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ABSTRACT. In an earlier paper [2], the concept of fuzzy cone metric
space is introduced and establish some fixed point theorems in such space.
In this paper, it is shown that every regular fuzzy cone is normal but not
conversely . There are no fuzzy normal cones with normal constant M < 1.
Some fixed point theorems are established in fuzzy cone metric spaces
by omitting the assumption of normality and each fixed point theorem is
justified by counter example.
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1. INTRODUCTION

Different types of generalized metric spaces and Banach spaces and fixed point
results in such spaces are introduced by different authors, for references please see
[1, 4, , 9,12, 13, 14, 15]. Cone metric space is one such generalized metric space
introduced by H.Long-Guang et al. [3]. In this generalized metric space, authors
replaced the real numbers by an ordering Banach space as the range set of the cone
metric. They established some fixed point theorems in such space assuming nor-
mality condition. Sh. Rezapour et al. [11] established some important basic results
in cone metric space. They proved that every regular cone is normal but not con-
versely. There are no normal cones with normal constant M < 1. They established
some fixed point results by omitting the assumption of normality in some results in
8.

Following the concept of cone metric space introduced by H.Long-Guang et al [8],
the idea of fuzzy cone metric space is introduced by the present author in [2] and
proved some fixed point theorems in such space. In this paper, following the results
of Sh. Rezapour et al.[11], it is shown that every regular fuzzy cone is normal fuzzy
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cone but not conversely and there are no fuzzy normal cone with normal constant
M < 1. Finally some fixed point theorems are established by omitting the assump-
tion of normality condition in some fixed point results in [2].

The organization of the paper is as follows:
Section 1, comprises some preliminary results which are used in this paper.
Some basic results of fuzzy cone metric spaces are studied in Section 2. In section
3, some fixed point theorems for contractive mappings are established.

2. PRELIMINARIES

A fuzzy real number is a mapping x: R — [0, 1] over the set R of all reals.
A fuzzy real number z is convex if z(t) > min (x(s) , x(r)) where s < t <.
a-level set of a fuzzy real number z is defined by {t € R : x(t) > a} where a € (0, 1].
If there exists a tp € R such that z(ty) = 1, then z is called normal. For
0 < a <1, a-level set of an upper semi continuous convex normal fuzzy real
number 7n(denoted by [n],) is a closed interval [as , bo], where a, = —oo and
b, = 400 are admissible. When a, = —oo, for instance, then [a, , b,] means the
interval (—oo , b,]. Similar is the case when b, = +oc.
A fuzzy real number z is called non-negative if z(t) =0, Vt < 0.
Each real number r is considered as a fuzzy real number denoted by 7 and defined
by
Ft)=1ift=rand 7(t) =0if t #r.
Kaleva [7] ( Felbin [5] ) denoted the set of all convex, normal, upper semicontinuous
fuzzy real numbers by E ( R(I)) and the set of all non-negative, convex, normal,
upper semicontinuous fuzzy real numbers by G(R*(I)).

A partial ordering ” < ” in E is defined by n =< § if and only if ¢}, < a? and

by, < b2 foralla € (0, 1] where [n]o = [al , bi] and [§], = [aZ , b2]. The
strict inequality in E is defined by n < 4 if and only if al, < a2 and b, < b2 for each
a €(0, 1]

According to Mizumoto and Tanaka [10], the arithmetic operations @, & ,® on

FE x FE are defined by
(x Dy)(t) = Supsermin {z(s), y(t—s)}, tER
(xoy)(t) = Supsepmin {z(s), y(s—1t)}, t€R
(zOY)(t) = Supserszomin {z(s) , y()}, tER

Proposition 2.1 ([10]). Let n,6 € E(R(I)) and [n]a = [al,bl], [0]a = [a2,b?2],
a € (0,1]. Then

[ @D dla = lag +a , by + 2]

n © 0o = lag — b3 , by — ai]

[ © dla = lagas , bob7]

Definition 2.2 ([7]). A sequence {7, } in E is said to be convergent and converges to
1 denoted by lim 7, =nif lim a], = a, and lim b), = b, where [n,], = [aZ,b]]
and [n]q = [@a,ba) Ya € (0,1].

