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Abstract

In this paper we study the relation between convexity of TU games and marginal vectors. We show that
if specific marginal vectors are core elements, then the game is convex. We characterize sets of marginal
vectors satisfying this property, and we derive the formula for the minimum number of marginal vectors
in such sets.
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1 Introduction

This paper studies the relation between convexity of TU games and marginal vectors. Shapley (1971) and
Ichiishi (1981) showed that a game is convex if and only if all marginal vectors are core elements. In Rafels,
Ybern (1995) it is shown that if all even marginal vectors are core elements, then all odd marginal vectors are
core elements as well, and vice versa. Hence, if all even or all odd marginal vectors are core elements, then
the game is convex. In Van Velzen, Hamers, Norde (2002) other sets of marginal vectors are constructed such
that the requirement that these marginal vectors are core elements is a sufficient condition for convexity of
a game. This construction is based on a neighbour argument, i.e. it is shown that if two specific neighbours
of a marginal vector are core elements, then this marginal vector is a core element as well. In this way they
characterize convexity using a fraction of the total number of marginal vectors. Moreover, they show that
this fraction converges to zero.

In this paper we use combinatorial arguments to obtain sets of marginal vectors that characterize con-
vexity. We characterize the sets of marginal vectors satisfying this property. Furthermore we present the
formula for the minimum cardinality of sets of marginal vectors that characterize convexity.

In cooperative game theory, convexity is studied because for convex games many solution concepts possess
nice properties. For instance, it is established that the core is nonempty, that the Shapley value is the
barycentre of the core and that the set of marginal vectors coincides with the set of extreme points of the
core (Shapley (1971)). Furthermore it is shown that the bargaining set and the core coincide as well as the
kernel and the nucleolus (Maschler, Peleg, Shapley (1972)) and that the T-value can easily be calculated (Tijs
(1981)). There are several classes of cooperative games that are included in the class of convex games. For
instance, the class of convex games contains bankruptcy games (Aumann, Maschler (1985), Curiel, Maschler,
Tijs (1987)), sequencing games (Curiel, Pederzoli, Tijs (1989)), airport games (Littlechild, Owen (1973)) and
standard fixed tree games (Granot, Maschler, Owen, Zhu (1996)). Convexity is also characterized for chinese
postman games (Granot, Hamers (2000)) and travelling salesman games (Granot, Granot, Zhu (2000)).

2 Preliminaries

In this section we recall some notions from cooperative game theory and introduce some notation.

A cooperative TU game is a pair (N,v) where N = {1,... ,n} is a finite (player-)set and the character-
istic function v : 2 — R assigns to each subset S C N, called a coalition, a real number v(S), called the
worth of coalition S, where v(()) = 0. The core of a game (N, v) is the set of payoff vectors for which no
coalition has an incentive to leave the grand coalition N, i.e.



C(v) = {z € RV ij > v(S) for every S C N, Z xz; =v(N)}.
jes JjEN

Note that the core of a game can be empty. A game (N, v) is called convex if the marginal contribution of
any player to any coalition is less than his marginal contribution to a larger coalition, i.e. if it holds that

v(SU{i}) —v(S) <wv(SU{i,j}) —v(SU{j}) foralli,je N,i#j and S C N\{i,j}. (1)

Before we introduce marginal vectors, we first introduce orders. An order o of N is a bijection o :
{1,...,n} — N. This order is denoted by o(1)---o(n), where o(i) = j means that with respect to o,
player j is in the i-th position. An order is called even if it can be turned into the identity order e by an
even number of neighbourswitches, where e is such that e(i) = ¢ for every i € {1,... ,n}. An order which is
not even is called odd. Note that the set of all orders .S,, contains as many even orders as odd orders.
For notational convenience we introduce a special set of orders. Let i,j € N with i # j, and let

S C N\{i,7}. Then M(S,{i,j}) contains those orders which begin with the players in S, followed by the
players in {i,j} and end with the players in N\(SU{i,j}), i.e

M(S,{i,j}) ={c€Sn: ok)eSforl<k<|S|,o(k)e{ij}for|S|+1<k<|S|+2
and o(k) € N\(SU{i,j}) for [S|+3 <k <n}.

Note that we allow for S = () and S = N\{é, j}.

Example 1 Let N ={1,2,3,4,5}, S = {3} and {i,5} = {1,5}. Now M ({3},{1,5}) = {31524,
31542,35124,35142}.

