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Abstract

We consider the problem of choosing a level of a public good on an inter-
val of the real line among a group of agents. A probabilistic rule chooses a
probability distribution over the interval for each preference profile. We in-
vestigate strategy-proof probabilistic rules in the case where distributions are
compared based on stochastic dominance relations. First, on a “minimally
rich domain”, we characterize the so-called probabilistic generalized median
rules (Ehlers et al., 2002, Journal of Economic Theory 105: 408-434) by
means of stochastic-dominance (sd) strategy-proofness and ontoness. Next,
we study how much we can enlarge a domain to allow for the existence of
sd-strategy-proof probabilistic rules that satisfy ontoness and the no-vetoer
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1 Introduction

We consider the problem of choosing a level of a public good on an interval of the real
line among a group of agents. FEach agent has ordinal preferences over the chosen
level of the public good. We examine this problem in a probabilistic framework to
achieve a “fair” solution. Consider a situation where a group of agents try to choose
one of two public projects, a and b. Assume that half of them prefer a to b, while
the other half prefer b to a. In this case, one of the fair solutions to this problem
would be to use a lottery between the two projects.! A probabilistic rule, or simply a
rule, chooses a probability distribution over the interval for each preference profile.?

Since preferences are defined over deterministic alternatives and the probabilis-
tic rule selects the probability distribution, we need to explain how agents evaluate
distributions. In this paper, we assume that each agent compares probability distri-
butions based on (first order) stochastic dominance relation derived from his ordinal
preference. That is, for each preference of the agent, and each pair of probability
distributions, say f and g, f stochastically dominates g according to his preference
if to each upper contour set of the preference, f assigns a probability at least as
high as the probability assigned under g. This is equivalent to assuming that for
each von Neumann-Morgenstern utility function that represents the agent’s ordinal
preference, the expected utility under the distribution f is at least as high as the
expected utility under g.

Preferences are usually private information. Agents may strategically misrep-
resent their preferences to obtain the outcome distributions they prefer. As a re-
sult, the chosen outcome may not be socially desirable relative to the agents’ true
preferences. The property called stochastic-dominance (sd) strategy-proofness is of-
ten imposed for a probabilistic rule to give agents the incentive to represent their
preferences truthfully. It requires that for each agent, truth-telling stochastically
dominates lying.

It is well-known that there is no sd-strategy-proof and ex-post efficient proba-
bilistic rule, defined on the unrestricted domain, other than the random dictatorship
rules when there are at least three alternatives (Gibbard, 1977). However, if the
domain is restricted to the class of “single-peaked” preferences, Ehlers et al. (2002)
show that there are sd-strategy-proof probabilistic rules other than random dicta-
torships.® A preference is single-peaked if there is a unique best alternative, called
the peak, such that its welfare monotonically decreases around the peak. On the
single-peaked domain, they also characterize the class of the so-called probabilistic
generalized median rules by means of sd-strategy-proofness and unanimity.* Thus,

'Ehlers and Klaus (2001) and Ehlers et al. (2002) also consider a probabilistic approach to
improve “a priori fairness”.

2Note that the probabilistic rules studied in this paper rely on only ordinal preferences of
agents. This approach is usual in the context of voting problems with lotteries. For example, see
Gibbard (1977) and Barbera (1979a,b).

30n the other hand, when the set of alternatives is a convex subset of multi-dimensional Eu-
clidean space, Dutta et al. (2002) show that, on the domain of all strictly convex and single-peaked
preferences, a rule is sd-strategy-proof and unanimous if and only if it is a random dictatorship.

4Ehlers and Klaus (2001) examine the one-dimensional voting problem from the perspective of
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they extend the results of Moulin (1980)° to the probabilistic model. In this paper,
following the results of Ehlers et al. (2002), we examine the following two questions
on the domain conditions of sd-strategy-proof probabilistic rules.

The first question is how much we can restrict the domain on which the proba-
bilistic generalized median rules are the unique class of sd-strategy-proof and onto
rules. If a rule is sd-strategy-proof on a domain, then it is also sd-strategy-proof
on any subdomain. Thus, the smaller the domain, the weaker the requirement of
sd-strategy-proofness. In this paper, a “minimally rich domain” is defined as a small
subset of the single-peaked domain satisfying the following two conditions: (1) for
each alternative, there is “only one” preference whose peak is equal to the alterna-
tive, and (2) given three distinct alternatives, say x,y, and z with z < z < y, there
is a finite sequence of preferences whose peaks monotonically increase from x to z
(respectively, decrease from y to z) such that for each preference in the sequence,
the previous peak point is preferred to y (respectively, ). The “symmetric single-
peaked domain”® is an example of the minimally rich domain. We establish that
the probabilistic generalized median rules are the unique class of sd-strategy-proof
and onto rules on a minimally rich domain.

The second question is how much we can enlarge a domain to allow for the
existence of sd-strategy-proof and onto probabilistic rules. Note that the random
dictatorship rules are sd-strategy-proof and onto on the universal domain. Thus, to
rule out such trivial rules, we additionally impose the no-vetoer condition. Agent i is
a vetoer for a rule if the alternative that is best for all agents other than 4, and worst
for i, is never chosen with probability one. The no-vetoer condition requires that a
rule should have no vetoer. We establish that the domain of “convex” preferences
15 the unique maximal domain including a minimally rich domain for the existence
of probabilistic rules that satisfy sd-strategy-proofness, ontoness, and the no-vetoer
condition.

Our results are closely related to those of Berga and Serizawa (2000). For the
deterministic case, they characterize the class of generalized median rules by means
of strategy-proofness and ontoness on a BS-minimally rich domain,” and show that
the convex domain is the unique maximal domain including a BS-minimally rich
domain for strateqy-proofness, ontoness, and the BS-no-vetoer condition.® Under
sd-strategy-proofness, the BS-no-vetoer condition implies the no-vetoer condition.

a solidarity property on the single-peaked domain.

5See also Ching (1997) for a detailed analysis of the deterministic model.

6 A preference is symmetric single-peaked if there is a unique peak, and its utility representation
is symmetric around the peak.

" Berga-Serizawa (BS)-minimally rich domain is a small subset of the single-peaked domain
satisfying the following two conditions: (a) for each alternative, there is only one preference whose
peak is equal to the alternative, and (b) given two distinct alternatives, say = and y, there is a
preference whose peak is between = and y such that z is preferred to y. Condition (a) is the
same as condition (1) of our minimally rich domain. Condition (b) is weaker than condition (2)
proposed in this paper.

8The BS-no-vetoer condition requires that for each agent, each preference of the agent, and
each alternative, there is a preference profile of the other agents at which the alternative is chosen
with probability one.



Thus, our results can be interpreted as an extension of those of Berga and Serizawa
(2000) to the probabilistic model.

For the deterministic model, several papers examine the maximal domain for
the existence of strategy-proof rules. Many authors such as Barbera et al. (1991,
1999), Serizawa (1995), and Berga (2002) investigate the maximal domain on which
the generalized median rules are strategy-proof. Their analyses exclude rules other
than the generalized median rules. On the other hand, Berga and Serizawa (2000)
do not restrict the rules a priori, but obtain the maximal domain by only imposing
properties on rules. To the best of our knowledge, our paper is the first to examine
the maximal domain of sd-strategy-proof probabilistic rules. Further, we do not
restrict the rules a priori, and establish the maximal domain result for properties
on rules. Recently, Hatsumi et al. (2011) examine the maximal domain for the
deterministic model with multiple public goods. They establish that the domain
of separable preferences is a maximal domain for strategy-proofness and the BS-
no-vetoer condition. For the allotment problem, Mizobuchi and Serizawa (2006)
investigate the two questions that are parallel to Berga and Serizawa (2000) and
our paper.

As we mentioned above, since the symmetric single-peaked domain is minimally
rich, we also obtain the counterpart of the result of Border and Jordan (1983)? for
the probabilistic case as a corollary of our result.

This paper is organized as follows. In Section 2, we present the model and
definitions. Section 3 explains the main results. Section 4 provides the concluding
remarks. Section 5 is devoted to the proofs of the results in Section 3.

2 The model and definitions

Let N = {1,...,n} be a set of agents. Assume that 2 < n < oco. The set of
alternatives is a closed interval Z = [z,%| on the real line R.1° A preference is a
complete and transitive binary relation R; on Z. Let P; be the strict preference
relation associated with R;, and I; the indifference relation. Given a preference R;
and z € Z, the upper contour set of R; at zistheset U(R;,z2) ={y € Z :y R;
z}, and the lower contour set of R; at z istheset L(R;,2) ={y € Z: z R, y}.
A preference R; is continuous if for each z € Z, U(R;, z) and L(R;, z) are closed.
Given a preference R;, let p(R;) = {x € Z : foreachy € Z,xz R; y} be the
set of the most preferred alternatives according to R;. We call p(R;) the peak of
R;. Let P denote the set of continuous preference relations on Z. A domain is
a subset R of P. A preference profile is a list R = (Ry,...,R,) € RY. Let
R_; = (R;)jen\fiy be a list of preferences for all agents except for agent i. We write
the proﬁle (Rl, ey Ri—l; Ri, Ri+17 coey Rn) as (RZ, R_Z)

A preference R; on Z is convex if for each z € Z, the set U(R;, z) is convex.

9For the deterministic case, they establish that on the symmetric single-peaked domain, the
generalized median rules are the unique class of strategy-proof and onto rules.

