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Introduction

Alist of axioms, adapted from those which uniquely characterize the Shap-
ley value for finite-player cooperative games, determines a unique value
on certain classes of nonatomic cooperative games—games involving an
infinite number of players, each of which is individually insignificant (Au-
mann and Shapley, 1974). Concrete criteria for identifying a given non-
atomic game as belonging to such a class of games, and a formula for com-
puting the value, are known for certain kinds of vector measure games
(Aumann and Shapley, 1974). In a vector measure game, the worth of a
coalition S depends only on the value that a particular vector measure on
the space of players takes in S. In this context, the term “vector measure”
usually refers to an R"-valued measure, that is, to a vector of n scalar mea-
sures. However, certain nonatomic games are more naturally described
in terms of measures that take values in an infinite dimensional Banach
space.

Consider, for example, a (transferable utility) market game v, where
the worth of a coalition S is

v(S) = max { /S w(x(i), i) dm(i)

/Sx(i) dm(i) = /Sa(i) dm(i)}, (1)

the maximum aggregate utility that S can guarantee to itself by an alloca-
tion x of its aggregate endowment |, a dm among its members (Aumann,
1964. In this formula, u(§,7) is the utility that player i gets from the bun-
dle ¢ and m, the population measure, is a nonatomic probability mea-
sure.) Since v(S) depends on S only through certain integrals over S, if
m(S\T) = m(T\S) = 0 then v(T) = ©v(S). Thus, v(S) can be expressed
as a function of the characteristic function xs of the coalition S, seen as
an element of L, (m). The market game under consideration can therefore
be viewed as a vector measure game based on the L;(m)-valued vector
measure defined by S — xs.

Only one previous work known to me deals with vector measure games
based on vector measures with values in an infinite dimensional vector
space. Sroka (1993) studied games based on vector measures of bounded
variation with values in a relatively compact subset of a Banach space with
a shrinking Schauder basis. The vector measure considered above in con-
nection with the market game is not of this kind: its range is not a rela-
tively compact subset of L1 (m), and Li(m) itself does not have a shrinking
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Schauder basis. (Only a separable Banach space with a separable dual
space can have such a basis. Considering the range of the measure in
question to be a subset of L, say, rather then L;, would not help, for the
measure would not then be of bounded variation. Note that if the range
space were taken to be Lo, then the above set function would not even be
a measure; specifically, it would not be countably additive.) In the first
part of this paper, these limitations on the range of the vector measure
and on the space in which it lies are dispensed with. Thus, the results
of Aumann and Shapley are generalized to a much larger class of vector
measure games.

As the above market game example demonstrates, the present inter-
pretation of “vector measure games” is broad enough to include all games
in which the worth of a coalition is not affected by the addition or subtrac-
tion of a set of players of measure zero—the measure in question being
a fixed nonatomic scalar measure on the space of players. All the games
that belong to one of the spaces of games on which Aumann and Shapley
have proved the existence of a unique value have this property, and can
therefore be represented as vector measure games. This representation is,
however, not unique. It is therefore desirable to reformulate the conditions
for a vector measure game to belong to one of these spaces in a language
that does not make an explicit reference to vector measures. Such an alter-
native formulation is presented in the second part of the paper, where the
above conditions are stated as differentiability and continuity conditions
on a suitable extension of the game, an ideal game, that assigns a worth to
every ideal, of “fuzzy”, coalition, in which some players are only partial
members.

The last part of the paper contains an example that shows how these
general results can be applied to market games. Another application, in-
volving cooperative games derived from a particular class of nonatomic
noncooperative congestion games, is given in a separate paper (Milch-
taich, 2004). Two rather technical lemmas, which are of some independent
interest, are given in the Appendix.

Preliminaries

The player space is a measurable space (I,C). A member of the o-field C is
called a coalition. A set function is a function from C into a real Banach space



X. The variation of a set function v is the extended real-valued function 7|
defined by

ol(S) = sup L [o(S) ~o(Si)|  (S€0)

where the supremum is taken over all finite nondecreasing sequences of
coalitions of the form Sp € S; C --- C S5, = S. A set function v is of
bounded variation if |v|(I) < co. A game is a real-valued set function v such
that v(@) = 0. A game v is monotonic if T C S implies v(T) < v(S). BV
denotes the normed linear space of all games of bounded variation en-
dowed with the operations of pointwise addition and multiplication by
a (real) scalar and with the variation norm (called the “variation” in Au-
mann and Shapley, 1974) ||v|| 3y = |v| (I). The monotonic games span this
space. The subspace of BV that consists of all finitely additive real-valued
set functions of bounded variation is denoted FA.

A vector measure is a countably additive set function. A (finite, signed)
measure is a real-valued vector measure. A vector measure y is nonatomic
if for every S € C such that y(S) # 0 there is a subset T C S such that
u(T), u(S\T) # 0. The variation |u| (also called the total variation mea-
sure) of a vector measure of bounded variation y is a measure (Diestel
and Uhl, 1977, p. 3). |u| is nonatomic if and only if y is nonatomic. The
subspace of BV that consists of all nonatomic (finite, signed real-valued)
measures is denoted NA.

An ideal coalition is a measurable function i : I — [0,1]. For a vector
measure y and an ideal coalition (or a linear combination of ideal coali-
tions) i, u(h) denotes the integral [h du. See Dunford and Schwartz
(1958, Section IV.10) for a definition of integration with respect to a vec-
tor measure. The space Z of ideal coalitions is topologized by the N A-
topology, defined as the smallest topology on Z with respect to which all
functions of the form u(-), 4 € NA, are continuous. As a base for the
neighborhood system of an ideal coalition / one can take the collection of
all open sets of the form {g € Z|maxj<j<x |m;(g—h)| < €}, withe > 0
and mq,my, ..., m; € NA.

The range of a vector measure y is the set u(C). If the range of u (or,
more precisely, the subspace it spans) is finite dimensional then y is au-
tomatically of bounded variation. If in addition p is nonatomic then its
range is compact and convex (Lyapunoff theorem). The range of a general
nonatomic vector measure need not be compact nor convex. However, for
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every vector measure y the set u(Z) = {u(h)|h € Z} is convex and weakly
compact (Diestel and Uhl, 1977, p. 263). This set coincides with the closed
convex hull of #(C), and if u is nonatomic then it is also the weak closure
of 11(C) (Diestel and Uhl, 1977, p. 264). We will call y(Z) the extended range
of .

