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Abstract: Cooperative TU-games with large core were introduced by Sharkey (1982) and
the concept of Population Monotonic Allocation Scheme was defined by Sprumont (1990).
Linking these two concepts, Moulin (1990) introduces the notion of large monotonic core
giving a characterization for three-player games. In this paper we prove that all games with
large monotonic core are convex. We give an effective criterion to determine whether a
game has large monotonic core and, as a consequence, we obtain a characterization for the
four-player case.
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Resum: El concepte de joc cooperatiu amb large core és introduit per Sharkey (1982) i el
de Population Monotonic Allocation Scheme és definit per Sprumont (1990). Inspirat en
aquests conceptes, Moulin (1990) introdueix la noci6 de large monotonic core donant una
caracteritzacio per a jocs de tres jugadors. En aquest document provem que tots els jocs
amb large monotonic core son convexes. A més, donem un criteri efectiu per determinar si
un joc té large monotonic core o no, i daqui obtenim una caracteritzacio pel cas de guatre

jugadors.



1 Introduction

A cooperative game with transferable utility assigns to each coalition of players
a real number, which represents what the coalition can achieve on its own, its
worth. Most studies on cooperative games assume that the grand coalition
forms. Then, the analysis reduces to determine the payoff to the members of
the grand coalition. When sharing a divisible good among the players of the
grand coalition, Sharkey (1982) introduce the concept of acceptable vectors
or aspirations.

An aspiration for a given game is a payoff vector that summarizes predic-
tions about what the resulting payoffs of their members will be.

When an efficient allocation is to be determined, Sharkey (1982) defines
the notion of largeness of the core: a game has large core if each aspiration
has a core allocation as its lower bound. He proves that convexity implies the
largeness of the core.

From the viewpoint of variable population, any cooperative game can be
seen as a stream: one subgame for each coalition of players. A generalized
allocation now determines an allocation for every subgame.

Sprumont (1990) introduces the concept of Population Monotonic Alloca-
tion Scheme (PMAS) for cooperative games. A PMAS selects a core allocation
for every subgame of a game in such a way that the payoff of any player can
not decrease as the coalition to which he belongs enlarges. He shows that all
convex games have a PMAS (for example, the extended Shapley value).

To solve fair allocation problems, Moulin (1990) introduces the notion
of large core within the context of variable population of players. Thus, he
adapts the idea of the largeness of the core by defining the notion of monotonic
aspiration, a generalized aspiration with the population monotonic property,
and the notion of largeness of the monotonic core (the set of all PMAS): a
game has large monotonic core if each monotonic aspiration has a PMAS as
its lower bound.

The paper is organized as follows. In Section 2, we introduce basic concepts
and notations to be used later on, and we show that convexity is a necessary
(but not sufficient) condition to have large monotonic core. This generalizes
what was already proved by Moulin in 1990 for three-player games. Section
3, contains the main results of this paper. We give a necessary and sufficient
condition for a game to have large monotonic core in terms of some computable
parameters associated to its characteristic function. Finally, in Section 4, we
characterize those four-player games with large monotonic core in terms of
their characteristic function.



2 Preliminaries and notations

A cooperative game with transferable utility (a game) is a pair (IV,v), where
N ={1,2,--- ,n} is a finite set of players and v : 2V — R is the characteristic
function with v(@) = 0. A subset S of N, S € 2V, is a coalition of players,
s = |S] its cardinality and v(S) is interpreted as the worth of coalition S.
We denote by P(N) := {S C N | S # @} the set of nonempty coalitions of
N. Given S € P(N), we denote by (S5, vg) the subgame of (N, v) related to
coalition S (i.e. vg (R) = v (R) for all R C S). The class of games with player
set N is denoted by GV. We identify each game of GV with its characteristic
function.

As usual, a game v € GV is superadditive if v(S) +v(T) < v(SUT) for all
S, T C N with SNT = @, and it is convez if v(S)+v(T) < v(SUT)+v(SNT)
for all S,T C N.