For each k € {0,... ,n — 2} let G,,(k) consist of those M(S,{7,j}) with S containing k players, i.e.

Gn(k) ={M(S,{i,j}) : 4,5 € N with i # 5,5 C N\{i,j} and |S| = k}.

Let k € {0,... ,n —2}. Obviously for each o € S,, it holds that there is precisely one M (S, {z J}) € Gu(
such that o € M(S {i,j}), i.e. Gn(k) is a partitioning of S,,. Furthermore we have that |Gy (k)| = (7) ("3 )

Let (N,v) be a game. For o € S,,, the marginal vector m?(v) is defined by

m{ (v) = v([i,o]) —v((i,0)) for all i € N,

where [i,0] = {j € N : 0~ (j) < o71(i)} is the set of predecessors of i with respect to o including i, and
(i,0) ={j € N :071(j) < o71(i)} is the set of predecessors of i with respect to o excluding i. A marginal
vector is called even (odd) if the corresponding order is even (odd).

3 Characterizing convexity of games with marginal vectors

In this section we present our main results. First we recall theorems which deal with the relation between
convexity and marginal vectors. Secondly, we characterize sets of orders for which the requirement that the
marginal vectors corresponding to the orders in such a set are core elements is a sufficient condition for all
marginal vectors to be core elements. Finally we derive the formula for the minimum cardinality of a set of
orders satisfying this property.

The following well-known theorem deals with the relation between marginal vectors and convex games.
It states that a game is convex if and only if all marginal vectors are core elements.

Theorem 1 (Shapley (1971), Ichiishi (1981)) Let (N,v) be a game. It holds that (N,v) is convez if
and only if m?(v) € C(v) for all 0 € S,,.



The following theorem also deals with the relation between marginal vectors and convexity of games. It
states that the even marginal vectors, as well as the odd marginal vectors, characterize convexity. In other
words, if all even marginal vectors or all odd marginal vectors are core elements, then the game is convex.

Theorem 2 (Rafels, Ybern (1995)) For every game (N,v) the following statements are equivalent:
1. (N,v) is conver,
2. m?(v) € C(v) for all even o € Sy,

3. m?(v) € C(v) for all odd o € S,,.

Van Velzen et al.(2002) construct other sets of marginal vectors that characterize convexity. This construc-
tion is based on a neighbour argument. It is shown that if two specific neighbours of some marginal vector
are core elements, then this marginal vector is a core element as well.

Sets of marginal vectors that characterize convexity are baptized complete sets. In other words, a set
A C S, is called complete if for every game (N, v) the following statements are equivalent:

1. (N,v) is convex,
2. m?(v) € C(v) for all o € A.

Theorem 2 states that the set of even orders and the set of odd orders are complete sets. Let M, be the
minimum cardinality of a complete set, i.e.

Al

M, = min
ACS,: A is complete

and let the fraction of M,, with respect to all orders be denoted by g,, = .

n:

From Theorem 2 we obtain that M, < 3n!l. Van Velzen et al.(2002) show that for n > 5 it holds that
M, < %n! and that g, — 0 if n — co. However, they only provide upper bounds for M,, and g,,. Some of
these upper bounds are presented in Table 1.

n | 3 4 5 6 7 8 9 10
n! 6 24 120 720 5040 40320 362880 3628800
M, | <3 <12 <30 <180 <1260 <5040 <45360 < 226800
m | <3 <1 <1 <i <1 <i <i <%

Table 1: Upper bounds for M,, and g,.

To obtain the main result of this paper we need the following characterization of complete sets.
Lemma 1 Let A C S,. Then A is complete if and only if
ANM(S,{i,j})#0 foralli,je N,i#7 and S C N\{3,j}. (2)

Proof: First we show the ”if” part. Let A be such that (2) holds, and let (N, v) be a game. Assume that
m?(v) € C(v) for each o € A. Let i,j € N with i # j, and let S C N\{¢,7}. Then there is a ¢ € A such
that o € M (S, {i,7}). Without loss of generality assume that o(|S| + 1) =4 and o(|S| + 2) = j. It follows
that

v(SU{N) < Y mi(v) =o(SU{E }) —o(SU{i}) + (),

keSu{j}

where the inequality holds because m?(v) € C(v). Therefore (1) holds and hence (N, v) is convex. Using
Theorem 1 we obtain that m?(v) € C(v) for all o € S,,. We conclude that A is complete.



