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PROBABILISTIC MODULAR METRIC SPACES

KIANOUSH FATHI VAJARGAH* AND HAMID MOTTAGHI GOLSHAN

ABSTRACT. The purpose of this study is to investigate the connec-
tion between probabilistic and modular metric spaces. We discuss
several important properties such as convergence and completeness,
etc, and the relationship among the mentioned properties in the
probabilistic metric and modular metric spaces. Also correspond-
ing examples of probabilistic metric space obtained by a metric
space is extended to modular metric spaces.
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1. INTRODUCTION

The problem of devising a suitable theory of probabilistic (or fuzzy)
metric space has been investigated by several authors from different
points of view (see e. g. [1, 16]). Probabilistic metric spaces were
introduced in 1942 by Menger [19]. Then, Kramosil and Michalek [24]
gave a notion of fuzzy metric space which could be considered as a
reformulation, in the fuzzy context, of the notion of probabilistic metric
space. The concept of fuzzy metric in its definition includes a parameter,
t, that allows to introduce novel (fuzzy metric) concepts with respect to
the classical metric concepts. For instance, the concepts of principal
fuzzy metric spaces were motivated by the study of the p-convergence
[20] and the generalization of non-Archimedean fuzzy metrics [23]. The
aim of this study is to present probabilistic modular metric spaces and to
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extend corresponding examples of probabilistic metric space obtained by
a metric space (for instance, see [14] and references there in) to modular
metric spaces and to introduce the concept of probabilistic (convex)
modular metric spaces and construct Luxemburg metric on it. The
structure of the paper is as follows. In Section 2 and 3 we explain
some well-known and some new definitions and results in the theory
of probabilistic metric spaces and modular metric spaces, respectively,
which will be used in the following sections. In section 4 we begin by
a crucial example of probabilistic metric space obtained from modular
metric spaces. This highlights that modular metric spaces are a class
of probabilistic metric space. In section 5, we introduce the concept
of modular set and the Luxemburg metric on a probabilistic modular
space. Finally, in section 6 we construct a new definition for convex
probabilistic modular metric spaces.

2. PROBABILISTIC METRIC SPACES

A t-norm [24] is a binary operation x : [0, 1] x [0, 1] — [0, 1] such that
([0,1], <, %) is an ordered Abelian monoid with unit 1. If, in addition, x
is continuous, then * is called a continuous t-norm.

Let A" stands for the set of all non-decreasing functions (called
distribution function) F : R — R* satisfying infieg FI(t) = 0 and
supyer F'(t) = 1 and F(0) = 0. Since any function from AT is equal
zero on [—00, 0], we can consider the set AT consisting of non-decreasing
functions F' defined on [0, +00] that satisfy F/(0) = 0 and F(+o0) = 1.
Denote € the specific distribution function defined by €p(t) = 1, for all
t > 0, otherwise 0.

Definition 2.1 (see [16, 19, 25]). A Menger (or probabilistic) metric

space (briefly in the sequel we use PM-space) is a triple (X, F, *), where

X is a non-empty set and F' is a mapping from X x X into AT. We

denote the function F(z,y)(-) by Fyy(-), for all z,y € X. The function

F' is assumed to satisfy the following conditions:

(PM1) F,,(t) = 0if t =0,

(PM2) Fy (¢ ) = eo if and only if x = y,

(PM3) Fry(t) = Fya(t),

(PM4) F,,(t + ) > F, . (t) « Fy .(s),

for all x,y,z € X and t, s > 0. The map F is called PM-metric on X.
Axiom (PM2) is equivalent to the following condition:

(PM2) F,,(t) =1 for all t > 0 if and only if z = y;
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Sometimes (PM2) is replaced by the following condition (for comparison,
see [10, 15]):

(PM2) F,,(t) =1 if and only if x =y,
for all x,y € X,t > 0.

In the above definition, if the triangle inequality (PM4) is replaced
by the following:
(NA) Fpy(t) > Fpo(t) * Fy .(t) forall z,y,z€ X and >0,

the triple (X, F, %) is then called a non-Archimedean (or strong, see [13]
about the terminology) PM-space.

These spaces have been widely studied, for further information and
historical background of probabilistic and fuzzy metric spaces see also
[1, 8, 10-14]. Also, Kramosil and Michalek [18] additionally is assumed
that F' satisfies in
(PM5) Fyy(-) : [0,400) — [0,1] is left continuous.

