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ON THE ROUGH CONVERGENCE OF A SEQUENCE OF SETS

OZNUR OLMEZ, FATMA GECIT AKCAY AND SALIH AYTAR

ABSTRACT. In the present paper, we give an alternative expression of rough
Wijsman convergence of a sequence of sets. Defining the concept of rough
Wijsman limit set of a sequence, we prove some inclusion relations related
to this limit set. Finally, we examine the relation between rough Wijsman
convergence and rough Hausdorff convergence.

1. INTRODUCTION

Set convergence theory was pioneered by Painleve in 1902. In fact, this the-
ory was originally developed by Kuratowski [8]. Therefore, this convergence is
called the Kuratowski convergence by many authors. On the other hand, Hausdorff
defined the concept of “Hausdorff convergence” which corresponds to the uniform
convergence of a sequence of distance functions. Wijsman ([16], [17]) introduced the
concept of “Wijsman convergence”, by using the pointwise convergence of distance
functions. In the 2000’s, Nuray and Rhoades [9] applied the statistical convergence
theory to a sequence of sets. They also gave the definitions of boundedness and
Wijsman Cauchy for a sequence of sets. Kigi and Nuray [7] extended the concept
of Wijsman convergence to Wijsman I-convergence and Wijsman I*-convergence.
Hazarika and Esi [6] defined the idea of asymptotically equivalent sequences of
sets in the sense of ideal Wijsman convergence. Recently, Diindar and Pancaroglu
[4] have introduced the concepts of Wijsman lacunary invariant convergence and
Wijsman lacunary invariant statistical convergence.

Rough convergence grew out of Phu [11] investigations of a sequence which is not
convergent in the usual sense in a finite dimensional normed space. He introduced
this sequence might be convergent to a point with a certain degree of roughness.
He gave some basic properties of the rough limit set. Then Aytar [2] obtained the
relation between core and rough limit set of a sequence.

Recently, theory of rough convergence has begun to be applied to sequences of
sets. In this context, the concept of rough Wijsman convergence was first defined
by Olmez and Aytar [10]. They explored the effect of the asymptotic cone of the
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limit set of a sequence that is rough Wijsman convergent. Subramanian and Esi
[14, 15] introduced the notions of rough Wijsman convergence and rough Wijsman
statistical convergence for a triple sequence of sets. Defining rough Wijsman limit
set for triple sequences of sets, they obtained some convergence criteria. Later,
Esi et al. [5] studied on rough Wijsman statistical convergence. They stated the
analogous definitions and results for rough Wijsman statistical convergence of a
triple sequence.

In this article, an equivalent definitions of rough Wijsman convergence and of
rough Hausdorff convergence are given (see Propositions 2.2 and 3.1). Defining
the concept of the set of rough Wijsman limit, some inclusion relations related to
this limit set are proved (see Propositions 2.1, 2.3 and 2.4). Finally, the relation
between rough Wijsman convergence and rough Hausdorff convergence is examined
(see Theorem 3.1).

2. RoucgH W1ISMAN CONVERGENCE

Throughout this paper, we assume that X is a nonempty set and px is a metric
on X and A, A, are nonempty closed subsets of X for each n € N.

Let {x,} be a sequence in the metric space X, and r be a nonnegative real
number. The sequence {x,,} is said to be rough convergent to z with the roughness
degree r, denoted by w,, — z, if for each € > 0 there exists an n (¢) € N such that
px(zn,x) < r+¢ for each n > n(e) [11].

The distance function d(-, A) : X — [0,00) is defined by the formula

d(z,A) = inf{px(z,y) : y € A} [1, 16].
We say that the sequence {A,} is Wijsman convergent to the set A if
lim d(x, A,) = d(z, A) for all x € X.
n—oo

In this case, we write A, % A, as n — 0o [16].

The set A is called Wijsman cluster point of the sequence {A,,} provided that
there is a subsequence that Wijsman converges to A. In this case Ly4,, denotes
the set of all cluster points of the sequence {A,}.

Throughout the paper we suppose that » > 0.

