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DIRECT FACTORIZATIONS OF MEASURES

THEODOR EISELE

In this paper we want to investigate the question, to what
extent can the disintegration of some measure on an arbitrary
Suslin space with respect to some measurable function f be
replaced by the image measure under some function g inverting
f, such that the “outcome” of the situation under a function
& is not changed. Such a direct factorization, as we call it,
is modulo some conditions about atoms of the measures in gen-
eral only possible, if the range of / is countable. But there
are always solutions to the problem in a weak sense. The re-
sults have applications in game theory to the problem of “elim-
ination of randomization”.

Our staring point are some results about the compactness and
convexity of the range of some measure operations. They are
closely related to Lyapunov’s theorem [10].

In §2 we recall some known results about the disintegration of
measures on Suslin spaces.

The problem of direet factorizations of measures is made precise
in §8 and solved there for the case where the “outcome”-set C is
countable. Of course, some restrictions concerning the atoms of
the measures are necessary. A counterexample shows that this
result cannot be generalized to compact metrizable C. Thus we
introduce in §4 the notion of a weak direct factorization and show
that such a weak direct factorization exists even if C is an arbitrary
Suslin space.

It is quite obvious that the solutions to the direct factorization
problem are extreme points in a certain convex space of measures
on a Suslin set. In fact, we show in §5 that if C is countable or
if we regard the weak problem, the extreme points of this set are
exactly the solutions to the corresponding factorization problem.
Under somewhat different situations such characterizations have
been found in [5].

As mentioned at the beginning, we shall apply the results to
a question in game theory in §6. The application shows, when
random strategies (=behavior strategies) can be equivalently replaced
by nonrandom ones. Such questions of “elimination of randomization”
have been treated in [3] and [4] in the finite case and are here
generalized to arbitrary Suslin spaces.

1. Convex ranges by mnonatomic measures. Since in later
sections we are interested when some integral operators have com-
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pact convex range, we shall give here some descriptions of such
cases. Of course, our propositions lie in the vicinity of Lyapunov’s
theorem.

Let (4, A) be a fixed measurable space and m, m,, m,, --- od-ad-
ditive, R’-valued measures on (A, %) with finite variation |m]|, |m,],
[, -« -.

DEFINITION. Be¥U is called an m-atom if it is an atom with
respect to [m|, i.e., |m|(B’)e€{0, |m|(B) = 0} for all B’ B. m is
called nonatomic if it has no atoms.

The following result is known as Lyapunov’s theorem [10]:

THEOREM 1. The range of a nonatomic, R*-valued measure of
finite variation ts compact and convex.

Changing slightly the execellent proof of this theorem, due to
Lindenstrauss [8], we get what we shall need in the sequel:

THEOREM 2. If (m;) is a sequence of nonatomic measures with
|m;| £ ¢ for some finite measure (¢, then the set of all points in
(RYY of the form

(my(By), my(By), - )

with (B,);en rTanging over the U-partitions' of A, is conmvex and
weakly compact.

Proof. Set & = {(g) e(L"(1)", 0 =< g, and >i;eng: =1} & is
convex and compact in the product topology of the weak-x*-topology.

The linear mapping M: & — (R%", M(g,) = (Sgidmi) N is continu-
ous in this topology, since |m;| € ¢#. Thus the proof is finished if
(1) M) = M({(15,) € &, (B;) a partition of A}),

since the first set is weakly compact and convex. But “2” is
obvious; so let (r;)e M(¥). M~*(r,)} is a weakly compact convex
subset of & and contains an extremal point (9,) by the Krein-
Milman theorem. If (g;) were not in the right set of (1), then we
could assume, without loss of generality, that there exist ¢ > 0 and

Bc{e<9,9.=1—c¢} with |[m(B)|>0.

Since m, and m, are nonatomic, there are disjoint B, B, & B with

! j.e. sequences of disjoint subsets from .
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m,(B,) #0 (1=1,2) and applying Theorem 1 to m./B,, we find
disjoint B, B, < B, as well as disjoint B,, B; £ B, with

1o(Buss) = -;—me(Bi) (G,5=1,2).

Let a, 8 with ¢ = |a| + | 8| > 0 satisfy
a(m,(B;) — m(B,)) = B(m,(B;) — m,(B;))
and
h = a(lBJ —15) — (15, — lB,U,) #+0.

Then m,(h) = my,(h) =0 and thus (g, +h, 9, Fh, g --+) e M H(r,)}
contradicting the extremality of (g,).

