T(P) = 7|x(P).

4A set of preference relations with the single-crossing property is maximal if there does not exist an-
other set of preferences that contains the former set and that satisfies single-crossing (see Definition 2,
Section 2.1).

5For every set A, |A| stands for the cardinality of the set, and A for the complement of A.
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Ficure 1. Illustration of Definition 1.

DEerINITION 1. A set of preferences . C & exhibits the single-crossing property on X if
there is alinear order > of X and a linear order > of & such thatVx,y e Xand VB P/ € ¥,

[y >x,P~P &yPx]=>yPx, SC1

and
[y>x,P'-~P &xPy]=xPyb SC2

To help the reader gain more insight about this property, Figure 1(a) offers a graphi-
cal illustration of condition SC1. Figure 1(b) exhibits a case where neither SC1 nor SC2
is satisfied. In both graphs, arrows denote “preference direction,” so that, for example,
an arrow from P to y in the presence of x stands for “y Px”.

In words, a set of preference relations . on the set of alternatives X exhibits the
single-crossing property (or, for conciseness, . is single-crossing) if there is a linear
order > of X and a linear order - of # such that whenever any preference relation P € .
ranks any alternative y above (respectively, below) any other alternative x and y > x,
then so does every other preference relation P’ € . for which P/ = P (respectively, P/ <
P).

The single-crossing property is closely related to other preference restrictions, such
as hierarchical adherence (Roberts 1977), intermediateness (Grandmont 1978), order-
restriction (Rothstein 1990, 1991), and unidimensional alignment (List 2001).” In all of
these preference domains the salient feature is the existence of a linear order of the pref-
erence relations with the property that, for each pair of alternatives x and y, the relation
x preferred to y (or the reverse) partitions the line over which the preferences are or-
dered into two disjoint intervals. If indifference between alternatives is permitted, then
three such intervals arise.

When individuals differ only in their preferences, these domain restrictions can also
be defined with respect to an ordering of the agents, instead of the preference relations
(see, for example, Rothstein 1990, 1991 and Gans and Smart 1996). That is, the existence
of alinear order over the preference relations with the property described above implies

6For any x,y € X, we write (1) x =y ifand only if =[x > y] and —[y > x] and (2) x > y if and only if either
x =y or x >y. For any two distinct preferences B, P’ € &, we say that P < P’ if and only if =[P > P’].

"See also Barbera and Moreno (2007), who have recently proposed a weaker condition, called fop-
monotonicity, that encompasses single-crossing, order-restriction, and single-peakedness.
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that “we can order individuals in such a way that for any pair of alternatives x and y, the
first j(x,y) > 0 individuals in the ordering strictly prefer x to y (respectively, y to x), the
final k(x, y) > 0 individuals in the ordering strictly prefer y to x (respectively, x to y), and
the middle group of individuals, if any, are indifferent between the two” (Austen-Smith
and Banks 1999, p. 107).8

Scenarios where such a strict ordering of individuals exists are quite common in
political economy. “For example, in redistributive politics policy makers are concerned
with reallocating resources from rich to poor people, subject to the constraint (typically)
that such redistributions do not reverse the rank-order of individuals’ wealth. So, while
there does not exist an obvious ordering of the alternative distributions of wealth, there
does exist a natural ordering of individuals and their preferences in terms of individual
wealth” (Austen-Smith and Banks 1999, p. 107).

From a technical perspective, the importance of single-crossing in political econ-
omy and public economics is due to the fact that, like single-peakedness, this domain
restriction is sufficient to guarantee the existence of a Condorcet winner, especially in
cases where the single-peaked property does not hold.? However, apart from this, it is
worth noting that the conditions are independent, in the sense that neither property is
logically implied by the other. Examples 1 and 2 illustrate this point.

ExampLE 1. Consider the set of preference relations { P!, P2, P3} in Table 1(a). Recall that,
for example, P! = (x y z) stands for x P! y P! z. Simple inspection shows that this set has
the single-crossing property on X = {x, y, z} with respect to z >y > x and P3 > P? > Pl,
However, for every ordering of the alternatives, {P', P?, P3} violates the single-peaked
property, because every alternative is ranked bottom in one preference relation. 0

ExampLE 2. Consider the set of preferences displayed in Table 1(b). This set has the
single-peaked property on X = {x,y,z, w} with respect to z > y > x > w. How-
ever, { P!, P2, P3} violates Definition 1, because for every ordering of the binary relations
and for every ordering of the alternatives, there exist a pair of preference relations in
{P1, P2, P3} and a pair of alternatives in X such that SC1 and SC2 are both contradicted.
(For example, if z > y > x > w, then P! = P3 contradicts SC1 and SC2 for the pair {x, y},
while P3 = P! does so for {z, w}.) O

Since the main purpose of this paper is to characterize the family of strategy-proof
social choice rules on single-crossing domains, in what follows we restrict the analysis
to the largest or maximal sets of preference relations with the single-crossing property.
These sets contain the largest number of possible deviations. Therefore, they are the
appropriate framework in which to study incentive compatibility.

8As the notation indicates, the “cut-off” agents j(-) and k(-) can depend on the pair of alternatives under
consideration. In contrast, the order over the preference relations is the same for every pair.

9A preference relation P € & is single-peaked on X if there is a linear order > of X and an alternative
T(P)e XsuchthatVx,yeX, (i) 7(P)>y >x=1(P)Py Px,and (ii) x >y > 7(P)= 7(P)Py Px. A set of
preference relations 9 C & exhibits the single-peaked property on X if there is a linear order > of X such
that every P € 9 is single-peaked on X with respect to >.



Theoretical Economics 4 (2009) Strategy-proofness and single-crossing 133

Pl=(xyz) Pl=(xyzw)
P2=(xzy) P2=(zyxw)
P3=(zyx) Pd=(yxwz)

a. Single-crossing b. Single-peakedness

TaBLE 1. Single-crossing and single-peakedness

DEerINITION 2. A set of preferences . with the single-crossing property on X is maximal
if there does not exist ./ € & such that & c ./ and %/ exhibits the single-crossing
property on X.

ExampLE 3. To illustrate Definition 2, consider again Example 1. Notice that the set
of preference relations {P!, P2, P3} is not the largest set that satisfies Definition 1 on
X = {x,y,z}, because there exists a preference P* = (zx y) such that {P!, P2, P3, P4} is
single-crossing with respect to z > y > x and P = P* = P2 > Pl. It is easy to ver-
ify that {P!, P2, P3, P4} is indeed maximal. However, it is not unique. If we consider
the preference relations P> = (y x z) and P® = (y z x), then the set {P!, P>, P%, P3} is also
single-crossing with respect to z > y > x for P3 = P8 - P5 - P1. Moreover, the union of
{P1, P>, PS, P3} and {P', P2, P3, P*} covers all preferences on X. O

At this point, it may be useful to compare the size of the set of all single-peaked pref-
erences and the size of the maximal sets with the single-crossing property, for a given
ordering of X.1° The former is well-known to be 21XI-1 (see, for instance, Monjardet 2009,
p. 144 and the references therein). For single-crossing, the largest size is | X|-(|X|—1)/2+1,
which is much smaller. To see why, draw a line for each pair of distinct alternatives in X.
Observe that, under single-crossing, for each pair a, b € X, the relation a preferred to b
(or the reverse) partitions the line associated with {a, b} into two disjoint intervals: one
interval where the preferences for which a is preferred to b are ordered and a second in-
terval where the relations with the opposite ranking of a and b are ordered (see Figure 2
for the case where X = {x,y, z}). There are | X|-(|X|—1)/2 such partitions. The projection
of these partitions into a line forms at most | X|- (|X| —1)/2 + 1 different subintervals. In
each subinterval, the preference relation is fully determined. Hence, the given number
|X|-(|X]—1)/241 is an upper bound for the cardinality of the maximal sets of preferences
with the single-crossing property.!!

For the rest of the analysis fix a maximal set ¥ C & of preference relations with
the single-crossing property on X with respect to > and . Suppose each individual
i € N is endowed with a preference P; € . Let P; be agent i’s private information.
Assume everybody knows the set .#; everybody knows that every agent has a preference
on X in &; and so on. The n-fold Cartesian product " of & is the set of all single-
crossing preference profiles. As usual, for any profile P = (P,,...,P,) € ", let P_; =

10As we note in Example 3, there may be several maximal sets of single-crossing preferences for a given
ordering of X. In contrast, the set of all single-peaked preferences is unique once alternatives are ordered.
1T am grateful to Hervé Moulin for making this observation in personal correspondence.
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FIGURE 2. Maximal sets of single-crossing preferences.

(Pl,...,Pi_l,Pi+1,...,Pn); for each pi €Y, denote (Pi,P_i):(pl,...,Pi_l,pi,Pi-H,...,pn);
and, for every set SC N, let Ps = (P;);es.-

2.2 Aggregation process

The problem for the society described in Section 2.1 is to make a social choice from the
set of alternatives X. Each individual is entitled to report a preference relation on X
from the set of admissible preferences ., which is assumed to be commonly known.
These reports are intended to provide information about the profile of true preferences,
although agents’ sincerity cannot be ensured.

A social choice rule is a single-valued mapping f : <" — X that associates to each
preference profile P € /" a unique outcome f(P) € X. Denote the range of f by ry =
{x € X:dP e ¥ "such that f(P) = x}. Given a social choice rule f: " — X, a nonempty
set SC N, and a profile Pg € 719, let

0l (Ps)={x € X :3P5 € 1 such that f(Ps,P5)=x}

be the oprion set of S, given that the remaining individuals in S= N\ S have reported Ps.
We are interested in social choice rules that satisfy the following properties on & ™.
The main one is that no individual ever has an incentive to misrepresent his preferences.

DEerINITION 3. Asocial choicerule f:." — Xis strategy-proof if Vie Nand V(P;,P_;)
SN there is no P, € & such that f(P,-,P_i) P; f(P;,P_;).

In words, a social choice rule f on . is strategy-proof (SP) if for any individual
i € N, any possible preference P; €  for i, and any collection of preferences P_; € & "1
that the other individuals could report, individual i is not better off, according to P;, by
reporting a preference P; € . different from P;. If a social choice rule f is not strategy-
proof, then there must exist one agent, say i € N, who can be strictly better off in at least
one case, say at (P;,P_;) € &", by announcing a preference P; € . different from his
true ordering P;. In that case, we say f is manipulable by i € N at (P;,P_;) € <" via
pi IS

To study the possibility of group deviations, it is also possible to define the concept
of group strategy-proofness (GSP).
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DErFINITION 4. A social choice rule f : " — X is group strategy-proof if VS € N and
V(Ps,Pg) €.7", there is no Ps € !5 such that Vi €S, f(Ps,Pg) P; f(Ps, Pg).

Another property that we may seek in a social choice rule is unanimity (UN). This
property ensures that, if all agents have the same most preferred alternative, then that
alternative is socially selected.

DEFINITION 5. A social choice rule f: " — X is unanimous if Vx € X and VP € "
such that 7(P;))=xVieN, f(P)=x.

A profile P € " is a permutation of another profile P € " if there is a one-to-one
function o : N — N such that for every i € N, P; is identical to Pg(i). That is, P is a
permutation of P if the lists of preferences under P and P are identical up to a renaming
of the agents.

DEFINITION 6. A social choice rule f : " — X is anonymous if VP,P € ", f(P) = f(P)
if P is a permutation of P.

In words, a social choice rule is anonymous (AN) if the names of the individuals
holding particular preferences are immaterial in deriving social choices. Notice that
since " is a Cartesian product domain, if a profile P belongs to ", then all of its per-
mutations are also in .. Thus, the anonymity axiom is non-vacuous in our framework.

The last property of a social choice rule that we consider is the tops-only property
(TO). We say that f is tops-only if for any admissible preference profile, the social choice
is exclusively determined by the individuals’ most preferred alternatives on the range of
the social choice rule.

DEFINITION 7. A social choice rule f : " — X is tops-only if VP, P € " such that
I, (P) =7l (B)VieN, f(P)= f(P).

The tops-only property severely constrains the scope for manipulation. No agent
can expect to be able to affect the social outcome without modifying the peak on the
range of his reported preference. Perhaps not surprisingly, we show later in Proposi-
tion 2 that this condition is closely related to strategy-proofness, in the sense that every
strategy-proof social choice rule on a maximal single-crossing domain is tops-only.!?
The next remark, which follows immediately from Definition 7, is useful in the proof of
Proposition 2.

RemaARk 1. A social choice rule f: " — X is tops-only if and only if Vi e N, V(P;,P_;) €
", and VP, € & such that 7|,,(B) = t|,,(P), f(P;,P_;) = f(P;,P_;).