EXAMPLE. Let m be a probability measure on (I,C), and define u :
C — Ly(m) by u(S) = xs. Then u is a vector measure of bounded vari-
ation whose variation is m. Therefore, y is nonatomic if and only if m is
nonatomic. The range of y consists of all (equivalence classes of) character-
istic functions of measurable subsets of I. This is a closed, but not convex,
subset of Li(m), and if m is nonatomic then it is also not compact. The
extended range of y is the set of all (equivalence classes of) measurable
functions from I into the unit interval. Indeed, for every h € Z, u(h) = h.
Note that in this example the weak compactness of the extended range of
u follows immediately from Alaoglu’s theorem and from the fact that the
relative weak topology on this set coincides with the relative weak* topol-
ogy on it when seen as a subset of Leo(11).

We will say that a real-valued function f defined on a convex subset
C of a Banach space X is differentiable at x € C if there exists a continuous
linear functional Df(x) € Y*, where Y is the subspace of X spanned by
C—C ={y—zly,z € C} and Y* isits dual space, such that forevery y € C

fx+0(y —x)) = f(x) +6 {y —x,Df (x)) +0(6)

as 0 — 04. (The angled brackets (-,) denote the operation of applying
an element of Y* to an element of Y.) This continuous linear functional,
which is necessarily unique, will be called the derivative of f at x. The func-
tion f is (weakly) continuously differentiable at x if it is differentiable in a (re-
spectively, weak) neighborhood of x in C and Df is (respectively, weakly)
continuous at x. The function f is (weakly) continuously differentiable if it is
(respectively, weakly) continuously differentiable in the whole of its do-
main. The restriction of a (weakly) continuously differentiable function to
a convex subset of its domain is (respectively, weakly) continuously differ-
entiable. Continuous differentiability and weak continuous differentiabil-
ity are equivalent for functions with compact domain. This follows from
the fact that the relativization of the weak topology to a compact subset of



a Banach space coincides with the relative norm topology (because every
set that is closed, and hence compact, with respect to the relative norm
topology is compact, and hence closed, also with respect to the relative
weak topology). A real-valued function f defined on a bounded convex
subset C of a Banach space X is (weakly) continuous at every point x at
which it is (respectively, weakly) continuously differentiable.! If X is a
Euclidean space and C is compact then f is continuously differentiable if
and only if it can be extended to a continuous function on X with contin-
uous first-order partial derivatives.

The closed linear subspace of BV that is generated by all powers (with
respect to pointwise multiplication) of nonatomic probability measures
is denoted pNA. There exists a unique continuous linear operator ¢ :
pNA — FA that satisfies ¢(1*) = u for every nonatomic probability mea-
sure y and positive integer k, called the (Aumann-Shapley) value on pNA.
See Aumann and Shapley (1974) for an axiomatic characterization of the
value.

For a game v, define ||v||,, = inf{m(I)|m € NA, and |v(S) —v(T)| <
m(S\T) for every S,T € C with T C S} (inf @ = o0). The collection of all
games v such that ||v||,, < oo is a linear subspace of BV, denoted AC, and
||| is @ norm on this space. The ||-||,-closed linear subspace of AC that
is generated by all powers of nonatomic probability measures is denoted
pNA. This space is a proper subset of pN A.

Vector Measure Games

A composed set function of the form f o y, where p is a nonatomic vector
measure of bounded variation and f is a real-valued function defined on
#(Z) such that f(0) = 0, will be called a vector measure game. Aumann and
Shapley (1974) proved that if the range of y is finite dimensional then a
sufficient condition for a vector measure game f o u to be in pNA (actu-
ally in pNA) is that f be continuously differentiable. The value of such
a vector measure game is given by the so-called diagonal formula. Sroka

Proof: If U is a convex neighborhood of x in C in which f
is differentiable then it follows from the mean value theorem that
FW)—FE)] < supggo -2 Df(x+6—)| <  |[y—xDf(x)| +
ly — x| sup,c; [|Df(z) — Df(x)|| for every y € U. By a suitable choice of U the
last two terms can be made arbitrarily small.



(1993) generalized this result to the case where the range of y is a relatively
compact subset of a Banach space with a shrinking Schauder basis. These
results are generalized further in the following theorem.

THEOREM 1. Let y be a nonatomic vector measure of bounded variation with
values in a Banach space X. If fis a weakly continuously differentiable real-valued
function defined on the extended range of  such that f(0) = 0, then f oy is in
pNA,, and its value is given by the (diagonal) formula

p(for)(s) = [ WS DY A (s€C). @

If X is finite dimensional then the converse is also true: a vector measure game
fouisin pNAe only if fis continuously differentiable on the range of u.

The restriction that X is finite dimensional can not be removed. For ex-
ample, if m is Lebesgue measure on the unit interval and y is as in the Ex-
ample in the previous section then the function f : u(Z) (C Ly(m)) — R

defined by f(h) = f01 t=1/21(t) dt is not differentiable according to the
present definition. Nevertheless, f oy € NA. The question of what con-
ditions on f, if any, are both necessary and sufficient for a general vec-
tor measure game f o u to be in pNA«, or in pNA, remains open (cf.
Kohlberg, 1973; Aumann and Shapley, 1974, Theorem C; Tauman, 1982).
Note that if the range of u is relatively compact (this is automatically the
case if X is a reflexive space or a separable dual space; see Diestel and Uhl,
1977, p. 266) then by Mazur theorem (Dunford and Schwartz, 1958, p. 416)
the extended range of u is compact. Therefore, in such a case f is weakly
continuously differentiable if and only if it is continuously differentiable.
If a vector measure game f o y is monotonic, then for it to be in pN A it
suffices that f be continuous, rather than differentiable, at 0 and u(I).

PROPOSITION 1. Let u be a nonatomic vector measure of bounded variation,
and let f : u(Z) — R be weakly continuously differentiable in u({h € 7|0 <
\u| (h) < |p|(I)}) and continuous at 0 and at u(I). If f o u is a monotonic
game then it is in pN A and its value is given by (2).

