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Abstract We prove that if a non-transferable utility (NTU) game is cardinally
balanced and if, at every individually rational and efficient payoff vector, every non-
zero normal vector to the set of payoff vectors feasible for the grand coalition is
strictly positive, then the inner core is nonempty. The condition on normal vectors
is satisfied if the set of payoff vectors feasible for the grand coalition is non-leveled.
An NTU game generated by an exchange economy where every consumer has a
continuous, concave, and strongly monotone utility function satisfies our sufficient
condition. Our proof relies on Qin’s theorem on the nonemptiness of the inner core.
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1 Introduction

The inner core is a solution concept for a non-transferable utility (NTU) game.
Players’ utilities are not transferable, but an inner core payoff vector is stable even
if players can transfer their utilities with some fictitious rates A. Namely, at an
inner core payoff vector, any coalition cannot improve upon the A-weighted sum
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of utilities. This stability is stronger than the one required for the core. Thus, the
inner core is a refinement of the core.

The inner core is of significance in the relations to (1) Walrasian equilibria for
some economies, and to (2) the strictly inhibitive set of payoff vectors that are
stable against randomized blocking plans. An exchange economy or a production
economy generates a unique NTU game, but an NTU game may be generated by
multiple economies. Billera [3] proposed a method how to induce a production
economy from a totally cardinally balanced NTU game so that the economy actually
generates the given NTU game. Qin [14] proved that the inner core of a totally
cardinally balanced NTU game coincides with the set of utility vectors at Walrasian
equilibria for Billera’s induced production economy.! Inoue [9] constructed a
coalition production economy generating a given NTU game and proved that the
inner core coincides with the set of utility vectors at Walrasian equilibria for his
induced coalition production economy.

When a payoff vector can be improved upon by multiple coalitions, it is not clear
which coalition actually improves upon the payoff vector. Myerson [12, Section 9.8]
considered the following scenario. A mediator who is not a player of a given game
randomly chooses a coalition and payoffs to the members of the coalition. Every
player accepts the mediator’s randomized blocking plan if, conditional on being a
member of a coalition, the expected payoff to him is better than the given payoff
to him. The strictly inhibitive set is the set of payoff vectors that are feasible for
the grand coalition and that are stable against randomized blocking plans. Qin [13]
proved that the inner core is always a subset of the strictly inhibitive set and, in some
classes of NTU games, these two sets coincide.

A sufficient condition for the inner core to be nonempty was given by Qin [15,
Theorem 1]. Although his sufficient condition is mathematically general, it is not
easy to check whether a given NTU game satisfies the condition. Accordingly, it is
useful to give classes of NTU games satisfying Qin’s sufficient condition. Qin [15,
Corollary 1] proved that every cardinally balanced-with-slack NTU game satisfies
his own sufficient condition. We give another class of NTU games satisfying
Qin’s sufficient condition: If an NTU game is cardinally balanced and if, at every
individually rational and efficient payoff vector, every non-zero normal vector to
the set of payoff vectors feasible for the grand coalition is strictly positive, then the
NTU game satisfies Qin’s sufficient condition for the inner core to be nonempty. The
condition on normal vectors is met if the set of payoff vectors feasible for the grand
coalition is non-leveled. Our class of NTU games with the nonempty inner core
contains NTU games generated by exchange economies where every consumer has a
continuous, concave, and strongly monotone utility function. de Clippel and Minelli
[8] proved that the utility vector at a Walrasian equilibrium for such an exchange

!Furthermore, given an NTU game and given any payoff vector in the inner core, Qin [14]
constructed a production economy generating the given NTU game such that the given payoff
vector in the inner core is the utility vector at the unique Walrasian equilibrium for his induced
production economy. Brangewitz and Gamp [6] extended this result from one point in the inner
core to a closed subset with certain properties.
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economy is always in the inner core and, therefore, the nonemptiness of the inner
core follows from the well-known existence theorem of a Walrasian equilibrium.
Hence, our theorem extends de Clippel and Minelli’s class of NTU games with the
nonempty inner core.

In the present paper, we prove our theorem on the nonemptiness of the inner
core by applying Qin’s [15] theorem. There are two other methods of proof of
our theorem. The first way is due to Aubin [2, Theorem 2.1, Proposition 2.3].
Aubin adopted an abstract description of an NTU game. If we adopt a specified
“representative function” of an NTU game, what Aubin called “an equilibrium for a
representative function” turns out to be an inner core payoff vector. Since Aubin
proved the existence of an equilibrium for a representative function, he indeed
proved the nonemptiness of the inner core. At an inner core payoff vector, fictitious
transfer rates A of utilities must be strictly positive. Aubin first finds nonnegative
fictitious transfer rates A with certain properties and then provides a sufficient
condition (condition (c) of Proposition 2 in Sect. 3) for A to be strictly positive.”
As discussed in Sect. 3, Aubin’s sufficient condition for A to be strictly positive can
be slightly weakened. The second way is due to Inoue [11] who took two steps as
well as Aubin [2]. Inoue [11] first gives a new coincidence theorem, a synthesis of
Brouwer’s fixed point theorem and a stronger separation theorem for convex sets
due to Debreu and Schmeidler [7], and then, by applying the coincidence theorem,
he obtains nonnegative fictitious transfer rates of utilities with certain properties.
Inoue’s [11] second step of the proof is the same as Aubin’s [2].

The present paper is organized as follows. In Sect. 2, we give a precise description
of an NTU game and the definition of the inner core. Also, we give Qin’s sufficient
condition for the inner core to be nonempty (Theorem 1). In Sect. 3, we provide
characterizations of the efficient surface with strictly positive normal vectors. In
Sect. 4, we prove the nonemptiness of the inner core (Theorem 2). In Sect. 5, we
prove that our class of NTU games with the nonempty inner core contains de
Clippel and Minelli’s class of NTU games generated by exchange economies with
continuous, concave, and strongly monotone utility functions. In Sect. 6, we give
some remarks.