YGiven a,b € R, [a,b], |a,b[, [a,b] , and ]a, b] denote the closed, open, right half open, and left
half open intervals with endpoints a and b, respectively.
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Let R"** C P be the domain of convex preferences. A preference R; on Z is single-
peaked if p(R;) is a singleton, and for each pair z, 2’ € Z, whenever z < 2’ < p(R;)
or p(R;) < 2/ < z, then 2/ P; z. Let R*" C P be the domain of single-peaked
preferences. A preference R; on Z is symmetric single-peaked if p(R;) is a
singleton, and for each pair z,2’ € Z, (z — p(R;))* > (¢ — p(R;))?* if and only if
2 P; z. Let R*¥™ C P be the domain of symmetric single-peaked preferences. Note
that Rsv™ C R C Rve,

Let A(Z) be the set of probability distributions over Z.!! A probabilistic rule
f is a function from RY to A(Z). Throughout the paper, we simply refer to a
probabilistic rule as rule. Given a subset X of Z, f(R)(X) is the probability that
the chosen alternative belongs to X. We will also need to refer to rules that select
degenerate distributions, that is, probability distributions that put weight one on a
single alternative. A deterministic rule F is a function from RY to Z.

Since preferences are defined over deterministic alternatives and the rule selects
probability distribution, we need to explain how agents evaluate distributions. Let
R; € R. The (first order) stochastic dominance relation (sd) associated with R; is
defined as follows. For each pair @, Q' € A(Z), Q stochastically dominates Q’
at R; if for each z € Z, Q(U(R;, 2)) > Q'(U(R;,2)), We write this as Q R Q.
Also, Q strictly stochastically dominates Q' at R; if Q Ri? Q’, and for some
yeZ, QU(R;,y)) > Q(U(Ri,y)). We write this as Q P Q.

Next, we introduce the axioms. Let f be a rule on R". Following the terminol-
ogy given by Thomson (2010), we use the prefix “sd” in naming the axioms based
on stochastic dominance relations. The next two axioms are related to incentive
compatibility. First, for each agent, truth-telling stochastically dominates lying.

Sd-strategy-proofness: For each R € RN, each i € N, and each R; € R,
f(R) R f(Ri, R-).

Second, by misrepresenting his preferences, no agent can ever obtain a distribu-
tion that strictly stochastically dominates truth-telling.
Weak sd-strategy—proofness: For each R € RY, and each i € N, there is no
R; € R such that f(R;, R_;) P f(R).

The next three axioms are related to efficiency. A distribution Q@ € A(Z) is
sd-efficient for R € R if there is no Q' € A(Z) such that for each i € N,
Q" R;* Q, and for some j € N, Q' Py Q.

Sd-efficiency:'? For each R € RY, f(R) is sd-efficient for R.

Second, if there are alternatives that all agents agree as the best, then these
alternatives should be chosen with probability 1.

Unanimity: For each R € R such that (,cy p(R;) # 0, f(R)(Niey P(R:)) = 1.

1'We consider probability distributions defined on the Borel o-algebra £ on Z. See the Appendix
in Ehlers et al. (2002) for the formal definition. Throughout the paper, we assume that each subset
X of Z belongs to L. Also, we often refer to several definitions and results found in Ehlers et al.
(2002).

12This notion is also referred to as ordinal efficiency.
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Third, for each alternative, there is a preference profile at which the alternative
is chosen with probability 1.

Ontoness: For each z € Z, there is R € RY such that f(R)({z}) = 1.

Note that sd-efficiency implies unanimity, which implies ontoness.

The next three properties pertain to how a rule distributes power across agents.
Agent i € N is a dictator for a rule if the outcome is always chosen from this agent’s
best alternatives. Non-dictatorship requires that a rule should have no dictator.

Non-dictatorship: For each i € N, there is R € R" such that f(R)(p(R;)) # 1.

Agent © € N is a vetoer for a rule if the alternative that is best for all agents
other than 4, and worst for i, is never chosen with probability 1. The no-vetoer
condition requires that a rule should have no vetoer.

No-vetoer condition: For each i € N, each z € Z, and each R € RY, if for each
j € N\ {i}, {z} = p(R;), and for each z € Z, z R; =, then f(R)({z}) = 1.

Note that the no-vetoer condition implies non-dictatorship. The following re-
lated condition is imposed in Berga and Serizawa (2000).

BS-no-vetoer condition: For each : € N, each x € Z, and each R; € R, there is
R_; € RV such that f(R)({z}) = 1.

Note that under sd-strategy-proofness, the BS-no-vetoer condition implies the
no-vetoer condition.'®
The next property says that a rule only depends on the profile of peaks.

Peak-onlyness: For each pair R, R e RV, if for each i € N, p(R;) = p(R;), then
f(R) = f(R).

Next is the class of rules introduced by Ehlers et al. (2002). It is central to our
paper as well. The rules are described in the following way. Let D = (Dg)geon be a
collection of probability distributions such that (i) Dy({Z}) = 1, (ii)) Dy({z}) = 1,
and (iii) for each S, T € 2V and each z € Z, Dsur(|z,z]) — Ds([z,2]) > 0. A
unique rule is associated to each collection. We therefore refer to the collection as
the “signature” of the rule. Let A be the set of signatures. As we will see, these
distributions are the choices made by the rule for profiles of extremists. A step in
the proof consists in identifying the collection. We refer to this step as a calibration
step.

13To see this, let f be a rule satisfying sd-strategy-proofness and BS-no-vetoer condition on
RN. Let i € N, z € Z, and R € RY be such that for each j € N\ {i}, {} = p(R;),
and for each z € Z, z R; z. Then, by BS-no-vetoer condition, there is R_;, € RN\M#
such that f(R,-,fAi_i)g{:c}) = 1. Without loss of generality, let ¢ = 1. By sd-strategy-
proofness, f(Ri, Rz, R-12)({z}) = [(Ri,Re,R12)(U(Re,)) = f(Ri,R-1)(U(Rz,2)) =
f(Ry,R_)({x}) = 1. Also, by sd-strategy-proofness, f(Ri,Ras, R_123)({z}) =
f(R1, Re3, Ro123)(U(R3, @) = f(Ry, Re, Ro12)(U(Rs, @) = f(R1,Re, Ro12)({2}) = 1. Re-
peating this argument for agents j =4,...,n, we have f(R)({z}) = 1.

1This terminology was introduced by Thomson (1999).
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Given R € RY, let i(R) be the number of different peaks at R,'® and for each
¢ € {1,...,a}, let p(R) be the (-th smallest peak at R, and let S, = {i € N :
p(R;) <p'(R)}, So =0, p°(R) = z, and p"(R) = Z.

We now define the class of rules.

Probabilistic generalized median rule with signature D € A, gmP:!'® For
each R € RY, and each X C Z,

gm®(R)(X) =) Ds, (XN p(R),p" (R)])

+ > Lx (0 (R)(Ds, ([, 9" (R)]) = Ds,., ([z, " (R)[),

(=1

where 1x is the indicator function 1x : Z — {0,1} such that if z € X, 1x(z) = 1,
and otherwise, 1x(z) = 0.17

The following is a description of the probabilistic generalized median rule with
signature D € A, gmP”. The distribution chosen by gm?” coincides with the dis-
tribution Dy on the interval [z, p'(R)[, with Dy on the interval |p"(R), ], and for
each ¢ € {1,...,7 — 1}, with Dg, on the interval |p*(R), p"*1(R)[. Further, for each
¢ €{1,... 7}, the probability assigned to the (-th peak, gm®”(R)({p*(R)}), is equal
to Ds,([z,p"(R)]) — Ds,_, ([z. P (R)))-

3 The results

3.1. Characterization

Ehlers et al. (2002) characterize the class of sd-strategy-proof and onto rules on
the domain of single-peaked preferences.

Theorem (Ehlers et al., 2002). A rule defined on the domain of single-peaked
preferences is sd-strategy-proof and onto if and only if it is a probabilistic generalized
median rule.'®

This section shows that their results still hold on more restricted domains. We
establish it on a “minimally rich” domain defined as follows. For each pair z,y € Z
with z # y, let R(y,z) ={R; € R:x P,y and min{z,y} < p(R;) < max{z,y}}.

15We simply use 7 when we can omit R as an argument without confusion.

16We follow the terminology given by Thomson (2010). In Ehlers et al. (2002), this class of
rules is referred to as “fixed-probabilistic-ballots rules”.

17Since a probabilistic generalized median rule gm® is peak-only, we can denote gmP”(R) by
gmP (p(R;)ien) as a function of the profile of peaks.

8More precisely, unanimity is imposed in their paper instead of ontoness. Note that on the
single-peaked preference domain, under sd-strategy-proofness, unanimity coincides with ontoness
(See Fact 5 in the Appendix). They also characterize the class of sd-strategy-proof and peak-
only rules on the single-peaked domain. This class of rules is slightly larger than the class of
probabilistic generalized median rules.



Definition 1. A domain R C P is minimally rich if

(i) R is a subclass of the domain R*" of single-peaked preferences,

(i) for each z € Z, there is a unique preference R® € R such that p(R°) = z, and
(iii) for each triple z,y,z € Z with x # y and min{z,y} < z < max{x,y}, there
exist a finite K € N and a sequence {Rék)}le of preferences in R such that!®

(ili-a) R(()l) € Ry, z),

(ili-b) for each k € {2,..., K}, R(()k) € R(y,p(Rékil))), and

(iti-c) min {p(R§" ™), p(Ry"™)} < 2 < max {p(Rg" ™), p(Ry™)}, and 2 # p(R5"Y).

