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1 Introduction

The idea of statistical convergence, originally formulated for sequences of real numbers, was
introduced independently by Fast [1] and Steinhaus [2] in the same year. This foundational concept
offered a broader framework than classical convergence by allowing the convergence of sequences in

*Correspondence:  Pshtiwan Othman Mohammed, Thabet Abdeljawad (pshtiwansangawi@gmail.com,
tabdeljawad@psu.edu.sa). This is an article distributed under the terms of the Creative Commons BY-NC-SA
license



I. S. Ibrahim, D. Baleanu, M. A. Yousif and P. O. Mohammed,
Generalized convergence of sequences of fuzzy numbers

S I p E D IA by means of modulus functions,
Rev. int. métodos numér. célc. diseno ing. (2025). Vol.41, (4), 76

a statistical sense, even when they fail to converge in the usual sense. Schoenberg [3] later revisited the
idea and independently contributed to its further theoretical development.

Building on the above foundation, statistical convergence was generalized to the setting of fuzzy
numbers in [4], where the authors extended the classical notions to accommodate the uncertainty
inherent in fuzzy sequences. In continuation of this line of research, statistical summability methods
were explored in the fuzzy context by the authors of [5], providing valuable insights into approximation
processes and convergence behavior in fuzzy environments.

Moreover, the work in [6] systematically investigated the interplay between various types of conver-
gence and summability for sequences of fuzzy numbers, highlighting both similarities and distinctions
between these concepts. For a broader and more comprehensive overview of the development and
applications of statistical convergence and summability in fuzzy settings, readers may consult the
surveys and discussions presented in [7—10].

A fuzzy set to on the real line R is called a fuzzy number if it meets certain essential properties.
First, there must exist at least one point v € R at which the membership function tv attains the value
1. Additionally, for any two real numbers v and v, and for every A € [0, 1], the membership grade at
the convex combination Ab + (1 — A)y should not be less than the minimum of the grades at v and v.
The function tv is also required to be upper semicontinuous across its domain. Moreover, the set of
all real numbers where to(b) is strictly positive must be bounded and closed, ensuring that its support
forms a compact subset of R.

The o —level set corresponding to a fuzzy number v, represented as [w]’, is given by:

] = [supp m,. o=0,
fpeR:w(() >0}, o(0,1].

It is evident that to qualifies as a fuzzy number if and only if [tv]” forms a closed interval for every
o €[0,1]and [w]' # @.

A real number 7 can be expressed as a fuzzy number 7, where its membership function is defined
as:

E(U):[o, v £t

I, o=t

In this study, the notation F (R) represents the collection of all fuzzy numbers. Specifically, if
w € F (R), then w is referred to as a fuzzy number.

To compute the distance between two fuzzy numbers to and to*, the following metric is utilized:

d (1o, 1") = sup dy ([]’, [0']),

oel0,1]
where, d;; represents the Hausdorff metric, given as:

dy ([m]o’ [m*]a) = max {‘mﬂ -, |0 —w*

2

It has been established that d is a valid metric on F(R), and thus the space (F(R), d) forms a
complete metric space, as demonstrated in [11].
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A sequence (®,) of fuzzy numbers is said to converge to a fuzzy number 9, if for each ¢ > 0,
there is k, € N such that d (9,,9,) < ¢ whenever k > k,. Throughout the study, ¢ (¥ (R)) denotes the
space of all convergent sequences of fuzzy numbers.

A sequence (©,) of fuzzy numbers is called statistically convergent to a fuzzy number ®, (see [4])
if for every ¢ > 0,

1
lim—|{k<n:d®,9) >¢}| =0.
n—oo NI

Colak [12] introduced a generalized notion of density for subsets of natural numbers, referred to
as the p-density, where p € (0, 1]. Given a subset T C N, the p-density of Y, denoted by §”(Y), is
defined (when the limit exists) by

1
8"(T)=Iim—p Hae Y :a<nl,
n

n— 00

where |{a € T : a < n}| denotes the number of elements in Y that do not exceed 7.

Let @ = («,) and B = (B,) be two non-decreasing sequences of positive real numbers such that
o, < B,foralln €e Nand B, —a, - oo asn — oo. Let T C N. Then, the number §,,(Y), called the
aB-density of the set Y, is defined by

1
85(V) =lim ——— |{a:a € [a,, BN T},
() = fim e a € o, 1N )]
whenever the limit exists (see [13]). For more extensive treatments of the concept of statistical
convergence, see [14—17].

