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1. Introduction

Zadeh’s [10] investigation of the notion of fuzzy set has led to a rich growth of
fuzzy Mathematics. Many authors have introduced the concept of fuzzy metric
in different ways. There are many view points of the notion of the fuzzy metric
spaces in fuzzy topology (see Deng [1], Erceg [2], George and Veeramani [3], Kaleva
and Seikkala [5], Kramosil and Michalek [6]). In 2009, Lakshmikantham et.al.
[7] introduced coupled fixed point theorems in partially ordered metric spaces.
Motivated by them, we introduce a coupled fixed point theorem and ¢-Norm of
Hadzic type in fuzzy metric space.
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2. Preliminaries

Definition 2.1. A t-norm t is a 2-place function ¢ : [0, 1] x [0,1] — [0, 1] which
satisfies the following conditions:

(i) £(0,0) = O;
(i) £(0,1) = 1;
i) t(a,b) = t(b,a);

if a < cand b < d, then t(a,b) < t(c,d);
(v) t(t(a,b),c) = t(a, t(b,c)),

for all a,b,c,d € [0,1].

Definition 2.2. Let sup A(t,t) = 1. A t-norm A is said to be of Hadzic-type
0<t<1

(H-type) if the family of functions {Am (t)} is equi-continuous at ¢ = 1, where

m=1
Al(t) =t, A™H ) = A(A™(t), m=1,2,3,..., t €[0,1].

The t-norm Aj; = min is an example of H-type.

Remark 2.1. A is an H-type if and only if, for any A € (0, 1), there exists
d(A\) € (0,1) such that following implications hold:

t>1—0(A) implies A™(t) > 1 — A\

Remark 2.2. Every t-norm A, is of Hadzic-type but converse need not be true
(see [4]).

Definition 2.3. The 3-tuple (X, M, t) is called fuzzy metric space in the sense of
Kramosil and Michalek [6] if X is an arbitrary set, ¢ is a continuous ¢-norm and
M is a fuzzy set on X2 x [0, 00) satisfying the following conditions:

(1) M(z,y,0) = 0;
(ii)) M(z,y,t) =1if and only if z = y;
(i) M(z,y,t) = M(y,z,1);
(iv) M(z,z,t+s) > t(M(z,y,t), M(y, z,5s));
(v) M(z,y,.):[0,00) — [0,1] is left continuous;

for all z,y,2z € X and s,t > 0.

Note that the function M(z,y,t) can be thought of as the degree of nearness
between x and y with respect to t.
In our theory, we consider the following conditions:

(vi) tlim M(z,y,t) =1 for all x,y in X.
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Definition 2.4. A sequence {z,} in a fuzzy metric space (X, M,t) is said to be

(i) convergent to x in X if, for every e > 0 and A > 0, there is an integer no € N
such that M (z,,z,e) > 1 — A, for all n > ny.

(ii) Cauchy sequence in X if, for every ¢ > 0 and A > 0, there is an integer
no € N such that M(z,, zm,e) > 1 — A, for all m,n > ny.

(iii) complete if every Cauchy sequence in X is convergent in X.

Definition 2.5. Define ® = {¢ : R — R}, where Rt = [0,+00) and each
¢ € ¢ satisfying the following conditions:

(¢1) ¢ is non-decreasing.

(¢2) ¢ is upper semi-continuous from the right.

(¢3) id)”(t) < +oo for all t > 0, where ¢"T1(t) = ¢(¢"(t)),n € N.
n=0

Clearly, if ¢ € @, then ¢(t) <t for all t > 0.

Definition 2.6. An element x € X is called the common fixed point of the map-
pings f: X XX - Xandg: X — X ifz = f(z,2) = g(x).

Definition 2.7. An element (z,y) € X x X is called a
(i) coupled fixed point of the mapping f : X xX — X if f(z,y) =z, f(y,z) =y.
(ii) coupled coincidence point of the mappings f: X x X — X and g: X — X
if f(z,y) = g(z), fy,z) = g(y).
(iii) common coupled fixed point of the mappings f : X xX — X andg: X — X
if v = f(x,y) = g(x), y = f(y,2) = 9(y).
Definition 2.8. The mappings f : X x X — X and g : X — X are called
commutative if gf(x,y) = f(gz, gy) for all z,y € X.

Definition 2.9. The mappings f : X x X — X and g : X — X are called
weakly compatible if f(z,y) = g(x), f(y,x) = g(y) implies gf(z,y) = f(gz, gy),
9f(y,x) = f(g(y), g(x)) for all z,y € X.

Remark 2.3. For convenience, we denote

(21)  [M(z,y,t)]" = M(z,y,t) * M(z,y,t) - x M(z,y,t), for alln € N.

n

3. Main result

Theorem 3.1. Let (X, M, *) be a fuzzy metric space, x being continuous t-norm
of H-type. Let f : X x X — X and g: X — X be two mappings and there exists
¢ € O such that

(3.1) M(f(x,y), f(u,v), 6(t)) = V[M(gz, gu, t) « M(gy, gv, 1)},
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for all z,y,u,v € X and t > 0, where ¢ : [0,1] — [0,1] is continuous function
such that ¢(t) >t for all t € [0,1].