A payoff vector is z = (z;),.y € RY, where z; is the payoff to player 7, and
for S € P(N) we write z (S) := )_ z; and 2(&) := 0.

i€s
The core of a game v € GV is the set

C()={zeR"|2(N)=v(N) and z(S) > v (S) forall S € P(N)}.

Thus the core C(v) is a compact and convex (possibly empty) polyhedral
subset of RY.

A game v € GV is said to be balanced if it has a nonempty core, and it is
totally balanced if the subgame (S, vg) is balanced for all S € P (N).

Every game v € GV can be written as v = > Asug where ug is the

SEP(N)
unanimity game associated to coalition S (i.e. ug(7T) = 1if T O S and
ug (T') = 0 otherwise) and Ag is the unanimity coordinate associated to S and
v (ie. Ag = Ag(v) = S (=) "u(T) where t = |T| and s = |9]).
TeP(N):TCS

A vector § = (9;);cy With components 7; € R is an aspiration (Bennett,
1983) or acceptable vector (Sharkey, 1982) of a game v € GV when 3 (S) >
v (S) for all S € P(NN). We denote the set of all aspirations of the game v by
A(v).

Sharkey (1982) introduces the concept of large core for cooperative games.
A game v € GV has large core, when for every § € A (v) there is an element
Z € C(v) such that z < y (i.e. &; <y, for alli € N ). Moreover, he proves
that all convex games have large core. Kikuta (1988) and Moulin (1990) show
that convex games are exactly those games with totally large core ( i.e. with
all the subgames having large core).

A Population Monotonic Allocation Scheme (or PMAS) of a game v € GV
(Sprumont, 1990) is a vector x = (mf) SEP(N), icS with components 77 € R,
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that satisfies the following conditions:

> 2 =v(S) for all S € P(N) . (1)
€S
af <af forall R,S € P(N), RC S, and all i € R. (2)

The first condition tells us that, for each coalition S € P(N), the payoff vector
2% = (af) ies € RS is a distribution of the amount v(S) among the players
of S. The second condition guarantees that each one of the players of S does
not receive more in any subcoalition R in which he takes part. Thus if z is a
PMAS of a game v, then x is an element of the vector space H RS, which
SEP(N)

has dimension 2" - n. Moreover, from conditions (1) and (2), it follows that
each payoff vector 2° belongs to C'(vg) for all PMAS z. Therefore, if a game
v has a PMAS, then it is totally balanced. Sprumont (1990) proves that all
convex games have a PMAS (for example, its extended Shapley value). Norde
and Reijnierse (2002) give a finite number of conditions to determine whether
a game has a PMAS or not. In the case of a four-player game its characteristic
function must satisfy sixty inequalities.

Moulin (1990) defines the monotonic core of the game v € GV as the set
of all its PMAS. We denote this set by

MC(v):=( x € H R®| x is a PMAS of v
SEP(N)

Thus, the monotonic core MC(v) is a compact and convex (possibly empty)

subset of H R¥,
SEP(N)
A monotonic aspiration of a game v € GV (Moulin, 1990) is a vector
y = (yf) SeP(N), ics with components y° € R, that satisfies the following
conditions: ’

Z%S > v(S) for all S € P(N).
€S
y? <y’ forall R,S € P(N), RC S, and all i € R.

Then, a monotonic aspiration of a game selects an aspiration for every
subgame in such a way that the individual aspiration of a player cannot de-
crease as the coalition to which he belongs enlarges. The set of monotonic
aspirations of the game v is denoted by

MA(v):=< y€ H Ry is a monotonic aspiration of v
SeP(N)



Notice that M A(v) is a nonempty closed and convex subset of H R¥, but
SEP(N)
it is non bounded.