The following lemma, which is of some independent interest, is used
in the proofs of Theorem 1 and Proposition 1.



LEMMA 1. Let y : C — X be a nonatomic vector measure of bounded varia-
tion, and let f be a real-valued function defined on 1 (Z). Define fi : C — Lq(|p|)
by fi(S) = xg. (Note that |ji| = |p|.) Then there exists a unique real-valued
function f, defined on ji(T), such that

F(p(n)) = f(u()) (h€1). €)

For every h € I, if f is (weakly) continuous at u(h) then f is (respectively,
weakly) continuous at fi(h), and if fis weakly continuously differentiable at y(h)
then f is weakly continuously differentiable at ji(h) and D f (ji(h)) satisfies

(p(8), Df (A(h))) = (u(g), Df ((h))) (g €1). 4)

It follows from Lemma 1 that, conceptually, there is only one kind
of vector measures that needs to be considered in the present context,
namely, vector measures that map coalitions into their characteristic func-
tions. One may thus wonder whether vector measures need to be consid-
ered at all. An alternative approach might be to express the above condi-
tions for a game to be in pN A or in pN A directly in terms of a particular
“extension” of the game into a function on Z. We will see in the next sec-
tion that these results can indeed be reformulated in such a manner.

Differentiable Ideal Games

An ideal game is a real-valued function on Z that vanishes at (the constant
function) 0. We will say that an ideal game v* is monotonic if h < g implies
v*(h) < v*(g), and that v* is differentiable at h € 7 if there exists a (neces-
sarily unique) nonatomic measure Dv*(h), called the derivative of v* at h,
such that for every g € 7

v (h+6(g—h)) =v"(h)+60 Dv*(h)(g—h) +0(0)

as @ — 04. Anideal game is differentiable if it is differentiable at every point
inZ. Anideal game v* is a continuous extension of a game v if v*(xs) = v(S)
for every S € C and v* is continuous (with respect to the N A-topology).
Aumann and Shapley (1974, Proposition 22.16) showed that a continuous
extension is always unique, and that a sufficient condition for a game to
have such an extension is that there exists a sequence in pNA that con-
verges to the game in the supremum norm ||v||" = supg_. [0(S)|. The set
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of all games that satisfy this condition is closed under pointwise addition
and multiplication by a real scalar, and is denoted pNA’.

THEOREM 2. An ideal game v* is the continuous extension of some game
v in pN A if and only if there is a nonatomic probability measure m such that,
for every h € I, the derivative Dv*(h) exists and is absolutely continuous with
respect to m, d(Dv*(h))/dm is essentially bounded, and d(Dv*(-))/dm is con-
tinuous at h as a function into Le(m). The value of v is then given by

1
(90)(5) = [ Do (1)(s) at (Seo). 5)

The necessary and sufficient condition for an ideal game v* to be the
continuous extension of a game in pNA« that is given in Theorem 2 is
apparently stronger then the sufficient condition obtained by Hart and
Monderer (1997). In fact, Hart and Monderer’s condition is equivalent
to the requirement that d(Dv*(-))/dm be continuous as a function into
L,(m). The above condition is equivalent to the requirement that there is
a representation of the game as a vector measure game that satisfies the
conditions of Theorem 1. Thus, we have the following result.

LEMMA 2. A game v can be represented as a vector measure game f o y,
with f weakly continuously differentiable on the extended range of u, if and only
if v € pNA,,. A game v can be represented as a vector measure game f o u, with
f weakly continuous on the extended range of u, if and only if v € pNA'.

The following sufficient condition for a monotonic ideal game to be the
continuous extension of a game in pN A is derived from Proposition 1.

PROPOSITION 2. If v* is a monotonic ideal game such that lim;_o, v*(t) =
0 and limy_,1_ v*(t) = v*(1), and there exists a nonatomic probability measure
m such that, for every h € T with 0 < m(h) < 1, the derivative Dv*(h) exists
and is absolutely continuous with respect to m, d(Dv*(h))/dm is essentially
bounded, and d(Dv*(-))/dm is continuous at h as a function into Le(m), then
the game v defined by v(S) = v*(xs) is in pNA and its value is given by (5).



Proofs

Proof of Lemma 1. For every h € Z — 7 and every continuous linear func-
tional x* € X*, x*(u(h)) = [hd(x*op) = [hd(x* ou)/d|u| d|u| by
Theorem IV.10.8 of Dunford and Schwartz (1958). Taking the maximum
over the unit sphere in X*, we get ||u(h)||x < [ |h] d|u| = 1Ay (-
since [|d(x* o) /d [pl|| () < X" || x- for every x*. Therefore, fi(h) —p(h)
is a well-defined continuous function from fi(Z) onto y(Z) that is contin-
uous also with respect to the relative weak topologies on these spaces. It
follows that f is well defined by (3) and that it is (weakly) continuous at
fi(h) if f is (respectively, weakly) continuous at (k). Also, if f is weakly
continuously differentiable at y(h) then Eq. (4) well defines a continu-
ous linear functional Df(fi(h)) € Ly(|u|)* (which is in fact equal to, or
rather identifiable with, d(Df(u(h)) o u)/d |u| € Leo(|u])). ||Df(f1(g)) —

DF ()|, )= < [IDF(1(8)) = Df (1(h))|sp(u(z))- holds for every fi(g)

in a weak neighborhood of fi(h), and therefore Df(-) is weakly contin-
uous at fi(h). By (3) and (4), and the definition of Df(u(h)), for every

pg) € p(1)

f(p(h) +0(a(g) — p(h))) = f(A(h)) + 6 (p(g) — fi(h), Df (A(h))) + 0(6)
as § — 0.. This proves that f is differentiable at f1() and that the contin-
uous linear functional Df(fi(h)) is indeed its derivative there. [J

