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Statistical convergence on probalistic normed
spaces

SEvDA KARAKUS*

Abstract. In this paper we define concepts of statistical conver-
gence and statistical Cauchy on probabilistic normed spaces. Then we
give a useful characterization for statistically convergent sequences. Fur-
thermore, we display an example such that our method of convergence is
stronger than the usual convergence on probabilistic normed spaces. We
also introduce statistical limit points, statistical cluster points on proba-
bilistic normed spaces and then we give the relations between these and
limit points of sequence on probabilistic normed spaces.
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1. Introduction

An interesting and important generalization of the notion of a metric space was
introduced by Menger [10] under the name of statistical metric, which is now called a
probabilistic metric space. The theory of a probabilistic metric space was developed
by numerous authors, as it can be realized upon consulting the list of references in
[5], as well as those in [13] and [14]. An important family of probabilistic metric
spaces are probabilistic normed spaces. The theory of probabilistic normed spaces
is important as a generalization of deterministic results of linear normed spaces.
It seems therefore reasonable to think if the concept of statistical convergence can
be extended to probabilistic normed spaces and in that case enquire how the basic
properties are affected. But basic properties do not hold on probabilistic normed
spaces. The problem is that the triangle function in such spaces. In this paper
we extend the concept of statistical convergence to probabilistic normed spaces
and observe that some basic properties are also preserved on probabilistic normed
spaces. We also display an example such that our method of convergence is stronger
than the usual convergence on probabilistic normed spaces.
Now we recall some notations and definitions used in the paper.
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Definition 1. A function f: R — RS’ is called a distribution function if it is
non-decreasing and left-continuous with infier f(t) =0, and sup,cp f(t) = 1.

We will denote the set of all distribution functions by D.

Definition 2. A triangular norm, a briefly t-norm, is a binary operation on
[0, 1] which is continuous, commutative, associative, non-decreasing and has 1 as a
neutral element, i.e., it is the continuous mapping  : [0,1] x [0,1] — [0, 1] such that
for all a,b,c € [0,1]:

(1) ax1=a,

(2) ax b=bxa,

(3) cxd>axbifc>a andd >,
(4) (axb)xc=ax(bxc).

Example 1. The * operations a x b = max{a+b—1,0}, a*xb = ab, and
a*b=min{a,b} on [0,1] are t—norms.

Definition 3. A triplet (X,N ,*) is called a probabilistic normed space (briefly,
a PN—space) if X is a real vector space, N a mapping from X into D (for z € X,
the distribution function N(x) is denoted by Ny, and Ny(t) is the value N att € R
) and x a t—norm satisfying the following conditions:

(PN-1) N, (0) = 0,
(PN-2) Ng(t) =1forallt > 0iff x =0,
(PN-3) Nou(t) = N, (\3_|> for all a € R/ {0},
(PN-4) Nyyy(s+1) > Ny(s) x Ny(t) for all z,y € X, and s,t € R{.
Example 2. Suppose that (X ,||.||) is a normed space p € D with u(0) = 0, and

u# h, where
0,t<0,
h(t)_{l,t>0,

Define
)a Tr = 07
\

h(t
Na(t) = {u(ﬁ)w#&

where z € X, t € R. Then (X,N,x) is a PN—space. For example, if we define
functions p and g on R by

() = 0, x<0, and /(x)— 0, x <0,
)= =, x>0, p ~ lexp(=), 2 >0,

then we obtain the following well-known *—norms

T = , h(t), z =0,
Nw(t):{h(t), 0, { (t)

and N_(t) = |
m7x7é0, 2() exp( ‘L”),x;éO.
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We recall that the concept of convergence and Cauchy sequence in a probabilistic
normed space are studied in [1].

Definition 4. Let (X, N,x) be a PN-space. Then, a sequence x = (x,,) is
said to be convergent to L € X with respect to the probabilistic norm N if for every
e >0 and X\ € (0,1) there exists a positive integer ko such that N, _p(e) >1— A
whenever n > kg. It is denoted by N —limz = L or x, NI asn — 0.

