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Abstract

Exchange and allocation of a heterogeneous divisible commodity (e.g., land or cake)
that is modeled as a measurable space is considered. The exsistence of a competitive
equilibrium with additive prices in ’land’ trading economy with unordered convex
preferences is proved. Also the existence of a weak core and a fair allocation are

established.

JEL classification numbers: D51, D63
Keywords: Land trading economy, equilibrium, core, fair division.



1. Introduction

We consider exchange and allocation of a heterogeneous divisible commodity. One
notable example of such a commodity is land. This problem is coined in literature as
the ’cake division’ or ’land division’ problem. A heterogeneous divisible commodity is
modelled as a measurable space (X, ). In theoretical models of land economics, X is
assumed to be a Borel measurable subset of Euclidean space R? (or more generally
RF) and ¥ to be the Borel o—algebra B(X) of subsets of X. It is usual to consider
this measurable space with the Lebesgue measure.

Berliant [3] is the first to study a competitive equilibrium in the context of a
land trading economy. He shows the existence of a competitive equilibrium in the
case when preferences over land plots are represented by utility functions of the form
U(B) = [,u(x)dz, so that U is a measure on B(X) absolutely continuous with respect
to the Lebesgue measure. His proof uses a method that imbeds the land trading
economy into an economy with the commodity space L. (X), and then uses Bewley’s
equilibrium existence results [2] along with the methods of infinite dimensional analysis
to establish the existence of an equilibrium.

Dunz [9] studies the existence of the core for substantially more general
preferences. In [9] preferences are given by the utility functions that are compositions
of quasi-concave functions with a finite number of characteristics of land parcels.
Dunz proves that under these assumptions on preferences the weak core of a land
trading game is nonempty. These chracteristics are countably-additive over land
parcels. Assigning a finite number of additive characteristics to land parcels is a
common assumption made in empirical literature on land trading. Dunz [9], based
on results of his joint work with Berliant [4], argues that ”...if prices are required to
be additive ... then an equilibrium might not exist. If no equilibrium with additive
prices exists, then it is not clear what the final allocation of the economy will be
since there would always be arbitrage opportunities. This suggests that competitive
equilibrium might not be the appropriate solution concept for economies with land.”
However, nonexistence of equilibrium in the example in Berliant-Dunz [4] is of the
same nature as one in the classical case of trading divisible commoditiies and is due
to nonconvexity of preferences. One of the goals of the present paper is to show
that a competitive equilibrium with an additive price exists in land trading economy
with rather general unordered ’convex’ preferences. In particular, preferences are
not assumed to be ordered. In fact this is done in a more abstract context of a
measurable space trading economy. We show the existence of an equilibrium with the
equilibrium price that is a measure, v, on (X, ), absolutely continuous with respect
to the sum of all characteristic measures. For the land trading economy, where all
characteristic measures are assumed to be absolutely continuous with respect to the
Lebesgue measure A\, we obtain that the equilibrium price v, is absolutely continuous



with respect to the Lebesgue measure A\. Hence the Radon-Nikodim derivative g—K is an
integrable function A on measure space (X, 3, A) (see [1, p. ]). Sov(B) = [ h(x)d\(x)
for all measurable sets B in X. Function h can be interpreted as equilibrium price
density on X.

Then, using the standard scheme, we show that a competitive allocation is a
weak core allocation. This core existence result generalizes Dunz’s [9] core existence
theorem in two directions; first, it considers the division problem in the setting of
abstract measurable space and does not assume the existence of a reference measure,
and the second, preferences are not assumed to be ordered.

The next topic that is dealt with in this paper is the existence of a fair division.
Examples of the fair division problem are: division of a heritance fairly among
inheritants, designing land reform laws that allows to divide the land owned by a
collective farm fairly among members of the collective farm in transition economies.
On a deeper level fairness can be regarded as an essential and desirable property of a
solution concept in economics (and game theory).

