HOW TO CUT A CAKE WITH A GRAM MATRIX

GUILLAUME CHEZE AND LUCA AMODEI

ABSTRACT. In this article we study the problem of fair division. In particular
we study a notion introduced by J. Barbanel that generalizes super envy-free
fair division. We call this notion hyper envy-free. We give a new proof for the
existence of such fair divisions. Our approach relies on classical linear algebra
tools and allows us to give an explicit bound for this kind of fair division.
Furthermore, we also give a theoretical answer to an open problem posed by
Barbanel in 1996. Roughly speaking, this question is: how can we decide if
there exists a fair division satisfying some inequality constraints?
Furthermore, when all the measures are given with piecewise constant density
functions then we show how to construct effectively such a fair division.

INTRODUCTION

In the following X will be a measurable set. This set represents an heterogeneous
good, e.g. a cake, that we want to divide between n players. A division of the cake
is a partition X = U ; X;, where each X; is a measurable subset of X. After the
division X; is given to the i-th player. A natural and old problem is: how to get a
fair division?

This problem appears when we study division of land, time or another divisible
resource between different agents with different points of view. These problems
appear in the mathematics, economics, political science, artificial intelligence and
computer science literature, see [DS61, Mou03, BCE*16].
In order to study this problem, to each player is associated a non-atomic probability
measure p;. Thus, in particular p;(X) = 1, and pu; (AU B) = p;(A) + pi(B), where
A, and B are disjoint measurable sets. These measures represent the preference of
each player. Several notions of fair divisions exist:

e Proportional division: Vi, u;(X;) > 1/n.
Exact division: Vi, Vj, u;(X;) = 1/n.
Equitable division: Vi, Vj, 1;(X;) = p;(X;).
Envy-free division: Vi, Vj, u;(X;) > i (X;).

All these fair divisions are possible, see e.g [Sted8, DS61, BT96, RW98, Chel7,
SHS, Wel85].

Some fair divisions are possible under some conditions. This is the case for super
envy-free fair divisions. We recall the definition of a super envy-free fair division:

e Super envy-free division: Vi, Vj # ¢, u:(X;) > 1/n > pu(X;).
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Barbanel has shown in [Bar96b] that a super envy-free division is possible if and
only if the measures pu; are linearly independent. Actually, if the measures are
linearly independent then there exists a real 4 > 0 such that:

wi(X;) > 1/n+96, and p;(X;) <1/n—4/(n—1).

We can define an even more demanding fair division. For example, we can imagine
that the first player would like to get a partition such that:
pa(X1) =1/n+ 34,
Ml(Xg) = 1/7L + 29,
i1 (X1) = i (Xs) = 1/n + 3,
p1(Xz) = p1(Xe) = 1/n — 60.
This means that the third, the forth and the fifth player are friends with the
first player, but the second and sixth player are not friends with this player. Fur-

thermore, the first player prefers the third to the forth and the fifth player. Thus
the previous conditions given by the first player imply:

i (X0) > 1 (Xs) > pa(Xa) = i (Xs) > - > 1 (Xo) = pa(Xo).

This means that the first player do not want to envy the other players, but he or
she also has a preference between the other players. The first player do not consider
the others in a uniform way. Obviously, similar conditions can be expected by the
other players. This kind of situation is not taken into account in the definition of
envy-free fair divisions.

Reciprocally, if we have conditions of the following type:

1
C): wilXey) = > pi(Xo, 1)) > —> i Xo(tisn)) = = pi(Xoy(n))s

for all ¢ = 1,...,n, where 0; € &,, is a permutation, then this gives a family of
conditions:

wi(Xo,(j)) = % + Kig,(j), foralli=1,...,n

Kio,(5) = Kio;(j+1), foralli=1,...,n;5=1,...,n—1,
0 < kig,(jy, foralle=1,...,n, and j <1,

—— < kig;(j) <0, foralli=1,...,n, and j > [,
ZZLLZI Kio,jy =0, foralli=1,... ,n.

These kinds of conditions have also been studied by Barbanel in [Bar96a, Bar05].
This leads to a notion of fair division that we call hyper envy-free.

Definition 1. Consider a matrix K = (k;;) € M,,(R), such that foralli =1,...,n,
> i=1 kij = 0 and a point p = (p1,...,p,) such that 37, p; = 1, with p; > 0.