Moulin (1990) introduces the concept of large monotonic core for coope-
rative games. A game (N,v) has large monotonic core when for every y €
M A(v) there is an x € MC(v) such that x < y (i.e. ¥ <y forall S € P(N),
i € S). Thus a game with large monotonic core has a PMAS. In the case of
three-player games Moulin characterizes the above concept as follows:

Lemma 2.1 (Moulin, 1990) A three-player game v has large monotonic core
if and only if it is superadditive and it satisfies:

v(12) + v (13)+v(23) <wv(123) +v (1) +v(2)+v(3). O

Notice that the above characterization can be rewritten in terms of the
unanimity coordinates as

Ag >0 for all S C N with |S| > 2,

which implies the convexity of the game. Moulin (1990) says that "whether
convexity is still a necessary condition for games with an arbitrary number
of players is not clear". However, a convex game does not necessarily have
large monotonic core (see, for instance, the three-player convex game v :=
Ur2 + U1z + Uz — Upo3 ).

The following proposition gives an affirmative answer to the above posed
question.

Proposition 2.2 Let v € GV be an arbitrary game. If v has large monotonic
core, then v is a convexr game.

PrOOF: We show that the game v has totally large core and, therefore, it is
convex by Kikuta (1988) or Moulin (1990). Let S € P (N) and ¢’ € A(vg)
fixed. To show that the game vg has large core, we prove that there is an
2’ € C(vg) such that 2/ <y’

Let 3 be an aspiration of the game v such that § |s= y'. Then, the vector
Y= (Y |r)repv) € MA(v). By hypothesis, there is an € MC(v) such that
x < y. In particular, the vector 2’ := 2% € C' (vg) and 2’ <y’ =9 |s= 3. O

3 The large monotonic core

In this section, we present a characterization of games with large monotonic
core, in terms of its characteristic function. This characterization can be put
into practice to decide whether a given game has large monotonic core or not.
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We start with two remarks. First, a game v € GV has large monotonic
core if and only if the game v, has large monotonic core, where v, is the 0-
normalized game associated to v (i.e. v, (S) := v(S) =Y ,cqv(7) for S €
P (N)).

Second, if a game v € GV has large monotonic core, then (S, vg) has large
monotonic core for all S € P(N).

After that, we consider the set of monotonic aspirations that are efficient
for all coalitions of size below a fixed upper bound t¢.

Definition 3.1 Let it be v € GY andt =0,1,...,n. The set
MA; (v) == {y € MA(v) | y®° (S)=v(S) forall S € P(N) with s <t}.
1s the set of monotonic aspirations at level ¢.

Notice that each M A, (v) is a closed and convex (possibly empty) subset of
H R?, but, for t < n, it is not upper bounded. According to the preceding

SEP(N)
definition, we have the following decreasing chain of sets

MA(w)=MAy(v) D MA; (v) 2+ D2 MA,—1 (v) D MA, (v) = MC (v).

Moreover, notice that for every y € M A (v) thereis a z € M A (v) with z < y.
Indeed, it is sufficient to take 2! := v (i) for all i = 1,...,n and 2% := y for
all R € P(N) with |R| > 2. So MA; (v) # @.

Fixed an integer ¢ > 2, the following proposition shows an effective crite-
rion to decide when a give monotonic aspiration of level t — 1 has a monotonic
aspiration of level ¢ below it.

Proposition 3.2 Let it bev e GN, t=2,3,--- . nandy € MA;,_1 (v).Then
the following statements are equivalent:
(a) There exist z € M A; (v) such that z < y.

' = R <
(b) For all T € P (N) with |T| =t we have g;p (R%%%Ryz ) <v(T).

PROOF: (a) = (b) We suppose the existence of z € M A; (v) such that z < y.
Let '€ P (N) be a coalition with size |T'| = t. Then we have

=yl forall o £ R T,
5 (e ot) = £ (s, o) < S = o).

lET RQT'LER ’LET RQTZGR



which proves (b) .
(b) = (a) Let T'€ P (N) be a coalition with |T'| = t. Then, by hypothesis
(b), we have

> R < BT ' :
;yl >0 (T), ;(RénTg?éRyz) <o(T), max y' <y forallieT

Thus, by Lemma A.1 in the Appendix, there exists 7 € R’ such that

T — R T < T ' .
" (T) =v(T) and RAX Ui ST S forallie T

Now, we define z as follows:

2l i=2a" for T € P(N) with |T| =t,

.= yf for R € P(N) with |R| #t.
It is not hard to check that z € M A; (v) and z < y, which proves statement
(a). O