Proof of Theorem 1. Suppose that f satisfies the condition of the the-
orem. In light Lemma 1, it can be assumed without loss of generality
that X = L;(m), where m is a nonatomic probability measure, and that
1(S) = xg (S € C). For a sub-o-field F of C, define an L;(m)-valued
nonatomic vector measure y, by u-(S) = E(xs|F), where E(:|F) de-
notes conditional expectation. If F is finite then the range of yr, which
is a subset of the convex hull of the range of y, clearly spans a finite di-
mensional subspace of Lq(m). Therefore, by an immediate extension of
Proposition 7.1 of Aumann and Shapley (1974), f o u s € pN A. To prove
that f o u is in pN A it suffices to show that

lim |f o iz = fopl, =0 ©

as F varies over the finite subfields of C, directed by inclusion. (That
is, for every € > 0 there exists a finite measurable partition of I such
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that, if F is the field generated by some finer finite measurable partition,

[four—foul,<e)
Let F be a sub-o-field of C,and let S, T € C besuchthat T C S. For0 <

t <1, define hy = x1 + txs\ 1 (€ Z). By the fundamental theorem of calcu-
lus, applied to the function t — f(p(ht)) (= f(pe(T) + tur(S\T))),

(Fonr)S)~ (Fomr)T) = [ (upls\T), D (s (i) d
= [ [ e\ () dmat @)
= [ [, EOS )17 dmat,

where the last equality follows from the identity

/IE(h|]-")g dm = /IhE(g|]-") dm (h € Li(m),g € Loo(m)),

applied to the functions h = xg\r and ¢ = Df(pur(ht)). Note that the
same notation is used in (7) for the derivative of f at a point and for the
representation of that derivative as an element of Lo (m). In the special
case ' = C we get

1
(For)(®) = (fo (M = [ [ Dftulh)) dmdt. @)
It follows from (7) and (8) that
Iforr—fopule < sup IE(Df(E(h|F))|F) = Df () Luom)
€
Hence, in order to complete the proof of (6) it suffices to show that
lin ||E(DF(E(h|F))|F) = DFERIF)) |y =0 ©)

and

lim [Df(E(RIF)) = D ((1)) | ymy = O (10)

uniformly in h € T as F varies over the finite subfields of C, directed by
inclusion. Df is a weakly continuous function defined on a weakly com-
pact subset of Ly (m). Therefore, it is uniformly weakly continuous and its
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range is compact. Theorem IV.8.18 of Dunford and Schwartz (1958) asserts
that, for every compact subset K of Leo(m), limz [|E(g|F) — &l m) = O
uniformly in ¢ € K. This proves (9). The same theorem, together with the
above identity, implies that, for every g € Loo(m), limz [ E(h|F)g dm =
limg [ hE(g|F) dm = [ hg dm uniformly in h € Z. Thus, with respect
to the weak topology on Li(m), limz E(h|F) = u(h) uniformly inh € Z.
This, and the uniform weak continuity of D f, together imply (10).

Since f is weakly continuous, it follows from Lemma 5 in the Appendix
that the ideal game defined by h — f(p(h)) is a continuous extension of
f o u. Therefore, by Theorem H of Aumann and Shapely (1974), the value
of f oy is given by

1 d
o(fom(s)= [ | _SuD+eus)a  (seo)

(and the derivative on the right hand side of this equation exists for almost
every 0 < t < 1). By definition of Df, this gives (2).

The proof of the second part of the theorem will be given after the proof
of Theorem 2. [

Proof of Proposition 1. We prove Proposition 1 by making the following
two modifications to the proof of the first part of Theorem 1.

First, since f is continuous at 0, and since y(h) — 0 is equivalent to
m(h) — 0, f is actually weakly continuous at 0. Similarly, f is weakly
continuous at y(I). Since f is weakly continuously differentiable, and
hence weakly continuous, in u({h € I|0 < m(h) <1}) = u(Z)\{0, u(I)},
the ideal game h — f(u(h)) is continuous. Aumann and Shapley (1974,
p- 150) showed that a continuous extension of a monotonic game is a
monotonic ideal game. It follows that, for every finite subfield F of C,
the restriction of f to y+(Z) can be viewed as a nondecreasing continuous
function on the unit cube in R”, where 7 is the dimension of the subspace
of Li(m) thatis spanned by i ~(Z) (which is equal to the number of atoms
of nonzero m-measure of the field F). This function is continuously differ-
entiable outside of the origin and (1,1, ...,1). Therefore, by an extension
of Proposition 10.17 of Aumann and Shapely (1974, proposition and ex-
tension in p. 92), four € pNA.

Second, for fixed € > 0,1let 0 < § < 1/2 be such that f(u(h)) < e
and f(u(1—h)) > f(u(I)) — e for every h € 7 that satisfies m(h) < 4.
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IfSoc 5 c---C§,C---CS5; C---C lis a finite nondecreasing
sequence of coalitions such that m(S;,) = 6 and m(S;;) =1 —6, and if F
is a finite subfield of C, then for every iy < i < i; Egs. (7) and (8) hold for
S = S;and T = S;_1. The monotonicity of f oy and of f o yur implies that
T | (Four)(S) — (Fom)(S) — (Foup)(Sit) + (fom)(Si1)] < 2¢,and
a similar inequality holds for the sum over iy +1,i; +2,.... It follows that
If oz = fonllpy <supscpmmy<isl[E(DFEMRFNIF) = Df ()1 om)
+4e. Since the set {y(h) € u(Z) |6 < m(h) < 1— 4} is weakly com-
pact, an argument similar to that given in the proof of Theorem 1 shows
that the limit of the last supremum as F varies over the finite subfields
of C, directed by inclusion, is zero. Since € is arbitrary, this proves that
limg|[fopur— foullz, =0, and therefore fopu € pNA. [

Proof of Theorem 2. 1If v* satisfies the condition of the theorem then
v*(g) = v*(h) for every g and h in 7 that are equal m-almost everywhere.
Indeed, by the mean value theorem, there exists some 0 < 6 < 1 such that

vi(g) —v(h) = Do'(h+6(g—h)(g—h)
— /(g—h)d(Dv (h—l;z(g_h)))dm:o

Therefore, there exists a unique function f : u(Z) — R, where y is the
L1 (m)-valued nonatomic vector measure of bounded variation defined by
u(S) = xg, such that v*(h) = f(u(h)) (h € Z). This function is differ-
entiable. Indeed, its derivative at u(h) is Df(u(h)) = d(Dv*(h))/dm €
Leo(m) (= L1(m)*), and it follows that D f (u(-)) is continuous on Z. Hence,
Lemma 5 in the Appendix implies that Df is weakly continuous. There-
fore, by Theorem 1, f o 4 € pN Ac. The formula for the value of v (= f o p)
now follows from (2) and from the above expression for Df.