Now we define a class of social choice rules that plays a crucial role in Section 3.
To do so, we introduce the following notation. For any odd positive integer k, we say
that m* : X¥ — X is the k-median function on X* if for each x = (x,...,x%) € X¥,

12A similar result holds when preferences are single-peaked, since every strategy-proof social choice rule
whose range is an interval satisfies tops-only. See, for instance, Weymark (2008) and Ching (1997).
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[{x; : m*(x)>x;} > (k+1)/2 and [{x; : x; > m*(x)}| > (k +1)/2. Since k is odd, m*(x) is
always well defined.

DErINITION 8. A social choice rule f : " — X is an extended median rule if there are
n+ 1 fixed ballots a;,...,a,+1 € X such that for every preference profile P € &, f(P) =
m2n+1(T(Pl)’ LERS] T(Pn)» al) LR ] an+1)-

We denote by f*¢ asocial choice rule that satisfies Definition 8, and by EMR the family
of all such rules. A particular case of interest within this family is the well-known median
choice rule, denoted f™. This rule is obtained from EMR by assigning (n + 1)/2 fixed
ballots at X = min X and the rest at X = maxX, if n is odd, and n/2 at X and n/2+1at X
if n is even. Note that, when 7 is even, f™ breaks the ties in favor of the largest median
peak. Alternatively, f™ could break the ties in favor of the smallest median peak, by
placing n/2+ 1 fixed ballots at X and the remaining n/2 at X.

Proceeding in a similar way, we can derive other rules from EMR by restricting each
a; to a particular value of X. For example, if¢; =a € X foralli =1,...,n+1, then f¢
is completely insensitive to the preferences reported by the individuals. We might want
to exclude such undesirable rules and, in particular, require Pareto efficiency. A social
choicerule f : " — X is Pareto efficient if VP € & " thereisno y € X such that Vi € N,
y P; f(P). To eliminate the possibility of inefficiency, we set a,, = X and a,4; = X. By
doing so, we derive a social choice rule f* with the property that for allP € &%, f*(P) =
m2"=Y(7t(P),...,7(Py), a1,...,an-1). This rule is called an efficient extended median rule,
and it is characterized by n — 1 fixed ballots located on X. The set of all such rules is
denoted by EMR*.

Finally, we can also restrict each @; to take its value at the peak of a preference. We
call these rules the peak rules and denote the family of all such rules by PR.

DEFINITION 9. A social choice rule f : " — X is a peak rule if there are n — 1 fixed
ballots ay,...,a,-1 € {T(P) € X : P € &} such that for every preference profile P € &",
f(P) = mzn_l(T(Pl)v ey T(Pl’l)y ay,..., anfl)'

In the next section, we prove that the set of peak rules is the only family of social
choice rules that satisfies unanimity, anonymity, and strategy-proofness on a maximal
single-crossing domain. We show also that this characterization is tight, in the sense
that relaxing any of the previous conditions enlarges the family of social choice rules.

3. CHARACTERIZATION
We start by proving that every peak rule is group strategy-proof.
ProposITION 1. Every peak rule f € PR is group strategy-proof on & ".

Proor. Fix f € PR. Suppose, by contradiction, there exists a coalition S C N, a profile
(Ps,P5) € ™, and a joint deviation Pg € !5 for S such that f(Ps,Pg) P; f(Ps, Pg) for all
i €8S. To simplify, denote x = f(Ps,Pg) and y = f(Ps,Pg), and let y > x.
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By definition, f € PR implies thatforalli =1,...,n -1, q; € {1(P) e X: P S}.
Hence, x and y must coincide with the tops of two preferences. Denote these prefer-
ences by P* and PY, respectively. We show next that, forall i €S, 7(P;) > x. Suppose not.
That is, assume x > 7(P;) for some agent i € S. If 7(P;) = x, then x P; y, which contra-
dicts our initial hypothesis. Instead, suppose that x > 7(P;). Then, P; = P*. Otherwise,
y > x, P* = P; and y P; x would imply that y P* x, contradicting the assumption that
x = 7(P*). But then, by SC1, x P* 7(P;) implies x P; 7(P;), a contradiction. Therefore,
Vies, 7(P;)> x.

By definition,

x=m*" " ({7(P)}bies, {T(P)}jes 1o r @n1)

and
y=m? ({r(Phics, {T(P}jesr @1 - ).

Hence there must exist i € S for which x > 7(P;). Otherwise, if 7(P;) > x Vi € S,
we would have y = x because 7(P;) > x Vi € S. Thus, if we rename ({7(?;)};cs,
{T(Pj)}jeg,al,...,an_l) as(ai,...,azp—1), it follows that |[{j € {1,...,2n - 1)} : x > a;}| >
n. But then x > m2"1(ay,...,as,-1). Thatis, f(Ps,Pg) > f(Ps,Ps), contradicting the
assumption that y > x. Therefore, f is GSP on .7". O

Aswe said in the Introduction, in an influential work Moulin (1980) proved that every
extended median rule is strategy-proof on the domain of single-peaked preferences. In
contrast, Proposition 1 shows only that every peak rule is group strategy-proof (and,
consequently, strategy-proof) on any single-crossing domain. Other extended median
rules, which allow a fixed ballot to be located over an alternative that is not the peak of
a preference, are not guaranteed to be strategy-proof with single-crossing preferences.
The following example illustrates this claim.

ExampLE 4. Consider a society with three agents, N = {1,2,3}, and three alternatives,
X={x,y,z}. Let ={(xyz),(xzy), (zxy), (zy x)}. Aswe said in Example 3, these pref-
erences constitute a maximal set with the single-crossing property. Fix a social choice
rule f € EMR* and assume that ¢; =y and a, = z. Note that a; does not coincide with
the most preferred alternative for any preference. Moreover, if P, =(xy z), B =(xzy),
and P; = (zy x), then f(P) = m5(x,x,z,a1,a2) = y. Thus, individual 2, who prefers
that the group’s choice be either x or z instead of alternative y, can manipulate f by
declaring the insincere preference P, = (zy x). This causes the outcome to become
f(Pz,P_g) = md(x,z,z,a1,a2) = z. Therefore, agent 2’s deviation is profitable and in-
dividual manipulation cannot be excluded. O

This example shows that strategy-proofness is not assured for every efficient ex-
tended median rule because, with the exception of the subclass of peak rules, all of the
other extended median rules do not guarantee that the chosen alternative is always the
most preferred alternative for a preference. However, as the proof of Proposition 1 il-
lustrates, this information is used in a fundamental way to rule out orderings that may
create incentives for manipulation.
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The reason lies in the fact that the single-crossing property is a restriction on the
distribution of preferences across individuals, but does not exclude a priori any pref-
erence relation. Thus, to get rid of the undesirable orderings, i.e., those which provide
incentives to misrepresent the true preferences, the argument cannot rely on the shape
of each individual preference, as happens in the case of single-peakedness. Instead, the
proof of Proposition 1 shows that the argument exploits (i) the fact that the social choice
the most preferred alternative for some preference, (ii) the structure and location of that
ordering, and (iii) the correlation between preferences in a set with the single-crossing
property. Remarkably, no information about the shape of the preference relations is
necessary to guarantee strategy-proofness.

Of course, the conjecture that only peak rules are not manipulable on a maxi-
mal single-crossing domain stands in sharp contrast with the main result with the
single-peakedness restriction, where every extended median rule (not just peak rules)
is strategy-proof. In the next theorem, we formalize this conjecture by showing that the
family of peak rules can be characterized by strategy-proofness, anonymity, and una-
nimity.

THEOREM 1. Let & be a maximal set of single-crossing preferences. A social choice rule
[ " — X is unanimous, anonymous, and strategy-proof if and only if f is a peak rule.

The proof of this theorem, which is given in Appendix C, relies on three main re-
sults, each important in its own right. The first result, summarized in Proposition 2 and
proved in Appendix B, shows that on a maximal set of single-crossing preferences the
tops-only property is implied by strategy-proofness. This result is a major step in the
proof of Theorem 1, and is consistent with other results in the literature on strategy-
proofness. In short, it captures the intuitive idea that social choice rules that use too
much information about individuals’ preferences are easy to manipulate.

PROPOSITION 2. Let. be a maximal set of single-crossing preferences. A social choice rule
[: " — X is strategy-proof only if f is tops-only.

The proof of Theorem 1 involves two further results in addition to Proposition 2,
namely Lemmas 1 and 2. The first lemma points out that if a social choice rule is unan-
imous and strategy-proof (and therefore tops-only), then no individual must be able to
profit by reporting extreme preference relations, unless such extreme preferences con-
stitute the individual’s true ordering. This “median property” at the individual level must
simultaneously hold for every agent.

To present this result more formally, in the sequel we use P (respectively, P) to de-
note the most leftist (respectively, rightist) preference relation on X according to the lin-
ear order of X, so that for all x,y € X, x Py (respectively, y Px) if and only if y > x.13 It is
easy to check that these rankings always belong to .. Moreover, 7(P)= X and 7(P) = X.

3Qbviously, for any i € N, we denote by P, (respectively, P;) agent i’s preference P (respectively, P).
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LEmMA 1. Let & be a maximal set of single-crossing preferences. A social choice rule f :
S — X is unanimous and strategy-proof only if for alli € N and allP € ",

(P, P_))=m(1(P), f(P;,P;), f(P;,P_;)).

The proof of Lemma 1, carried out below for didactic reasons, is useful to illustrate
how the structure of the single-crossing domain is used to justify the existence of certain
preferences that are needed in several of the remaining proofs.

ProoroF LEMMA1. Let f be UN and SP on #”". By Proposition 2, f is TO on ¥".
Fix a profile P € " and an individual i € N. If f(P;,,P_;) > f(P;,P_;), then
f(P;,P_;)P; f(P;,P_;). Thus, agent i can manipulate f at (P;,P_;) via P;, a contradic-
tion. Hence, f(P;,P_;)> f(P;,P_;).

There are two cases to consider: (1) f(P;,P—;) > 7(P;) and (2) f(P;,P_)) > 1(P) >
f(P;,P_;). The remaining case where 7(FP;) > f(ﬁ,-,P,i) is similar to (1).

Case I: f(P;,P_;)>t(P). Then, m3(t(P), f(P;,P-;), f(Pi,P_;)) = f(P;,P_;). Assume,
by way of contradiction, that f(P) # f(P;,P_;). First, suppose that f(P;,P_;) > f(P).
Then, by the definition of P, we would have f(P)P; f(P;,P_;), contradicting SP. Sec-
ond, suppose that f(P) > f(P;,P_;), which implies that f(P;,P_;) > 7(P;). By SP
fP,P_;)P; f(P;,P_;). Hence, ©(P;) # f(P;,P_;). Furthermore, f(P;,P_;) # 7(P;) be-
cause f(P;,P_;) > ©(P;) = 7(P;) = X. In fact, as can be inferred from Figure 3(a),
f(P;,P_;) # 7(P;) for all j # i. Otherwise, if f(P;,P_;) = 7(P;) for some j € N\ {i},
then P; = P; because f(P;,P_;) > 7(P;). However, by SC2, P; - P;, f(P;,P_;) > f(P;,P-;),
and f(P;,P-;) P; f(P;,P—;) would imply f(P;,P_;) P; f(P;,P_;), a contradiction.

Step 1. Consider any preference P € % such that (i) 7(Pf) = 7(P;) and
() f(P;,P-;) P f(P;,P_;) (see Figure 3(a)). If P* € #, then by TO, f(P?,P_;) =
f(P;,P_;).1* Using the definition of P{*, we have f(P;,P_;) P f(P?,P_;), which contra-
dicts SP.

Step 2. If P ¢ ., then there must exist a preference Pl.ﬁ € & that prevents P{ from

being part of .. Specifically, as we show in Appendix A, there has to be a Plﬂ € & such
that (i) 7(P;) > T(Pl-ﬁ) and (ii) f(Pl-,P_i)Pl.ﬁ f(P;,P_;) (see Figure 3(a)).!> Clearly, P, must
be above Piﬁ because the ideal point 7(P;) is greater than T(Piﬁ ).

Step 3. If f(P;,P_;) > f(Piﬁ,P_,-), then individual i can manipulate f at (P;,P_;) via
Piﬂ because, by the definition of P;, a smaller alternative is always preferred. Equally,
if f(Piﬁ,P_i) = f(P;,P_;), then i can manipulate f at (Pl.ﬁ,P_,-) via P; because, by the
definition of Plﬁ, f(Pi,P,i)Pl.ﬁ f(P;,P_;). Hence f(Pl.ﬁ,P,,-) > f(P;,P_;). Furthermore,
f(p,P_;) > f(Pl.ﬁ,P_,-). On the contrary, assume f(Piﬁ,P_,-) > f(P;,P_;). Recall that
P, >~ PP and, by SR f(PP,P_)) PP f(P,P_,). Thus, by SC1, f(P’,P_;)P; f(P;,P_;), a con-
tradiction. To summarize, f(P;,P_;) > f(Pl.ﬁ,P_i) > f(P;,P_;).