In [18], the concept of a modulus function was introduced. A function ¢ is called a modulus
function (or simply, a modulus) if it satisfies the following conditions:

I. o) =0 t=0,

2. ot + 1) < o(t) + o(t,) forevery t;, t, € [0, 00),
3. @ is increasing,

4. ¢ is continuous from the right at 0.

These conditions imply that a modulus function must be continuous on the set [0, co). Such
a function can be either bounded or unbounded. For instance, ¢ (t) = t for r € (0, 1], defines
an unbounded modulus, whereas ¢(t) = fl defines a bounded modulus. Several researchers
have employed modulus functions to define and investigate various sequence spaces, one may refer
to [19-25].

While statistical convergence and strong summability have been studied in various forms for
sequences of fuzzy numbers, the integration of modulus functions into this framework remains
underdeveloped. A unified approach that extends these concepts, reveals their interrelationships, and
refines them under adaptable conditions is still lacking. Such a framework is essential for broadening
the theoretical scope and enabling richer applications of convergence theory in fuzzy analysis and
contexts involving uncertainty.
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2 Main Results

Definition 1: Let ¢ be any unbounded modulus and p € (0, 1]. Then, a sequence (D)) of fuzzy numbers is
called ¢ — ap-statistically convergent of order p (or, S;; (¢)-convergent) to a fuzzy number D, if

lim (B —atD)? ({k € [o, B] 1 d (Di, Do) = €}]) =0

for each ¢ > 0. In this case, we write ©, — %, [S(fﬂ ((p)] . The notation S}, (¢) stands for the set of all
Siy (p)-convergent sequences.

Definition 2: Let ¢ be any modulus and p € (0,1]. Then, a sequence (®,) of fuzzy numbers is called
@ — af-strongly summable of order p (or, strongly Ny, (¢)-summable) to a fuzzy number D, if

) 1
jirilo m Z 9 (d (D, 9,) =0.

kelon,Bnl

In this case, we write ©, — D, [ j7 ((p)] .

Note that a modulus function is not required to be unbounded in Definition 2.

Theorem 1: Let ¢ be any unbounded modulus and p € (0, 1]. Also, let (D,) and (&) be sequences of fuzzy
numbers such that ©, — 9, [Sfﬁ (go)] and ¢, — &, [S(fﬁ ((p)] . Then,
1. a®, — a®, [85,3 ((p)]for every a € R.

2. D+ €)= (Do + &) [Si (9)] -

Proof: Part (1). In case a = 0, it is clear. We assume that a # 0. Then, for every ¢ > 0,

S —a D (K elenfil: d (@D aDy) 2 e}

1 £
= k ns Pn od Qkago = .
w((ﬁn—an+1>ﬂ)‘”(H €l Bl 4 (00 20) = |a|”)

Since D, — D, [Sl; (9)], we get

lim o (B—atD)? ({k € [a,, B] - d (0D, D) = €}]) = 0.

Therefore, a®, — ad, [S,, (¢)] .

Part (2). For every ¢ > 0, we have

T —a 1P (el fl: dDi+ &0 + &) = e}l)

1
=0 (B—mr)?

(|{r et p1:d @m0 = 5}))

+

o (B —a,+ 1" ([ et pa: a @ e = g}() .
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Since D, — D, [Sl; (¢)] and & — & [Si; ()],

. 1 |
lim s (K € [ 5] d (D + €D+ &) 2 )]

Therefore, (D, + &) — (D, + &) [55,5 (90)] .0

Theorem 2: Let ¢ be any unbounded modulus and p € (0, 1]. Then,

c(FR) C S, (),

and the inclusion is strict.

Proof: The first part is clear. To illustrate that the inclusion is strict, define the sequence (9,) of fuzzy
numbers by

[ 440, ifd<v<5 ]
6—v, if5<v<6 ¢, ifk =7,
0, otherwise ]
—1+4v, ifl<o<2|
3—0, if2<v<3 =9, ifk#7.
| O, otherwise

o, ieN. (1)

The o-level set of (D,) is
[4+0,6—0], ifk=7,
[Qk]n =
[M4+0,3—0], ifk#7P.
If we take («,) = (1) and (B8,) = (n), for any unbounded modulus ¢,

1
S5 —a 0’ (el pld (@I .[OF) z e}

< ¢(V3 (ﬂn —o,+ 1)) -0
T e (B + 1))

1
asn — oo if 3 < p < 1. So, (9,) is S, (p)-convergent to D,, where [D¢]” = [l + 0,3 — o]. On the
other hand, it is obvious that (D,) ¢ ¢ (F (R)). O

Theorem 3: Let ¢ be any unbounded modulus and p € (0, 1].