Note 2.3 ([7]). If 5, § € G(R*(I)) then n & € G(R*(I)).
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Note 2.4 ([7]). For any scalar t, the fuzzy real number ¢ is defined as tn(s) = 0 if
t=0 otherwise tn(s) = n($).

Definition of fuzzy norm on a linear space as introduced by C. Felbin is given
below:

Definition 2.5 ([5]). Let X be a vector space over R.
Let || || : X — R*(I) and let the mappings
LU :[0, 1] x[0, 1] — [0, 1] be symmetric, nondecreasing in both arguments
and satisfy
LO,0)=0andU(1, 1)= 1.
Write
lz|la = [l=]|L , l|z]2] for 2 € X, 0 <« <1 and suppose for all z € X, x # 0,
there exists cy € (0, 1] independent of x such that for all &« < «p,
(A) [l2lZ < oo
(B) infl|z||L > 0.
The quadruple (X , || ||, L, U) is called a fuzzy normed linear space and || || is
a fuzzy norm if
(i) [|z]] = Oifand only ifz = 0;
(i)llrall = Irlllzll, v € X, r € R
(iii) for all z,y € X,
(a) whenever s < |[z[1, ¢ < |lyll} and s+¢ < [l + [},
|z +yll(s +1) = L([|=[l(s) , llylI(t)),
(b) whenever s > ||z|[i, t > ||y||} and s+t > ||z + y||},
e+ ylls+) < UQlall(s) , loll(®)

Remark 2.6. Felbin proved that,
if L = A(Min) and U = \/(Max) then the triangle inequality (iii) in the Definition
1.1 is equivalent to

|z +yll < |lzl] Dlyll-
Further || ||%; ¢ = 1,2 are crisp norms on X for each a € (0, 1].

Definition 2.7 ([2]). Let (E,|| ||) be a fuzzy real Banach space where || || : E —
R*(I).
Denote the range of || || by E*(I). Thus E*(I) C R*(I).

Definition 2.8 ([2]). A member n € A C R*(I) is said to be an interior point if
3r > 0 such that

S(n,r)={6€ R*(I) :n6d <7} CA.

Set of all interior points of A is called interior of A.

Definition 2.9 ([2]). A subset of F of E*(I) is said to be fuzzy closed if for any
sequence {n,} such that lim 7, = n implies n € F.

Definition 2.10 ([2]). A subset P of E*(I) is called a fuzzy cone if
(i) P is fuzzy closed, nonempty and P # {0};
(i) a,bE€ R, a,b>0, 1,6 EP = and b € P.

Note 2.11. If € Pthen 6ne P = n=0.

For, suppose [n]a = [0} , 73], a € (0,1].
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Since n € P C E*(I), we have 0}, n2 > 0 Va € (0,1].
Now [On]a = [-n2 , —nal, @€ (0,1].

If n # 0, then %, n2 >0 Va € (0,1].

ie. —n2 < —nl <0Vae (0,1].

This implies that ©n does not belong to P. Hence n = 0.

Given a fuzzy cone P C E*(I), define a partial ordering < with respect to P by
n<{§iff §&n € P and n < § indicates that n < § but 5 # ¢ while n << ¢ will stand
for § © 1 €IntP where IntP denotes the interior of P.

The fuzzy cone P is called normal if there is a number K > 0 such that for all
r,y€E,
with 0 < ||z|| < ||ly|| implies ||z|| < K]|y||. The least positive number satisfying
above is called the normal constant of P.

The fuzzy cone P is called regular if every increasing sequence which is bounded
from above is convergent. That is if {x,} is a sequence in E such that ||z1|] <
[|z2|| < oo < lzn]] < .... <||y|| for some y € E, then there is € E such that
||zn — z|| — 0 as n — oo.

Equivalently, the fuzzy cone P is regular if every decreasing sequence which is
bounded below is convergent.

In the following we always assume that E is a fuzzy real Banach space, P is a
fuzzy cone in E with IntP # ¢ and < is a partial ordering with respect to P.

