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In this paper, we shall consider an important class of
probabilistic pseudometric spaces, the so-called pseudometrically
generated spaces, i.e., spaces with a collection of pseudometrics
on which a probability measure has been defined. Specifically,
we shall examine the relationship between the uniformity
introduced on the space probabilistically by means of the so-
called ¢, 2 uniform neighborhoods and the uniformity obtained
by considering all the uniform neighborhoods generated by
each of the pseudometrics as a subbase.

A probabilistic metric (PM) space is a pair (S, &) where S is a
set, & i3 a mapping from S X S into 4, the set of all one-dimensional
left continuous distribution functions, whose value & (p, @) at any
(», @) €8S x S is usually denoted by F,,, satisfying

@ F,,=H

) F,, = H implies p = ¢

D) F,(0) =0

AV) Fy = Fy

(V) Fp») = F(y) =1 implies F,(¢ + y) = 1,
where H is the distribution function defined by

0,250

Hz) =
@) L,2>0.

A Menger space is a triple (S, &, T) where (S, %) is a PM
space, T is a mapping (called a ¢-norm) from the unit square [0, 1] x
[0, 1] into [0, 1] which is nondecreasing in each place, symmetric, as-
sociative, satisfies boundary condition

T(a, 1) = a,
and with the additional property
(Vm)Fp (@ + y) = T(F (%), For(y)) -

A probabilistic pseudometric (pseudo-PM) space is a pair (S, &)
satisfying (I), (III), (IV), and (V). Similarly, a pseudo-Menger space
is a triple (S, &, T) satisfying (I), (III), AV), and (Vm).

For further information on the basic properties of PM spaces,
the reader is referred to Schweizer and Sklar [3].
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DErFINITION 1. A metrically generated (MG) space is a PM space
(S, &) together with a probability space (=, <2, p) such that & is
a set of metrics on S and such that for any (p, ¢) €S x S and any
x>0

(1) {dez:dp, q <wlez.
and
(2) Fo @) =plde 2:d(p, ) < a}.

A pseudometrically generated (pseudo-MG) space is a pseudo-PM space
(S, &) together with a probability space (=, <7, p) of pseudometrics
on S such that conditions (1) and (2) hold.

In the sequel, we will use the notation (S, F#; 2, 4, t) to denote
MG and pseudo-MG spaces.

In his paper [5], R. Stevens showed that any MG space is a
Menger space under the ¢-norm T, where

T.(a, b) = max{a + b — 1, 0} .

His proof may be easily generalized to show that any pseudo-MG space
is a pseudo-Menger space under T,.

DEFINITION 2. Let S be a set and let & be a collection of
pseudometrics on S. Then the gage uniformity of & on S (denoted
by %) is the uniformity generated by the following subbase

{®, 9)eS x S:d(p, @) < Hice,omo

It is shown in Kelley [1] that any uniformity on a set may be
regarded as the gage uniformity of some collection of pseudometrics
on that set.

THEOREM 1. Let (S, &, T) be a pseudo-Menger space with the
property that sup,., T(x, x) = 1. Then the sets

U@, N) ={(p, 9)eS X S:F,(s) >1 — 1}
form a base for a pseudometrizable uniformity on S.
The above theorem was proven by Schweizer, Sklar, and Thorp

[4]. Since pseudo-MG spaces are pseudo-Menger spaces under T,, a
continuous ¢-norm, it follows that the sets
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U(G, N) = {(py Q)eS X S!qu(E) >1- )"}
={p @:pdez:d(p, q) <&} >1-)\}

form a base for a uniformity on the pseudo-M@G space (S, F; &, &, ().
This uniformity will be referred to as the # uniformity and will be
denoted by 7Z/.-.

Given a pseudo-MG space (S, & ; &, 7, p), it follows from the
above that we can put two uniformities on S, namely the gage uni-
formity %/, and the & uniformity % ... A natural question that
arises is whether there is any relationship between the two uniformities.
We shall first examine this question for pseudo-MG spaces generated
by a countable family of pseudometrics.

TueoreMm 2. If (S, & ; 2, <, ) s a pseudo-MG space and =
18 countable, then Z . S % ..

Proof. We shall first show that <# = 2~.

First of all, since for any (p, ¢9)eS x S and any ¢ > 0
{[de=z:d(p, ) < ete FH,

it follows that its complement {d:d(p, q) = ¢} is also p-measurable.
Similarly

(d:dv, 9) = &) = {d: dp, 9) < & + %} ez .

Hence, we have for any (p,¢)eS x S and any ¢ > 0
{d:d(p, @) = ¢} ={d:d(p, @) = e} N{d:d(p, q) = e}e 7 .
Now pick any d,e & and well order &2 — {d,} as
{d}, dzy +--}.
Now since d, == d}, there is a pair (ps q:) €S x S for which
do(Dir Qi) # di(Di> ©) -

Hence it follows that

{do} =

s

{d: d(Dry @1) = do(D1, @)} € & -

k=1

Since any subset of < is a countable union of unit sets {d}, it follows
that <& = 2°.
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To show that %/, & % ., it suffices to show that any base element
U(e, ) of %7, contains a base element

V= dr;]A {(py q): d(p: q) < 6d} ’

of %, where A is a finite subset of < and each ¢; > 0. Well order
= as

(A dyy ++} .
Clearly
H2) =3 pHdd = 1.
Pick n large enough so that
#(U@y) = Sy >1- .
Let V be defined by
V=1 ¢:duip, ) <} -
Clearly, if (p, ¢;) € V, then
U {du} S (d: dpo 00 < )
and

1=n < (U (@) S 1l Ao @) < & = Fie©)

go that (p,, @) € U(s, N). In other words,
V&U N,

which is what we wished to prove.