1. S, (p) C Sl and the inclusion is strict.

)

2. Iflim, — > 0, then S;; C S} () .
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Proof: (1) Let ¢ > 0 be given. Suppose (9,) is S, (¢)-convergent to a fuzzy number ©,. Then, for any
z € N, there is k, € N (dependsing on z) such that

1
¢ (tk € o, ]2 d (D Do) 2 e}l) = —¢ (B, — o + 1))

A

1 1
—Z¢>(—(ﬁn—-an+-lf)
A A

1
=g (_(:Bn -, + l)p)
Z

for every n > k,. Since ¢ is a modulus,
1
|{k € [an: ﬁn] : d(®k9 QO) Z 8}| S ;(,Bn —Q, + 1)/’

Therefore, (D,) 1s S,;-convergent ©,. To establish the strictness, consider the sequence (9,) as
defined by (1). Let ¢(t) = log(1 + t) with p = 1. Then,

1 ) ]
a1’ kel pl:d (@I .100) =}

J(B,—a,+1)—1
zgo((ﬁn—an+1)”)(p( By —a, +1) = 1)

_ log(\/3 (,Bn — o, + 1)) l
Clog (B —a,+ 1+ 1) 3

as n — oo for every ¢ > 0. Therefore, (9,) is not S/, (¢)-convergent to ©,, where [D,]" =
[14+ 0,3 —0c]. However,

1
(IBVI — o, + 1)/) ‘
1
z y n — Wn 1 O
Z Ba VPtV
asn — oo. Hence, (D,) is Sj;-convergent to D,,.

—

{k € o, .1 : d (D1 ,[D]) = e}

(2) Suppose (D,) is S;s-convergent to a fuzzy number ©,. Then, for any ¢ > 0,
1
B —a, + 1)
- I o((B—a,+1)) 1
T B+ 1) (B —a,+ 1))

Therefore, (D,) is S;s (¢) — convergent to D,. [

|{k € [Ol,,, ﬂn] : d(gk, QO) 2 8}|

¢ ({k € [, Bl + d (Di, Do) = €}]) .

Theorem 4: Let ¢ be any unbounded modulus and p, p' € (0, 1] such that p < p'. Then,
1. S5y (9) C Sty (@)
2. 8 (9) T S (9) -

Proof: Omitted. (J
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Theorem 5: Let ¢ be any modulus and p, p' € (0, 1] such that p < p'. Then,
N, (@) C NG (9),

and the inclusion is strict.

Proof: Suppose that a sequence (9,) is strongly NV, (¢)-summable to a fuzzy number D,. Since p < o/,
we have

1

1
PN d ©k7 90 = T 10 d ©k7 @0 .
(IBn _an+ 1)p Z w( ( )) = (ﬁn _an+ 1)0 Z go( ( ))

kelon.Bnl kelon.Bnl

It follows that (®,) is strongly jﬂ/ (¢)-summable to ®,. To verify the strictness of the inclusion,
let us define the sequence (9,) by

—340, if3<v<4
5—0, fd<v=<5 ¢, ifk =1
0, otherwise
v, fo<ov<l
2—p, ifl<v<2 ¢ =9, Iifk#7i.
0, otherwise

Dy ieN.

1 1
If we take («,) = (1) and (B8,) = (n), with parameters satisfying 0 < p < 1 and 7 < p <1,

then for a modulus ¢(t) = t,(D,) is strongly a”ﬂ, (¢)-summable to ©,. However, (©,) is not strongly
v (p)-summable to D,. [

Theorem 6: Let ¢ be any modulus and p € (0, 1]. Then,

NI C N ().