To show the "only if” part, suppose that (2) does not hold. We will show that A is not complete by
constructing a nonconvex game for which all marginal vectors corresponding to orders in A are core ele-
ments.

Because (2) does not hold, there are 7,7 € N with i # j, and S C N\{4, j} such that ANM (S, {i,5}) = 0.
Let

1 it T=5uU{i},Su{j}

o(T) = { max(0,|T| — || — 1) otherwise. ¥

We will show that (N,v) is such that m?(v) € C(v) if and only if o & M (S, {i,5}).

Let 0 € M (S, {i,7}). Without loss of generality assume that o is such that o(|S|+1) = ¢ and o(|S|+2) = 5.
It follows that >, c g5y m7(v) = v(SU{i,j}) —v(SU{i}) +0v(S) =1-1+0<1=0v(SU{j}). Hence,
m?(v) ¢ C(v). We now show that the other marginal vectors are core elements.

Let o & M(S,{i,j}). For all k € N and T C N\{k} it holds that v(T U {k}) — v(T) € {0,1}. This
implies that

my (v) € {0,1} for each k € N. (4)

It is sufficient to show that », . m7(v) > v(T') for each T C N. We distinguish between two cases.

Case 1: T # SU{i}, SU{j}.
Suppose that |T'| < |S| + 1. Then v(T') = 0 and therefore, using (4), we have that >, ... m7(v) > v(T).
So suppose that |T'| > |S| 4 1. Then, because of (4), it holds that 3, -\ p mf (v) < |[N\T'| and therefore

> miw)=v(N)= Y mf(v) = |N|—|S| - 1—|N\T|=|T|—|S|—1=0(T).

keT kEN\T

Case 2: T=SU{i}or T =SU{j}

Without loss of generality assume that 7 = S U {i}. It holds that v(S U {i}) = 1. To show that
> kesugiymi(v) = 1 it is sufficient, according to (4), to prove that there is a k € S U {i} such that
mg(v) = 1. Let h € S U {i} be such that all players in S U {i} precede h with respect to o, i.e. h € SU {i}
is such that o~ (k) < o~ '(h) for all k € S U {i}. We distinguish between three subcases.

Subcase 2a: o !(h) =|S| + 1.
It holds that [h, 0] = S U {i}. Therefore m?(v) = v(S U {i}) —v((SU{iH\{h}) =1-0=1,

Subcase 2b: o !(h) =|S| +2.

First suppose that h = i. If o=1(j) > o~ 1(i), then it holds that (i,0) # S U {j}, and |[i,o]| = |S| + 2.
Hence, m¢ (v) = v([i,0]) —v((i,0)) =1—-0=1.

If J*I(j) < o71(i) then, because o ¢ M(S,{i,j}), it follows that there is a k € S U {i} such that
o(|S|+1) =k # j. Hence [k,0] = SU{j}. Therefore, m7(v) = v([k,0]) —v((k,0)) = v(SU{j})—v((k,0)) =
1-0=1.

So suppose that h # i. From [[h, ]| = |S| + 2 it follows that v([h, ]) = 1. Because h € S we have that
(h,o) # S U{i}, SU{j}. Hence, v((h,0)) = 0. Therefore, m? (v) = v([h,0]) —=v((h,0)) =1—-0=1.

Subcase 2c: o !(h) > 5] + 3.
Then it holds that |[h, a]\ = o7 Yh) > |S| + 3, and |(h,0)] = o~ '(h) — 1. Therefore, m?(v) =
v([h,0)) = v((h,0)) = o (h) = [S| =1 = (e~ (h) =1 = |S| — 1) o

The following example shows that for n = 3 the even orders form a complete set.

Example 2 Let N = {1,2,3}. Let A C S3. From Lemma 1, it follows that A is complete if and only if
ANB # D forall B € {M({1},{2,3}), M({2}, {1, 3}), M ({3}, {1,2}), M(0,{1,2}), M (D, {1,3}), M(0,{2,3})}.