“Note that unanimity implies that, forall i € N, and all P, € &, 7(P;) € ry. Hence, 7(P;) = 7|, (P).

15The reader should bear in mind that in the figures in which there are P[“—Piﬁ pairs (with a common inte-
ger possibly added to a and f8), it is not possible for each preference in the pair to be in the domain. Thus,
showing them both ordered on the same line in the diagrams is only for the purpose of the explanation.
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Ficure 3. Illustrations of Cases 1 and 2.

Step 4. Repeating Step 1, suppose that there is a preference PI.O‘Jrl € < between P; and
P’ such that (i) t(P**") = 7(P) and (i) f(P,,P_;) P**' f(P’,P_,). By TO, (P!, P_;)=

L
f(Pl.ﬁ ,P_;). Hence, f(P;,P_;)P**! f(P**!,P_;), contradicting the assumption that f is
SP.

If instead Pl."“rl ¢ &, then repeating the argument of Step 2, there must exist Piﬁ e

 with PP < PP such that () 7(P7) > t(P"™") and (i) f(P?,P_;) PP f(P,,P_,). Using
the argument of Step 3, f(Pl.ﬁ,P_l-)2f(Pf+1,P_i)>f(£i,P_i).
Notice that since X is a finite set and in each step the peak of the “blocking order-
ing” Pl.ﬁ ¥ becomes smaller and smaller, the sequence T(Pl-ﬂ ), T(Pl.ﬁ H), ... approaches
7(P;). Thus, if we continue applying Steps 1 to 3 repeatedly, then either (i) we eventu-
ally get the desired contradiction or (ii) after a finite number of repetitions, say ¢, we
obtain a preference Pl.ﬁ e < between P; and Pl.ﬁ =1 such that T(Piﬁ +Z) = 7(P;) and
FEP Py PP (P, P_y). By TO, f(PPT,P_;)= f(P,,P_;). Therefore, i can manip-
ulate f at (Pl.ﬁH,P_i)via PiﬂH_l.

Case 2: f(P;,P_;) > ©(P) > f(P;,P_;). Then m¥(z(P), f(P;,P_y), f(P;,P_;)) = ©(P).
Assume, by way of contradiction, that f(P) # 7(P;). Without loss of generality, suppose
that 7(P}) > f(P), so that f(P;,P_;)> f(P). By SB f(P;,P_;) P; f(P,P_;).

Step 1. Consider any preference P* € & such that (i) 7(P#) = 7(F) and
(ii) f(l_-",-,P_,-)Pi“ f(P;,P_;) (see Figure 3(b)). If P* € #, we are done: by TO, f(P{,P_;) =
f(P;,P_;). Thus, by the definition of P, f(P;,P_;) P# f(P#,P_;), which contradicts SP

Step 2. On the contrary, if P € .7, then using a reasoning analogous to the reasoning
of Appendix A, P/ must be blocked by a preference P* € . with the property that (i)
T(P*) > 7(P;) and (ii) f(P;,P_;) P* f(l_i‘i,P_,-). That is, there must be a preference P* in
< that is more leftist than P with respect to the pair {f(P;,P_;), f (P;,P_;)} and more



Theoretical Economics 4 (2009) Strategy-proofness and single-crossing 141

rightist regarding {T(P*), T(P;)}. Let Pl.ﬂ =min.{P’' € ¥ : 7(P’) > 7(P;)} (see Figure 3(b)).
It is easy to verify that f(Pl-,P_i)Piﬁ f(I_Ji,P_,-), because either Pl.ﬁ coincides with P* or
P >-pP

Step 3. 1If f(Piﬁ ,P_;) > f(P;,P_;), then agent i can manipulate f at (P;,P_;) via
Pl.ﬁ because, by the definition of P;, a greater alternative is always preferred. Equally,
if f(Piﬁ,P_i) = f(P;,P_;), then i can manipulate f at (Pl.ﬁ,P_,-) via P; because, by the
definition of Piﬁ , f(P,-,P_i)Pl.ﬁ f(P;,P_;). Hence, f(P;,P_;)> f(Piﬁ ,P_;). Furthermore,
f(Pl.ﬁ,P_,-) > f(P;,P_;). To see why, assume f(P;,P_;) > f(Pl.ﬁ,P_,-). Recall that P; < Piﬂ
and, by SB. f(P’,P_;) P’ £(P,,P_;). Thus, by SC2, f(P’,P_;)P; f(P;,P_;), a contradic-
tion. To summarize, f(P;,P_;)> (P, P_;)> f(P;,P_,).

Step 4. Suppose f(Pl.ﬂ,P_i) = T(Piﬁ). Then f(Pl.ﬁ,P_,-) > f(P;,P_;) because T(Piﬁ) >
T7(P;) > f(P;,P_;). Since . is maximal, there is Pl.a/ € & with the property that T(Pl-a/) =
7(P;) and f(Piﬂ ,P_i)Pl.“' f(P;,P_;). In effect, to prevent Pl.“' from belonging to ., there
should be P* € ¥ such that 7(P*) > ©(P;) and f(P;,P_;)P* f(Pl.ﬁ,P_,-), which is not pos-
sible because, by SP, f (Pl.ﬁ , P_,-)Piﬁ f(P;,P_;) (remember that Piﬁ =min.{P € S :1(P)>
7(P;)}. By TO, f(Pl.“/ P_;) = f(P;,P_;); hence, agent i can manipulate f at (P;,P_;) via
Piﬂ , a contradiction. Therefore, f(Pl.ﬁ ,P_,-);éT(Piﬁ ).

Step 5. Repeating Step 1, suppose that there is a preference PI.O‘Jrl € & between P; and
P’ such that (i) 7(P#™") = 7(P’) and (ii) f(P;,P_;) P**! f(P’,P_,). By TO, f(P**,P_;)=
f(Piﬁ,P_i), and we are done; i.e., agent i can manipulate f at (P;"“,P_,-) via P;.

On the contrary, if Pl.‘)”rl ¢ &, then by the argument of Step 2, there must ex-
ist a preference Piﬁ e & with Piﬁ o Piﬁ such that (i) T(Piﬁ +1) > T(Piﬁ ) and
(ii) f(Pl.ﬁ,P_,-)PiﬁJrl f(P;,P_;). Using the reasoning of Step 3, f(P;,P_;) > f(Pl.ﬁH,P_i) >
{048 20

If we go back to Step 1 and continue applying Steps 1 to 4 repeatedly, then in the

end either (i) we get the desired contradiction or (ii) after a finite number of repeti-
B+t B+—1 B+

tions, say £, we find P, € . between P; and P; such that 7(P;" ) = 7(P;) and
PP PP (P, P_y). By TO, (PP, P_;)= f(P;,P_;). Therefore, i can manip-
ulate f at (Plﬂ +Z,P_l~) via Piﬂ e contradicting the assumption that f is SP. O

Finally, the proof of Theorem 1 also uses Lemma 2, according to which a strategy-
proof and unanimous social choice rule must satisfy a property called top-monotonicity
(TM). Roughly speaking, this property ensures that collective choices do not respond
perversely to changes in individuals’ ideal points.

DErFINITION 10. A social choice rule f: " — X is top-monotonicif Vi € N, V(P;,P_;) €
", and VP; € ¥ such that ©(B;) > ©(P), f(P;,P_;)> f(P:;,P_;).

LemMaA 2. Let & be a maximal set of single-crossing preferences. If a social choice rule
f: " — X is unanimous and strategy-proof, then f is top-monotonic.

Proor. Let fbeUN andSPon .&". Consider any individual i € N, any profile (P;,P_;) €
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<", and any admissible deviation P/ € & such that 7(P/) > 7(P;). We want to show that
f(P,,P_;)> f(P,,P_;). Three cases are possible.

Casel: Ift(P;)> f(l_D,-,P_,-), then

m3(t(P), f(P;,P—i), f(Pi,P_)) = m*(t(P)), f(P;,P_y), f(Pi,P_)))

because SP implies that f(P;,P_;) > f(P;,P_;) and, by hypothesis, 7(P/) > 7(P;). There-
fore, by Lemma 1, f(P/,P_;)= f(P;,P_;).

Case 2: 1If f(P;,P_;) > ©(P}) > f(P;,P_;), then m3(z(R,), f(P;,P—;), f(P;,P_;)) = ©(P),

and, given that t(P)) > ©(P,), m3(t(P)), f(P;,P-;), f(P;,P_;)) > ©(P;). Therefore, by
Lemma 1, f(P/,P_;)> f(P;,P_;).

Case 3: Finally, if f(P;,P_;) > 7(P;), then by Lemma 1, f(P/,P_;) > f(P;,P_;) because
m3(t(P)), f(P;,P-), f(Pi,P_)) = m3(t(P,), f(P;,P-;), f(P;,P_;)) = f(P;,P_;). O

Under the hypotheses of Theorem 1, the social choice always coincides with the
peak of a preference. Thus, a corollary that can be immediately established is that, on
a maximal set of single-crossing preferences, every UN, AN, and SP social choice rule
satisfies Pareto efficiency.

CoRoLLARY 1. Let ¥ be a maximal set of single-crossing preferences. If a social choice rule
[ " — X is unanimous, anonymous, and strategy-proof, then f is Pareto efficient.

Proor. Fix a UN, AN and SP social choice rule f : " — X. By Theorem 1, f is a peak
rule. Without loss of generality, suppose there exist x, y € X, y > x, and a profile P € "
such that f(P)=x and y P;x for all i € N. Then, for all i = 1,...n, ©(P;) # x. By Theo-
rem 1, there exists P* € . such that 7(P*)=x. Forall i € N, P; = P*. Otherwise, SC1
would imply y P* x. Therefore, min-{7(P,),..., 7(P,)} > x and, by Definition 9, f(P) > x,
a contradiction. Thus, f is Pareto efficient. O

In addition to showing Corollary 1, under the hypotheses of Theorem 1 it is also pos-
sible to show that the set of admissible preferences has the single-peaked property over
the range of the social choice rule. More formally, for any set Y € X and any preference
P e 7, let P|y be the restriction of the relation P to the elements of Y. Denote by .&|y
the set containing the restriction of each preference P € & to Y. We refer to |y as the
restriction of & to Y.

LemMaA 3. Let & be a maximal set of single-crossing preferences. If a social choice rule
[ " — X is unanimous, anonymous, and strategy-proof, then the restriction of % to
the range of f has the single-peaked property.

Proor. The proof is based on Saporiti and Tohmé (2006). Fix a maximal set ¥ C &
with the single-crossing property with respect to > and . Take a UN, AN, and SP social
choice rule f: " — X. Assume, by contradiction, there exists a preference P|;, € 7|,
that is not single-peaked on ry with respect to the linear order > of X. Then there must
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be a triple x,y,z € ry such thatx >y >z and x Py and z Py. By Theorem 1, y = 7/,(P’)
for some P’ € . If P’ = P, then by SC1, x > y and x Py imply x P’y, contradicting
the assumption that y = 7|,(P’). Hence, P > P’. However, since y > z and z Py, SC2
implies z P’ y, a contradiction. Therefore, the set |, has the single-peaked property
onry. a

A social choice rule f : " — X has a regular domain if for every a € r¢ there is a
preference P* € & such that 7|,,(P*) = a (Le Breton and Weymark 1999). As we state
in Corollary 2, another immediate consequence of Theorem 1 is that every UN, AN, and
SP social choice rule f: " — X has a regular domain. The result follows immediately
from Theorem 1 and Definition 9.

CoROLLARY 2. Let & be a maximal set of single-crossing preferences. If a social choice rule
[ " — X is unanimous, anonymous, and strategy-proof, then " is a regular domain.

Finally, we close this section by discussing the independence of the axioms used in
Theorem 1, as well as the role of the maximal domain condition. First, consider the con-
sequence of relaxing strategy-proofness. As we have explained, any efficient extended
median rule that it is not a peak rule may be subject to individual manipulation on a
single-crossing domain. However, all such rules are anonymous and unanimous. Thus,
the family that satisfies these two axioms on " is larger than the set of peak rules.

Second, consider the consequence of relaxing unanimity. Define a social choice rule
f in such a way that, for each P € ", f(P)=a € X. It is clear that f is anonymous and
strategy-proof. However, f violates unanimity since ry = {a}. Hence, f & PR.

Third, relax anonymity by fixing an agent j € N and defining a social choice rule f in
such a way that, for all P € ", f(P)= 7(P;). It is immediate to see that f is unanimous
and strategy-proof. However, it violates anonymity because f is dictatorial.