Suppose that f(X x X) C g(X), f and g are weakly compatible, range space of
one of the mappings f or g is complete. Then f and g have a coupled coincidence
point. Moreover, there exists a unique point x in X such that x = f(z,x) = g(x).

Proof. Let z,yo be two arbitrary points in X. Since f(X x X) C g(X), we can

choose x1,y; in X such that g(z1) = f(x0,40),9(y1) = (Yo, x0).
Continuing in this way, we can construct two sequences {z,} and {y,} in X

such that g(xn—O—l) - f('rmyn> and g<yn+1> - f(ynwrn) for all n Z 0.
Step I. We first show that {gz,} and {gy,} are Cauchy sequences.

Since * is a t-norm of H-type, for any € > 0, there exists 6 > 0 such that

(3.2) (1=0)*x(1=90)*---*x(1—=9)>(1—¢), forallpe N.

(& J/
g

p

Since tlim M(z,y,t) =1, for all z,y in X, there exists ¢, > 0 such that

M (gxo, gz1,to) = (1 —6) and M(gyo, gy1,to) = (1 —9).

Also, since ¢ € ®, using condition (¢3), we have

> ¢"(to) < 0.
n=1
Then for any ¢ > 0 there exists ny € N such that
(3.3) t> > ¢ (to).
k=ng

Using condition (3.1), we have

M (gx1, gza, ¢(to)) = M(f (20, y0), f(21,41), ¢(t0))
> Y[M(gxo, gr1,t0) * M(gy0, gy1,to)]
> M (gxo, gr1,to) * M(gyo, gy1, to)

M(gy1, gy2, d(to)) = M (f(yo, o), f(y1,71), ¢(to))
> [M(gyo, gy1, to) ¥ M (gxo, g1, t0)]
> M(gy0, 9y, to) * M(gzo, gx1,10)-
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Similarly, we can also get

M(f(x1,91), f(x2,2), 0*(to))
Y[M (g1, gza,to) ¥ M(gy1, gy, to)]
[M (g0, g1, t0)]* * [M (9y0, gy1, to)?

M(g$27 gxa, gbz(t()))

(AVARYS

M(f(y1,21), f(y2, 22), $*(to))
> [M(gy0, gy1, to)]* * [M (g0, g1, t0)]*.

M (gys, gys, ¢*(to))

Continuing in this way, we can get

n—1 -1

* [M(gy07 gyu, to)]2n
* [M(gﬂfo7 gy, t0>]2n71

M(.gxna gxn-‘rh gbn(tO)) Z [M(gffm gmla t())]2
M (gYn, 9Yn+1. 9" (t0)) > [M(gyo, gy1, to)]*

So, from (3.2) and (3.3), for m > n > ny, we have

M (g, g, t) > M(gmn,gwm, > ¢k(to))

k=ng

m—1
M (900 90m 3 60
k=n
> M(.g‘rrmg'rnJrla ¢n(t0>> * M(.g‘rnJrl’ganrQ? ¢ﬂ+1(t0))

onok M(ga:m_l,gxm, cbm_l(to))

> {[M(gzo, gz1,10)]*" * [M(gyo, gyr. to)]* }
+{[M (g, ga1, t0)]*" * [M(gyo, gyr, to)]”" } - --
s {[M (gzo, gz1,0)]”" " * [M(gyo, gyr, o)}

= [M(gzo, g1, t0)*" """V x [M (gyo, gun to)* " "7V

>(1=0)*x(1=08)*---x(1—=0)>(1—¢),

/

AV

277,71(2\7;777,_1)
which implies that
M(gzp, grm,t) > (1 —¢) for all m,n € N with m >n > ng and t > 0.

Therefore, {gz,} is a Cauchy sequence in X.
Similarly, {gy,} is also a Cauchy sequence in X.

Step II. Now, we show that f and g have coupled coincidence point. Without
loss of generality, we can assume that g(X) is complete, there exist points z,y in

g(X) so that lim g(z,41) =z and lim g(y,41) = y.

CTl
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For z,y € g(X) implies the existence of p, ¢ in X such that g(p) =z, g(q) =y
and hence

lim g(an41) = lim f(zn,ya) = 9(p) =

Tim g(yn41) = nlgrolo fWn, 2n) = g(q) = y.

From (3.1), we have

M(f(nyn), f(p, @), 9(t)) > [M(gzn, 9(p), t) * M(gyn, 9(q),t)]
J.

>
> [M(gxn, 9(p),t) * M(gyn, 9(q),1)

Taking limit as n — oo, we have

M(g(p), f(p,q), 9(t)) = 1, ie., f(p,q) =g(p) =

Similarly, f(q,p) = g9(¢q) = y.
Since, f and g are weakly compatible, so f(p,q) = g(p) = z and f(q,p) = g(q) =y

implies gf(p,q) = f(9(p),9(q)) and gf(q,p) = f(9(q),9(p)), i-e. 9( ) = f(z,y)

and g(y) = f(y,x).
Thus, f and ¢ have a coupled coincidence point.

