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Abstract

In this paper we consider the three classes of choice functions satisfying the three significant
axioms called heredity (H), concordance (C) and outcast (O). We show that the set of choice
functions satisfying any one of these axioms is a lattice, and we study the properties of these
lattices. The lattice of choice functions satisfying (H) is distributive, whereas the lattice of
choice functions verifying (C) is atomistic and lower bounded, and so has many properties.
On the contrary, the lattice of choice functions satisfying (O) is not even ranked. Then using
results of the axiomatic and metric latticial theories of consensus as well as the properties
of our three lattices of choice functions, we get results to aggregate profiles of such choice
functions into one (or several) collective choice function(s).
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1 Introduction

Arrow’s theorem has fostered a lot of work on the problem to aggregate individual prefer-
ences into a collective preference or more generally into a collective choice function. Still
more generally the "russian school” (see e.g. [1], [2] or [3]) has considered the problem to
aggregate individual choice functions into a collective choice function. In their work they
emphasize the role of three axioms on choice functions, namely the heredity (or a or Chernoff
or heritage) axiom (H), the concordance (or 7y or expansion) axiom (C) and the Outcast (or
Nash) axiom (O). Indeed, the combination of these axioms gives significant classes of choice
functions. For instance, a choice function is ”classically” rational (respectively rationaliz-
able by a partial order, or path-independent) if and only if it satisfies axioms (H) and (C)
(respectively axioms (H),(C) and (O), or axioms (H) and (O)). Moreover, one can describe
rational -in an extended sense- choice mechanisms, inducing choice functions statisfying each
of these three axioms.

In this paper we study the order structure of the sets of choice functions satisfying each
of these axioms. Indeed, these sets are always partially ordered by the point-wise order
between functions. Moreover, we shall see that they are always lattices, with join and meet
operations which can be or not the union and intersection operations.

The interest to specify such structures is in particular linked to consensus problems. Consider
for instance individuals using choice mechanisms which induce choice functions satisfying
axiom (O). Assume that one takes as consensus the unanimity rule (z is chosen in a set if
it is chosen by all the individuals). This amounts to considering the choice function as the
intersection of the individual choice functions. But this choice function does not necessarily
satisfy axiom (O). In fact, according to a result in [1], it can be a completely arbitrary
choice function. Nevertheless, since the set of choice functions is a lattice, one can use the
unanimity rule in this lattice (the intersection operation is replaced by the meet operation)
and so to get a collective choice function having the same level of rationality as that the
individual choice functions have.

Moreover, there exist latticial theories of consensus (see e.g. [6], [11], [15], [17]) which can
be applied whenever one aggregates elements of a lattice L. In fact, there are two main
kinds of approaches and results. The first one is the classical axiomatic approach. The
consensus functions (i.e. the functions L™ — L) must satisfy some ”reasonable” axioms
and the theory determines the functions satisfying such conditions. The results depend not
only on the axioms considered but also on the properties of the lattice and in particular
on the properties of dependence relations defined on the sets of its irreducible elements.
The second one is the metric approach (a generalization of Kemeny’s rule). The consensus
element is taken as a ”closest” element (relatively to a metric defined on the lattice) to the
elements to aggregate. This approach has been particularly developed in the case where the
consensus element is a "median” element, a case where one can characterize axiomatically
the corresponding ”median procedure”.

Since our sets of choice functions are lattices one can use the results obtained on the struc-
ture of these lattices and those of the latticial theories of consensus to get results on the
aggregation problem for such choice functions. This is the process followed in this paper.
Then it should be clear that its more original part consists to determine the properties of
our lattices of choice functions, since once time these properties are known one has just to
apply the relevant general results of the latticial theories. It is also the reason explaining
why we don’t intend to give all the results which could be obtained by this approach. We
will simply give interesting results illustrating this process and we will compare them to
some previous results.

In Section 2 we begin by recalling the main notions and results of lattice theory which we
need (for some elementary facts not recalled, see e.g. [7], or [8]). In particular we shall use



the arrow relations defined on a lattice L and the dependence relation ¢ (respectively ()
defined on the set of join-irreducible (respectively meet-irreducible) elements of L.

Section 3 is devoted to studying the structure of sets of choice functions ordered by the
point-wise order between functions. We begin by noting that the set of all choice functions
on a set S is a Boolean lattice . Its atoms (respectively its coatoms) are the choice functions
ca,» (respectively ¢4®) where the choice on a set X is always empty (respectively always
equal to X) except for a set A where the choice is an element x of A (respectively A —{z}).
The lattice of choice functions satisfying axiom (H) has a nice structure since it is a distribu-
tive lattice with intersection and union as meet and join operations. We determine its meet-
and join-irreducible elements. Then we study the lattice of choice functions satisying axiom
(C). We show that it is atomistic (with atoms the choice functions c4 ) and we display its
meet-irreducible elements. The study of the dependence relation ¢ of this lattice allows us
to prove that it is lower bounded. Since it is also atomistic, it has many other properties; for
instance, it is lower locally distributive and then lower semi-modular and ranked. Finally,
we study the much more complex lattice of choice functions satisying axiom (O). Indeed
this lattice is coatomistic (with coatoms the choice functions ¢4*) but it is not even ranked.
Moreover, its join-irreducible elements seem very difficult to characterize. Nevertheless, we
exhibit a class of such join-irreducible elements. The decomposition into ”bouquets” asso-
ciated to a choice function satisying (O) is the tool used to obtain these results.

In Section 4 we begin by recalling some results of the latticial theory of consensus. Then we
apply some of these results and the results of the previous Section for the consensus of choice
functions satisfying our axioms. According to the structure of the corresponding lattice the
same type of axioms asked for the consensus functions can determine a broad class of such
functions, those associated to the families of sets called simple games (or federations) or
only a restricted class like the class of ”oligarchic” or ”co-oligarchic” consensus functions.
Concerning the metric approach, the median choice function(s) of a profile can be easy or
difficult to get according to the structure of the corresponding lattice.

In our conclusion we compare our results with those obtained by the ”russian school”. In
fact there are some identical results, some results leading to the same consensus functions
but with different axioms and some different results. We end this paper by pointing out
some generalizations of the process followed in this paper and some open problems.

2 Notations and preliminaries

General information on lattice theory may for instance be found in Davey and Priestley’s
book ([8]). Throughout this paper all lattices (or posets) are assumed to be finite. So
”lattice” means finite lattice. The following definitions, properties and notations will be
particularly useful in the sequel.

Definition 1 A poset (L, <) is a set L endowed with a partial order <.
We will often denote it only by L.

Definition 2 1. A poset L is a join semilattice if any two arbitrary elements x and
y of L have a join (i.e. a least common upper bound) denoted by x V y.

2. A poset L is a meet semilattice if any two arbitrary elements x and y of L have a
meet (i.e. a greatest common lower bound) denoted by x A y.

3. A lattice is a poset that is both a meet and a join semilattice.



A lattice can be denoted by (L,<,V,A), (L,V,A), or simply by L. Every subset A of a
(finite) lattice L has a join denoted by \/ A and a meet denoted by AA. We denote by 17, or
simply by 1 (respectively by 0y, or simply by 0) the greatest element (respectively the least
element) of L.

Definition 3 1. A subset S of a lattice (L,V,\) is a sub join semilattice (or sub-
V-semilattice) of L if the join of two arbitrary elements of S belong to S.

2. A subset S of a lattice (L,V,A) is a sub meet semilattice (or sub-A-semilattice)
of L if the meet of two arbitrary elements of S belong to S.

3. A subset S of a lattice (L,V, \) is a sublattice of L if S is both a sub meet semilattice
and a sub join semilattice.

Example 1 For any two elements x, y of a lattice L such that x <y, the interval denoted
by [z,y] is the set [z,y] = {z € L: x < z < y}. An interval of L is a sublattice of L.

The following well-known ([7]) result will be useful:

Lemma 1 A meet semilattice (respectively a join semilattice) having a greatest element
(respectively a least element) is a lattice.

Definition 4 The cover relation on a poset L is the binary relation defined on L by x <y
if there exists no z € L such that © < z < y.

If x < y we say that y covers x or that x is covered by y. A poset can be vizualized by its
(Hasse) diagram: an element is represented by a point p, of the plane. If y < x then p, is
under p, and p, is linked to p, if and only if y < z. For instance FIG.1 shows the diagram
of a lattice L = {0,a,b,k,e, f,g,h,1}.

Definition 5 1. An element j of a lattice L is join-irreducible if for ACL, j=\ A
implies j € A, or equivalently if j covers exactly one element of L.

2. An element m of a lattice L is meet-irreducible if for A C L, m = A\ A implies
m € A, or equivalently if m is covered by exactly one element of L.

3. An atom of L is a (join-irreducible) element of L covering the least element Op,.

4. A coatom of L is a (meet-irreducible) element of L covered by the greatest element
1r.

The set of all join-irreducible elements of L is denoted by Jp, or simply J. The set of all meet-
irreducible elements of L is denoted by My, or simply M. The join-irreducible (respectively
meet-irreducible) elements allow to get all the elements of L by the formula z = \/{j € J :
Jj <z} (respectively z = A{m € M : x < m}).

Example 2 In the lattice L of FIG.1, J;, = {a,b, f,k} and My = {f,g,h,k}; L has two
atoms a and b, and two coatoms g and h.



FIG.1 : Lattice L = {0,a,b,e, f,g,h, k,1}

An element x of a poset (L, <) is mazimal if © < y implies z = y.

Definition 6 Let L be a lattice and x and y be two elements of L. The arrow relations
are the binary relations defined on L by:

e = 1y ify is mazimal in {t € L: x £ t}.
o x|y ifxis minimal in {t € L: t L y}.
exlyifzTyandz|y.

It is well known that x | y (respectively z 1 y) implies « € Jp (respectively y € My).
Moreover Jy, = {j € L: Im € My, such that j | m} and My = {m € L: 3j € Jp, such that
j 1 m}. Henceforth we will consider that the dependence relations are defined between the
sets Jp and Mp: j T mor j | m.