Thus “Z” holds in (1) and the proof is complete.

COROLLARY. Let pt be a monatomic finite positive measure on
(4, and f:A— R* uniformly bounded measurable functions.

Then the set of all points in R* of the form Dycn Sf,-lpid/x with
(D));e v Tanging over all A-partitions of A, is compact and convex.

2. Some reminiscences. In this section let the sets A, B, C
be Suslin spaces, i.e., continuous images of polish spaces, and B(4),
B(B), B(C) their Borel algebras. We remind the following, well
known results about the factorization of measurable functions (cf.
[7D.

(a) If f: A— B is a surjective Borel-measurable function, then
" there exists a universally measurable function g: B— A with fog=
id 5.

(b) If f* A— B is Borel-measurable and h: A — Cis f(B(B))—
B(C)-measurable, then there exists a universally measurable func-
tion ¢g: B— A with hogef = h and fog = id,.

The situation becomes more involved, if we regard measure
spaces.

Let R(A) denote the set of all positive finite Radon measures
on A. If peR(A) and v e R(B) we write

f: (Ay #)——’(B, D)

if fis a p-measurable function and v = Rf(¢) the image of ¢ under
f. ¢ is called a preimage measure of v under f.

If f:(A, ¢) > (B, v) with f a Borel-measurable surjection and
g:B— A as in (a), then in general we cannot expect Rg(») = p,
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though both measures are preimages of v.

(¢) The preimage measure of v is unique if and only if the
universally measurable set {beB; #f'(b) = 2} has v-measure zero
(see [6] and [8]). There is however a nice and rather deep repre-
sentation theorem for all preimage measures of v, known as dis-
integration of measures (cf. [11] and [12] 2, 21).

(d) Let f: A— B be a Borel-measurable mapping between the
two Suslin spaces 4, B and let e R(A), ve R(B). Then are equi-
valent

(i) RBf(e)=v»

(ii) there exists a family (1,),. & W(A) S R(A)* with

() b+ p(A") is Borel-measurable for all A’ e B(A)

®) 1=\ pian)

(v) for y-almost all b, |x,|(A\f{d}) = 0.
Moreover, if (#,) and (#¢) are two families with (a) — (v), then g, =
¢, for v-almost all b. The uniqueness assertion in (d) shows espe-
cially, that

(e) if ¢ = Rg(v) for a universally measurable function g: B—A
with fog = id; (see (a)), then p, = d,, 1is the v-almost unique
disintegration of Rg(yv). Conversely, if the disintegration of x =
Sybv(db) satisfying (a) — (v) is of the form p,=d,, for some g: B—
A, then g is Borel-measurable by (a) and by (v)

feog = idy v-almost surely .

But in this paper we are more interested in situations as in (b) in
the presence of measures.
We regard the situation

4, - (B,v)
(+) |
(C, )
where f and h are Borel-measurable functions; #, v and 7= are posi-
tive finite Radon measures on A, B, C respectively and v = Rf(y),
T = Rh(p).
If we were only interested in yv-measurable functions ¢: B—C

with = = Rg(v), then the following proposition would give a complete
answer. First we need the following

DEFINITION. Let T'(v) denote the countable set of all atoms of
v. We say that v is atomicly adapted to = if there exists a com-

2 W(A) denotes the space of all probability measures on A.
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plete decomposition (T,(¥)),cr of T(v) into disjoint subsets:
T() = U{T»), ce T(x)}
such that »(T,(»)) < n{c} for all ¢ e T(x).

Trivially, a nonatomic measure is atomicly adapted to all other
measures.

PROPOSITION. There exists a yv-measurable function g¢g: B— C
with Rg(v) = & if and only i1f v is atomicly adapted to .

Proof. If Rg(v) = m, then T (v) = T(») N g7 {c} (c€ T(x)) shows,
that v is atomicly adapted to =.

Conversely, let (T.(¥))serm be a decomposition of T(v) as in the
definition. Since v(B) = n(C) and v/B\T(v) is nonatomic, we find a
Borel set B, & B\T(v) with v(B,) = #(T(x)) — »(T(v)) and a complete
disjoint decomposition (B,),cri 0f B, into Borel sets with

v(B,) = m{c} —v(T(») 20  (ceT(x)).