2 NTU Games and the Inner Core

We begin with some notation. We follow the notation of Qin [15]. Let N =
{1,...,n}be aset with n > 2 elements and let RY be the n-dimensional Euclidean
space of vectors x with coordinates x; indexed by i € N. The inner product of x and
y in RN is denoted by x - y,i.e., x -y = Y ienXivi.-Forx,y e RY, we write x > y
if x; > y; foreveryi € N; x > yif x; > y; foreveryi € N. The symbol O denotes

2Inoue [10, Appendix] summarizes Aubin’s description of an NTU game and reproduces Aubin’s
method of proof.
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the origin in R as well as the real number zero. Let RY, = {x € RY |x > 0}.
For a nonempty subset S of N, let RS = {x € R¥ |x; = O foreveryi € N\ S},
let Ri = {x e RS|x; > 0 for everyi € S}, and let e5 € RV be the characteristic
vector of S, i.e., ef = 1ifi € S and 0 otherwise. For x € RY, x5 denotes the
projection of x to RS. Let A = {) € Rf | D ey 2i =1L A°={A e Alr> 0},
and, foreverym > n, Ay ={A € A|X; = 1/mforeveryi € N}.

We regard N as the set of n players. Let .4 be the family of all nonempty subsets
of N,ie., #/ = {§ C N|S # 0}. Elements in .4 are called coalitions. A non-
transferable utility game (NTU game, for short) with n players is a correspondence
V : A4 — RV such that, for every S € .4, V(S) is a nonempty subset of RS and
satisfies V(S) — Ri = V(S). An NTU game is compactly generated if, for every
S € ., there exists a nonempty compact subset Cg of RS with V(S) = Cg — Ri.
In the present paper, we consider only compactly generated NTU games V with
V(N) convex.

The core is the set of payoff vectors which is feasible for the grand coalition N
and which cannot be improved upon by any coalition. By adopting a different notion
of improvement by a coalition, we can define the inner core.

Definition 1

(1) The core C(V) of NTU game V is the set of payoff vectors u € R¥ such that
u € V(N) and there exists no § € .4 and u’ € V(S) with ug > u; for every
ies.

(2) The inner core IC(V) of NTU game V is the set of payoff vectors u € R¥ such
that u € V(N) and there exists A € Rﬁ . such that, for every S € .4 and every
w' € V(S), A5 -u > A5 - u holds.

By definition, we have IC(V) € C(V). The vector A € Rﬁ . in the definition
of the inner core represents fictitious transfer rates of utilities among players. Note
that u € IC(V) if and only if u € V(N) N C(Vy) for some A € RL, where
Vi N — RN is the A-transfer game defined by

Vi(S) = {u e RS |A-u < - u forsomeu’ € V(S)} forevery S € A,
Note also that we can restrict the space of fictitious transfer rates to A°.
For B € Rf, let
CB) =13y = (s)sen |ys = 0forevery S € 4 and Z ygeS =8

Se NV

and letf(ﬁ) = {y e I'(B) | yn = 0}. Note that I'(e") is the set of balancing vectors
of weights. An NTU game V is cardinally balanced if, for every y € T'(eV),

Y s V(S) S V).
Se NV
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This notion of balancedness is stronger than the balancedness due to Scarf [16].
Scarf’s ordinal balancedness is sufficient for the nonemptiness of the core. For
our theorem (Theorem 2) on the nonemptiness of the inner core, this stronger
balancedness is assumed.

Before we give a condition equivalent to the cardinal balancedness, we introduce
some notation. Let V : .4~ — R be a compactly generated NTU game with V (N)
convex. For every S € ./, let Cs be a compact subset of RS generating V (S), i.e.,
V(S)=Cs— Ri, and let Cy be also convex. For every A € Rﬁ and every S € A,
define

vu(S) =max{A-u |ueV(S)} =max{r-u |ueCs}.

Note that, by Berge’s maximum theorem, Rﬁ > A > v (S) € R is continuous. For
everyi € N, let b; € R be the utility level that player i can achieve by himself, i.e,

bi =max{u; e R |lue V{i})}.
Define a correspondence B : Rﬁ L RY by
BA) ={uceVN)|A-u=v(N)} ={ueCy L -u=uv,(N)}.

Note that B(}) is positively homogeneous of degree zero.
The following proposition gives a condition equivalent to the cardinal balanced-
ness.

Proposition 1 Let V : A — RY be a compactly generated NTU game with V (N)
convex. Then, V is cardinally balanced if and only if, for every . € A° and every

y €M), Ygep vsvi(S) < valN).

This equivalence is due to Shapley (see Qin [15, Proposition 1]).
For m > n, define continuous functions p™ : A — Rﬁ+ and 8" : A — Rﬁ\{O}
by

Ai ifA;>1/m

m)\‘ = J J = ’

Py {1/m ifa; < 1/m,
and

Aj 1 ifa; >1/m,

Broy = 1 ={ a2 1/

pj(A) mAj if Aj < 1/m.

We are now ready to give Qin’s theorem [15, Theorem 1] on the nonemptiness of
the inner core. Inoue [11] gives another proof to the theorem.
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Theorem 1 (Qin) Let V : A — RN be a compactly generated NTU game with
V(N) convex. If there exists m > n such that

(i) forevery A € A1y andevery y € f(eN), Y osen Ysuin(S) < va(N), and
(ii) for every A € A°\ A1y and every y € I'(B™ (X)), there exists u € B(p™ (X))
such that ) g 4 Ysvpm)(S) < A - u,

then the inner core IC (V) of V is nonempty.

By Proposition 1, condition (i) is weaker than the cardinal balancedness. Qin [15,
Corollary 1] gives a class of NTU games that satisfy both conditions (i) and (ii) for
some m: If a compactly generated NTU game V with V (N) convex is cardinally
balanced with slack, i.e., for every y € F(eN), Y sey vs V(S) is a subset of the
interior of V(N), then V satisfies conditions (i) and (ii) for some m > n, and,
therefore, the inner core of V is nonempty.

Theorem 2 in Sect. 4 gives another class of NTU games with the nonempty inner
core.