For example the set of even orders {123,312, 231} satisfies this property. On the contrary, {123, 132,213,231}
does not satisfy this property because {123,132,213,231} N M ({3}, {1,2}) = 0. Hence, {123, 132,213,231}
is not complete. This means that there is a nonconvex game for which the marginal vectors corresponding
to the orders in {123,132,213,231} are core elements. Such a game is obtained by considering (3) with
S =1{3},i=1and j = 2. This game is depicted in Table 2. It holds that m!23(v) = m!32(v) = m?13(v) =
m?(v) = (0,0,1) € C(v). However, m32(v) = (1,0,0) € C(v) and m3?1(v) = (0,1,0) ¢ C(v).

S {1 {2 {3F {12} {13} {23} {1,2,3}
()] 0 0 0 0 1 1 1

Table 2: A nonconvex game for which m!23(v), m!32(v), m?13(v) and m?®!(v) are core elements.

From Lemma 1 it follows that to find a complete set, it is necessary and sufficient to find a set of orders
that covers all elements of Gy, (k) for each k € {0,... ,n — 2}, i.e. aset A C S, such that AN B # () for
all B € Up<p<n—2Gn(p). Trivially, by choosing an order from each B € G, (k) for each k € {0,... ,n — 2}
a complete set is obtained. In this way we can find a complete set containing at most » 5. <, 5 |Gn(p)|
orders. However, there are complete sets containing less than ZOSPSn—Q |Gy (p)| orders. The main result of
this paper is the formula for the minimum cardinality of a complete set. To prove this result we distinguish
between odd n € N and even n € N.

First we focus on odd n. For the proof of the formula for odd n we need the concepts of right-hand
side neighbours, left-hand side neighbours and perfect coverings. Let n > 3 be odd and let k& be such that
n = 2k + 1. Suppose the players are seated at a round table such that for all j € N it holds that the person
on the right-hand side of player j is player (j — 1) mod n and the person on his left-hand side is player
( + 1) mod n. For each j € N let the right-hand side neighbours R; of j be the first k players on the
right-hand side of player j at the round table, i.e.

Rj={(j—1) modn,...,(j—k) mod n}.
Similarly, let the left-hand side neighbours L; of player j be the first k players on the left-hand side of player
7, i.e.

Ly ={(+1) modn,...,(j+k) modn}.
The notion of left-hand side neighbours and right-hand side neighbours is illustrated by Example 3.

Example 3 If n =9, k = 4 and j = 3, then it holds that R3 = {1,2,8,9} and L3 = {4,5,6,7}. The sets
R3 and Ls are illustrated in Figure 1.

Let i,j € N with ¢ # j. The following properties of L; and R; can easily be verified.
(P1) L,NR; =0,

(P2) L UR; U{j} =N,

(P3) i€ L; if and only if j € R;,

(P4) ie R; ifand only if j ¢ R;.

Now we introduce the concept of perfect coverings. Let i,j5 € N with ¢ # j and T C N\{4,j}. Then
o€ M(T,{i,j}) is said to perfectly cover M(T,{i,j}) if o(|T| 4+ 1) € Ry(r|+2)- Because of (P4) it holds
that M (T, {i,j}) contains orders which perfectly cover this set. A set A C S, is called perfect complete if
for each M (S, {l,m}) there is a 0 € A that perfectly covers M (S, {l,m}). The concept of a perfect covering
is illustrated in the following example.

Example 4 If n = 9, T = {1,4,5}, ¢ = 8 and j = 3, then it holds that 8 € R3 and 3 ¢ Rg. Hence,
o€ M({1,4,5},{3,8}) is a perfect covering of this set if o(4) = 8. In particular, 514832967 is a perfect
covering of M({1,4,5},{3,8}) and 514382967 is not a perfect covering of M ({1,4,5},{3,8}).



Figure 1: The left-hand side neighbours and right-hand side neighbours of player 3.

The following theorem gives the minimum cardinality of a complete set for odd n. The proof of this theorem
is constructive in the sense that it contains a procedure to obtain a complete set of minimum cardinality.

Theorem 3 Let n > 3 be odd. It holds that

Proof: Let k be such that n = 2k+1. First we will show that M,, > W It holds that G,, (k) forms

a partition of S,,. This implies, using Lemma 1, that to cover all elements of G, (k) at least |G, (k)| orders

are needed. It holds that |G, (k)| = (") (" k) k!(n—Z!—Q)!z! = = 3;'(,L - Therefore M,, > (27)17"(;1),
Now we will show that M, < W"(”—’l)‘ We will do this by constructing a perfect complete set of
2 : 2 N
size |G, (k)| = W@ First we construct a set A C S,, containing |G, (k)| orders that perfectly covers
2 : 2 ‘

each element of G,,(k). Using A we inductively show that we can construct a perfect complete set.