On B, U T(v) define g by g(®) =c¢ if be B,U T.(v). Now B,=B\(B,U
T()) and C, = C\T(x) are Suslin spaces with nonatomic measures
v | B, and © | C, and v(B) = n(C) = r. But such spaces are Borel-
isomorphic to a Borel subset of [0, ] with Lebesgue measure.

This shows, that we can extend g to a Borel-measurable funec-
tion from B, to C, with Rg(y | B,) = « | C, and the proof is complete.

The last result is completely independent of A. But for later
applications we are interested in factorization results which regard A.

3. Direct factorizations. Let again A, B, C be Suslin spaces
with their Borel algebras B(A), B(B) and B(C). In the situation

4, 1) -2 (B, v)

L%

lh o)
(€, )

(%)

with the usual notation, we are now looking for vy-measurable
functions ¢g: B— A with fog = id, v-almost everywhere and
R(hog)(v) = 7.

Let us call such a function g a direct factorization of (xx).

THEOREM 3. Let (1) be the unique disintegration of p under
f. If for v-almost all b the function h is constant ty-almost every-
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where, then a direct factorization of (xx) exists.

Proof. We may assume f to be surjective.

We know that there exists a o-compact subset D’ of A with
7(C — D" = 0. But D’ is metrizable (ef. [11]). So we find a count-
able basis (Q,). of relatively open subsets of D’. Set D = p~(D")
and @, = b %(Q.,). Furthermore we may assume (D) =1 for all
b, neglecting a v-nullset. Put

G = {(a, f(@); aeD}NN[D X {b, #(Qn) > 0} U (D\Q) X B].

G is a Suslin set with G|, = {a, (a, b)) €G} # ¢ and h is constant on
G|, for all b. By a theorem of Blackwell ([2], III, 26) we see that’
hopro,: G— C is (proy)'(B(B)) — B(C)-measurable. By (2, b) we
get a v-measurable function §: B— G with hopro,o§eoproyz = hopro,
and prozod = id; v-almost everywhere. Now pro,o§ is a direct
factorization of (xx).

We remind that T(v) denotes the at most countable set of all
atoms of v. The following theorem shows that we can restrict the
hypothesis of Theorem 3 to the set T(v), if C is countable.

THEOREM 4. Let C be countable and suppose that h is constant
t-almost everywhere for all be T(v), where () is the disintegra-
tion of ¢ under f.

Then (xx) has a direct factorization.

Proof. For cecC define the Suslin sets A, = h~{c}\f(T(»)) and
B, = f(4).

v 1 B\T(v) being nonatomic, we see by the proof of Theorem 2
of §1, that the set

I = {(S 1z,0p0,dv )c; (D,) disjoint Borel subsets of B}

contains (Sch;z,,(Ac)»(db)>.

Hence 7 = Rh(et] F-{TO)) + Sweo »(D)3, With D, S B, and (D,)
a Borel-measurable partition of f(AN\T().

By (2, a) we have universally measurable functions g¢.: D, — 4,
with fog, = id,(ceC). Further there exist measurable functions
g T) — A with ¢’(b) e £7%(b) N h~*e,} # ¢, where p,(h~e,})) =1 and
g": B\f(4) > A, b—g"(b)=acA. Then g=U.9.Ug'Ug" is a -
measurable function: B— A with fog = 1; v-almost everywhere
and

% pro, denotes the projection to the space A.
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R(hog)v) = Bh(pe1 f7(T()) + 3 2(D)-0, = 7 .

COROLLARY. If vy 1s monatomic and C countable, then there
exists a direct factorization of (xx).

The following example shows however, that the theorem cannot
be generalized to arbitrary compact C.

Counterexample. Let B = C = [0,1], A={(b, ¢) [0, 1]?, ¢=(1/2)b
or ¢ =1/2(b + 1)} and f, h the projections to the first, resp. second
coordinate. Let z# be given by

moLe) a<vspl=wibto+n)a<bzg

:—;—(B~a) for0sa<p=s1l.

Then 7w = v is the Lebesgue measure )\ on [0, 1]. Assume, g: B— A
would be a direct factorization and let B,=g¢~'({(b, (1/2)b); b [0, 11}),
a Lebesgue-measurable set. Then for all 0 =a < B3 =1 we have
MB, N [, B = (8 — @)/2 = (1/2M[a, ). Since Di>MB,N D) is a
o-additive measure on B([0, 1]) which equals (1/2)A on the intervals,
we have MB,N D)= (1/2)MD) for all Lebesgue-measurable D.
Especially, 1/2 = \n(B,) = MB, N B,) = (1/2)AM(B,) = 1/4, contradiction!