Notice that statement (b), in the above proposition, can be checked in a
finite number of steps for a given y € M A;_; (v). Notice also that the sum on
statement (b) can be rewritten as

max R) = (max -T\{j}>
g% (RgT:iel’%yZ g;, jeT\{i}yl

T\{ji}
= max ; .
Uiher€ T T\(3) ; Y )

(3)

Corollary 3.3 Let it be v € GV and y € M A (v) satisfying

> ( max yf’\{j}) <v(T) for allT € P(N) with |T| > 2.
, JeT\{i}

€T

Then there ezists x € MC (v) such that z < y.

PRrOOF: Note first that if z € M A (v) with z < y, then z also satisfies
> ( max zf\{j}) <v(T) forall T € P(N) with |T] > 2.
£ \jer\in)

Applying Proposition 3.2 repeatedly, we obtain the result. [J
The following theorem gives a necessary and sufficient condition for a game
to have a large monotonic core.



Theorem 3.4 Let it be v € GY. The game v has a large monotonic core if
and only if the inequality

5 ([ ) <o)

= \jer\{i}
holds for all'T € P(N) witht:=|T| > 2 and ally € M A1 (v).
ProoOF: First, let us suppose that v has large monotonic core. Take then
T e P(N)witht:=|T'|>2andy € MA,_; (v). By hypothesis, there exists
x € MC (v) € MA; (v) such that < y. Then, by Proposition 3.2, we obtain
the desired inequality.

Conversely, let us suppose that v satisfies the above inequality for all 7" €
P(N) with ¢t := |T| > 2 and all y € MA;;(v). Let y be an arbitrary
monotonic aspiration of v. We must show that there is © € M C (v) such that
x < y. By Proposition 3.2, we can recursively associate a sequence {yt}t:0717,,, n
such that

VWi=y, vt e MA, (v)and yt < ¢yl fort=1,--- n.
Therefore, taking z := y" € M A, (v) = MC (v), we obtain

=y < yt< <y < Y=y 0

As a consequence of the above theorem, we can identify a class of games
with large monotonic core.

Corollary 3.5 Let it be v € GV satisfying
YoM\ <o)+ (t-2)) (i)
i€T i€T
for all T € P (N) with size t > 2. Then v has large monotonic core.

PRrROOF: Let T € P (N) be a coalition with ¢ := |T| > 2 and y € M A;_; (v).
Then we have

> (max yT\{ﬁ) < z( ) y?\“}—@—z)v@)

jer\{i} "’ i€T \ jeT\{i}

€T \ jeT\{i} i€T

=z< ) y?\{“>—z<t—2>v<z'>
= = y?\{”>—<t—2>zv<z’>

JET \ieT\{j} il
= ;TU(T\ {i}) - (-2 EX%U(Z’)
<o(1),
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where the first inequality follows from Lemma A.2 in the Appendix, only
noting that

v(i) =y <y " forallie T and j € T\ {i},
and the second one follows by assumption. Thus, according to Theorem 3.4,

we obtain that v has large monotonic core. [

After that, we are going to give a reformulation of Theorem 3.4 to obtain a
criterion to determine whether a game has large monotonic core. This criterion
will allow obtain in Section 4 a necessary and sufficient condition for the case
of four-player games, that can be applied in practice.

We take a game v € GV and a coalition T € P (N) with size t := |T| > 2.
Recall that in the proof of Corollary 3.5 we have seen that

So <3 (ma ) <o -2 0. @

i€l 1€T €T

for all y € M A;_4 (v). Thus, the set defined by

o \ (i}
o= {3 (aegt) v s o e

€T

is a compact set. X7 is defined to be empty if M A4, ; (v) = @.
Therefore, when MA; 4 (v) # @ (this occurs, for example, if v has a
PMAS) we define the constant

Kli=gup¥l = max (max -T\{j}) e R, 5
! P yeMAtl(v){Z jenin ©)

€T

and, by (4), we have

Y v(i) <K ZT\{Z (t—=2)) w(i).