Each M(S,{l,m}) € G, (k) contains perfect coverings. Therefore it is trivial to obtain a set A containing
|G (k)| orders that perfectly covers each element of G, (k). In particular, A can be obtained by choosing
precisely one perfect covering from each element of G, (k).

Assume that A perfectly covers each element in U,,<,<, Gy (p) for some m < k. Obviously m = k satisfies
this property. Suppose that M (T, {i,j}) € G,(m — 1) is not perfectly covered by A. We will replace one
order o € A by an order & € S,\A to obtain the set A = (A\{o}) U {5}. Our selection of & and & is such
that A perfectly covers one element of U,,_1<,<kGy(p) more than A. In particular, A perfectly covers the
same elements of U, _1<p<1Gn(p) as A, except for M (T, {i,j}) € G,,(m — 1) which is only perfectly covered
by A.

Without loss of generality assume that ¢ € R;. This yields that if 7 € S,, perfectly covers M (T, {i,5}),
then it holds that 7(|T|+ 1) =i and 7(|T'| +2) = j. Let B be the set of orders in A that begin with T'U {i}
followed by j, i.e. B={re€ A:7(p) e TU{i} for all p < |T|+ 1,7(|T| + 2) = j}. We will replace an order
o € B with an order & € S, \A.

Now first suppose that there is an order in B that is not a perfect covering of an element in G,,(m — 1),
i.e. suppose there is a ¢ € B with o(|T| + 1) ¢ R;. Now interchange o(|T| + 1) and ¢ to obtain the
order 7. Note that ¢ and o only differ in two positions, namely in position o ~1(i) < m and in position
|T| +1 = m. This yields that & perfectly covers the same elements of U,,<p<1Gr(p) as o. Furthermore, &
perfectly covers M(T,{i,j}). Because o was not a perfect covering of an element of G, (m — 1) it follows
that A = (A\{o}) U {5} perfectly covers one element of U,,_1<,<xGn(p) more than A.

Now suppose that all orders in B are perfect coverings of elements in G,,(m — 1), i.e. suppose that for all
T € B it holds that 7(|T|+1) € R;. We will show that there are 7, p € B such that 7(|T|+1) = p(|T|+1) = h
for some h € T, i.e. that M((T'U {i})\{h},{h,j}) € Gn(m —1) is perfectly covered twice by orders in B. If
we then take o = m and obtain & by interchanging h and i, it follows that A = (A\{o}) U {5} still contains



a perfect covering of M ((T U {i})\{h}, {h,j}), namely p. Moreover, A perfectly covers M (T, {i,j}). Hence,
A perfectly covers one element of Um—1<p<kGn(p) more than A.

We will now show that there are orders 7, p € B with «(|T|+1) = p(|T|+1). Note that, by supposition,
it holds that 7(|T| + 1) € R, for all 7 € B. Because we have assumed that M (T, {7, j}) was not perfectly
covered by an order in A it also holds that 7(|T'|+1) # ¢ for all 7 € B. Therefore we have that 7(|T|+1) € T
for all 7 € B. This implies that 7(|T| + 1) € T'N R; for all 7 € B. Hence, showing that there are orders
m,p € B with 7(|T| 4+ 1) = p(|T'| + 1) boils down to showing that |B| > |T N R;|.

First note that our assumption states that each element of U, <<k Gy (p) is perfectly covered by A. This
implies that M (T U {i},{j,1}) is perfectly covered for all I € N\(T'U {4, j}). Therefore M (T U {i},{4,1}) is
perfectly covered for all [ € (N\(T'U{i}))NL;. Let 7 € A be a perfect covering of M (T'U{i}, {j,1}) for some
le (N\(T'u{i})) N L;. Because of (P3) it follows that j € R;. Therefore 7(p) € T U {i} for all p < |T| +1,
7(|T|+2) = j and 7(|T| + 3) = I. We conclude that 7 € B. This implies that

[B] = [(N\(T" U {i})) N L] (5)

It holds that [(N\(T'U{i})) N L;|+|(TU{i})NL;| =|L;| = k. Using (P2) it follows that |(T"U{i}) N L;| +
(T'U{i}) N R;| = |T'U {i}|. From these two expressions we derive that

((N\(TU{i}) N Ll =k = [(TU{i}) N Lj| = k= [TU{i}| + [(TU{i}) N R;| > (T U{i}) N Ry, (6)

where the inequality holds because k > m = |T| + 1. From (5) and (6) it follows that

[Bl > [(T'U{i}) N Ry > TN Ryl (7)
where the strict inequality holds because ¢ € T'U {i} and i € R;.