Definition 7 1. The dependence relation § on the set Jp, of join-irreducible elements
of a lattice L is defined by : for all j, 3 € J, joj’' if j = j' or if there exists a meet-
irreducible element m of L such that j T m and j' £ m (see [23]).

2. The dual dependence relation 3 is defined on My by: for all m, m' € M, mBm’ if
there exists j in Jy, satisfying 7 | m and j £ m/'.

The arrow and dependence relations of a lattice allow to give useful characterizations of
classes of lattices (see for instance Definition 9.8 below).

Definition 8 A chain of a lattice L is a subset A of L such that two arbitrary elements
of A are always comparable (i.e. x, y € A implies that v <y or y < x). The length of a
chain of cardinality l + 1 is l. The length I(L) of a lattice L is the length of a longest chain
in L.

Example 3 In FIG.1, I(L) = 4, the length of the chain 0 <a <k < g < 1.



Lattices of choice functions belong to some classes of lattices that we define below.

Definition 9 1. A lattice L is distributive if it satisfies the distributive laws: for all
x,y,z€ L, (xVy)Az= (xA2)V(yAz) (or equivalently (x Ay)Vz = (xV2)A(yAz)).

2. A lattice L is atomistic if each element x in L is a join of atoms of L (i.e. if Jp is
the set of all atoms of L).

3. L is coatomistic if M, is the set of coatoms of L.
4. A lattice L is Boolean if it is distributive and atomistic.

5. A lattice L is lower semi-modular if for every x, y € L, x < xVy implies t Ay < y.
Dually, a lattice L is upper semi-modular if for every x, y € L, x Ay < x implies
y<xzVy.

6. A lattice L is lower locally distributive if its length equals the number of its join-
irreducible elements: [(L) = |J| .

7. A lattice L is ranked if for any x in L all mazimal chains between 0 and x have
the same length (see Definition 8) denoted by r(x) and called the rank of x in L.
Equivalently L is ranked if there exists a map r from L into the set IN of integers such
that © < y implies r(y) = r(x) + 1.

8. An atomistic lattice L is lower bounded if its dependence relation § defined on Jp,
is acyclic (i.e if there does not exist ji, jo, ..., jp distinct elements of Jy, (p > 1) with
J10J2, - sdp—10p, Jpdj1) %

The following result gives some well-known relations between the classes of lattices defined
above:

Lemma 2 A Boolean lattice is distributive, a distributive lattice is lower locally distributive,
a lower locally distributive lattice is lower semi-modular and a lower semi-modular lattice is
ranked.

An atomistic lower bounded lattice is lower locally distributive (and so lower semi-modular
and ranked).

Example 4 The lattice of FIG.1 is a distributive, not Boolean lattice.

An example of Boolean lattice is the set of all subsets of a set S (ordered by set inclusion).
This lattice has s = |S| atoms and will be denoted by 2% or 2°. Since any (finite) Boolean
lattice is isomorphic to such a lattice of subsets, a Boolean lattice with s atoms will be also
denoted by 2°.

Remark 1 Note that when L is atomistic (respectively coatomistic), 7 1 m (respectively
j L m)if and only if j | m.

N.B.: The symbol + (respectively —) denotes the union of disjoint sets (respectively the
difference of sets). We will write X 4+ (respectively X —x) rather than X 4+{z} (respectively

X —{z}).

1Such a lattice has many other equivalent definitions and is also called meet-distributive (see
e.g. [22]).

2The notion of lower bounded lattice is defined more generally, but here we need to consider
only atomistic lower bounded lattices.




3 Lattices of choice functions

In this Section we deal with lattices of choice functions defined on a finite set S of cardinality
s. We will first consider the lattice of all choice functions, then successively the lattices of
all choice functions verifying each one of the axioms (H), (C) or (O). For more information
on these axioms and their significance in the theory of choice functions see for instance [1],
3], [4], [25].

3.1 The lattice S of all choice functions

Let S be a finite set of cardinality s.

Definition 10 A choice function on S is a map ¢ from 2° to 25 satisfying c(A) C A, for
every A C S.

So, ¢ is a choice function if 0s < ¢ < 1g where 15 is the identity function on 2 : 15(A) = A,
for every A C S, and Os the null function : 05(A4) =0, for every A C S.
We denote by S or by S(s) the set of all choice functions defined on S.

Definition 11 We define an order relation < on S by: for allc, ¢’ € S, ¢ < ' if for every
ACS, c¢(A) Cd(A).

Then S is the interval (see Example 1) [0s, 1s] of the lattice of all functions from 2% to 2°
under the point-wise order.

Let ¢ be a choice function on S. In order to simplify the notations, ¢(4) = {z} will be
denoted by ¢(A) = x. We introduce the following particular choice functions:

Definition 12 For every subset U C S and every x € U, we set:
cvx(X) =2z if X =U and cy(X) =0 if not;
A X)=U—xif X =U and cY*(X) = X if not.

The following result is obvious.

Proposition 1 The ordered set (S, <) of all choice functions on S is a Boolean lattice
(Definition 9.4) with join and meet operations defined as follow: for all c, ¢’ € S, for every
ACS, (evd)(A) =(cUd)(A) =c(A)Ud(A) and (cA)(A) = (enc)(A) = c(A) N (A).
A choice function ¢ is an atom (respectively a coatom) (Definition 5.3) of S if and only if
there exist U C S and x € U such that ¢ = cy,, (respectively ¢ = cU7m).

A choice function c is covered (Definition 4) by a choice function ¢’ if ¢(X) = ¢(X) except
for a set X where ¢(X) = (X) —x (with z € ¢/(X)).

The rank (Definition 9.7) of the choice function c is r(c) = Y cg|c(A)| and the length
(Definition 8) of S(s) is s2571.

According to our general conventions the lattice (S, <,U,N) of all choice functions on S
will be denoted by S or S(s). Note that since S(s) is a Boolean lattice with s2°~1 atoms,

1S(s)| = 252" (see Example 4).



3.2 The lattice H of choice functions verifying (H).

A choice function ¢ on a finite set S (of cardinality s) satisfies the heritage axiom (H)
(called also heredity axiom, or Chernoff axiom, or « axiom) if:

for all A, BC S, A C B implies ¢(B)N A C ¢(A).

Taking the point-wise order relation (Definition 11) on the set H of all such choice functions
we have the following result:

Proposition 2 The poset (H, <) of all choice functions on S satisfying (H) has the same
least and greatest element that the lattice S of all choice functions on S. It is a distributive
lattice (Definition 9.1) and so a ranked lattice (Definition 9.7 and Lemma 2).

Proof

It is obvious that the choice functions Os and 1s satisfy (H) and it is easy to check that the
intersection and the union of two choice functions satisfying (H) verify (H). So (H, <) is a
sublattice of the Boolean lattice (S, <) and so a distributive lattice. O

We will denote by H or H(s) the lattice of all choice functions on S satisfying (H).

In order to characterize the join-irreducible elements of the lattice H we introduce another
particular class of choice functions.

Definition 13 Letx € V' C S. We define the choice function cjy vy on S by: cjpv)(X) =
ifee X CV, and ¢,y (X) = 0 if not.

We have the following characterization of the join-irreducible elements of the lattice H.

Proposition 3 A choice function c is a join-irreducible element (Definition 5) of the lattice
H if and only if there exist V C S and x € V' such that ¢ = c[, v).

Proof

First we show that cp, ) € H. One has cjv)(Y) # 0 if and only if z € Y € V and
Cev)(Y) = o Let X Y CV. Ifz € X then ¢ y)(Y)NX = 2 = cpyv(X)
and cv(Y)NX = 0 = cppy(X) if not. So for all X, Y C S such that X C Y,
Clz,V] (Y) nNX = Clz,V] (X) i.e. Clz,v] € H.

Now we show that ¢ € H implies that ¢ = Upcg(U,eqv)Cavy)- Let V.C S we
check that Uy cs(Uzecqv) Cev) < ¢ Indeed, if X €V one has U, c. vy cv)(X) =
c(V)NX C e(X) (by (H)), and if not U,eqv) z,v)(X) = 0 = ¢(X). Conversely it is
obvious that ¢ < Uy cg(U,eqv) Clz,v1)s since for every X C S, ¢(X) = U, eq(x) ¢z x7(X) €
Uvcs(Useev) cevi(X))-

Since every choice function in H is union of choice functions c[, ) we only have to prove that
all such choice functions are join-irreducible in H, i.e. cover a unique choice function of H.
We set cp, 11 (X)=zifze X CV, and V] (X) = 0 if not. One has Clpy) < Clo,v) SiNCE
they are equal except in the case X = V', where c[;y](V) = ¢[z,v)(V) — x(= 0). Moreover

v verifies (H). Indeed for all ) ¢ X C Y C S, Clav] (Y) is not empty if and only if

N



z €Y CV. Insuch a case, one has X C V. Then if z € X, ¢, \,(Y) N X =z = ¢, (X)

[z,V]
and if z ¢ X, c[;’v](Y) NX=0= C[;,v](X)

Now assume that ¢ € ‘H and ¢ < ¢[,,y] and show that ¢ < c[; v € < v implies that
there exists A C S such that z € A C V and ¢(A) = (). One has ¢(V) C cpy)(V) = z. If
(V) =z, then x € ¢(V)N A &€ ¢(A) = 0, a contradiction with (H). Then ¢(V) = 0. So

€= Oy D

As consequence of this result one gets that the distributive lattice H (equivalently its set of

join-irreducible elements) has a very particular structure expressed in the following corollary.
Recall that |S| = s.

Corollary 1 1. The poset Jy of join-irreducible elements of the lattice H of choice
functions verifying (H) is the union of s posets isomorphic to the Boolean lattice
23—1‘

2. The length (Definition 8) of H is s2°~! and the rank (Definition 9.7) of ¢ € H is
r(c) = > acslc(A)|. H is a covering sublattice of S: forc, ¢’ € H, ¢ < ¢’ inH if and
only ifc < ¢ in S.