We say that a partition X = U}, X; is hyper envy-free relative to K and p when
there exists a real number § > 0 such that

wi(X;5) = pj + kijo.

Barbanel has given a criterion for the existence of a hyper envy-free division.
Unfortunately, the proof of this result does not give an explicit bound on § and a
natural question is: How big § can be?
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For example, with k;; = —1/(n—1), k;; =1l and p= (1/n,...,1/n) we get a super
envy-free division. In this situation, if ¢ is big enough we can have u;(X;) close to
1 for each i and thus we are near a consensus.

In this paper we give a new proof of Barbanel’s result. Our proof is based on a
study of stochastic matrices and the pseudo-inverse of a Gram matrix. Furthermore,
our strategy generalizes the approach for computing super envy-free fair division
given by Webb in [Web99]. This allows us to give a bound on ¢ in terms of the
measures.

Another question related to fair division and asked by Barbanel is the following,
see [Bar96al:

Suppose that p = (p1,...,Pn) is a point such that p1 + -+ + p, = 1 with p;
positive and r;; are n? relations in {<,=,>}. How can we decide if there ezists a
partition X = U | X, such that p;(X;)rijp; ?

This problem is also a generalization of the super envy-free fair division prob-
lem. Indeed, super envy-free fair division corresponds to the situation where p is
(1/n,...,1/n), ry is the relation “>” and ry; is “<”.

We give a theoretical answer to Barbanel’s question in the last section of this article
thanks to the study of the kernel of a Gram matrix associated to this problem.

The organization of our article is the following. In the next section we present our
toolbox. We recall the Dvoretzky, Wald, Wolfowitz’s theorem that will be the main
ingredient of our proof. In Section 2, we prove the existence of a hyper envy-free
division under some linear conditions on the measures p;. This gives a new proof of
Barbanel’s theorem. A direct consequence of our construction gives a bound on 4.
At last, in Section 3 we solve the open question asked by Barbanel. Furthermore,
when all the measures are given by piecewise constant density functions we show
how to construct effectively a hyper envy-free fair division. This gives a method to
construct a partition such that p;(X;)r;; p;. With the same idea we get a method
to construct a division satisfying conditions as the ones given by inequality con-
straints as in (C).

1. OUR TOOLBOX

In this article we suppose that the measures puq,..., p, are given. Furthermore,
each measure corresponds to the preference of a given player. We also suppose in
the rest of the text that the measures p; are countably additive and defined on a
common o-algebra 3 of the subsets of X.

We are going to study linear relations between the measures p;. Therefore, we
recall the following definition.

Definition 2. Let pq,..., p, be n measures on a measurable set (X,X). We say
that these measures are linearly independent when they are linearly independent
as functions from ¥ to [0, 1].
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Remark 3. If we have a relation: Y., A\ju; = 0 then > A = 0. Indeed,
i Aipi = 0 applied to X gives 0= >0 A (X) = >0 A1 =>00 A

Now we introduce the main object of this article.
Definition 4. A matrix M = (p;(X;)) is said to be a sharing matriz when
X =U?,X; is a partition of X.

A sharing matrix is a row stochastic matriz, this means that each coefficient
is nonnegative and the sum of the coefficients of each row is equal to 1. In the
following, we will use classical results about this kind of matrices. We recall below
without proofs these results.

Lemma 5. We denote by e the vector (1,...,1)T. If S = (s;;) and T = (t;;) are
matrices, and s,t € R are such that Se = se and T e =te, then:

(1) N =S8T is a matriz such that N e = ste.
(2) If S is invertible, then s # 0 and S~ is such that S~'e = le.

In the following we define a new measure. This measure will be useful to write
each p;(X;) in term of the same measure.

Definition 6. We denote by p the measure p = p1 + -+ + .
The Radon-Nikodym derivative du;/du is denoted by f;.

The Radon-Nikodym derivative f; exists because u; is absolutely continuous
relatively to p. By definition we have for any measurable subset A C X:

1i(A) = /A fi(@)dp.