Definition 2.12 ([2]). Let X be a nonempty set. Suppose the mapping
d: X x X — E*(I) satisfies
(Fd1) 0 < d(z,y) Vz,y € X and d(z,y) =0 iff x = y;
(Fd2) d(z,y) = d(y,z) Vz,y € X;
(Fd3) d(z,y) < d(z,z) ®d(z,y) Vo,y,2 € X.
Then d is called a fuzzy cone metric and (X, d) is called a fuzzy cone metric space.

Example 2.13. Let (E,|| ||) be a real Banach space.

Define || || : E — R*(I) by
||9iH ift2|$‘|/,x7ég
[|z||(t) = 1 ift=|z|]] =0
0 otherwise
Then [||z[la = [||zI" , L] va € (0,1].

It is easy to verify that,
(i) [Jz]| = 0 iff & = 0 (ii) [[ra|| = |r|[|=]| (i) ||z + y|| = ||z & [[y]]-

Thus (E,|| ||) is a fuzzy normed linear space in Felbin’s sense ( where L = min and
U = max ). Let {z,} be a Cauchy sequence in (E, || ||)

So, limyy n—oo ||Tn — Zm|| = 0.

= limy, pooo ||Tn — Zm|| =0

= {z,} is a Cauchy sequence in (E,|| ||’).
Since (E, || ||") is complete, Iz € E such that lim,, o ||z, — || = 0.
ie. lim, o ||z, — 2|] = 0.
Thus (E, || ||) is a real fuzzy Banach space.
Define P = {n € E*(I) :n = 0}.
(i) P is fuzzy closd.
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For, consider a sequence {d,,} in P such that lim,, . 6, — .
ie. lim,_ 6} , =8} and lim,, . 07 , = 62 where [6,]a = [0}, ,, ,
[6]a = [5cly ) 63} Voo e (07 1]'

Now 4, = 0 Vn.

S0, 8} o > 0and 07 , >0 Ya e (0,1].

= lim,_ 4} , >0 and lim, . 62, >0 Va € (0,1]

:>6é20and5§20 VaG(O,l]

=6 0.

So § € P. Hence P is fuzzy closed.

(ii) It is obvious that, a,b € R, a,b> 01,0 € P = an® bd € P.

Thus P is a fuzzy cone in E.

Now choose the ordering < as < and define d : E x E — E*(I) by d(z,y) = ||z —yl|.
Then it is easy to verify that d satisfies the conditions (Fd1) to (Fd3). Hence (E , d)
is a fuzzy cone metric space.

0,

n’a] and

Definition 2.14 ([2]). Let (X,d) be a fuzzy cone metric space. Let{z,} be a
sequence in X and z € X. If for every ¢ € E with 0 << ||c|| there is a positive integer
N such that for all n > N, d(z,,x) << ||c||, then {z,} is said to be convergent and
converges to  and «z is called the limit of {z,}. We denote it by lim z, = x.

n—oo

Definition 2.15 ([2]). Let (X,d) be a fuzzy cone metric space and {z,} be a
sequence in X. If for any ¢ € E with 0 << ||c||, there exists a natural number N

such that Vm,n > N, d(xy, n) << ||c||, then {x,} is called a Cauchy sequence in
X.

Definition 2.16 ([2]). Let (X,d) be a fuzzy cone metric space. If every Cauchy
sequence is convergent in X, then X is called a complete fuzzy cone metric space.

Note 2.17. In a fuzzy cone metric space, every convergent sequence is Cauchy
( please see Lemma 3.13[2]).
For, let {z,} converges to x. So for any ¢ € E with 0 << ||¢|| there exists a natural
number N such that Vm,n > N, d(z,,z) << [|5]| and d(z,,,z) << [|§5]|.
Hence d(zp, Tm) < d(zy,x) & d(z, Tm) << |lc|| Ym,n > N.
Thus {z,} is a Cauchy sequence.
Converse of the result may not hold.
To verify it, first we prove the following result:
Let X = C[0,1]. Define a metric d by d(z,y) fo |z(t) — y(t)|dt ( integral is taken
in the sense of Riemann ).
Consider a sequence {z,} given by

_J 0 ifteo,3]
Zn(t) _{ 1 ift € [an, 1]
where a,, = = + =
It is easy to Verlfy that {z,} is Cauchy.
For x € X we have
A, @) = [ () — 2(t)|dt = [7 |2(t )t + [7 Ja (t) — a(t)ldt + [, |1 —a(t)|dt.
Since the integrands are non-negative, so is each integral on the right. Hence
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d(zp,x) — 0 would imply that each integral approaches to zero. Since z is con-
tinuous, we should have
i 1
:c(t)_{ 0 iftel0,5]

1 ifte(3,1]
which is impossible for a continuous function. Hence {x,,} does not converge.
Choose F = X = (|0, 1], the Banach space w.r.t. norm || ||’ defined by

el ="\/ Jz(®)].

