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1 Introduction

In 1992, Felbin [5] has offered an alternative definition of a fuzzy norm on
a linear space with an associated metric of the Kaleva and Seikkala type
[10]. He has shown that every finite dimensional normed linear space has
a completion. Then Xiao and Zhu [12] have modified the definition of this
fuzzy norm and studied the topological properties of fuzzy normed linear
spaces. Another fuzzy norm is defined by Bag and Samanta [2].

Bag and Samanta [1] have defined concepts of weakly fuzzy bounded-
ness, strongly fuzzy boundedness, fuzzy continuity, strongly fuzzy continu-
ity, weakly fuzzy continuity, sequentially fuzzy continuity and fuzzy norm

*Corresponding author.
Received: 20 July 2014 / Revised: 27 October 2014 / Accepted: 12 November 2014.

(© 2015 University of Guilan http://research.guilan.ac.ir/jmm



218 M. Saheli

of linear operators with an associated fuzzy norm defined in [2]. In [7] the
authors have defined a norm of operator with an associated fuzzy norm de-
fined by Felbin [5], and studied some of their properties. Then, in [9] norm
of operator defined in [3] by Bag and Samanta is considered and bounded
inverse theorem and compact operators on fuzzy normed linear spaces are
studied.

In the present paper, at first we modify the concepts of weakly fuzzy
boundedness, strongly fuzzy boundedness, fuzzy continuity, strongly fuzzy
continuity, weakly fuzzy continuity defined by Bag and Samanta [1]. Fi-
nally, an attempt is made to find such relation by making a comparative
study of the fuzzy norms of linear operators defined in [7] and [4].

2 Preliminaries

Definition 1. (Xiao and Zhu [12]) A mapping n : R — [0, 1] is called a
fuzzy real number with a-level set [, = {t : n(t) > a}, if it satisfies the
following conditions:

(N1) there exists to € R such that 7(tg) = 1.

(N2) for each o € (0,1], there exist real numbers 1, < nt such that the
a—level set [n], is equal to the closed interval [n, ,nt].

The set of all fuzzy real numbers is denoted by F'(R). Since each r € R can
be considered as the fuzzy real number 7 € F(R) defined by

- 1 t=r
) = { 0 t#r,
it follows that R can be embedded in F(R).

Definition 2. (Kaleva and Seikkala [10]) The arithmetic operations +, —,
x and / on F(R) x F(R) are defined by

= sup (min(n(2), v(y))),
)

t=x/y

which are special cases of Zadeh’s extension principle.
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Definition 3. (Kaleva and Seikkala [10]) The absolute value |n| of n €
F(R) is defined by

max(1(t),n(~), t> 0,
ol = { 0k 220

Definition 4. (Kaleva and Seikkala [10]) Let n € F(R). If n(t) = 0 for all
t < 0, then 7 is called a positive fuzzy real number. The set of all positive
fuzzy real numbers is denoted by F'*(R).

Lemma 1. (Kaleva and Seikkala [10]) Let n,v € F(R) and [n]o = [0, 011,
Vo = [Va 78] Then

i) I +7la = e +va08 +d];

i) [0 —la = e — 7414 — 73],

ii) [N X Y]a :1[77;’1;,@%] forn,v € F¥(R),

?;’U) [1/77]04 = [7774-3 777_] an(; > 07

v) [Inl]a = [max(0, 7, , —nd ), max(|ng [, 74 ])]-

Lemma 2. (Kaleva and Seikkala [10]) Let [a®,b%], 0 < o < 1, be a given

family of non-empty intervals. Assume

a)la®t, b1 D [a*2,b*?] for all 0 < a1 < ag,

b)[ lim a®, lim b**] = [a%, ] whenever {a} is an increasing sequence
k——o0 k—o0

in (0,1] converging to «,
c)—00 < a® < b < 400, for all a € (0,1].
Then the family [a®, b*] represents the a-level sets of a fuzzy real number
n € F(R).

Conversely if [a®,b%], 0 < a < 1, are the a-level sets of a fuzzy number
n € F(R), then the conditions (a),(b) and (c) are satisfied.

Definition 5. (Kaleva and Seikkala [10]) Let 7,7 € F(R) and [n]o, =
5,121 Ve = Vo728, for all @ € (0,1]. Define a partial ordering by
n < v if and only if 5, < v, and nf < ~F, for all & € (0,1]. Strict
inequality in F'(R) is defined by n < « if and only if n, <~ and n} < ~7,
for all a € (0, 1].

Lemma 3. Let n € F(R). Then n € F*(R) if and only if 0 < 7.