Lastly, to illustrate why the maximal domain condition is needed to derive the main
results of this paper, let N = {1,2}, X = {x,y,z} with z > y > x, and .¥ = {P, P}, where
P=(xyz)and P=(zyx). As is clear from Example 3, the set of preferences .# is not a
maximal set with the single-crossing property. Define f by setting f(P, P)=x, f(P,P)=
z,and f(P, P)= f(P,P)=y. This function satisfies unanimity, anonymity, and strategy-
proofness. However, f is not a peak rule because y is chosen at (P, P)and at (P, P), but
y # 1t(P)forall P€ . = {P, P}.

4. ROBUSTNESS

So far, we have assumed that every individual i € N is endowed with a preference P;
drawn from the restricted domain % and is entitled to report a preference relation (not
necessarily the true one) from the same admissible set. That is, we have restricted both
the true preferences of all individuals and their strategies, i.e., the orderings they are
permitted to announce, to the same maximal set of single-crossing preferences. The
main result obtained from this assumption is that a social choice rule is anonymous,
unanimous, and strategy-proof if and only if it is a peak rule.
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There are two main concerns regarding this result. First, there is a question of how
easy it is to describe the set of admissible preferences. We said in the Introduction that
the set of individual preferences with the single-crossing property can be derived from
standard assumptions in economics. However, to be able to describe this set, the mech-
anism designer would probably need to possess some information about individuals’
preferences, though not about any particular individual’s ordering. Given that the goal
of this paper is to study social choice problems where individual preferences are pri-
vately observed, the information required by the planner to specify the set of admissible
reports weakens the contribution of Theorem 1.

Nevertheless, as Campbell and Kelly (2003, p. 567) say, “there is a sense in which
results based on a domain of single-peaked preferences have the same drawback: Al-
though single-peaked domains can be defined as product sets, single-peakedness is
characterized by means of a particular linear ordering, and an individual would have
to know the linear ordering to which the reported preference is admissible, before being
convinced that his own reported preference is admissible.”

Furthermore, while in some cases this ordering is natural and, therefore, the as-
sumption that it is commonly known (included by the planner) is not too demanding,
in others it is not necessarily obvious. Suppose, for example, that alternatives are po-
litical candidates. Then, the way in which individuals agree to locate these candidates
on a one-dimensional political scale is not immediate. Moreover, that ordering not only
determines which preferences can be declared, but it also provides information about
other individuals’ preferences. For instance, if X = {x,y, z} and (P;);en is single-peaked
with respect to x > y > z, then the order of the alternatives reveals that nobody holds a
preference that ranks y bottom (such as the relations P=(xzy) and P/ =(z x y)).

Apart from the difficulty of specifying the set of possible reports, a second concern is
that, even if the mechanism designer has the information to do so, it is still unclear how
to deal with declarations that are not in the admissible set. Can we tell an individual that,
despite the fact that preferences are not directly observed, on the basis of our beliefs
about “how they should be,” he cannot submit a certain preference relation because we
consider it somehow “unreasonable” and, therefore, it has been removed from the set of
possible declarations?

Once again, this affects not only the analysis with single-crossing preferences, but
also with other domain restrictions. Consider, for instance, the case where preferences
satisfy the single-peaked property over the real line. For the planner, it would not be
difficult to describe the set of admissible preferences because alternatives are ordered
according to the usual order of the real numbers. However, suppose that individual i
reports a preference that is not single-peaked on that order. What can we do in such a
situation? Can we say to individual i that he is not entitled to have such a preference re-
lation? In a free society, every individual can order the alternatives in the way he wishes,
independently of how sensible we think these orderings are. Thus, assuming that pref-
erence relations that do not satisfy the domain restriction will not be permitted seems
neither realistic nor democratic.
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To deal with this problem, in this section we analyze the possibility of strengthen-
ing the result of Theorem 1 by eliminating the requirement that individual reports be
restricted to be in the set .. The analysis is inspired by Blin and Satterthwaite (1976),
who have undertaken a similar exercise to assess the robustness of the strategy-proofre-
sult of majority rule with Borda completion on the domain of single-peaked preferences
when individual reports are allowed to be outside the single-peaked domain.

Our findings are positive: If the true preferences of the society satisfy the single-
crossing property, then no individual can ever profitably manipulate a peak rule by re-
porting a preference that is not his true preference relation, independently of whether
the insincere preference belongs to the single-crossing domain or not. Conversely, if
we allow deviations outside the single-crossing domain, every anonymous, unanimous,
and strategy-proof social choice rule must be a peak rule on the set of preferences with
the single-crossing property.

To see this more formally, let us now redefine a social choice rule so that it associates
a feasible alternative to every profile of complete, transitive, and antisymmetric prefer-
ences;i.e., let f: 2" — X. Following Blin and Satterthwaite (1976), a social choice rule f
is said to be manipulable on " if there exist an individual i € N, a profile (P;,P_;) € ",
and a deviation P; € 2 such that f(P;,P_;) P; f(P;,P_;). A social choice rule is strategy-
proof on " if and only if it is not manipulable on #”. Notice that, when we defined
strategy-proofness in Definition 3, we omitted the qualification “on .#"” because that is
also the domain of the social choice rule. Instead, here the social choice rule is defined
on alarger domain, actually on the set of all strict preferences; but it is required to satisfy
strategy-proofness only on the domain of individual true preferences.

Proceeding in a similar way, we can redefine unanimity and anonymity. A social
choice rule f : 2" — X is unanimous on %" if Vx € X and VP € %" such that
T(P) = x Vi € N, f(P) = x. Similarly, f : #" — X is anonymous on " if for all
P,P € ", f(P) = f(P) whenever P is a permutation of P. Finally, we say that a social
choicerule f: 2" — X, defined over the set of all complete, transitive, and antisymmet-
ric preference profiles, is a peak rule on %" if there are n — 1 fixed ballots ay,...,a,—1 €
{Tr(P)e X:P€ S} such that VP € ", f(P)= m?"~Y(1(P),...,T(P), a1,...,An-1).

THEOREM 2. Every peak rule f : " — X on " is strategy-proof on #". Conversely, if
< is a maximal set of single-crossing preferences, then every social choicerule f : 2" — X
that is unanimous, anonymous, and strategy-proof on " is a peak rule on .

Proor. To prove the first part of the theorem, fix any peak rule f : " — X on .
Suppose that f is manipulable by i € N at a profile (P;,P_;) € %" via a preference
relation P; € Zthat is not necessarily in .. Without loss of generality, suppose that
f(P,P_;)> f(P;,P_;). Since f always chooses the most preferred alternative of a pref-
erence, let f(P;,P_;) coincide with 7(P*) for some P* € &. By SC1, (P,P_;) € "
and f(Pi,P_,-)P,- f(P;,P_;) imply that P; = P*. Therefore, 7(P;) > f(P;,P—;). Moreover,
f(P;,P_;) > 7(P;). Otherwise, we would have f(P;,P_;)= f(P;,P_;). Hence, by the defini-
tion of f, f(P;,P_;)> f(P;,P_;), which contradicts the initial hypothesis that f(?;,P_;) >
f(P;,P_;). Therefore, f is SP on ..
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The proof of the second part of the theorem is immediate. Consider a social choice
rule f: " — X thatis UN, AN, and SP on .#". Define the social choice rule g : /" — X
in such a way that, for all P€ ., g(P)= f(P). Since g is AN, UN, and SP, by Theorem 1,
g € PR. Hence, f is a peak rule on #". O

Notice that the first part of Theorem 2 is proved applying the same argument used
in the proof to Proposition 1. This is because the latter does not exploit the structure of
the deviation profile (P, P_;). On the contrary, what matters is that (P;, P_;) belongs to
<. The second part of the theorem holds because every social choice rule that is not
manipulable when individuals can report any strict preference relation must also not be
manipulable when they are allowed to declare only preferences from a strictly smaller
subset. However, we have already shown in Theorem 1 that, when reports are restricted
to ., every unanimous, anonymous, and strategy-proof social choice rule is a peak rule.
Hence, if we dispense with the assumption that declarations are restricted to the set of
preferences with the single-crossing property, we must obtain the same family of rules
on the restricted domain.

Finally, note that Theorem 2 does not provide a full characterization because we
have not determined the form of a unanimous, anonymous, and strategy-proof social
choice rule outside the domain of preferences with the single-crossing property. How-
ever, it does show that the rules obtained in any such characterization coincide over
a maximal single-crossing domain with the rules characterized in Theorem 1. This,
together with the fact that every peak rule is strategy-proof on the domain of single-
crossing preferences, allows us to conclude that the result stated in Theorem 1 is robust
to the kind of perturbations introduced in this section.

5. FINAL REMARKS

This paper analyzes strategy-proof collective choice rules when individuals have single-
crossing preferences on a finite and ordered set of social alternatives. While the single-
crossing property has been shown to be sufficient to ensure the existence of a Condorcet
winner, this result has been derived assuming that individuals sincerely declare their
preferences. This naturally raises the issue of potential individual and group manipula-
tion, motivating the current research.

The main contributions of this paper are the following. First, the paper shows that, in
addition to single-peakedness, single-crossing is another meaningful domain that guar-
antees the existence of strategy-proof social choice rules. Specifically, it proves that ev-
ery peak rule is group strategy-proof on any set of preferences with the single-crossing
property. Conversely, it shows that every social choice rule that satisfies anonymity, una-
nimity, and strategy-proofness on a maximal single-crossing domain is a member of this
family. These results are robust to deviations outside the single-crossing domain, pro-
vided that individuals’ true preferences belong to that set.

A natural consequence of the previous characterization is that anonymity, una-
nimity, and strategy-proofness imply Pareto efficiency. Furthermore, although in our
framework individual preferences need not be convex over the set of alternatives,
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anonymity, unanimity, and strategy-proofness also imply that preferences must satisfy
single-peakedness over the range of the social choice rule.'® Thus, our results indicate
that to rule out incentives to misrepresent individual preferences some convexity and
regularity of the domain are necessary.

Another important conclusion of this research is that on a maximal single-crossing
domain, strategy-proofness implies the tops-only property. The proof of this claim
does not completely follow the proof strategy recently proposed by Weymark (2008) be-
cause the non-convexities of single-crossing preferences make it quite difficult to di-
rectly prove that the Le Breton and Weymark (1999) regularity condition is satisfied. To
circumvent this problem, first we prove the claim in a two-person case, where unanim-
ity over the range can be used without further complications. We then obtain a partial
characterization of the social choice rule for the case with only two individuals, which
allows the claim to be established for more than two agents by reducing the analysis to
a situation where only two tops are different.

Finally, this paper also shows that the Representative Voter Theorem has a well de-
fined strategic foundation, in the sense that the median voter’s ideal point can be imple-
mented in dominant strategies by a direct mechanism. However, this conclusion holds
on a subdomain of single-crossing preferences, the Cartesian product domain. There-
fore, relaxing the assumption that individuals sincerely reveal their preferences is not
free.

APPENDICES
A. FURTHER DETAILS FOR THE PROOF OF LEMMA 1

The second step of the proof of Lemma 1, Case 1, argues that
[P? ¢ #]1= [3PF € 7 such that () ©(P) > 7(P) and (i) f(P,P_;)) P f(P,,P_))]. (%)

If such a preference Piﬁ exists in ., it is clear that P; >~ Piﬂ because T(P;) > T(Piﬁ ). Thus,
in what follows we focus on the existence of Piﬂ .

Assume that P* ¢ & and suppose, by way of contradiction, that (*) is not true.
Recall that we are working under the assumption that f(P;,P_;) > f(P;,P_;). That
means 7(P;) # 7(P;) (remember that f is TO). Thus there exists a preference P’ € &
such that 7(P;) > 7(P’). In particular, this is true for P;. Hence, it must be that for
all P’ € . with the property that 7(P;) > ©(P’), f(P;,P_;)P’ f(P;,P_;) (otherwise, we
would have a preference Pl.ﬁ that satisfies (x)). Define the set Z(P;) ={P' € & : 7(P;) >
T(P)and f(P;,P_;) P’ f(P;,P_;)}. Once again, Z(P;) # @ because P; € Z(P;). Take the
greatest element of Z(P;) with respect to > and denote it by max, Z(P;) = P™ax,

Recall from Step 1 that P{ is any preference for which (i) 7(P#) = 7(P;) and
(i) f(P;,P—;) P f(P;,P_;). Moreover, by hypothesis, none of these orderings belong to
<. (Otherwise, the argument of Step 1 would provide the desired result.) Therefore, it
must be that for all P” €. with the property that ©(P”) = ©(%;), f(P;,P_;)P” f(P;,P_;).