THEOREM 3. Let (S, & ; &2, &Z, p) be a pseudo-MG space with
the property that < is countable, and t is nonzero on all nonempty

measurable subsets of 2. Then Zo = X

Proof. In view of the preceding theorem, it is sufficient to show
%o =% .. In the proof of the preceding theorem we have already
shown that all subsets of <& are p-measurable. It follows that
r{d}) > 0 for any d,e 2. Now, for any ¢ > 0,

d: d(p, ¢) < el > 1 — p{d,} implies dy(p, g) <e.
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It follows that
U(e, p{do}) S{(p, @) : do(p, @) < €}

Taking finite intersections, we have that any base element of %,
contains a base element of /.- and the desired result is an immediate
consequence of this.

THEOREM 4. Let (S, & ; =, &, 1) be a pseudo-MG space such
that =7 is countable. Let =<' S < be defined by

' ={de z: p{d} > 0}.
Then Z+ = Zon

Proof. Let (=2’, &', ') be the probability space naturally induced
by (=2, &7, ¢t). By the previous theorem, the &’ uniformity of (S,
Fh 2, Z Y, % is equivalent to Z... Since & — &’ is a
countable union of sets of y-measure 0,

F(2) =p{de 2 dp, q) <a} = p{de Z:d(p, q) < a} = F, (),

so that > = Z» = ..

Thus, we have essentially solved our problem for spaces generated
by a countable family of pseudometrics. It is reasonable to ask whe-
ther any of these results can be extended to arbitrary pseudo-MG
spaces. The following example shows that this is not the case.

ExAMPLE 1. Let S be the set of all real-valued measurable funec-
tions on the unit interval [0, 1]. For any ¢¢€[0, 1] define a pseudome-
tric d, on S by

d.(f, f*) = | () = F*@)]

for any f, f*in S. Let & = {d,:te[0,1]}, and let g be the pro-
bability measure on < induced by the Lebesgue measure on [0, 1].
Let #:S x S — 4 be defined by

F @) = plde do(f, ) < a} .

Hence (S, ¥ ; 2, &, p) is a pseudo-MG space. (The pseudometrics
d, may be interpreted as giving the distance between two particles
at time ¢)

It is easy to show that %/ and %/, are not even comparable.
For two particles may be close to one another at any finite number
of instants but still be far away from each other the rest of the time.
Conversely, given our finite number of instants we can find two
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particles which are far apart at these instants but arbitrarily close
to each other at all other times.

However, the question still remains, whether any of our results
on countably generated pseudo-MG spaces can be generalized to the un-
countable case when sufficiently strong restrictions are placed upon the
generating family of pseudometrics. A natural restriction that comes
to mind is the requirement that all the pseudometrics be comparable.

DEFINITION 3. Two pseudometrics d, and d, on a set S are said
to be comparable if one of the following relations holds

(1) dip, @) = du(p, @) for all (p, 9)eS x S; or

(il) dyp, 9) = d\(p, q) for all p,qe S x S.

DEFINITION 4. A linearly ordered set (S, <) is said to be countably
bounded if there exists a countable subset 4 =S such that for every
element se S, there exists an element a¢ € A such that s < a.

The real numbers with the usual ordering are countably bounded
where as the collection of ordinals less than the first uncountable is
not countably bounded.

THEOREM b. Let (S, ¥ ; &, <%, 1) be a pseudo-MG space, such
that any two pseudometrics of < are comparable. If < is countably
bounded under the induced linear ordering, then Z - = % ..

Proof. If < has an upper bound, this result may be proven
very easily. If <7 does not have an upper bound, then neither does
A, the countable bounding set, and we can construct from A a strictly
increasing sequence {d,}r_, such that for every de &2, there exists a
k such that d < d,.

Let (p., ¢,) be a point of S x S such that d,(p,, ¢.) < dpei(Dry Gi)-
Let A, be defined by

A ={de Z:d(pr, @) < dprr(Pis @)} -

It is obvious that {4,}7., forms an increasing sequence of g-measurable
sets. It is also obvious that lim,... 4, = &, whence lim,_. #(4,) =
(<) = 1. Thus for any N > 0 there exists a N such that z(4y) >
1 — x. Hence for any de Ay

dy+(p, @) < ¢ implies d(p, @) < ¢
and
d:d(p, @) < e} = (Ay) >1 -,
so that
{(®, 9): dyri(py @) < e} S Ule, M)
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which proves that /. & Z/..

Theorem 5 might seem to indicate that perhaps % . & %/ holds
for all pseudo-MG spaces with comparable pseudometrics. But even
thig is false as the following example shows.