3 Characterization of Efficient Surface with Strictly Positive
Normal Vectors

In the next section, we prove the nonemptiness of the inner core for an NTU game
V where the normal cone to V(N) at any individually rational and efficient payoff
vector is a subset of Rﬁ o U {0}. In this section, we provide characterizations of the
set of individually rational and efficient payoff vectors with the above mentioned
property.

Let V(N) be a nonempty, closed, convex subset of R generated by a compact
set Cy € RV, ie., V(N) = Cy —RY. Let b € R" be such that {x € V(N) | x >
b} # . Define

Eff(V(N), b)

={x € V(N) | x > b, there exists no x’ € V(N) withx’ > x and x’ # x}
and
Effy(V(N),b) = {x € V(N) | x > b, there exists nox’ € V(N) withx" > x} .

The set Eff(V(N), b) (resp. Effy,(V(N), b)) is the set of individually rational and
efficient payoff vectors (resp. individually rational and weakly efficient payoff
vectors).

Remark 1

(1) @ #Eff(V(N), b) C Effy,(V(N), b).
(2) Effw(V(N), b) is compact.
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The nonemptiness of Eff(V (), b) in statement (1) follows from the assumption
that V(N) is compactly generated and {x € V(N) | x > b} # . Statement (2) can
be easily shown.

The following lemma gives a characterization of Effy(V(N),b) by normal
vectors to V(N ).3

Lemma 1

Effw(V(N), b)

={xeV(N)|x =0,
there exists A € A such that, foreveryy € V(N), L -x > X - y}.

Proof Let x € Effy,(V(N), b). Then, x € V(N) and x > b. Furthermore, V(N) N
{x} + Rﬁ +) = . By the separation theorem for convex sets, there exists A €
RN \ {0} such that, for every y € V(N) and every z € {x} + RL, Az >Ny,
Then, we have A € Rﬁ \ {0}. By normalization, we may assume that A € A. Since
the inner product is continuous, we have A - x > A - y for every y € V(N).

We next prove the inverse inclusion. Let x € V(N) be such that x > b and there
exists A € A such that, forevery y € V(N), A - x > A - y. Suppose, to the contrary,
that x & Effy,(V(N), b). Then, there exists x’ € V(N) with x’ > x. Thus, we have
A-x’ > A - x, acontradiction. Hence, we have x € Effy(V(N), b). |

The following proposition gives a characterization of the individually rational
and efficient surface such that every non-zero normal vector to V (NN) at every point
of the surface is strictly positive.

Proposition 2 The following three conditions are equivalent.

(a) Let x € Eff(V(N), b) and » € RN \ {0} be such that A - x = maxyey(n) A - Y.
Then, . > 0. Namely, for every x € Eff(V(N), b), the normal cone to V(N) at
X is a subset ofRfJr U {o}.*

(b) There exists b’ € RN such that b’ < b and Eff(V(N), b') = Effy(V(N), b').

(c) Forevery x € V(N) withx > b and every S € A with S C N, there exist
e,8 > 0 such that x — g 5 + 8 M\ € V(N).

Condition (b) holds if V(N) is non-leveled, i.e., x = y whenever x and y are
on the boundary of V(N) and x > y. Condition (c) is due to Aubin [2, Proposition
2.3]. Although Eff(V (N), b) need not be closed (see Arrow et al. [1] for such an
example), condition (a) implies that Eff(V (N), b) is closed as shown by the next
lemma.

3For a convex subset A of RN and x € A, A € RV is normalto Aatx if A - x > A - y for every
y e A.

4For a convex subset A of RN and x € A, the normal cone to A at x is the set of all vectors A € RY
normal to A at x.
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Lemma 2 Condition (a) of Proposition 2 implies that
Eff(V(N), b) = Effy(V(N), b).

Therefore, under condition (a), Eff(V (N), b) is compact.

Proof of Lemma 2 Suppose, to the contrary, that Eff(V (N), b) C Effy(V(N), b).
Then, there exists x € Effy(V(N), b) with x & Eff(V(N), b). By Lemma 1, there
exists A € A such that, foreveryy € V(N),L-x > X - y.

Claim 1 A; =0 forsomei € N.

Proof of Claim 1 Suppose, to the contrary, that A > 0. Since x € V(N), x > b,
and x ¢ Eff(V(N), b), there exists x’ € V(N) with x” > x and x” # x. Therefore,
we have A - x’ > A - x, a contradiction. Thus, A; = 0 for some i € N. a

Define S = {i € N | ; = 0}. By Claim 1 above, we have S # (. Define
a={yevan [y =M, 35 > 1S

Since A is nonempty and compact, A has a maximal element with respect to >, i.e.,
there exists y € A such that there exists no y’ € A with y/ > y and y’ # j. Note
that, forevery x’ € V(N) withx’ > x, we have x” € A, since A-x = maxycy(n) A-.

Claim 2 'y € Eff(V(N), b).

Proof of Claim 2 Suppose, to the contrary, that y ¢ Eff(V(N), b). Then, there
exists y' € V(N) with y’ > y and y' # y. Since y’ > ¥ > x, we have y' € A. This
contradicts that y is a maximal element in A. Thus, y € Eff(V(N), b). |

\S N\S

Since yV\S = xM\S wehave A-y = A-x = maxyey(n) A-y. Thus, by condition
(a), we have A > 0, which contradicts that A; = O for every i € S. Therefore,
Eff(V(N), b) = Effy(V(N), b). The compactness of Eff(V (N), b) follows from
Remark 1. This completes the proof of Lemma 2. O

Remark 2 By Lemma 2, we can replace Eff(V (N), b) by Effy,(V(N), b) in condi-
tion (a) of Proposition 2.

We are now ready to prove Proposition 2.