Thus there does not exist a direct factorization, though v is
nonatomic.

4. Weak direct factorizations. Since our research for direct
factorizations of measures has been knocked down by the above
counterexample, we want to weaken the notion of a direct factori-
zation to treat also noncountable C.

DEFINITION. Recall the situation (xx), where A, B, C are Suslin
spaces, f: A — B and h: A — C Borel measurable functions and g, v, 7
positive finite Radon measures with Rf(¢) = v and Rh(y) = . We
say, (x+) is weakly directly factorizable, if for each bounded Borel
measurable function 7: C — R?, there exists a v-measurable function
g: B— A with

fog = idy v-almost everywhere and

g rdr = S rohogdy .
C B
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THEOREM 5. The situation (xx), as described above, is weakly
directly factorizable, if h is comstant p,-almost everywhere for all
beT(v), () being the disintegration of p under f.

Proof. We first define the Suslin space G’ by G’ = (f, roh)(A4)
with the measure p = R(f, roh)(#) which admits a unique disinte-

gration (o,) € R(R%) with R prox«p) = Lpbv(db) and G'|, contains the
support of o,. Let (Q,) be a countable open basis of R* and set

¢ =G N, (@) > 0) x B*U B x (B\Q.)] -

G|, is contained in the support of p, for v-almost all b and #G|,=1
if beT(v). We regard the set ® of all y-measurable maps g: B—A
with (fog(b), rohog())e{b} X G, for v-almost all b. If ¢, g, ---
are from ® and (B,) is a Borel partition of B, then U, (g, ] B, €.

Since for all ge® hog are identical on T(») and v 1 B\T(v) is
nonatomic, we see by the corollary of §1 that

I = {S rohogdy, ge@}
B
is convex. Put

= g rdz = S progdp = S 7(B)2(db)
c G B
with
r®) = |, w0ida) ,
R
a Borel measurable function. We have to show 7 ell.

Otherwise, there would be a vector ve R and a constant v
with

v, =7= W, D)

for all p eIl and at least for one p,c Il we have (v, P,y < 7.
The sets

Gz ={b,x)eG, ) = (v, r(b)}

(=) =)
are Suslin spaces. But for v-almost all b G, # ¢, since otherwise
v, zy < (v, r(d)y for all xe@G,

which would yield a contradiction by

@, 1 6) = |, @ Dpidn) < @, 1) ,
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the equality holding v-almost everywhere.
If p, = X rohogdyell with g,6® we have by definition of »
B
v{b; (v, 7ohogyb)) < (v, ()} >0,

hence o(G.) > 0. [Recall that G|, is in the support of p, v-a.s.]
But now also p(G.) > 0 to guarantee

[, @ @, o) = | @, r®)v(as) .

This gives us the existence of a y-measurable function ge® with
rohog(d)eGsy, v-a.s.
and

v({b, 7ohogb)eGsp}) > 0.

With 7 = S rohogdy we get the contradiction
B

1= B = | @ ro)ua)
< | @, roneg)uan) = @, 5> = 7.
Henece p eIl and the proof is complete.

COROLLARY. If v 1s nonatomic, then (x=) always admits weak
direct factorizations.

REMARK. It is not difficult to generalize the above theorems
to arbitrary Blackwell spaces if we add the wusual “consistency
assumptions on the atoms” (ef. [2]).

5. Extreme point problems. In this section we want to
reinterpret Theorems 3, 4 and 5 as theorems about the existence of
extreme points of certain convex sets. In fact, let us regard the
following subsets of R(A):

P={neR(A), Rf(\) = v and RA(\) = 71}
P(r) = (e R(4), Rf(\) =» and Sq-ohdx - Srohdp}

where 7: C — R* is a bounded Borel measurable function. Then P
and P(r) are nonempty convex sets.

COROLLARY. If the condition of Theorems 3 or 4 [resp. of
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Theorem 5] is satisfied, then P [resp. P(r)] has extreme points.

Proof. Let g be the solution to the [weak] direct factorization
problem found in Theorems 3 or 4 [resp. Theorem 5]. Then \ =
Rg(v) is in P [resp. in P(r)], and since the disintegration of A w.r.t.
fis (0,4) by (2, e), N is an extreme point of P [resp. P(r)].