Definition 6. (Felbin [5]) Let X be a vector space over R. Assume the
mappings L, R : [0,1] x [0,1] — [0,1] are symmetric and non-decreasing
in both arguments, and that L(0,0) =0 and R(1,1) = 1. Let [|.][ : X —
F*(R). The quadruple (X, |.||, L, R) is called a fuzzy normed linear space
with the fuzzy norm ||.||, if the following conditions are satisfied:
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Fy) if h inf o
1) ifz#0t en0<12§|]a:Ha > 0,

(F1)

(Fy) ||z]| = 0 if and only if z = 0,

(F3) ||lrx| = |7|||z|| for z € X and r € R,

(Fy) for all z,y € X,

(FuL)|lz +yll(s +t) > L(l|l=[|(s), [lyll(t)) whenever s < |[z[|, t < |y||; and
s+t<|z+yl,

(FuR) |z +yll(s+1t) < R(||z[|(s), [|yl[(t)) whenever s > ||lz|[{, ¢t > [ly||; and
s+t>llz+yl;-

We assume that
(F5) for any sequence {ay} in (0, 1] such that oy ~\, « € (0, 1] implies that
lzllt, Azl for all z € X.

Lemma 4. (Xiao and Zhu [12]) Let (X, ||.||, L, R) be a fuzzy normed linear
space.

(1)If L < min, then (FyL) holds whenever ||z +yll;, < |z|; + llyll5 for all
a€ (0,1] and z,y € X.

(2)If L > min, then ||z+y||y < |z|5 + |yl for alla € (0,1] and z,y € X
whenever (FyL) holds.

(3)If R > max, then (F4R) holds whenever |z + y||Z < ||lz|lZ + |yllZ for
all a € (0,1] and z,y € X.

(4)If R < max, then ||z+y||L < ||z[|f +|ly|d for alla € (0,1] and z,y € X
whenever (F4R) holds.

In what follows L(s,t) = min(s,t) and R(s,t) = max(s,t) for all s,¢ €
[0,1]. We write (X, ||.|]|) or simply X when L and R are as above.
The following result is an analogue of the usual triangle inequality.

Theorem 1. In a fuzzy normed linear space (X, ||.||), the condition (Fy) is
equivalent to
lz +yll < Izl + [lyll-

Proof. The proof is a consequence of Lemmas 4. O

Definition 7. (Bag and Samanta [1]) Let X be a linear space over R (real
number). Let N be a fuzzy subset of X x R such that for all z,u € X and
celR

(N1) N(z,t) =0for all t <0,

(N2 ):L‘—OlfandonlylfN(a: t) =1 for all t > 0,

(N3) If ¢ # 0 then N(cz,t) = N(x,t/|c|) for all t € R,

(N4) N(z +wu,s+t) > min{N(x,s), N(u,t)} for all s,t € R,

(N5) N(z,.) is a nondecreasing function of R and lim; o, N(z,t) = 1.
Then N is called a fuzzy norm on X.
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Definition 8. (Bag and Samanta [1]) Let X be a linear space over R (real
number). Let N* be A fuzzy subset of X x R such that for all x,u € X
and ce R

(N*1) N*(z,t) =1 for all t <0,

(N*2) =0 if and only if N*(x,t) =0 for all ¢ > 0,

(N*3) If ¢ # 0 then N*(cx,t) = N*(x,t/|c|) for all ¢t € R,

(N*4) N*(z + u,s + t) < maz{N*(z,s), N*(u,t)} for all s,t € R,
(N*5) N*(z,.) is a nonincreasing function of R and lim; oo N*(z,t) = 0.
Then N* is called a fuzzy antinorm on X.

Definition 9. Let X be a linear space over R. Let N be a fuzzy norm on
X and N* be A fuzzy antinorm on X. The (X, N, N*) will be referred to
as a fuzzy normed linear space.

We assume that
(N6) N(x,t) >0 for all ¢ > 0 implies x = 0,
(N*6) N*(z,t) < 1 for all ¢ > 0 implies z = 0,
(NT7) For z # 0, N(z,.) is a continuous function of R and strictly increasing
on the subset {t:0 < N(xz,t) <1} of R,
(N*7) For x # 0, N*(z,.) is a continuous function of R and strictly de-
creasing on the subset {¢t : 0 < N*(z,t) < 1} of R.

Theorem 2. (Bag and Samanta [1]) Let N be a fuzzy norm on a linear
space X satisfying (N6). Define ||z||, = inf{t : N(x,t) > «}. Then
{||-]la : @ € (0,1)} is an ascending family of norms on X. We call these
norms as a—norm on X corresponding to the norm N on X.

Theorem 3. (Bag and Samanta [1]) Let N* be a fuzzy antinorm on a
linear space X satisfying (N*6). Define ||z||5, = inf{t > 0: N*(x,t) < a}.
Then {||.|| : @ € (0,1)} is an decreasing family of norms on X.