Weller [15] considered a problem of fair division of a measurable space (X,3)
with a finite number of atomless measures discribing agents’ preferences over
measurable subsets. He shows the existence of an envy-free and efficient partition in
this problem. In a somewhat different setting, namely when X is a measurable subset
of the Euclidean space R* and preference measures are nonatomic and absolutely
continuous with respect to the Lebesgue measure, Berliant-Thomson-Dunz [5] shows
the existence of a group envy-free and efficient partition. The concept of group
envy-free partition is stronger than the concept of envy-free partition. Neither of these
results implies the other; Weller’s result is concerned with more abstract problem of
fair partitioning an abstract measurable space with no reference measure. On the
other hand, Berliant-Thomson-Dunz’s [5] Theorem 2 states the existence of a fair
partition in a stronger sense. Our approach to the fairness problem will be abstract
and we will consider much more general preferences over measurable pieces. The
result established here implies both of the above discussed results.

In proofs of the main results of the paper we use the following scheme. We
reduce a problem of trading a heterogeneous divisible commodity to the one of
trading a finite number of homogeneous divisible commodities (totality of subjectively
attributed characteristics of measurable pieces), where endowments are subsets in the
commodity space rather than commodity bundles. We then transform this economy
to the general model of economy introduced by Gale and Mas-Colell [10] with the
advantage of employing their competitive equilibrium existence theorem.

This introduction is followed by a section devoted to definititions and some
preliminary results. Section 3, the central to the paper, studies the existence of a



competitive equilibrium and core of the measurable space trading economy. Section 4
studies fairnes criteria for this economy.

2. Preliminaries

We consider a measurable space trading problem set in the following way. Let (X, X)
be a measurable space (the cake or land plot) and let P = {A;, As,..., A,} be a
measurable ordered partition of X. Let puq,po,...,u, be nonatomic finite vector-
measures on (X, ) of dimensions sy, So, . . ., S, respectively. The interpretation is that
there are n persons N = {1,2,...,n} each contributing his share A; (i € N) and parts
of the cake, X, are valued by individuals according to their measures i, pio, ..., fin,
respectively. The components of vector-measure p;(B) are interpreted as measures
of different attributes of a measurable piece B attached to this piece by individual .
We assume that individual ¢ has a preference >; over his subjective attributes profiles
wi(B), B € ¥ and hence over measurable sets B € ¥. We will use the same symbol
>, for denoting both of these preferences. No confusion should arise. Every ordered
measurable partition By, By, ..., B, will be interpreted as a feasible allocation of X.

Definition 1. A pair (P = {B, B, ..., By}, v) consisting of a feasible partition
P and a measure y is said to be a competitive equilibrium if for each individual ¢ subset
B; maximizes his preference ; in his budget set

Bi(v) = {B € S| v(B) < v(A)}.

In this case P = { By, Bs, ..., B,} is called an equilibrium allocation and measure
v is called an equilibrium price.

A coalition is an arbitrary nonempty subset of N. The set of all coalitions
is denoted as AN. All partitions considered further are assumed to be ordered and
measurable. Further, the terms partition and division will be used interchangably.

Definition 2. We say a coalition I C N improves (weakly improves) upon a
division P = {By, B, ..., B,} if there exists a partition @ = {C; |i € I} of A() =
UierA; such that C; =; B; for all i € I (not B; =; C; forall i € I and C; »; B; at
least for one i € I.)

Definition 3. Partition P = {By, By, ..., B,} is said to be a weak core allocation
(core allocaton) if there is no coalition that improves (weakly improves) upon allocation
P. The set of all weak core allocations is called the weak core (core) of the measurable
space trading problem.

Next, we introduce two concepts of Pareto efficient partition.
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Definition 4. Partition P = {By, Bs,...,B,} of X is said to be weak Pareto
efficient (Pareto efficient) if there is no partition P' = {B}], B},..., B/} of X such
that u;(B]) =; pi(B;) for all i € N (not B; »=; B, forall i € N and B! >; B; for at
least one i € N.)