So if we start with a set A containing |G, (k)| elements that perfectly covers each element of U,,<p<iGr(p),
then we can find a set A that perfectly covers one element of U, _1<,<xGr(p) more than A. This yields that
we can construct a set of orders that perfectly covers all elements of Up<p<pGp(p). Now let m > k be such
that A perfectly covers all elements of Up<p<mGr(p). Obviously, m = k satisfies this property. Suppose
that some M(T,{i,j}) € Gn(m + 1) is not perfectly covered by A. It is now straightforward to show that
there exists a set A that perfectly covers one element in Uo<p<m+1Gnr(p) more than A. It follows that there
exists a set containing |Gy, (k)| orders that perfectly covers all elements of Up<p<n—2Gn(p). O

The following example illustrates the possibility in the proof of Theorem 3 that there is a ¢ € B with
o(IT1+1) ¢ R;.

Example 5 Let n = 5 and k£ = 2. According to the proof of Theorem 3, we first need to find a set
A C S that perfectly covers each element of G5(2). This can be done by taking one perfect cover from each
M(T,{i,j}) € G5(2). For example, let

A = {12345, 14235, 23415, 52134, 35124
12354, 14523, 23514, 25413, 35412
12453, 14352, 23451, 25341, 35241
13245, 15234, 24135, 34125, 45123
13524, 15243, 24513, 34512, 45132
13452, 15342, 24351, 34521, 45231}.

Tt is straightforward to check that A indeed perfectly covers all elements of G5(2). However, not all elements
of G5(1) are perfectly covered. For instance, it holds that M ({5}, {3,4}) N A = (. Because A does not cover
M ({5},{3,4}), it certainly does not perfectly cover this set. We will obtain a set A that perfectly covers
M({5},{3,4}).

Let T = {5}, i = 3 and j = 4. Note that i € R;. It holds that B = {r € A : 7(k) € {3,5} for k =
1,2 and 7(3) = 4} = {35412}. Tt holds for 0 = 35412 € B that o(|T|+ 1) =5 ¢ R4. According to the proof
we need to interchange o(|T| 4+ 1) = 5 and ¢ = 3. This yields & = 53412. Note that 53412 perfectly covers
M({5},{3,4}). Now let A = (A\{35412}) U {53412}. It holds that A perfectly covers M ({5}, {3,4}).



The following example illustrates the possibility that for all ¢ € B it holds that o(|T'| + 1) € R;.

Example 6 Let n = 5, k = 2 and let A be the same set of orders as in Example 5. Although 52134 € A
covers M ({5},{1,2}) € G5(1), it holds that M({5},{1,2}) is not perfectly covered by A. Therefore let
T ={5},i=1and j = 2. Note that i € R;. It holds that B = {r € A: 7(k) € {1,5} for k =1,2 and 7(3) =
2} = {15243,15234}. For all o € B it holds that o(|T|4+1) =5 € Ra. So, M({1},{2,5}) is perfectly covered
twice by orders in B. Take o = 15243 € B. Now interchange o(|T| 4+ 1) =5 and ¢ = 1 to obtain 7 = 51243

and let A = (A\{15243}) U {51243}. It holds that A still perfectly covers M ({1}, {2,5}), and, moreover, A
perfectly covers M ({5}, {1,2}).

In the final part of this paper we deal with even n € N. Although the proof of the formula for even n is very
similar to the proof for odd n, there is a subtle difference between these two proofs.

Let n > 3 be even and let k be such that n = 2k + 2. For each j € N we define the right-hand side
neighbours R; by

Ri={(j—1) modmn,...,(j —k) modn,(j —k—1) mod n}

and the left-hand side neighbours L; by

Li={(+1) modn,...,(j+k) modn,(j+k-+1) modn}.

The intuition of L; and R; is similar as for odd n. For convenience, we define 0; = (j + k + 1) mod n for
all j € N. Intuitively, o; is the player seated exactly opposite to player j. It is straightforward to show that
O0(j+k+1) mod n = J and that o; = (j — k — 1) mod n. The following properties can easily be verified.