Acutely they used the notation M (z,y,t) instead of Fj ,(t) and term
"fuzzy metric spaces’.

Remark 2.2 ([11]). In a PM-space (X, F, ), Fy,(-) is non-decreasing
for all z,y € X.

It follows that at each point ¢ > 0 the right limit F,7, = lim,_,;+ F (s)
and the left limit F," = lim, ;- F;4(s) exist in [0, 1] and the following
two inequalities hold:

Fp(t) < Fry(t) < Ff (1)

Lemma 2.3 (see Lemma 6 of [11]). If lim,, o0 5, = z and lim, 00 yn, =
y. Then

Foy(t—e) < linrggf Fy, yo(t) <limsup F,

n—oo

(t) < Fpy(t +e),

n,Yn

for all ¢ >0 and 0 < e < t/2.

Corollary 2.4. Let lim, . z, = z and lim, o ¥, = y. Then

(i) If Fy,y(+) is right continuous, for all z,y € X, then limsup,,_, .
Fyp iy (t) < Fpy(t), for all t > 0, that is, F(-,-)(t) is an upper
semi-continuous function on X x X, for all ¢ > 0.

(ii) If Fy4(-) is left continuous, for all z,y € X, then liminf, .
Fypyn(t) > Fpy(t), for all t > 0, that is, F(-,-)(t) is a lower
semi-continuous function on X x X, for all ¢t > 0.
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(iii) If Fy 4(-) is continuous, for all z,y € X, then limy, o0 Fy,, 4, (1) =
Fpy(t), for all t > 0, that is, F'(-,-)(t) is a continuous function
on X x X, for all t > 0 (see also [25]).

The following definitions and results can be seen in [10, 11, 25]. We
will make a slight change in the notation to distinguish similar concepts
that are already defined.

Definition 2.5. (a) {z,} is called a F-Cauchy sequence in (X, F, *) if
for any given ¢ > 0 and € € (0, 1], there exists ng = no(e, t) € N such
that F,, 2..(t) > 1 — € whenever n,m > ng. Equivalently, {z,} is
M-Cauchy if limy, y, Fy,, 2,,(t) = 1, where lim,, ,,, denotes the double

limit as n — oo, and m — oo (George and Veeramani [10], Schweizer
and Sklar [25]).
(b) In [20] the author modified the definition of convergence and ob-

tained a more general concept which is called p-convergence. Let
(X, F,*) be a PM-space and to > 0 be fixed. A sequence {z,} in
X is said to be P-convergent to zo in X if lim,, F, ., (to) = 1. A
sequence {z,} in X is said to be P-Cauchy if for each € € (0, 1] there
exists ng € N such that F,, ... (to) > 1 — € for all n,m > no, i.e.
limy, p, Fi,, 2 (t0) = 1 ([12, 20]).

(c) A PM-space in which every F-Cauchy and P-Cauchy sequence is
convergent is called F-complete and P-complete, respectively.

3. MODULAR METRIC SPACES

Chistyakov [6] developed the theory of modular (spaces) and intro-
duced modular metric (spaces). By now this theory has studied includ-
ing several directions such as fixed point theory (e.g., [5—7, 17]). Our
reference for modular metric spaces is [5-7, 17].

Definition 3.1 ([0]). A function w : (0,00) x X x X — [0, o0] is said to
be a modular (metric) on X if it satisfies the following axioms:

(i) z =y if and only if wy(z,y) = 0, for all ¢t > 0;
(il)) wi(z,y) = wi(y,x), for all t > 0, and x,y € X
(iil) wits(z,y) < wi(z, 2) + ws(z,y), for all t,s > 0 and z,y, 2z € X.

If, instead of (i), the function w satisfies a weaker condition
(i)’ = =y if and only if wi(z,y) = 0, for some ¢t > 0,

then w is said to be a strict modular on X.
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The modular metric w; is said to be convex, if tw; is also a modular
metric on X or equivalently it satisfies the inequality

S
wiys(z,y) < . Swt(a:,z) + mws(%y)-

forall t,s >0 and z,y,z € X.

Also, like as PM-Spaces, we say w is strong (or non-Archimedean) if
the triangle inequality (iii) is replaced by the following:

(iii)” wy(x,y) < max{w(z, z),w(z,y)}, for all t > 0 and z,y,2z € X,
and we say that w is quasi-convex modular metric if the triangle inequal-
ity (iii) is replaced by the following:

(iil)” wstt(z,y) < max{w(z, 2),ws(z,y)}, for all t,s > 0 and z,y, z €
X.