We will identify a vector of vectors (perhaps of different dimensions) as a long
vector with scalar coordinates arranged in the lexicographic order. Sometimes we will
denote coordinates with double indexes, with the first index being the index of the
component vector and the second one the index of a component in that component
vector .

The following theorem is a generalization of a result known as Dubins-Spanier’s
theorem (see also C. Aliprantis and K. Border [1] page 358) and easily follows from
this result. It is to be noted that this theorem was discovered a decade earlier
Dubins-Spanier’s theorem by Chernoff [7].

Theorem 1. Let (X, X)) be a measurable space and let puy, pia, - . . , i, be nonatomic
finite vector measures on (X,X) of dimensions sy, Sa, ..., Sy, respectively. Then the
following set in R*, where s = Z?zl 55,

R ={(wi(By))-, € R°| P=(By,Bs,...,B,) a partition of X'}

15 compact and convex.

Proof of Theorem 1 based on Dubins-Spanier’s theorem. Let g = (ug)i_;
be a vector measure (g1, 2, .., M,) of dimension s. With every partition
P = (By,By,...,B,) € II"(X) we associate the s x n matrix of reals M (P) = (ux(B;)).
Denote by M**™ the space of all s x n matrices with real entries. By the Theorem 1 in
Dubins and Spanier [8] the range R’ C M**™ of matrix-valued function M is compact
and convex.

Let L : M**" — R® be a mapping defined in the following way. The first s;
components of L(M) are the first s; entries in the first column of matrix M, the second
Sy components are the entries in the second column of M with the column indexes
s1+ 1 through s; + s9, and so on. Clearly L is a linear mapping with L(R') = R. Since
R’ is compact and convex it follows that so is R. |

3. Existence of a competitive equilibrium and a core

In this section for a preference >; on R we denote P(z;) = {2} € RY | x} =; z;}.
Clearly, correspondence P; defines >; in the unique way. We assume that preferences



=; or P, (i € N) are continuos, that is graphs of correspondences P; are open
relative to R x RY, and that they satisfy the following assumption.

Assumption (Weak Monotony). 1If for z;, x, € RY and z; > x;, then
P,(x}) C Py(x;) for all i € N.

We assume the following about the initial endowments of individuals.

Assumption (Positive Endowments). For each i € N, set A; can be divided into
n measurable parts A;; (j € N) so that p;(A;;) > 0 for all j € N.

In the case, when for each i € N there exists a component measure p;;(A;) > 0
and all the component measures are mutually absolutely continuous, then it is easily
seen that the assumption of positive endowments is satisfied.

The central result of this paper is the following competitive equilibrium existencce
theorem.

Theorem 2. If attribute vector-measures p;, i € N are nonatomic, preferences
=i, 1 € N are irreflexive continuos weakly monotone and convex, then there exsists
a competitive equlibrium (P = {Biy, Bs,..., By}, v) in the measurable space trading
economy. Moreover, the equilibrium price measure v is absolutely continuous with
respect to the sum of all component measures of vector-measures ji;, © € N.

Proof. We will reduce the above exchange economy to an economy of exchange
of a finite number of divisible homogeneous commodities, where endowments of
individuals are sets in the consumption spaces, rather than a single commodity
bundle, from which the individuals are free to choose.

There are s commodities in this economy. Thus the commodity space is R?, the
s—dimensional Euclidean space. RS and R%, denote the nonnegative and positive
cones in this space, respectively. For i € N, R will be a consumption space of
individual ¢. It will be considered as a coordinate subspace in Y.

We define the initial endowment set £; C R° of individual ¢ in the following way:

E; = {(p1(C), pa(C2), ..., in(Cr)) | {C1, Cy, ..., Cy} is a partition of A;}.

By Theorem 1 initial endowment sets are compact and convex.