In 2016, the concept of rough Wijsman convergence was first defined by Olmez
and Aytar [10] as follows:

Definition 2.1. A sequence {A,} is said to be r— Wijsman convergent to the set
A if for every e > 0 and each x € X there is an N(e,z) € N such that

|d(z, Ap) — d(x, A)| < r+¢e for alln > N(e,x)
and we write d(z, A,) = d(z, A) or A, " A asn— oo [10].
Now define
1—-LIM"A, ={Ac X : 4, 2 A}. (2.1)

If a sequence is Wijsman convergent, then this sequence r—Wijsman converges
to the same set for each r. However, there are some sequences of sets which are
r—Wijsman convergent, but not Wijsman convergent as can be seen in the following
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Example 2.1 ([1]). Let X = R? and define a sequence {A,} as follows:

A — { %}L% x [-1,0] ,if n is an odd integer

L1 x[0,1] ,if n 1is an even integer

This sequence is not Wijgsman convergent to the set A = {(0,0)}. But, this sequence
is r— Wigsman convergent to the set A for r > 1.

If we take x = (0, 1), then we have d((0,1),A) =1 and

d((0,1), A,) = { m ,if nois an odd integer

- ,if m is an even integer

Since
limsup d((0,1), 4,,) = 1 and liminf d((0,1), 4,) =0,
n—oo

n—oo

we have that lim d(x, A,) does not exist. Therefore, this sequence is not Wijsman
n—oo

convergent to the set A, but this sequence is r— Wijsman convergent to the set A
forr >1.

Remark 2.1. In the Example 2.1, if we take A € 1 — LIM"A,,, then we have
ACB((0,0),7) (2:2)

where B((0,0),7) = {z € R?:p((0,0),x) <r}. Now let us prove the inclusion
(2.2). On the contrary, suppose that A ¢ B((0,0),r). For the sake of generality
let us choose x = (x1,22) € R2 such that x1 > 0 and xo > 1. Then, there exists an

x = (z1,72) € A such that \/z% + 23 > r. Since d(x, A) = 0, we have

(z1 — %)2 + 23 ,if mis an odd integer

d($7An) = 1 2 2
(z1 = 1)+ (22— 1)° ,ifn is an even integer

As n — oo, we get

Vi +ad ,if n is an odd integer
- 22 + (xg —1)°  if n is an even integer

If n is an odd integer, then we have |d(z, Ay) — d(z, A)| > r. Thus we have A ¢
1—LIMT™A,. This contradiction completes the proof.

If the origin is an element of the set A and A is contained in the r—closed ball,
then we have A€ 1 — LIM"A,,.

Remark 2.2. In the Example 2.1, if we take A = {(%, 0)} then the sequence {A,}

is not r— Wigsman convergent to the set A forr = 1. Sincer = sup || (%, O) - c|| =
celqany
?, the sequence {A,} is r— Wijsman convergent to the set A = {(%,0)} for
r = % Moreover this sequence is not r— Wijsman convergent to the set A for
all r < §
Now define

2-LIM"A, = () Ble,r)={A€X:Lia,, CB(An)} (2.3)
c€L{a,y
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Then, for the usual rough convergence of a sequence of elements in any metric
space, the sets defined by the equalities (2.1) and (2.3) coincide with each other.
But these sets are not equal for an arbitrary sequence of sets. The following example
compares the sets 1 — LIM"A,, and 2 — LIM" A,,.

Example 2.2. Let X = R? and define a sequence {A,} as follows:

-1 x]0,2+ 2

w={ R

This sequence is not Wijsman convergent to the set A = {(0,0)} x [—2,2]. If we
take © = (9,10), then we have d(z, A) = V145 and

d(z, Ay) = V145 if n is an odd integer
Tl V81 L if nis an even integer

Jif mois an odd integer
,if n is an even integer

Since

,if n is an odd integer

0
(e, An) = d(z, A)| = { V181 — /145 | if n is an even integer ’

this sequence is not Wijsman convergent to the set A. But, this sequence is r— Wijsman
convergent to the set A for r > 2. Moreover, we have A € 1 — LIM"A,, and

2~ LIM" A, = B({(0,0)} x [0,2],2)n B ({(0,0)} x [~2,0],2) = B((0,0),2)

for r = 2. Hence, the definition of 1 — LIM"A,, does not coincide with that of
2—LIM"A,.