Remark 3.2 ([0]). In a metric pseudo-modular w on a set X, and any
z,y € X, the function A — wy(x,y) is non-increasing on (0, co).

Note that every convex modular metric is a quasi-convex modular
metric and every quasi-convex modular metric is a modular metric, since
the following inequalities hold
twi(z, 2) + sws(2,y)

t+s
< wi(w, 2) + ws(z,y),

wiys(2,y) < < max{wy(z, 2), ws(2, )}

for all s,t > 0,z,y € X. Also in general a non-Archimedean mod-
ular metric need not be a modular metric, since let (X,d) be a non-
Archimedean metric space and consider wy(z,y) = A{\ d(z,y)} (or
Ad(z,y)), for all A > 0,z,y € X then the axioms (i), (ii) and (iii)’
are satisfied and w is not a modular metric since A — w) is not a non-
increasing function. Indeed if w be a non-Archimedean modular metric
such that A — w) be a non-increasing function then w is quasi-convex
modular metric, since without loss of generality assume that ¢t > s > 0
and for given z,y € X the following inequalities hold

wt+s(ﬂj7 y) S Wt(x, y) S max{wt(x, Z)’ Wt(Z, y)}
S max{wt(x, Z)a WS(Z, y)})
However, there is a non-Archimedean modular metric that is not convex,
since let (X, d) be a metric space, setting wy(x,y) = d(x,y)/A for all A >
0,2,y € X then w is a modular metric that is not convex [, Examples

3.4-(b)], but it is easy to see that w is non-Archimedean modular metric
iff (X, d) is non-Archimedean metric.
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Also let (X,d) be a non-Archimedean metric space and w)(x,y) =
d(z,y)
Ad(z,y)
metric that is not convex modular (see Example 3.10-(a) of [0]). Since w

is non-increasing, based on the above observations, for proving (iii)” it
is enough to show (iii)’. It is easy to check that w; is a non-Archimedean
metric on X, for all £ > 0 and so for each x,y € X we have

d(z, z) d(y, z)
t+d(z,z) t+d(y,2)

, for all A > 0,z,y € X, then w is a quasi-convex modular

w(x,y) < \/{ } = V{wi(z, 2),wi(z,y)}
More examples on modular metric spaces may be found in [7, 17].

Let (X,w) be a modular metric space. Given zy € X, the set X, =
{z € X : limy_0o wi(z,z9) = 0} is a metric space, called modular space,
whose metric is given by d,(z,y) = inf{t > 0 : wi(z,y) < t} for z,y €
X Moreover, if w is convex, the modular set X, is equal to X = {z €
X 3t = t(x) > 0;wi(x,z9) < 1} and metrizable by df (z,y) = inf{t >
0:wi(x,y) <1} for z,y € X} [6, Theorem 3.6 and Theorem 3.7].

Definition 3.3 ([0]). Let X, be a modular metric space.

(a) The sequence {z,} in X, is said to be w-convergent to =z € X, if
and only if wy(zy,z) = 0, as n — oo, for all A > 0. = will be called
the w-limit of {z,}.

(b) The sequence {z,} in X, is said to be w-Cauchy if wy(zm, xn) — 0,
as m,n — oo, for all A > 0.

(c) A subset M of X, is said to be w-closed if the w-limit of a w-
convergent sequence of M always belongs to M.

(d) A subset M of X, is said to be w-complete if any w-Cauchy sequence
in M is a w-convergent sequence and its w-limit is in M.

(e) A subset M of X, is said to be w-compact if for any {x,,} in M there
exists a subset sequence {z,, } and x € M such that wy(zp,,z) — 0,
for all A > 0.

(f) w is said to satisfy the Fatou property if and only if for any sequence
{z,} and {y,} in X, w-convergent to x,y, respectively. We have

wi(z,y) < liminf wy(n, yn),
n—oo
for any =,y € X, A > 0.

In general if lim,, o0 wi(xy,z) = 0, for some t > 0, then we may
not have limy,_,oc wi(zn,z) = 0, for all ¢ > 0. Therefore, as is done
in modular function spaces, w is said to satisfies the As-condition if
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limy, 00 wi (2, ) = 0, for some ¢ > 0, implies lim,,—, o0 wi(xy, z) = 0, for
all t > 0 (see [3, 7]).