Denote A the unit simplex in R®. A price p will be an element of A. Wealth of
individual ¢ is defined as

a;(p) =max{p-x |x € E;} for alli € N.
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Budget set of i is defined as
Bi(p) = {z € R* | p” -2 < cu(p)}-

Preferences of individual i are defined through mapping P; : R} — R} that
is irreflexive, that is z; ¢ P,(x;), has an open graph in R} x RY, and its values are
nonempty convex sets.

Define the set of aggregate endowment vectors as the algebraic sum of individual
endowment sets, that is £ = .\ F;, and the technology as Y = £ + R?.

Fact 1. Y is closed, has a nonempty bounded intersection with the nonnegative
cone RY.

Proof is routine.

Let Ey C E be the Pareto frontier of Y, otherwise the smallest set with
Y =FEy+ R°.

Definition 4. A competitive equilibrium in the above described economy & is
defined as an (2N +1)— tuple (21, Za, ..., Tn, U1, Y2, - - - s Un, D) € ((ILienRY) xIien E;) X
A such that

ieN ieN
p-&;=p-y =ap) for i €N, (2)
and
P(z;)NB;i(p) =0 for i € N. (3)
Define
II(p) =sup p- Y forp € A. (4)

Obviously sup in (4) is attained for each p € A.

Fact 2. I1: A — R, is a nonnegative continuous function.
Proof is routine.
By the definition of Y and E we have

M(p) = Zai(p) for p € A. (5)

(This is known as ’aggregation’ in Microeconomics, see Mas-Colell et al [12]
Proposition 5.E.1.) Following Gale and Mas-Colell [10], observe that

ﬁ'!foIZﬁy}:Zai(ﬁ):maxp-Y.

1EN 1EN
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By the Positive Endowments assumption F; contains a strictly positive vector.
It follows that
a;(p) >0forallpe A, i € N. (6)

Now we have the following economy
Eo={Y, {R*, P, ai}ien}

satisfying all of assumptions of Gale-Mas-Colell existence theorem [10]. So there
exists an (N 4 1)— tuple (23, %9, . .., @, p) such that conditions

Zfi - QZ_O € Y, (7)

iEN
p-T; = ai(p) for i € N, (8)
and
P(z;)NBi(p) =0 for i e N (9)

are satisfied.

Definition 5. Call an (N + 1)— tuple (71, %3,...,%,,p) satisfying conditions
(7)-(9) a competitive pseudoequilibrium in £.

So a competitive equilibrium in & is a competitive pseudoequilibrium in £. Next

we will show that for every competitive pseudoequilibrium (z7, 3, . .., Z,, p) in € there
exists y; ¢ € N such that (€1, Za,...,Tn, Y1,Y2,---,YUn,P) iS a competitive equilibrium
in £.

In this step we make use of the Weak Monotony assumption. So let
(€1, @2, ..., 2n, D) be a competitive equilibrium in &. Then ) .\ T; = 2y € Y.
If ©y € Ey, then since Ey C E

Zog = Z T; = Zﬂz
iEN iEN
for some y; € E; (i € N) and such that equations (1) are satisfied. Since p - 7y =
max p-Y it follows that equations (2) are satisfied. Thus (21, T2, ..., Tn, U1, Y2y« -+, Yn, D)
is a competitive equilibrium in €. Assume 7y ¢ Ey. It follows from the definition of
Y and FEj that there exists #y € Fy such that g > xy. Set &; = ;4 (£o—xo)* for i € N.
Then

E CI?Z: E l'_l—i— E (1?0_170>Si :ilfo.
iEN iEN iEN

So (&, @s, ..., 2,) is feasible.



We have
Pt =p-T; = ap) for i € N.

Otherwise, ; would not be a profit maximizing consumption at price p.
Since #; = &;, by the weak monotony assumption it follows that P;(#;) C P;(Z;).
This inclusion together with equation (9) imply that

So, we have constructed a new competitive equilibrium (2, %o, ..., 2,,p) in & such
that
Zfl =2 € Ey. (10)
i€EN

We have shown above how to construct a competitive equilibrium in £ from one
of & with the property (10). Thus we have proven the existence of a competitive
equilibrium in economy &.