Theorem 4. (Bag and Samanta [1]) Let (X, ||.]|) be a fuzzy normed linear
space and [||z|]]a = [||z|l5, |z]|t], for all « € (0,1]. Let N and N* be two
functions on X x R defined by

_ Josup{a € (0,1] : |lzlly <t}, (z,t) # (0,0),
Nat) = { ’ 0, (z,t) = (0,0),

and

o [ iffa e (0,1): 2 <t (5,0) # (0,0),
N*(z,t) = { 1, (z,t) = (0,0).
Then N is a fuzzy norm, N* is a fuzzy antinorm and they satisfy the
following conditions:
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(i) N satisfies (N6) condition,

(i) N* satisfies (N*6) condition,

(i1i) for each x # 0, there is 14 > 0 such that N(x,t) =1 for allt > ry,
(iv) for each x # 0, there is ty > 0 such that N(z,t;) =0,

(v) if N*(x,t) <1, then limg\ 4 N(x,t) = 1.

Theorem 5. (Bag and Samanta [1]) Let (X,N,N*) be a fuzzy normed
linear space such that N, N* satisfying in conditions ((i)-(v)) of Theorem
4. Define

llz||5 = inf{t > 0: N*(z,t) < a},
and

|z|lo = inf{t > 0: N(z,t) > a}.
Then there is a fuzzy norm ||.|| on X such that [||z]|]a = [||z]la, ||2]|%] for
all a € (0,1] and z € X.

Theorem 6. (Bag and Samanta [1]) Let (X, ||.]|) be a fuzzy normed linear
space such that ||.|| satisfies in the condition (F'5), N and N* be two func-
tions on X x R defined in Theorem /, and |.||" be the fuzzy norm defined
in Theorem 5. Then ||.|| = ||.]".

Definition 10. (Xiao and Zhu [12]) Let (X, |.||) be a fuzzy normed linear
space.

i) A sequence {x,} C X is said to be convergent to x € X ( lim z, = z),
n—oo

if 1i_>m |z — 2|t =0, for all a € (0, 1].
ii) A sequence {z,} C X is called Cauchy, if liILl |zn — zml|f = 0, for
all a € (0,1].

Definition 11. (Bag and Samanta [1]) Let (X, N, N*) be a fuzzy normed
linear space.

i) A sequence {z,} C X is said to be convergent to z € X ( lim z, = z),
n—oo

if lim N(z, —z,t) =1and lim N*(x, —x,t) =0, for all ¢ > 0.
n—oo n—oo
ii) A sequence {z,} C X is called Cauchy, if lim N(x, —zy,t) =1 and
n,Mm—00
lim N*(z, — xpm,t) =0, for all £ > 0.

n,Mm—00
Definition 12. (Xiao and Zhu [12]) Let (X, ||.||) be a fuzzy normed linear

space. A subset A of X is said to be complete, if every Cauchy sequence
in A converges in A.

Definition 13. (Xiao and Zhu [12]) Let (X, ||.||) and (Y, ]|.|)) be fuzzy
normed linear spaces. A function ¢ : X — Y is said to be continuous at
z € X, if lim ¢(z,) = ¢(x) whenever {z,} C X and lim z, = x.

n—o0 n—oo
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3 Some properties of fuzzy norm of linear opera-
tors

Definition 14. Let (X, |.||) and (Y, ||.]]) be fuzzy normed linear spaces.
Furthermore, let T': X — Y be a linear operator. The operator T is said
to be strongly fuzzy bounded, if there is a real number M > 0 such that

|Tz| < M|z||, for all z € X.

Definition 15. (Hasankhani, Saheli and Nazari [7]) Let (X, ||.]|) and (Y, ||]|)
be fuzzy normed linear spaces. Furthermore, let T': X — Y be a linear
operator. The operator T is said to be fuzzy bounded, if there is a fuzzy
real number 7 such that

|Tz| < nllz||, forall z € X.

The set of all fuzzy bounded linear operators, 7' : X — Y, is denoted by
B(X,Y).

Definition 16. (Hasankhani, Saheli and Nazari [7]) Let (X, |.]]), (Y, [l-I)
be fuzzy normed linear spaces and T : X — Y a fuzzy bounded linear
operator. We define ||T'|| by,

7N = [EUP sup || Tz| 5, inf{ng : ||Tz| <nlz|}], for all a € (0,1].
<a o5 <1

Then ||T|| is called the fuzzy norm of the operator 7.

Notation 1. We write ||T||, = supg., SUP )5 <1 |Tz]|; and

T3 = inf{nd : [Tz < nllzll}, ie [ITlla = [T, ITIZ], for all a €
(0,1].