ReEMARK. The counterexample of §3 shows however, that in
some situations there are extreme points of P, which all are not of
the form Rg(v). That this can not happen in the situation of
Theorems 4 or 5, show the following results:

THEOREM 6. Let us assume in (x=) that h is constant on
b)Y for all be T(v) and that C is countable. Then N is extremal
in P if land only if N = Rg(»)e P for some direct factorization g

of (xx).
Proof. We have only to show the necessity.

So let A be extremal in P with the disintegration (A,) w.r.t. f.
By (2.e) it suffices to show that v-almost all A\, are 0-l-measures.
But if 0 < 2(Q) < 1 for some be T, and @ € B(A) then with

M) = pbw(- N Q) \(@) 4 A(-\fH(B))

and

N(+) = v \@)/M(AQ) + M- \f (D))
we have

0 < M(Q) < MQ) < A(Q), A\ and M e P
and

A= M@+ M (AN,

which contradicts the extremality of A. Hence, for be T() A, is a
0-l-measure.

If N, for b¢ T(v) are not v-almost everywhere 0-l-measures, we
find (not necessarily different) ¢, ¢,€C, Q € B(4) and ¢ > 0 such that
with E, = h~c,) N Q, E, = h~(¢,)\Q the Borel set D = {b ¢ B\T(v); e<
M(E), e £ n(Fp)} has a positive v-measure. Set 0 < v Z e/ — o)
and

di =1 Yn(E)M(E) =20 for beD.

Since v is nonatomic on D we find a Borel set D, & D such that
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RICAZCOR IRICATCOR
Define

() = S @ = (- NEY) + din(- N EL) + M(-\(B, U Ey))(db)

Dy
+, WF D0 B + a0 B + MC\E, U E)(db)
1
+ AC\fHD)) -
It is easy to check that A", x~€ P and » = (A" + A7)/2, in contradic-

tion to the extremality of A. The proof is complete.

Similarly in the weak situation:

THEOREM 7. Assume again in (x*) that h is constant on f~(b)
for all beT(), and let 7: C— R* be a bounded Borel measurable
Sunction. Then N\ is extremal in P(r) if and only if N = Rg(v) €
P(r) for some with respect to » weak direct factorization g of (xx).

Proof. Since again only the necessity has to been shown, we
start with an extremal A in P(r) and its disintegration (\,) with
respect to f. That for beT(») :\, must be 0-l-measures, is shown
as in the preceding proof. Assuming that A has not the required
representation, i.e., that for b¢ T(v) A, are not v-almost everywhere
0-1-measures, we find @ € B(A) and ¢ > 0 such that

D ={eB\TW), ¢ = MQ), ¢ = £\(A\Q)} € B(B)
has a positive v-measure. Define
+Q="D)NKQ, —Q= f(D)\Q
and for beD
p(b) = LQrohd,\b/m(iQ) .
The set

11 = {|(Lsp" + Lousp )y, EeB(B), E < D}

is compact and convex by the corollary of §1, since v is nonatomic
on D. We claim, that I contains

p= S rohdn = Spﬁ(b)v(db)

K02}
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where 7(b) = grohdx,,. Otherwise, we find v € R* and a constant «
such that for all pell

o, p) < v < <, Py .

Let E, be the set of all beD with (v, (b)) < <{w, p*(b)). Since
@, pO) = M(+Q)<v, () + N(—Q){v, p~ (b)) we have (v, p(b)) <
(v, p=(b)y for be D\E,. With

Dy = S(laozv* + 1pgp 7 )dv eIl
we get the contradiction
@ 20> £7< 0, B = |, BO)(a)

= g(lEo(b)@, p(0)) + 1o, (b)<w, ~(b)))¥(db)

= {w, Dy -

This shows 7 = g(lEp“L 4 Lpup-)dy = D( 7o hd%, )v(db) with %, =
LON(- N+ @(+Q) + Lpz(d)N(- N —Q)/A(—Q) for some E eB(B),
ECD.

Let 0 <v=<¢/(1—¢) and

V) = | @) + FONCE) + MDY .

A* are positive measures, since
@+ NC) = G N EQM(EQ) = M(- NEQ)A + Y(1 — 1/e)) = 0.

Now it is easy to check that A\* 7= A\, A€ P(r) and N = (A*F + A7)/2.
This contradiction to the extremality of A\ completes the proof.