Definition 7. The Dvoretzky, Wald, Wolfowitz set (DWW set) is the set of all

matrices
( / ) (x)dui)
X
where 71, ...,n,, are nonnegative functions such that 7 (z) + - -+ + 7, (z) = 1, for
every ¢ € X.

Thanks to the previous notations a matrix in the DWW set can be written

([ matteydn).

The following deep result will be one of the main ingredient of our proof.

Theorem 8 (Dvoretzky, Wald, Wolfowitz [DWW51]). The DWW set is the set of
sharing matrices.

This theorem is classical when we study fair division problems. As a corollary
we get that the set of sharing matrices is a convex set. Barbanel’s proof uses only
this corollary.

In his book Barbanel gives the following lemma, see [Bar05, Lemma 9.10].
Lemma 9. The functions {f;}_, satisfy:

@)+ + fulz) =1,
0< file)<L,VzeXi=1,...,n.
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We can then construct a sharing matrix thanks to the density functions f;. The
following Gram matrix will be the basis of our construction.

Corollary 10. The Gram matric

Glfine- ) = ([ 5@ (o)
is a sharing matriz.

We remark that the matrix G(f1,..., fn) is well defined since by Lemma 9,
fi € L=(X).

Thanks to Dvoretsky, Wald, Wolfowitz’s theorem we know that G(fy,..., fn) is
a sharing matrix. Thus, there exists a partition X = U} ; X; such that

/ £ fi () = a(X;).
X

Remark 11. The matrix G(f1,..., fn) gives a proportional fair division. Indeed,
we apply Cauchy-Schwartz’s inequality in L?(X) where

< f,g>= /Xf(m)g(w)du,

and we get < 1, f; ><||fill II1]].

However
12 = [ dn= [ dn b dy =
X X

<1, fi>= / Jidp = pi(X) = 1.
X
This gives || f;]|> > 1/n. Thus all diagonal elements of G(fi,..., f,) satisfy
Ifill* = ps(X3) = 1/n.

This gives a proportional fair division.

and

This matrix also has other useful properties. For example, this matrix is sym-
metric. Now, we recall a classical property of a Gram matrix.

Lemma 12. Let z denote the vector x = (z1,...,2,)T, and ker(G) the kernel of
a matrix G. We have the equivalence

xeker(G(fl,...,fn)) — zn:xifiinnLZ(X) — zn::ciuiz().

=1 i=1

Proof. We have:

G(fl,...,fn)$:(< fl,z.%‘jfj >0, < fnalejfj >)T.

Jj=1 Jj=1

Thus z € ker (G(f1,..., fn)) means < fi,zyzl z;f; >= 0,¥i = 1,...,n. Com-
bining these equalities we get || 327, x; f;[|* = 0 which implies -7, x; f; = 0 in
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L?(X). The converse implication is straightforward.
Furthermore, we have the following equivalence:

n n
infi =0in L?*(X) <= for all measurable sets A, / Z xi fi(x)dp =0
A4i=1

i=1

<= for all measurable sets A, Z a:,/ filz)dp =0
i=1 A

<= for all measurable sets A, Z x;ui(A) = 0.
=1

This gives the desired result. O

In terms of the measures p; this property implies that G(f1, ..., fn) is nonsin-
gular if and only if the measures p; are linearly independent.

Lemma 13. We denote by G(f1,..., fa)" the Moore-Penrose pseudo-inverse of
G(f1,---,fn) and by e the vector e = (1,...,1)T. We have

G(fi,. ., fo)Te=e
Proof. For a matrix G we have the following classical property, see e.g. [BIGO03,
Ex. 25, p.115]:
(*) Gt =lim GT(GGT + pI)~L.

p—0

p>0
As G(f1,..., fn) is symmetric and row stochastic, then G(fi,..., f,)T is also row
stochastic. Thus, by Lemma 5, the product G(fi,..., fn) G(f1,..., fn)T is a row
stochastic matrix. Then,

(G(fla7fn)G(fla7fn)T+pI)€: (1+p)6

Since p > 0, the matrix (G(fl7 o F) G(f1y o f)T +p[) is nonsingular. Indeed,
G(f1y---s fn) G(f1,-- -, fu)T is a semi-definite positive matrix and thus the matrix
G(f1y-- s fn) G(f1,-- -, fa)T + pI is definite positive. Using again Lemma 5, we

deduce that (G(f1,..., fn) G(fl,...,fn)T+pI)_le = = e. Since G(f1,..., fa)7?