Theorem 7. (Hasankhani, Saheli and Nazari [7]) The vector space B(X,Y')
equipped with the norm defined in Definition 16 is a fuzzy normed linear
space.

Lemma 5. (Hasankhani, Saheli and Nazari [7]) Let T : X — Y be a
fuzzy bounded linear operator and (X, ||.||), (Y, ||.|l) be fuzzy normed linear
spaces. Then | Tx|| < ||T||||z], for all x € X.

Theorem 8. (Hasankhani, Saheli and Nazari [7]) Let T : X — Y be a
fuzzy bounded linear operator and (X, ||.|]), (Y,||.||) be fuzzy normed linear
spaces. Then ||T|| <n whenever | Tz| < n|z| (n€ F(R)).
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Theorem 9. (Hasankhani, Saheli and Nazari [7]) Let (Y, ||.||) be a complete
fuzzy normed linear space and (X, ||.||) be a fuzzy normed linear space. Then
B(X,Y) is complete fuzzy normed linear space.

Theorem 10. (Hasankhani, Saheli and Nazari [7]) Let (X, |.]|) be a finite
dimensional fuzzy normed linear space. Then every linear operator on X
18 fuzzy bounded.

Definition 17. Let (X, N,N*) and (Y, N,N*) be fuzzy normed linear
spaces. Furthermore, let T' : X — Y be a linear operator. The op-
erator T is said to be strongly fuzzy bounded, if there is a real number
M > 0 such that

N(Tz,t) > N(z,t/M) and N*(Tz,t) < N*(z,t/M),
forall z € X and all t € R.

Definition 18. Let (X, N,N*) and (Y, N,N*) be fuzzy normed linear
spaces. Furthermore, let T': X — Y be a linear operator. The oper-
ator T is said to be weakly fuzzy bounded, if there is a fuzzy real number
n > 0 such that

N(x,t) > « implies that N(Tz,n,t) a and

>
N*(x,t) < «a implies that N*(Tx,nit) <

a?
forall z € X, t € R and all « € (0,1).

Definition 19. Let (X, N,N*) and (Y, N,N*) be fuzzy normed linear
spaces. Furthermore, let T': X — Y be a linear operator. The operator T’
is said to be fuzzy continuous at zo € X, if for given (e, ) € (0,00) x (0,1)
there is (9, 8) € (0,00) x (0, 1) such that
N(x — xo,d0) > [ implies that N(Tx — Txg,€) > « and
N*(x — x9,0) < (8 implies that N*(T'z — T'zg,¢€) < «,

for all x € X. T is said fuzzy continuous on X if T be fuzzy continuous at
each point of X.

Definition 20. Let (X, N,N*) and (Y, N,N*) be fuzzy normed linear
spaces. Furthermore, let T': X — Y be a linear operator. The oper-
ator T is said to be strongly fuzzy continuous at xg € X, if for each € > 0
there is a real number § > 0 such that

N(Tx — Txg,e) > N(x — x0,9) and N*(Tx — Txg,e) < N*(z — x0,9),

for all x € X. T is said strongly fuzzy continuous on X if T be strongly
fuzzy continuous at each point of X.
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Definition 21. Let (X, N,N*) and (Y, N, N*) be fuzzy normed linear
spaces. Furthermore, let T': X — Y be a linear operator. The oper-
ator T is said to be weakly fuzzy continuous at x¢ € X, if for given € > 0
there is a fuzzy real number § > 0 such that

N(z — x0,0}) > « implies that N (Tx — Tz, €)
N*(z — 20,0, ) < o« implies that N*(Tx — Tz, €)

> o and
<«

for all z € X and all « € (0,1).
T is said weakly fuzzy continuous on X if T' be weakly fuzzy continuous at
each point of X.

Definition 22. Let (X, N,N*) and (Y, N, N*) be fuzzy normed linear
spaces. Furthermore, let T': X — Y be a linear operator. The oper-
ator T is said to be sequentially fuzzy continuous at zo € X, if for any
sequence {z,} C X with z,, — z¢ implies Tz, — Txo.

T is said sequentially fuzzy continuous on X if T" be sequentially fuzzy
continuous at each point of X.

Theorem 11. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces.
Furthermore, let T : X — Y be a strongly fuzzy continuous linear opera-
tor. Then T is sequentially continuous.

Proof. Proof is similar to proof Theorem 3.1 in [4]. O

Theorem 12. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces.
Furthermore, let T : X —'Y be a linear operator. Then T is sequentially
fuzzy continuous if and only if it is fuzzy continuous.