0<t<1
Define || || : X — R*(I) by

: _ /
lell)={ 5 i

otherwise

Then [[|z][Jo = [[l=|l" , [[z]|'] Ve € (0,1].
Then it can be shown that (X , || ||) is a complete fuzzy normed linear space
( Felbin’s sense , L= min and U= max ).
Now we define p: E x E — E*(I) by

Www) if ¢ > d(x,y),z #y
0 otherwise

Then [p(z, y)]a = [d(z,y) . “EL] va e (0,1].
It is easy to verify that (X , p) is a fuzzy cone metric space if we choose the ordering
<as =X
Since pl(z,y) = d(z,y) and p2(z,y) = @ a € (0,1], it follows that if {z,} is a
Cauchy sequence in (X, d) iff it is a Cauchy sequence in (X , p). So if we consider the
sequence {z,} defined as above, then it is a Cauchy in (X , p) but not convergent.

Following is an example of a regular fuzzy cone metric space:

Example 2.18. Let X = R. Define || || : X — R*(I) by
1 ift=|x
lelli) = { !

0 otherwise

Then [[|z]Jo = [|l2[ , [#[] Vere (0,1].
It can be shown that (X , || ||) is a complete fuzzy normed linear space ( Felbin’s
sense where L = min and U= max ).
Now we define d: E x E — E*(I) where E = R by

2l if b > o), 2 #£0

f;'
d(z,y)(t) = 1 ift=1z|=0
0 otherwise

Then [d(z,y)]o = [z , 2] Va e (0,1].
It is easy to verify that (X , d) is a fuzzy cone metric space if we choose the
ordering < as =, usual ordering of fuzzy real numbers and the cone P is given by
P={n: n=0}
This is also a regular fuzzy cone metric space.

For, consider a sequence {x,} in E such that
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[lz1]] = [|x2]| <X ... = ||znl] < .... 2 ||z|| for some x € E.
This implies that,
l|z1] 5, < |J@allE, < ... < |lza||? < oo < 2] |, for i = 1,2 and « € (0, 1].
ie. |z1| < |zo| < ... < zp| < .... < |x|. Thus the sequence {|z,|} is convergent and
hence the sequence {x,} is convergent and converges to some y € E.
So lim |z, —y| =0.
n—oo
ie. nlgrolodla(xn ,y)=0fori=1,2and a € (0,1].
ie. lim d(z, , y)=0.

n—oo
Hence P is regular.

3. SOME OBSERVATIONS ON FUZZY CONE METRIC SPACES

In this Section it is shown that every regular fuzzy cone metric space is normal
but not conversely and there does not exist any normal fuzzy cone with normal
constant M < 1.

Lemma 3.1. Every reqular fuzzy cone metric space is normal.

Proof. Let (X , d) be a fuzzy cone metric space and P be a regular fuzzy cone and
if possible suppose that P is not normal.

Thus for each n > 1, J||xy||, ||yn|| € P where z,, y, € E such that

|20l © [lynll € P and n?||za|] < {lynl| (3.1.1).
Clearly z,, # 6 Vn.

For, if 2,, = 0 for some n then ||z,|| = 0 and so Ol|y,|| € P.

This implies that ||y,|| = 0 which contradicts (3.1.1).

For each n > 1,

put ||z,|| = \/Hm|n||a|c||2 ( ”Sup” exists because of (A) in Felbin’s definition ).
ae(0,1]
2| = lynll )
Vo llzall
a€(0,1]
Then ||z,]| © ||z,]| € P Vn.
We have ||z,[|5 < 1 and ||2,]2 < 1Vn, Va € (0,1] (3.1.2).