16Given a set X and a linear order > of X, a preference P € 2 on X is convex with respect to > if for every
three distinct alternatives x, y,z € X, x Py = y Pz whenever y is between x and z.
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Define the set Y(P;) = {P” € & : ©(P") = ©(P;) and f(P;,,P_;) P” f(P;,P_;)}. Notice that
Y(P;) # @ because P; € Y(P;). Take the smallest element of Y(P;) with respect to >
and denote it by min, Y(P;) = P™", Obviously, P™n > pmax hecause 7(P™") = 7(P;) >
T(pmax),

For every pair of distinct alternatives x, y € X, with y > x, notice that either P™2% and
Pmin coincide in ranking x and y, or x P™& y and y P™in x, This is because P™max, pmin ¢
S, pmin . pmax and y > x.

Consider the following mixture P% of P™a and P™in, For every pair of distinct alter-
natives x,y € X, with y > x, (i) if x Pmmy, then x P*" y; (ii) if y P™® x, then y P% x; and
(iii) if x Pm&y and y P™n x, then x P* y if y # 7(P;), and y P* x otherwise. In words,
for every pair of distinct alternatives x,y € X, with y > x, P ranks x and y like Pmax
and P™n whenever these two preferences coincide; it ranks x and y like Pmax jf pmax
and P™n do not coincide and the greatest alternative, i.e. y, is not the peak of P™in;
and, otherwise, P follows P™", Just to illustrate this mixture, it is easy to see that if
Pmax—(gbcd), PMn=(bdca),andd >c>b>a,then P* =(bacd).

First, note that P%" is a linear order; hence, P*" € 2. Second, f(P;,P—;) P* f(P;,P_;)
because f(P;,P-;) > f(P;,P-;), f(P;,P-;) # ©(P), and f(P;,P_;) P™™ f(P;,P_;). Third,
T(P?") = 7(P™in) = 7(P;). Finally, since . is maximal, by construction P*' € %, contra-
dicting the initial hypothesis that any preference P/ for which (i) 7(P7*) = 7(P;) and (ii)
f(P;,P_;) P? f(P;,P_;) does not belong to . Therefore, () holds.

B. PROOF OF PROPOSITION 2

In order to prove Proposition 2, the following lemma, which is a special case of Proposi-
tion 2 in Le Breton and Weymark (1999), is extremely useful.

LEmmMA 4. Suppose f : " — X is a strategy-proof social choice rule with n > 1. For any
nonempty set SC N, any x € ry, and every profile (Ps,Pg) € " such that 7| )(Pi) =x

. 0f (P
forallies, f(Ps,Pg)=x."7

From Lemma 4, we can derive Corollaries 3 and 4, whose proofs follow immediately
by setting S={i} and S = N, respectively.

CoroLLARY 3. If f: " — X is a strategy-proof social choice rule, then for all i € N, every
x €ry, and all (P;,P_;) € " such that Tlo_f(P;)(Pi) =x, f(P,P_;)=x.

CoroLLARY 4. If f:.5" — X is a strategy-proof social choice rule, then for all x € ry and
all(P;,P_;) € " such that |, (P;)=x foralli € N, f(P;,P_;)=x.

In words, Corollary 4 points out that a strategy-proof social choice rule must respect
unanimity over the range, in the sense that if everyone has the same most preferred
alternative on the range of the social choice rule, then that alternative must be the social
choice.

Finally, the following additional result can be derived from Lemma 4.

7If §= N, it is assumed that O{:,(PQ,) =ry.
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CoRroLLARY 5. If f: " — X is a strategy-proof social choice rule, then for any nonempty
setSC N, every x € rg, and all(Ps,Pg) € & such that t|,,(P;)=x foralli€S, x € Og(PS).

Corollary 5 is immediate from Corollary 4 (just take a preference relation for each
individual in the set S with the most preferred alternative over the range equal to x).
Roughly speaking, it says that if a social choice rule is strategy-proof and all agents in a
certain coalition agree on the most preferred alternative over the range of the rule, then
that alternative must be available in the option set of the remaining agents.

The next lemma shows that, when there are two individuals in the society, a social
choice rule is strategy-proof only if it satisfies the tops-only property. This, in turn, im-
plies that any two preferences in the admissible domain, with the same most preferred
alternative over the range of the rule, must have the same top on any option set gen-
erated by the preference of the other individual. This is an immediate consequence of
Remark 1 and Corollary 3.

LEMMA 5. Let |N|=2 and suppose that & is a maximal set of single-crossing preferences.
A social choice rule [ : /% — X is strategy-proof only if f is tops-only.

Proor. Assume, by way of contradiction, that there exists a strategy-proof social choice
rule f: &2 — X that is not tops-only. By Remark 1, there must exist a profile (P, P,) € .52
and a preference P, € . such that T|rf(P1) = ’7.'|rf(P1) and f(P,P) =y # x = f(P, P).
By Corollary 3, 7],s ol () (Pl) = x and TIOf(PZ (P)) = y. The rest of the proof consists in
showing that this supposmon leads to a contradiction with the fact that f is a strategy-
proof social choice rule. A similar argument is used in the proof of Lemma 7.

Without loss of generality, assume 7| ol (m) P)=y>x= | ol (p (Pl) Hence, P, ~
P,. Obviously, xP y, y P x, T|rf(P1) # X, and T|rf(P1) # Y. Furthermore note that
xP T|rf(P1) Otherwise, by Corollary 4, agent 2 can manipulate f at (P, ;) viaa P> equal
to P; (which results in 7| ry (P1) being chosen). Using a similar argument, y P, 7| rf(Pl).

There are two cases to consider: (1) y > 7|,,(P1) > x and (2) y > x > 7|, (P1). The
remaining situation, i.e., T|rf(P1) >y > x, is similar to the second case.

Case I: y > |y, (P) > x. If P, - P, then by SC2, 7,,(P) > x and x P, t|,(P1) imply
that xPlrIrf(Pl), a contradiction. Thus, P, = P,. But then, by SC1, y > T|rf(P1) and
y P27l (P) imply that y P, 7(,,(P1), a contradiction.

Case2:y > x> T|rf(P1). First, suppose that T|rf(P2) =x. Then, P, > P,. Otherwise, by
SC1, P~ P, x> T|rf(P1), and x P, T|rf(P1) would imply that x P, T|rf(P1). Similarly, P, =
Py, since x P, y implies x PyVP < P», and y P, x by hypothesis. However, 7|,,(P) P x and
T| rf(Pl) = 7|r,(P1) imply 7|, (P) PXVP < Py, contradicting the assumption that 7| rp(P2)=
x. Hence, forall j =1,2, x # 7|, (F)).

Second, if P, = P>, then T|rf(P1)P1 x implies Tlrf(Pl)Pg x, a contradiction. Thus, P, >~
P and, therefore, |, (P2) > 7|, (P1). Similarly, if P, > P, then |;,(P1) P\ 7|r,(P,) implies
Tlrf(Pl)Pg T|rf(P2). So, P, = P,. Moreover, y P, x, since x P, y would imply xP y. Finally,
if y > 7{;,(P2), then 7|, (P) P,y would imply 7|, (P:) P, y, contradicting SP because, by
Corollary 4, agent 1 would profitably manipulate f at (P}, P;) viaa P equal to P,. Hence,
7|r;(P2) 2 y, and we face a situation as in Figure 4(a).
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(a) Mlustration of Case 2. (b) Ilustration of PZ’B , P/ and PZ’B A

FiGure 4. Illustrations of Case 2 and of Pzﬁ , P/ and PZ’B !

Note that y & O{(Pl). Otherwise, there must be P, € . such that f(P,P)=y. Be-
cause y P, x, it would then follow that agent 2 could manipulate f at (P, ;) via P,.
Step 1. Consider any preference Py € % such that

(1) Tlozf(pl)(Pga):y = T|02f(p1)(P2) and (11) T|02f(Pl)(P2a): T|Tf(P1)

(see Figure 4(a)). If P} € #, by Corollary 3, f(Pl, PY)=y and f(P,P)= T|rf(P1). Hence,
agent 1 can manipulate f at (P, P) via Py, contradicting that f is SB, and we are done.

Step 2. If Pj ¢ ., then applying the reasoning of Appendix A, there must exist a
preference P* € ¥ such that

@y> T|02f(Pl)(P*) and (ii) T|OZf(P1)(P*) > 7| (P1).

That is, if P;* ¢ ., there has to be P* in . such that (i) P* is more leftist than P;* with
respect to the top on Og (P) and (ii) P* is more rightist than P{* with respect to the top
on O;(Pl).18 Let

PP = max{P* €7 1y > |5 (P and Tlos, (P>l (P}

of(B)
Obviously, A < Pzﬂ < P, because T|Ozf(p1)(P2) =y and Tlo{(pl)(pl) = 7|, (P) (see Fig-
ure 4(b)). Denote T|O£(P1)(P2ﬁ) =zP.

Step 3. By Corollary 3, f(P,PY) = 1|
If 7]

O{(m(pf) and f(P,P)) = 2P > 1|, (P).
Ozf(pl)(Pzﬁ) = T|rf(P1), then agent 1 can manipulate f at (Pl,Pzﬁ) via P,. Hence

'8The other possibility that can prevent Py from being in ./ is a preference with a top lower than 7|, (P)
on O{ (P) and a top greater than y on Ozf (P)). However, the existence of such order in . is ruled out by P,.
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7| (Pzﬁ) # 7lr,(P1). Furthermore, if z# > x, then P, > Pzﬁ and zF Pzﬁ x imply zf P, x,

|(P2). Therefore, x > 2P > |, (P).

f N
0, (P)
contradicting the assumption that x = 7] , /A

2

Step 4. If 7| (Pzﬁ) = zP, then zP Pzﬁy because y € OZf(Pl). Moreover, z8 <x <y

of (h)

and P, < P imply, by SC2, that z# P, y and zP P, y. Since . is maximal, there is P¥ €

with the property that Tlozf(pl)(PZa )=y and Tlo{(Pl)(Pza ) = zP. In effect, to prevent Py’

from belonging to ., there should be P* € % such that T|Of(Pl)(P*) <y= Tlof(pl)(Pza )
2 2

and 7| )(P*) > zPB = 1| (PZO‘/), which is not possible due to the definition of Pzﬁ

of(p ) of(p)
(remember that P, = max, {P* eAy ty > TIOZf(pl)(P*) and T|OZf(P1)(P*) > Tl,f(Pl)}). By
Corollary 3, f(P, Py )= zP and f(P, Py)=1y. Hence, agent 1 manipulates f at (P}, P;y")
via P;, a contradiction. Therefore, 7], / pl)(Pzﬁ Y#£2ZP.

2

Step 5. Proceeding as in Step 1, consider any preference PZ‘)‘Jrl € & such that
() oy (B = log ) (B ) andh (D) 1oy (P =711, (P1)

(see Figure 4(b)). If P! € 7, by Corollary 3, we have f(P,P/™!) = 7lr,(P1) and
FPL BT = Tlor
Py, contradicting the assumption that f is SB, and we are done.

If PZ‘"Jrl ¢ ., then using the reasoning of Step 2, there must exist a preference Pf e
< with Pzﬁ 2 Pzﬁ such that

(Pf ) # 7l,(P1). Hence, agent 1 can manipulate f at (P, Py*") via

. B p+1 . B+l _B+1
D logp) (P2 ) > Tlorpy(Pr ) and () Tl (B ) =21 > 7l ()

(see Figure 4(b)). By the argument of Step 3, z# > zF+1 > 7|, (P).

Going back to Step 1 and performing the analysis repeatedly, in the end either (i) we
get the desired contradiction at some point in the process or (ii) after a finite number of
repetitions, say ¢, we eventually arrive at a preference Pzﬁ * e 7 between Pf 1 and )23
such that

) rlOZf(Pl)(Pf”) =l,,(P) and (i) 7l ¢, (P ) = 2P+ > 7], (P).

of
PN ﬂ+€ _ ﬁ+€ — B
By Corollary 3, f(P, P, ") = 7l;(P1) and f(P, B, )=z #* 7|r,(P1). Hence, agent 1

can manipulate f at (P, Pzﬁ +Z) via P}, a contradiction. Therefore, fis TO on 2. O

The following corollary follows immediately from Lemma 5 and the argument of
Lemma 1.

COROLLARY 6. Let |N| =2 and suppose that &/ is a maximal set of single-crossing prefer-
ences. A social choice rule f : 2 — X is strategy-proof only if forall i € N and allP € 7,

[P, P_))=m3(z|,,(P), f(P;,P-), f(Pi,P_;)).

Now, before generalizing Lemma 5 to the case where | N| > 2, we first extend the tops-
only property to the option sets generated by a strategy-proof social choice rule. We do
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this in two steps. First, we prove in Lemma 6 that the option set of any single individual
i € N satisfies a tops-only property when there is agreement among the individuals in
N\ {i} as to which alternative is best on the range. Then, in Lemma 7, we generalize this
result to the option set of any individual when the remaining agents do not necessarily
agree on the most preferred alternative over the range.