Proof of Proposition 2 (a) = (b): Suppose, to the contrary, that for every r € N,
Eff(V(N),b — 1/re™) C Effo(V(N), b —1/re™).
Then, for every € N, there exists x” € Effy(V(N),b — 1/reV) such that x” ¢

Eff(V(N),b — 1/re"). By Lemma 1, for every r € N, there exists A" € A with
A" x" = maxyeynvy A" - y. Forevery r € N, define I, = {i € N|A] = 0}. Since
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x" & Eff(V(N),b — 1/reV), we have I, # ¢ for every r € N.> Since N has
finitely many nonempty subsets, there exists S € .4 such that I, = § for infinitely
many r. By passing to a subsequence if necessary, we may assume that I, = S for
every r. Since both sequences (x"), and (A"), are bounded, by passing to further
subsequences if necessary, we have

x"—>x and A — A€eA.

Then, x € V(N) and x > b. Thus, we have also that x € Effy(V(N), b). By
Lemma 2, x € Eff(V(N), b). Since A] = 0 for every i € S and every r, we have

Xi =0 foreveryi € S. Since x> maXyeCy A y is continuous, from

Aox"= max A -y=max )\ -y,
yeV(N) yeCy

it follows that

A-Xx=maxA-y= max A-y
yeCy YEV(N)

Since A; = 0 for every i € S, we have a contradiction.

(b) = (¢): Letx € V(N) withx > bandletd £ S C N. Since b’ < b, there exists
e > O such that x — g eS > b'. Since x — e 5 & Eff(V(N), b') = Effy(V(N), b')
and V(N) — RY = V(N), there exists § > 0 such that x — ee5 + 8¢V € V(N).
Sincex —geS +8eN\S <x —geS+68eVN, wehavex —eeS +8eN\S € V().
(c)= (a): Letx € Eff(V(N), b) and A € RN\ {0} be such that »-x = maxyecy(N) A
y.Since V(N) = Cy — RY, we have A € Rﬁ. Suppose, to the contrary, that A; = 0
for some i € N. By condition (c), there exist £, § > 0 such that x —e eli} 4§ eN\i} ¢
V(N). Since

A~<x—ee{i}+8eN\{i}):A-x+8 Z Aj>A-x,
JEN\{i}

we have a contradiction. Thus, A > 0. m]

Remark 3 If a compactly generated NTU game V satisfies one of the conditions of
Proposition 2, its inner core 1 C (V) is closed.

Proof Let b € RY be such that b; = max{u; € R|u € V({i})} foreveryi € N.
Let (x"), be a sequence in /C (V) such that x” — x. Since x” € Eff(V(N), b) for
every r and since, by Lemma 2, Eff(V (N), b) is closed, we have x € Eff(V (N), b).
For every r, let A € A° be such that, for every S € A", A5 - x” > v (S). Since
(A7), is a bounded sequence, by passing to a subsequence if necessary, we have
A — X € A.Since A 3 A = v;(S) € R is continuous, we have AS x> u(S)

SThis can be shown by the same argument as Claim 1 in the proof of Lemma 2.
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for every S € 4. Thus, in particular, A - x = maxX,cy(n) A - y. By condition (a) of
Proposition 2, we have A € A°. Therefore, we have x € IC(V). Hence, IC(V) is
closed. O

The following example illustrates that condition (a), (b), or (c) of Proposition 2
can be weakened for the nonemptiness of the inner core.

Example 1 Let N = {1,2} and let V : .# — R be such that b; = max{u; €
Rlue V{i})} =1fori € N and

V(N):!ueRN|u1+u2§3, up <2, u2§3}.

Then, V is compactly generated and V(N) is convex. Note that x = (2,1) €
Eff(V(N), b) (see Fig.1). The vector A := (1, 0) is normal to V(N) at x. Thus,
condition (a) of Proposition 2 is violated. In this example, however, V(N) can
be extended to V'(N) such that the pair (V'(N),b) satisfies condition (a) of
Proposition 2 and the inner core of the extended NTU game V' is not larger than the
inner core of V. Therefore, we can weaken the conditions of Proposition 2 sufficient
for the nonemptiness of the inner core of V.
For example, define

V’(N):{ueRN Ly +uy <3, u; <3, u2§3}.

Eff(V(N),b)

/%

Fig. 1 V of Example 1
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The shaded region in Fig. 1 is extended. The pair (V'(N), b) satisfies condition (a)
of Proposition 2. Any payoff vector y in the extended region is not in the inner core
of the new game V’, because it violates the individual rationality. Thus, the inner
core IC (V') of V' is not larger than the inner core 1C (V) of V. By the extension of
V(N), since the normal cone to the set of payoff vectors feasible for N at x becomes
smaller,® 1C (V') can be smaller than 7C(V).” In this example, however, both inner
cores are the same.

Condition (d) of the following proposition represents that, for some extension
V/(N) of V(N), every non-zero normal vector to V'(N) at every payoff vector in
Eff(V'(N), b) is strictly positive.

Proposition 3 The following two conditions are equivalent.
(d) There exists a nonempty, closed, convex subset V'(N) ofRN such that V(N) C

V'(N), V'(N) is generated by a compact set C),, {x € V(N) |x > b} = {x €
V/(N) | x > b}, and condition (a) of Proposition 2 holds for (V'(N), b), i.e.,

[x € Eff(V/(N),b), » e RN\ {0}, and A - x = n‘llaév))» . yi| implies A > 0.
yev’

(e) There exists a compact subset K of A° such that for every x € Efty(V(N), b),
there exists , € K with A - x = maxXycyn) A - y.

Clearly, condition (a) of Proposition 2 implies condition (d). Thus, by Proposi-
tions 2 and 3, we have

(@ & (b) & (¢ = @ < (0.

Proof of Proposition 3 (d) = (e): Define a correspondence & : Eff(V/(N), b) — A
by

é(x):{AeA ‘)\~X= max A~y}.
yeV/(N)

Then, by Lemma 1, £ is nonempty-valued. By Lemma 2, condition (d) implies that
Eff(V'(N), b) = Effy(V'(N), b) and this common set is compact. It is clear that &
is compact-valued and upper hemi-continuous. Thus, & (Eff(V'(N), b)) is compact.

Let K = &(Eff(V/(N), b)). By condition (d), we have K C A°. From {x €
V(N)|x > b} = {x € V/(N)|x > b}, it follows that

Effy(V(N), b) = Effy,(V'(N), b) = Eff(V'(N), b).