Let (&1, T, .., Tn, U1, Y2, ---,Un, D) be a competitive equilibrium in economy €&.
By the definition of sets F; (i € N) there are partitions P, = { A}, A?, ..., A"} of sets A;

such that (u1(AD), ua(A2), ..., pn(A?) = ; for each i € N. Set B; = Ujen Al (j € N).
Clearly {By, Bs, ..., B,} is a partition of X. Define a measure v on ¥ by setting

v(D) = Zﬁsi (DN By) for D e X.
ieN
Obviously v is a measure on X absolutely continuous with respect to 6 =

D ieN Dot ). We will show that the pair ({By,Bs,...,B,},v) is a competitive
equilibrium in the measurable space exchange economy. Show that B; is »=; —maximal
in the budget set of individual i, B;(v) for ¢ € N. Assume on the contrary, for some i

there exists B € B;(v) such that B >=; B;. Thus
v(B) <v(A;) =v(B:i) = a;(p)

and p;(B) € P;(1i(B;)). This preference implies that

P - ui(B) > p* - p(By) = w(By) = ai(p) = w(B) = Y p¥ - ji;(BN By).

Otherwise
Pom(B\B) > Y pY-p(BNB;).
JEN\{i}
This inequality would mean that selling the piece B \ B; at price p* is more

profitable for agents possessing this piece. This contradicts to the profit maximization
property, that is to the optimality of divisions {Aj}, A3,..., A7} for i € N. [ |



Corollary 3. Under the conditions of Theorem 2 the weak core in the measurable
space trading economy is nonempty.

Proof. By Theorem 2 there exists an equilibrium ({By, B, ..., B,}, ). We show
that {By, Bs, ..., B,} belongs to the weak core. Assume on the contrary, there exists a
coalition I that improve upon partition { By, Bs, ..., B, }. Thus there exists a partition
{C;|i € I} of A() = UesA; such that C; »=; B; forall ¢ € I. Then since
({B1, By, ..., B,},v) is an equilibrium we have v(C;) > v(B;) for all i € I. Adding
these inequalities we will get v(C(I)) > v(A(I)). This contradicts to C(I) = A(1). &

It is obvious that every (weak) core division is (weak) Pareto efficient. For the
coincidence of the weak core (the weak Pareto set) and the core (the Pareto set) some
assumptions are required.

Proposition 4. If preferences =; are the strict parts of rational continuous
preferences =;, monotone (for x;,x; € RY, xj > x; implies x} =; x;,) and if measures
N = Zj;l w! (i € N) are absoluely continuous with respect to each other, then the

weak core (the weak Pareto set) and the core (the Pareto set) coincide.

Proof. We now show that the weak core and core coincide. Let a coalition [
weakly improve upon a division P = {By, Bs, ..., B,} via division @ = {C; | i € I}
of A(I) = UjerA;. So we have not B; >; C; forall i € I and C; »; B; for at least
one i € I.) Since preferences are assumed to be the strict parts of rational preferences
[not B; =; C] is equivalent to [C; =; B;|. Let C;, =, B, for ig € I. Then by the
weak monotony assumption we have p;,(C;,) > 0. By the mutual absolute continuity
assumption p;(Cy,) > 0 for all i € N.

By continuity of >;, there exists d > 0 such that for D C C;,, w;,(D) < d and
Ci, \ D =, Bi,. By nonatomicity of measure p;, such subset D exists. By Theorem 1
there exists a partition D;, i € I) for D such that u;(D;) = ﬁui(D) for all 7 e I.
Define F;, = C;y \ D, and F, = C;UD,; for i € I\ {ip}. Then {F; | i € I}
is a partition of A(I) such that F; >; C; for all i € I. Thus I improves upon division P.

Corollary 3 and Proposition 4 imply

Corollary 5. If in addition to the assumptions of Propsition 4 preferences are
convezx, then the core in the measurable space trading economy is nonempty.