14+p
is row stochastic, then property (%) gives the desired conclusion. [

The next lemma shows how to get new sharing matrices. This idea was al-
ready present in Webb’s algorithm for computing a super envy-free fair division,
see [Web99].

Lemma 14. Let M € M,(R) be a sharing matriz and S € M,(R) be a row
stochastic matrixz. Then M S is a sharing matriz.

Proof. Suppose that the sharing matrix is given by M = (,ul- (X j)) and denote by
S = (s;5) the stochastic matrix. We set n; = ZZ=1 skjXx,, where Xx, is the
indicator function associated to Xj.

We remark that 7;(x) is nonnegative and ni(x) + --- + n,(z) = 1 because X =
U2, X; is a partition and S is a row stochastic matrix.

Furthermore, we have

/X )i = 3 s /X i = 3 (X
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This gives: ( [ n;(z)f; (x)du)ij = M S. Then by the Dvoretzky, Wald, Wolfowitz’s
theorem M S is a sharing matrix. |
2. EXISTENCE OF HYPER ENVY-FREE DIVISION AND AN EXPLICIT BOUND

2.1. Sufficient conditions.

Definition 15. A matrix K = (k;;) is said to be proper relative to the measures
W1, -, by when the two following conditions hold:

(1) for all ¢ = 1, ey Z?:O kU = O,
(2) if Y7 o Aips = 0, where each \; € R, then > 1" A\ik;; = 0, for all j =
1,...,n.

With this definition we can state our extension of Barbanel’s theorem.
Theorem 16. If we denote by P the matriz where each row is (p1,...,pn), and
Yo pi =1, withp; >0, and K is a proper matriz, then for
ml,in(Pi)

max| (G(fis - f) TK) |

0<§d<B:=

we have:

(1) G(f1,---, fn)T (P +6K) is a row stochastic matriz.

2) G(frr o fa) s, fa) (P + 6K) = (P + 0K).

(3) P+0K is a sharing matriz, i.e. there exists an hyper envy-free fair division
relatively to K and p, with § < B.

The last item is an effective statement of Barbanel’s theorem. Our approach
allows us to give a bound B on §.
The case § = 0 is classical and follows from the convexity of the set of sharing
matrices.

Proof. By Lemma 13 we have G(fi,..., fn)Te = e. Using Lemma 5 and the prop-
erties of P and K we get

G(fi, s fa)T(P+6K)e=e.

In order to prove the first item we now have to show that the coefficients of
G(fi,..., fn)T (P + §K) are non-negative for ¢ sufficiently small.

We set G(f1,...,fn)T = (gf;) and K = (k;j).

The ij-th coefficient of G(f1,..., fn)T (P + dK) is of the following form:

n n n
Zgﬁpj +5ZQ$ kij = pj +5Zg;lr ki,
=1 =1 =1

since G(f1,- .., fn)T is row stochastic.
Now, we denote by ¢;; the coefficients of G(f1,..., fn)" K. We have:

pj + (5Cij > min(pi) + 6cij.
Thus, if ¢ satisfies min(p;) + d¢;; > 0, we obtain the desired result.
This condition is trivially satisfied when ¢;; > 0.
min(p;)

> ).
|cij]

In the general case, we have: min(p;) + d¢;; > 0 <=
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Thus, if ¢ satisfies the bound given in the theorem, then all the coefficients of
G(f1,--, fn)T (P + §K) are non-negative.

In order to simplify the notation, we denote by G the Gram matrix G(f1,. .., fn)-
In order to show the second item of the theorem, we use the well known equality
satisfied by the pseudo-inverse Gt : GGT = Iy, (¢, where Iy, (@) is the orthogonal
projection onto the image of G (that we denoted by Im(G)). We are going to show
the inclusion Im(P + §K) C Im(G) and this will imply the desired equality.