Tn this example, (2/3, 1/3) is normal to V(N at x, but this vector is not normal to V'(N) at x.
7For an example of IC(V’') C IC(V), see Example 2.



96 T. Inoue

Therefore, for every x € Effy, (V (N), b), there exists A € K with

A-X= max A-y> max A-Yy.
yeV/(N) YEV(N)
Since x € V(N), we have A - x = maxyey(n) A - y.
(e) = (d): By condition (e), for every x € Effy(V(N), b), we choose and fix a
A e K with M* - x = maxyeyn) A" - y. Let b’ € R¥ be such that b’ < b and
b’ <y forevery y € Cy, where Cy is a compact set generating V (N). Define

Cy = {v e RY [y = &' and, forevery x € Effu(V(N), b), % -y 4% -x }.

Then, Cy C C) and thus C) is nonempty. We have also that C}, is compact and
convex. Define V/(N) = C}, — Rﬁ. Then, V/(N) is nonempty, closed, convex, and
satisfies V(N) C V/(N). Therefore, {y € V(N) |y > b} C {y € V/(N) |y > b}.

Claim 3 {y e V/(N)|y = b} S {y e V(N)|y > b}.
Proof of Claim 3 Let y € V/(N) be such that y > b. Suppose, to the contrary, that

y & V(N). Let 7 € RY be the closest pointin {y € V(N)|y > b} from ¥, i.e.,
ze€V(N),Zz>b,and

Iy =zl =min{|ly —zll |z € V(N), z= b},

where || - || stands for the Euclidean norm. Since {y € V(N) |y > b} is nonempty,
compact, and convex, 7 is uniquely determined.

We prove that y — 7 € Rﬁ \ {0}. Since y ¢ V(N) and z € V(N), we have
3 — 7 # 0. Suppose, to the contrary, that j; < Z; for some i € N. DefineZ € RV by

- {Zjifj;éi,

ST\t =i

Since 7 > b and y > b, we have 7 > b. We have also that 7 € {z} — Rﬁ -
V(N) — Rf = V(N). Since |7 —ZIl < |I¥ — Z|l, we have a contradiction. Hence,
y—zeRY\ {0}

We next prove that z € Effy,(V(N),b). Suppose, to the contrary, that 7 &
Effw(V(N), b). Then, there exists 7’ € V(N) withz' > 7. Since y — 7 € Rﬁ \ {0},
Jx > Zx for some k € N. Define 7 € RN by

J min{y, z,} if j = k.
Since 7/ >»> 7 > band y > b, we have Z > b. We have also that 7 € {7’} — Rﬁ -

V(N) — Rf = V(N). Since ||y — z|l < ||y — zll, we have a contradiction. Hence,
z € Effy(V(N), b).
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From 7z € Effy(V(N),b), it follows that A* € K C A° and A% - 7 =
maxyey () A - y. Since A7 3> 0 and j — 7 € RY \ {0}, we have A% - § > A%-Z. Thus,
by the definition of V/(N), we have ¢ V'(N), which is a contradiction. Therefore,
we have proven that {y € V/(N) |y > b} C {y € V(N) |y > b}. ]

It remains to prove that condition (a) of Proposition 2 holds for (V'(N), b). Let
x € Eff(V/(N),b) and A € RV \ {0} be such that % - x = maxyey/(y) A - y. Since
V/(N) — Rf = V/(N), we have A € Rﬁ. Suppose, to the contrary, that 1; = 0
for some i € N. Since b’ <« b, we have x — ael’l > b’ for sufficiently small

a > 0. Since K € A° is compact, there exists § > 0 such that for every A" € K
and every j € N, )Jj > § holds. Thus, for every z € Effy(V(N), b), we have

AS ((x e{”) = aA; > aé. For every z € Effy(V(N), b), since x € V'(N), we have
A* -z > A% - x.Letl € N be such that A; > 0. Then, for every z € Effy,(V(N), b),
AL (x —ael +as e{”> <Az 4 AR (—(x e s e{”>

<AM.z—al+as=A%-z.
Since x — a el + asel! > b’, we have
x—ae +asell e Cy C V(N).
We have also that
A (x —aell +Ol5€{l}> =A-x4+adl >\ -x,
which contradicts that A - x = maxycy/ () A - y. Therefore, A > 0. This completes

the proof of Proposition 3. O

The following example inspired by Qin [13, Example 2] illustrates that (1)
IC(V’) can be strictly smaller than /C(V) and (2) the inner core /C(V) of V need
not be closed when V satisfies condition (d) or (e) of Proposition 3. Recall that if V
satisfies one of the conditions of Proposition 2, /C (V) is closed (see Remark 3).

Example 2 Let N = {1,2,3}. An NTU game V : .4 — R is given by

V1,2 = fu e RV 10} +ud < 4/25) R,

VIN) ={ueR" |u-e’ =1andu > 0} —RY, and

V(S) ={0,0,0)} — Ri for any other coalition S.
Then, V is compactly generated, V (N) is convex,and b = 0 € RN,

Note that, forevery ¢ € (2/5, 1], we have x(¢) := (0, ¢, 1 —¢t) € IC(V) as shown
below. Lett € (2/5, 1]. Then, x(¢) € V(N).For A := (A1, (1—Xx1)/2, (1—X1)/2) €
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RN with A1 € (0, 1/3), let

40 2(1 = 2p)

Z= 5
5\/1 — 21 4 54% 5\/1 — 21 4 50%

, 0] evdr, 2.

Then, vy ({1, 2}) = A1:2} . 7. Thus,

1—2a \/1_2)\.1+5)\.2
A k() = u((1.2) = 20 x @ = A o= T s "

For sufficiently small A1 > 0, e.g., A1 = (t —2/5)/2, we have

1—a 1 —2x + 522
b o \/ ' >0

2 5
Thus, vy ({1,2}) < A2V x () for sufficiently small A; > 0. Since 0 < A1 < 1/3,
we have vy (N) = (1 — A1)/2 = A - x(t). Since v (S) = 0 for any other coalition S,
it is clear that vy, (S) = 0 < AS - x(¢). Thus, for everyt € (2/5,1],x(t) € IC(V)
holds.