LemMA 6. Let ¥ be a maximal set of single-crossing preferences. If a social choice rule
[ " — X is strategy-proof, then for each individual i € N and every pair of profiles
PP’ €5 forwhicht|,(P) =, (P{) forall j, k € N\ {i}, O (P )= 0! (P" ).

ProoF. Consider any i € N and any two profiles P’ ,,P”, € &1,

P ,=(P,...P_,P,,... P
P, =(P,.... Pl P, P))

such that, for all j,k € N\ {i}, 7|( /) = 7|,,(P;) = z for some z € X. To simplify the
notation, assume P’ P, and P’ "=Pp/forall j,k € N'\{i}, so that we can write!?

P =(P,.,P) and P’ =(P",...,P").
N—— N——

n—1 times n—1 times

We want to show that Olf (P.,)= Olf (P”,). To do that, define the sequence of profiles

=(P,...,P), Pl =(P",P,...,P), .. P L= (p”,...,P"). To estabhsh the result,
it is enough to prove that, for all j = 1 .,n—=1, Of (P] )= Of (P] . ) Wlthout loss of
generahty assume that there exists x € X such that for some 1 < JF<n-1,x€0; (P] )
and x ¢ O; (P] ) By Corollary 5, z € Of (P )ﬂ Of (P] ) Therefore z # x. Moreover
since x € Of (P] ) there exists P, € & such that f (P,,P] ) X.

Notice that the preference profiles p! ; and P ; differ only in one preference rela-
tion. Without loss of generality, suppose that it is the preference of agent{ € N \ {i}:

P = (P PR P P)
jr-1 n—j -1
P =(P",...,P P, P,. . P)
S—— S——
j*-1 n—j*—1
Fix .

Pl =(p... P P,. . P)=P

W—/W—/

i*= n-j*-1

—{ity

Define the two-person soaal choice rule g : .¥? — X in such a way that, for all (P;, P;) €
S?, g(P,P) = f(P,,Pg,P]{ “) It is easy to show that g is strategy-proof and rg =

f j*_l // /
O{l.,“(P_{i'[}). By Corollary 5, z € rg. Hence, 7|, (F,") = 7, (P;) = z because rg C r¢ and,
19To avoid any misunderstanding, it is worth emphasizing that the fact that the preference relations in the

profile P’ (respectively, P”,) are identical does not play any role in the proof. The only thing that matters
is that they have a common most preferred alternative over ry.
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by hypothesis, 7:|rf(p[//) = Tlrf(Pg/) =z. By Lemma 57*g is tops-only. Therefore, g(B;, Pg//) =
g(lEi,PQ. By the definition of g, g(ﬁ,Pg’) = f(fN’i,P]_i_l) = x. Thus, g(ﬁi,Pé//) = x. That is,
(B, P ;)=x. Therefore, x € Olf P ;), a contradiction. Hence, Olf P.,)= Olf (P”)). O
LEMMA 7. Let & be a maximal set of single-crossing preferences. If a social choice rule
f " — X is strategy-proof, then for each i € N and every pair of profilesP” ,,P” . € "1
such that 7|, (P})=|,,(P/) for all j € N\ {i}, O (P )= 0! (P" ).

ProOF. Consider any individual i € N and any two profiles P_;,P_; € #"~1 such that
forall j,k € N\{i}, P = P, and P; = P, and for each j € N\ {i}, 7|,(P) = 7|,,(B) =z
for some z € X. By Lemma 6, Olf(f’_i) = Olf(f’_i).

Step 1. Fix any individual j # i and any two preferences P/, P/’ € # such that
T|rf(P;) =w = T|rf(Pj”) for some w € X. We want to show that Of(l)j’,f’_{i,j}) =
O{(Pf’,?_{i,j}). Define the two-person social choice rule g : 2 — X in such a way
that for all (P, P;) € &2, g(P;, P;) = f(P;, P;,P_g,j3). Since f is SP on ", g is SP on
&%, with range ry = O{i,j}(f,—{i:j})‘ If T|rg(Pj/) = T|rg(P]f’), then by applying Lemma 6 to
g we get O;.g(Pj’) = Oig(P]f’), and we are done; i.e., by the definition of g, O{(}’;,P_{i,j}) =
O{(Pj”,i)f{i,j})-

Instead, if 7| rg(ij J=a#b=r1] rg(P]{’ ), then Lemma 6 cannot be used because it relies

on the existence of a common peak on the range of the social choice rule. So, we proceed
as follows. Without loss of generality, let b > a, implying that P - P/. Assume, by way

of contradiction, that Of (P;) # O;.g (ij’ ). That is, suppose that there is & € ry such that
ae Olfg(P]f) and a & Ol‘.g(Pj”). Hence, there must be a P, € & such that g(P;, P]f) = a. Since
aé Oig(P]f’), let g(ﬁ,-,P]f’) = # a. By SB a P/ f and 8 P a. By single-crossing, P - P/
implies 8 > a.

We would like to find two preferences Pl.“,Pl.ﬂ € <, not necessarily different, such
that () 7|, (P%) = w, (i) g(P{, P)=a, (ii) 70, (PP)=w, and (iv) g(P’, P/')=f3. We show
below that such preferences exist in .. First, note that if P; is between P]’ and P](/ , then
we already have the desired preferences, because in that case 7|,,(P;) = w. So, without
loss of generality, suppose that P; > P]f’, implying that 7| rg(ﬁ,-) =c>b. Clearly, BP«a
because 3 Pj” a. Therefore, T|rg(ﬁi) =c # a. By Lemma 5, g is TO over rg. By Corollary 6,

P, P), g(Pi, P))). (1)

8P, P)=m®(l,,(P), g (P

Applying Corollary 6 once again to g(P;, P/) and to g(P;, P}), we get
g(Bl»pJ/):mS(T|I‘g(P]/))g(B;)B]))g(Blrﬁ])) (2)
g(ﬁlrl)],):ms(T|rg(1)],)vg(ﬁl)gj)»g(ﬁl)ﬁ])) (3)
By Corollary 4, g(Bi,Bj) = )_(rg and g(ﬁi,l_Dj) = )_(,g, where )_(rg = min(rg) and )_(rg =

max(rg). Therefore, (2) can be rewritten as g(P;, P]f) = m3(a,)_(,g, g(Bi,I_Jj)), while (3) be-
comes g(I_D,-,Pj’) = m3(a, g(l_J,-,Bj),)_(rg). It is immediate to see that g(1_3i,13j’) > g(P;, P)),
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because (3) is at least a, whereas (2) is at most a. Hence, ¢ > g(P;, ij) becausec>b > a.
Moreover, T|,g(}~’,-) = ¢ cannot be between g(l_-",-,P].’ ) and g(Bi,Pj’ ). Otherwise, (1) would
imply that g(P;, P]’ )= ¢, contradicting the initial hypothesis that g(P;, P]’ )=« (recall that
¢ # a because 8 P; ). Thus, ¢ > g(ﬁi,P;) >g(P;, Pj’) and, therefore, a = g(P;, Pj’).

Take a preference P equal to P/. By Corollary 6, we have g(P?,P)) =
m3(b, g(P,, P)), g(Py, P))).

o Ifh > g(ﬁ,-,Pj/), we have found a preference P satisfying properties (i) and (ii)
above, since g(Pf, ij) = a and, by definition, 7|, (P{*) = T|rf(P]{/) =w

e If instead, g(Pl,P’) > b, then ¢ > b. Moreover, a > a because b > a; and,
by (3), a = m3(a, g(P,,P ), X, )= g(Pl,P ). Consider g(R,P”) By Corollary 6,
g(Pi;Pj”)_ 3(b g(Pt;P ) g(Pt;P])) Where

g(ﬁi)Bj):mS(CrXrgyg(ﬁi)Bj)) (4)
g(ﬁi)ﬁj):ms(cy g(Bi’ﬁj))}_(rg)- (5)
Note that (4) can be rewritten as g(R,P )=m3(c,X, ,a) = a because ¢ > « (re-

call that ¢ > g(P,,P’) = a). Moreover, since (5) is at least equal to ¢ and we have
assumed above that a > b, it follows that g(P,,P”) =m3(b,a, g(Pl,PJ )) = a, con-
tradicting the hypothesis that g(P;, PN)=p#a.

Therefore, the previous argument shows that a preference P{* with the properties
specified above exists in .. In fact, it says that P can be taken equal to Pj”. Following
a similar reasoning, it can be shown that a relation P;’ with the properties stated in (iii)
and (iv) also exists in .. In fact, the desired preference can be obtained by setting Pl.ﬁ
equal to P]f’ )

Now, to complete the analysis, we proceed as in the proof of Lemma 5. First, recall
that w # a and w # 8 because w ¢ ry. Otherwise, we would have T|rg(Pj/) = Tlrg(P]f’).
Moreover, w # z because, by Corollary 5, z € rg.

Case 1. Suppose > w > a. If P~ P, then w P{a implies w Pa (remember that P
is the common preference relation of the proﬁle P_y ]}) Define the sequence of profiles
P(j{i’j} =(P,...,D), Pl{l }—(P“,P,...,P) ., P {”} =(P¢,...,P%). Foreach k =0,...,n —
2, let xk = f(P?, P, Pk{”}) By SP of f, for each k = 0,...,n — 3, either x¥ Pxk+! or
xk =xk+1, Thus, a =x°P...xk P...x" 2 = w (recall a # w). Hence, by transitivity of P,
a Pw, a contradiction.

In a similar way, if P/ - P, then w P/ B implies w P B. Define the sequence of profiles

Pg{i’j}:(f),...,f)), Pl_{i'j}:(Pﬁ,P,...,P) P"{lzj}:(Pﬁ,...,Pﬂ). Foreach k =0,...,n—

2, let yk = f(Plﬁ,Pj”,Pf{iLj}). By SP of f, for each k =0,...,n—3, either ykPyk+l or
yk=y**1 Thus, f=y°P...y*P...y" 2 =w (recall § # w). Therefore, by transitivity
of P, B Pw, a contradiction.
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Case 2. Suppose that > a > w. The remaining case, where w > 8 > «, is similar. If
P!~ P, then w P, and we can use the argument of Case 1. Hence, assume that P > P/’

By SB P/ a. By SC1, BPa. IfB e Of{l.j}(Pia,Pj/), then there must be a I:’_{i,j} € SN2
such that f(P?, PJ' , l:)_{,-, i1)=B. Define the sequence of profiles

Pg{i,j}:(P’---yp)’ Pl_{l',j}:(pépp,---yp)» P_{l]} (plp 1'_)["_2)-

Foreach k=0,...,n—2,letx* = f(P{, P}, Pk{”
..Xx"~2= 3. By transitivity of P, a P B, a contradiction. Therefore, 8 & o’ _r ]}(Pi"‘,Pj’).
{”}(P“ P’)ﬂOf{”}(P“ P”) Moreover, 8 € Of{”}(Pl.“,Pj”) be-

cause f(P{, P/ ,P_jij3) = B (recall that P* and Pl.ﬁ are identical to P/). Consider any
P¢ € & such that

;) By strategy-proofness, a=x°P...x* P

By Corollary 5, w € o’

@ 7l r o on(PE)=B=1| s « (P
IO—{i,j}(Pi o (PI=P |O—{i,j}(Pi o &)

PY=w=r1| P).

ii) 7
(i ] of e pn

Of{i.j}(PfZ'Pf)(
If P¢ € #, then by Lemma 4, f(P7, P” Pt })=p and f(P}, P’ Pt 1) = w. Therefore
agent j can manipulate f at (Pl.“,P]” Pi{, ]}) via P] and we are done If, on the contrary,
P¢ ¢ &, then the desired contradiction is found following the argument of Case 2 in the
proof of Lemma 5.