Conversely, suppose that v* is the continuous extension of a game v in
pNAw. There exists a sequence {v,, },>1 of games in pN A, whose contin-
uous extensions satisfy the condition of the theorem such that ||v, — v||, <
47" for every n. Indeed, we can take these games to be polynomials in NA
measures. For every u € pNA« and for every € > 0 there is a nonatomic
probability measure m such that |u*(h 4+ 0g) — u*(h)| < 6] (||u|| +€) m(g)
for every g,h € 7 and 6 € R such that h + 0g € 7 (see that Appendix). It
follows that if u* is differentiable at /1 then

[Du”(h)(g)] < (Jull +€) m(g) < [lulles +e (g €I)
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In particular, | Dv};(h)(g) — Dv%,(h)(g)| < ||on — 0| o for every n, n’, and
¢, h € Z, and therefore Dv};(-)(-) converges uniformly to a real-valued
function y(-,-) on Z x Z. For every h, y(h,-) is (the continuous exten-
sion of) a nonatomic measure and, for every g, ¥(-,g) is continuous on
Z. Since, for every g,h € 7 and 6 € R such that h +6¢ € 7 and for
every n, vi(h+0g) — v (h) = fog Do} (h +tg)(g) dt, in the limit we get
v*(h+6g) —v*(h) = foe v(h + tg,g) dt. This equation implies that v* is
differentiable at /i (and Dv*(h) = y(h, -)).

For every n, let m,, be a nonatomic probability measure such that
|Dvj(h)(g) — Dv*(h)(g)| < 47"my,(g) (¢, h € Z). The nonatomic proba-
bility measure m = Y ;-1 2 %my satisfies 4 "m, (g) < 27"m(g). Therefore,
Dvj;(h) — Dv*(h) is absolutely continuous with respect to m and

Hd(m;;(h) — Do*(h))

<27
dm

Leo(m)

Since v, satisfies the condition of the theorem, we may assume without
loss of generality that, for every h, Dvj;(h) is absolutely continuous with
respect to m,, its Radon-Nikodym derivative with respect to m,, is essen-
tially bounded, and d(Dwvj;(-))/dm, is continuous at h as a function into
Loo(my). This remains true when m,, is replaced by m. It follows that,
for every h, Dv*(h), too, is absolutely continuous with respect to m and
its Radon-Nikodym derivative with respect to m is essentially bounded.
And since the function d(Dv*(-))/dm : C — Le(m) is the uniform limit
of the continuous functions {d(Dv};(-))/dmy},>1, this function is contin-
uous, too. [

Proof of Theorem 1 (continued). Suppose that dim X < co. If a vector
measure game f o u is in pN A« then by Theorem 2 its continuous exten-
sion v* is differentiable. It is shown in the Appendix that v*(h) = f(pu(h))
(h € I). Hence, Dv*(h)(g — h) = d/d0|g—o, f(u(h + 6(g — h))) for every
¢ and h. The value of this derivative clearly depends only on y(h) and
on u(g — h), and can therefore be written as 4(u(h))(u(g — h)), where %
is a function from y(Z) to X*. By Theorem 2, Dv*(-)(g) is continuous for
every ¢ € Z. Therefore, by Lemma 5 in the Appendix, 4(-)(u(g)) is con-
tinuous for every g. This proves that f is continuously differentiable on
w(Z). O
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Proof of Lemma 2. If f is weakly continuously differentiable on the ex-
tended range of a nonatomic vector measure of bounded variation y then
fopu € pNA by theorem 1. Conversely, if v is in pN As then it is shown
in the proof of Theorem 2 that v can be represented as a vector measure
game f o u, with f weakly continuously differentiable.

If f ou is a vector measure game such that f is weakly continuous
on the extended range of y, which is a subset of some Banach space X,
then by Stone-Weierstrass theorem f can be uniformly approximated by
polynomials in elements of the dual space X*. Specifically, since y(Z) is
weakly compact, and since the continuous linear functionals on X sepa-
rate points in this set, for every € > 0 there are a finite sequence of func-
tionals x7,x5,...,x; € X* and a polynomial p in n variables such that
£ () = p(x; (u(h)), x5 (u(R), .., %(u(h)))] < € forevery I € T. Since
x; op € NA for every i, it follows from Lemma 7.2 of Aumann and Shap-
ley (1974) that fou € pNA'.

Conversely, it is shown in the Appendix that if v* is the continuous
extension of a game v in pNA' then there is a nonatomic probability mea-
sure m such that, for every g,h € T that are equal m-almost everywhere,
v*(g) = v*(h). It follows that there exists a real-valued function f, defined
on the extended range of the nonatomic vector measure of bounded varia-
tion y defined as in the Example, such that v*(h) = f(u(h)) (h € 7). Since
v* is continuous, by Lemma 5 in the Appendix f is weakly continuous.
]

Proof of Proposition 2. It suffices to show that if v* satisfies the conditions
of the proposition then there exist a vector measure y and a function f,
which satisfy the conditions of Proposition 1, such that v*(h) = f(u(h))
(h € Z). Once we establish that v*(h) = 0 for every h that is equal m-
almost everywhere to 0 and that v*(g¢) = v*(1) for every g that is equal
m-almost everywhere to 1 we can proceed almost exactly as in the proof
of Theorem 2: define y and f as in that proof, and use the same arguments
to show that Df(u(-)) exists and is continuous in {h € Z|0 < m(h) <
1} = {h € Z|u(h) # 0, u(I)}, and that Df is therefore weakly continuous
in u(Z)\{0, u(I)}. The proof for Eq. (5) is also similar. Hence, it only
remains to show that v*(h) — 0 when u(h) — 0 (or, equivalently, when
m(h) — 0) and that v*(g) — v*(1) when u(g) — u(I) (or, equivalently,
when m(g) — 1).