4. PROBABILISTIC METRICS INDUCED BY MODULAR METRICS

The following extend many examples in the related articles for prob-
abilistic metric spaces (see e.g. [9, 10, 11]).

Example 4.1 (Schweizer and Sklar [21]).
modular metric space. Supose G : [0, 00] —
function with G(0) = 0 and G(x) = 1 iff
FlG®) X x X x[0,00) — [0,1] as

Let (X,w) be a (strong),
[0,1] be a non-decreasing,
= 00. Define fuzzy map

t
w G , t>0;
(4.1) FG9(t) = <wt($,y)>
0, t=0,

for all z,y € X,t > 0, then for any choice of t-norm, (X, FGw) %) is a
(strong), PM-space.

Proof. Let (X,w) be a modular metric space. Given z € X, (i)’ implies
wy(z,z) =0, for all A > 0, and so, Fggg’w)(t) = G(00) = 1. Conversely let
z,y € X,t >0 and Fgﬁgj"”) (t) = 1, then from (4.1) we have w(x,y) =0,
and so, z = y. The proof of (PM2) is complete.

Due to axiom (ii), the equality (PM3) is clear.

Finally, it is enough to prove (PM4) for * = A since it is the strongest
possible choice of *. For distinct points z,y,z € X and s,t > 0, from
the triangle inequality of the modular metric w it follows that

t+s t+s i { s }
> > min , :
Wt-i—s(xay) wt(:v,z) —|—w5(z,y) wt(xvz) w8(27y)

which, since G is non-decreasing, implies (PM4). So (X, F(G%) %) is a
PM-space. O

The following obtained as spacial case of Example 4.1 and extend
many examples in [14].

Example 4.2. Let (X,w) be a modular metric space and z,y € X, s,t >
0.
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(i) Define the map G : [0,00] — [0,1] as G(r) = r/(r + 1) or e~ /" for
any r € [0,00]. Eq. (4.1) becomes

t —

4.2 FY (t) = ——— t
(42) O R ,

and (X, F“, x) is a PM-space for any choice of t-norm * (see also
Example 1.8 of | ])

(ii) Let Fy,(t) = m, then (X, F“,-) is a PM-space.

(iii) Let F},(t) = e~t(®Y) then (X, F¥,-) is a PM-space.

(iv) If 0 < w < 1, setting Fy, (t) = 1 — wi(w,y), then (X, F¥, £) is a
PM-space.

(v) Define the map F' : X x X — DT by F,,(t) = eo(t — wi(z,y)),
then (X, F,A) is a PM-space.

(vi) Let w be a non-Archimedean modular metric on X and F“ is de-
fined by equation (4.1) in Example 4.1 or by (i), then (X, F¥,A)
is a non-Archimedean PM-space.

(vii) Let w be a convex modular metric or quasi-convex modular metric
on X and F* is defined by equation (4.1) in Example 4.1 or by (i),
then (X, F“ A) is a PM-space.

Proof. Part (i)-(iv) are straight forward. (v) is similar to [26]. To show
(vi) we only prove the inequality (NA). Suppose that A > 0,z,y,z € X,

then we have
A
FyY AN =G
y( ) ( )\(xvy>

>o({otmmaa))
~19 () IS

= ME;.(A), Fy(A)}-

To show (vii) we only prove inequality (PM4) for a quasi-convex modular
metric. For all x,y,z € X and s,t > 0 we have

Fe (t+s) =G <wt+ixy)>

> G <A {M(;,z)’ ws(zl/,Z) }>
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>no (i) (Ga)}

= ME. (1), Fy.(s)}-

g

Conversely, we can easily construct a modular metric space (X,w)
from a given PM-space (X, F, *), for a t-norm satisfies * > £. To see
this it suffices to consider modular metric

wi(z,y) =1 — Fpy(t), for all z,y € X,t>0.

Using Lemma [2, lemma 3.2], it is easy to see that axioms of Defini-
tion 3.1 is satisfied. So, it is natural to change the topological notions,
convergence sequences, completeness and etc. between the sets of PM-
spaces and modular metric spaces.

In the sequel, we explain some definitions and theorems in set of the
modular metric spaces and showed that they can be adapted into the
realm probabilistic metric space and vice versa.