Hence, by Case 1 and 2, we conclude that Ol.f(P.’, P_gi)= Ol.f(Pj”, P_y; j1). Applying a
similar reasoning, we also have O/ (P/,B_; ;;)=0/ (P, P_gijp)-

Step 2. Next, we prove that Olf(Pj’,f’_{i,j}) = O{(%”,f’_{i,j}). From Step 1, we know
that Of(P” P_ij}) = Of(P’ P_y; j3). Hence, it is enough to show that O{(ID;,P_{i,j}) =
o} (P’,P_{, j1)- Define the sequence of profiles P =(D,..., D), Pl{ = =(P,P,..., D),

Pf{f]} =(P,..., P). To show that O; (P’,P_{w}) = Ol. (PJ.,P_{Z-,]-}), it is enough to prove
thatforall k =1,...,n -2, Of(P’,Pk{l ]}) = O{(P.’,Pf{ij}). Suppose, by contradiction,
there exists 1 < k* S n — 2 such that

f k*—1 f k*
O] (P, PE ) #0; (P PY, ). (6)
Recall that
k*—1 ~ I ~ v v oA R
P =L B P P) and PE, y=(P,.. BB P,. 13)

k*—l n—k*-1 k* n—k*—

That is, the profiles P’ {l‘;} and P¥ Siigt differ only in one preference relation. Abusing the

notation, assume this ordering corresponds to agent k*. Then, (6) can be rewritten as

Olf(P,)Pk ’PEZI_} k*})?é Olf( Pk* Pk{l J k*}) (7)
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Fix
k-1 _ (% 5 P 5) _ pk*
PE = (P B P P) =P, .
k-1 n—k*-2

Define the social choice rule g : .3 — X in such a way that for all (P, Pj, P+) € 73,
8P, Py, Pe) = [P, Py, P P ). By Corollary 5, z € rg = O/, J wq(PEii ] ) Hence,
T|r,(P+) = 7lr,(Pk+) = z because, by hypothesis, T|rf(Pk*) = T|rf(Pk*) = z. Since g is SP,
by Step 1, Olfg (P]f D) = Olfgr (P]./ , B+), which contradicts (7). Therefore, Olf (Pj’ Py )=
O{(PJ{/,IV’—{i,j}l

Step 3. Suppose now that for some K C N\ {i} and any P%., P} € X with the prop-
erty that V] € K! T|7‘f(13j/) = Tlrf(PJ{/);

O[(P'K, Pry)= Olf(P/I’(, Pivip)- (8)

Notice that Step 2 deals with the particular case where K = {j}. Fixany h € K \ {i}
and any two preferences P;,, P, €.& for which 7|,,(P;) = 7|,,(P;"). We want to show that

of (PKU{h}’PK\{lh})_O (Plognp Pryiing)- (9)

To fix the notation, let K = {{1,...,{k|}. Define the sequence of profiles

0 /
PKU{h} (Pfl’ P@| K’ P) PKU{h}

1 _ 7/
PKU{h} (Pl’Pez""’P[“q’Ph)

l)|K|+1 (P// p//

/! /!
Kuih = 1w Pn) =P

KU{h}*

We argue next that the proof of (9) can be reduced to showing that
Ve=1,...,|KI+1, O] (Pl Piviin) = O (Pl Proviii)- (10)

In effect, if (10) holds, then Olf(P’KU{h}, Pryvin)= Of(P’I’(U{h}, P\ii.ny)- Using a similar

reasoning, it also follows that Olf (P’KU{ h}’pk\{i,h}) O (P
order to prove (9), it would be enough to show that

Ku{h},f’ &\i,ny)- Therefore, in

f D —_nf b
Oi (P/Ku{h}’PK\{i,h}) - Oi (P}m{h}’PK\{i.h})' an

Following the argument of Step 2, consider a sequence of profiles

0 - N Py
Plim =P P) =Py
1 Ly -
PK\{i,h}_(P’P’ ,P)
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To show (11), it is sufficient to prove that for each t =1,...,|K| -2,

Y -1 _ o t
O; (Pumy Prvgin) = Oi Prugny Py

Notice that P%_\;i'h} and Py, . .
generality, assume that they differ in agent ¢’s ordering. Fix P?\L i (= P%\{i, n, [}). De-
fine the social choice rule g : /K*3 — X in such a way that for every Pxyg; p 3 € & K#3,
g(Pxugi,net) = f(PKU{i,h,Z}»P%-_\}iyh'[})- By Corollary 5, z € rg = OI];U{l.'h'“(Pg\;i,h,[}) (recall
that 7|, (P) = T|rf(13) = z). Hence, since g is SP and T|rg(pg) =Ty, (B), using the argu-
ment behind (10) (with the proviso that the roles of i and ¢ are interchanged, so that
K\ {i,£}=1{h}), we have that Of (P B, P)= Olfg(P’ B, P;),?0 and we are done: i.e., (11)
follows from the definition of g.

So, as we said above, Step 3 requires only that (10) be valid. That is, we need to prove
thatforeachr=1,...,|K|+1,

fpt-1 B _nf D
O; (P Prvii i) = Of (P Pt y)-

differ only in one preference relation. Without loss of

Once again, since P:. L, and P! differ only in one preference relation, without loss

Ku{h} Ku{ht}
of generality and to simplify the notation, assume Pf,a}{ = PZI\/K , Py)and Pi . =
// // //
(PZI)---;P[‘Klrph)'

Fix f’,g\{,-'h}. Define the social choice rule g; : /K2 — X in such a way that for all
Pxugin € L1KH2, g1(Pugim) = f(Pxugi iy Prygi my)- Since g1 is SR if 71, (P))=7lr, (P}),
then we can use the argument behind (8) to conclude that Oigl(PZ';, P P =

Lk
Oigl(Plf;, oo PZI\/KVP;I/)’ and we are done. "

If, on the contrary, 7|, (P) # Tlr, (P}), then fix (P,/;""'Pz/‘,m) = P% and define the
social choice rule g, : 2 — X such that for each (P;, P,) € 92, g2(P;, Py) = g1(Pi, P, PY).
Obviously, g, is SP with rg, = O{%l’h}(Pj,’(). If 7|, (P)) = 7lr,, (P;), then by Lemma 6,
Ol.gz(P;l) = Ol.gz(P;l’), and we are done. Thus, suppose that 7|,,,(P;) = b > a = 7|, (P})
for some a, b € rg,, implying that P,/ = P;. The desired result is then obtained following
the reasoning of Step 1.

Specifically, assume by way of contradiction that OigZ(P,;) # Oigz(P,’l’). Without loss of
generality, suppose there exists « € rg, such that a € Olng(P;l) and a & O;gZ(P;l’ ). Hence,
there must be a P, € & such that gz(ﬁi,P,’l) =a#f= gg(f’l-,P,’l’) for some f € rg,. By SP,
a P, B and 8 P, a. By single-crossing, P, - P, implies § > a.

Let 7|,,(P,) = wy. By hypothesis, 7|,.(P,) = wy. Following the argument of
Step 1 (i.e., exploiting that g, is a median function), there exist Pl.“,Pl.ﬂ € & such that
(@) 7lr, (P9 = wy, (i) g2(PY, P)) = a, (iii) 7l,,(P) = w, and (iv) g2(P’, P/) = B. Actually,
P¥ and Piﬁ can be taken to be identical to each other.

Next, fixany ¢ € K = {{4,...,{|x} and (ﬁi'P/;(\{e})' Define the social choice rule gﬁ :

2 — X in such a way that for all (P, P,) € 2, g'(P,, Py) = gl(E,Ph,Pg,Pj,’(\{[}). Note that

20Bear in mind that, by construction, in (10) the profiles P;gul{h} and Py, differ only with respect to a
single preference relation.
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g' is SP; and, by the definition of g¢, g/(P/’, P) = a and g‘(P/, P;/) = f. Thus, since by
Lemma 5, gt is TO, Tl,gk (P)) # T|rg[ (P;). Once again, following the argument of Step 1,
there exist P;‘,Peﬁ € ¢ such that (i) T|rf(P€a) = wy, (i) g‘/(P“,P;’l) = q, (iii) Tlrf(Pf) = wy,
and (iv) g* (Pﬂ , P;l’ )= . Furthermore, P and Pgﬁ are identical.

Since ¢ € K has been arbitrarily chosen, we conclude from the previous paragraph

that there must exist Pg,...,PZ‘TKl e andP/ff,...,PZ/‘}KI € < such that, forall s =/¢;,..., ¢k,
Tl (P2) = Tl (PY) = wh, f(PYP),P%LPraginy) = @ and f(PP, PP, Pryim) = B
where P§ = (PY,..., PY Jand PR =(B,..., B[ ).

Notice that wy, # a because a € rg, and wy, & rg,. Similarly, 8 # wy, and z # wy,
(recall that 7|, (P,) # Tlr,, (P,) and 7, (P;) # Tlr,, (P,)). Thus, to complete the analysis
we repeat the argument of Cases 1 and 2 in Step 1. That is, if for example 8 > wy > «
and P> Pj, then wy, P « implies wy, P a. Define the sequence of profiles

0 a -
Pk\{l,h} (P) IP)

1 — (D2 D D
PK\{i,h} (P ypr !P)

where P is set identical to P{. For each s =0,...,|K| -2, let x* = f(Pl.“,P,’l,P?(,P;%W,h}).
BySPof f,foranys =0,...,|K|—3, either xs = x5! or, if x* # x5*1, then x* Px**!. Hence,
since wy, # a, we have @ = x°P...x$ P...x/KI=2 = wy,, and, by transitivity of P, a Pwy,,
a contradiction. (The remaining cases are solved in a similar fashion.) Therefore, (10)
holds.

Finally, by Step 2, (8) is satisfied for K = {j} for all j € N\ {i}. By the induction
argument, (8) holds for any K ¢ N\ {i}. In particular, by setting K = N\ {i, k}, for
any k # i, we have that Of(P]’V\{l.,k},Pk) = Ozf(PJ/\;\{i,k}’pk)' Therefore, since i, k, PI/V\{i,k}’
Py, P]’\§\{ ixp and P, were arbitrarily chosen, for each i € N and every pair of profiles
P’ ,P”. € "1 with the property that T|,f(Pj’) = T|,f(Pj”) forall j € N\ {i}, O{(P’ﬂ.) =

ol ®”)). O
We are now ready to prove Proposition 2.

PROOF OF PROPOSITION 2. Suppose, by contradiction, there exist i € N, (Pl.’ P l.) esn,
and P/ € . such that 7|,.(P{) = 7|, (P{) and f(P/,P_ ;)= x #y = f(P/,P_,). Fix any
j # i. Since preferences are strict, x # y implies that either xP]f yory P]’ x. Without
loss of generality, assume that y ijx. By Lemma 7, Of(P{, P’_{i j}) = O]].C(Pl.”, P’_{l. j})' Thus,
y € O]].C(Pi’,P’_{l. j)- That is, 3P; €  such that f(}A’j,Pl./,P’_{i i) =Y. However, since y P]fx,
this means that j can manipulate f at (P/,P’ ;) via 13]-, a contradiction. Hence, f is TO. O
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Ficure 5. Fixed ballots over X.

C. PrOOF OF THEOREM 1

The sufficiency is immediate from Proposition 1 and Definition 9. To show the necessity,
suppose that f is UN, AN and SP on .. By Proposition 2, f is also TO on & ".

Consider first the case where |[N| = 2. Fix any profile P € &2. By Lemma 1,
f(P,R) = ms(T(Pl),f(Bl,Pg),f(ﬁl,Pz)). Applying Lemma 1 once again, f(P,,P) =
m3(t(P), f(Py, P,), f(Py, P2)) and f(P1, ;) = m3(t(P), f(P1, P,), f(P1, P2)). By unanim-
ity, f(P,,P,) =X and f(Py, P2)=X. By anonymity, f(P,, P2)= f(P1, P,).

Next, we show that f(P,,P;) € {t(P) € X : P € &}. Suppose not. Without loss of
generality, assume that f(Bl,ﬁz) =z # 7(P) for all P € . Consider a preference P{* €
% with the property that 7(Pj*) = 7(P,) and XPI‘" z. If P € %, we are done. By TO,
f(P2,Py)=z, and agent 1 can manipulate f at (P, P;) via P;.

If, instead, P* ¢ .7, there must exist a P* € .% such that 7(P*) > 7(P,) and z P* X. Let
Plﬁ =min, {P' € ¥ : 7(P’) > X}. Clearly, z Plﬁ X because either Plﬁ coincides with P* or
Plﬂ < P*. Let f(Plﬁ,ﬁz) =zP. If z > 2P, agent 1 would manipulate f at (P;, P) via Plﬁ.
Similarly, if zf = X, then 1 would manipulate f at (Plﬁ ,P,) via P,. Hence, X>zB>z.

Suppose zf = T(Plﬁ ). Then, zf > z. Furthermore, there exists a P* € . such that
T(Pf") = X and z# Pf"z. Indeed, to rule out Pf‘/ from . there should be a P** € &
such that 7(P**) > X and z P** zP. By the definition of Plﬁ , P Plﬁ (note that they
cannot be equal because by hypothesis zf = T(Plﬁ )and z P** zP), and, by SC2, we would
have z Plﬂ zB, a contradiction. Thus, Pf" €. ByTO, f (Pa/,l_Jg) = z. Hence agent 1 can
manipulate f at (PY P,)via Plﬁ , a contradiction. Therefore, zf # T(Plﬁ ).