Proof: Suppose (D,) is strongly N;-summable to a fuzzy number ©,. Then,

) 1
llglo m Z d (D, D) =0. (2)

kelan.pnl

Let & > 0 be given. Select § € (0, 1) such that ¢(t) < ¢ for t € (0, 8]. Then,

D o@D = D @D+ D ¢d(®D.Dy).

kelan.pnl (ke[an,ﬁrj] (ke[dn,ﬁli]
d(DD0) =8 d(D,.D0) >

From the fact that d (9,,9,) < § implies ¢ (d (D, D,)) < &, we can write
> 0d@.D)) <eB—a,+ 1)

kelan,pn)
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and for d (D,,9,) > 6,

d(ggago) < 1+ |:d(©k7 90)] )

d (gk: ©0) < 6

Since ¢ is a modulus,

9 (d(D:,9D) < ¢ (1 + [m])

<o) (1 + [—d@k’g")})

k)
5
This implies
2¢ (1
S pd@on <22 S pu@.0)
8
kelan.Bn] kelan,pn]
d(94.90)>8
Thus,
1 2¢ (1) 1
S —— d(®,9)) <e+ d®.,9
TR kg:,,ﬁn]w( (D, D)) S B —a D [Z;S] ¢ (d (D1 D))
d(D4,D0)>8
2¢ (1) 1
< d(®;,9 . 3
S R I k%fp( (D1, Dy)) 3)
From (2) and (3), we get
1
Iim —r— d(®.,9,)) =0.
o (B + 1) ,{%ﬂf’( B D0))
Therefore, (D,) is strongly N, (¢)-summable to D,. [
: @b
Theorem 7: Let ¢ be any modulus and p € (0,1]. If lim_,,, — > 0, then

-/\/Z;; (p) C -NZ),‘;'

Proof: Suppose (9,) is strongly NV} (¢) — summable to a fuzzy number ®,. Since ¢ is a modulus, there

. . t C e
exists z € R" such that z = lim,_ ? by Prop. 1 of [26]. This implies ¢(t) > zt for all t > 0 and so

https://www.scipedia.com/public/Ibrahim_et_al_2025 8
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1 .
that t < —@(t) for all t > 0. Now, we may write
z

1 1 1
m Z d (D, D) < ;m Z o (d(®,9,)) =0.

kelan,Bn] kelan.Bnl

Therefore, (D,) is strongly N,-summable to ©,. [J

Theorem 8: Let ¢ be any unbounded modulus and p € (0, 1]. Then,
N, () €Sl (@),

and the inclusion is strict.

Proof: Let ¢ > 0 be given. Then, we have

1 1
) pd(D,D0) = @ (d (D, Do)
(:Bn —Q, + 1)/J ke%;in] ‘ ’ (:Bn — 0, + 1) ke%’}n] ‘ ’
d(@k,go)zs
1

D> e(d(®.9y)

kelan,fnl
d(Qkﬂ’DO) <e

B a1y

1

2 G ar | 2 ¢@®@.D)

kelan,Bnl
(l(@k"DO)zs
1
= m Ik € [o,, B]: d (Dy, D) > e} ¢ (¢)

1 @ (¢)
> kela,B.]:d(®;,D) > ¢e}|) —=
> Gy (el Bl d @D z el
_¢B o+ D) ¢ (&) o Ik € [a,, B] : d (D, Do) > €}])
B —a,+ D" @) o (B —a,+ 1)) '
Therefore, we obtain that (D,) is S/, (¢)-convergent to a fuzzy number D, if it is strongly N, (¢)-
summable to ®,. To establish the strictness, define the sequence (®,) by

[ 1+35, if—-K<0=<0

-5, if0<v=<k , ifk=7
0, otherwise

—340, if3<v<4

5—b, ifd<v<35 =29, ifk#r.
| 0, otherwise

@k ieN,
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Now, the o-level set of (D,) is

[k —0),kK*(1 —0)], ifk=7,
(D] =
[3+0,5—0], if k # 7.

1
If we take 3 <p =1, () = (1),(B) = (n),and p(t) = t, then (D,) is S/, (p)-convergent to a
fuzzy number ®, but it is not strongly N, (¢)-summable to ©,, where [D,]’ =[3+ 0,5 —0]. O

3 Conclusion

In this work, we have developed generalized forms of statistical convergence and strong summabil-
ity for sequences of fuzzy numbers through the framework of modulus functions. By imposing suitable
conditions on the modulus functions, we have extended and refined several existing convergence
notions in the fuzzy context. Our results not only encompass earlier findings as particular cases,
but also provide a more flexible and unifying approach to studying convergence and summability
phenomena in fuzzy sequences. Furthermore, the interrelationships established between the proposed
concepts contribute to a deeper theoretical understanding of the interplay between summability and
convergence in this setting. These contributions open the door to further investigations, including
potential applications in approximation theory, fuzzy analysis, and other areas where uncertainty and
imprecision play a central role.
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