Remark 1 [[1]]. Let (X, ||.]|) be a real normed space, and N (t) = m, where
x € X andt > 0 (standard x—norm induced by ||.||). Then it is not hard to see that

II-1] . . N
Tn — x if and only if x, — x.

Definition 5. Let (X, N,*) be a PN- space . Then, a sequence x = (x,) is
called a Cauchy sequence with respect to the probabilistic norm N if for every e >0
and X € (0,1) there exists a positive integer ko such that Ny, —. (€) > 1— X for all
n,m > kg.

2. Statistical convergence on PN-spaces

In this paper we deal with the statistical convergence on probabilistic normed
spaces. Before proceeding further, we should recall some notation on the statis-
tical convergence. If K is a subset of N, the set of natural numbers, then the
natural density of K denoted by § (K), is given by

5(K) = lims |[{k <n:ke K}

n n

whenever the limit exists, where |A| denotes the cardinality of the set A. The
natural density may not exist for each set K. But the upper density ¢ always exists
for each set K identified as follows:

— 1
0 (K):=limsup— [{k <n:keK}.
n N
Moreover, the natural density of K is different from zero which means ¢ (K) > 0.
A sequence x = (z) of numbers is statistically convergent to L if
d({keN:|zy—L|>¢e})=0

for every € > 0. In this case we write st — limz = L.

Note that every convergent sequence is statistically convergent to the same value.
If x is statistically convergent, then x need not be convergent. It is also not neces-
sarily bounded. For example, x = (z}) be defined as

J— k,if k is a square,
k= 1, otherwise.

It is easy to see that st — limxz = 1, since the cardinality of the set
Hk<n:|lzp—1] >} <v/n  for every e > 0.

But x is neither convergent nor bounded.
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The idea of the statistical convergence was first introduced by Steinhaus (1951)
[12] but rapid developments started after the papers of Connor [2] and Fridy [7].
Statistical convergence and its some generalizations have appeared in the study of
locally convex spaces [9]. It is also connected with the subsets of the Stone-Cech
compactification of the set of natural numbers [3]. Some results on characterizing
Banach spaces with separable duals via statistical convergence may be found in [4].
This notion of convergence is also considered in the measure theory [11], in the
trigonometric series [15] and in the approximation theory [6].

We are now ready to obtain our main results.

Definition 6. Let (X, N, x) be a PN- space. We say that a sequence x = (xy,)
1s statistically convergent to L € X with respect to the probabilistic norm N provided
that for every e >0 and A € (0,1)

S({k €eN: Ny, _(s) <1—A}) =0, (1)

or equivalently,
1
lim=|{k <n: N, _r(e) <1-A}=0.
non

In this case we write sty — limx = L, where L is said to be stn—limit.

By using (1) and well-known density properties, we easily get the following
lemma.

Lemma 1. Let (X, N,x) be a PN— space. Then, for everye > 0 and A € (0, 1),
the following statements are equivalent:

(i) sty —limz = L,
(i5) 6 ({k € N: Ny_(e) <1—A}) =0,
(ii) §({k €N: Ny _p(e) >1—A}) =1,
(iv) st —lim Ny, _p(e) = 1.

Theorem 1. Let (X,N,*) be a PN— space. If a sequence x = (xy) is sta-
tistically convergent with respect to the probabilistic norm N, then sty—Ilimit is
unique.

Proof. Assume that sty —limax = L1 and sty —limx = Ly. For a given A > 0
choose v € (0,1) such that (1 —~)* (1 —+) > 1 — A Then, for any £ > 0, define
the following sets:

Ky, 1(v,e) :={k €N: Ny, _1,(6) <1—1~},
Ky, o(v,e) ={keN: Ny _1,(6) <1—~}.