Let z = (21,...,%,)" avector in ker(G). From Lemma 12 we have >, z;p; = 0
which implies 27 K = 0 since K is a proper matrix.
The matrix G is symmetric, therefore 27G = 0 and 27 Ge = 27e¢ = 0 which implies
TP =0.
This gives 27 (P+6K) = 0 and we conclude that x € Im(P+§K)1 (the orthogonal
complement of Im(P + 0K)).
We have obtained the inclusion ker(G) C Im(P + §K)*.
Thus ker(G)* D Im(P + §K). Furthermore, we have ker(G)* = Im(G7T) = Im(G),
since G is symmetric. This gives Im(G) D Im(P + §K), and thus the second item
is proved.

The third item is a direct consequence of the previous items and Lemma 14. [

The previous theorem shows that if the measures are linearly independent then
when can get a hyper envy-free fair division for all matrix K = (k;;) such that
Z?Zl ki; = 0, see Definition 15. Intuitively, if the measures are “nearly” linearly
dependent then ¢ will be small. The following gives a precise statement for this
intuition.

As we suppose that the measures are linearly independent, G = G(f1,..., fn) is
non-singular, see Lemma 12. We denote by §;; the coefficients of G™!. Cramer’s
rule gives the following equality

~ det(Gji)
95 = "3et(@)
where Gj; is the matrix where we have substituted in the matrix G the i-th column

by the column vector e; = (0,...,0,1,0,...,0)T.
Thus, if g;; # 0 then we have

1
0 = det(G) — =— det(G;),

g’Lj
and by linearity of the determinant relatively to the i-th column we deduce:
1
0 = det (G — ~7Ej7,'>7
Gij

where Ej; is the matrix with just one 1 in the 4-th column and j-th row and 0
elsewhere.

We deduce that G — 1/g;; F;; is a singular matrix. We denote by 3,, the set of all
n by n singular matrices.

It follows ||1/gi; Ejs|| > d(G, £,,), where ||.|| is a norm in the space of square matrices
and d(G, X,) is the distance relatively to this norm between the matrix G and the
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set 3,,. We suppose that ||E;;|| = 1. This assumption is not restrictive since all the
classical norms satisfy this property. Thus

1
— > d(G,Zn .
ol )

We deduce that the coefficients ¢;; of G(f1,..., f,) 'K satisfy:

N
|cij| < nmax|k;;| max g;; < n max; [kyj|
i i

- d(G,%,)
Thus
min(p; ) (G, %)
3 > . 9’ n
el = ) i
ij
This gives the following corollary:

Corollary 17. Let ||.|| be a norm in the space of nxn matrices such that | E;;|| = 1

where E;; is the matriz with one 1 in the i-th row and j-th column and 0 elsewhere.
We denote by d the associated distance.
Let 3, be the set of singular n x n matrices.
If the measures are linearly independent, then for all p and all K = (k;j;) such that
Z?:l kij =0, for allt=1,...,n, there exists an hyper envy-free fair division with
& satisfying the inequality:
) d(G, %)
0 < min(p) nmax|k;;|’

ij

This bound is smaller than the previous one but it gives a natural relation be-
tween the size of §, p, K, n and the linear independency of the measures.
The coefficient d(G, ,,) describes the linear independency of the measures. Indeed,
we use a Gram matrix because the density functions belong to an infinite dimen-
sional vector space and thus we cannot express the determinant of these functions
in a finite basis of the ambient space. The Gram matrix encodes all the linear rela-
tions between the measures. It is natural to control how the measures are “linearly
independent” in term of the distance between this matrix and the set of singular
matrices X,.

Our corollary can be used for all classical norms in the space of n X n matrices.
The choice of a norm and then of a metric corresponds to different points of view.
As an example, if we consider the norm ||.||oc we could measure the quality of the
corresponding fair division in term of the distance doo (M, I) = ||M — I||oo, where T
is the identity matrix. Indeed, I corresponds to the case where each player thinks
that he or she has the maximum of his or her utility function. If M = (,ul- (X J)) is
a sharing matrix, then

doo(M,I) = miaxz |1i (X5) — 6.
j=1

Then 1 — doo (M, I) can be seen as a kind of Rawlsian social welfare function.
Thus the choice of a metric is related to a social welfare function.
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2.2. Necessary conditions.

In order to make more natural the previous conditions on the matrix K, we give
the following necessary condition:

Lemma 18. Suppose that P+ 0K is a sharing matriz, where P is the matriz where
each row is (1/n,...,1/n) and 6 > 0. Then K = (k;;) is a proper matric.