Proof. Let T be a fuzzy continuous at zy € X. Suppose that {x,} is a
sequence in X such that xz, — xg. Let ¢ > 0 be given. assume that
a € (0,1). Since T is fuzzy continuous at x(, there are 6 > 0 and § € (0,1)
such that for all z € X

N(x — x0,0) > [ implies that N(Tx — T'zg,€) > « and
N*(x — z¢,0) < [ implies that N*(Tx — Tz, €) < a.

Since z,, — xg, there is a positive integer N such that
N(xy, — x9,0) > and N*(z, — x9,0) < § for all n. > N.
Then

N(Txy, — Txg,€) > a and N*(Tx,, — Txp,€) < o for all n > N.
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Hence

lim N(Tz, —Txzp,e) =1 and lim N*(Tz, — Tzp,€) = 0.

n—oo n—oo

Thus T is sequentially fuzzy continuous.

Conversely, let T be a sequentially fuzzy continuous at xy € X. Suppose
that 7" is not fuzzy continuous at zp. Hence there is (¢, ) € (0,00) x (0,1)
such that for any (4, 8) € (0,00) x (0, 1), there exists y € X such that

N(y — x9,0) > S but N(Ty—Txp,e) <« or
N*(y — x0,9) < B but N*(Ty — Txg,€) > a.

Thus for 8 =1—(1/n+1) and § = 1/n + 1, there is y, € X such that

N(yn — x9,0) > B but N(Ty, — Txp,€e) < a or
N*(yn — x9,d) < B but N*(Ty, — Txg,€) > a.

So there is subsequence {yy, } such that N(Ty,, — Tzo,e) < «a, for all
k>1, or N*(Tyn, —Txo,€) > «, for all k> 1. Hence

lim N(Typn, —Tzo,€) # 1 or lim N*(Tyy, —Txzo,€) # 0.
k—o0 k—o0

Since y,, — x it follows that y,, — xg, which is contradiction. Thus T’
is fuzzy continuous at . O

Theorem 13. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces.
Furthermore, let T : X — Y be a linear operator. Then T is strongly fuzzy
continuous if and only if it is strongly fuzzy bounded.

Proof. Proof is similar to proof of Theorem 3.5. in [] O

Theorem 14. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces.
Furthermore, let T : X — 'Y be a linear operator. Then T is weakly fuzzy
continuous if and only if it is weakly fuzzy bounded.

Proof. Let T be weakly fuzzy bounded. Then there is a fuzzy real number
1 > 0 such that

N(x,t) > « implies that N(T'z,n,t) a and

>
N*(x,t) < « implies that N*(Tx,nlt) <

«,

forall z € X, t € R and all a € (0,1).
Let € > 0 be given. Suppose that § = ¢/n. Assume that N(z —z0,0}) > a,
hence N(Tx — T'zg,€) > a. And let N*(z — x0,0,) < «, thus N*(T'z —
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Tzp,¢) < a.

So T' is weakly fuzzy continuous.

Conversely, let T' be weakly fuzzy continuous. For € = 1 there is a fuzzy
real number § > 0 such that

N(z,8F) > a implies that N(Tz,e¢)
N*(z,d,) < a implies that N*(T'z,¢)

> « and
<

«,

for all z € X and all a € (0,1).

Let n = 1/6. Assume that N(x,t) > « then N(6Zz/t,6%) > a. So
N((6f/t)Tz,1) > a. Hence N(Tx,n;t) > .

Suppose that N*(z,t) < «a, then N*(6jx/t,0,) < «. Hence
N*((6;5 /) Tx,1) < a. So N*(Tx,ntt) < a. O

4 Comparative study between fuzzy norm of lin-
ear operators

Theorem 15. Let N be a fuzzy norm and N* be a fuzzy antinorm on
a linear space X satisfying (NT7), (N*7) and the conditions ((i)-(v)) of
Theorem 4 and let ||.| be a fuzzy norm defined in Theorem 5. Define two
functions N’ and N™ from X xR to [0,1] by

N'(z,t) :{ sup{a € (0,1] : [lz]lg <t} (x,%) # (0,0)

0 s (:U,t) = (070)7

and
" inf{a € (0,1] : lzI¥ <t} , (2,t) #(0,0)
N (“"’t)_{ 1 . (z,t) = (0,0)

Then N = N’ and N* = N'*.
Proof. By Theorem 5, we have
|z||, = inf{t >0: N(x,t) > a}.

Let (x,t) # (0,0). For € > 0 there exists 8 € (0, 1] such that N'(z,t)—e < 8
and ||z[|; <. Hence

inf{s >0: N(x,s) >} <t

Then there is t < s, < ¢t + 1/n such that N(z,s,) > 5. As n — oo, thus
N(z,t) > . So N'(x,t) —e < 8 < N(x,t). Hence N'(z,t) < N(z,t).
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Let N(z,t) = «, this implies that ||z|; < t. So N'(z,t) > «, hence
N(z,t) < N'(x,t). Thus N = N’
Similarly, by Theorem 5, we have

|z||f = inf{t > 0: N*(x,t) < a}.