At first, consider Example 4.2-(b), it is easy to check that Remark 3.2
is a conclusion of Remark 2.2 and (X, w) has a Ag-condition iff (X, F*, )
is a principle PM-space and taking a look at Corollary 2.4 we concluded
that if w has a Fatou property then Fj ,(-) is a right continuous function

n (0,00), for all z,y € X.

Theorem 4.3. Let (X,w) be a (complete) modular metric space.

(i) Let w be a non-Archimedean modular metric on X and F* is de-
fined by equation (4.1) in Example 4.1 or by (a)-(b) in Example
4.2, then (X, F¥ A)is a (complete) non-Archimedean PM-space.
(ii) Let w be a convex modular metric or quasi-convex modular met-
ric and G and F' be the same in Example 4.1. (X, F¥ A) is a
PM-space and so when F“ is given by equations in Example
4.2-(b) and (c) then (X, F¥ A) is a (complete) PM-space.
Proof. To show (i) we only prove (2.1) inequality. Suppose that A >
0,z,y,z € X, then we have

0 =6 ()
=G <A {m(;c,z) S }2
A{G<wx(%2)> ’G<wx(y»Z)>}
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= MEZ.(N), By ()}
Also Example 4.2-(a) and (b) are special cases of (4.1) when G is de-
fined by G(r) = 7/(r + 1) and G(r) = e~ /", for all r € [0, 00|, respec-
tively. The proof of (ii) is complete. To show (ii) it is enough to prove

(PM4) inequality for quasi-convex modular metric (see Section 1). For
all z,y,2z € X and s,t > 0 we have

Fe(t+5) =G <1>

Wt+ts (x7 y)

=G <A {wx;,z)’ ws@l/,z) }>
1 1
A {G <m<x, z>> ¢ <ws<y,z>)}

= MEL.(1), Fy . (s)}-

Also Example 4.2-(b) and (c) are special cases of (4.1) when G is defined
by G(r) = r/(r +1) and G(r) = e~ /7 for all r € [0, 00], respectively.
The proof of (ii) is complete. O

v

5. PROBABILISTIC MODULAR METRIC SPACES

In this section we introduce the modular set and the Luxemburg met-
ric on a probabilistic modular space.

Definition 5.1. Let (X, F,*) be a PM-space on X. Fix 29 € X. The
two sets

Xp=Xp(xo) ={r € X;Fp,,(t) > 1 as t— oo}
and
Xp = Xp(zo) = {z € X;3t =t(z), Fpq(t) > 0},

are said to be probabilistic modular metric spaces (around zy).
The following is immediate.

Theorem 5.2. (i) If F“ be a standard PM-space or considering
the Examples 4.2 (i)-(iv) then Xpo = X, and X5, = XJ).
(ii) If (X, F, %) be a PM-space such that condition (KM6) holds then
X = Xp = X}
(iii) If sequence {z,} in X, be an (wy,-convergent) w-convergent to
x € X, then {x,} is (P-convergence at ty) convergence in the
standard PM-space Xr.
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(iv) If sequence {z,} in X, be an (wy,-Cauchy) w-Cauchy then {x,}
is a (P-Cauchy at ty) Cauchy in the standard PM-space Xp.

(v) If X, be (wy,-compact) compact, (wy,-closed) closed and (wy,-
complete) complete then the standard PM-space X is (P- com-
pact) compact, (P-closed) closed and (P-complete at tg) com-
plete.

In the rest of this section we study the connection between F- conver-
gence and the Luxemburg metric (see Theorem 5.6 below). The following
is found in [16, 21, 22], and we give another proof by using [2, Lemma
3.2].

Theorem 5.3 (see [21]). If (X, F,*) be a PM-space such that * > £,
then the fuzzy modular set X is a metric space with metric given by

dp(z,y) =1inf{0 < t; F, ,(t) > 1 —t}, z,y € Xp.

Proof. Given z € Xp. (PM2) implies F, ,(t) = 1 for all t > 0, and so,
dr(xz,xz) = 0. Let z,y € Xp and dp(z,y) = 0. Then F, ,(s) does not
less than 1 — s for all 1 > s > 0. Hence for any 0 < s < t, in view of
Remark 2.2, we have Fj, ,(t) > F, ,(s) > 1—s — 1 as s — 0T. It follows
that Fy ,(t) =1 for all £ > 0, and so, axiom (PM2) implies z = y.

Due to axiom (ii), the equality d%(z,y) = d%(y,z), x,y € Xp is clear.