Proof. As P is a stochastic matrix, and P 4+ §K is a sharing matrix, we deduce
that Z;—;l ki; = 0. Now suppose that we have the following relation between the
measure j;: o A = 0, for some )\; € R. This gives the following relation:

#) > N(1/n+ ki) =0
=0

because there exists measurable sets X; such that p1;(X;) = 1/n+0k;; since P+0K
is a sharing matrix. Furthermore, as ZZ: i =0, we get that ' | A; = 0 thanks
to Remark 3. As 6 > 0, the equation (f) gives the desired result: )., Aiki; = 0.

O

3. EFFECTIVE METHODS

In the following, we are going to study how to test if a fair division satisfying
some inequalities constraints exists. Then we will show how to get this kind of fair
division when the density functions are piecewise constant.

3.1. How to test the existence of a fair division given by a relation matrix.
In this section, we use the previous theorem in order to study another fair division
problem. Suppose that p = (p1,...,py) is a point such that p; +--- + p, = 1 with
p; positive and r;; are n? relations in {<,=, >}. Barbanel has asked the question'
How can we decide if there exists a partition X = U7_, X; such that p;(X;)ri; p;?

If there exists a proper matrix K = (k;;) such that k;; r;; 0 then by Theorem 16
there exists a partition X = U} ; X; such that p;(X;) 7, pj.
Conversely, if X = U, X; is a partition such that p;(X;);; p; then the matrix
K = (k;j) where k;; = p;(X;) — p; is a proper matrix. Indeed,

Zki] Z/M pj*,u’z )72]9]:
Jj=1 Jj=1 j=1

Consider now a relation 2?21 Aipt; = 0 then

>Nk = Y M) =) = A = 3 Ay =0 = (0] =0
=1 =1

according to Remark 3.

Furthermore, we have k;; r;; 0. Thus as already remarked by Barbanel, the previous
question can be restated as: How can we decide if there exists a proper matrix K
satisfying k;i;ri; 0%
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Suppose that we know a basis {1, ..., A\;} for the relations between the measures
i, where A\, = (Aa1, ..., Aan). Then, we just have to solve the following system:

Viv Z?:l kij =0,
(S) v]v VOZ, Z?:l )\aikij = 07

Vi,Vj, kij Tij 0.

We thus have to solve a linear system of equalities and inequalities. This can
be done for example by using the Fourier-Motzkin elimination method, see e.g.
[Kuh56].

Now the question is : How can we find a basis {\1,..., i} of relations between
the p; ?

If the measure p; are given thanks to a density function ¢;(x) relatively to a given
measure, e.g. the Lebesgue measure, then we can answer the previous question.
Indeed, we can set

() — pi(z)
G SneE)

for z such that >"" | ¢;(z) # 0 and f;(z) = 0 otherwise.

Indeed, the density of = 1 + -+ 4 py is @1(z) + - - + pn(x).

Thus, if ¢; are given explicitly then we can deduce an explicit formula for the f;.
This gives

oi(z) 05 ()
/ fityin= [ Gar o

If these expressions are computable then we have an explicit form for G(f1,..., fn)-
Thus in this situation the basis {A1,...,A;} can be computed easily. Indeed, this
basis is a basis of ker G(f1,. .., fn) thanks to Lemma 12. In conclusion, the system
S can be solved with linear algebra only.

Remark 19. As mentioned before, the previous strategy gives a theoretical method
for solving Barbanel’s problem. Our solution do not give an algorithm in the
Robertson-Webb model, see [RW98], [BCE*16, Chapter 13]. However, if X = [0, 1]
and the ¢; are polynomials or simple functions i.e. linear combination of indicator
functions, then G(f1,. .., fn) can be constructed effectively and our method can be
used.

Example 20. Suppose that X = [0,1] and that the three measures are given with

their densities ¢1(z) = 10X[0,1/101(7), @2(z) = X[1/10 (@), w3(x) = X[o,1)(2).
Suppose also that p = (1/3,1/3,1/3) and that Ry = (r (1)) R, = (7"@)) are the

1] )

following matrix Ry = , Ro =

AV V=
A Vol
V A A
NNV
vV Vo
V VA
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(z)pi(x
As we can compute easily the expression Mdm. The Gram matrix as-

X Z?:1 pi()

sociated to this situation is:

10 1

o Yo

10 9

G(f17f27f3): 0 E E
199

11 19 209

We can remark that this matrix is a sharing matrix corresponding to a proporti-
nal fair division as proved in Remark 11, but it is not an envy-free fair division.