3. The lattice H is isomorphic to the direct product 3 of s bounded free distributive lattices

with s — 1 generators *.

4. |H| = (ds—1)% where ds_1 is the number of Sperner families ® on a set of cardinality
s—1.

Proof

1- For x fixed element of S there exist 25! subsets V of S containing . Then one easily
cheks that the poset {cj, ), z € V C S} is isomorphic to the Boolean lattice 2571 Since
by Proposition 3, Jy = {C[x,v]» x € V C S}, Jp is the union of s posets isomorphic to the
Boolean lattice 2°~!. In particular |.Jy| = 52571

2-1t is well-known that the length of a distributive lattice is the number of its join-irreducible
elements. Then [(H) = s2°71. Since H C § is a ranked lattice having the same length that
S, its maximal chains are maximal chains of S. Then r(c) in H equals r(c) in S, i.e.
> acs le(A)] (Proposition 1). Let ¢, ¢ € H. It is easy to check that ¢ < ¢’ in H if and only
ifin S, ¢ = ¢Vey, with U minimal such that 2 € U and z ¢ ¢(U), then if and only if ¢ < ¢/
inS.

3- Since H is a distributive lattice it is isomorphic to the lattice of all ideals ¢ of Jy; (see [7]
or [8]). On the other hand the lattice of all ideals of the union of posets is isomorphic to the
direct product of the lattices of ideals of these posets. Moreover it is well-known (see [7])
that the lattice of ideals of 271 is isomorphic to the bounded free distributive lattice with
s — 1 generators FDL(s —1)*. So (by 1- just above), H is isomorphic to the direct product
of s lattices, all isomorphic to the lattice of ideals of 2°~!, and then to the direct product of
s bounded free distributive lattices with s — 1 generators.

4- Tt is well known (see [7]) that the cardinality of the bounded free distributive lattice with
s generators equals the number of Sperner families on S. a

3The direct product of s lattices (L1, <1), ..., (Ls, <s) is the poset -in fact a lattice- defined on
the set of s-tuples (z1,...,xs) of L1 X ... X Ls by (z1,...,3s) < (2], ..., x%) if for every i = 1,..., 5,
x; <; 7.

“The bounded free distributive lattice with s generators, denoted by FDL(s)*, is obtained by
adding a minimum element 0 and a maximum element 1 to the free distributive lattice with s
generators (see [7] for the definition of the free distributive lattice).

®See Definition 21 below.

5An ideal of a poset (I, <) is a subset I of L such that = € T and y < z imply y € I.



Example 5 Take s = 2, S = {1,2}. One has Jy 2 = {c1,1),¢[1,12), ¢2.2) C[2,12)} and
FDL(1)* = {0,9,1} (the free distributive lattice with a unique generator g equals {g}).
These posets are represented on FIG.2.

1
o C[1,12] C[2,12]
| | |
ClL.1] C[2,2)
0
The lattice FDL(I)* The poset (JH(Q)v S)

FIG.2

One can check on FIG.3 that the lattice H(2) is isomorphic to the direct product
FDL(1)* x FDL(1)*. On this figure a choice function ¢ is denoted by writing for each
non-empty subset A of S the subset ¢(A). A subset A is denoted by the sequence of its ele-
ments, and ¢(A) is denoted by underlining the elements of A which it contains. For instance
¢ = cp1,19) Is written 1,2,12 (ie. ¢(0) = ¢(2) =0, ¢(1) = ¢(12) = 1).

1,2,12

12,12 1,2,12

1,2,12

FIG.3 : The lattice H(2) of choice functions satisfying (H).

Remark 2 Since the number of Sperner families on a set of cardinality s (i.e. |[FDL(s)*|)
is known up to s = 7 (see [26]), then the number of choice functions satisfying (H) is known
up to s = 8. For instance |H(3)| = 6% and |H(8)| = (2.414.682.040.998)7.

Finally, we characterize the meet-irreducible elements of the lattice H. We need to define a
particular class of choice functions:

Definition 14 Let z € V C S. We define the choice function ¢V by: V(X)) = X — =z
if V.C X and *VI(X) = X if not.

We have the following result:

10



Proposition 4 A choice function ¢ is meet-irreducible (Definition 5) in H if and only if
there exist V. C S and x € V such that ¢ = cl*:V],

Proof

1) We first show that c[®V]l € H. Let ® ¢ X C Y. If V C X, then c®VI(Y)Nn X =
Y-o)NnX=X-—z=c"I(X). ¥V ZX,»(Y)nX CX=c»"(X).

2) Now we prove that ¢ = ¢/®"] is meet-irreducible, i.e. is covered by a unique element
of H. One define the choice function c[f’v] on S by: c[f’v] (X)=X—2zif V C X and
c[f’v] (X) = X if not. One has c[f’vl > c*V] gince c[f’v] = cl=V] except in the case X =V,
where c[f:’v](V) = c®VI(V) + 2. Moreover c[f:’v] € H. Indeed let X C Y C S. One
has c[f’v] (V) # ¢®VI(Y) if and only if Y = V. Then one has only to consider the case
X CY =V. In this case (V)N X = v nX = X = ”Y(X), and so condition (H)
is satisfied. Now, let ¢ € H with c[*"] < ¢. We have to prove that c[jf’v](V) < ¢. This is
equivalent to prove c[m’v](V) =c(V) = V. c[»V] < ¢ implies that there exists T such that
VCTCSwithe(T)=T2c»V(T)=T—2. IfV CT and ¢(V) =V — z, one has
(T)NV =V € (V) =V —z, a contradiction with (H). So we have proved that ¢(V) = V.
3) In a distributive lattice the number of join-irreducible elements equals the number of
meet-irreducible elements. Since |{c(; ), z € V C S}| = |{c!®V], 2 € V C S} there is no
other meet-irreducible element. O

4 The lattice C of choice functions verifying (C)

A choice function on a finite set S (of cardinality s) verifies the concordance axiom (C)
(called also expansion axiom or vy axiom) if:

forall A, BC S, c(A)Ne(B) Cc(AUB).
We denote by C or C(s) the set of all choice functions verifying (C).

Using the following definition we give other useful characterizations of (C).

Definition 15 Let AC S, |A| > 2 and x € A. An z-covering of A is a family R = {A4;,
i € I} of subsets of A, satisfying x € (\;c; Ai C U,;er Ai = A.

Example 6 The family R = {{z,y}, z € A, y € A —z} is an x-covering of A C S.
We have the following characterizations of (C):

Proposition 5 Let ¢ be a choice function on S. The following properties are equivalent:
1)- ¢ verifies (C),

2)- For all (A;)ier family of subsets of S, (;c; c(Ai) C c(U;er Ai),

3)- For all A C S, v € A—c(A) and R z-covering of A, there exists A; € R such that
x ¢ c(Ay).
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Proof

Let ¢ be a choice function on S.

1 <= 2. Indeed 1 implies 2 by recurrence on |I| and the converse is obvious.

2 = 3. If not, there exists A C S, z € A — ¢(A) and an z-covering R = (A;);es of A such
that 2 € c(A;) for every A; € R. So x € [,y c(Ai) € c(U,;er Ai) = ¢(A), a contradiction.
3= 2. Let R = (A;)ics be a family of subsets of S such that = € (,c; c¢(A;). One has
r € A; for every i € I. We set A = J;c; A; and assume |A] > 2 (if not the result is
obvious). R is an z-covering of A. If x ¢ ¢(A) there exists an A; € R such that = ¢ c(4;)),
a contradiction. So = € ¢(A4) = (U, 4i)- |

It is easy to check that the intersection of two choice functions of C verifies (C), and it is
obvious that the trivial choice functions Os and 1s satisfy (C). On the other hand the union
of two choice functions of C does not generally verify (C). For instance, with S = {1, 2, 3},
c12,1 and ¢13,1 (Definition 12) satisfy (C) but not ¢12.1Uci3 1. But since C is an [ )-semilattice
containing a greatest element, Lemma 1 gives the following result (where < is the point-wise
order between choice functions).

Proposition 6 The poset (C, <) of all choice functions on S wverifying (C) is a lattice
with Og (respectively 1s) as least (respectively greatest) element. It is a sub-()-semilattice
(Definition 3) of the lattice S of all choice functions on S.

Henceforth the lattice (C, <) is simply denoted by C or C(s).

For |S| = 2, every choice function satisfies (C). Then C(2) is the Boolean lattice S(2). This
is no longer the case for |S| > 3. For instance, |C(3)| = 2744 < |S(3)| = 4096. However we
have the following result:

Proposition 7 A choice function ¢ is an atom (Definition 5) of the lattice C if and only if
c is an atom cy,y of the lattice S. Moreover the lattice C is atomistic (Definition 9.2).

Proof

Let ¢ = cy, be an atom of the lattice S, i.e. a choice function such that ¢(U) = z and
c(X) =0, for every X # U. It is clear that c satisfies (C). Then c is an atom of the lattice
C. Since every choice function verifying (C) contains at least an atom of the lattice S the
converse is true. Since the lattice C is contained in the atomistic lattice S and has the same
atoms it is atomistic too. O

Since C is atomistic its join-irreducible elements (Definition 5) are its atoms determined
below. In order to determine its meet-irreducible elements we will use the characterization
of the meet-irreducible elements given in Section 2: ¢ € M if and only if there exists a join-
irreducible element j of C such that j T ¢. Moreover, since C is atomistic, this characterization
is equivalent to write: ¢ € Me if and only if there exists an atom ¢y, of C such that ¢y, ] ¢
(see Remark 1). We need the following definition, notation and lemmas:

Definition 16 For all {z,y}

C V C S, we define the choice function cley Ve by
crvVie(X)y =X —z if {z,y} CX C

V, and c#¥V12(X) = X if not.
Remark 3 Observe that when V = {z,y}, then c[**V]1:# = ¢V:# (Definition 12).
Lemma 3 For {z,y} CV C S, one has cl®vV}= e C.
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Proof

Let A C Ssuch that t € A—cl*%V]#(A), iet =z and c*¥V]*(A) = A—z. Let R = (A;)icr
be an z-covering of A. Necessarily, there exist (at least one) A; € R such that {z,y} C
A; C V. So, x ¢ cl*¥V1Iz(A) and cl*¥V]® € ¢ (by Proposition 5.3). O

Notation:
Let V.C S,z e V. Weset R(V,z) = {R1, ..., R} the set of all a-coverings of V. When

R e R(V,z), R ={Vi, ..., V} and for every i € {1,....k}, z € V; and Ur_, V; = V.