Let (x,t) # (0,0). For € > 0 there exists 8 € (0, 1] such that N"™*(z,t) +€ >
B and ||a:|]; < t. Hence

inf{s >0: N*(z,s) < 8} <t.

Then there is t < s, < t+ 1/n such that N*(x,s,) < 5. As n — oo, thus
N*(x,t) < . So N™*(x,t) + € > 3> N*(z,t). Hence N™*(x,t) > N*(x,t).
Let N*(z,t) = o < 8 < 1 this implies that HxHE < t. So N™*(z,t) < B,
thus N™*(x,t) < a. Hence N*(x,t) > N™*(x,t). So N* = N"*. O

Theorem 16. Let N* be a fuzzy antinorm on linear space X satisfying
(N*7) and
l|z||%, = inf{t >0: N*(z,t) < a}.

Furthermore, let ay,,a € (0,1) and ay \ . Then ||z||}, 7 ||z

Proof. We have a < oy, hence [|z[]}, < [lz[]}. Then lim, . |z}, <
G- If

i fells, < k< 2l
then [[z]|;, < k, for all n € N. So N*(x,k) < ay, for all n € N. As
n — 00, we obtain that N*(z, k) < a.
case 1: N*(z,k) < a, hence ||z|* < k. This is contradiction.
case 2: N*(z,k) = a. Since N*(z,.) is strictly decreasing on the subset
{t:0 < N*(x,t) < 1} of R, there is M > 0 such that 0 < N*(z,k + M) <
N*(z,k) = a. Then ||z||}, < k+e€forall 0 < e < M. Hence ||z||¥ < k. This
is contradiction. Thus

im_ e, = 2l

O]

Theorem 17. Let (X,|.||), (Y,|.|l) be fuzzy normed linear spaces and
T : (X, |I.) — (Y.) a strongly fuzzy bounded linear operator. Fur-
thermore, let (X, N, N*) and (Y, N,N*) be fuzzy normed linear spaces de-
fined in Theorem J. Then T : (X, N,N*) — (Y, N, N*) is strongly fuzzy
bounded.
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Proof. Let T : (X,|.]) — (Y,||.]l) is a strongly fuzzy bounded linear
operator. Then there exists a real number M > 0 such that

|Tx|| < M|z, for all z € X.
Let (x,t) # (0,0). We have

N(Tz,t) = sup{a € (0,1] : [|[Tz||, <t}
> sup{a € (0,1] : [lz|l, <t/M}
= N(z,t/M).

Let (z,t) = (0,0) then N(Tx,t) =0 = N(x,t). Hence
N(Tz,t) > N(z,t/M) for all z € X and all ¢ € R.
Let (x,t) # (0,0). We have

N*(Tx,t) = inf{a € (0,1]:||Tz|f <t}
< inf{a € (0,1]: ||z||f <t/M}
= N*(z,t/M).

Let (x,t) = (0,0) then N*(Tx,t) =1 = N*(x,t). Hence
N*(Tz,t) < N*(x,t/M) for all z € X and all ¢t € R.
SoT:(X,N,N*) — (Y, N, N*) is strongly fuzzy bounded. O

Theorem 18. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces
such that N and N* satisfying conditions ((i)-(v)) of Theorem j and T :
(X,N,N*) — (Y, N, N*) a strongly fuzzy bounded linear operator. Fur-
thermore, let (X, |.||) and (Y, ||.||) be fuzzy normed linear spaces defined in
Theorem 5. Then T : (X, |.||) — (Y, ||.]|) is strongly fuzzy bounded.

Proof. We have
|lz||, = inf{t >0: N(x,t) > a},
and
|Tx|, =inf{t > 0: N(Tz,t) > a}.

Hence for € > 0 there exists to > 0 such that N (z,tp) > a and ||z||; +€ > to.
Since T': (X, N, N*) — (Y, N, N*) is strongly fuzzy bounded, we have

N(Txz, Mty) > N(z,ty) > a.



230 M. Saheli

So || Tx|, < Mty, thus [|[Tz|, < M|z, .
Now we have

lz||t =inf{t > 0: N*(z,t) < o},
and
|Tx||f = inf{t > 0: N*(Tx,t) < a}.

Hence for € > 0 there exists t; > 0 such that N*(x,%;) < o and ||z||; +€ >
ti. Since T': (X, N, N*) — (Y, N, N*) is strongly fuzzy bounded, we have

N*(Txz,Mt1) < N*(z,t1) < a.