REMARK. Similar characterizations of extremal measures have
been given for different situations in [5]. The results of [13] apply
here, such that there are integral representations for P and P(r)
with respect to their sets of extreme points (see also [14]).

6. An application to game theory. There are several appli-
cations of the above theorems in game theory and statistics. Most
of them can be subsumed under the notion of “elimination of
randomization”. So long, these applications were restricted to cases,
where the parameter set or the set of strategies were finite (see
[3], [4]). Here, we shall however confine us to the following.
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Application. Elimination of behavior strategies in random
games. Let

® = <{17 “’;%}7 Xlr Tty XmEly "'7Em Yl’ ) Yn)
Wiy =0y Wy Uy un>

be a n-person-game with in advance randomly chosen personal events,
i.e., X, + ¢ is the set of (a-posteriori) strategies of player ¢, E, # ¢
is the set of possible personal events of player 4, Y, S E, X X,
where Y, # ¢ is the subset of X, of all strategies, which are still
available for player ¢, after ¢, has happened, w, e W(E,) is the pro-
bability, with which the personal events will occur, and

w;: [T Xo X I B;—— R is a bounded function, the utility

function of player 4 (i =1, .-, m).

The game is played in such a manner, that first a personal event
e¢;, which can also consist of some information, will oceur for player
¢ with probability distribution w,. Then each player ¢ has to choose
a strategy x;€Y,,. The outcome for player ¢, if all this has
happened, will be

ui(xl’ crty Ty €y 00y, en) .

We assume that all X, E, and Y, are Suslin spaces and that the wu,
are Borel measurable. B(X,) is the o-algebra of Borel subsets of X,.
To get a more unified representation, it is convenient to introduce
the w;-measurable functions Z;: £, — X; with z,(e;) € Y,,,, as a-priori
strategies, which can be chosen before the random event e, takes
place, and to regard then the expected outcome for player 7:

Ni(a?l’ ) En) = S o 'S ui(f)_?l(%), Ty En(en)y €y "ty e'n) ’
£, o

wy(de,)- - -w,(de,) .

Let X, be the set of all a-priori strategies.

In some cases even a wider class of strategies is of interest,
namely the behavior strategies k;,. These are Markov kernels from
H, to X; i.e.,

ki E, x B(X;) — [0, 1] with ke, -)e W(Y,,,) and k(-, B) is
Borel-measurable for all B,e®B(X,). For these behavior strategies
the expected outcome of player ¢ is

Ni<kiy Tty kn):S ctt S "'g ui<m|7 "'1xn7 el} Tt en)
By Endx In
k1<eu dxl)’ ° 'kn(em d.%'%)wl(dEJ o 'w%<d6n) .
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THEOREM 8. Suppose that for any watom e,€ T(w,;) the func-
tions u;(x, -, %;y 0, Lpy €1y =, &y +-+, 8,) are independent of x; €
Y,:. Then to any tupel (k, ---, k,) of behavior strategies there
exist a-priori strategies T, € X; (1 =1, ---, n) such that

(1) Nk, -+, k,) = N{&,, -+, %,) forall =1+, n.
Movreover, if there exist Borel sets D, S Y, such that

(2) ke, Du.) =1 for all e;c E,

then the a-priori strategies %, can be chosen to satisfy Z(s;) € D,.,
(t=1, -, m).

U,
Proof. Set w = ( .

). Since any a-priori strategy Z, can be

(2%
identified with the behavior strategy k(e, B;) = 0:,.,(B:), it suffices
to show that we can replace any k; by some %, without changing
the value of (1). Assume moreover, that ¢ =1 and D C Y, satisfies
(2). For ec T(w,) let T(e) e D, #+ ¢ and set

A = Dn{e, x), ec T(w,) =2z = T(e)} .
We apply Theorem 5 to A, B=FE,C= A, f =prog, h = id,

wB) =\ ke Fowide + 3 sia(Fwde)

E\T(w,

vy=w, and 7 = . Let r: A— R" be

'r(e, w) = SE " .SE S ° e 'S u(e) €yt 0y €ny Ty Lyy * 7, xn)kZ(eZ, dxz)' °c
k.(e,, dz,)w.(de.)- - -w,(de,) .

Theorem 5 gives the required a-priori strategy =z, satisfying
Z(e) e D, and

Nj(@ly kz, ft k’n) = 'Nj<k1} Y k’n) (j = 1’ Tty /I’L) .