Step III. Now we show that g(z) = = and g(y) = .

Since * is a t-norm of H-type, then for any € > 0 there exists § > 0 such that

(1-=9)*x(1—=90)x---%x(1=9)>(1—¢), forallpe N.

p

Also, since ¢ € ®, using condition (¢3), we have

> ¢ (to) < o0
n=1

Then for any t > 0 there exists ng € N such that
t>> " ¢k (ty).
k=ng

Using condition (3.1), we have

Mgz, z,¢(to)) = M(f(x,v), f(p,q), ¢(to))
> Y[M (g, gp, to) * M(gy, 9q to)]
> M (gz, gp,to) * M(gy, 94, to)
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Similarly,
M(gy,y, ¢(to)) = M(gy, g4, to) * M(gz, gp, to).
Continuing in the same way, for all n € N

1

Mgz, x, 6" (to)) > [M(gz, gz, to))*" " * [M(gy, y, to)*" .

Thus, we have

—1

> [M(gxaxat(])]2n i * [M(gy7yvt0)}2no
>(1=9)*x(1—=90)x---%x(1—=39)>(1—¢), forallmy € N.

(.

Vo
2m0

So, for any € > 0, we have

M(gz,y,t) > (1 —¢), for allt > 0.

This implies that g(z) = z. Similarly, g(y) = v.
Step IV. Now we show that z = y.

Since * is a t-norm of H-type for any £ > 0, there exists > 0 such that

(1=0)*x(1=90)x---%x(1=09)>(1—¢), forallp € N.

N S
g

P

Since limy_, o M (z,y,t) = 1, for all z,y in X, there exists ¢, > 0 such that

Also, since ¢ € &, using condition (¢3), we have

> " (to) < 0.
n=1

Then for any ¢ > 0 there exists ng € N such that

t> Z ¢*(to).

k=ng

Using condition (3.1), we have

M(z,y,¢(to)) = M(f(p,q), f(q,p), ¢(to))
> Y[M(gp, gq,to) * M(gq, gp, to)]

> M(gp, 9q, to) * M(9q, gp, to)
= [M(ZE, Y, tO)]Q’
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Continuing likewise, we have for all n € N, that

M(ZL‘, Y, gbn(tO)) > [M(l‘, Y, tO)Pn

Thus, we have

M(J?,y? Z (xuy7i¢k tO )

k=ng

v

M

7 N

z,Y, gbno (t0)>
> [M(z,y, to)fn0

>(1—=90)*(1—=9)*---%(1—39)>(1—¢), which implies that z = y.
270

Thus, f and ¢ have common fixed point z in X.
Step V. Uniqueness:

Let z be any point in X such that z # x with g(z) = z = f(z, 2).
Since * is a t-norm of H-type for any £ > 0, there exists § > 0 such that
(1=8)*«(1=0)x---x(1=09)>(1—¢), forallp e N.

g

p

Since tlim M(z,y,t) =1, for all z,y in X, there exists ¢, > 0 such that

M(z,y,to) > (1 —9).

Also, since ¢ € ®, using condition (¢3), we have

> " (t) < 0

Then for any ¢ > 0 there exists ng € N such that
t>> " ¢k (ty).
k=ng
Using condition (3.1), we have
M(xaz>¢(t0)) M(f(x,:c), ( 73)7¢<t0))
V[M(g(x), g9(2),to) * M(g(x), g(2), to)]

(
M(g(z), g(2),to) * M(g(z), g(2) to)
= [M(z, 2,t)]*.

I\/ I\/
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Thus, we have

M(z,z,t) > M(x, 2, i ¢k(t0))

k=ngo

>M (:z: z, ¢”°(to)>
[M(z, 2, to)f"“_l) 2

which implies that x = z. Thus, f and g have a unique common fixed point in X.

4. An application

Theorem 4.1. Let (X, M, *) be a fuzzy metric space, x being continuous t-norm
define by a x b = min{a, b} for all a,b in X. Let A, B be weakly compatible self
maps on X satisfying the following condition:

(4.1) M(X) € N(X),

(4.2) there exists ¢ € ® such that M(Ax, Ay, ¢(t)) > [M(Bz, By,t)|, for all
z,y, € X and t > 0, where ¥ : [0,1] — [0,1] is continuous function such
that ¥ (t) >t for allt € [0, 1].

If range of any one of the maps A or B is complete, then A and B have a unique
common fized point in X.

Proof. Assuming f(x,y) = A(z) and g(x) = A(z) for all z,y € X in Theorem
3.1, we get the proof.

Taking ¢(t) = kt, k € (0,1) and ¥(t) = ¢, we have the following:

Corollary 4.1. Let (X, M, ) be a fuzzy metric space, * being continuous t-norm
define by a x b = min{a, b} for all a,b in X. Let A, B be weakly compatible self
maps on X satisfying (4.1) and the following condition:

(4.3) there exists k € (0,1) such that M(Ax, Ay, kt) > M(Bz, By,t), for all
x,y € X andt > 0.

If range of any one of the maps A or B is complete, then A and B have a unique
common fized point in X.
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