For every ¢,h € Z such thath < gand m(h) < m(g), v*(h+t(g—h))
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is nondecreasing as a function of ¢ in the interval [0,1] and has a non-
negative continuous derivative in the interior of that interval. For h = 0
(identically) and g = 1 (identically) this function is continuous also at the
end points. Therefore, for every sequence {h,} C T such that u(h,) — 0
and for every sequence {g,} C 7 such that h, < g, and u(g,) — u(I),

linhinf[v*(gn)—v*(hn)] > hmmf/ Dv*(hy +t (gn — hn))(gn — hn) dt
— hmmf/  Df(u(tgn + (1 — k) dt
> [0, DF (1) at =" (1)

by Fatou’s lemma and the continuity of D f in u(Z)\{0, u(I)}. Taking g, =
1 for every n shows that v*(h,) — 0. Taking h,, = 0 for every n shows that

v*(gn) — v*(1). O

Application: Market Games

We give a new proof to the following result, due to Aumann and Shapley
(1974, Chapter VI).

THEOREM 3. Suppose that (Z,C) = ([0, 1], the Borel sets). Let m (the pop-
ulation measure) be a nonatomic probability measure, k (the number of different
goods) a positive integer, a (the endowment) an m-integrable function from I into
the interior of the k-dimensional nonnegative orthant Rﬁ, and u (the utility func-

tion) a real-valued function that is defined on Rﬁ X I and satisfies the following
assumptions:

for every & € RE, u(&,-) is a measurable function on I; (11)
foreveryi € I, u(-,i) is a continuous function on Rk (12)

for every i € I, u(-,i) is strictly increasing (in each
component separately), and u(0,i) = 0; (13)
for every i € I and j, 0u(¢,7)/9¢; exists and is continuous

at each & € Rﬁ for which &; > 0; and (14)
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u(g,i)=o() ¢;) as Zg’,‘]- — o0, integrably in i, (15)
] ]

that is, for every € > 0 there is an m-integrable function v : I — R such that,
for every & € R and i € 1, Y. ¢ = (i) implies u(g,i) < €Y;¢;. Then the
maximum in (1) is attained for every coalition S, and the market game v defined
by this equation is in pNA. The value of this game coincides with the unique
competitive payoff distribution of the (transferable utility) market.

Proof. 1t follows from (11) and (12) that u is Borel measurable (Klein
and Thompson, 1984, Lemma 13.2.3). Define an ideal game v* : 7 — R by

v*(h) = max/u(x)h dm, (16)

where the maximum is taken over the set {x : I — R% | x is measurable
and [xh dm = [ ah dm} of all (feasible) allocations and u(x) denotes the
function on I whose value at i is u(x(7),i). This maximum is attained
(which means, in particular, that it is finite; Aumann and Shapley, 1974,
Proposition 36.1). Furthermore, by Proposition 36.4 and the discussion in
pp- 189-190 of Aumann and Shapley (1974), for every h such that [ hdm >
0 there is a unique vector p(h) in the interior of RX, called the vector of
competitive prices corresponding to , such that, for some allocation x,

u(x(i),i) — p(h) - x(i) = max [u(¢, i) — p(h) - ¢] (17)

k
¢eRY

for m-almost every i for which h(i) # 0 (the dot stands for scalar prod-
uct). It is not difficult to see that such an allocation x maximizes the inte-
gral in (16). If x is an allocation that satisfies (17) for every i then the pair
(x,p(h)) is called a transferable utility competitive equilibrium correspond-
ing to h. Such an allocation always exists: Since u is Borel measurable on
RX x I and is continuous in the first argument, there exists a measurable
function x : [ — Rﬁ that satisfies (17) for every i for which the maximum
on the right-hand side of that equation is attained (Wagner, 1977, Theorem
9.2). But, as we show next, this maximum is in fact attained for every i. It
follows that, given an allocation x that satisfies (17) for m-almost every i
such that (i) # 0, we can change the values that x takes at those points
where (17) does not hold in such a way that the new function be an alloca-
tion that satisfies (17) everywhere.

17



For every positive integer s there exists, by (15), an m-integrable func-
tion 7y, : I — (0, c0) such that, for every i and ¢ € Rk,

e-¢ > (i) implies u(¢,i) < %e -G, (18)

where e is the vector with all components 1. If s > 1/ min;p;(h) then
(1/s)e:¢ < p-¢. It then follows from (18) that, for every i, the maxi-
mum on the right-hand side of (17) is attained in, and only in, the set
{¢ € RE|e-& < 7,(i)}. Consequentially, if (17) holds, x(i) # 0, and
min; p;(h) > 1/s, then 94(i)/e-x(i) > 1, and hence

0 < u(x(i) i) = p) () < (22 x(0),0) = pl) (1)

< 75() = p(h) - x() (19)

by (13) and (18). It follows that if x is an allocation that satisfies (17) for
every i then [u(x)dm < [ y,dm < co.

LEMMA 3. The function p(-) that sends each element of the set Z,,, = {h €
Z| m(h) > 0} to the corresponding vector of competitive prices is continuous
(with respect to the NA-topology).

Proof. Tt suffices to show that if {h, },>0 C Zy, is such that [ gh, dm —
| gho dm for every g € Ly(m) then p(h,) — p(hg). The idea (borrowed
from Aumann and Shapley, 1974, p. 188) is to identify the competitive
prices corresponding to h € Z,, with equilibrium prices of a suitable ex-
change economy &), (see Hildenbrand, 1974, Chapter 2). There are k + 1
kinds of goods in &: the k original ones plus “money” (the 0-th good). The
consumption set of each player i is Ry x RE = le:rl (thus, no player is al-
lowed to hold a negative amount of money), his utility function is given by
(€, €) — u(g,i) + &y, and his endowment is (y,(7),a(i)), where s is some
positive integer, that does not depend on i, such that min; p;(k) > 1/s. The
population measure is h dm. As is readily verified (see (19)), an allocation
x satisfies (17) if and only if the bundle (7,(i) — p(h)-x(i) + p(h)-a(i), x(i))
maximizes player i’s utility in the set {(&,, &) € Ry x RE | & + p(h)-& =
Ys(i) + p(h)-a(i)}. It follows that (1, p(h)) are equilibrium prices for &.
Moreover, by the uniqueness of the competitive prices corresponding to #,
these are the only equilibrium prices for &, that are of the form (1, p), with
min]- pj > 1/s.
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If there is some positive integer s such that inf;, p;j(h,) > 1/s then,
for every i and n, we can choose the monetary endowment of player i
in &, to be equal to ,(i). The exchange economies then differ only in
their population measures. The assumption concerning {h,} implies, in
this case, that the (preference—endowment) distribution of &), tends to
that of &, and similarly for the aggregate endowments. It follows, by
Proposition 4 in Section 2.2 of Hildenbrand (1974), that every cluster point
of the corresponding sequence of normalized equilibrium prices {1/(1 +
Y pj(hn)) (1, p(hn))} is a (k + 1)-tuple of normalized equilibrium prices
for &,,. The first component of such a cluster point cannot be zero: the
equilibrium price of money must be positive. Therefore, the sequence
{p(h,)} must be bounded. If p is a cluster point of this sequence then
(1, p) are equilibrium prices for &,,. And since min; p; > 1/s, p = p(ho).
This proves that {p(h,)} converges to p(hy).