REMARK. Under the assuptions, that all X, are finite and the
w, on K, are nonatomic (1 =1, ---, n), a result of the above kind
has been shown in [4] and has also been used by W. Armbruster,
Heidelberg, to obtain the existence of equilibrium points in a-priori
strategies.

ACKNOWLEDGMENTS. I would like to thank the referee who
pointed out to me the connection to the papers [5] and [13]. My



DIRECT FACTORIZATIONS OF MEASURES 93

thanks are also due to Mrs. Reinemuth for her fine typing.

REFERENCES

1. R.J. Aumann and L. S. Shapley, Values of Non-Atomic Games, Princeton University
Press, 1974.

2. C. Dellacherie, P. A. Meyer, Probabilités et Potentiel, chapitre I 4 IV, Paris, Her-
mann, 1975.

3. A.Dvoretzky, A. Wald and J. Wolfowitz, Elimination of Randomisation in certain
Problems of Statistics and of the Theory of Games, Proc. Nat. Acad. Sci. USA, 36
(1950), 256-259.

4. , Relation among certain ranges of vector measures, Pacific J. Math., 1 (1951),
59-74.
5. G. A. Edgar, Measurable weak sections, Illinois J. Math., 20 (1976), 630-646.

6. K..Th. Eisele, On the uniqueness of pre-images of measures, In: Measure Theory,
Proceedings of the Conference Held at Oberwolfach, Lecture Notes in Mathematics, 541,
5-12, Berlin-Heidelberg-New York: Springer, 1976.

7. J. Hoffmann-Jergensen, The Theory of Analytic Spaces, Various Publication Series
10, Aarhus Matematisk Institut 1970.

8. J. Lehn and G. Migerl, On the Uniqueness of Pre-image Measures, Z. Wahrschein-
lichkeitstheorie verw. Gebiete, 38 (1977), 333-337.

9. J. Lindenstrauss, A short proof of Liapounoff’s convexity theorem, J. Math. Mech.,
15 (1966), 971-972.

10. A.Lyapunov, Sur les functions-vecteurs completement additives, Bull. Acad. Sci. URSS
Ser. Math., 4 (1940), 465-478.

11. L. Schwartz, Radon Measures on Arbitrary Topological Spaces and Cylindrical Meas-
ures, Oxford University Press, 1973.

12. ———, Surmartingales réguliéres 4 valeurs mesures et désintégrations réguliéres
d’une mesure, J. Anal. Math., 26 (1973), 1-168.

13. H. V. Weizsdcker and G. Winkler, Integral representation in the set of solutions of
a generalized moment problem, (to appear in Math. Ann.).

14. ———, Non-compact Extremal Integral Representations: Some Probabilistic As-
pects, to appear in: Proc. of 2nd Paderborn Meeting of Functional Analysis, North-
Holland Publ. Co., Amsterdam 1979.

Received July 31, 1979 and in revised form November 29, 1979.

InsTiTUT FUR ANGEWANDTE MATHEMATIK
UniversiTAT HEIDELBERG

Im NevenseiMER FeLp 294

D-6900 HeipeLBERG, GERMANY






PACIFIC JOURNAL OF MATHEMATICS

EDITORS
DONALD BABBITT (Managing Editor) J. DUGUNDJI
University of Galifornia Department of Mathematics
Los Angeles, California 90024 University of Southern California
Huco RossI Los Angeles, California 90007
University of Utah R. FINN AND J. MILGRAM
Salt Lake City, UT 84112 Stanford University

C. C. MOORE AND ANDREW OGG Stanford, California 94305

University of California
Berkeley, CA 94720

ASSOCIATE EDITORS

E. F. BECKENBACH B. H. NEUMANN F. WoLF K. YosHIDA

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA UNIVERSITY OF SOUTHERN CALIFONIA
CALIFORNIA INSTITUTE OF TECHNOLOGY STANFORD UNIVERSITY

UNIVERSITY OF CALIFORNIA UNIVERSITY OF HAWAIIL

MONTANA STATE UNIVERSITY UNIVERSITY OF TOKYO

UNIVERSITY OF NEVADA, RENO UNIVERSITY OF UTAH

NEW MEXICO STATE UNIVERSITY WASHINGTON STATE UNIVERSITY
OREGON STATE UNIVERSITY UNIVERSITY OF WASHINGTON

UNIVERSITY OF OREGON

Printed in Japan by International Academic Printing Co., Ltd., Tokyo, Japan



Pacific Journal of Mathematics

Vol. 91, No. 1 November, 1980

Harvey Leslie Abbott, Extremal problems on nonaveraging and nondividing

SOLS « o ottt 1
Marine Bruce Abrahamse and Stephen D. Fisher, Mapping intervals to