Z > Il Z Ienll) e c 0,1

2
From (3.1.2), it follows that E Hano‘ and E @ both are convergent for each
n

n=1 n=1

€ (0,1].
: , o
Since P is closed, thus 3z € E such that ||z|| € P and ||z|] = Z 5
n

n=1
Now we have,

0 <l <zl @ sz llzsll < 2l @ s llzsll @ gz llzsll < oo < 2]l
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1EA

n2

oo
Since P is a regular fuzzy cone, so E

n=1

A o l=nlla
ie. E -+ and E —-* and are convergent for each o € (0,1].
n n
n=1

n=1

is convergent.

/112
Thus lim — tim Polla g ya e 0, 1] (3.1.3).

n—oo n—oo n2
From (3.1.1), we get n?||z,||L < ||lynl|l and n?||z,|[2 < ||lyn]|2 Vn, Vo € (0,1].
Now n?||z,|[2 < ||lynl|2 Vn, Vo € (0,1]
= 0?llzall2 <ll=nllz \ llzalld Vi, Yo (0,1]
a€(0,1]
= Jag € (0, 1] such that
n?|lznll? <Illzpllallznll3, Y, Va € (0,1]

= n? Ii;n\lio < lzpllZ, [lzallZ, ¥r
= Brleo 5wy
Z’ 2
= lim % > 1-which contradicts (3.1.3).
n— oo n
Hence P is normal.
Converse result may not be true and is justified by the Example 3.3. g

Lemma 3.2. There is no fuzzy cone with normal constant M < 1.

Proof. Let (X , d) be a fuzzy cone metric space and if possible suppose that P be
the fuzzy normal cone with normal constant M < 1.

Choose a non-zero element ||z|| € P where z(# ) € E and 0 < € < 1 such that
M<1l-—e

Now [|z|| & (1 — ¢)[|z[| = €l|z|| € P. So (1 — €)||z[| < el|x]].

We have, M||z||} < (1 —€)||z||} and M||z||?2 < (1 —€)||z||2 Va € (0,1].

Thus M||z|| < (1—¢)||z||. This contradicts the fact that P is a fuzzy normal cone. O

Following is an example to justify that there exists fuzzy normal cone with normal
constant 1.

Example 3.3. Let F = C[0, 1], the space of all real valued continuous functions

with norm || ||’ ( supnorm ) given by ||f||' = \/ |f ()]
t€[0,1]
Define || || : E — E*(I) by
_ 1t =l
no={ ¢ &2
Then (E , || ||) is a Felbin’s type fuzzy normed linear space where

U|}f|\]a = (A1 > AT = TLAIF S [1£11] Ve € (0,1]. Define P = {||£|| € E*(I) : [|f]| =
0}.
Now take ||f||, [|g]| € P such that 0 < [|f]| < [|g]|.
Thus ||g|| © || /]| € P. ie. [lgl| S [[f]| = O.
ie. [lglla — IIfI[2 > 0 and [|g]|2 — [|f|ls > 0 Va € (0,1].

Le |lgll" = [If1]" = 0. ie. |lgl|" = [[f]".
This implies that ||g]le, > ||f[la and [|g]IZ > |IfI[% Vo € (0,1].
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Le. |[f[] = llgl]-
Since f and g are arbitrary, it follows that normal constant of P is 1.

Now consider the sequence {f ,f2, f3, ... Jf™, ...} in E defined by f™(t) =
(= ]
Then [|f[| > [[f2| > |If?]] > ..... > 0 is a decreasing sequence in P and bounded
below.
If possible suppose that 3g € E such that nh_)ngC || f™ —g|| =0.

Le. lim supyepoqlt" —g(t)| =0
n—oo

= for each € > 0 there exists a positive integer N such that \/ [t"—g(t)] <€ ¥n >
te[0,1]

= \/ (t)] <e VYn> N Vte|0,1]
tel0,1]

= hmnOO [t" — g(t)] =0Vt €[0,1].

From above it follows that

_J 0 fortef0, 1)
9@_{ 1 fort=1.

So g is not a member of E. Hence P is not regular.