Since sty —lima = L1, 6 {Kn, 1(7,€)} = 0 for all ¢ > 0. Furthermore, using
sty —limx = Lo, we get d {Kn, 2(y,¢e)} = 0 for all ¢ > 0. Now let Kn(vy,¢) =
Ky, 1(v,€) N Kn, 2(7,€). Then we observe that § {Kn(v,e)} = 0 which implies
0{N/Kn(vy,e)} =1. I k € N/Kn(v,¢), then we have

Ni,—1,(€) > Ny, -1, (%) * Ny, —L, (%) > (1 =7)*(1—7).
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Since (1 —v) % (1 —~) > 1 — A, it follows that
NLl—Lg(E) >1- A\ (2)

Since A > 0 was arbitrary, by (2) we get Nr,_r,(¢) = 1 for all ¢ > 0, which
yields Ly = Ly. Therefore, we conclude that sty —limit is unique. O

Theorem 2. Let (X,N,*) be a PN— space. If N —limx = L, then sty —
limx = L.

Proof. By hypothesis, for every A € (0,1) and € > 0, there is a number
ko € N such that N, _r(¢) > 1 — X for all n > ko. This guaranties that the
set {n € N: N, _r(e) <1— A} has at most finitely many terms. Since every fi-
nite subset of the natural numbers has density zero, we immediately see that
0({n e€N:N;, _r(e) <1—A}) = 0,whence the result. O

The following example shows that the converse of Theorem 2 is not valid.

Example 3. Let (R, |.|) denote the space of real numbers with the usual norm.
Let axb = ab and N,(t) = %Irl’ where © € X and t > 0. In this case observe
that (R, N,x) is a PN— space. Now we define a sequence x = (i) whose terms
are given by

1 ifk=m? (meN),
Tk = {0, otherwise. (3)

Then, for every A € (0,1) and for anye > 0, let K,(A\,e) :={k <n: Nz () <1—A}.
Since

K%Qﬁ):{kgn:—l——gl—A}
t+ |$k|

At
=<k< : >
{ <n |xk|1_)\>0}
k

={k<n :zp=1}
={k<n : k=m? andm € N},
we get
l|Kn()\75)|ngkSn Dk =m? andmeN}’S@
n n n

which implies that limL |K, (X, €)| = 0. Hence, by Definition 6, we get sty — limz =

0. However, since the sequence x = () given by (3) is not convergence in the space
(R,].]), by Remark 1, we also see that = is not convergent with respect to the prob-
abilistic norm N.

Theorem 3. Let (X, N,*) be a PN— space. Then, sty —limz = L if and only
if there exists an increasing index sequence K = {kn}, oy of the natural numbers
such that 6 {K} =1 and N — ilenil(xn =L, e, N— liTrlnxkn = L.

Proof. Necessity: We first assume that sty — limz = L. Now, for any € > 0
and j € N, let

Kgﬁy:{neN:N%44@>1_§}
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Then observe that, for e > 0 and 7 € N,
K(j+1,e) C K(j,¢). (4)
Since sty — limx = L, it is clear that
H{K(j,e)} =1, (jeNande>D0). (5)

Now let p; be an arbitrary number of K(1,¢). Then, by (5), there is a number
p2 € K(2,¢), (p2 > p1), such that, for all n > pa,

1 1 1
— < Ny, _ - — —
nHkn Ny—1(e) >1 2}‘>2

Further, again by (5), there is a number ps € K(3,¢), (ps > p2), such that, for all
n 2 p3,

2

37

3 >

{k’én:Nzk_L(e)>1—l}

and so on. So, by induction we can construct an increasing index sequence {p;}jen
of natural numbers such that p; € K(j,¢) and that the following statement holds
for all n > p; (j € N):

%Hk<n:NML(5)>1—3H>—. (6)

Now we construct the increasing index sequence K as follows:

K:={neN:1<n<p}U U{nEK(j75):pj§n<pj+1} . (7)
JjEN

Then by (4), (6) and (7) we conclude, for all n, (p; < n < pji1), that
1 1 1 j—1

Hence it follows that §(/K) = 1. Now let € > 0 and choose a number j € N such
1
that 7 < e. Assume that n > v; and n € K. Then, by the definition of K, there

exists a number m > j such that v, <n < v,41 and n € K(j,¢). Hence, we have,
for every € > 0,