Let us show the triangle equality for d7. By the definition of d%. , for
any t > dp(z,z) and s > d%(y, z) and axiom (PM4) we find

Fp.(t+s)> Fp (t)£F, .(s)
>(1-t)L(1—ys)
>1—(t+s).

It follows from the definition of dy that d < t 4+ s, and it remains to
pass to the limits as t — d%(x, 2) and s — d%(y, 2). O

Theorem 5.4. If (X, F,*) be a PM-space such that * > £, then the
fuzzy modular set X is a metric space with metric given by

1 i _
dF<x7y) - (I)Iif;(l +1 Fx,y(t))-
such that df < d}w < 2dy on Xp x Xp.

Proof. If x € Xp, then, by (PM2), Fy,(t) = 1 for all t > 0, and so,
di(z,x) = 0. Conversely let di(z,y) = 0. The equality z = y will
follow from (PM2) if we show that Fj,(t) = 1 for all ¢ > 0. On the
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contrary, suppose that F ,(tg) < 1 for some ¢y > 0. Then for all t > ¢
we find 1 — F (t) +t > to, and by Remark 2.2 for all ¢t < ¢y we have

0<1—Fpy(to) K1 —Fpy(t) <1—Fpy(t) +t.
Thus 1 — Fp(t) +t > t1 = A{to,1 — Fyy(to)}, for all ¢ > 0, and so by
the definition of d};, d}p > t1 > 0, which contradicts the assumption.
Axiom (PM3) implies the symmetry property of dk..
Let us establish the triangle inequality. By the definition of d};, for
any € > 0 we find ¢t = t(¢) > 0 and s = s(e) > 0 such that

1— Fp(t) +t < dp(z,2) +e 1—Fy.(s)+s<dp(y,2) +e
applying [2, Lemma 3.2}, we have
di(z,y) <1 — Fpylt+s)+t+s
<1—Fp () +t+1—-F,.(s)+s
< db(x,2) 4+ d(y, 2) + 2€,

and it remains to take into account the arbitrariness of ¢ > 0. Let
us prove that metrics d and d}, are equivalent on Xg. Suppose that
0 <t if Fpy(t) > 1 —t then we have 1 +¢ — F, () < 2t, so we get
di(z,y) < 2d%(z,y), conversly, for any 0 < ¢, we have t < 1+t— F, (1),
so we get d%(z,y) < dh(z,y), for all 7,y € X. O

Theorem 5.5. (a) Let (X, F“,-) be a PM-space in Example 4.2-(e),
then d3, = d, and dk = d.,.

(b) Let (X, F“,-) be a PM-space in Example 4.2-(b) and (c), then d% <
d2, and dk < d},.

Proof. (a) is obvious and (b) is immediately concluded from the following
statements

1
wi(z,y) <t = e @t@y) and ———— >1—+¢,
o(z,9) < 1+ wi(z,y) —
and both
1
l+t—e @Y and 1+4+t— — <t+wilz,vy),
1+ wi(z,y) — @)
forall z,y € Xp = X,,0 <t <1. ]

Similar to [0, Theorem 2.13] next theorem shows that the convergence
in metric dy and F-convergence for sequences of X are equivalent.

Theorem 5.6. Given a sequence {z,} in Xp then z, —»p z iff x,, —» x
in (Xp,dy). A similar assertion holds for Cauchy sequences.
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Proof. Suppose that x,, —p . Thus for all 1 > ¢ > 0, F,, ,(t) — 1,
and so, there is a number ng(t) such that F,, ,(t) > 1 —t, for all n >
no(t), hence d%(xy,,x) < t, thus x, — x in (X,d%). Conversely, fix
t > 0. For each 1 > ¢ > 0, setting ¢ = A{e, t}, by the assumption,
there is a number ng(€’) such that d%(z,,z) < €, for all n > ng(€').
Thus F, .(¢') > 1 — ¢, for all n > ng(¢’). So by Remark 2.2 we have
Fppo(t) > Fp () > 1—¢€ >1—¢, for all n > ng(€e’). This means
Fp,2(t) =1, ie, zp, =p 2. O

6. CONVEX MODULAR METRIC SPACES

In this section we investigate the analogy convex formulation of prob-
abilistic modular metric spaces. To be precise, what condition on F' is
given such that Xp = X737

Definition 6.1. A PM-space (X, F, ) is called convex if (X, F, %) is also
a PM-space, where F' is defined by F, ,(t) = Fy ()", t > 0, F'(0) = 0.