(Q1) L; N R; = {o;},

(Q2) L UR; U{j} =N,

(Q3) ¢ € L; if and only if j € R;,
(Q4) i € Rj or j € R;.

Player o; is a member of L; and R;. This observation implies that (P1) does not hold anymore and that (P4)
only holds in a weakened version. Let i,j € N with ¢ # j and T'C N\{4,5}. Then 0 € M(T,{i,j}) is said
to perfectly cover M(T,{i,j}) if o(|T| + 1) € Ry (j7|42)- Because of (Q4) it holds that M (T, {i,j}) contains
orders which perfectly cover this set. Moreover, if ¢ = o;, then it holds that every order of M (T, {o;,j})
perfectly covers this set. A set A C S, is called perfect complete if for each M(S,{l,m}) there is a 0 € A
that perfectly covers M (S, {l,m}). The following theorem gives the formula for the minimum cardinality of
a complete set for even n.

Theorem 4 Let n > 3 be even. It holds that

n!
Proof: Let k be such that n = 2k + 2. First we will show that M,, > 2((%% It holds that G, (k)
forms a partition of S,. This implies, using Lemma 1, that to cover all elements of G, (k) at least
1Gn(k) = (}) (”5’“) = k!ZiQ! = 2!((%)!)2 orders are needed. It follows that M, > 2((%%
It remains to show that M,, < 2((%'2)02 We do this similar as for odd n. It is straightforward to construct a

set A C S, containing |G,, (k)| orders which perfectly covers each element of G, (k). Assume that A perfectly
covers each element of U,,<p<iGn(p) for some m < k. Suppose that M (T,{i,j}) is not perfectly covered
by A. Assume without loss of generality that ¢ € R; and let B = {7 € A : 7(p) € T U {i} for all p <
T|+1,7(T] +2) = j}.

Suppose there is an order ¢ € B with o(|T| 4+ 1) ¢ R;. Using the same technique as for odd n it is now
straightforward to obtain a set A that perfectly covers one element of Um—1<p<kGn(p) more than A.



So suppose that for all 7 € B it holds that 7(|T'| + 1) € R;, i.e. all orders in B are perfect coverings of
some element of G, (m — 1). Again, we will show that there are m,p € B with 7(|T| + 1) = p(|T| + 1) = h
for some h € T, i.e. that M((T U {i})\{h},{h,j}) € Gn(m — 1) is perfectly covered twice by orders in B.
This boils down to showing that |B| > |T'N R;|. We distinguish between two cases to show this inequality.

Case 1: 0; € N\(T'U {i}).

We assumed that each element of Uy;,—1<p<kGn(p) is perfectly covered by A. This implies that
M(T U{i}, {4,1}) is perfectly covered for all I € N\(T'U{i,j}). Hence, M(T U{i},{4,1}) is perfectly covered
for all I € (N\(T'U{3,0,})) N L;. Let I € (N\(T'U{i,0;})) N L; and let 7 € A be a perfect covering of
M(T U {i}, (. 1}).

Because [ # o; it holds because of (Q1) that | ¢ R;. Because 7 is a perfect covering it follows that
T(p) e TU{i} for all p < |T| 4+ 1, 7(|T| + 2) = j and 7(|T| + 3) = . We conclude that 7 € B.

It follows that |B| > |(N\(T'U{%,0;})) N L;| = [(N\(T'U{i})) N L;| — 1, where the equality follows from
0j € (N\(T'U{i})) N L;. Trivially it holds that [(N\(T U {i})) N L;| + [(T'U{i}) N L;| = k + 1. Because of
oj € N\(T'U{i}), (Q1) and (Q2) it holds that [(TU{i})NL;|+ (T U{i}) N R,;| = |TU{i}|. Hence, we have
that

[Bl = [((N\(TU{i})) N Lj| =1 =k+1-[(TU{i})NL;| -1

=k+[(TU{i}) NR;| = |TU{i}| = (T U{i}) N R, > [T N Ryl,

where the first inequality follows from k& > m = |(T'U {i})|. The strict inequality follows from ¢ € T'U {i}
and 7 € Rj.

Case 2: 0; € T U{1}.