i€l eT €T

By Proposition 3.2, part (b) = (a), for a given integer t = 2,...,n — 1,

if MA; 1 (v) # @ and KI' < v(T) for all T € P(N) with |T| = ¢, then

MA, (v) # @ and, therefore, K" is defined for all 7" € P (N) with size ¢ + 1.
Now, we may reformulate Theorem 3.4 as follows:

Theorem 3.6 A game v € GV has large monotonic core if and only if KI' <
v (T) for allT € P(N) with |T| > 2.0

10



As a consequence, we are really interested in computing these constants
KT for a game v and a coalition 7. In fact, we need to find the maximum of

T\{j)

a convex function, » ( max_y;

), over the following compact set
e \JET\{i}

MALL () = { () seppry 51 | ¥ € MAL (V)]

This is a problem of convex programming that can be solved by an appropriate
optimization software. Moreover, this problem can be reduced to solving a
finite number of linear programming problems since by (5) and (3) we obtain

KI' = max max T\{5i}
yEMAY_;(v) {ji}ieTe_gTT\{i} (ZGZT Yi

T\{s:}
= max max . .
{ji}ieTe_le_[TT\{i} {yEMAgl(v) (Z Yi ) }

i€l

Therefore, given an arbitrary game, in order to decide whether it has large
monotonic core or not firstly, for each T' € P (N) with size t = 2 we compute
the constant K and check if the inequality K] < v (T) holds. If this is
the case, we compute K for coalitions of size t = 3 and check if the same
inequalities holds. We go on in this way increasing at each step the size of the
coalitions.

4 Four-player games with large monotonic core

For a game v € GV, by means of computing the constants K for all coalitions
T € P(N), we have an effective criterion to decide whether the game v has
large monotonic core or not. This is what we do for n = 4.

Proposition 4.1 Letv € GNand let T € P(N).
(a) Ift =2 and T = {i,j}, then

Kl =v(i)+v(j).
(b) Ift =3, T ={i,5,k} and
KS <v(S) forall S€ P(N) of size s =2,

then
KI' = v (ij) + v (ik) + v (jk) — (v (i) +v () +v (k)).
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(c) Ift=4,T ={i,j,k,1} and
K5 <w(S) forall S € P(N) of size s =2 or 3,
then
K] = (ijk) +v (ijl) + v (ikl) + v (jkl) — 67 (v),

v

where o7 (v) is

v(Gk) +v (Gl +v (k) +2v (i), v(ik)+v(il) +ov (k) +v (),

A v(ik) +ov () +v (k) 4+ 2v (), v(ij)+o@@l) +v(jk) +v (k)
v(if) +ov@il) +v(Gl) +2v k), v(ij)+ov(ik)+v(l) +ov (k).
v (ig) + v (ik) + v (jk) + 2v (1),

The proof of this proposition is in the Appendix.

As a straightforward result of Theorem 3.6 and Proposition 4.1, we can
state the following characterization of four-player game with large monotonic
core in terms of its characteristic function.

Proposition 4.2 A four-player game v has large monotonic core if and only
if the following three conditions are satisfied:

(i) v (i) +v(j) <wvl(ij) foralli,j € N withi < j.

(1) v (ij) + v (ik) +v (jk) < v (ijk) +v (7)) +v (j) +v (k) foralli,j k € N
with i < j < k.

(iii) v (123) + v (124) + v (134) + v (234) < v (1234) + 641,2,3,43 (v), where
012,343 (v) is defined in part (c) of Proposition 4.1.

To finish, we show an example where Proposition 4.1 is applied to games
with n > 4 players. It is a game with nonnegative unanimity coordinates, so
convex, which does not have large monotonic core.