We are ready to give following inclusion.
Proposition 2.1. If A1 —-LIM"A,, then AC2—LIM"A,.

Proof. Let A € 1 — LIM"A,,. On the contrary, assume that A ¢ 2 — LIM"A,,.
Then we have there exists y € A such that y ¢ 2 — LIM"A,,. Thus we get

y¢2—-LIM"A, =y¢ () Bler)

CEL{ATL} L
=dc€ Lya,y ..y ¢ B(c,r)
= p(y,c) >r

inf
= inf p(y,c) >
=d(c, A) >r.

Since A € 1—LIM™A,, for every € > 0 and each z € X there exists an N(e,z) € N
such that |d(z, A,) — d(z, A)| < r+ ¢ for all n > N(g,z). If we take © = ¢ which
is a cluster point, then d(c, A,) < ¢ for all n > N(e,x). Because of d(c,A) > r
and d(c, 4,) < e, we have |d(c, A,) —d(c, A)| > r as n — oo. This inequality
contradicts to the fact that A € 1—LIM"A,,. Thus we obtain A C2—LIM"A,,. O

Now we will consider a sequence which is r—Wijsman convergent and has infin-
itely many cluster points.

Example 2.3. Let X =R and define a sequence {A} as follows:

N (CHURGROREIRORUREIRH v R



EJMAA-2022/10(1) ROUGH CONVERGENCE 171

1t is clear that, for each ¢ € [0,1], the singleton {c} is a cluster point of {A,}. Thus
we have

2-LIM"A, = () Ble,1)= () [e=1,c+1]=[0,1].
06[071] 06[0,1]

Moreover, if we take A =[0,1], then we have A €1 — LIM"A,, forr =1.

The following proposition characterizes r—Wijsman convergence by means of the
upper limit.

Proposition 2.2. For every e > 0 and each v € X there exists an N(e,z) € N
such that

|d(z, Ay) — d(z, A)| <r+¢€ for alln > N(e, x)
if and only if
limsup |d(z, Ap) —d(z, A)| < r.
n—oo

Proof. (Necessity) Suppose that d(x, A,) — d(x, A). Then, for every € > 0 and each
x € X there exists an N(e,z) € N such that f,(z) := |d(z, 4,) —d(z, A)| <r+¢
for all n > N(g,x). On the contrary, suppose that

limsup f,(z) > r.

n— oo
Take
limsup fp(z)—7r

3
By definition of lim sup, we have

fu(x) > limsup f,(z) — d(x) for infinitely many n.

n—oo

Take ¢ = d(x), then there exists an N(g,x) € N such that
fo(x) <7+ 0(z) for all n > N(g,x).
This inequality contradicts to the definition of limsup. Thus, we obtain limsup

n—oo
fu(z) <rforall z € X.
(Sufficiency) Let limsup f,, (x) < r for every x € X. Assume on the contrary that
n—oo

there exists an & > 0 and an 2 € X and infinitely many n such that f,(z) > r+¢&.
Now, by the assumption, there exists an N(&,z) € N such that

fulx) < [lim sup fn(x)] + & for all n > N(g, ).

n—oo

This inequality contradicts to the fact that f,(x) > r + &, hence the proof is
complete. O

Proposition 2.3. If {Ay, } is a subsequence of {A,}, then
1—-LIM"™A, C1—LIM"A,.

Proof. Let A€ 1— LIM"A,. That is, for every € > 0 and each = € X there exists
an N(e,z) € N such that

|d(z, Ap) — d(x, A)| <r+¢e forall n > N(e, ).
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Since {Ay, } is a subsequence of {A,,}, we have
|d(x, Ag,) — d(z, A)| < r + ¢ for all k, > N(g, ).
Thus we have A€ 1 — LIM"Ay,,. O

Proposition 2.4. If r; < rg, then we have
1—LIM™A, C1—LIM™A, and2—LIM™A, C2—LIM™A,.
Proof. Let r1 <rgand A€ 1— LIM™A,. Hence, for every € > 0 and each z € X
there exists an N(e,x) € N such that
|d(x, An) —d(x, A)] < ri+4e
< rg+eforall n> N(ex).