Conditions (i) and (ii) say that, for each alternative, there is only one single-
peaked preference whose peak is equal to the alternative. Condition (iii) says that,
given three distinct alternatives, say x,y, and z with min{z,y} < z < max{z,y},
there is a finite sequence {R(()k)}le of preferences satisfying the following three

conditions: (iii-a) the peak of R(()l) is between x and y, and x is preferred to y under
R(()l), (ili-b) for each k € {2,..., K}, the peak of R(()k) is between p(R(()kfl)) and v,
and p(R(()k_l)) is preferred to y under R(()k), and (iii-c) z is between p(R(()K_l)) and
R(K))
p(Rg 7).
The following related condition is imposed in Berga and Serizawa (2000).

Definition 2. A domain R C P is BS-minimally rich if

(BS-i) R is a subclass of the domain R*™ of single-peaked preferences,

(BS-ii) for each 2z € Z, there is a unique preference R’ € R such that p(R%) = z,
and

(BS-iii) for each pair x,y € Z with = # y, there is a preference R° € R(y, r).

Conditions (i) and (ii) of our minimally rich domain are equivalent to conditions
(BS-i) and (BS-ii), respectively. Condition (BS-iii) is weaker than condition (iii)
of our minimally rich domain. Thus, any minimally rich domain is BS-minimally
rich.?

The following are examples of minimally rich domains:
(1) Domain R*¥™ of symmetric single-peaked preferences,

(2) Domain R* C R*™ of preferences such that for each z € Z, there is a unique
preference R° € R® with p(R°) = 2z such that for each pair z,y € Z with x < z < y,

x I° y if and only if (z — 2)? = 2(y — 2)?,

(3) Domain R® C R*™ of preferences such that for each z € Z, there is a unique
preference R° € R® with p(R") = z such that for each pair z,y € Z with x < z < y,
x IV y if and only if (z — 2)? = t(2)(y — 2)?, where ¢ is an increasing function from
Z to [1,2].%

Let R™% be the class of minimally rich domains.

19N denotes the set of natural numbers.

20Tt is an open question whether the converse implication holds or not. Thus, there could be a
domain that is BS-minimally rich, but not minimally rich. However, note that our minimally rich
domains still cover many important domains in their applications.

2LA function t is increasing if for each pair z,2’ € Z with z < 2/, t(z) < t(2').
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A minimally rich domain is much smaller than the single-peaked domain. By
the definition of sd-strategy-proofness, if a rule is sd-strategy-proof on a domain,
then it is sd-strategy-proof on any subdomain. Thus, sd-strategy-proofness on a
minimally rich domain is weaker than sd-strategy-proofness on the single-peaked
domain. Hence, on a minimally rich domain, potentially, there exist more rules
that are sd-strategy-proof and onto. However, our first result, presented below, says
that the probabilistic generalized median rules are still the unique class of rules
satisfying these two properties.

Theorem 1. A rule defined on a minimally rich domain is sd-strateqy-proof and
onto if and only if it is a probabilistic generalized median rule.

The proof of Theorem 1 is in the Appendix. For the deterministic model,
Berga and Serizawa (2000) characterize the generalized median rules®® by strategy-
proofness and ontoness on a BS-minimally rich domain. Our result can be inter-
preted as a counterpart of theirs for the probabilistic model.

As we mentioned above, the domain of symmetric single-peaked preferences is
minimally rich. Thus, we obtain the following corollary of Theorem 1.

Corollary 1. A rule defined on the domain of symmetric single-peaked preferences
18 sd-strategy-proof and onto if and only if it is a probabilistic generalized median
rule.

For the deterministic model, Border and Jordan (1983) characterize the gen-
eralized median rules by strategy-proofness and ontoness on the symmetric single-
peaked domain. Corollary 1 is an extension of their result to the probabilistic
model.

3.2. Mazximal domain

Next, we ask how much we can enlarge a domain to allow for the existence
of sd-strategy-proof rules that satisfy ontoness and the no-vetoer condition. The
definition of a maximal domain is as follows.

Definition 3. A domain R C P is mazimal for a list of properties if
(i) there is a rule on R satistying the properties, and
(ii) for each domain R with R C R C P, no rule on R satisfies the same properties.

Note that a maximal domain for a list of properties may not be unique. We
consider domains that include a minimally rich domain.

22The generalized median rules are defined as follows. Let a = (ag)gecan be a collection of points
in Z such that (i) ag = Z, (ii) anx = 2, and (iii) for each S, T € 2V, asur < as. This collection is
the signature of the deterministic rule. Let A be the set of signatures.
Generalized median rule with signature a € A, GM?®: for each R € RY, GM*(R) =
mingc vy {max{p(R;)ics,as}}

Let D = (Dg)geav € A be such that for each S € 2V, Dg is a degenerate distribution. Let
a = (as)geov be such that for each S € 2V, ag is the point at which Dg places probability
one. Then, the probabilistic generalized median rules gm® with signature D coincides with the

generalized median rule GM® with signature a = (ag)gecon-
In Berga and Serizawa (2000), this class is referred to as “generalized median voter schemes”.
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Theorem 2. Assume that there are at least three agents, and let R € RME. The
domain of convex preferences is the unique maximal domain including R for sd-
strategy-proofness, ontoness, and the no-vetoer condition.

The proof of Theorem 2 is in the Appendix.

Remark 1. Assume that there are only two agents. No rule defined on a minimally
rich domain satisfies sd-strategy-proofness, ontoness, and the no-vetoer condition.?
Thus, in Theorem 2, we require that there be at least three agents.

Remark 2. Note that the random dictatorship rules?® satisfy sd-strategy-proofness
and ontoness on the universal domain, but not the no-vetoer condition. Thus, in
order to rule out such trivial rules, we impose the no-vetoer condition in Theorem 2.
We remark that this condition also excludes some rules other than the random dic-
tatorship rules. Furthermore, if we do not impose the no-vetoer condition, there are
sd-strategy-proof and onto rules other than the random dictatorships on domains
that include non-convex preferences. Thus, the no-vetoer condition is crucial to
obtain convex preferences as a maximal domain. Example 1 below illustrates that,
on a domain that include non-convex preferences, there is a non-random dictator-
ship rule that satisfies sd-strategy-proofness and ontoness, but not the no-vetoer
condition.?®

Example 1. A preference R; is outside convez if there are two intervals [a™ (R;), a™ (R;)]
and [b~(R;), b (R;)] of Z such that (1) a*(R;) < b (Ry), (2) p(R;) = [a™ (R;),a™ (R;)]U
(b~ (R;),bT(R;)], and (3) for each X € {[z,a™(R;)],[b”(R:),Z]} and each z € X,
U(R;,z) N X is convex. Let R°”** be the domain of outside convex preferences.
Note that the domain R°"** includes non-convex preferences and minimally rich
domains. Let f : (R***)N — A(Z) be the rule such that for each R € RV, and
each X C Z,

FR) = 5 - Tx(fmina® (R)D) + 5 - L ({max b (R))).

iEN iEN
Then, f is sd-strategy-proof and onto, but violates the no-vetoer condition. However,
it is not the random dictatorship rules.

For the deterministic model, Berga and Serizawa (2000) prove that the convex
domain is the unique maximal domain including a BS-minimally rich domain for

23To see this, suppose that there is a rule f on R € RMFE satisfying these three properties.
Let N = {1,2}. Let Ry € R be such that p(Ry) < Z, and for each z € Z, z Ry Z. Let
Ry € R be such that p(Ry) = z. Then, by the no-vetoer condition, f(R)({zZ}) = 1. Let R, € R
be such that p(Rl) = z. Then, by uncompromisingness (see Proposition 1 in Subsection 3.3),
f(R1, Ry)({Z}) = 1. Thus, f(Ry, R2)({z}) # 1. This contradicts the no-vetoer condition.

?4Let W be the set of weights w such that w = (wy,...,w,) € [0,1]V and Y,y w; = 1.
Random dictatorship rule with weight w € W, RDY: for each R € RY and each X C Z,

RD"(R)(X) = w; - 1x(p(R;)).

iEN
Z5For the deterministic model, similar arguments are found in Berga and Serizawa (2000).
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strategy-proofness, ontoness, and the BS-no-vetoer condition. For the probabilistic
model, it is easy to check if there is a rule that satisfy these three properties on the
convex domain. Furthermore, the BS-no-vetoer condition together with sd-strategy-
proofness implies the no-vetoer condition. Thus, as a corollary of Theorem 2, we
obtain a counterpart of their result for the probabilistic case.

Corollary 2. Assume that there are at least three agents. The domain of convex
preferences is the unique mazximal domain including a minimally rich domain for
sd-strategy-proofness, ontoness, and the BS-no-vetoer condition.

Since each minimally rich domain is a subclass of the single-peaked domain,
each domain that includes the single-peaked domain also includes a minimally rich
domain. Thus, the class of domains that include the single-peaked domain is a
subclass of the class of domains that include a minimally rich domain. We obtain
the following as a corollary of Theorem 2.

Corollary 3. Assume that there are at least three agents. The domain of convex
preferences is the unique maximal domain including the single-peaked domain for
sd-strategy-proofness, ontoness, and the no-vetoer condition.

Since the symmetric single-peaked domain is a minimally rich domain, we also
obtain the following corollary.

Corollary 4. Assume that there are at least three agents. The domain of convex
preferences is the unique maximal domain including the symmetric single-peaked
domain for sd-strategy-proofness, ontoness, and the no-vetoer condition.

Remark 3. A deterministic alternative can be regarded as a degenerate probability
distribution. Also, each of the properties introduced in our paper, when imposed on
deterministic rules, reduces to the property of the same name for the deterministic
model. Thus, as a byproduct of our results, for the deterministic model, we also
obtain results that are close to the results of Berga and Serizawa (2000).