1
Npy—r(e)>1—=>1-¢
J
for all n > v; and n € K. This indicates that

N — lim x,, = L.
nekK

So the proof of necessity is completed.
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Sufficiency: Suppose that there exists an increasing index sequence K = {ky, }nen
of natural numbers such that 6{K} = 1 and N — lirr;{ 2, = L. Then, for every € > 0,
ne

there is a number ng such that for each n > ng the inequalities N, _, () > 1—¢
hold. Now define M(\,e) :={n € N: N, _r (¢) <1— A}. Then we have

M()\, 6) CN- {kﬁno, kn0+1, kn0+2, }
Since 6{K} =1, we get {N — {kny, kng+1, kng+2, ---} } = 0, which yields that
S{M(\e)} = 0.

Therefore, we conclude that sty — limxz = L. O

Remark 2. If sty — liyrlnxn = L, then there exilts a sequence y = (yn) such that
N—lirrlnyn:L and {n e N:z, =y,} = 1.

We now introduce the notion of a statistical Cauchy sequence on a probabilistic
norm space and give a characterization.

Definition 7. Let (X,N,*) be a PN— space. We say that a sequence x =
() is statistically Cauchy with respect to the probabilistic norm N provided that,
for every € > 0 and X\ € (0,1), there exists a positive integer m € N satisfying
0{neN:Ny, 5. () <1-A}=0.

Now using a similar technique in the proof of Theorem 3 one can get the following
result at once.

Theorem 4. Let (X, N, *) be a PN- space, and let x = (xx) be a sequence whose
terms are in the vector space X. Then, the following conditions are equivalent:

(a) x is a statistically Cauchy sequence with respect to the probabilistic norm N.

(b) There exists an increasing index sequence K = {k,} of natural numbers such
that 6 {K} = 1 and the subsequence {xy, }, .y 95 a Cauchy sequence with
respect to the probabilistic norm N.

We show that statistically convergence on PN —spaces has some arithmetical
properties similar to properties of the usual convergence on R.
Lemma 2. Let (X, N,x) be a PN— space.

(1) If sty —limx, = ¢ and sty —limy,, =, then sty —lim (z, + y,) = £+,
(2) If sty —lima, =& and o € R, then sty — lim oz, = af,
(3) If sty —limz, =¢& and sty — limy, =7, then sty —lim (x, —y,) =& — 7.

Proof. (1) Let sty —limz, = £, sty —limy, =n , e > 0and X € (0,1).
Choose v € (0,1) such that (1 —~) % (1L —+) > 1— A. Then we define the following
sets:

Kni(v,e):={neN: N, _¢(c) <1—~}
Kngo(v,e) :={neN:N, _,(e) <1—~}.

Since sty — limz, = & §{Kn1(y,e)} = 0 for all ¢ > 0. Furthermore, using
sty — limy, = n we get 6 {Kn2(7y,6)} =0 for all e > 0. Now let Ky (v,¢) =
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Knia(v,6) N Kn2(v,€). Then we observe that § {Kn (v,¢)} = 0 which implies
0{N/Ky (v,e)} =1. If n € N/Ky (v,¢), then we have

9 9
Nn—e)+(yn—m) (€) = Na,— (5) * Ny, —n (5)

>1—=7y)*x(1—vy)>1-A\
This shows that
S ({neN: Na )4y, () S1=A}) =0

so sty — lim (z, + yn) =&+ 7.
(2) Let sty —limaz, =&, A € (0,1) and € > 0. First of all, we consider the case
of a = 0. In this case

NOmn—OE(E) = No(E) =1>1-A\

So we obtain N — lim Ox,, = 0. Then from Theorem 2 we have sty — lim Ox,, = 0.
Now we consider the case of « € R (« # 0) . Since sty —limz,, = £, if we define
the set
Kn(v,e)=={neN: N, _¢(e) <1—-2A}

then we can say 0 {Kn (7,¢)} = 0 for all ¢ > 0. In this case § {N/Kn (v,¢)} = 1.
If neN/Kpy(v,¢), then

3
Noz,—ag (€) = Ne,—¢ ( )

|

€
> Ny - No | — —
> e+ 0 (7 <)
= Ny, ¢ (5)*1:]\796”—5 (6) >1—A
for « € R (o # 0) . This shows that
0({n € N: Nag,—ae () <1—-A})=0.
So sty — limazx, = af.
(3) The proof is clear from (1) and (2). O

Definition 8. Let (X, N,*) be a PN— space. Forx € X, t >0 and 0 <r <1,
the ball centered at x with radius r is defined by

B(z,rt)={y€e X : Ny (t) >1—r}.