4. FIXED POINT THEOREMS IN FUZZY CONE METRIC SPACES

In this Section some fixed point theorems of contractive mappings are established
in fuzzy cone metric spaces without considering normal cone.

Theorem 4.1. Let (X,d) be a complete fuzzy cone metric space and the mapping
T : X — X satisfies the contractive condition

d(Tx,Ty) < kd(z,y) Vz,y € X where k € [0,1) is a constant. Then T has a unique
fized point in X. For any x € X, iterative sequence {T™x} converges to the fized
point.

Proof. Choose zg € X.
Set 21 = Txg, o =Tx1 =T?x0,........  Tpy1 =Tz, =T g, ...
we have,
d(Tpi1,2n) = d(Txy, Ty 1) < kd(xy, 10 1) < K2d(20_1,Tn_2) < ... < k"d(21,20).
So for n > m, we have
AT, xm) < d(@n, Tn-1) ®d(Tn-1,Zn-2) D ... ® (Trnt1, Tim)-
e, d(@n, Tm) < (K" P+ E"2 4+ + k™)d(z1, o).
ie. d(zy, ) < 1’“ T d(z1,20) (4.1.1).
Let ||z|| € IntP be given. i.e. ||z]| >> 0 ( where z € E ).
Choose € > 0 such that ||z|| ® N.(0) CP where
Ne(0) = {llyll € E*(I) where y € E: Hy\|<€} )
Again choose a natural number N; such that 7 d(xl, xg) € Ne(0) Vm > Ny.
Thus 1_k,d(zl,xg) << |lz|| ¥m > Nj.
So from (4.1. 1) we have
d(@p, Tm) < £ kd(xl,xo) << ||lz|| ¥Ym > Nj.
Therefore {x,} is a Cauchy sequence in (X , d).
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By completeness of X, there is 2* € X such that z,, — x*.

Now,

Choose a natural number Na such that d(z,, , *) << @ Vn > No.
Now we have,

d(Tx*,x*) < d(Txp, Te*) ®d(Txn, z*) < kd(zp,2*) ® d(zp41,2")

= d(Tz*,2*) < kd(z,,z*) ® d(zpe1,2")

= d(Tz*,z*) <d(zp,z*) ®d(xper,x*) (since 1 —k > 0)

This implies that Vn > No,

d(Tz*,a*) << Bl g L — 2.

fe. d(Tz*,xz*) << % Ym > 1,

= Bl & q(T2*,2*) e P ¥m > 1.

Since % — 0 as m — oo and P is closed we have

6d(Tz*,z*) € P. Thus d(Tz*,2*) = 0. ie Tz* =z*

So z* is a fixed point of T.

For uniqueness, suppose that y* is another fixed point of T. We have

d(z*,y*) = d(Ta*,Ty") < kd(z*,y")

= (k- 1Dd(z*,y*) € P

= d(z*,y*) =0 (since k — 1 < 0)

=" =y*. O

Theorem 4.1 is justified by the following example.

Example 4.2. Let E be the real Banach space where E=R.
Define || || : E — R*(I) by
1 ift=|z
el = { i

0 otherwise

Then [||z[lla = [l , []] Vo € (0,1].
It is easy to verify that,
(i) [|z]| = 0 iff 2 = 0 (ii) [jr2|| = [r[[]«]] (ii}) [z +y|| = [[z]] © ||y[]-
Thus (E, || ||) is a complete fuzzy normed linear space ( since E is complete ).
If we define d: X x X — E*(I) where X=R by

2l i > e -yl o Ay
d(z,y)(t) = 1 ift=|z—y|=0
0 otherwise

Then [d(z,y)]a = [z —y| , %] Va € (0,1].
It can be verified that d is a complete fuzzy ( since R is complete ) cone metric if we
choose the ordering ” <” as” <” and the cone P is given by P = {n € E*(I) : n =
0.
Define a function f: X — X by
B if 0
_ e ifx #+
/(@) { 0 ifz=0

where 0 < 3 < 2.

We have d(fz , fy) = d(%x , %y
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Then [d(fz , fy)la = [t2502 =yl , 52|z — vl Yo € (0,1].

Now d}(fx, fy) = f5le — y| = klz — y| = kdl(w,y), k€ [0,1),

Similarly d2(fz, fy) = £|z — y| = kd2 (z,y).