3.8. Technical discussions: uncompromisingness and richness of domains

We now discuss some key points of our results and proofs. First, we introduce
a property that plays an important role in the proof of the uniqueness part of
Theorem 1. This notion was first introduced by Ehlers et al. (2002): when an
agent’s preference changes, the chosen distribution does not change outside the
interval whose endpoints are his initial peak and new peak.?¢

Given R, R; € R, let E(R;, R;) = [min{p(R;), p(R:)}, max{p(R;), p(R;)}].

Uncompromisingness: For each R € RN, each i € N, each R; € R, and each
X C Z such that X N E(R;, R;) =0, f(R)(X) = f(R;, R_;)(X).

The next proposition is key to Theorem 1.

Proposition 1. On a minimally rich domain, sd-strategy-proofness and ontoness
mmply uncompromisingness.

26This property is an extension to the probabilistic model of a property introduced for the
deterministic model by Border and Jordan (1983).
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The proof is in the Appendix. Ehlers et al. (2002) establish that on the
single-peaked domain, sd-strategy-proofness and peak-onlyness imply uncompromis-
ingness.?” Note that, by the definition of a minimally rich domain, any rule defined
on a minimally rich domain is peak-only. Thus, the assumption of our Proposition 1
is stronger than theirs. However, we cannot directly apply their result and proof
techniques to prove Proposition 1. As we explain below, there is a crucial difference
between the single-peaked domain and a minimally rich domain.

We now introduce a new property of rules. This property is implied by uncom-
promisingness. Hereafter, we only focus on this property to simplify our subsequent
argument.

Invariance property: For each R € RY, each i € N, each R; € R, and each pair

a,b € Z such that a < p(R;) < p(R;) < b, f(R)([a,b]) = f(R;, R_;)([a,}]).

Next, we introduce another richness condition on a domain. A domain R C P is
rich* if for each R; € R, and each pair a,b € Z with a < p(R;) < b, there is R, € R
such that (i) p(R;) = p(R}), and (ii) U(R},b) = [a,b]. Note that the single-peaked
domain is rich*. Under this richness condition, we can directly apply the proof
techniques developed by Ehlers et al. (2002) to obtain the invariance property, as
shown in the following fact.

Fact 1. Let R C R*" be a rich* domain. If a rule f on RY is sd-strategy-proof
and peak-only, then it satisfies the invariance property.

Proof.?® Let R € RN, ie N, R, € R, and a,b € Z be such that a < p(R;) <
p(R;) < b. Since R is rich*, there are R), R; € R such that (i) p(R;) = p(R)),
p(R;) = p(R;), and (ii) U(R!,b) = [a,b] = U(R;,b). Then, by sd-strategy-proofness,
f(RL,R_)(U(RLDL) > f(Ri, R_;)(U(R.,b)). Similarly, by sd-strategy-proofness,
f(R;, Ri)(U(Ry, b)) < f(Ri, Ri)(U(Ry,b)). Since U(R;,b) = [a,b] = U(R;,b), we
have f(R}, R_;)([a,b]) = f(R;, R_;)([a,b]). Finally, by peak-onlyness, f(R)([a,b]) =

f(R, R-)([a,b]) and f(R;, R_;)([a,b]) = f(Ri, B-)([a,b]). Thus, f(R)([a,b]) =
f(Rw R—l)([av b]

). O

On the other hand, since no two distinct preferences have the same peak on
any minimally rich domain, no minimally rich domain is 7ich*. Thus, we cannot
apply the argument used in the proof of Fact 1 to obtain the invariance property
on a minimally rich domain. This is the main difference between the single-peaked
domain and a minimally rich domain, and the reason the proof techniques of Ehlers
et al. (2002) cannot be applied to prove Proposition 1.

We develop two lemmas to overcome this difficulty. These lemmas give us vari-
ants of the invariance property. Lemma 1 says that under sd-strategy-proofness and
ontoness, if a group of agents with the lowest peak, say p', changes their peaks,
and their new peak point, say p, is still less than the second lowest peak, then the
outcome distribution does not change outside the interval with endpoints p' and p.
A similar statement applies to a group of agents with the highest peaks.

27See Ehlers et al. (2002, Lemma 3.1). They also establish that peak-onlyness is implied by
sd-strategy-proof and unanimity (see Ehlers et al., 2002, Proposition 5.2).
Z8Indeed, in this proof, we use the proof techniques developed by Ehlers et al. (2002).
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Lemma 2 says that under sd-strategy-proofness and ontoness, for each point
p € Z, if a group of agents whose peaks are less than p changes their peaks to p,
then the outcome distribution does not change outside the interval with endpoints
p' and p. Also, a similar statement applies to a group of agents whose peaks are
greater than p.

Furthermore, on a minimally rich domain, ontoness is indispensable to obtain
uncompromisingness,?? while it is not required on the single-peaked domain. This
is also one of the differences between the single-peaked domain and minimally rich
domains.

Since the characterization result of the class of sd-strategy-proof and onto rules
on a minimally rich domain is utilized in the proof of our maximal domain theorem,
proving Proposition 1 and Theorem 1 is also key to Theorem 2.

4 Concluding remarks

We established that, on a minimally rich domain, the probabilistic generalized me-
dian rules are the unique class of sd-strategy-proof and onto rules. Recently, by
using the characterization result of Berga and Serizawa (2000), Mass6é and Moreno
de Barreda (2011) characterize the class of strategy-proof deterministic rules on the
symmetric single-peaked domain.? It is an interesting question whether a result
parallel to theirs can be obtained for the probabilistic model.

Next, we examined how much we can enlarge a domain to allow for the existence
of rules that satisfy sd-strategy-proofness, ontoness, and the no-vetoer condition. We
established that the domain of convex preferences is the unique maximal domain
including a minimally rich domain for these properties. For the deterministic model,
Berga and Serizawa (2000) establish that the unique maximal domain including a
BS-minimally rich domain for strategy-proofness, ontoness, and the BS-no-vetoer
condition is the convex domain. Our result can be interpreted as an extension of
theirs to the probabilistic model.

In this paper, we focused on the analysis of the probabilistic rules defined on the
set of ordinal preferences of agents. Another possible formulation of probabilistic
rules is to define a rule on the set of von Neumann-Morgenstern utility functions,
and assume that agents compare probability distributions based on their expected
utilities. Note that the notion of sd-strategy-proofness is different from that of
strategy-proofness based on the expected utility. To see the difference between the
two notions of strategy-proofness for probabilistic rules, it is also interesting to
examine the conditions on the domains of rules that satisfy strategy-proofness based
on the expected utility.

29For example, for the deterministic model, strategy-proofness alone does not imply uncompro-
misingness on the symmetric single-peaked domain (Border and Jordan, 1983). Since the class of
probabilistic rules includes deterministic rules as a special case, their example also holds for the
probabilistic model.

30This class of rules is much larger than the class of generalized median rules.
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5 Appendix: Proofs

5.1. Preliminary results

Let R € RME and let R be a domain such that R C R C R*™. Given R; € R
and z € Z, the strict upper contour set of R; at z is the set SU(R;, 2)
={y € Z :y B z}. Fact 2 says that the stochastic dominance relation R:? is
equivalent to that defined in terms of strict upper contour sets.

Fact 2 (Ehlers et al., 2002, Lemma 2.1). For each R; € R, and each pair Q,
Q' € A(Z), Q R Q' if and only if for each z € Z, Q(SU(R;,2)) > Q' (SU(R;, 2)),
and Q P Q' if and only if Q R Q' and for some z € Z, Q(SU(R;,z)) >
Q' (SU(R;, 2)).

Given R € RN, let p(R) = miney{p(R;)}, and p(R) = max;en{p(R;)}, and let
E(R) = [p(R),B(R)], that is, E(R) is the set of ex-post efficient outcomes for R.
Fact 3 says that sd-efficiency is equivalent to ez-post efficiency.

Fact 3 (Ehlers et al., 2002, Lemma 2.2). Let f be a rule on RY. Then, f is
sd-efficient if and only if for each R € RY, f(R)(E(R)) = 1.

Fact 4 says that sd-strategy-proofness and unanimity imply ez-post efficiency.

Fact 4 (Ehlers et al., 2002, Proposition 5.1). Let f be an sd-strategy-proof
and unanimous rule on RY. Then, for each R € RY, f(R)(E(R)) = 1.

Fact 5 says that sd-strategy-proofness and ontoness imply unanimity.
Fact 5. Let f be an sd-strategy-proof and onto rule on RY™. Then, it is unanimous.

Proof of Fact 5. Let y € Z. Let R € R"™ be such that for each i € N,
p(R;) = y. We show that f(R)({y}) = 1. By ontoness, there is R € R" such that
F(R){y}) = L. By sd-strategy-proofness, f(Ra, Br)(U(Ra,p) > F(R)U(Fo,y).
Since U(Ry,y) = {y} and f(R)({y}) = 1, then f(R;,R_1)({y}) = 1. Similarly,
by sd-strategy-proofness, f(Riz, R-12)(U(R2,y)) > f(Ri,R_1)(U(Rs,y)). Since
U(Rz,y) = {y} and f(R1, R-1)({y}) = 1, f(Ri2, R-12)({y}) = 1. Repeating this

argument for agents j = 3,...n, we have f(R)({y}) =1. O

Remark 4. From facts 3, 4, and 5, if a rule f on RY is sd-strategy-proof and onto,
then it is sd-efficient.