IREEFVALS . .o oo e 13
William Wells Adams, The best two-dimensional Diophantine

approximation constant for cubic irrationals . ....................... 29
Marilyn Breen, A quantitative version of Krasnosel’skit ’s theorem in

R 31
Stephen LaVern Campbell, Linear operators for which T*T and TT*

commute. Il .. ... ... e 39
Zvonko Cerin, On cellular decompositions of Hilbert cube manifolds . . . ... 47
J. R. Choike, Ignacy I. Kotlarski and V. M. Smith, On a characterization

USING TANAOM SUILS . . .o ettt ettt 71
Karl-Theodor Eisele, Direct factorizations of measures . .................. 79
Douglas Harris, Every space is a path component space .................. 95
John P. Holmes and Arthur Argyle Sagle, Analytic H-spaces,

Campbell-Hausdorff formula, and alternative algebras............... 105
Richard Howard Hudson and Kenneth S. Williams, Some new residuacity

o 7 AP 135

V. Karunakaran and Michael Robert Ziegler, The radius of.
class of regular functions defined by an integral . . . ..
Ka-Sing Lau, On the Banach spaces of functions with bou

Daniel Paul Maki, On determining regular behavior from
formula for orthogonal polynomials . ..............
Stephen Joseph McAdam, Asymptotic prime divisors and
Douglas Edward Miller, Borel selectors for separated quo
Kent Morrison, The scheme of finite-dimensional represen
algebra ........ ...
Donald P. Story, A characterization of the local Radon-Ni
1eNSOF PYOAUCES . .ottt
Arne Stray, Two applications of the Schur-Nevanlinna alg
N. B. Tinberg, The Levi decomposition of a split (B, N)-
Charles Irvin Vinsonhaler and William Jennings Wickless
quasi-pure-projective torsion free abelian groups of
Yitzhak Weit, Spectral analysis in spaces of vector valued


http://dx.doi.org/10.2140/pjm.1980.91.1
http://dx.doi.org/10.2140/pjm.1980.91.1
http://dx.doi.org/10.2140/pjm.1980.91.13
http://dx.doi.org/10.2140/pjm.1980.91.13
http://dx.doi.org/10.2140/pjm.1980.91.29
http://dx.doi.org/10.2140/pjm.1980.91.29
http://dx.doi.org/10.2140/pjm.1980.91.31
http://dx.doi.org/10.2140/pjm.1980.91.31
http://dx.doi.org/10.2140/pjm.1980.91.39
http://dx.doi.org/10.2140/pjm.1980.91.39
http://dx.doi.org/10.2140/pjm.1980.91.47
http://dx.doi.org/10.2140/pjm.1980.91.71
http://dx.doi.org/10.2140/pjm.1980.91.71
http://dx.doi.org/10.2140/pjm.1980.91.95
http://dx.doi.org/10.2140/pjm.1980.91.105
http://dx.doi.org/10.2140/pjm.1980.91.105
http://dx.doi.org/10.2140/pjm.1980.91.135
http://dx.doi.org/10.2140/pjm.1980.91.135
http://dx.doi.org/10.2140/pjm.1980.91.145
http://dx.doi.org/10.2140/pjm.1980.91.145
http://dx.doi.org/10.2140/pjm.1980.91.153
http://dx.doi.org/10.2140/pjm.1980.91.153
http://dx.doi.org/10.2140/pjm.1980.91.173
http://dx.doi.org/10.2140/pjm.1980.91.173
http://dx.doi.org/10.2140/pjm.1980.91.179
http://dx.doi.org/10.2140/pjm.1980.91.187
http://dx.doi.org/10.2140/pjm.1980.91.199
http://dx.doi.org/10.2140/pjm.1980.91.199
http://dx.doi.org/10.2140/pjm.1980.91.219
http://dx.doi.org/10.2140/pjm.1980.91.219
http://dx.doi.org/10.2140/pjm.1980.91.223
http://dx.doi.org/10.2140/pjm.1980.91.233
http://dx.doi.org/10.2140/pjm.1980.91.239
http://dx.doi.org/10.2140/pjm.1980.91.239
http://dx.doi.org/10.2140/pjm.1980.91.243

	
	
	

