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COMMON COUPLED FIXED FOINT THEOREMS
FOR NONLINEAR CONTRACTIVE CONDITION
ON INTUITIONISTIC FUZZY METRIC SPACES

WITH APPLICATION TO INTEGRAL EQUATIONS

BHAVANA DESHPANDE ®*, SUSHIL SHARMAP AND AMRISH HANDA®

ABSTRACT. We establish a common fixed point theorem for mappings under ¢-
contractive conditions on intuitionistic fuzzy metric spaces. As an application of
our result we study the existence and uniqueness of the solution to a nonlinear
Fredholm integral equation. We also give an example to validate our result.

1. INTRODUCTION

Many authors have extensively developed the theory of fuzzy sets and applica-
tions. George and Veeramani [6] modified the concept of fuzzy metric space intro-
duced by Kramosil and Michalek [8] and defined the Hausdorff topology of fuzzy
metric spaces which has very important applications in quantum particle physics.

Atanassov [2, 3] introduced and studied the concept of intuitionistic fuzzy sets
as a generalization of fuzzy sets. Alaca et al. [1] using the idea of intuitionistic
fuzzy sets defined the notion of intuitionistic fuzzy metric space with the help of
continuous t-norms and continuous t-conorms as a generalization of fuzzy metric
space due to Kramosil and Michalek [8]. In [11] Park generalized the notion of fuzzy
metric space given by George and Veeramani [6] with the help of continuous t-norms
and continuous t-conorms and introduced the notion of intuitionistic fuzzy metric
space.

In [4] Bhaskar and Lakshmikantham introduced the notion of coupled fixed

point and mixed monotone mappings and gave some coupled fixed point theorems.
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Bhaskar and Lakshmikantham [4] apply these results to study the existence and
uniqueness of solution for periodic boundary value problems. Lakshmikantham and
Ciric [9] introduced the concept of coupled coincidence point and proved some com-
mon coupled fixed point theorems. Sedghi et al. [13] gave a coupled fixed point
theorem for contractions in fuzzy metric spaces. On the other hand, integral equa-
tions arise in many scientific and engineering problems. A large class of initial and
boundary value problems can be converted to Volterra or Fredholm integral equa-
tions. The potential theory contributed more than any field to give rise to integral
equations. Mathematical physics models such as diffraction problems, scattering in
quantum mechanics, conformal mapping and water waves also contributed to the
creation of integral equations. Many other applications in science and engineering
are described by integral equations or integro-differential equations. The Volterra’s
population growth model, biological species living together, propagation of stocked
fish in a new lake, the heat radiation are among many areas that are described by
integral equations. Many scientific problems give rise to integral equations with
logarithm kernels. Integral equations often arise in electrostatics, low frequency
electromagnetic problems, electromagnetic scattering problems and propagation of
acoustical and elastical waves.

In this paper, we prove a common fixed point theorem for mappings under ¢-
contractive conditions on intuitionistic fuzzy metric spaces. As an application of our
result we study the existence and uniqueness of the solution to a nonlinear Fredholm
integral equation, which arise naturally in the theory of signal processing, linear
forward modeling and inverse problems. First time effort has been made by us to
give application of coupled fixed point theorems in the settings of intuitionistic fuzzy
metric spaces to integral equations. We also give an example to validate our result.
We extend the result of Sedghi, Altun and Shobe [13]. Our result intuitionistically
fuzzifies the result of Hu [16].

2. PRELIMINARIES

Definition 2.1 ([12]). A binary operation * : [0, 1] x [0, 1] — [0, 1] is continuous
t-norm if it satisfies the following conditions:

(1) * is commutative and associative,

(2) * is continuous,

(3) ax1=a for all a € [0, 1],

(4) axb < cxd whenever a < cand b <d for all a, b, ¢, d € [0, 1].



COMMON COUPLED FIXED POINT THEOREMS 161

A few examples of continuous t-norm are
a*b=ab, a*b=min{a,b} and a *xb =max{a +b—1,0}.
Definition 2.2 ([12]). A binary operation ¢ : [0, 1] x [0, 1] — [0, 1] is continuous

t-conorm if it satisfies the following conditions:
(1) ¢ is commutative and associative,
(2) ¢ is continuous,
(3) a0 0=a for all a € [0, 1],
(4) a O b< ¢ O dwhenever a < c¢and b <d for all a, b, ¢, d € [0, 1].