Definition 17 Let V. C S,z € V. A family T = {T1,...,Tp} of subsets of V all containing
x is a transversal of the set R(V,x) of all x-covering of V if for every R € R(V,x),
TNR#D (ie., there exists T; € R).

7 is o minimal transversal of R(V,x) if T is a transversal of R(V,z) and for every
T, € T, T —{T;} is not a transversal of R(V,x) (i.e. there exists R € R(V,x) such that
RN(T ={T;})=0).

Lemma 4 Let V C S, xz € V. The family T of subsets of V all containing x is a minimal
tranversal of R(V,z) if and only if T € {[zy,V], y € V — x}, i.e. if there existsy € V —
such that T ={T C S: {z,y} CT CV}.

Proof

—

Let 7 = [zy,V] for y € V — 2 and R an z-covering of V. There exists at least V; € R
such that y € V;. Then {z,y} CV; CV and V; € 7. So 7 is a transversal of R(V,z). It
is a minimal transversal since if 7/ = 7 — {V;}, {z,y} C V; C V, the a-covering R = {V;,
(x4 (V —=V;))} of V is such that 7"N'R = 0 (indeed V; ¢ 7’ and y ¢ [« + (V — V;)] implies
that [z + (V - V;)] ¢ T').

.

Assume that there exists a minimal transversal 7 of R(V,x) different from a (minimal)
transversal [zy, V], y € V — 2. By minimality, for every y € V — z, [zy, V] € 7. Then for
every y € V — x there exists V(y) such that {z,y} C V(y) CV and V(y) ¢ 7. But since
WHV(y),yeV—-2}=V,R={V(y),y € V—=z}isan a- covering of V. Hence R € R(V, )
and 7 NR = 0, a contradiction. So 7 = [zy, V], for every y € V — . O

We characterize now the relation ], which in this atomistic lattice is equal to the relation T
(Definition 6 and Remark 1).

Proposition 8 Let ¢y, be an atom (Definition 5 and Proposition 7) of the lattice C.
IfU ={z} then {c€C : ¢y, | c} = {c""}.
If|U| > 2 then {c€C : cyy | ¢} = {c*wUle .y c U — 2},

Proof

Let x €e U C S and ceC.

If U = {z}, then ¢, , | cif and only if ¢(z) = 0 and ¢ is maximal with this property. Clearly
¢®® is the unique maximal choice function such that ¢(z) = . Then c;, | ¢ if and only
c=c"".

If |U| > 2 we first claim that for every y € U — z, ¢y | cl#vUle Indeed, let y € U —
and set ¢ = c®¥Ul* One has 2 ¢ c(U) and then cy, % c. If there exists ¢/ € C
such that = ¢ ¢/(U) and ¢ < ¢, then there exists X such that {z,y} C X C U with
o(X)=X -z Cd(X)=X. But in that case {X, (U — X) +x} is an z-covering of U with
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zedX)Nd((U-X)+2)=(X)N((U—-X)+=z) and x ¢ ¢/(U), a contradiction with
decC.

On the other hand, let ¢ € C with ¢y, | ¢. We claim that ¢ = cl#vUle for 4y € U — .
Indeed ¢y, | ¢ implies that = ¢ ¢(U). Hence (by Proposition 5) for every z-covering R of
U (i.e. R € R(U,x)), there exists Ur € R such that = ¢ ¢(Ur). Let us consider the family
T of all these subsets Ug, i.e. T = {Ug, R € R(U,z)}. T is a transversal of R(U, z).
Then 7 contains a minimal transversal of R(U,z), i.e., there exists y € U — x such that
[zy,U] = T (by Lemma 4). Then for every X such that {z,y} € X C U, X € 7 and
z ¢ ¢(X). Then ¢(X) C X —z = c*¥Ul=(X). Hence, ¢ < cl*¥U* But we have proved
above that ¢y, | c[*Uh%. Then (by definition of |) ¢ = cl*v:Ul=, O

By this proposition and the fact that Mce = {c¢ € C: ey, with cy, | ¢}, we get the
characterization of the meet-irreductible elements of C:

Corollary 2 Let c € C. The following properties are equivalent:

1- ¢ is a meet-irreducible element (Definition 5) of C,

2- There ezists x € S such that ¢ = ¢** (Definition 12) or there exist U C S, x, y € U such
that ¢ = cl*¥:Ul= (Definition 16).

Remark 4 One can show that the coatoms (Definition 5) of C are exactly the choice func-
tions c*¥V1:® with V' = {z,y} and the choice functions ¢**, that is to say all the coatoms
V% of the lattice S satisfying |V| < 2 (see [27]).

Now, we determine the dependence relation ¢ (Definition 7) of the lattice C. We need the
following definitions:

Definition 18 Let 2° be the Boolean lattice (Definition 9.4) with s atoms, and 1 its greatest
element.

- The poset 2° — {1} is called the top truncated Boolean lattice and it is denoted by
(2 - 1).

- An antichain A of a poset (L,<) is a subset of L such that two elements of A are
incomparable.

Recall that in a lattice L, for j, 7/ € Jr, one has jéj’ if and only if 7 = j' or there exists
m € My, such that j T m and j' £ m. We have the following results:

Proposition 9 Let 0 CU,VC S, z€U,yeV, and |S| = s.

1- For cyy # cvy, cuzocv,y if and only if {z} ={y} CV CU.

2- The dependence relation 6 (Definition 7) on the lattice C of all choice functions verifying
(C) is isomorphic to the union of s top truncated Boolean lattices (2°7* — 1) and of an
antichain of size s.

Proof

Let )cU,VCS,zecU,yecV.

1- Since C is atomistic cy gz0cy,, (With ey, # cv,y) if and only if there exists ¢ € M¢ such
that cy, | cand cyy £ ¢, s0if ey, | ¢ and y ¢ ¢(V). By Proposition 8, ¢y, | ¢ if and
only if U = {z} and ¢ = ¢®®, or there exists t € U — x such that ¢ = c[*»Ul#_ In the case
c=c™", we have ¢y, £ ¢™® if and only if y ¢ ¢®*(V) if and only if {z} = {y} = V. Then
cUx = cvy (= ¢z ) a contradiction with our assumption. Then ¢ = c[®Ul* and y ¢ c(V),
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that is equivalent to {x,t} CV C U and y = z, and equivalent to {z} = {y} CV C U.

2- It is clear that the relation ¢ is reflexive and antisymmetric. We show that it is a transitive
relation. Let 0 C U, V, W and x € UNV NW such that ¢y ,0cy . and cy 0w, Byl-, one
has {x} C W CV CU. Then cyzdcw . So 4 is an order relation.

Forz € Sand U, V € [z, 5], we have cy zdcy,, if and only if {x} C V C U. Hence for every
x € 8, the poset {cy,, {x} C U C S,|U| > 1} is isomorphic to the top truncated Boolean
lattice (2571 —1). If x £y, for all U € [z, 5] and V € [y, S], cy» and ¢y, are incomparable
according to the order ¢, and then § is isomorphic to the union of s top truncated Boolean
lattices (2°7' — 1) and of the antichain formed by the s atoms ¢, ., = € S. O

We deduce the following theorem:

Theorem 1 The lattice C of all choice functions satisfying (C) is atomistic and lower
bounded (Definition 9.8).

Proof

We have already observed in Proposition 7 that the lattice C is atomistic (Definition 9.2).
Since its dependence relation § is an order it has no cycle. Then C is lower bounded (Defi-
nition 9.8). |

We have the following corollary (recall that |S| = s):

Corollary 3 1- The lattice C is lower locally distributive, lower semi-modular and ranked
(Definition 9).

2- The length of C is s2°~% and the rank of c € C isr(c) =Y scq |c(A)|. ¢ < ¢ in the lattice
C if and only if c < ' in S. -

Proof

1- This assertion results from the implications between classes of lattices recalled in Section
2 (Lemma 2).

2- It is known that the length of a lower locally distributive lattice is the number of its
join-irreducible elements. Then [(C) equals the number of atoms of C, i.e. 257!, Since
C C S is a ranked lattice having the same length that S, its maximal chains are maximal
chains of §. Then 7(c) in C equals r(c) in S, ie. Y 4cglc(A)|. Let ¢, €C. ¢ < inCif
and only if ¢ =cVepy ie. ifandonlyifc< ¢ inS. m]

4.1 The lattice O of choice functions verifying (O)

A choice function ¢ on S (of cardinality s) verifies the outcast axiom (O) (called also
Nash’s axiom) if:

for all A, BC S, ¢(A) C B C A implies ¢(B) = ¢(A).

We denote by O or O(s) the set of all such choice functions.

A choice function satisfying (O) is obviously idempotent. Then, the set ¢(2°) of the images
of ¢ is the set of the ”fixed points” of ¢, i.e., the family of the subsets A of S such that
c¢(A) = A. We denote by Z, the set of the images of ¢. For U € Z.., we set By = {X C S :
c(X)=U} =c 1 (U). The set B. = {By: U € Z.} is the canonical partition of 2 associated
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to c. Note that this set contains always By the set of subsets of X such that ¢(X) = 0.

Another characterization of the choice functions verifying (O) will be useful. It needs the
following definition:

Definition 19 A bouquet on S is a family B of subsets of S which is stable by intersection
(X,Y € B implies XNY € B) and convex (X CY CZ, and X, Z € B imply Y € B).
The root of a bouquet B is the set U = ({X, X € B} of B. A bouquet with root U is
denoted by By .