ExAMPLE 2. Let 2 denote the set of all ordinal numbers less
than the first ordinal having the power of the continuum. Let ¢
denote a one-to-one correspondence from the closed unit interval I =
[0, 1] onto 2. Now define a function f,:I— I for every yel as
follows:

1, if o) = o(y)
z/4, if px) > oY) .

Also define for every y el a function d,: I x I— R by

Fa) = {

a( ) { 0, if 2, = 2,
Ly Bg) = .
AR + fl), if @~ .

Define a measure ¢t on the Boolean o-algebra <& of 27 (where
= = {d,: y € I}) consisting of all subsets of & which have a cardinal
numbers less than that of the continuum and of the complements of
these sets by

0, if card (4) < €

"(A):{l, if card (& — A) < G.

One may easily verify that g satisfies all the conditions for a pro-
bability measure.

It may also be easily verified that d, is a metric on I for every
y €I and that o(y,) < ¢(y,) implies that d, (z,, %) < d,,(«, @,) for every
(@, 2)el x L

To show I, &7, and p determine an MG-space, it suffices to show
that for (x, z)el x I and any &, > 0, the set

{d, e 2 dy (2 ) < &}

is p-measurable. If z, = 2, or & > 2, this is obviously true. If ¢, <
2, let o' = g~ {max {p(z,), P(2,)}}. Then

A={d,e:d,@,2)<&=2S{dec: 9 < o)} =B,
since if @(2') = p(y) held, then o(x,) < @(y) and p(z) < o(y) and
ay(@os 20) = fo@) + () =1 +1=2.
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We have card (B) < € and so card (4) < €. Hence A is #-measurable
and ¢(A4) = 0.

We shall now show that the proper inclusion % . & % . holds
(instead of /- & %»). We have

U@L 3) = {o, @) e I x L p{d,: dy(@y, 2,) <1} > 4} = D,

where D, is the diagonal set on I x I, since, as shown in the preced-
ing paragraph, x, # «, implies

/’C{dy: dz/(xu %) < 1} =0.

To show that proper inclusion holds, assume the contrary. Then
we would have to have

:—01 {@, @) dy (2, @) <&} =D,

for some {c)lyi.}?:1 and {e}r,, & > 0. Let
& = min {&, &, -+, ¢&,} and d,, = max {d,, ---, d, } .

Then
B = {(x,, x,): dyo(mn @) < &} =D,.

Since card {x: p(x) < p(¥,)} < €, there exist two points x, # 2, in the
open interval (0, &) such that o) > o(¥) and @) > @(y,). Thus

dyo(xo’ 2) = [u(@y) + fuR) = (@o/4) + (2/4) = (&/4) + (6/4) < &,

so that (z,, 2,) € B, but (x,, 2,) ¢ D;, which contradicts our assumption.

Hence Theorem 5 cannot be extended to arbitrary pseudo-MG
spaces with comparable pseudometrics. However, Theorem 5 does
admit generalization in another direction. For it may be easily seen
that a pseudo-M@G space (S, & ; &, <#, p) with comparable pseudome-
trics such that < is countably bounded, also has the property that
the gage uniformity of & is also generated by some countable sub-
family .~ € &, for instance the countable bounding set; i.e., %, =
% .. We shall now show that in any pseudo-MG space with this
property, % < % holds. We shall derive this result by first prov-
ing an even more general result.

THEOREM 6. Let (S, & ; 2, &, 1) be a pseudo-MG space. Let
A be an arbitrary countable collection of pseudometrics upon S with
the property that Zo S % =. Then - = XU s

Proof. Consider the countable collection of uniform neighborhoods
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g={{(p, q): d(p, Q)<%}:de%?,n=l,2, }

Well-order & as
{Vu sz V3, "'} .

We shall now show that for every uniform neighborhood Uf(e, \) € %7,
there exists an M such that

V.;g U(S, 7\.) .

s

1

-
1l

For, consider the sets A4, & <7 defined as follows
4 ={dez: AV.S((, 9:dp, 9) < &)} -

Obviously {A,}z-, is an increasing sequence of sets. It is also very
easy to show that lim,_.. 4, = 2. Now extend p to an outer measure
¢¥ on & by defining

pE(A) = inf {#(B): A= B and Be &} .
It may be shown (see, for instance, Munroe [2], p. 99) that x¢f is a
regular outer measure on <. We then have
lim p(A,) = p;‘(lim A,,,) = D) =1.
Therefore, there exists an M such that
Now if (p,, ¢) € NE. V5,

Ay Side = d(p, q) < &} .
Hence

t{de 2:d(@y @) < &} = p5(Ay) >1 -2,

so that (v, q,) € U(e, \) and NX,V, S Ue, N). This completes the proof
that 7. = % .

COROLLARY. Let (S, ¥ ; 2, &Z, 1) be a pseudo-MG space. If
there exists a countable collection Z of pseudometrics on S such that
W = Uy then Z - S X .

I would like to take this opportunity to thank H. Sherwood, my
research advisor, for his invaluable suggestions in helping me to
prepare this paper.
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