5.2. Proof of Theorem 1.

First, we prove two lemmas. Next, we prove Proposition 1. Then, we prove
Theorem 1. Let R € RME. Given R € RY and ¢ € {1,...,n(R)}, let N*(R) be
the set of agents whose peak is equal to the /-th smallest peak amount at R, that
is NY(R)={i € N : p(R;) = p"(R)}.

Lemma 1. Let [ be an sd-strategy-proof and onto rule on RN. Let R € RN, N C
NYR), Ry € RY, and p,x € Z be such that (1-1) for each i € N, p(R;) = p, (1-2)
p <z, and (1-3) p'(R) < p < p*(R). Then, f(R)([p'(R),z[) = f(Ry, R _§)([p'(R), ).
Proof of Lemma 1. Let 2° = p'(R). By condition (iii) of the minimally rich
domain in Definition 1, there exist a finite K € N and a sequence {RY)} | of
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preferences in R such that (i) 2° PV z and 2° < p(R\"
2,... K}, p(RF™) P 2, and p(R{Y) < p(RIP) <
p < p(R(()K)). For each k € {2,..., K}, let 2% = p(R(()k)).

Step 1. For each k € {1,...,K}, each R € R, each N C NY(R), and each
Ry € RN, if (a) p"(R) = 2°, (b) for eachi € N, R; = R(()k), and (c) 2*71 < p*(R),
then, f(R)(a%,]) = f(Ry, R_y) (2.

Proof of Step 1. We prove Step 1 by induction on k. Assume that k = 1. Let
Re RN, NC N'YR), and Ry € RN be such that (a) p'(R) = z°, (b) for each i €
N, R;=R\", and (c) 2° < p ?(R). Without loss of generality, let N = {1,...,n'}.

First, we replace the preference R; of agent i € N with the preference R;, mductlvely
Note that, by sd-efficiency, f(R)([z,2°]) = f(Ry, R_1)([z,2°[) = 0. Then !

) < z, (ii) for each k €
7, and (i) p(Ry" ) <

F(R)([2° 2[) = f(R)(SU(Ry,)) by sd-E
> f(Ry,R_1)(SU(Ry,z)) by sd-SP and Fact 2
:f(RlaR—l)([ 71}[) by sd-E.

Conversely,
f(Ry, R_)([2°, z]) = f(Ry, R_1)(SU(Ry,z)) by sd-E and 2° P, «
(R)(SU(Ry, x)) by sd-SP and Fact 2
(R)([z° z]) by sd-E and 2° P, z

v

f
f

Thus, f(R)([2°,2]) = f(Rl, R_1)([z°, z[). Since R1 Ry, by applying the same ar-
gument to the profile (Ry, R_,), we obtain f(Rl, “1)([2%,2) = f(Ryz, Ro1p)([2°, 2)).
Repeating this argument for agents j = 3,..., 7', f( )([2% 2]) = f(Rx, R_x)([2°, ).
Thus, Step 1 holds if k£ = 1. )

Next, we assume that & > 2. Let R € RV, N C NY(R), and Ry € RN be such

that (a) p'(R) = 29, (b) for each i € N, Ri=RY, and (c) 2571 < p*(R). Without
loss of generality, let N ={1,...,aF}.

As the induction hypothesis, we assume that
A: For each R € RN, each N C N'(R), and each R € RN, if (A-a) p*(R) = 2°,
(A-b) for each i € N, R, = RV and (A-c) 2572 < p*(R), then, f(R)([2°,z|) =
F(Rg, R_g)([a, ).

We show that f(R)([+°,2]) = f(Ry, R_z)([2°«[). For each i € N'(R), let
R, = R} Y. Then, by induction hypothesis (A),?’2

FR)([2%,2]) = f (R gy, B-wi(m) ([2°, 2[). (1)

31 Hereafter, we occasionally abbreviate sd-efficiency and sd-strategy-proofness as sd-E and sd-
SP, respectively.

32Gince (a) p'(R) = z° and (c) 2~ < p%(R), all the assumptions (A-a), (A-b), and (A-c) of
induction hypothesis (A) are satisfied.
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Next, we replace the preference R, of agent i € ]Y with the preference R;, inductively.
Note that, by sd-efficiency and z*~' < p*(R), FRy1 gy Bonvigry)([2, oF1) =

F(Ry, Ry gy 1y Boni) (2, 27 1]) = 0. Then,

f( N1(R),R NY(R )([Iovx[)

= f(Ry () ([z" 71 2]) by sd-B
= f(RYy () (SU(Ry, x)) by sd-E
> f(R, Nl(R (1) R Ni(ry)) (SU(R}, x)) by sd-SP and Fact 2
= f(lfg R\{1} R_ N1( )([x ' x[) by sd-E
= f( \{1}»R NY(R ))([iﬂoax[) by sd-E.
Conversely,
f(éh &1(3)\{1}7}? Nl(R))([fo z[)
= f(Ry, vy Bon @) [z, 2]) by sd-E
= f(Ry, LR} R_y )(SU(Rl,x)) by sd-E and z*7! P, =
> f(Ryi(p R )(SU(Rl, x)) by sd-SP and Fact 2
= f(Ryi () ) ([2" ", z]) by sd-E and 2" P x
~ A ;WR )12, 2] by sd-E.
Thus, f(R) R )20, z]) = f(Rl,RNl(R)\{l},R vi)([2° z]). Since Ry =

Ry, by applylng the same argument to the profile (R, R, AN} R_ N1(R)), We have

f(RlaR {1}>R NY(R )([:L‘O,LL’D = f(Rl 27R N(R )\{12}7R Nl(R))([mo 'TD Repeat—
ing this argument for agents j =3, ..., 7",

F Ry B ([0, al) = F(By, Ry gy s Bowiiy) ([2°, ) (2)

Therefore, if N = N(R), then Step 1 follows from (1) and (2). Thus, we assume
that N 7& Nl( R), that is, NY(R )\N # (). Next, we consider the proﬁle (Ry, R_x).
Then, p*(Ry, R_y) = mm{x ,p*(R)}. Thus, b2 <zl <p (RN R_ ~)- Note
that Nl(RN,R, ) = NYR)\ N # 0, and p'(Rz, R_y5) = p'(R) = 2°. Thus, the

assumptions of induction hypothesis (A) also hold for the profile (R, R, ~). Then,
by induction hypothesis (A),

f(Rva R—N)([Iovx[) = f(RN> NI(R)\Nv R—Nl(R))([:L‘O?xD‘ (3)

Thus, from (1), (2), and (3),
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Step 2. For each k € {1,...,K}, each R € RN, each N C NI(R), each p €
|zt 2¥], and each Ry € RN zf (a) p'(R) = a° (b) for each i € N, p(R;) = p,
and (¢) p < p*(R), then, f(R)([°2]) = F(Ry, R_x)([a° ).
Proof of Step 2. Let k € {1,...,K}, Re RY, N C NY(R), p € J«*~",2%], and
Ry € RY be such that (a) p'(R) = 29, (b) for each i € N, p(R;) = p, and (c)
p < p*(R). Without loss of generality, let N = {1,...,7%}. If p = 2%, then the
desired conclusion follows from Ste 1 Thus, we assume that Pt < p < b
For cach i € N*(R), let R; = R)". ). Then, by Step 1,
FR)([2%, 2) = f(Ryi(my, Bono () ([, 2]). (4)

Next, we replace the preference R; of agent i € N with the preference RZ, inductively.
Note that, by sd-efficiency and p < p (RN1 JR_nigw)), f(RNl(R Ry ([z,0]) =
f(Rla ‘I%N1 \{1}7R NY(R )([ D = 0. Then7

f(RNl(R)a R—Nl(R))([$0a z)
= F (B R ) ([ 2]) by sd-F
= f(f? (»)(SU (R )) by sd-E and 2F7! Py z
> f(Ry, R NI(R)\{I},R ®)(S U(Ry,x)) by sd-SP and Fact 2
= f(Ri, Ryiay g1y, Bonigmy) ([, 2]) by sd-E and 27! Py o
= f(Ry, Ry \{1}73 v (2% z]) by sd-B.

Conversely,

F(By, Ry apays Bovim) ([2°, 2)

Nl(R),R_Nl(’) (SU(R )) by sd-SP and Fact 2
,x]) by sd-E
1Y, 2[) by sd-E.

%3

Thus, f(RNl(R),R i) (2% z]) = f(Rl,RN1 \{1},R ~ir))([2°, =), Similarly,
applying the same argument to the profile (Rl,RN1(R)\{1},R 1(R)), We obtain
f(RhRNl( Ny Bovim) (2% 2]) = f(R1 2, Ry 1.2y> Boni(iy) ([2°, 2]). Repeat-

ing this argument for agents j = 3,...,n", we have
F (R (ys B i) ([, ) = f (R, B apvs Ry sy) (2%, @) ()
If N 1(R)_\ N = (), then Step 2 follows from (4) and (5 ) Thus, we assume that
NY(R )\N + 0. Consider the profile (R, R_y). Then, p'(Ry, R_x) = p*(R) = 29,
and 2571 < p = p*(Ry, R_y). It follows from Step 1 that

f(Ry, R_g) ([, al) = f(Ry, Rraps B (iy) ([2° ). (6)
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Thus, from (4), (5), and (6),

FR)([2° 2[) = f(Ry, R_y)([2°, 2[).
O

) p ( ) = 7, (b) for
2. Then, 1t follows

Finally, we complete the proof of Lemma 1. Note that (a
cach i € N, p(R;) = p, (c) p < p*(R), and (d) 2"~1 < p <
from Step 2 that f(R)([2°, z[) = f(Ry, R_y)([z° z[). O

Remark 5. If the strict upper contour set SU(R;,x) is replaced by the upper
contour set U(R;, ) in the proof of Lemma 1, then the result of Lemma 1 also holds

for the closed interval, that is, we obtain f(R)([p*(R), z]) = f(Rx, R_x)([p'(R), z]).