It is clear that every interval [U, V] ={X C S: U C X C V} is a bouquet, and we have the
following obvious proposition:

Proposition 10 A family B of subsets of S is a bouquet if and only if B is the union of
intervals [U, X;], i =1, ..., p.

Choice functions verifying (O) are characterized by means of the notion of bouquet:

Proposition 11 Let ¢ be a choice function on S, I, = {Un,...,Uy} the set of the images
of ¢ and B, = {Bu, ..., B4} the partition associated with c: X € B; if ¢(X) = U;. ¢ satisfies
aziom (0) if and only if for alli =1, ...,q, B; is a bouquet with root U;.

Proof

Indeed, when c satisfies (O), B; is the bouquet By, = J,[Us, Xi], where for every k, X, € B;
and is maximal (i.e. ¢(Xy) = U; and X C X implies ¢(X) # U;). The converse property
is obvious, since when ¢(X) = U and By is a bouquet, U C Y C X implies that Y € By,
hence ¢(Y) ="U. O

So we obtain the following corollary:

Corollary 4 Let ¢ be a choice function on S and X C S. If ¢ verifies (O) and ¢(X) = 0,
then for every Y C X we have ¢(Y) =0 (i.e. ¢=1(0) is a bouquet). In particular if c(S) =0
then ¢ = 0g.

It is easy to prove that the union of two choice functions of O satisfies (O) and it is obvious
that the trivial choice functions Os and 1gs verify (O). On the other hand the intersection
of two choice functions of O does not necessarily verify (O). For instance with S = {1, 2},
c=1,2,12 and ¢ = 1,2,12 satisfy (O) but not cN ¢ = 1,2,12. But since O is an | J-
semilattice containing a least element, Lemma 1 gives the following result (where < is the
point-wise order between choice functions).

Proposition 12 The poset (O, <) of all choice functions on S verifying (O) is a lattice
with Os (respectively 1s) as least (respectively greatest) element. It is a sub-|J-semilattice
(Definition 3.1) of the lattice (S, <) of all choice functions on S.

Henceforth, the lattice (O, <) will be simply denoted by O or O(s). FIG.4 represents the
diagram of the lattice O(2) (the choice functions are written with the conventions described
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for FIG.3). One can note that O(2) is a ranked lattice but that it is neither lower nor upper
semi-modular.
1s

1212 1212 1,212 12,12

1212 1,212 12,12

N

Os

FIG.4 : The lattice O(2) of choice functions satisfying (O).

It is easy to characterize the coatoms of the lattice O.

Proposition 13 A choice function ¢ is a coatom (Definition 5.4) of the lattice O if and
only if c is a coatom cV® of the lattice S. Moreover the lattice O is coatomistic (Definition

9.3).

Proof

Let ¢ = ¢Y? be a coatom of S, i.e. a choice function such that ¢(U) = U —x and ¢(X) = X
for X # U. c belongs to O since the images of ¢ are all the subsets X # U for which
Bx = {X}, and the subset U — « for which By_, = [U — x,U]. Then c is a coatom of O,
and since every choice function satisfying (O) is contained in (at least) a coatom cY® the
converse is true. The lattice O being contained in the coatomistic lattice S and having the
same coatoms is coatomistic too. a

Since O is coatomistic, we have determined the meet-irreducible elements of the lattice
O. Now we search to determine the join-irreducible elements of this lattice, a not easy task
except in the case of its atoms. In order to determine these atoms we introduce the following
particular choice functions:

Definition 20 Let ) C U C S. We define the choice function cy on S by: cy(X) = U if
UCXCS andcy(X) =0 if not.

Proposition 14 A choice function ¢ is an atom (Definition 5) of the lattice O if and only
if there exists a non-empty subset U of S such that ¢ = cy.

Proof

First we prove that cy € O for every ) € U C S. Indeed, the images of ¢y are () and U.
Since By = U,cp [0, S — 2] and By = [U, S] are two bouquets, ¢ € O (by Proposition 11).
In order to prove that ¢ = ¢y is an atom we have to show that the only choice function in
O less than ¢ is 0s. Let ¢’ € O such that ¢’ < ¢. For every X 2 U, ¢/(X) = 0 and for every
X2U,d(X)CU. If /(S) = ¢(S) = U then there exists X with U C X C S such that
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¢(X) Cc U. This is impossible since ¢/ € O and ¢/(S) =U C X C S. Hence ¢/(S) C U, and
since U Z ¢/(S), ¢/(¢/(S)) = 0. Since ¢ € O, ¢’ is idempotent and then ¢/(S) = ¢/(¢/(S)) = 0.
So ¢ = 0s (by Corollary 4) and we have proved that ¢ = ¢y is an atom of O.

Conversely let ¢ be an atom of O. Then ¢(S) # 0. We set U = ¢(S). For every X D U,
¢(X)="U. Then ¢y < ¢. But ¢y and ¢ are atoms so ¢ = ¢y. O

Now we are going to determine another class of join-irreducible elements (Definition 5) of
O. We need the following definitions and properties.

Definition 21 A family {Un,...,Up} of subsets of S is a Sperner family on S if U; and
U, are incomparable for all i # j, i, j € {1,...,p}.

An ordered Sperner family on S is a Sperner family {Ui,...,U,} ordered by a strict total
order >. We denote it by (U; > Uz > ... > U,).

The function cy,>uv,>...>u, associated to the ordered Sperner family Uy >Uz>...>Up) is
the function on 2° defined by: cy>.>u,(X)=U if X € By, ={X C S: Vk=1,.,i—1,
Up £ X and U; € X} and cy,>..>u,(X) =0 if X € By ={X CS:Vk=1,..,p, Uy £ X}.

In particular, when the ordered Sperner family reduces to the empty set, ¢y = Os.

For instance (1235 > 14 > 234 > 45) is an ordered Sperner family on S = {1,2,3,4,5}.

Proposition 15 The choice function ¢ = cy,~..>u, associated to an ordered Sperner family
(U1 > ... > Up) is a choice function satisfying the outcast aziom (O).

Proof

To prove this result we will successively demonstrate the following points:

1) For all ¢ € {1, ...,p}, By, is a bouquet with root Us.

2) The family By is a bouquet with root the empty set.

3) ByU{By,, i =1,...,p} is a partition of 27.

Let (U; > ... > U,) be an ordered Sperner family on S. For i € {2,...,p} we denote by
7; the set of the minimal transversals of the family {U; — U;,...,U;—1 — U;} (note that by
definition Uy, — U; # 0 for every k < 1).

1) By definition By, = [Uy, S] and we claim that By, = Uy [Ui, S—T] for every i = 2,..., p.
Let ¢ > 1 and X € By,. Then U; C X and U, € X for every k = 1,...,¢i — 1. Hence
there exists xp € Uy — U; such that X € S — x;. Then X C S — {x1,...,2,_1} with
{x1,...,x;—1} transversal of {U; — U;,...,U;—1 — U;}. Let T € 7; be a minimal transversal
of {Ul - U, ..., U;_1 — Uz} such that T C {xl,...,xi_l}. Then X € S—T. So X €
UTeTi [Ui’ S— T}'

Conversely if X € UTE’Q [U;, S — T, then there exists T € 7; such that U; C X C S —T.
Moreover one has U, € X for every k = 1,...,0a — 1. If not Uy, C X C S — T, and then
U.NT = U —U;)NT = 0 a contradiction with T' € 7;. So X € By,.

2)If X € By, D CY C X obviously implies Y € By. Then By is the bouquet equal to the
union of intervals [}, X;] where X; is maximal in By.

3) Let By, the bouquet with root U;. For all i # j, By, N By, = (. Indeed, if for example
i < j, X € By, implies that U; C X, and X € By, implies that U; € X. On the other hand
for every X € By one has Uy € X for every k, then By N By, = () for every k. And since it
is clear that for every X € 2%, X € By, for ani € {1,...,p} or X € By, one has the result.
Then the canonical partition B. = {Bu,, ..., Bu,, By} of 25 associated to ¢ is formed of
bouquets and by Proposition 11, ¢ € O. a

Henceforth we will simply denote B. = {Bi,...,B,,By}. We will also need to consider
B: ={B1,....B,}.
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Example 7 c1235>14>234>45 is the choice function associated to the ordered Sperner family
1235 > 14 > 234 > 45. It is represented by its set B = {B1 = Biass, B2 = B4, Bz = Bass
and By = Bys} of bouquets on FIG.5.

We are going to show that some choice functions cy, >.. >y, are join-irreducible elements of
(0). In fact in Theorem 2 below, we will characterize such choice functions. But we need
first to give some definitions and to prove several technical results. In particular we need
to introduce a graph defined on the set B} = {By,, ..., By, } of bouquets of ¢, different from
By, and to consider saturated sets and sources of this graph.

Definition 22 Let ¢ = cuy>..>U, be a choice function associated to an ordered Sperner
family (U7 > ... > U,).

1. We define a digraph G. = (B}, A) by: B = {B1,....,B;,...,B,} is the set of the
bouquets of ¢ which are different from By (B; = ¢~ '(U;) = By, ); the relation A is
defined by BrAB; if k > j and there exvists X € B; with X D Uy.

2. A subset B of B is a saturated set of the digraph G. = (B:,A) if B, € B and
BrAB; imply B; € B.

3. A source of the digraph G. = (B}, A) is a bouquet B; € B such that there does not
exist By € B} (i < j) with B;AB;.

4. WesetI={1,...p}. Let 0 CJ C 1. We define the choice function ¢’ = ch]1>m>Up
on S by: c'él>___>Up(X) =U;ifjeJ and X € Bj, and c‘él>m>Up(X) = 0 if not.

In other words ¢’ is identical to c on all the bouquets B; where j € J and the choice
is empty if not. In particular, ® = 0s and ¢! = c.

Example 8 The digraph G. = (B}, A) for the choice function ¢ = ¢1235>14>234545 1S rep-
resented on FIG.5. By is a source of G, and {Bs, Ba, B} is a saturated set of G..