A Dbasis for the kernel of this matrix is given by {(1,9,—10)}. Thus the only

relation between the measure is: p; + 9pua = 10us.
Now, we have to solve the following system when s =1 or s = 2:

Vi, 3% ki =0,

j=1
(Se) Vi, S Aikij =0,
Vi, Y, ki) 0,

where ()\1, )\2, )\3) = (1, 9, —10)

When s = 1 the system have no solution. Indeed, we must have k1; > 0, ko1 > 0,
k11 + 9k21 = 10k31, and k31 < 0 which gives a contradiction.

When s = 2 we can compute solutions. For example the following matrix K = (k;;)
is a solution of (S3):

10 -1
112
K= 3 9 9
2 1 1
10 10 10

3.2. How to test the existence of a fair division given by inequallity con-
straints. Here, we explain how to test the existence of a partition satisfying con-
ditions of the following kind:

1
(©): miXoim) 2 2 milXoiq) > > pilXoiiy) 2 - 2 1i(Xoy ),
foralli=1,...,n, where o; € G,, is a permutation.

As before, we reduce this problem to a hyper envy-free problem.
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Indeed, all the previous inequalities can be rewritten in the following way:

wi(Xo,(j)) = % + Kig,(j), foralli=1,...,n

Kio,(5) = Kio,(j+1), foralli=1,...,n;5=1,...,n—1,
0 < kig,(jy, foralle=1,...,n, and j <1,

—— < kig,(j) <0, foralli=1,...,n, and j > [,
ZELLZI Kio,jy =0, foralli=1,... ,n.

Thus, a partition satisfying all the conditions given in (C) exists if and only if
there exists a hyper envy-free division relatively to K = (k;;), where k;; are so-
lutions of the previous system of inequalities. As before, this problem is reduced
thanks to Theorem 16 to the computation of a proper matrix.

Therefore, the existence of a partition satisfying all the conditions in (C') can be
check by solving the following system of inequations:

Yo Aaiki; =0, foralli=1,...,n

wi(Xo,j)) = - + Kig(j), foralli=1,...,n

Kio,(5) = Kio;(j+1), foralli=1,...,n;j=1,...,n—1,
0 < kio,(jy, foralle=1,...,n, and j <1,

- < kio,(j) <0, foralli=1,...,n, and j > I;,

> =1 kio,j) =0, foralli=1,...,n.

where {A1,..., A/} is a basis of the relations between the measures p;.

3.3. The case of piecewise constant density functions. In this last section,
we consider the case where the density functions are piecewise constant. This
means ¢;(x) = >, ¢;jXy,;(z), where Xp,; is the indicator function of the interval
I;; = [:cij,:ri(j+1)], T € [0, 1].

Suppose that the measures p; are given by these density functions and that we want
to construct an hyper envy-free fair division relatively to a given matrix K = (k;;)
and p = (p1,...,Pn).

We denote by Z the set of intervals [z, Zmy] such that there exists no z;; satisfying
ZTii < Tij < Tmp. This means that on each interval I € Z the density functions are
constant.

Now, we explain how to construct an hyper envy-free fair division:
Since all the densities y; are constant on I we have for all subintervals J of I:

ui (D) = (a1,

where ¢(I) is the length of I for the Lebesgue measure.
Thus if p;(I) # 0 we have:

pi(J) _ ((J)
pi(I) (1)
Now, consider aq g, ..., 0y, 1 such that o; 7 > 0 and Zi a1 = 1. We can divide

each I € 7 in order to have a partition of I into n subintervals I1,..., I, satisfying
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0(I;) = aj 1€(I). The previous relation implies
() wi(I;) = ajrpi(I) for all 4, 5.
Thus we set X; = Urezl;, and we get:
X = I_I;-’ZlXj and p;(X;) = Zoéj,fui(f)~
=

Now, in order to find an hyper envy-free fair division relatively to K and p we
have to solve:
VI € I, Z?:l Q4] = 1,
Vie{l,...,n},VI€Z, o«;5>0,
Vz’,je {1,...,n}, EIeIajyfui(I) :pj—i-kijé,
0>0.