Remark 6. The following statements also hold by applying the argument in the
proof of Lemma 1 symmetrically. Let f be an sd-strategy-proof and onto rule on
RN. Let R€ RN, N C N*(R), Ry € RY, and x,p € Z be such that (1-1*) for
each i € N, p(R;) = p, (1-2*) p" Y (R) < p < p"(R), and (1-3*) x < p. Then,
f(R)(z,p"(R)]) = f(Rx, R_y)(z,p*(R)]). Similarly to Remark 5, we also obtain
FEB)([z, p"(R)]) = f(Ry, R_§)([z,p" (R)]).

Lemma 2. Let f be an sd-strategy-proof and onto rule on RN. For each R € RN,
each k € {1,...,a(R) — 1}, each N € JF_ 1Nh(R), each Ry € RY, and each
pyx € Z, if (2- 1) for each i € N, p(R;) = p, (2-2) p*(R) < p < p"™(R), and (2-3)
p <, then, f(R)([p'(R).z[) = f(Ry, R_x)([p"(R), ).

Proof of Lemma 2. Let R € RV, k € {1,...,n(R) — 1}, N C Ur_ 1Nh(R)
Ry € RY, and p,x € Z be such that (2 1) for eachz € N, p(R;) =p, (2-2) p*(R) <
p < pk“(R), and (2-3) p < z. Without loss of generality, let N = {1,...,|N|}.%3
Let 2° = p'(R). We prove Lemma 2 by induction on k. Let k = 1. Then, the
desired conclusion follows from Lemma 1. Thus, we assume that & > 2. As the
induction hypothesis, we assume that

B: For each R € RN, each k € {1,. — 1}, each N’ C U: N"(R), each

Ry QRN, and each p, & € Z, if (2-1b) for each i € N/, (I%) b, (2-2b) pA( R) <

p < p*(R), and (2-3b) p < &, then, f(R)([p (R)aff[) F(Bor, Ry (M (R), &)
Let N1 = J;_! N*(R). Let R(k,c . € RY"" be such that for each i € N*1,

p(RM) =p (R) Then, by induction hypothesis (B),

(]

FR)([2° 2]) = F(RGL, Rogns) (2%, x]). (7)

Let N* = UZ: N"(R). Let (N, N) be a partition of N such that NUN = N,
NNN =0, Nc N*' and N ¢ N*(R). Note that for each i € N, i € N*(R) or
i€ N1

Let R = (R R_gxr-1). Next, we replace the preference R. of agent i € N

Nk 1

33| A| denotes the cardinality of the set A.
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with the preference R;, inductively. Then, by p!(R') = p*(R) and N C N'(R),

FR)([2% 2[) = f(R)([P"(R), ) by sd-E
(RN,RQN)([pk(R)ﬂSD by Lemma 1

Since R’ = (R R_ji-1),

Nk 1
RY) R _gi)([2%2]) = f(Ry, RY)_. R o R_ ) ([2° 8
f(Rgi, Roge—1)([27, 2) = f(Ry, Nh-1\ N LENR(R)\N —we)([27,2]). (8)

If N¥~'\ N = (), then Lemma 2 follows from (7) and (8). Thus, we assume that
NE-I\ N £ 0.

Next, consider the profile (Ry, R_y). Note that p*(R) < p*(Ry, R_y). Then,
by induction hypothesis (B),3

f(Ry, R_)([2",x]) = f(Ry, R o By Bow) (127, ). (9)

Thus, from (7), (8), and (9),

g

Remark 7. If the result of Remark 5 is applied to the proof of Lemma 2 instead
of Lemma 1, the result of Lemma 2 also holds for the closed interval, that is, we
obtain f(R)([p'(R),2]) = f(Ry, R_x)([p'(R), z]).

Remark 8. The following statements also hold by applying the argument in the
proof of Lemma 2 symmetrically. Let f be an sd-strategy- pmof and onto rule on RY.
For each R € RN, each k € {2,...,n(R)}, each N C U"(R N™R), each Ry € RV,
and each x,p € Z, if (2-1%) for eachz €N, p(R) =p, (2-2%) p" "1 (R) < p < p*(R),

and (2-3%) x < p, then, f(R)(Jx,p"(R)]) = f(Ry, R_y)(Ja,p"(R)]). Similarly to
Remark 7, we also obtain f(R)([x,p™(R)]) = f(Ry, R_y)([z,p"(R)]).

Proof of Proposition 1. Let R € RN, i € N, and R; € R. Let [z,y[ C Z be such
that [z,y[ N E(R;, R;) = 0. We show that f(R)([z,y]) = f(Ri, R_;)([z,y[).?® If
p(R;) = p(R;), then, by condition (ii) of the minimally rich domain in Definition 1,
R; = R;. Thus, we consider the case where p(R;) # p(R;). Assume that p(R;) <
p(ﬁ’l) The opposite case can be treated symmetrically.
Case 1. p(R;) < =
If p(R;) > p"™®(R), then, by sd-efficiency, f(R)([z,y[) =0 = f(Ri, R ([, y]).

Thus, assume that p(R;) < p"®(R). Then, there is k € {1 n(R)— 1} such that
D (R) < p(R;) < p"(R). Since p(R;) < p(Ry), i € thl Nh(R) Then, it follows

34By letting R = (Ry,R_y), N' = NF-1 \N, p = pF(R), and & = =, all the assumptions (2-1b),
(2-2b), and (2-3b) of induction hypothesis (B) are satisfied.

35To show the equivalence of two distributions g and h over Z, it is sufficient to prove that for
each [z,y[ C Z, g([x,y]) = h([z,y[). See Ehlers et al. (2002, Remark A.3. in the Appendix).
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from Lemma 2 that f(R)([p'(R),z[) = f(R;, R_;)([p*(R),z]). Similarly, by = < v,

( (
F(R)([p"(R), y) = f(Rs, Ri)([p
FR)([z,yl) = F(R)([p"(R),yD) — f(R) ([P (R), =)
[

s
<
=

Case 2. y < p(R,-).

If p(R:) = p'(R), then, by sd-cfficiency, f(R)([z,y[) = 0 = f(Ri, R-5)([z,y[).
Thus, assume that p'(R) < p(R;). Cor}&der the profile RAE (R;, R_;). Then, there
is k€ {2,....,a(R ?)} such that p*~'(R) < p(R:) < p*(R). Slnce p(R;) < p(Ry),
i € UZ(R) Nh(R). Let p = p"®(R). First, we assume that y < p(R;). Then, it
follows from Remark 8 that f(R)([y,p]) = f(R:, R—i)([y,p]). Similarly, by = < v,

FR) ([, 8]) = F(Rey Ro)(w,B)). Thus, F(R)(w,yl) = F(Ri, R-5) ([, y]). Next, we
assume that y = p(R;). Let {yr}ren be a sequence in Z such that for each k € N,
e < Y, [z,uk] € (2 yk[, and Upenle, vs] = [z, y[.*® Then, for each k& € N,
Yx < p(R;). Thus, by applying the above argument again, for each k € N, we have
F(R)([z,yx]) = f (ﬁz, R_)([z, yx[). Since distributions are continuous from below,3”
f(R)([z,y]) = f(R;, Ri)([z, y[). O

Proof of Theorem 1. It is easy to show that each probabilistic generalized median
rule is sd-strategy-proof and onto. The proof of the uniqueness part of Theorem 1
is similar to that of Ehlers et al. (2002), but we provide it for completeness. Let f
be an sd-strategy-proof and onto rule defined on RY.

Step 1. Construction of a collection (Dg)gean of probability distributions.

For each i € N, let R7, R7 € R be such that p(R7) = z and p(R?) = z. For each
S e 2N let Dg = f(R%, R g).

Step 2. The collection D = (Dg)gecon satisfies the following properties:
(i) Dy({z}) = 1, (i1) Dn({z}) = 1, and (i) for each S,T € 2V and each x € Z,
Dsur([z, #]) — Ds([z, z[) > 0.

By unanimity, (i) Dy({Z}) = f(R%)({Z}) = 1, and (ii) Dn({z}) = f(Ry)({z}) =
1. We show property (iii) of Step 2. Let S,T € 2V and x € Z. Without loss of
generality, assume that SN7T # () and T = {1,2,...,¢}. Then,

Dsugiy([2, 2]) f(ng, Ry, Rz(SU{l}))(E? z])

f(RS, Ry, Ri(5u{1}))([§ z)
f(Rg, Ry, RZ (0010 (SU(RY, @)
f(R%, RZ 5)(SU(R;:,z)) by sd-SP and Fact 2
f(RS, RZ )([2, z[)

s([z z[).

| AV (Y,

37A probability dlstrlbutlon g is contmuous from below if for each sequence { A }ren such that
for each k € N, Ay C Agy1 and ey Ar = A, g(A) = limp_o0 g(Ag). See Ehlers et al. (2002,
Theorem A.1. in the Appendix).
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Repeating this argument for agents j = 2, ..., t, we get Dgur([z, ]) —Ds([z, z[) > 0.
Step 3. For each R € RY, f(R) = gmP(R).*
Let R € RY. By sd-cfficiency, f(R)([zp(R)) = 0 = Dy([z,p'(R)]), and
f(R)(Ip"(R),Z]) = 0= Dn(]p (R),?D- Let £ € {1,...,n( -
First, we show that f(R)(]p(R), p™ ! (R)[) = gm” (R)(p"(R),p'"*(R)[). By un-
COMPTOMISINGNESS,
FRY(P"(R), P (R)]) = f(Rg, RZs,) (1P (R), p"  (R)]) = Ds, (Ip°(R), ™ (R)))
Let £ € {1,...,A(R)}. Next, we show that f(R)({p*(R)}) = gmP(R)({p"(R)}).
First,

F(R)(p(R),Z)) = (RS, R-s,)(IP"(R), %

by uncompromisingness

) by uncompromisingness

Similarly,

F(R)([z " (R)) = f(Rs,,, RZs,_)([z.p"(R)[) by uncompromisingness
=1- f(Rs, ,, B2, )([P'(R),2))
=1- f(R%éil, RE,&Z 1)([pE(R), Z]) by uncompromisingness
= (B, , RZs, )z p"(R)].