Example 4.3 Let it be piq, fi5, it > 0 and p such that 0 < p < min { iy, g, fis} -
Then the n-player game defined by
V= gty + fgting + pgling + puiiags € GV
does not have large monotonic core.
Indeed, by (c) of Proposition 4.1 applied to T' = {1,2,3,4}, we have

Ky = g+ g+ g + fg + pig + g +0 — max {0, g + pig, 1 + frg, iz + fia}
= Mo F pig + prg + min iy, pig, 1}
> pytpstpgtp=v(T);

which, by Theorem 3.6, shows that v does not have large monotonic core.
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A Appendix

Lemma A.1 Letv € R, y1,...,y: € R such that y; + ... +y; > v and let
ai,...,a; € R such that ay + ... +a; < v and a; < vy; fori =1,...,t. Then
there exist x1,...,x; € R such that x1 + ... +x; = v and a; < x; < y; for
1=1,...,t. O

Lemma A.2 Letv € R and yy, ...,y € R.

(a) If v < y; for j = 1,...,r, then max{yy,....y} < y1 + ...+ ¥y —
(r—1)v.

(b) Ifv >y, forj=1,....r, thenmin{ys, ...,y } > n+...+y,—(r —1)v.
[

Proof of Proposition 4.1: We know that M A, (v) # @.

(a) Assume t = 2, so, without lost of generality, we can suppose that T =
{1,2} . According to Definition 3.1, for any y € M A; (v) we have y! = v (7)
for all i € N, and

™{j}) _ 1 2 _ .
; <jg:;§§}yz > oty =v(1)+0(2);
so, by (5), (a) holds.

(b) Assume t = 3. By hypothesis, K < v (iy) for all 7,7 € N with
i<j(ie. v(i)+v(j) <wv(if)). Then, by a remark before Theorem 3.6, we
know that M A, (v) # &; so the constant K! is defined. We can suppose that
T = {1,2,3}. Then we must prove:

KI'=v(12) +v(13) +v(23) — (v (1) + v (2) + v (3)). (6)
For any y € M A, (v) we have
S (e o) = e {8} e (02} (0,42
€T

<P+t —vW)+ (P + B —v(2) + (v + v —v(3))
=v(12)+v(13)+v(23) — (v (1) +v(2) +v(3)),

where the above inequality is obtained by Lemma A.2 and the last equality
by Definition 3.1. This proves the inequality

K <v(12)4+v(13) +v(23) — (v (1) + v (2) + v (3)).

Since, by assumption, v (ij) —v (j) > v (i) for all 7, j € N, we can consider

a monotonic aspiration y = (¥ )se Py €M Aj (v) such that
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Thus we obtain

T ™{j} | _
K> ; (jg%ﬁ}yi > =0 (12) —v(2) +v(13) —v (1) + v (23) — v (3),
and equality (6) is proved.

(¢) Assume t = 4. By hypothesis, K < v (ig) for all 7,7 € N with
i < j (then, MA,(v) # @) and K™ < v (ijk) for all i,j,k € N with
i < j < k (as a consequence, M Az (v) # &). Therefore, by (a) and (b), we
have that the unanimity coordinates are

Ag >0 for all S € P(N) with |S| =2 or 3,

and so, the subgames vg are convex for all S € P (N) with |S| = 3.
Without loss of generality, we can suppose that T'= {1,2,3,4}. Then we
must prove the following equality:

KI'=v(123) + v (124) + v (134) + v (234) — 67 (v) .

v

Let y € M A3 (v). Then we have

> (Jg%w?}y \{j}> = max {y,*, 1%, 91*'} + max {5%, 13", 5™} +
1€
+max {y3®, y5™, 95} + max {yi*, yi™, it}

We want to find an optimal upper bound for the above expression. From

Lemma A.2, for i = 1 we have

max {12, y124, yi#) <

Y1 +y
Y13 4y

I

- < max {y;*%, y;

123 124
oyt = (),
< max {y12 4 124 12 134 < h
< {91 A i }_ y123+y124+y134 (y +y )’
or
123 124
oyt = (),
. < max {4123 4+ 134 Lyl 41
= {yl Y1 yl 28 }_ y123+y124+y134 (y +y )’
or e n
( 1)

yl28 4 124 g 13e
+yiT T
123 0124 4 130 1) <
i 1} < { 123 4 g124 4 o184 _
Summarizing, for i = 1 we have obtained
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n2 = (o)
max {51, y*, 1>} < ¢+ et - (% )
n? o = ' )

In the same way as above, for 1 = 2 we have

U + oyt + et — (y2 +3%),

max {32, 4324, 1331} < & B+t 4yt — (P + y%‘*) :
Y3 + st + it — (y3° + 3t
For 7 = 3 we obtain 123 134 - ( )

Y3« + YTt +ys3 )

max {y32, ya34, Y231} < { a4yl 4oy — (y + y 1),
Y3 + st + ut — (13 +3h).