As it is noted in the Introduction the main result of Dunz [9] follows from
Corollary 5. Notice that in [9] continuity of utility functions is not explicitly assumed.
As the following example shows without this assumption the weak core may be empty.
Although in [9] this result is formulated as the existence of the core (rather than the
weak core), the method of the proof is based on Scarf theorem on nontransferable
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utility games which asserts only the existence of the weak core.

Example. Consider X = [0,2] x [0,2] C R? with the Lebesgue measure p. Let
there be two agents with endowments A; = [0,1] x [0,2] and Ay = (1,2] x [0, 2]
and preferensces are defined in the following way. Let both agents have the common
characteristics puy, 12 defined as yi;(B) = [, gi(x)du(z) (i = 1,2) for measurable B C
X, where g; (i € N) is the characteristic function of A; (i € N). Let uy,us : R2 — R
be defined as

T for 0 < zq,29 <1,
ur(zy,00) = 2—x1 forl<m <2,0< 2y <1,
0 elsewhere.

and ug(x1, z2) = uq (2, 7).

It is easily verified that functions u;, us are quasiconcave. It is easy to calculate V(1) =
{(Ul,UQ) ‘ U1 S O}, V(Q) = {(Ul,Ug) ’ UQ S 0} and V(1,2) = {Ul,Ug) ‘ Ul <
0, Uy < 0}. Thus V(1,2) is open and therefore the weak core and hence the core is
empty.

4. Existence of fair divisions

Let (X,3) be a measurable space. Let as above preferences of agents over measurable
subsets in X are defined in the following way. Agent ¢ € N attributes s; quantifiable
characteristics to these subsets modeled as positive finite measures pi, p?, ... p" on
Y. We denote j; = (uj, 2, ... p;"). Then preferences of agent i are given through a
preference mapping P; : RY —— R that is nonempty-valued, irreflexive and has an
open graph in RY x RY.

Definition 6. A division P = {A;, Ay, ..., A,} of X is said to be fair if it is
(a) Pareto optimal, that is if there is no other division @Q = {C},Cs,...,C,)} such
that u;(C;) € Py(ui(4;)) for i € N,
and
(b) envy-free, that is if p;(A;) ¢ Pi(1i(A;)) [otherwise, not A; >=; A;] for 4,5 € N.

Definition 7. A division {Ay, Ao, ..., A, } is weak group envy-free if for every pair
of coalitions Ny, Ny with |N;y| = | N3] there is no division {C;}ien, of Ujen, A; such
that C; € P;(A;) for all i € Ny.

This definition is adapted from Berliant-Thomson-Dunz [5]. Obviously if an

allocation is weak group envy-free then it is envy-free and weak Pareto efficient.
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Definition 7°. A division {Ay, As, ..., A} is group envy-free if for every pair of
coalitions Ny, Ny with |Ny| = |Ns| there is no division {C;};en, of Ujen, A; such that
A; ¢ P,(C;) for all i € Ny and C; € Pi(A;) at least for one i € Nj.

Of course when preferences P; are derived from rational preferences »=; then the
last part of Definition 7’ will be read as "C; =; (4;) for all i € N; and C; =; A; at
least for one 7 € N;.”

As in the proof of Proposition 4 it can be shown that under the assumptions
of Proposition 4 every weak group envy-free division is group envy-free, that is two
concepts coincide.

Theorem 6. Under the assumptions of Theorem 2 there exists a group envy-free
and Pareto efficient allocation.

Let 4/, i € N be nonatomic measures on (X, ). If there existed a partition of X
into n parts, say C}, j € N, so that restrictions of vector-measure p = (1, pio, - - - , fin)
into Cj, j € N have identical ranges, then one could exploit the standard scheme of
a proof of the existence of a fair division by assigning each individual j the piece Cj.
The author does not know whether such a partition exists. Therefore we are not able
to derive the existence of a fair division from the existence of an equilibrium division.