Sod(fx, fy) < kd(x, y). Thus [ satisfies the condition of the Theorem 4.1 and z = 0
is the unique fixed of point of f.

Again for any fixed xg, iterative sequence {x,} is given by z, = (%)”xo.

So lim =z, =0.

n—oo

Theorem 4.3. Let (X,d) be a complete fuzzy cone metric space and the mapping
T : X — X satisfies the the contractive condition d(Txz,Ty) < k(d(Tx,z) &
d(Ty,y)) Yo,y € X, where k € [0, %) is a constant. Then T has a unique fized
point in X. Also for any x € X, iterative sequence {T"x} converges to the fized

point.

Proof. Choose zg € X, n > 1.

Set 1 = T'xg, xo = Ta1 = T3z, ........ Ty = Tx, =T o, ...

We have,

A Xpi1,2n) = d(Txn, Trn_1) < k(d(Txn, ) & d(TTn—1,2n-1)) = k(d(Tnt1,2n) B
d(Xp, Tp—1)).

So, d(Znt1,2n) < ﬁd(xn,xn,l) = hd(xy,xn—1) where h = ﬁ

For n > m, we have

AT, xm) < d(@n, Tn—1) D d(Tp_1,Tpn_2) D ...... D d(Tm+1, Tm)-

ie. d(zp,zm) < ("L A2 4 + h™)d(x1,29) = %d(ml,mo).

Let 0 << [|c|| (c € E) be given. Choose a natural number N; such that

1h hd(ml,fﬂo) << ||C|| VYm > Nj.

Thus Vm,n > Ny we get d(zy, Tm) << ||¢||. So {z,} isa Cauchy sequence in (X , d).
By completeness of X, there is 2* € X such that z,, — =*
Choose a natural number Ny such that d(z,41 , T,) <<
d(@ni1 , ) << SSE|e|| vn > Ns.

Thus Vn > Ny we have

d(Tz*,z*) < dTzyn , Ta*) ® d(Tz, , %) < k(d(Tz, , z,) ® d(Tx*,z*)) &
d(xn-‘rl ) x*)

= d(Ta*,0*) < 2 (kd(Tz, @)  d(wpsr,0%)) << Ul @ lell — g

= d(Tz*, z*) << H I vm >1 ( since ||c|| € IntP = sl||c|| € IntP Vs > 0)

= lell & q(Ta*, x )eP vm > 1.

Since % — 0 as m — oo and P is closed, it follows that

&d(Tz*,z*) € P. So d(Tz*,2*) = 0. i.e. Ta* = x*.

For uniqueness, if suppose that y* is another fixed point of T. Then

d(z* , y*)=d(Tz* , Ty*) < k(d(Tz* , z*) & d(Ty* , y*)) =0.

ie. d(z*, y*) =0.ie z* = y*. O

(1k

l|c|| and

Theorem 4.3. is justified by the following example:

Example 4.4. In Example 4.2, define T'(z) = §, =€ X.

We have d(Tz, Ty) = d}(% , Z)—| | Ha -yl

Now dg (T'w,7) + dg (Ty,y) = dg(§ ) di(¥, y) =% —a|+ L —y|
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Le. dy(Ta, )+ d}(Ty,y) = x|+ |y} > §lz —y|.

Hd (T, 2)+d(Ty, y)} > La—y| = dL(Tw, Ty) (4.4.1).
Similarly 3{d2(Tx,x) + d2(Ty,y)} > d2(Tx,Ty) (4.4.2).
From (4.4.1) and (4.4.2), we have +{d(Tz,z) ® d(Ty y)} = d(Tx, Ty).
ie. d(Tx,Ty) < k{d(Tz,x) ® d(Ty,y)} where k = 3 € [0, 3).

Thus T satisfies the condition of Theorem 4.3. Here 0 is the unique fixed point of
T.
Also any iterative sequence in X converges to 0.

Theorem 4.5. Let (X,d) be a complete fuzzy cone metric space and the mapping
T : X — X satisfies the the contractive condition d(Tx,Ty) < k(d(Tz,y) @
d(z,Ty)) Vz,y € X, where k € [0,1) is a constant. Then T has a unique fized
point in X. For any © € X, iterative sequence {T"x} converges to the fized point.