L

Thus, we have

FRY{P(R)}) =1~ F(R)(Ip(R),Z]) = f(R)([z, " (R)])
=1— f(R5,, RZs)(p'(R), 7)) — f(RS,_,, Rs, ) (2. p"(R)])
= [(RS,, B[z, 0" (R)]) — f(R5, , RZs,_ )2, 0" (R)])
= Ds,([z,p"(R)]) = Ds,, ([z. " (R)].

5.8. Proof of Theorem 2.

Next, we prove Theorem 2. The proof structure is similar to that of Berga and
Serizawa (2000), and we borrow some of their techniques. However, the class of
probabilistic rules is much larger than that of deterministic rules, and the notion
of sd-strategy-proofness is different from strategy-proofness for deterministic rules.

38Recall that the distribution of gm? is equal to the distribution Dy on the interval [ p(
Dy on the interval [p™(R),z], and for each £ € {1,...,i—1}, Dg, on the interval ] Y(R), p"TY(
Further, for each ¢ € {1,...,7}, the probability assigned to the ¢-th peak, gm® (R)({p*(R)}

equal to DS@([é’ pE(R)]) - Dszfl([évpe(R)D'

R,
R)|.

), is
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Furthermore, in the proof of Theorem 2, we use our characterization result of sd-
strategy-proof and onto rules on a minimally rich domain (Theorem 1). Thus, we
cannot directly apply their proofs.

Lemma 3 (Berga and Serizawa, 2000, Lemma 3). Let g be a continuous real-
valued function defined on Z such that for some x,y,z € Z, x <y < z, g(x) > g(y)
and g(z) > g(y). Then,
(a) there exists a triple a,b,r € Z, and for any € > 0, there exists ¢ such that
¢ € |r,r + €[ which satisfy the following four conditions: (i) x <a<b<r <c<z,
(i) g(a) = g(r), (i) if ' € Ja,r[, g(a) > g(a’), and (iv) if 2’ € [a, [, g(c) > g(z'),
and
(b) there exists a triple r', V', € Z, and for any € > 0, there ezists a’' such that
a € |’ — e, r'[ which satisfy the following four conditions: (i) x < a <71 <V <
d <z (i) g(r') =g(d), (i) if 2" €', [, g(c) > g(a), and (iv) if 2’ € ]d’, ],
g(a’) > g(a').

Let R € RME Let R C P be a domain that includes R.

Lemma 4. Let f be a rule on RN satisfying sd-strateqy-proofness, ontoness, and
the no-vetoer condition. Let z,2' € Z with = < 2/, 1 € N, R} € R, and R_; €
RN be such that for each j € N \ {i}, either p(R;) = z or p(R;) = 2. Then,
F(RY, R-)([2,2]) = 1.

Proof of Lemma 4. By contradiction, suppose that f(RY, R_;)([z, 2']) < 1. With-
out loss of generality, assume that f(R?, R_;)([z,2[) > 0. Let R € R be such that
p(R?) = z. Then,

For each j € N\ {i}, let R € R be such that p(R?) = Z. By Proposition 1, any sd-
strategy-proof and onto probabilistic rule f defined on RY is uncompromising, and
so, F(RE,RZ,)([2,2) = F(RE, R_)([z,2[) > 0. Thus, f(RE RZ,)({Z}) # 1, which
contradicts the no-vetoer condition. U

Lemma 5. Let f be an sd-strateqy-proof rule on RN. Let a,b € Z with a # b and
X = [a,b],[a,b],]b,a], or [b,a]. Let R§ € R be such that p(R}) = a. Let N C N,
R?\—, e RN, and R% € RYN be such that for eachi € N, R = R%. Let R_y € RNV
Assume that f(R%, R_5)(X) > 0. Then,

(a) if X =[a,b[ or]b,a], then f(R%, R_y5)(SU(RG,b)) >0, and

(b) if X = la,b] or [b,a], then f(R%, R_x)(U(RE, b)) > 0.

Proof of Lemma 5. We prove (a) of Lemma 5. Let X = [a,b[. (The same argu-
ment applies to the other case.) Without loss of generality, let N = {1,2,...,|N|}.
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Note that [a,b] C SU(R§,b). Then,

F(RY, R, 1y, B_x)(SU(R{, b)) > f(RY, R_)(SU(RY,b)) by sd-SP and Fact 2
> f(Ry, R_y)([a,b]) by [a,b] € SU(RG,b)
> 0.

Since R{ = R§ = RS,
f(R(f,% R?V\{l,z}a R_x)(SU(R3,D))
> f(RY, N\{1}7R ~)(SU(RS,b)) by sd-SP and Fact 2
= f(RY, N\{l},R ~)(SU(RY, b)) by R} = Ry
> 0.

Repeating this argument for agents j = 3,...,|N|, f(R%, R_y)(SU(R§,b)) > 0.
By replacing the strict upper contour set SU(R,b) by the upper contour set
U(RE,b) in the proof of (a), we can also prove (b) of Lemma 5. [J

Proof of Theorem 2. First, we show condition (i) in the definition of maximal
domain.?® For each R € (R"*)" and each i € N, define p(R;) = min{z : = €
p(R;)}. Let D = (Dg)gean be a collection of probability distributions such that for
each S; € 2V with |S;| < 1, Dg,({z}) = 1, and for each S,_; € 2V with |S, 4| >
n—1, Ds,_,({z}) = 1, and for each S,T € 2V, and each z € Z, Dsur(|z, z]) —
Ds([z,z[) > 0. For each R € (R**)Y, define f(R) = gmP((p(R;))ien) - Then, the
rule f satisfies sd-strategy-proofness, ontoness, and the no-vetoer condition.

Next, we show condition (ii) in the definition of maximal domain. Let R C P be
such that R C R. Assume that there is a rule f on R satisfying the three axioms
in Theorem 2. Let f|z be the restriction of f to RY. Then, by Theorem 1, there is
D € A such that for each R € RY, f|z(R) = gmP(p(R)). We show that R C R,
By contradiction, suppose that there is a non-convex preference R € R\ Rv.
Then, by non-convexity of R°, there is a triple x,y, z € Z such that z < y < z and
x P'yand 2 P’y

We introduce some notations. Let Z(R") be the set of triples (a,b,r) € Z3 such
that a I° r, a P° b, 2° = min{a,r} < b < max{a,r} =2 and for each 2’ € |2°,2°],
a P/

Let (a,r) € Z% with a # r. Define R(a,r) = {R € R :r P a, and min{a,r} <
p(R) < max{a,r}}. Note that, by condition (iii a) of the minimally rich domain in
Definition 1, for each pair (d/, 7’) € Z? with a' # 1/, R(d',7") # 0.

LetRER(ar) Let E(R,a) = {e € Z : e]a and e # a}. Let e(R,a) € Z
be such that (i) if E(R,a) # (), then e(R,a) € E(R, a),? (i) if E(R,a) = () and
a < p(R), then e(R,a) = %, and (iii) if E(R,a) = 0 and p(R) < a, then e(R, a) = z.

Let C(R%a) = {c € Z : for each & € [min{a, c}, max{a, c}] with & # ¢, P
2}, and C(R% (a,7),R) = {c € Z : ¢ € C(R%a) and min{r,e(R,a)} <
max{r, e(R,a)}}.

39Since any deterministic rule is included in the class of probabilistic rules as a special case,
condition (i) also follows from the result of Berga and Serizawa (2000).
4ONote that if E(R,a) # 0, then E(R,a) is a singleton.
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Given z € Z, we denote by R® € R the preference relation whose peak p(R®))
is equal to the alternative x.
Claim 1. For each k € {1,2,...,n}, each (a,b,r) € Z(R°), each R € R(a,r), each
c€ C(R% (a,7),R), and each N' C N with |N'| = k, f(Rg\?z,R(_a])V,)({c}) =0.
Proof of Claim 1. Let k € {1,2,...,n}, (a,b,7) € Z(R), R € R(a,r), c €
C(R% (a,r),R), and N’ C N with |[N’| = k. Without loss of generality, assume
that @ < r < ¢. Let k = 1. Then, the desired conclusion follows from Lemma 4.

Assume that k£ > 2. We prove Claim 1 by induction on k. Let k& = 2. Without loss of
generality, let N’ = {1, 2}. We show that f(Rf%, R(_al)z)({c}) = 0. By contradiction,

suppose that f(R\%, R") 2)({0}) > 0.
By Lemma 4, f(R”, Ry, R R ,)({a}) = 1. Then,

F(R, Ray R} ) (U(RY, a)) > f(R §“>,R2,R<“£2><U<R?, a)) by sd-SP

> f(RY"”, Ry, R 5)({a}) by {a} C U(RY, a)
=1

Also, by Lemma 4, f(R%, Ry, R 2)([a,p(Ry)]) = 1 Since |a,r[ € U(RY, a), we
have f(RY, Ry, R 2)({a}) =1, and so, f(RY, Ry, R“ 2)(U(Rz,c)) =0.
However, since f(R! 12, R 2)({c}) >0,

> 0.