For proving the existence of a fair (or more generally, a group envy-free and
efficient) allocation, we will use the method exploited above for establishing the
existence of a competitive equilibrium. More explicitly, we will first construct an
economy with the aggregate endowment set, and then generate from it an economy
of the type as in Gale-Mas-Colell [10], in which individuals are given equal profits.
Further, we will use a competitive equilibrium of the latter economy for constructing
a division in the measrable space division problem that is group envy-free and Pareto
efficient.

Proof of Theorem 6. Define
E = {(/Ll(Al),,ug(Ag), e ,,un(An)) | {Al, AQ, R ,An} is a partition OfX}

By Theorem 1, E C R’ is a nonempty compact convex set. Set ¥ = F+ R® and
X, = RY for i € N as in Section 3. As before define
a(p) =max p-Y.
Define individual wealth functions by setting a;(p) = @, for i € N. It is easily seen
that a(p) > 0 and hence
a;(p) >0 for all pe A.

Budget sets are defined as
Bi(p) ={xi € Xi | p* - v < ou(p)}-
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So, we have an economy & for which a competitive economy is defined in the following
way.

Definition 8. An (n + 1)—tuple (21, %2, ..., 2Tp,p), where ; € X; and p € A'is
said to be a competitive equilibrium in economy &, if z; is a P;—maximal element in
the budget set B;(p) for all i € N.

For economy & all conditions of Gale-Mas-Colell equilibrium theorem [10] are
satisfied. So, there exists a competitive equilibrium (&3, Z, ..., Z,,p) in economy €&.
We have

917022@ €Y and p-2p=max p-Y.
ieN
If 2 € PF(Y), then @y € E, and hence there exists a division {Bj, By, ..., B,} of X
such that
Mz(Bz) =x; for 7 € N.
As in Section 3 define a measure v on X by setting

v(D) =Y p*- (DN B;) for DeX. (11)
ieN
We have
_ =55 _ o Oé(ﬁ) .
v(Bj) =" - 1j(B)) = aj(p) = — = for all j€N.

We assert that division B = {Bj, Bs,...,B,} is group envy-free and Pareto
efficient. Assume it is not group envy-free. Then there exist N;, No C N such
that |Ni| = |Ny| and there is a division U;en, C; of Ujen, B; such that C; € Pi(B;)
for all ¢« € Np. It follows then v(C;) > v(B;) for all ¢ € Nj. Summing up
these inequalities we will have v(Ujen,C;) > v(Ujen, B;). But from (11) we have
V(Uiem Ci) = v(Ujen, Bj) = %a(ﬁ) = v(Ujen, Bi). Assume now that division B is
not Pareto efficient. Then there exists a division C' = {Cy,Cy,...,C,} of X such
that C; € Pi(B;) forall ¢ € N. Then v(C;) > p;(B;) forall ¢ € N. Summing
these inequalities we will have Y .y v(C;) > >,y v(B;) that is v(X) > v(X), a
contradiction.

If 2o ¢ PF(Y), where PF(Y) is the Pareto frontier of Y, then there exists
o > Ty such that 2o € PF(Y), and hence zy € E. Using the weak monotony
assumption as in Section 3 we reduce the situation to the case of o € N. [ |

In the case when X is a subset of Euclidean space R*¥ and preferences >; are
given by scalar measures on the Borel o—algebra of sets in X absolutely continuous
with respect to the Lebesgue measure we obtain Theorem 2 of Berliant-Dunz-Thomson
[5]. Notice that in their approach there is a reference measure (the Lebesgue measure)
while our approach does not involve any such measure.
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Corollary 7. Under the assumptions of Theorem 2 there exists a fair division
of a measurable space (X,X).

When each agent ¢ has a single atribute formalized as a finite positive measure p;
on Y and preferences =; are defined simply as strictly greater relation on R, in other

words, if preferences are given by a scalar measure on X, we obtain Weller’s fairness
result [15].
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