Let x* := (0,1/2,1/2) € IC(V). Note that x* € Eff(V(NN), 0) and the vector
(0,1/2,1/2) € Aisnormalto V(N) at x*. Thus, the pair (V(N), 0) does not satisfy
condition (a) of Proposition 2. Define V' : .4 — R by

V’(N):lueRN‘u.eNzl and uz—l/SeN]—Rﬁ

and V/(§) = V(S) for every S € A4\ {N}. Then, the pair (V'(N), 0) satisfies
condition (d) of Proposition 3.

We prove that x* ¢ IC(V’). Since u := (1/3,1/3, 1/3) € A is a unique normal
vector to V/(N) at x* and since

1 V2 1 V2 242 1
{1,2} . — . X — — {1,2} Lk
vy T T 3 s Ty s T s T TN

we have x* ¢ IC(V'). Hence, IC(V') C IC(V).

We finally prove that /C(V) is not closed. Let y := (0, 2/5,3/5). For every
X € A°, we have vy ({1,2}) > A2 .y Thus, y & IC(V). Since x(¢) € IC(V) for
everyt € (2/5,1]and x(t) — y ast — 2/5, IC(V) is not closed. Therefore, even
if an NTU game satisfies condition (d) or (e) of Proposition 3, its inner core need
not be closed.



The Nonemptiness of the Inner Core 99
4 Nonemptiness of the Inner Core

We give the main result.

Theorem2 Let V. : A — RN be a compactly generated NTU game with
V(N) convex. If V is cardinally balanced and if V satisfies condition (d) or (e)
of Proposition 3, then the inner core IC(V') of V is nonempty.

We prove this theorem by applying Theorem 1.

Proof of Theorem 2 Note first that the inner core satisfies the following covariance
property.

Lemma3 Let V : & — RN be an NTU game and let a € RN . Define an NTU
gameV +a: N — RN by

(V+a)S) =V(S) + {a®) foreverySe .r.

Then, IC(V +a) = IC(V) + {a}.

This can be easily shown, so we omit the proof.

Since, by Proposition 3, conditions (d) and (e) are equivalent, we may assume
that V satisfies condition (e). Let ' € RY be such that b’ <« b and, for every
S e A andeveryy € Cs, b’ <y, where Cg is a compact subset of RS with V(S) =
Cs — Ri. We define V' as in the proof of (¢) = (d). By condition (e), for every
x € Effy(V(N), b), we choose and fix a A* € K with A" - x = maxyeyv) A" - y.
Define

Cy = {y € RN |y > b and, for every x € Effy(V(N),b), A" -y < 1" - x},

V/(N) = C\ — RN and V'(S) = V(S) for every S € .4 with S C N. By the
proof of (e) = (d) of Pr0p0s1t10n 3, V/(N) satlsﬁes all the propertles of condition
(d). Define an NTU game v by V= V’ b’. Then, V(N ) is convex, Vis cardinally
balanced,? and, for every § € N, V(S) is generated by a compact subset of RS
Slnce IC(V + b)) = IC(V') C IC(V), by Lemma 3, it suffices to prove that
Ic (V) # (). We will prove that V satisfies all the conditions of Theorem 1. Since
Vis cardinally balanced, by Proposition 1, condition (i) of Theorem 1 is met for %
and for every m > n. It remains to prove that condition (ii) is met for V and for
some m = n, i.e., there exists m > n such that, for every A € A®\ Ay, and every
y € I‘(,B’" A)), there exists y € B(p™ (1)) with ZSE/V ¥s Upm(3)(S) < A -y, where
B(p™ (X)) and vpm ;) are defined for NTU game V.

Since, by the definition of ', for every S € .4\ {N} and every y € Cs,y > b’
holds and since, for every y € Cj,, y > b’ holds, for every m > n, every A €

8Since V is cardinally balanced and V (N) € V’/(N), V' is cardinally balanced. Thus, V=v-¥
also is cardinally balanced.
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A°\ At/m, and every S € A", we have vpm;)(S) > 0. Since 0 < (%) < eV
for every A € A, V is cardinally balanced, and vpm;,)(S) > Q for every S € A,
we have, for every m > n, every A € A°\ Ay, every y € I'(8™(A)), and every
y € B(p" (M),

D Y5 vpma)(S) < vpmiy(N) = p™ (M) - y.
Se N

Thus, it suffices to prove that there exists m > n such that, forevery A € A°\ Ay,
and every y € B(p™ (1)), p™(A) -y < A -y holds.

Since K € A° is compact, there exists k > n with K € Aj/t. Letm € N be
suchthatm > (n — 1)(k—n+1) + 1.

Claim4 m > k.

Proof of Claim 4 Since k > n > 2, we have
m—k>mn—Dk—-n+D+1—k=k(n—2)—(mn—1>+1

>nn—2)—(n—1>+1=0.

Hence, m > k. m]

Claim 5 LetA € A°\ Ay and x € EffW(V(N), 0) be such that

A-Xx= max A-)y.
yeV(N)

Then, for everyi € N with A; < 1/m, x; = 0 holds.

Proof of Claim 5 Suppose, to the contrary, that x; > 0 for some i € N with A; <
1/m.Since A € A and A; < 1/m, there exists j € N \ {i} such that

1-! -1
Aj o> "= m .
n—1 mn —1)

Define

E = iy G]Rﬁ ‘yN\{i’j} = xM\.j} w-y<p-x foreveryu e Al/k}.