By Lemma 4, f(RY, Ry, R),)([a,c]) = 1. Then, f(RY, Ry, R ,)({c}) > 0.

Thus, f(RQ,R;@,R(_“{Q)(U(RQ, ¢)) > 0 = f(RY, Ry, R“),)(U(Rs,¢)), which contra-
dicts sd-strategy-proofness. Thus, Claim 1 holds if £ = 2.
Let £ > 3. As the induction hypothesis, we assume that

C: For each k' € {1,2,...,k—1}, each (d’,b',1") € Z(R°), each R' € R(d',7"), each
¢ € C(R,(a',"), R'), and each N C N with |N| =¥, f(R,R“))({¢}) =0.

We show that f (Rg\?, R(_a])v,)({c}) = 0. By contradiction, suppose that

FRS, R0 ({e}) > 0. (10)

Let j € N’. Without loss of generality, let 7 = 1. We establish two steps to derive
a contradiction.

Step 1 of Claim 1. For each h € {0,1,...,k — 1}, and each N, C N’ \ {1} such
that |Ny| = h, f(RhRNhuR ({1}UNh))({a}) = 1.

We prove Step 1 by induction on h. If h = 0, by Lemma 4, f(R;, R )({a}) = 1.
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Next, let h € {1,...,k—1} and N, € N"\ {1} be such that |N,| = h. Without
loss of generality, let Nj, = {2,3,...,h+1}. As the induction hypothesis, we assume
that

D: For cach N C N'\ {1} with [N| = h—1, f(Ry, R, R, ) ({a}) = 1.

Let z' € N, and N = Ny, \ {i}. Without loss of generality, let i = 2. Let R_y, =
(Rl,R . 2}UN)) By contradiction, suppose that f(RJ, R, R_y,)({a}) < 1. There
are three cases.

Case 1. f(R3, R%, R_,)(Ja,r[) > 0.

By induction hypothesis (D), f(RY ,R%. R_y,)({a}) = 1. Then,

J(RY, Ry, B, )(U(R3,)) > f(RS”, Ry, R_x,)(U(RS, a)) by sd-SP
=1by {a} C U(RY,a).

Thus, f(RY, R%, R_x,)(Ja,r[) = 0, which is a contradiction.
Case 2. f(RY, R, R_y,)([r,z]) > 0.

By Lemma 3,%! there is (¢/,b',7") € Z(R°), and for each ¢ > 0, there is ¢ €
', r" + e[ such that a < o’ <V <1’ < <r, and for each 2’ € [a', [, ¢ P° 2. Let
R € R(d',7") and ¢ € C(R?, (a','), R') be such that ¢ < r. Then, by induction
hypothesis (C), f(Rg\c,;), R(_a]/\),h)({c’}) =0.

Since f(RY, R%, R_n,)(Ir,Z]) > 0, by Lemma 5, f(RY), R_x,)(U(R®,r)) > 0.
Thus, by [r,z] = U(RP,r), f(R NZ, R_x,)([r,Z]) > 0. Since f|g is uncompromising,
by a <a < r and p(Ry) < r, we have

FIRY, R (7)) = F(RS), R_n,)(Ir,7]) > 0.

By [.7] € [¢.2], f(RY), Ry, )(¢,2]) > 0.
However, since f|g = gmP?,

FRS), Ry (¢, 2]) = D_w, (I¢ %))
=1-—D_n,([z])
= Dy([2,€]) = D_n, ([, ¢[) by Dn({z}) = 1
= f(RY), R“J)({c})
— ()’

which is a contradiction.
Case 3. f(R3, R%, R_y,)([z,a]) > 0.

By Lemma 3, there is (a’,0',r") € Z(R"), and for each € > 0, there is ¢ €
' —e, [ such that a < ¢ <7’ <V < a’ <r, and for each 2’ € ], d'], ¢ P° 2. Let

4INote that, since each preference relation R° in P is continuous, there is a continuous function
g on Z that represents R°.
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R € R(d',7") and ¢ € C(R° (a',r"), R") be such that a < ¢. Then, by induction
hypothesis (C), f(Ry,. B, )({¢'}) = 0
Since f(RY, R%, R_n,)([z,a[) > 0, by Lemma 5, f(RY), R_x,)(SU(R®, a)) > 0.

By [z,a[ = SU(RY, a), f(RE\%)L, R_x,)([z,a]) > 0. Since f|g is uncompromising, by
a < p(R;) and a < d’, we have

RS, REY ) (2. al) = F(RR), Bow,)([2.al) > 0.

However, since f|g = gm® and a < ¢, we have

FRE, R“Y V(2 a]) = Dx, (2, a])
< DNh([§7 C/D
= Dy, ([z.¢]) — Dy([z,¢]) by Dp({z}) = 1

= f(RY), R“Y )({c})

which is a contradiction.

Since we derive a contradiction for each of the above three cases, we conclude
that f(R9, R}, R_n,)({a}) = 1. Thus, Step 1 of Claim 1 holds. [
Step 2 of Claim 1. For each h € {0,1,...,k — 1}, and each N, C N’ \ {1} such
that [Ny = h, f(RY, B, R\ (yow, ) B ) ({e}) > 0.

We show Step 2 by induction on h. If A = 0, the desired conclusion follows from
the inequality (10).

Next, let h € {1,...,k—1} and N, € N"\ {1} be such that |N,| = h. Without
loss of generality, let N, = {2,3,...,h+1}. As the induction hypothesis, we assume
that

E: For each N C N'\{1} with [N| = h=1, f(R{?, R}, Ry} (1130 B4 ({e}) > 0.
Let i € Ny and N = N, \ {i}. Without loss of generality, let i = 2. Let

Ry, = (B, RY\ (1 ayomy B0 We show that (RS, RY, R_x,)({c}) > 0. First,

by induction hypothesis (E), f(RY , RY, R_n.)({c}) > 0. Then,
f(R(2)7 R?\_H R*Nh)(U(R& C)) > f(R§C)7 R(]]VJ R*Nh>(U(R(2)7 C)) by sd-SP
>0 by {c} CU(RY,c).

Thus, f(Rg,R?V,R_Nh)([g,a[ U [¢,Z]) > 0. By contradiction, suppose that
f(R3, RY,, R_x,)({c}) = 0. There are two cases.
Case 1. f(RS,R%, R_n,)(lc,z]) > 0.

By Lemma 5, f(RS), R_y,)(SU(R®,¢)) > 0. Thus, f(RS), R_n,)(c,2]) > 0.
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However, by induction hypothesis (C), f(Rgﬁi,Rg)\,h)({c}) = 0. Since flg =
gmP and N, = {2} UN,

F(RS), R_y,)(c.7]) =

-m([z C[)

<[ c)) = D_w, ([z,¢) by Dn({z}) = 1
= f(RY), R_Nh><{c}>
0

which is a contradiction.

Case 2. f(Rg,R%,R_Nh)([g,a[) > 0.

By Lemma 3, there is (a’,0/,r") € Z(R"), and for each ¢ > 0, there is ¢ €
Jr" —&,r'[ such that a < ¢ < v’ <V <a' <r, and for each 2’ € ]¢,d'], ¢ P° 2. Let
R' € R(d',7"), and ¢ € C(R, (a’,7"), R') be such that a < /. Then, by induction
hypothesis (C), f(REig, R“y)({¢}) =0.

Since f(Rg, o R_n,)([z.a) > 0, by Lemma 5, f(RY), R_y,)(SU(R®. a)) > 0.
Thus, f( Nh’ Nh)([ al) > 0. Since f|g is uncompromising, by a < a’ < ¢,

SRS RO, ) ([ al) = f(RY), Box)([z.a]) > 0.
However, since f|lg = gmP, a < ¢, and N, = {2} U N,

F(RY, R“Y)(2.al) = Dy, (2. al)
< Dzvh([z, )
= Dy, ([z,¢]) = Dy([z,¢]) by Dy({Z}) = 1
= F(RS), R
— 07
which is a contradiction.

Since we derive a contradiction for each of the above two cases, we conclude that
f(R3, R, R_n,)({c}) > 0, and so, Step 2 of Claim 1 holds. [

Next, we complete the proof of Claim 1. By Step 1 of Claim 1 for N, = N'\ {1},
F(B1, By, B4 ({a}) = 1. Since ¢ Py a, f<Rl,R5’w {1},R<_2V,><U<Rl, ¢)) = 0.
By Step 2 of Claim 1 for N}, = N’ \ {1}, f(R! ,R?V,\{l}, _N,)({c}) > 0. Thus,

R, R 1y, RO (WU (Ri,€)) > 0= f(Ry, Ron 3y, ROV (U(Ry, 0)),
which contradicts sd-strategy-proofness. [

Finally, we complete the proof of Theorem 2. By Lemma 3, there is (a,b,r) €
Z(R"), and for each & > 0, there is ¢ € |r,r +¢[ such that r <a <b<r <c <z,
and for each 2’ € [a,c[, ¢ P° 2/. Let R? € R(a,r) and ¢ € C(R°, (a,r), R?). Then,
by Claim 1 for N’ = N, f(RE\C,))({c}) = 0. However, since f|g = gmP” and gmP? is
unanimous, f (Rg\?))({c}) = 1, which is a contradiction. [J
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