Definition 9. Let (X, N,*) be a PN—space. A subset Y of X is said to
be bounded on PN—spaces if for every r € (0,1) there exists to > 0 such that
N, (to) >1—r forallzeY.

It follows from Lemma 2 that the set of all bounded statistically convergent
sequences on PN —space is a linear subspace of the space £ (X) of all bounded
sequences on PN —spaces.
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Theorem 5. Let (X, N,*) be a PN— space and S} (X) the space of bounded
statistically convergent sequences on PN —spaces. Then the set Sév (X) is a closed
linear subspace of the set IY (X).

Proof. It is clear that S{¥ (X) C S (X). Now we show that S}V (X) c S} (X).
Let y € S (X). Since B (y,r,t)N S} (X) # @, there is an x € B (y,r,t)NSY (X).

Let t > 0 and € € (0,1). Choose r € (0,1) such that (1 —7)* (1—7) > 1—e.
Since x € B (y,7,t) NS (X), there is a set K C N with ¢ (K) = 1 such that

t t
Ny, =z, <§> >1—7r and Ng, <§> >1-—r

for all n € K. Then we have

Nyn (t) = Nyn_mn"l‘l‘n (t)

t t
Z Nynfa:n (5) * an <§>

>1=-r)x(1—-r)>1-c¢

for all n € K. Hence § {n € K : N, (t) >1—¢} =1 and thus y € S}¥ (X). O

3. Statistical limit points and statistical cluster points on
IFNS

Fridy introduced the concepts of statistical limit points and statistical cluster points
of real number sequences in 1993 [8]. Also he gives relations between them and the
set of ordinary limit points. Now we study the analogues of these on probabilistic
normed spaces.

Definition 10. Let (X, N,x) be a PN—space. { € X is called a limit point of
the sequence x = (x) with respect to the probabilistic norm N provided that there
is a subsequence of x that converges to £ with respect to the probabilistic norm N.
Let Ly (z) denote the set of all limit points of the sequence x.

Definition 11. Let (X, N,*) be a PN—space. If {xk(j)} is a subsequence of
z = (z1) and K := {k(j) € N: j € N} then we abbreviate {xy;)} by {z} which
in case § (K) = 0. {a}, is called a subsequence of density zero or thin subsequence.
On the other hand, {z}, is a nonthin subsequence of x if K does not have density
Z€ro.

Definition 12. Let (X, N, ) be a PN-space. Then £ € X is called a statistical
limit point of sequence x = (xy) with respect to the probabilistic norm N provided
that there is a nonthin subsequence of x that converges to £ with respect to the
probabilistic norm N. In this case we say £ is an sty —Ilimit point of seqence r =
(zx). Let Ay (z) denote the set of all sty—limit points of the sequence x.

Definition 13. Let (X, N, ) be a PN—space.Then v € X is called a statistical
cluster point of sequence x = (x) with respect to the probabilistic norm N provided
that for every e > 0 and X € (0,1).

S({keN: N, ~(e)>1-)})>0.
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In this case we say v is an sty—cluster point of sequence x = (x). Let Ty (x)
denote the set of all sty—cluster points of the sequence x.

Theorem 6. Let (X, N, *) be a PN —space. For any sequence x € X, Ay () C
FN (x)

Proof. Suppose £ € Ay (z), then there is a nonthin subsequence (xk(j)) of
x = (z) that converges to ¢ with respect to the probabilistic norm N, i.e.

S({k(j) EN: Ny —e(e) >1=2}) =d > 0.
Since
{keN: Ny () >1—=A} D {k(j) EN: Ny, —¢(e)>1—A}
for every € > 0, we have

{keN: Ny _¢(e)>1-A}
O{k(j) eN:jeNI\{k(j) eN: Ny, —¢(e) <1—A}.