From this definition it is easy to concluded that if (X,w) be a convex
modular metric space then the PM-space (X, F“, *) in Example 4.2-(b)
become a convex PM-space. Also if (X, F, %) is convex, then by Remark
2.2, the function t — Fj ,(¢)" is nondecreasing on (0, +00), so

if 0<t<s, then Fgw(t)t/S < Fpy(s),

if x € X7, then F, 4, (t) > 0 for some number ¢ > 0, by virtue of previous
inequality Fy o (8) > Fiuo(1)/® — 1 as s — +oo, implying Xp = X5.

Remark 6.2. Let € > 0 and (X, M, x) be a PM-space such that the
t-norm * satisfies the following inequality,

(6.1) (a*xb)" > a b forall  a,be]0,1].

Then (X, M€, *) is a PM-space where the fuzzy set M€ has been de-
fined by M€(x,y,t) = M(z,y,t), for all z,y € X and t > 0 (see [2,
Proposition 3.10]). Also inequality (6.1) holds for minimum and prod-
uct t-norms and does not hold for Lukasiewicz t-norm (see [2, Remark
3.11]). This means that the convexity of (X, F, *) depend on the t-norm
* and so it is differ from modular metric spaces.

Like the same argument in [6] the Luxemburg distances can be con-
struct in X}, in the following way.
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Theorem 6.3. If (X, F, %) be a convex PM-space, then the fuzzy mod-
ular set X7, is a metric space with metric given by
dp(z,y) =inf{0 < t; F, ,(t) > c}, z,y € Xp,
where 0 < ¢ < 1 is a constant such that
(6.2) et >t Vs, t > 0.

Proof. Given z € Xp. (PM2) implies F, ,(t) = 1 for all t > 0, and so,
di(z,xz) = 0. Let 2,y € Xp and dj(z,y) = 0. Then F, ,(s) does not
less than ¢ for all s > 0. Hence for any 0 < t < s, in view of Remark
2.2, we have Fj,(s) > F,,(t)/* > ¢/* — 1 ast — 0. Tt follows
that F,4(s) = 1 for all s > 0, and so, axiom (PM2) implies = = y.
We now establish the triangle inequality. Suppose that dj.(z,y) < t
and dj.(y,2) < s, x,y,2 € Xj,t,s > 0. By definition of d}, we obtain
F,y(t) > c and Fy .(s) > ¢ and by convexity of F' and (6.2) we have
Fu (t+8)75 > Fp () % Fy L (s)° >l xc® > T

Thus, dj(x, 2) < t+s. The arbitrariness of ¢ and s as above implies the
triangle inequality. ([l

Note that if * > - then inequality (6.2) holds, but it does not hold for
Lukasiewicz t-norm.

Theorem 6.4. If (X, F, %) be a convex PM-space, then the fuzzy mod-
ular set X7 is a metric space with metric given by

i (2,9) = inf(1 4+ — Fy (1)),
and dj(z,y) < dif(z,y) < 2d5(z,y), for all z,y € X7

Proof. Let z,y € Xj. Since t < 1+t — F,,(t)", for all ¢ > 0 and
1+t—Fpyt)) <1+t—c <2t,forallt>0and F,,(t) > c, the
equivalence between metrics and also the first axiom of the metricness
are obtained. The symmetry property is obvious. We now establish
the triangle inequality. By the definition of d3*, for any € > 0 we find
t =1t(e) > 0 and s = s(e) > 0 such that

1—F 0+t <di(x,2) +e 1—-Fy.(s)+s<dp(y,z)+e
using the convexity of F' and applying [2, Lemma 3.2], we have
A (r,y) <1 — Fpy(t+s)™ +t+s
<1—F () +t+1—F,.(s)°+s
< dp(z,z) + dF (y, z) + 2¢,
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and it remains to take into account the arbitrariness of € > 0. O

7. CONCLUSION

In this paper based on the concept of modular metric we have ex-
tended examples of probabilistic metric and introduced probabilistic
(convex) modular metric spaces. The above results show that the no-
tions of PM-spaces and modular metric spaces are closely related. Hence,
some of the basic definitions and theorems in the both theories (such as
their topologies and P-convergences, fixed point theory, e.t.c.) can be
reformulate to each other.
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