And, for i = 4 we have
yit oyt Yt = (),

max {y12*, vyt < ¢ vt +ut 4 vt — (ut vt

v s+ = (i il

Now, we add the last terms in all possible ways, picking one for each i, ac-
cording to Definition 3.1. Comparing the sums obtained we see that

KT < v(123) 4 v (124) + v (134) + v (234) — 67 (v).

On the other hand, to prove the converse inequality, by symmetry, we can
reduce to the following two cases:

Ldr(v)=v(23)+v(24) +v(34) +2v(1).
II: 07 (v) = v(12) + v (13) + v (24) + v (34).

Case I: 07 (v) =v(23) +v(24) + v (34) 4+ 2v (1) . Thus, then we have
A3+ A < Azg, Ao+ A < Aoy, Adg 4 Aag < ;s (7)
and, in particular, we obtain
A3 < Azq, A1z < Ao, Aig < Aoz < Aoz + s (8)

Now, let us see that we can always find a monotonic aspiration y =
(%) sepiy) € MAs (v) satisfying

Y2 = (v(1),v(23) —v (13) +v(1),v(123) — v (23) + v (13) — 2v (1)),
Y12 = (v(124) — v (24) e, ¢')

Yy = (v (1),v(13) — v (1), v (134) — v (13)),

Y23 = (v(234) — v (34) ,v (13) — v (1), v (34) — v (13) + v (1)),
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y?=(v(1),v(12) v (1)),

y13 = (’U (1) U (13) - v (1)) )

y14 = (’U (1) U (14) —v (1)) )

yzi = E’U (2;)’)) —v(13)+v(1),v(13) —v (1)),
y - 6’6 )

vt =(v(13) —v(1),v(34) —v (13) + v (1)),

y' = (v (i)) for all : € N,

where e, ¢’ € R satisfy the following inequalities

v(12) —ov (1) < e <w(234) —v(34),
v(l4) —v (1)< ¢ <wv(34)—v(13)+v (1),
et+e =wv(24).

Notice first that, by Lemma A.1, there always exist e, ¢’ satisfying the above
inequalities since, applying (7) and (8), we obtain

0(12)—0(1)(%0(24)—'0(4) <wv(234) —v(34),
0(14)—1;(1)50(34)—0(13)—1—1}(1),

U(l?)—v(1)+v(14)—v(1)(_f)v(24)(SS)U(234)—U(34)+U(34)—v(13)—|—v(1).

The other monotonic inequalities can be obtained from (7) and (8), since we
have

v(23) —v(13) + v (1) ; v(12) —v (1)

v (123) — 0 (23) + v (13) — 20 (1) > v (13) — v (1)
v(124) —v (24) > v (1),

v(134) —v (13) > v (14) — v (1),

v(134) —v (13) > v (34) —v (13) + v (1),

v(234) —v(34) > v (23) —v (13) + v (1)
v(23) —v(13) + v (1) g_) v (2),

v(34) —v(13)+v (1) >v(4),

Therefore, the claimed y € M Ajs (v) does exist. Moreover, we have

KT > max \{j})

SN

= v(124) —v(24) +v(234) — v (34) +
v (123) — v (23) + v (13) — 20 (1) + v (134) — v (13)
= v(123)+ v (124) + v (134) + v (234) — 7 (v) .
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Case II: d7 (v) = v (12) + v (13) + v (24) + v (34) . So, we have

A2z < A2+ A1z, A < Aia A+ Aag, A < Aig A Asa, Aoz < Aog 4 Ag, 9)