So ||Tx||, < Mty, thus [|Tz||] < Ml
Hence T': (X, ].||) — (Y, ||.|) is strongly fuzzy bounded. O

Theorem 19. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces
such that N and N* satisfying (N*7) and conditions ((i)-(v)) of Theorem
4. Suppose that T : (X, N,N*) — (Y, N,N*) is a weakly fuzzy bounded
linear operator. Furthermore, let (X, |.|]]) and (Y,|.||) be fuzzy normed
linear spaces defined in Theorem 5. Then T : (X, ||.||) — (Y, ||.|) is fuzzy
bounded.

Proof. Let 8 € (0,1) and z € X. Since operator T is weakly fuzzy bounded,
there is a fuzzy real number 1 > 0 such that

N(xz,t) > « implies that N(T'z,n,t) a and

>
N*(z,t) < o implies that N*(Tx,nlt) <

«,

forall z € X, t € R and all a € (0,1).
If N(z,t) > B then N(Tz,n,t) = B. So [|[Tz|; <nyt. Hence

1Ty < ngll=lls-

If N*(z,t) < B then N*(Tz,ntt) < B. So there exists 3,, € (0, 1] such that
Bn < B+ 1/n and ||T:17||En < ngt, this implies that HT:L‘||;5L < 17;525. Hence

ITz5 < ng ]l
Thus
ITz|| < n|x|, forall x € X.

Then T : (X, ||.||) — (Y, ]|.]|) is fuzzy bounded. O
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Theorem 20. Let (X, ||.||) and (Y,||.||) be fuzzy normed linear spaces such
that ||.|| satisfying (F5) and T : (X, |.]]) — (Y, |.]|) @ fuzzy bounded lin-
ear operator. Furthermore, let (X, N,N*) and (Y,N,N*) be fuzzy normed
linear spaces defined in Theorem j. Then T : (X, N,N*) — (Y, N, N*) is
weakly fuzzy bounded.

Proof. T : (X,|.|l) — (Y, ||.]|) is a fuzzy bounded linear operator. Then
there exists a fuzzy real number 1 > 0 such that

ITz|| < nllz|, for all z € X.

Let a € (0,1) and N(z,t) > a. Then |z||, < t, so n,||z|l; < n,t and
hence ||Tz||, < n,t. Thus N(Tx,n,t) > .

Let N*(z,t/nt) < a. Then there is 3, € (0,1] such that 8, < a+1/n and
(I3, < t/nd, sondlz]d <t and hence || Ta[|f <t.

Thus N*(Tz,t) < a. So T : (X,N,N*) — (Y,N,N*) is weakly fuzzy
bounded. O

Theorem 21. Let (X, N,N*) and (Y, N, N*) be fuzzy normed linear spaces
such that N and N* satisfying (N*7), (N7) and conditions ((i)-(v)) of
Theorem /. Suppose that X is a finite dimensional vector space. Then
T:(X,N,N*) — (Y,N,N*) is a weakly fuzzy bounded linear operator.

Proof. Let (X, |.]|) and (Y,].||) be fuzzy normed linear spaces defined in
Theorem 5. Then by Theorem 10, T : (X,|[.|]) — (Y.].]]) is fuzzy
bounded. By Theorem 16, fuzzy normed linear spaces X and Y satisfy
in condition (F'5).

Let (X, N’,N™*) and (Y, N’, N™*) be fuzzy normed linear spaces defined in
Theorem 4. Then by Theorem 20, T : (X,N',N™*) — (Y,N',N™) is
weakly fuzzy bounded.

By Theorem 15, N = N’ and N* = N*. Hence T : (X,N,N*) —
(Y, N, N*) is weakly fuzzy bounded. O

Theorem 22. Let (X, N,N*) and (Y, N, N*) be fuzzy normed linear spaces
such that N and N* satisfying (N*7), (N7) and conditions ((i)-(v)) of
Theorem 4. Furthermore, let

By(X,)Y)={T: X — Y : T is a weakly fuzzy bounded linear operator}.

Then there are fuzzy norm N and fuzzy antinorm N* on By(X,Y).

Proof. Let T € BNy (X,Y) that is T : (X, N,N*) — (Y, N, N*) is a weakly
fuzzy bounded linear operator. Suppose that (X, |.||) and (Y, ||.]|) be fuzzy
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normed linear spaces defined in Theorem 5. Then by Theorem 10, T :
(X, ].]) — (Y, ]].]]) is fuzzy bounded.

Let ||.|| be a fuzzy norm defined in Definition 16, on B(X,Y’). Hence there
are fuzzy norm N and fuzzy antinorm N* on By (X,Y') defined by

_ [ supf{a€(0,1]: Tz <t} , (T,t)#(0,0)
NW)_{ 0 , (T,t) = (0,0),

and

« _f inflae (0,1]: [|TE <t} , (T,t) #(0,0)
N (T’t)—{ ! - (2, = (0,0).