Since (xy(;)) converges to & with respect to the probabilistic norm N, the set
{k(j) eN: Ny, —c(e) <1—A}
is finite for any € > 0. Therefore,

S({keN:N, ¢(e)>1-A)>6{k(j)eN:jeN}
—0{k(j) EN: Ny, —¢(e) <1—A}.

Hence )
S({k €N:Ny_e(e)>1-2}) >0

which means that £ € T'y (). O
Theorem 7. Let (X, N, x) be a PN—space. For any sequence x € X, 'y (z) C
LN (.’IJ)
Proof. Let v € 'y (z), then

0{keN: Ny () >1—-A}) >0
for every € > 0 and A € (0,1). We set {z},, a nonthin subsequence of = such that
K :={k(j) eN: Nuyiy—y (€) > 1= A}

for every e > 0 and 0 (K) # 0. Since there are infinitely many elements in K,
v € Ly (). O
Theorem 8. Let (X,N,x*) be a PN—space. For a sequence v = (xy), sty —
limz =z then Ay () =Ty (z) = {z0}-
Proof. First we show that Ay (z) = {zo}. We suppose that Ay (z) = {x0,y0}
such that xg # yo. In this case, there exist {xk(j)} and {xl(i)} nonthin subsequences
of x = (x) that converge to xo, yo with respect to the probabilistic norm N,
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respectively. Since {z;(;)} converge to yo with respect to the probabilistic norm N
for every € > 0 and A € (0,1)

K= {1(i) € N: Ny, —y, () ST = A}
is a finite set so § (K) = 0. Then we observe that

{I(i)eN:ieN} = {I(i)) eN: Ny, —y, (6) >1 -2}
U{l(i) eN: Ny —yo (€) < 1= A}

which implies that
5 ({1(i) €N: Ny —yo (€) > 1= A}) #0. (8)
Since sty — limz = xg,
O{keN: Ny _5,(e) <1—=A}H=0 9)
for every € > 0. Therefore, we can write
d({keN: Ny 4o () >1=A}) #£0.
For every xo # 3o

{lG) eN: N

w0 E) > 1 =AM N{k eEN: Ny 4, (e) >1 -2} =2.
Hence

{1(i)eN: Nayy—yo (€) > 1= A C{keEN: Ny g (e) 1= A},
Therefore

5 ({l(}) eN: N,

Ti(i)—Yo

(6)>1-A}) <6({k €N:Nyy_yy (6) <1—A}) =0.

This contradicts (8). Hence Ay (x) = {xo}.
Now we assume that 'y (z) = {x0, 20} such that xg # z9. Then

S({k e N: N, ., () >1—\}) #0. (10)
Since
{keEN: Ny 4, () >1=AN{kEN: Ny, () >1- A} =0
for every g # zg, SO
{keN:Ny 2, () <1=A}D{keN:N, _,, () >1-=)}.
Therefore

S({keEN:Ny 2y (6) <1 =2} >0({keN: N, ., (€) >1—A}). (11)
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From (10), the right hand-side of (11) is greater than zero and from (9), the left
hand-side of (11) equals zero. This is a contradiction. Hence T'y (2) = {zo}. O
Theorem 9. Let (X, N, x) be a PN—space. Then the set T is closed in X for
each x = (xx) of elements of X.
Proof. Let y € 'y (x). Take 0 < 7 < 1 and ¢ > 0. There exists v € I'ny (x) N
B (y,r,t) such that

B(y,rit)={x € X : Ny_,(t) >1—r}.
Choose 1 > 0 such that B (vy,n,t) C B (y,r,t). We have
{keN:Ny_,, (t)>1—-r} D{keN:Ny_,, (t)>1—n}

hence
S{keN:Ny_,, (t)>1—r})#0

and y € ['y. O
Conclusion 1. In this paper we obtained results on statistical convergence in

probabilistic normed spaces. As every ordinary norm induces a probabilistic norm,

the results obtained here are more general than the corresponding of normed spaces.
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