Atg + Aoz < Ao+ Azg, A+ Aoz < Az + Aoy (10)
Now, let us see that we can always find a monotonic aspiration y = (ys ) SeP()
M A; (v) satistying
y = (a,d’,v (123) — v (12)),
y =(v(124) —v (24),e,€),
y = (0,0, v (134) — v (13)),
y? = (v (234)—0(34),f7f’),
y =(a,d), y*=(dd),
y = (b,V), = (e,€),
y't=(c.d), = (L),
yZ:(v())fra,llzeN.
where a,a’,b,0,c,c,d,d e e, f, [/ € R satisfy the following inequalities
v(1)<e<b<a, v(2)<d<d <e,
U(4)§C,§€,§f/a U(3)§d<f<b, (11)
at+ad =v(12), b+ =v(13), c+ =v(14),

(
d+d =v(23), e+e=v(24), f+ [ =v(34).

We leave the existence of these parameters for the next lemma. Therefore
assuming their existence and recalling that, by assumption, v (ijk) — v (ij) >
v (ik)—wv (i) for all i, j, k € N, we obtain the claimed existence of y € M A3 (v) .
Moreover, we have

KT > max \{j})
v ;(geT\{z}y

=yt +ye +y ™

= 0(124) — v (24) + v (234) — v (34) +
v (123) — v (12) + v (134) — v (13)
= 0 (123) 4 v (124) + v (134) + v (234) — 67 (v). O

Lemma A.3 With the above assumptions and notations, there are real num-
bers a,a’ bV, c,d,d,d e €, f, f satisfying (11).
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PrOOF: It is sufficient to show the existence of two real numbers a, e satisfying
the following eight inequalities:

v(12) —v(23)+v(3) <a<wv(12) —v(2),

v(24) —v(14)+v(l) <e<wv(24) —v(4), 12
0(12) <ate<v(12) £ (13) + 0 (24) — v (14) — v (23), 12
v(14) —v(24) <a—e<wv(12)4+v(34) —v(23) — v (24)

we obtain
v(l)<b<a, v(2)<d <e
v(4)<e < f, v(@) < fLY,
v(14)=b+¢€, v(23)=d + f,
and, taking

the lemma would be proved.
Now we prove the existence of numbers a and e satisfying (12). Firstly,
notice that, by (10), we have

v(12) <v(12) + v (13) + v (24) — v (14) — v (23),
(12) + v (34) — v (23) —v (24) .

Secondly, the set of the points (a,e) in the Euclidean plane satisfying the
first four inequalities (resp. the last four inequalities) in (12) is a rectangle D
(resp. D' ) with the sides [;, 1 < ¢ < 4, parallel to the axes (resp. with the
sides I;, 5 < i < 8, parallel to the quadrant’s bisectrix) as the Figure 1 shows.

Therefore, we only have to prove that the intersection of both rectangles
is nonempty. For this, we denote by P,; = (a;j, e;;) the intersection point of
the line I; with the line /; when /; and I; are non parallel lines. By (9), we
have the following inequalities
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Figure 1: Rectangles D and D/

v (12) + v (14) — v (24)

(1) as; = 5 <wv(12) —v (2),

(2) ags = 20(12) + v (13) + v (;’;4) — 20 (23) — v (14) > 0(12) — v(23) + 0 (3),
3) 658:U(23)+U<224)_U(34)§v(24)—v(4),

(1) eqr = v(12) + v (13) 4 2v (;4) — 20 (14) — v (23) > 0 (24) — v (14) + 0 (1),
(5) elg=v(13)+v(24) —v(14) —v(3) >v(24) —v(14) +v (1),

(6) e =v(2) <v(24)—v(4),

(7) azr=wv(1) <wv(12)—v(2),

8) ays=v(12)+v(34) —v(23) —v(4) >v(12) —v(23) +v(3).

The inequalities (1) and (2) (resp. (3) and (4) ) show that D’ has at least a
point between the lines l; and [y (resp. I3 and Iy ), and the inequalities (5)
and (6) (resp. (7) and (8) ) show that D has at least a point between the lines
l5 and lg (resp. l; and lg ). From this follows that DN D" # & and, therefore,
the lemma is proved. [
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