We assumed that each element of Uy,—1<p<kGn(p) is perfectly covered by A. This implies that
M(T U {i},{j,1}) is perfectly covered for all I € N\(T U {i,j}). Hence, M(T U {i},{j,1}) is perfectly
covered for all I € (N\(T'U {i}))NL;. Let Il € (N\(T' U{i})) N L, and let 7 € A be a perfect covering of
M(T U {i}, . 1}).

Because o; € T'U {i} it follows that [ # o;. This implies, using (Q1), that [ ¢ R;. Hence, 7(p) € T U {i}
forall p < |T|+ 1, 7(|T| 4+ 2) = j and 7(|T| + 3) = . It follows that 7 € B. We conclude that |B| >
[(N\(T'U{i}))NL,|. It also holds that |(N\(TU{i}))NL;|+|(TU{i})NL,;| = k+1. Because of 0; € TU{i},
(Q1) and (Q2) it holds that (T"U {i}) N L;| + [(T U {i}) N R;| = |T'U {i}| + 1. Hence, we have that

[Bl > [(N\(T'U{i})) N Lj| = k + 1= [(T'U{i}) N L]

=k+1+[(TU{ih) R = (TU{i}|+1) = [(TU{i}) N R;| > |TN R,

where the first inequality follows from k& > m = |(T U {i})|. The strict inequality follows from ¢ € T U {i}
and 7 € R;.

Using the same argument as in the proof of Theorem 3 we can now obtain a perfect complete set of size

G (k). O

Theorem 3 and Theorem 4 give the formula for the minimum number of marginal vectors needed to charac-
terize convexity. For 3 < n < 10 these numbers are presented in Table 3. Note that M, is relatively small for
large n. It holds that g, converges to zero exponentially fast, whereas the convergence of g, in Van Velzen
et al.(2002) is rather slow.



n [3 4 5 6 7 8 9 10
nl [ 6 24 120 720 5040 40320 362880 3628800
2t |3 12 60 360 2520 20160 181440 1814400
M, |3 12 30 90 210 560 1260 3150
1 1 1 1 1 1 1 1
gn 13 3 1 8 24 72 288 1152

Table 3: The minimum cardinality of complete sets.

4 References

Aumann R., Maschler M.(1985): ”Game theoretic analysis of a bankruptcy problem from the Talmud,” Journal of Economic
Theory,36,195-213.

Curiel I., Maschler M., Tijs S.(1987): ”Bankruptcy games,” Zeitschrift fir Operations Research,31,143-159.
Curiel I., Pederzoli G., Tijs S.(1989): ”Sequencing games,” European Journal of Operations Research,40,344-351.

Granot D., Granot F., Zhu W.(2000): ”Naturally submodular digraphs and forbidden digraph configurations,” Discrete Ap-
plied Mathematics,100,67-84.

Granot D., Hamers H.(2000): ”On the equivalence between some local and global Chinese postman and travelling salesman
graphs,” CentER Discussion Paper 2000-48, Tilburg University, Tilburg, The Netherlands, (to appear in: Discrete Applied
Mathematics).

Granot D., Maschler M., Owen G., Zhu W.(1996): ”The kernel/nucleolus of a standard fixed tree game,” International Jour-
nal of Game Theory,25,219-244.

Ichiishi T.(1981): ”Super-Modularity: Applications to Convex Games and the Greedy Algorithm for LP,” Journal of Eco-
nomic Theory,25,283-286.

Littlechild S., Owen G.(1973): ” A simple expression for the Shapley value in a special case,” Manangement Science,20,370-
372.

Maschler M., Peleg B., Shapley L. (1972): ”The kernel and bargaining set of convex games,” International Journal of Game
Theory,2,73-93.

Rafels C., Ybern N.(1995): ”"Even and Odd Marginal Worth Vectors, Owen’s Multilinear Extension and Convex Games,”
International Journal of Game Theory,24,113-126.

Shapley L. (1971): ”Cores of Convex Games,” International Journal of Game Theory,1,11-26.

Tijs S.(1981): ”"Bounds for the core and the 7-value,” In: Game Theory and Mathematical Economics, (Eds. Moeschlin
O., Pallaschke P.) North Holland Publishing Company, 123-132.

Van Velzen B., Hamers H., Norde H.(2002): ”Convexity and marginal vectors,” CentER Discussion Paper 2002-53, Tilburg
University, Tilburg, The Netherlands, (To appear in: International Journal of Game Theory).

10