Remark 5 Observe that the digraph G, is contained in the graph of the linear order B, >
... > By > By. So B, is a source of G. and satisfies ByAB1, Vk = 2,...,p (since S € By).
Note also that one can give an equivalent definition of the relation A:
BrABjifandonlyif j=1,ork>jand Vi=1,....5 =1, U; £ U; UUj.

Lemma 5 Let ¢ = cy,>..>u, be a choice function in O, and ¢’ a choice function. The two
following properties are equivalent:

1. d<candd €O,

2. There exists J C I = {1,...,p} such that ¢ = c§1>___>Up and B = {B;, j € J} is a
saturated set of the digraph G..

In particular ¢ < ¢ and ¢ € O if and only if ¢ = ¢!=7 and B'™7 is a saturated set of the
digraph G..

Proof

1. = 2.

a)- Assume that ¢ < ¢ and ¢ not identical to ¢ on a bouquet B;. We are going to show
that for every X € Bj, ¢/(X) = 0. By definition of the choice function ¢ there exists
X € Bj such that ¢/(X) C Uj. ¢(d(X)) = U; (with i # j) is impossible since it would
imply U; C ¢/(X) C Uj, a contradiction with the hypothesis that (Uy,...,U,) is a Sperner
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family. Then c¢(¢/(X)) = 0 and ¢/(X) = /(¢ (X)) C ¢(d(X )) = 0 imply ¢/(X) = 0. Since
d(X)=0CU; CX and ¢ € O, one has as well ¢/(U;) = 0. Let now Y € B; with Y # X.
d(Y) = Uj is impossible since then ¢/(U;) = ¢ (¢/(Y)) Would be equal to U # 0. Then
d(Y) C U; and like above ¢/(Y) = 0.

b)- Assume that B is not saturated. There exists B; € B’, B; € B. with B;AB; and
B; ¢ B’. Then one has ¢/(X) = 0 for every X € B;. But B;AB; implies the existence
of X € B; such that X D U;. Hence § = ¢/(X) C U; C X, but since ¢’/ (U;) = Uj, one
contradicts ¢ € O.

2. = 1.

Let ¢ = Cé1>...>Up be a choice function associated with B7 a saturated subset of the digraph
G.. Tt is obvious that ¢’ < ¢. We claim that ¢/(X) C Y C X implies ¢/(X) = ¢(Y), i.e.
de0.

If X € Bj € B/ (or X € By), ¢(X) =c(X)=Uj (or (X)=0). B; convex implies Y € B;
and then ¢/(Y') = U; (or 0).

If X € B; and B; ¢ B, ¢(X) = ). One has two cases:

a)- Y € By, with By, ¢ B’. Then ¢/(Y) = () by the definition of ¢/ = cIJ]1>m>UP.

b)- Y € B; with B; € B’. Then j < i is impossible since U; C Y C X would imply a
contradiction with X € B;. If j > 4, then there exists X € B; with X D Uy, i.e. B;AB;. But
since B is saturated one has B; € B”, a contradiction. So this second case is impossible. O

Now we can give a characterization of some join-irreducible elements of the lattice O. By
remark 5, B, is always a source of the digraph G.. The following result shows that the
cu,>...>u, join-irreducible elements of O are characterized by the fact that B, is the unique
source of G..

Theorem 2 Let (U; > ... > U,) be an ordered Sperner family on S and G. =
({B1,...,Bp}, A) the digraph associated to the choice function ¢ = cy,>.>v,. The two
following properties are equivalent:

1. c=cu,>.>u, € Jo,

2. the digraph G. has B, as unique source.

Moreover in this case the choice functions Os, cu,, cu,>U,,---,CU,>...>U, form a covering
chain of join-irreducible elements (Definition 5) of the lattice O: 05 < cy, < cu,>U, < ... <
CUL>..>Up-

In particular, ¢ = cy,>..>v, € Jo if the sets Uy, ..., U, are pairwise disjoint, and for p = 2,
cu,>U, 1S always a join-irreducible element covering cy, .

Proof

By Lemma 5, ¢ < ¢ in O if and only if ¢/ = ¢!=7 (I = {1, ...,p}) with B! ~7 saturated set of
the digraph G.. Now it is obvious that B!~/ is saturated if and only if B; is a source of G...
Since B, is a source of G, BI~P is saturated and ¢ = CU;>..>U,_, is covered by c. Then c
is join-irreducible if and only if ¢’ is the unique choice function covered by ¢ and if and only
if B, is the unique source of G..

Now take ¢ = CU,>..>U,_,- Since the digraph G is the restriction of the digraph G. to
{B4i,...,B,_1}, it has also a unique source namely B,_1. Then iterating the above reasoning
one obtains that CUY>...>Upy_y 18 join-irreducible and finally the stated result. If U; N U; = 0
for all ¢ # 7, it is easy to check that B, is the unique source of G.. If p = 2, it is obvious
that By is the unique source of G.. O
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Example 9 The digraph B, associated to the choice function ¢ = ¢1235514>234>45 has a
unique source (FIG.5). By Theorem 2, there exists a covering chain of join-irreducible
elements of the lattice O represented on this same Figure.

Remark 6 The set Jo of join-irreducible elements of the lattice O contains strictly the set
of join-irreducible cy, .. >y, characterized in Theorem 2. Indeed let us consider the choice
function defined on S = {1,2,3} by ¢(123) = 123, ¢(12) = ¢(1) = 1, ¢(23) = ¢(2) = 2 and
¢(13) = ¢(3) = 3. It is easy to see that ¢ is join-irreducible in O, but ¢ cannot be obtained as
cu,>..>U,- Moreover in the lattice O(3) one can find a maximal chain of length (Definition
8) 5 from Os to 1s passing by ¢ and another maximal chain from Os to 1s of length 7. Then
for s > 3, O(s) is not a ranked lattice (Definition 9). One can show that the maximum
length of a maximal chain in O(s) is 2% — 1.

The following theorem summarizes the properties of the lattice O (recall that |S| = s):

Theorem 3 The lattice O of all choice functions satisfying axiom (O) is coatomistic (Def-
inition 9.3) (with the coatoms cU® of the lattice S as coatoms). Its join-irreducible el-
ements contain all the choice functions ¢ = cy,>..>v, such that the associated digraph
Ge = ({B1, ..., Bp}, A) has By, as unique source. The length of O is 2°—1. For s = 2 the lat-
tice O(2) is ranked (Definition 9.7) but neither upper semi-modular nor lower semi-modular
(Definition 9.5) . For s > 3 the lattice O(s) is not ranked.
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FIG.5: The choice function associated to (1235 > 14 > 234 > 45),

and the associated covering chain of join-irreducible elements of O.

5 The consensus of choice functions

As said in the introduction we are going now to use the previous results on lattices of choice
functions and the general results of the latticial consensus theory to derive results on the
consensus of choice functions. We will consider successively the axiomatic approach (Sec-
tion 5.1) then the metric approach (Section 5.2). In each case we will begin by giving some
results of the latticial theory then we will apply them to the consensus of choice functions.
We shall use the following definitions and notations:

Let L be a finite lattice.

A n-profile or simply profile of L is a n-tuple Il = (21, ..., z;, ..., ,,) of elements of L. We
denote by L™ the set of all n-profiles of L.

The consensus problem on L consists of summarizing arbitrary profiles IT of L by one or
several elements of L.

A consensus function F on L is a map from L™ into L or 27, that is for every II in L,
F(II) belongs to L or is a subset of L. The problem is to find ”good” consensus functions.
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5.1 The axiomatic approach

5.1.1 Axiomatic latticial consensus theory

First let us define some classes of latticial consensus functions F' : L™ — L (L lattice). A
federation (called also simple game) on N = {1,...,4,...,n} is a family F of subsets of N
satisfying [G € F, K 2 G] imply [K € F].

Definition 23 1. A federation consensus function is a consensus function F' on L
such that there exists a federation F for which F(IT) = \/ jc 7 (N;c g %) for every 11
in L™.

2. A meet-projection consensus function is a consensus function for which there exists
K C N (K #0) such that for each 11 in L™, F(II) = \,c g ©i-
In particular, F(IT) = z; is a projection when |K| =1, and F(IT) = \,.y xi is the
Pareto (or unanimity) consensus function when K = N.

Note that the meet-projection consensus functions are federation consensus functions (take
F ={G C N: K C G}). In social choice theory the meet-projection (respectively projec-
tion) functions are often called oligarchic (respectively dictatorial 7).

Using the dual operations on the lattice L one defines dual consensus functions:

Definition 24 1. A co-federation consensus function is a consensus function F' on
L such that there exists a federation F for which F(II) = A cr(V,;cx i) for every
II in L™.

2. A join-projection consensus function is a consensus function for which there exists
K CN (K #0) such that for each II in L™, F(IT) = \/,c s 2;.
In particular F(IT) = z; is a projection when |K| =1, and F(II) = \/,.y =; is the
co-Pareto consensus function when K = N.

Note that join-projection consensus functions are co-federation consensus functions (take
F ={G C N: K C G}). These functions can be also called co-oligarchic.

Next we give some Arrovian axioms of the latticial consensus theory.
Let j be a join-irreducible element of the lattice L. We denote by N, (II) the set N;(II) =
{Z €N : 7 < xi}.

Definition 25 A consensus function F' on the lattice L is:
1. Jr-neutral monotonic if for all j, j' in Jy and II, Il in L™, one has: [N;(II) C
Ny(I')] = [j < F(II) = j" < F(I')].

2. Jp-decisive if for every j in J and for all II, II' in L™, [N;(II) = N;(I")] = [j <
F) < j < F(I1)].

"In fact in social choice theory one has to consider preference agregation functions that are
absolute dictatorial (i.e. projections) and preference agregation functions that are dictatorial. But
we will not have to make this distinction here.
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3. Paretian if for each Il in L™, N\, .y x; < F(II).

We define below dual axioms bearing on the meet-irreducible elements on L. For m in M,
N, ={ieN:m>ux}.