We first prove that E € C, — {b'}. Let y € E. Since x € V(N) = Cy —{b'} —
RY, we have x + b’ € C), — RY. Hence, by the definition of C), for every z €
Effy,(V(N), b), A% - (x 4+ b) < A% - z holds. Since A% € K C Ay 4,

Mo(y+b)<AP-(x+b) <Atz
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Since y > 0, we have y + b’ > b’. Thus, y + b’ € C). Hence, y € C)y, — {b'} and
EcCl—{b).
For every [ € N, define ukl e Ay by ,u],"l = 1/kfort € N\ {l} and uf’l =

1 — (n — 1)/k. Then, {,uk’l, A Mk*”} is the set of all extreme points of Aq /.
Therefore,

E = iy € Rﬁ ‘yN\{i’j} = xM\j} ,uk’l -y < Mk’l -x foreveryl e N}
— ’y eRY ‘yN\{i,j} = VMY iy < Rk Ly < ke .x]
= {y e RY |yMOI = xMET -k —n + Dy +y; < (k—n+ Dx; +x;,
itk —n+1Dy; <xi+k—n+ Dx;}.
Define z* € RN by

2N\ = (NG,
77 =0,

* __ 1 .
=Xt X

(See Fig.2). Then, z* € E € C), — {b'} C V(N). Since Aj > m’g;ll) and m >
(n—1)(k—n+1)+ 1, we have

Aj m—1 m—1 1

> > = > Aj.
k—n+1 mm—1)k-n+1) mm—-1) m

(K\—n+1Dy+yj=(k—n+1z;+x

yi+(k—n+1ly =z +(k—n+1)z

Fig. 2 Definition of z*/}
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Therefore, since x; > 0, we have
MmN e M
Pk —n17
> a- xR o0x + A

=A-x= max A-y>Ar-7%
YeV(N)

a contradiction. Therefore, x; = 0 foreveryi € N with A; < 1/m. O

Define o™ : A — Al/(m+n—l) by

i

Since

B(p" (%) = {y e V(N)

p"(A) -y = max pm(k)~z}
zeV(N)

=1yeV(®)

o™ () -y = max 0" (1) ~z}
ze€V(N)

=4{ye C}V —{b'}
zeV(N)

o™() -y = max o"() -z} ,

by Lemma 1 and the definition of &', we have B(p™ (L)) C Effw(v(N ), 0) for every
A€ A Leth € A°\ Ay andleti € N with A; < 1/m. Then, p" (1) = 1/m and
p" (%) - eV > 1. Thus, /(1) < 1/m. By Claim 5, for every A € A°\ Ay, every
y € B(p™ (X)), and every i € N with A; < 1/m, y; = 0 holds. Therefore, for every
A€ A°\ Ay and every y € B(p™ (1)),

PR y= Y PrOyi+ Y. POy
Jihj=1/m Jihj<l/m
= Y PrOyi= ) Ayi=hey
Jjhj=1/m Jikj=1/m

Hence, condition (ii) of Theorem 1 holds for V and m. Thus, IC (17) #* (. As we
mentioned before, this implies that IC (V) # . |

Qin [15, Example 1] exemplifies that, if a cardinally balanced NTU game does
not satisfy condition (d) or (e) of Proposition 3, then its inner core can be empty. We
give another example of a totally cardinally balanced NTU game V with every V (S)
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(0,0,1)

(1,1/4,1/2)

(0,1,0)

(1,1/2,1/2)
(1,0,0)
1

Fig. 3 V(N) of Example 3

polyhedral such that the inner core /C(V) of V is empty.” Billera and Bixby [4]
proved that any totally cardinally balanced NTU game with every V (S) polyhedral
can be generated by an exchange economy where agents’ consumption sets have
the form [O, 1]1 and their utility functions are concave and continuous. Therefore,
by the following example, the nonemptiness of the inner core is irrelevant to such
representation of NTU games. It should be worth mentioning that in the first step
of the proof of Billera and Bixby’s representation, the inner core plays an essential
role. Actually, x in the proof of Lemma 3.2 of Billera and Bixby [4] is an inner core
payoff vector.

Example 3 Let N = {1,2,3}. An NTU game V : .4 — R is given by

V(i) = {(0,0,00y —RY foreveryi € N,
V{1,2) = (1, 1/2,0) - R,
V{1,3) = (1,0, D} - R,
V({2,3) = {(0,0,0)} — R and

V(N) = {x e RN |x; < 1foreveryi € N and x5 + x3 < 1}.

Then, b = 0 € RV. Figure 3 depicts V(N) N Rf. Note that every V(S) is a
polyhedron. For a balancing vector y with y{12) = Y131 = y,3) = 1/2 and

9An NTU game V is totally cardinally balanced if every subgame of V is cardinally balanced, i.e.,
for every S € .4 and every y € INCEOR ZTEJV yr V(T) € V(S) holds.
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ys = 0 otherwise, we have

1

(110 1(101) 1(000)—(111 V(N)
2,2,>~|-2,,~|—2,,— )e .

472
For any other balancing vector y’ of weights, we can show that ) "¢ , v V(S) €
V(N). Hence, V is cardinally balanced. Moreover, any subgame of V is cardinally
balanced and, therefore, V is totally cardinally balanced. Since (1, 0, 0) is normal
to V(N) at (1,1/2,1/2) € Eff(V(N), 0) and since (1, 1/2, 1/2) > b, there exists
no V/(N) satisfying condition (d) of Proposition 3.

We prove that IC(V) = (. Let A € RL. Since 13V (1,0, 1) > A13} . x for
every x € V(N) with x > 0 and x # (1,0, 1), payoff vector (1,0, 1) is a unique
candidate of an element of the inner core. Since (1, 1/2,0) € V ({1, 2}) and

1 1
AlL2h (1, 2,0) =M+, k> k= A2 10,1,

payoff vector (1, 0, 1) is not in the inner core. Therefore, IC(V) = @.

5 NTU Games Generated by Exchange Economies

de Clippel and Minelli [8, Proposition 1] proved that, in an exchange economy
where every agent has a continuous, concave, and strongly monotone utility
function, the utility vector at any Walrasian allocation is always in the inner core.
Since there exists a Walrasian equilibrium for such an exchange economy, the inner
core is nonempty. In this section, we prove that an NTU game generated by such
an exchange economy satisfies condition (a) of Proposition 2. Thus, by Theorem 2,
its inner core is nonempty. Therefore, our class of NTU games with the nonempty
inner core contains de Clippel and Minelli’s [8] class.