It remains to show that inf;, p;(h,) = 0 is impossible. We will prove
this by assuming that p;(h,) — 0 for some j and showing that this leads to
a contradiction. If, for every n, (x,,, p(h,)) is a transferable utility competi-
tive equilibrium corresponding to &, then in particular u(x,) — p(hy)-x, >
u(xy +e) — p(hy)-(x, + €f), where ¢/ is the jth unit vector in R, and there-
fore 0 < u(x, +e/) —u(x,) < pj(hu) — 0. This is consistent with (12)
and (13) only if x,(i) — oo for every i, and hence only if [ max{e-(2a —
Xn),0}hy, dm — 0. But this contradicts the fact that [ max{e-(2a — x,),0}h,
dm > e- [(2a — xp)h, dm = e- [ ah, dm — e- [ ahgdm > 0. O

Proof of Theorem 3 (continued). Let g and h be two elements of 7,,, and

let (y,p(g)) and (x, p(h)) be two corresponding transferable utility com-
petitive equilibria. since (17) holds for every i,

v'(g) v ) = [ulygdm— [u(x)hdm

u(x) (g~ h)dm — [ [u(x) — u(y)) g dm

u(x) (g~ h)dm— [ p(h) - (x—y)gdm (20)
u(x) (g =) dm— p(h) - [ (x—a) g dm

[u(x) = p(h) - (x —a)] (§ — h) dm.

|
— e — —
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Similarly,

o () ~v*(g) < [ [u(y) ~p(g) - (y—a)] (h—g)dm. @)

If h < g then the right-hand side of (21) is nonpositive. Hence, v* is
monotonic.

Let0 < cg < ¢1 < ---besuch thattheseriesy = (1/cg) e-a+Y s>1 (1/¢s) 7,
converges m-almost everywhere and [ vy dm = 1. Let m.,, be the nonatomic
probability measure defined by dm., = 7y dm. It follows from (21) and (22)
that, for some 0 < 0 <1,

0'(g) =o' (0) = [ = [u(x) = p(h) - (x = 0) + egs] (g— ) i,

where €, : [ — R is defined by €, (i) = Max; gk u(g,i) —p(g) (¢ —
a(i))] — maXgcpe [u(¢,i) — p(h)-(¢ —a(i))]. If s is a positive integer such
that p;(g), pj(h) > 1/s for all j then, as shown above, both maxima are
attained in the set {¢ € R% |e-Z < 7,(i)}. Therefore, m-almost everywhere,

el < 2 max [(plg) — p) - (€ - o)
< %(%Jre-a)mfxm(g)—pj(h)} < csmax |py(g) — pj()]

Since, by Lemma 3, p(-) is continuous on Z,, max;|p;j(g) — pj(h)| — 0
when ¢ — h. This proves that v* is differentiable at /, that its derivative
there is absolutely continuous with respect to 1, and that

(Do) _ 1 1x) = p(h) - (x — a)] € Loo(rmy).

dm 0%
(The essential boundedness of (1/7) [u(x) — p(h) - (x — a)] follows from
(19) and from the definition of -.) Since, for every g and & as above,

5
= || =€q¢h
Loo(1my) v s

H d(Dv*(g)) _ d(Dv"(h))
dm., dm.,

< ¢s max pi(g) — pi(h)],

Leo ()

the function d (Dv*(+)) /dm. is continuous at h.
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A transferable utility competitive equilibrium (x, p(h)) corresponding
to an ideal coalition i € 7, is easily seen to correspond also to th, for
every 0 < t < 1. Therefore, v*(th) = tv*(h) for every 0 < t < 1. (Inci-
dentally, this shows that v* is differentiable at 0 if and only if v € NA.)
In particular, lim;_,, v*(¢) = 0 and lim;_,;_v*(t) = v*(1), and if (x, p(1))
is a transferable utility competitive equilibrium corresponding to the ideal
coalition i = 1 then d (Dv*(t)) /dm = (1/7) [u(x) — p(1) - (x —a)] for
every 0 < t < 1. It follows, by Proposition 2, that the market game v is in
pNA and its value is given by

(9v)(S) = /S [u(x) =p(1) - (x —a)] dm (5€C).

Thus, the value of v is equal to the competitive payoff distribution (Au-
mann and Shapley, 1974, p. 184) of the market. [l