Proof. Choose zg € X, n > 1.

Set 1 = T'xg, 22 = Ta1 = T3z, ........ Tpy1 =Tz, =T g, ...

We have,

A Xpt1,2n) = d(TTpn, Tan—1) < k(d(Txp, Tp—1)Dd(Txn_1,2n)) = k(d(Xp11, Tr—1)D
A(Xp,Tp)) = kd(Tnt1, Tn-1).

ie. d(Tpi1,on) < k(d(@nt1, Tn) B d(Tn , Tno1))

= d(Tni1,2n) < 2 d(Tn, Tro1) = hd(zy, 2—1) where h = 5.
For n > m, we have

d(Tn, zm) < d(@n, Tn—1) Dd(Tpn-1,Tn-2) D ...... O d(Tm+1, Tm)-

ie. d(xn,xm) < (WL + A2+ + h"™d(z1,z0) = %d(zl,xo).

Let 0 << ||z|| where z € E be given. Choose a natural number N; such that
{L";ld(:vl,xo) <<|lz|]| ¥m > Nj.

Thus Vn > m > Ny we get d(n, zm) << ||2]].

So {z,} is a Cauchy sequence in (X , d). By completeness of X, there is * € X
such that z,, — x*.

Choose a natural number Ny such that d(z, , z*) <<
d(Tpt1 , %) << 2(1+k)||z|| Vn > Ns.

Thus Vn > N we have

d(Tz*,x*) < d(Tz, , Ta*) ® d(Tz, , %) < k(d(Tz* , x,) ® d(Txy,z*)) B

(1 k)

||z|] and

d(xpi1 , )

= d(Tz*,2*) < k(d(Tz* , z*) ®d(xn,2*) Dd(xps1 , °)) Dd(xper , =)
= d(Tz*, z*) < &d(xn,m )@ de(xnﬂ,m*)

ie d(Tz* z*) << @ ® ”;H = ||z]|

= d(Tz*, z*) << % Ym > 1 ( since ||c|| € IntP = sl|c|| € IntP Vs > 0)
é%@d(Tz x*) e P Ym > 1.

Since II;H — 0 as m — oo and P is closed, it follows that

od(Tz*,xz*) € P. So d(Tz*,z*) = 0. i.e. Ta* = x*.

For uniqueness, if suppose that y* is another fixed point of T. Then

d(* , y*) = d(Ta* , Ty") < k(d(Ta* , y*) @ d(Ty" , *).

ie d(z* , y*) < 2kd(z* , y*).

This implies that d(z* , y*) =0 ( since 2k —1 <0 ). ie. z* =y*. O
304



T. Bag/Ann. Fuzzy Math. Inform. 9 (2015), No. 2, 293-306

Theorem 4.5 is justified by the following example:

Example 4.6. In Example 4.2, define T'(xz) = 7, =€ X.

We have d,(Tz, Ty) = 1|z — yl.

Now, do (T, y) + dg (2, Ty) = de(§ 5 y) +da( , §) =5 =yl +]e— g
ie. dy(Ta,y) +dy (2, Ty) > |§ —y+a— 4 = lz =yl

= ${dg (T, y)+di,(x, Ty)} 2 flo—y| = do,(Tx, Ty) (4.6.1).
Similarly 1{d2(Tz,y)+d2(z,Ty)} > §|lv—y| = d%(Tz, Ty) (4.6.2).

From (4.6.1) and (4.6.2), it follows that,

d(Tz,Ty) < k(d(Txz,y) ® d(z,Ty)) where k = £ € [0, 3).

Thus T satisfies the condition of Theorem 4.5. Here 0 is the unique fixed point of
T.

Also any iterative sequence in X converges to 0.

5. CONCLUSION

In this paper, it is shown that every regular fuzzy cone is normal but not con-
versely . There are no fuzzy normal cones with normal constant M < 1. Some fixed
point theorems are established in fuzzy cone metric spaces by omitting the assump-
tion of normality. I think that there is a large scope of developing more results of
fuzzy functional analysis particularly in the field of generalized fuzzy metric spaces.
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