Definition 26 A consensus function F' on the lattice L is:

1. Mp-neutral monotonic if for allm, m’ in My, and I1, II' in L™, one has: [Ny, (IT)
Ny ()] = [m > F(IT) = m/ > F(IT')].

2. My -decisive if for every m in My, and for all 11, I in L™, [N, (II) = N,,,(I")] =
[m > F(Il) < m > F(II')].

3. co-Paretian if for each Il in L™, \/;.n x; > F(II).

N

The consensus functions defined on a lattice L depend on the chosen axioms and on the
structural properties of the considered lattice, and in particular on the properties of the
dependence relations ¢ (defined on the set Jp, of all join-irreducible elements of L) and
(defined on the set My, of its meet-irreducible elements). The following theorem give some
general results of the axiomatic latticial consensus theory (see [15], [21]).

Theorem 4 Let L be a lattice and F be a consensus function on L.

1. If L is distributive (Definition 9.1), then F is Ji-neutral monotonic if and only if F
is a federation consensus function.

2. If L is not distributive, then F is Jp-neutral monotonic and Paretian if and only if F'
1s a meet-projection.

3. If the dependence relation § on Jy (Definition 7.1) is strongly connected, then F' is
Jp -decisive and Paretian if and only if F is a meet-projection consensus function.

Note that the condition on the dependence relation § in point 3 of the above Theorem implies
that L is not distributive (indeed, a lattice L is distributive if and only if the dependence
relation § on Jy, is the order relation on Jy, (cf. [23]).

A dual theorem exists using dual axioms and the dual dependence relation 3 defined on the
set M7, of all meet-irreducible elements of L. In particular one obtains a characterization of
the co-federation and join-projection consensus functions.

Theorem 5 Let L be a lattice and F be a consensus function on L.

1. If L is distributive (Definition 9.1), then F is My -neutral monotonic if and only if F
18 a co-federation consensus function.

2. If L is not distributive, then F' is M -neutral monotonic and co-Paretian if and only
if F'is a join-projection.

3. If the dependence relation 8 on M, (Definition 7.2) is strongly connected, then F is
My -decisive and co-Paretian if and only if F is a join-projection consensus function.

Remark 7 If a lattice L is distributive any co-federation consensus function is equal to
a federation consensus function. So in this case Theorem 4 and 5 (points 1) give two
characterizations of the same class of consensus functions.

We now deal with the consensus functions of choice functions verifying the axioms (H), (C)
or (O). Then IT = (¢4, ..., ¢, ..., Cp) 18 & profile of choice functions all belonging either to H,
or to C or to O. A consensus function is now -for instance in the case of H- a function F’
from H™ to H. Then F(II) is denoted by ¢ (and F(II') by ).
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5.1.2 The consensus of choice functions satisfying the heredity property
(H)

Recall (Proposition 2) that the poset (H, <) of choice functions satisfying (H) is a distributive
lattice (Definition 9.1). Since (Proposition 3) Jy = {cjz 4], * € A C S} and (Proposition 4)
My = {cl®4] 2 € A C S}, it is straightforward to check that the axioms given in Definition
25 and Definition 26 become the following ones:

A consensus function F' on H is:

e Jy-neutral monotonic if for all II, IT" in H", for all subsets A, B of S, for every x
in Aand forevery yin B, {i e N: VX withe e X CA xz€¢(X)} C{ie N:VY
with y € Y C B, y € ¢,(Y)}] implies [VX with x € X C A, z € ¢(X)] = [VY with
yeY CB,yedY).

e Mj-neutral monotonic if for all IT, I’ in H™ for all subsets A, B of S, for every x
in A and for every yin B, [{i € N : VX with AC X, 2 ¢ ¢;(X)} C{i € N: VY
with BCY, y ¢ c,(Y)}] implies [VX with A C X, z ¢ ¢(X)] = [VY with B C Y,
y & (Y)]

e Paretian if for every II in H", for every subset A of S and for every x in A, [Vi € N,
x € ¢;(A)] = [z € c(A)].

e co-Paretian if for every I in H", for every subset A of S and for every x in A,
Vi€ N, 2 ¢ ei(A)] = [z ¢ (A)].

By Theorem 4.1, Theorem 5.1 and Remark 7 the following result holds:

Theorem 6 A consensus function F on H is Jy-neutral monotonic and Paretian if and
only if F' is My -neutral monotonic and co-Paretian and if and only if F is a federation
consensus function (i.e. if there exists a federation F on N such that for every II in H"™

and for every A C S, ¢(A) = UKE]—'[ﬂieK ci(A)]).

Remark 8 In the case of the Boolean lattice (Definition 9.4) S of all choice functions on S
one could write the same result but with axioms of neutrality monotonicity using the atoms
and the coatoms of S, i.e. the choice functions c4 , and ¢®. For instance, in the case of
Js, this axiom is the same that the axiom of Je-neutrality monotonicity given just below.

5.1.3 Consensus of choice functions satisfying the concordance axiom

(C)

Recall (Theorem 1) that the poset (C, <) of choice functions satisfying (C) on S is a lower
bounded lattice (Definition 9.8) (not distributive) and that its dependence relation 4 is not
strongly connected (Proposition 9). Since (Proposition 7) Je = Js the axiom of J-neutrality
monotonicity (Definition 25) becomes:

A consensus choice function ¢ on C is Je-neutral monotonic if for all II, I’ in C™, for all
subsets A, B of S, for every x in A and for every y in B one has:

HieN:zecg(A)}C{ie N:yeci(B)}] = [z e€c(Ad) = yed(B).

Then Theorem 4 induces the following result:
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Theorem 7 A consensus function F on C is Je-neutral monotonic and Paretian if and
only if F is oligarchic (there exists K C N such that for every II € C and for every A C S,

c(A) = ﬂieK ci(A)).

Taking the corresponding axioms for M¢ one would obtain a dual result, i.e. a characteri-
zation of the co-oligarchic consensus functions on C.

5.1.4 Consensus of choice functions satisfying the outcast axiom (O)

Recall (Proposition 13) that Mo = Ms = {c** : z € A C S}, with ¢A*(X) = A — ¢ if
X = A and ¢**(X) = X if not. Definition 26 induces the following axioms:
A consensus choice function ¢ on O is:

e Mp-neutral monotonic if for all II, I’ in O™, for all subsets A, B of S, for every
zin A and for every yin B, [{i e N: z ¢ ¢;(A)} C{i € N : y ¢ c;(B)}] implies
[z ¢ c(A)] = [y & ¢(B)].

e co-Paretian if for every II in O, for every A in S and for every z in A, [Vi € N,
z ¢ ci(A)] = [z ¢ c(A)].

By Theorem 5 the following result holds:

Theorem 8 A consensus function F on O is Mo-neutral monotonic and co-Paretian if
and only if F is co-oligarchic (i.e. if there exists K C N such that for every Il € O™ and
for every AC S, c(A) = U,;cx ci(A)).

We conjecture that the dependence relation 5 on M is strongly connected. If this conjecture
was true, one could replace in Theorem 8 the Mp-neutrality monotonicity axiom by the
simpler Mo-decisivity axiom.

5.2 The metric approach

5.2.1 Metric latticial consensus theory

In this approach we take as consensus of a profile I = (z1,...,2,) of elements of a lattice
L an element  minimizing the "remoteness” of x to the elements of II. If the remoteness
is computed as D(z) = Y., d(x, x;), where d is a metric defined on L, such an element is
called a d-median of II. Here we take as metric d on L the minimum path length metric in
the (unoriented) covering graph G(L) of L: x and y are linked by an edge in G(L) if and only
ifx <yory=<ax d(zy) is the minimum number of edges of a path of G(L) between x and
y. Then a d-median of II will be simply called a median of II. Such a median always exists
(since L is finite) but it is not necessarily unique. We shall denote by Medy, (II) or simply
Med(II) the set of medians of IT and we call median rule the consensus rule associating to
each profile its set of medians (for the median rule in general, see e.g. [5]).

These notions are illustrated on FIG.1. This figure was already used to show the diagram
of a lattice L. If one considers now that a link between two elements represents an edge
and not a (directed) arc, this same Figure represents the covering graph G(L) of L. On this
figure the distance d(k, b) is 3 (obtained for three different paths). The profile IT = (b, g, h, k)
has two medians e and g with D(e) = D(g) = 5.

Note that in arbitrary lattices neither the computation of the minimum path length metric
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nor a fortiori the computation of the medians are necessarily easy. But in the case of
lower semi-modular lattices (Definition 9.5) the minimum path length metric is given by the
following formula: d(x,y) = 2r(xVy)—r(x)—r(y) where r is the rank function (Definition 9.7)
on L 8. In particular for distributive lattices this formula becomes d(z,y) = r(zVy)—r(zAy).
For instance on FIG.1 which represents a distributive lattice, d(k, b) = r(g)—r(0) = 3—0 = 3.
Theorem 9 below shows that the medians are easy to compute in a distributive lattice. We
use the following notations:

For all II € L™ and j € J, (respectively m € Mp,) we denote by n;(II) (respectively n,, (II))
the number of elements of N, (II) such that n;(II) = |N;(II)| (respectively N,,(II) such that
o (1) = | Ny (D).

Definition 27 Let I1 € L™. We define by two equivalent ways the following elements:

o cn=\V{Aiexvi: KC N, |[K|>n/2} =\/{j € Jp: n;(II) > n/2}.
o i = V{iieg zie K SN, [K|>n/2} = V{j € Jo: n;(Il) > n/2}.
o ¢ = MViex®i: KC N, |K|[>n/2} = AN{m € Mp: n,(II) > n/2}.

crr and cf define consensus functions on L™ called the strict majority rule and the majority
rule respectively. Indeed they generalize the usual majority rules defined for profiles IT =
(Rq,..., R,) of binary relations defined on a set E. For instance the strict majority rule is
Ryas(M) = U{(z,y) € E? : [Nu(z,y)| > n/2} = U{Nieg Bi, K SN, |K| >n/2}.

Note that one always has c¢ip < ¢f; < ¢fg, and so one can consider the two nested intervals
len, ef] and [em, ]

We have the following results (cf [11]):

Theorem 9 Let L be a lattice.