Thus we have A €1 — LIM™A,,.
If ry <7y and ¢ € Lyy,y then

B(e,r1) € B(e,r)
ﬂ Bl(e,m) C ﬂ B(c,m3).
c€Liany c€L{a,}
Thus we get 2 — LIM™ A, C2— LIM™A,. O

3. RouGH HAUSDORFF CONVERGENCE
The Hausdorff distance between A and B, denoted by H(A, B), is defined as
H(A,B) := sup |d(z, A) — d(z, B)| [12].
rzeX

We say that a sequence { A, } is Hausdorff convergent to the set A if lim H(A,, A) =

n—oo

0, and we denote A,, H A, as n — oo. That is, we have A, Hoa provided that, for
every € > 0 there exists an N(¢) € N such that

H(Ap,, A) = sup |d(z, A,) — d(z, A)| < e for all n > N(e) [12].
zeX

Example 3.1 ([13]). Define a sequence {A,} by

A, = (—oo,—l—l} U {2#—1,00).
n n

This sequence is Hausdorff convergent to the set A = (—oo, —1] U [2,00).

Now we will define a new type of Hausdorff convergence for a sequence of closed
sets. The concept of rough convergence in a metric space was first introduced by
Debnath and Rakshit [3]. Since the set of all closed sets is a metric space with the
Hausdorff metric, following definition is a special case of Debnath and Rakshit’s [3]
definition.

Definition 3.1. The sequence {A,} is said to be r—Hausdorff convergent to the
set A if for every e > 0 there exists an N(g) € N such that

H(A,,A) = sup |d(z,A,) —d(z,A)| <r+¢e for alln > N(e).
zeX

. . r—H
In this case, we write A, — A asn — oo.
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Now let us define
H— LIM"A, = {AcX:AnT;HA}.

If a sequence is Hausdorff convergent, then this sequence is r—Hausdorff conver-
gent to the same set for each r. However, the converse of this claim does not hold
in general, as can be seen following

Example 3.2. Let us consider the sequence {A,} defined in Example 3.1. This
sequence is r— Hausdorff convergent to the set R for each r > %

The following proposition characterizes the concept of r—Hausdorff convergence
by means of the upper limit. Its proof is similar to that of Proposition 2.1, hence
we omit it.

Proposition 3.1. For every € > 0 there exists an N(g) € N such that
H(A,,A) = sup |d(z,A,) —d(z,A)| <r+¢c for alln > N(e)
zeX

if and only if
limsup sup |d(z, An) — d(z, A)| < 7.

n—oo xzeX
Finally, giving the relation between the concepts of rough Wijsman convergence
and rough Hausdorff convergence, we will end our work.

Theorem 3.1. If the sequence {A,} is r—Hausdorff convergent to the set A, then
it 1s r— Wijsman convergent to the same set.

Proof. Suppose that the sequence {A,} is r—Hausdorff convergent to the set A.
Then, for every £ > 0 there exists an N(g) € N such that

H(A,,A) = sup |d(z,A,) —d(z,A)| <r+e¢ for all n > N(e).
reX

Hence we have
|d(zs, Ap) — d(z4, A)| < sup |d(z, Ay) —d(z, A)| <r+e¢
z€X

for all n > N(e). Since z, is an arbitrary point, we say that the sequence {4,} is
r—Wijsman convergent to the set A. O

The converse of the above theorem does not hold in general as can be seen in
the following

Example 3.3. Let X = R? and define a sequence {A,} as follows:
Ay = {(z,y) € R? : 2 + % + 2ny = 0}.

This sequence is r— Wijsman convergent to the set A = R x [0,1], but it is not
r— Hausdorff convergent to the set A for each r.

4. CONCLUSION

This paper is an application of the rough convergence theory to the sequences of
sets in the sense of Wijsman convergence and Hausdorff convergence. We proved
some inclusion relations related to rough limit set of a sequence of sets. Similarly
these inclusion relations can be extended to the double or multiple sequences of sets.
Moreover the relation between rough Wijsman convergence and rough Hausdorff
convergence of these types of sequences can be examined.
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