Theorem 23. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces.
Then Bn(X,Y) is a linear space.

Proof. Proof is similar to Theorem 5.1. in [1]. O

Theorem 24. Let (X, N,N*) be a fuzzy normed linear space such that
N, N* satisfying in conditions ((i)-(v)) of Theorem j. And Suppose that
{z,} C X is a sequence converges to x in fuzzy normed linear space
(X, N,N*). Furthermore, let (X,|.||) be fuzzy normed linear spaces de-
fined in Theorem 5. Then {x,,} converges to x in fuzzy normed linear space
(X, 1.0).

Proof. Let sequence {z,} C X converges to x in fuzzy normed linear space
(X,N,N*). Then lim N(z, —z,t) =1and lim N*(z, —z,t) =0, for all
n—oo n—oo

t>0.

If , - x in fuzzy normed linear space (X, |.||), then there is o € (0, 1]
such that ||z, — x|/t - 0. Hence there exist € > 0 and subsequence {z, }
such that ||z, — x|} > € for all £ > 0.

Let 0 < typ < e. We have lim N*(zy, — x,tg) = 0. Then there is n,, > 0

n—oo
such that N*(z,,, —z,t9) < a. So ||zn,, —z||f < to < e. It is contradiction.
Thus z,, — x in fuzzy normed linear space (X, ||.||). O

Theorem 25. Let (X,||.||) be a fuzzy normed linear space and suppose
that {zn,} C X is a sequence converges to x in fuzzy normed linear space
(X, I.l). Furthermore, let (X, N,N*) be a fuzzy normed linear spaces de-
fined in Theorem J. Then {x,} converges to x in fuzzy normed linear space
(X,N,N™).
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Proof. Let sequence {z,} C X converges to x in fuzzy normed linear space
(X, ]Il Then ||z, — x|t — 0 for all a € (0,1].

Let t > 0 and € > 0 be given. Suppose that oy = min{l,¢/2}. We have
|zn — ||, — 0. Hence there is N > 0 such that ||z, —z||f, <t foralln >
N. Then N*(z, —x,t) < apg < € for all n > N. So nli_{goN*(xn —x,t) =0.
Let t > 0, and let € > 0 be given. Suppose that ag =1 —¢/2. If ap < 0,
then a9 < N(xy, — x,t) for all n > 0. Hence 1 —¢/2 < N(x,, — z,t) for all
n>0.50<1-—N(z, —x,t) <e/2<eforaln>0.

If ap > 0, we have ||z, — z|5, — 0. Hence there is N > 0 such that
|zn — xl|5, < tforalln > N. Then N(z, —x,t) > ag = 1 — ¢/2 for
alm > N. So0 < 1— N(zp, —x,t) < €/2 < € for all n > N. Thus
lim N(z, —z,t) = 1.

n— oo

Hence z,, — x in fuzzy normed linear space (X, N, N*). O

Theorem 26. Let (X, N, N*) and (Y, N, N*) be fuzzy normed linear spaces
such that N and N* satisfying (N*7), (N7) and conditions ((i)-(v)) of The-
orem /, and (Y, N, N*) a complete fuzzy normed linear space. Furthermore,
let (BN(X,Y),N,N*) be a fuzzy normed linear spaces defined in Theorem
22. Then (By(X,Y), N, N*) is a complete fuzzy normed linear space.

Proof. Suppose that (X, |.||) and (Y,].]]) be fuzzy normed linear spaces
defined in Theorem 5. Let T € By(X,Y) that is T : (X,N,N*) —
(Y,N,N*) is a weakly fuzzy bounded linear operator. Then by Theorem
10, T : (X, ]|.|) — (Y, ||-|) is fuzzy bounded. Hence B(X,Y) 2 By(X,Y).
Let (X, N, N™), (Y, N', N'*) be fuzzy normed linear spaces defined in The-
orem 4. Suppose that T € B(X,Y), then by Theorem 20, T": (X, N', N*) —
(Y, N', N"™*) is weakly fuzzy bounded.

By Theorem 15, N = N’ and N* = N"™. Hence T : (X,N,N*) —
(Y, N, N*) is weakly fuzzy bounded, so T' € By(X,Y). Thus B(X,Y) =
By(X,Y).

(Y,N,N*) is a complete fuzzy normed linear space, then by Theorem
24, (Y,].]]) is a complete fuzzy normed linear space. By Theorem 9,
(B(X,Y),|l.]l) is a complete fuzzy normed linear space. Then By Theo-
rem 25, (By(X,Y), N, N*) is a complete fuzzy normed linear space. O
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