1. L is distributive (Definition 9.1) if and only if for every Il € L™, Med(II) = [cm, ¢ff] =
[em, ¢f)-

2. L is lower semi-modular (Definition 9.5) if and only if for every Il € L™ and x €
Med(Il), = < cf.

So in a distributive lattice the medians of a profile are exactly the elements in the interval
determined by the two majority rules. Note that if n is odd these two elements coincide
and so there is a unique median. We shall show in Remark 10 below how to compute the
medians in a distributive lattice.

Remark 9 In a lower semi-modular lattice one can give a lower bound for the medians of
a profile (see [16]).

In the case of a distributive lattice the median rule, which associates to each profile its set
of medians can be characterized. We need some definitions:

First we denote by L* the set |J,.,L" of all profiles of n elements of L, where n is an
integer greater than 0. A consensus rule is a map F: L* — 20 — {0} associating to each
profile a non-empty subset of L. If Il = (x1,...,x,) and II' = (y1,...,y,) are two profiles,
IIIT" denotes the concatened profile (x1,...2pn, Y1, .., Yp)-

A consensus rule F is:

8In Lemma 2 it has been recalled that a lower semi-modular lattice is ranked.
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e consistent if F(II) N F(I') # @ implies that F(IIII') = F(II) N F(I') (for all II,
' e L*).

e unanimous if F(z,...,xz) = z, for every = € L.

e quasi-Condorcet if for every II = (x1,...,x,) € L*, for every j € Jp such that
n;(II) = n/2, [z V j € F(II) if and only if vV j~ € F(II)] (where j~ is the unique
element covered by 7).

We have the following result ([6], [18]), ([18] correcting an error in the statement of the
quasi-Condorcet condition contained in [6]).

Theorem 10 Let L be a distributive lattice (Definition 9.1). A consensus rule L* + 2L —
{0} is the median rule if and only if it is consistent, unanimous and quasi-Condorcet.

Remark 10 In order to compute the medians of a profile Il € L™ when L is a distributive
lattice one can use the following procedure (see [11]). First one computes the least median ¢y
by the formula ¢ = \/{j € Jr: n;(II) > n/2}. Then one computes the set E(II) = {j € Jr:
n;(IT) = n/2} (an empty set if n is odd). The medians of IT are all the elements crp V (\/ G)
where G is any subset of E(II).

Example 10 We illustrate the computation of medians described in the above Remark in
the case of the distributive lattice L of FIG.1. We take II = (b, g, h, k). One has

n=4

JL = {a'abaf7k}

na = g, h, k}| =3, ny = [{b, g} = 3, nx = {g, k}| = 2, ny = {h}[ =1
ecn=V{jeJr:n;(Il) >2}=aVb=e

E(Il) ={j € Jr: n;(I) = 2} = {k}.

Since |E(IT)| = 1, Med(IT) = {cm, en V k} = [e,g]. And one cheks that ¢f; = \/{j € Jp:
n;(II) > 2} =aVbVk=g=cy=A\{me My n,(II) > 2}.

We shall illustrate how to apply the results of this section in the case of H and C.

5.2.2 The median rule for the choice functions satisfying the heredity
axiom (H)

First we precise the minimum path lenght metric on H. Since H is a covering sublattice of &
(Corollary 1) the distance between two choice functions in H is the same that their distance
in S§. Then since S is a Boolean lattice (Definition 9.4), d(c,c’) = r(cU ) —r(end) =

Yiacslleud(A) = lend(A)].

We use the same notations that in 5.2.1 except that for cp, 4] in Jy, we write nj, 47(II)
(instead of nc, , ). So for Il € H" and c[, 4) € Ju:

o np () ={i € N: cjpa) <ci}|={i € N: x € X C Aimplies x € ¢;(X)}|
o e =U{Niex cit K SN, |K|>n/2} = H{cz,a) € In: Nz > n/2}
o ¢ =U{Nicxcit K C N, |K|>n/2} = H{cp,a) € Tn: Nz > n/2}
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The set of medians of a profile IT € H™ is denoted by M ed (II).
We denote by H* the set |J,,.,H" and consider the following axioms for a consensus rule
F: H* — 21— {0}
e F'is consistent if F(II) N F(II') # () implies that F(IIII') = F(II) N F(II') (for all II,
I e H*).

e F'is unanimous if F(c, ...,c) = ¢, for every c € H.

e ['is quasi-Condorcet if for every IT € H*, for every c[, 4] € J3 such that ny, 4(II) =
n/2, [eU ¢, 4) € F(IT) if and only if c U Cla,a] € F(II)).

Then applying Theorems 9 and 10, and noting by [cr, ¢fj]# the interval determined by cpy
and cf in the lattice H, one gets:

Theorem 11 Let H be the lattice of all choice functions verifying the heredity axiom.

o For every I1 € H™, Medy(I1) = [cm, ¢fy]x-

o A consensus rule H* — 2" —{(0} is the median rule associating to each profile II the set
of medians Medy (1) if and only if it is consistent, unanimous and quasi-Condorcet.

Example 11 Consider the lattice H(2) represented in FIG.3 and take IT = (1,2,12; 1,2, 12;
1,2,12; 1,2,12). In order to compute the medians of this profile one can remark that the
lattice H(2) is isomorphic to the lattice of FIG.1, and that in this isomorphism the above
profile IT corresponds to the profile Il = (b, g, h, k) considered in Example 10. Since the
medians of this last profile are e and g the medians of the first profile are 1,2, 12 and 1, 2, 12.
Note that in this example there exists no other choice functions between the two medians
of II. More generally, since S is a Boolean lattice, the interval [cry, ¢f;] is the set of medians
of IT in §. When IT € H", the set [cr, ¢}y of medians of IT in H is [crm, ¢f;] N'H, which is
generally a strict subset of [err, ¢f].

5.2.3 The median rule for choice functions satisfying the concordance
axiom (C)

Recall (Corollary 3) that the lattice C of choice functions on S satisfying the concordance
axiom (C) is lower semi-modular (Definition 9.5). We denote by Medc (II) the set of medians
of a profile IT € C". ¢f; = N{c € M¢: n.(II) > n/2} where (Corollary 2) M¢ = {¢®®,x €
SYu{clv Ve 4y eV C S}

By applying Theorem 9 we have the following result:

Proposition 16 For every Il € C*, and for every ¢ € Medc(II), ¢ < ¢f.

According to Remark 9 it would be also possible to obtain a lower bound for the medians
of IT in C.
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6 Conclusion

In this paper we have shown how to apply the general results of the latticial consensus
theory to the consensus problems for classes of choice functions which are lattices, and in
particular for the choice functions satisfying the heritage, concordance or outcast axioms.
This approach need to study the structural properties of such lattices, what has been done
in Sections 3 and 4.

Some results obtained by this approach have been given in Section 5. One can compare these
results with other results obtained by the more classical approach followed by the russian
school and summarized in Aizerman and Aleskerov’s book ([1]). In fact, this comparison
can concern only the axiomatic approach since the metric approach is not considered (at
least) in this book?. The main difference is that our axioms on consensus functions are
defined with respect to the irreducible elements of the lattice of choice functions considered,
whereas their axioms are always defined with respect to the choice functions c4 . These
choice functions are not explicitly considered in their work, but all their consensus functions
satisfy what they call the local property, namely:

For all II, I’ for every A C S and for every x € A[{i € N: z € ¢;(A)} = {i € N:
red(A)} = [z € c(A) <=z € I/(4)].

Since Js = Je = {cas, A C S, x € A} this locality axiom is our J-decisiveness axiom for
the lattices S and C. Aizerman and Aleskerov define also a neutrality and monotonicity
axiom with respect to the choice functions c4 ,. For the lattice S (or C) the combination of
their two axioms is equivalent to our neutrality monotonicity axiom (see [21]).

Then for these two lattices we have the same axioms and for instance our Theorem 7 for
choice functions satisfying the concordance axiom (C) corresponds to case 2 of Theorem 6.10
in [1]. For other lattices of choice functions the axioms are different but can lead to the same
classes of consensus functions (in fact these classes are always the class of all federation con-
sensus functions or the restricted classes of oligarchic or co-oligarchic consensus functions).
It is for instance the case for our Theorem 8 concerning the choice functions satisfying the
outcast axiom (O). We obtain the class of join-projection (co-oligarchic) consensus functions
like in Theorem 6.10 quoted above.

Aizerman and Aleskerov’s book contains also many results for various strengthenings of their
basic axiomatic and/or for other classes of choice functions in particular those which are
proper (i.e. such that the choice is never empty) and those obtained by combining the three
fundamental axioms (H), (C) and (O). Recall that one obtains the class of rationalizable (re-
spectively rationalizable by a partial order, or path-independent) choice functions by taking
the choice functions satisfying axioms (H) and (C) (respectively axioms (H), (C) and (O),
or axioms (H) and (O)). These three significant classes of choice functions are not lattices
and so one cannot use Theorem 4 or 5 of our paper. However they are join semilattices with
the set union as join operation. For instance, the U-semilattice of path independent choice
functions has been studied in [24] (see also [9], [10]). And on the other hand many results
of axiomatic and metric latticial consensus theories have been extended to semilattices (see
e.g. [11], [12], [13], [14], [18], [19], [21]). Then such results can be applied to the above
semilatticial classes of choice functions, modulo the study of the structural properties of
such semilattices. Here also one can get again some results of Aizerman and Aleskerov’s
book or to find different results. Since our aim was more to illustrate the approach using
the latticial consensus theory than to enumerate results obtained by this approach we send

°The metric approach has been considered by people like Mirkin ([20]) but not for choice
functions.
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back to [27] for cases concerning semilattices of choice functions. Note that work remains to
do in this direction since the structure of such semilattices has not always been completely
determined. In fact even in the case of the lattices considered here, we don’t know all the
join-irreducible elements of O as well as the dependence relations 3 in C and § and 3 in O.
We hope to progress on those points in future.
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