An exchange economy with n consumers is a list of the commodity space R,
where L is a finite set of commodities, and consumers’ characteristics (1, @');en
such that, for every consumer i, utility function ul Rfr — R is continuous,
concave, and strongly monotone, and endowment vector @' is in Ri \ {0}. An
exchange economy is denoted by & = (RL, (u’, w')icy). For every coalition
S e A, let Feo(S) be the set of feasible S-allocations, i.e.,

Fg(S) = !(z"),»es

7' € R foreveryi € Sand Z(Zi —a)i) = 0} )
ieS

A feasible N-allocation (z');en is a Walrasian allocation for & if there exists a
price vector p € RE such that, foreveryi € N, p-z' < p-o' and u’(z') > u’(y) for
every y € Rﬂ‘r with p -y < p-o'. Let W(&) be the set of all Walrasian allocations
for &.
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A feasible N-allocation (z%)icy is an inner core allocation for & if there exists
A € RY, such that, for every S € .4 and every (y')jes € Fg(S), Y ;e Aiu' (z') >
Y ies Aiu' (y') holds. Let 1C(&) be the set of all inner core allocations for &.

An exchange economy & = (RE, (u', w');jen) generates an NTU game Ve :
N — RN by defining

Ve(S)

= {v eRS ‘there exists (zi)ies € Fg(S) such that, forevery i € S, v; < ui(zi)} .

Since Fg(S) is nonempty, compact, and convex for every S € A7, NTU game Vg
is compactly convexly generated. Note that, for every i € N,

b = max{v; € R|v € Ve({i})} = u' (o),

and IC(Vg) = {(u' (2')ien | 2)ien € IC(&)).
Qin [13, Remark 2] states the following without proof. For completeness, we
give its proof.

Proposition4 Let & = (RL, (u', w')icn) be an exchange economy where, for
everyi € N, ut Ri — R is continuous, concave, and strongly monotone,
and o' € Ri \ {0}. Then, NTU game Vg generated by & satisfies condition (a)
of Proposition 2, i.e., if x € Eff(Ve(N),b) and » € RN \ {0} satisfy » - x =
maXyevg(N) A - Y, then A > 0.

Proof Letx € Eff(Vg(N),b)and A € RN\{O} be such that A-x = maxyevz(n) A-y.
Since Vg(N) — Rﬁ = Vg(N), wehave A € Rﬁ . Suppose, to the contrary, that there
exists j € N with A; = 0. Since A € Rﬁ \ {0}, there exists k € N with Ay > 0.
From x € Vg(N), it follows that there exists a feasible N-allocation (z');en such
thatu'(z') > x; foreveryi € N. Since u’(z/) > x; > bj = u/ ('), 0w/ € RL\{0},
and u/ is strongly monotone, we have z/ € Rﬂ‘r \ {0}. Define an allocation (y');cn
by

' Z ifi € N\ {j,k},
v =1+ ifi =k,
0 ifi = j.

Then, (yi)ieN is a feasible N-allocat_ion. Therefore, u := (ui(yi)),-eN € Vg(N).
Since A; =0, Ay > 0, and uk(ZF + 27y > uk(Z"), we have

houw=Y a6 = D @)+ k(@ + 2+ ajud (0)
ieN ieN\{j,k}

> > @)+ @)+ aud () = hx
ieN\{j,k}
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This contradicts that A - x = maxyey,(n) A - y. Therefore, A > 0 and hence Vg
satisfies condition (a). |

Since an exchange economy with the properties in Proposition 4 generates a
cardinally balanced NTU game,'? by Theorem 2, we have the following.

Corollary 1 Let & = RE, (!, w)ien) be an exchange economy where, for every
i €N, u: Ri — R is continuous, concave, and strongly monotone, and &' €
Ri\{O}. Then, the inner core IC (V) of NTU game Vg generated by & is nonempty.

We can show this corollary without relying on Theorem 2. de Clippel and Minelli
[8, Proposition 1] proved the inclusion W (&) € IC(&) for an exchange economy
& satisfying the properties in Corollary 1. Since there exists a Walrasian equilibrium
for &, the inner core of V¢ is nonempty.

6 Concluding Remarks

The inner core has a relation to the strictly inhibitive set, the set of payoff vectors
stable against randomized blocking plans (see Myerson [12, Section 9.8] and Qin
[13]). For a compactly generated NTU game, its inner core is a subset of the
strictly inhibitive set (Qin [13, Theorem 2]). Thus, our Theorem 2 gives a sufficient
condition for the nonemptiness of the strictly inhibitive set. Furthermore, if V (S) is
convex for every S € .4 and if V satisfies one of the conditions of Proposition 2,
then the inner core coincides with the strictly inhibitive set (Qin [13, Theorem 4]).

By Proposition 4, an exchange economy with continuous, concave, and strongly
monotone utility functions generates an NTU game satisfying the cardinal balanced-
ness and condition (a) of Proposition 2. Since different economies can generate
the same NTU game, exchange economies without the properties in Proposition 4
or production economies may generate NTU games satisfying condition (d) or
(e) of Proposition 3. Billera [3] proved that every compactly generated, totally
cardinally balanced NTU game V with every V (S) convex can be generated by
a production economy where every consumer has a upper semi-continuous and
concave utility function on a compact convex consumption set and has his own
compact convex production set. Billera’s induced production economy can be
converted to an exchange economy (see Billera and Bixby [5]). Inoue [9] proved that
every compactly generated NTU game can be generated by a coalition production
economy. In both induced economies due to Billera [3] and due to Inoue [9], the
inner core coincides with the set of utility vectors at Walrasian allocations (see Qin
[14] and Inoue [9], respectively). Thus, if an NTU game satisfies all the assumptions
of Theorem 2, then there exists a Walrasian equilibrium for both Billera’s and
Inoue’s induced economies.

10This can be shown by the same method as Billera and Bixby [4, Theorem 2.1].
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