Appendix

Approximation lemma

The method of approximation employed in the proofs of Theorem 1 and
Proposition 1 can be used more generally for approximating games in
pNAw, pPNA, or pNA’. All three spaces of games are generated by powers
of nonatomic probability measures, but the norm is different in each case.
The norm on pNA' is the supremum norm ||-||’, the norm on pNA is the
variation norm ||-||3;,, and pN A is endowed with the norm ||-||,. These
norms satisfy ||-|" < ||-llzy < |llo, and the spaces themselves satisfy
pNAw C pNA C pNA’. Each of the three norms can be “extended” in
a natural way to a norm on the linear space of extensions of games in the
respective space. Specifically, we define ||v*||" = sup,, .7 [v*(h)], |[0* || 5y =
SUPo<py<-..<h, <1 Yis [v*(hi) — 0 (hi—1)], or [[v*||, = inf{m(I)|m € NA,
and [v*(g) —v*(h)| < m(g — h) for every g,h € 7T with h < g} when the
ideal game v* is the continuous extension of a game v in pN A’ in pNA, or
in pN A, respectively. The extension operator v+—v* is linear and norm-
preserving on each of the three spaces (Aumann and Shapley, 1974, p. 151;
Hart and Monderer, 1997). If f o j is a vector measure game in pN A’ such
that the range of y is finite dimensional, then the continuous extension v*
of f ouis given by v*(h) = f(p(h)). This can be shown as follows. First,
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since the range of a finite dimensional nonatomic vector measure coincides
with its extended range, for every h € 7 we can find a coalition S such that
u(h) = u(S). Second, for the same reason, for every given neighborhood
of h in 7 we can choose S in such a way that xs is in that neighborhood.
Therefore, by the continuity of v*, for every given € > 0 we may assume
that S satisfies [v*(xs) — v*(h)| < €. Butv*(xg) = f(1(S)) = f(u(h)).
For every game v in pNA' there exists a nonatomic probability mea-
sure m such that v is in pNA’(m), the closed linear subspace of pNA’
that is generated by powers of nonatomic probability measures that are
absolutely continuous with respect to m. (If {u(¥)} k>1 is a sequence of vec-

0,0 0y ang

tors of nonatomic probability measures, u(&) = ( 1My e B
/

{p®}1>1 is a sequence of polynomials such that Hv —p® o u®i — o,
— k k k
then m can be chosen as Y ;12 (1/n(k)> (A ) yé T yi(z)).) For

every g, h € 7 such that ¢ = h m-almost everywhere, v*(g) = v*(h). Simi-
larly, if v is in pN A or in pN A« then there exists a nonatomic probability
measure m such that v is in pNA(m) or in pNA(m), respectively. These
subspaces are defined in a similar way to pNA’(m). For every finite sub-
field F of C and for every ¢ € Li(m), the conditional expectation E(g|F) is
defined as that function on I which is constant on each atom S of the field
F and is equal there to (1/m(S)) [s g dm (= 0, by convention, if m(S) = 0).
The ideal game v’. defined by v (h) = v*(E(h|F)) is easily seen to be con-
tinuous. Its “restriction” to C is the game v defined by vr(S) = v%.(xs)-

LEMMA 4. Let X be one of the three spaces, pN A(m), pN Aco(m), or pNA' (m),
and let ||-|| be the norm on that space. Then a game v is in X if and only if v is
in X for every finite field F C C and limg ||vp — v|| = 0 as F varies over the
finite subfields of C, directed by inclusion.

Proof. One direction in trivial: if v is the limit of a net in X then v € X.
Conversely, if v is in X and F is a finite subfield of C then it is not too
difficult to see that ||[v£| < ||[v*|| (= ||v||). Hence, for every game u that is
a linear combination of powers of nonatomic probability measures that are
absolutely continuous with respect to m, ||[vr — urz|| < ||v — u||. Therefore,
it suffices to prove that ur € X and limg || ur — u|| = 0 for every such u.
Consider, then, a game of the form 7¥, where 7 is a nonatomic probability
measure that is absolutely continuous with respect to m and k is a positive
integer.
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For every F, 11 is a nonatomic probability measure that is absolutely
continuous with respect to m. In fact, dyz/dm = E(dy/dm|F). There-
fore, (1) = (7£)* € X. Since |Juw||, < 4|ull ||w| for every u,w €
pNAw and [[A], < 2||A| gy for every A € NA (Monderer and Ney-

N L I b A ]

Y 14’<an||" Tl e = 1l gy = K45 IE(dy/dm| F) — dip/dm|),,
By Theorem 1V.8.18 of Dunford and Schwartz (1958), the limit of the last
expression as F varies over the finite subfields of C, directed by inclusion,
is zero. [

Topological lemma

The relative weak topology on the extended range of a nonatomic vector
measure of bounded variation y is the strongest topology on that set with
respect to which yu(-) is continuous on Z. This result constitutes the first
part of the following lemma.

LEMMA 5. If u is a nonatomic vector measure of bounded variation with val-
ues in a Banach space X, then a set A C u(Z) is open with respect to the relative
weak topology on u(I) if and only if {h € Z|u(h) € A} is open (with respect
to the NA-topology on I). In this case, a function f from A to some topological
space Y is weakly continuous if and only if f(u(-)) : {h € Z|u(h) € A} - Y
is continuous.

Proof. We have to show that if hy, — h is a converging net in Z then
#(hy) — p(h) weakly, thatis, x*(p(hy)) — x*(p(h)) for every continuous
linear functional x* € X*. But this follows immediately from the fact that
x* opu € NA. Conversely, we have to show that if x, — x is a weakly con-
verging net in y(Z) then there exists h € Z such that u(h) = x and in every
neighborhood of & there is some 1’ such that u(h') € {x,}. Let {h,} C T
be such that yu(h,) = x, for every a. It follows from Alaoglu’s theorem
that, by passing to a subnet if necessary, we may assume that there is some
h € T such that m(h,) — m(h) for every m € NA that is absolutely con-
tinuous with respect to |y|. In particular, x*(x) = x*(p(hy)) — x*(u(h)),
and therefore x*(u(h)) = x*(x), for every x* € X*. This proves that
#(h) = x. Every neighborhood of /1 contains an open neighborhood of the
form {g € Z|maxj<ij<;|mi(g—h)| < €}, where e > 0, my,my,...,my €
NA are absolutely continuous with respect to ||, and my,q,...,m; € NA
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are singular with respect to |¢|. This follows from the fact that every
nonatomic measure can be written as the sum of two nonatomic measures,
one absolutely continuous with respect to |u| and the other singular with
respect to |y|. Let a be such that [m;(h, — h)| < eforeveryi < k. Leth’ €
be equal to & in some subset of I of |y|-measure zero in which myq, ..., m;
are supported and equal to h, elsewhere. Then u(h') = u(hy) = x4, and
im;(h" — h)| < € for every k < i <[ as well as for every i < k.

The second part of the lemma follows from that fact that, for every set B
in Y, f~1(B) is weakly open in u(Z) if and only if {k € Z|u(h) € f~1(B)}
isopen. [
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