(8

Example 21. With the density functions and the matrix K = (k;;) of Example 20,
and p = (1/3,1/3,1/3), we have Z = {[0,1/10],[1/10, 1]} and the system (S’) gives:
Z?:l a;,[0,1/10) = 1

Vie{l,....3}, ai,1/100 =0,

S st = 1

Vie{l,....3} o101 20,

Vi, je{l,...,3},  Yreragrpi(l) =1/3 + ki o,

6> 0.

We get the following solution:
We set a := ay jo,1/10) and a must satisfies the condition a €]1/3,2/3].
Then az (0,110 = 1/3, @3,0,1/10) = 2/3 — @, a1 [1/101] = 4/9 — 1/3a,
0127[1/1071] = 8/27+1/9a, 0437[1/1071] = 7/27+2/9@, d=a— 1/3 ThuS, with o = 1/2
we get:
a4 = O1]0,1/10] = 1/2, Q2[0,1/10] = 1/3, a3.[0,1/10] = 1/6, a1,1/10,1] = 5/18,
0[27[1/1071] = 19/54, a37[1/1071} = 10/27, 6= 1/6
We divide [0,1/10] and [1/10, 1] in order to respect the condition (b). For the inter-
val I = [0,1/10] we get: I; = [0,1/20], I = [1/20,1/20+1/3x 1/10] = [1/20,1/12
and I3 = [1/12,1/10]. With the same method we divide [1/10, 1] and then we get:

1 1 7 1 1 7 2 1 1 2
5= [0 [igoan) = ) o [0 5] 0= (o) 2 31
By construction, this partition gives an hyper envy-free fair division relatively to

K and p = (1/3,1/3,1/3) with § = 1/6. Indeed, we can check that the sharing
matrix associated to the previous partition is

1 1 1

2
2
18 54 27
3
10
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Therefore, this partition gives also a fair division respecting the inequalities given
in the matrix Rs.

In conclusion, when the density functions are piecewise constant then we have a
method to compute an hyper envy-free fair division. Thus we can decide if a fair
division given by a relation matrix exists, and then construct a partition giving this
fair division. In the same way, we can construct, when this partition exists, a fair
division satisfying inequality constraints as the ones given in (C).

Remark 22. The pseudo-inverse of the matrix G(f1, f2, f3) obtained in Example 20
and Example 21 is

36191  _ 3519 113
33124 33124 5281

+_ | _3s19 19471 4203

G(fi, f2, f3)7 = 33124 33124 8281

113 4293 3875

8281 8281 8281

The matrix G(f1, f2, f3)TK is

512 _ 19 _ 2029
55 1820 1820

+p | 554 1019 4729

G(f1, fa, f3)TK = 1365 16380 16330

_23 10 21

91 182 182

Then max|(G(f1,.. .,fn)+K)ij| = 512/455.

i
As min(p;) = 1/3, we get B = 455/1536.
Thus Theorem 16 gives the existence of an hyper envy-free fair division relatively
to K and p with § < 455/1536 ~ 0.296 without computing a solution of (S’).
In the above example, the solution of (S') gives 6 = a — 1/3 with a < 2/3. Thus in
this particular situation an hyper envy-free fair division exists with 6 < 1/3. This
shows that our bound B is not optimal in this case, but the order of magnitude of
B is not too small.

CONCLUSION

The key ingredient of this article is the Gram matrix G(f1,..., fn). Thanks to
this matrix we can construct the sharing matrix P + 0 K, see Theorem 16, and we
can also compute the relations between the measures, see Lemma, 12.

This matrix seems very useful and we have already noticed that this matrix corre-
sponds to a proportional and symmetric (i.e. p;(X;) = p;(X;)) fair division, see
Remark 11. Thus a natural question appears:

Is G(f1,..., [n) the optimal fair division for a certain criterion and what is the
meaning of this criterion in terms of fair division?

Acknowledgments: The authors thank L.-M. Pardo for fruitful discussions during
the preparation of this article.
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