Consider a preference P**! € 2 such that 7(P**!) = T(Plﬁ )and X P! 2P (see Fig-
ure 5). If P** € #, by TO, f(P**!, P,) = zP. Thus, agent 1 can manipulate f at (P, P,)
via P;. If, on the contrary, Pf‘“ ¢ &, then we can repeat the previous argument and
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find a preference PlﬁJrl € .% such that T(Pf“) > T(Plﬂ) and z# Plﬁﬂ)_(. Since X is fi-
nite and in each step the top of the blocking ordering becomes larger, the sequence
T(Plﬁ ), T(Plﬁ H), ... approaches 7(P;). Therefore, if we continue applying the same argu-
ment repeatedly, at some point we will either find the desired contradiction, or a pref-
erence Plﬁ * ¢ 9 such that (i) T(Plﬂ ) = 7(Py) and (ii) zA+! Plﬁ X, which leads to a
violation of SP (because f(PlﬁM,l_Jg) =X). Hence, f(P,, P2)€{t(P)eX:P€ S}

Let f(Bl,ﬁz) = 7(P) for some P € /. Then, from Lemma 1, either f(P,, P») = 7(P)
and f(ﬁl, P,))=1(R)if P, = P or, otherwise, f(P,, P»)=7(P)and f(ﬁl, P)=1(P). There-
fore, f(P, ) = m3(t(Py), 7(R),7(P)). Thus, since (P, P,) € &2 was arbitrarily chosen
and f(P,, P») is independent of (P, P), we conclude that f € PR.

Let us now extend the proof for [N| = n > 2. For all K C N, let a|x| = f(gK,Eg),
where K = N\ K. By UN, K =@ implies ag = f(P1,..., P,) = X. Similarly, K = N implies
an = f(Py,....P,)=X. ByAN, a1 = f(P;,P_;), V{i} C N; az = f(By; ;;, P_ys,;)V{i,j}
N;...;and, a,_1 =f(£_j,ﬁj),V{j} CN.ByTM,ap>a1>a,>-->au_1 > ay.

Next, notice that ay € {t(P)e X : Pe S} forall k =0,1,...,n. Ineffect,if k =0
or k = n, the result follows from UN. Assume that a; = f(Bl,...,Bk,ﬁkH,...,ﬁn) IS
{T1(P)eX:Pe S} forsome k=0,1,...,n—2 and let us prove the claim for a;4;. On the
contrary, suppose that ax1 = f(P,. ..,£k+1,ﬁk+2,...,ﬁn) # 7(P) for all P € . Then,
ay > ay+1. Following the argument illustrated in Figure 5 for |[N| = 2, there exist PZ, , €

k+1
< and PI£3+1 € % such that T(P,?‘H):T(Pf Jand ag P, f(Bl,...,Bk,PfH,PHZ,...,Pn).

"
By TO, f(Py, ..., P, P21 Prizseos Pr) = f(Pyyeees Py PLo 1 Prsa, .., Py). Hence, agent
k + 1 can manipulate f at (21,...,Bk,PIS‘H,ﬁHZ,...,ﬁn) via Pi41 (which results in ay
being chosen), a contradiction. Therefore, ay+; € {r(P)e X: Pe ¥}

Now, fix any profile P = (Py,..., P,) € &" and relabel N if necessary so that 7(P,) >

T(Py—1) = --- > 7(P). Exactly one of the following must hold:

T(P) = ao
apgp > T(P]) > a)
T(P) =2 ar = 7(Ph)
a, > T(Pz) > a
T(Pn) = ap-1 = 7(Pr-1)
an-1 > T(Py) > an
anp = 7(Pp).

There are three cases to analyze.

Case 1. either 7(P) > ag or a, > 7(P,). Without loss of generality, suppose
7(P1) > ay. Then, Vi € N, 7(P;) = X. By UN, f(P,,...,P,) = X = m?""Y(1(P),...,7(Py),
ai,...,an—1) as desired.

Case2: aj_1 > 7(P;)> aj for some j € N. Note that

T(-P]): mzn_l(T(Pl)r---;T(-Pj—l))T(Pj)) T(-Pj+l)r---vT(Pn)r alr---raj—l;aj;---;an—l)r

because the elements 7(P),...,7(Pj-1),aj,...,a,—1 are smaller than or equal to
7(P;). Assume, by way of contradiction, that f(P,...,P,) # ©(P;). Without loss of
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generality, suppose f(P,...,P,) > ©(P;). By TM, f(Pi,...,Pr_1,Py) = f(Pi,...,Po);
hence f(P,...,P,—1,P,) > 7(P;). Repeating the step for all i > j eventually yields
f(Pl,...,Pj,ﬁjH,...,ﬁn)>T(Pj). By Lemma 1,

f(Pl)'-')I)j—l)f)]')ﬁj+l’--~»ﬁn)

= m3(T(Pj), f(Pl,...,Pj_l,Bj,ﬁj_H,...,ﬁn), f(P],...,.Pj-],ﬁj,ﬁj-f_l,...,ﬁn))-

Therefore,
f(Piyo oy Pty Py Py, Pr) = f(Py, ..., Pio1, P, Py ., P),

because by TM, f(Pl,..:Pj_l,l_Jj;l_-’jH,...,ﬁn) > f(Pl,...,Pj—lygj,ﬁj+1,...,ﬁn) and, by
hypothesis, f(P,...,P;,Pj+1,...,Pn) > 7(P;). Thus, repeating the argument for all i =
1,...,j—1,weget

f(Bl,...,Bj,PjH,...,P,,)>T(Pj),

which contradicts the initial hypothesis that 7(P;) > a;. Therefore, f(P) = 7(P;) =
m2nY(7(PR),...,7(Py),ay,...,a—1), as required.
Case 3: ©(Pj) > aj_1 > ©(Pj_1) for some j =2,..., n. Note that

dj,1 = mznil(T(Pl)r--wT(I)jfl)i T(Pj),...,T(Pn),al,...,ajfl,dj,...,dnfl),

because elements 7(P,),...,7(Pj-1),aj,...,a,—1 are smaller than or equal to a;_;. Sup-
pose, by way of contradiction, that f(Py,...,P,) # aj—1. Without loss of generality, as-
sume f(P,...,P,) > aj-1. By TM, f(Pl,...,Pn_l,ﬁn) > a;j-1. Repeating the step for all
i > j eventually yields f(Pl,...,Pj_l,ﬁj,...,ﬁn) > a1, which implies that

f(Pll"'!Pj—llﬁj!"')ﬁn)>T(Pj_l)l (12)

because by hypothesis a;j; > 7(Pj-;). By Lemma 1, f(Pl,...,Pj_l,I_Jj,...,ﬁn) =
m3(T(Pj,1), f(Pl,...,Pj,z,Bj_l,Pj,...,Pn), f(P,...,Pj—2,Pj_1,Pj,..., Py)). Therefore,

f(Plh--)I)j—Z)Pj—lrﬁjv--rﬁn):f(Plr---)Pj—ZrBj_lyﬁj)-”)ﬁn)y

Pj,...,ﬁ,,) and, by
Pj,...,Pn) > aj—i;

because by TM, f(Pl,...,Pj_g,ﬁj_l,ﬁj,...,ﬁn) > f(Pl,...,Pj_g,Bj_l,
(12), f(P,...,Pi-1,Pj,...,Py) > T(Pj1). Thus, f(P,...,Pi-2,P;_,,
and, repeating the step forall i =1,...,j —2, we get that f(P,,..., P; |, Pj,...,Py)>aj1,
a contradiction. Therefore, f(P)=a;_1 = m?"~Y(t(P),...,T(Py), ay,...,an-1).

REFERENCES

Ashworth, Scott and Ethan Bueno de Mesquita (2006), “Monotone comparative statics
for models of politics.” American Journal of Political Science, 50, 214-231. [129]

Austen-Smith, David and Jeffrey S. Banks (1999), Positive Political Theory I: Collective
Preference. University of Michigan Press, Ann Arbor, Michigan. [128, 129, 132]



162 Alejandro Saporiti Theoretical Economics 4 (2009)

Barbera, Salvador and Matthew O. Jackson (2004), “Choosing how to choose: Self-stable
majority rules and constitutions.” Quarterly Journal of Economics, 119, 1011-1048. [128]

Barbera, Salvador and Bernardo Moreno (2007), “Top monotonicity: A weak domain re-
striction encompassing single peakedness, single crossing and order restriction.” Work-
ing Paper 297, Centre de Referencia en Economia Analitica, Barcelona Graduate School
of Economics. [131]

Black, Duncan (1948), “On the rationale of group decision making.” Journal of Political
Economy, 56, 23-34. [128]

Blin, Jean Marie and Mark A. Satterthwaite (1976), “Strategy-proofness and single-
peakedness.” Public Choice, 26, 51-58. [145]

Campbell, Donald E. and Jerry S. Kelly (2003), “A strategy-proofness characterization of
majority rule.” Economic Theory, 22, 557-568. [144]

”»

Ching, Stephen (1997), “Strategy-proofness and “median voters”.” International Journal
of Game Theory, 26, 473-490. [135]

Demange, Gabrielle (1994), “Intermediate preferences and stable coalition structures.”
Journal of Mathematical Economics, 23, 45-58. [128]

Epple, Dennis and Glenn J. Platt (1998), “Equilibrium and local redistribution in an ur-
ban economy when households differ in both preferences and incomes.” Journal of Ur-
ban Economics, 43, 23-51. [128]

Epple, Dennis, Richard Romano, and Holger Sieg (2006), “Admission, tuition, and finan-
cial aid policies in the market for higher education.” Econometrica, 74, 885-928. [128]

Epple, Dennis, Thomas Romer, and Holger Sieg (2001), “Interjurisdictional sorting and
majority rule: An empirical analysis.” Econometrica, 69, 1437-1465. [128]

Gans, Joshua S. and Michael Smart (1996), “Majority voting with single-crossing prefer-
ences.” Journal of Public Economics, 59, 219-237. [129, 131]

Gibbard, Allan (1973), “Manipulation of voting schemes: A general result.” Economet-
rica, 41, 587-601. [127]

Grandmont, Jean-Michel (1978), “Intermediate preferences and the majority rule.”
Econometrica, 46, 317-330. [129, 131]

Kung, Fan-Chin (2006), “An algorithm for stable and equitable coalition structures with
public goods.” Journal of Public Economic Theory, 8, 345-355. [128]

Le Breton, Michel and John A. Weymark (1999), “Strategy-proof social choice with con-
tinuous separable preferences.” Journal of Mathematical Economics, 32, 47-85. [143,
147, 148]



Theoretical Economics 4 (2009) Strategy-proofness and single-crossing 163

List, Christian (2001), “A possibility theorem on aggregation over multiple intercon-
nected propositions.” Mathematical Social Sciences, 45, 1-13. [131]

Meltzer, Allan H. and Scott E Richard (1981), “A rational theory of the size of govern-
ment.” Journal of Political Economy, 89, 914-927. [128]

Milgrom, Paul and Chris Shannon (1994), “Monotone comparative statics.” Economet-
rica, 62, 157-180. [129]

Monjardet, Bernard (2009), “Acyclic domains of linear orders: A survey.” In The Mathe-
matics of Preference, Choice and Order (Steven J. Brams, William V. Gehrlein, and Fred S.
Roberts, eds.), 139-160, Springer, Berlin. [133]

Moulin, Hervé (1980), “On strategy-proofness and single peakedness.” Public Choice, 35,
437-455. [128, 129, 137]

Myerson, Roger B. (1996), “Fundamentals of social choice theory.” Discussion Paper
1162, Center for Mathematical Studies in Economics and Management Science, North-
western University. [129]

Roberts, Kevin W. S. (1977), “Voting over income tax schedules.” Journal of Public Eco-
nomics, 8, 329-340. [128, 129, 131]

Romer, Thomas (1975), “Individual welfare, majority voting, and the properties of a lin-
ear income tax.” Journal of Public Economics, 4, 163-185. [128]

Rothstein, Paul (1990), “Order restricted preferences and majority rule.” Social Choice
and Welfare, 7, 331-342. [131]

Rothstein, Paul (1991), “Representative voter theorems.” Public Choice, 72, 193-212.
[129, 131]

Saporiti, Alejandro and Fernando Tohmé (2006), “Single-crossing, strategic voting and
the median choice rule.” Social Choice and Welfare, 26, 363-383. [130, 142]

Satterthwaite, Mark A. (1975), “Strategy-proofness and Arrow’s conditions: Existence
and correspondence theorems for voting procedures and social welfare functions.” Jour-
nal of Economic Theory, 10, 187-217. [127]

Westhoff, Frank (1977), “Existence of equilibria in economies with a local public good.”
Journal of Economic Theory, 14, 84-112. [128]

Weymark, John A. (2008), “Strategy-proofness and the tops-only property.” Journal of
Public Economic Theory, 10, 7-26. [135, 147]

Submitted 2007-10-31. Final version accepted 2009-2-22. Available online 2009-2-22.



	1 Introduction
	2 The model
	2.1 Individuals, alternatives and preferences
	2.2 Aggregation process

	3 Characterization
	4 Robustness
	5 Final remarks
	A Further details for the proof of Lemma 1
	B Proof of Proposition 2
	C Proof of Theorem 1
	References