A few examples of continuous t-conorm are
a®b =a+b— ab, aQb = max{a,b} and aQb = min{a + b, 1}.

Remark 2.1. The concept of triangular norms (t-norm) and triangular conorms
(t-conorm) are known as the axiomatic skeletons that we use for characterizing fuzzy
intersections and unions respectively. These concepts were originally introduced by

Menger [10] in his study of statistical metric spaces.

Definition 2.3 ([7]). Let supy,q A(t, t) = 1. A t-norm A is said to be of H-type

if the family of functions {A™(¢)}7°_; is equicontinuous at ¢t = 1, where
(2.1) AlL(t) = tAt, ATt = tA(A™ (1)), m = 1,2, ...,t € [0, 1].

The t-norm Ajp; = min is an example of t-norm of H-type, but there are some
other t-norms A of H-type [7].

Obviously, A is a H-type t-norm if and only if for any A € (0, 1), there exists
d(A) € (0, 1) such that A™(¢t) > 1 — X for all m € N, when t > 1 — 4.

Definition 2.4 ([15]). Let infp<i<1 (¢, ) = 0. A t-conorm v/ is said to be of

H-type if the family of functions {/"(¢)}2°_; is equicontinuous at ¢t = 0, where

(2.2) V) =t =t (), m= 1,2, € [0,1].

The t-conorm v/); = max is an example of t-conorm of H-type.

Obviously, v/ is a H-type t-conorm if and only if for any A € (0, 1), there exists
d(A\) € (0, 1) such that y"*(¢) < A for all m € N, when ¢ < 0.

Definition 2.5 ([11]). A 5-tuple (X, M, N, , {) is said to be an intuitionistic fuzzy
metric space if X is an arbitrary set, % is a continuous t-norm, ¢ is a continuous
t-conorm and M and N are fuzzy sets on X2 x [0, oo) satisfying the following

conditions: for all x, y, z € X and s, t > 0,
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(IFM-1) M(x, y, t) + N(z, y, t) <1,

(IFM-2) M (z, y, t) > 0,

(IFM-3) M (z, y, t) = 1iff =z =y,

(IFM-4) M (z, y, t) = M (y, , t),

(IFM-5) M(z, y, t) * M(y, z, s) < M(z, z, t + s),

(IFM-6) M(zx, y, -) : [0, co) — [0, 1] is continuous,
(IFM-7) N(z, y, t) > 0,

(IFM-8) N(z, y,t) =0iff z =y,

(IFM-9) N(z, y, t) = N(y, =, t),

(IFM-10) N(z, y, t) O N(y, z, s) > N(z, z, t + s),
(IFM-11) N(z, y, -) : [0, c0) — [0, 1] is continuous.

Then (M, N) is called an intuitionistic fuzzy metric on X. The function M (z, y, t)
and N (z, y, t) denote the degree of nearness and the degree of non-nearness between
x and y with respect to t respectively.

Let (X, M, N, %, {) be an intuitionistic fuzzy metric space. For ¢ > 0, the open
ball B(x, r, t) with a center x € X and a radius 0 < r < 1 is defined by

(2.3) B(z,r,t)={ye X : M(x,y,t) >1—r,N(z,y,t) <r}.

A subset A C X is called open if, for each x € A, there exist t > 0 and 0 < r < 1
such that B(z, r, t) C A. Let & denote the family of all open subsets of X. Then &
is called the topology on X induced by the intuitionistic fuzzy metric (M, N). This
topology is Hausdorff and first countable. In [11] Park proved that the family of sets
of the form {B(z, r,t): x € X, 0 <r < 1,t > 0} is a base for the topology & on X.

Example 2.1 ([11]). Let (X, d) be a metric space. Define t-norm and t-conorm by
a * b= min{a, b} and a ¢ b = max{a, b} respectively. Let
t d(z,y)
=———— and N t) = ———————, forall X and t .
[T d@.y) an (z,y,t) L orall z,y € X and ¢t > 0

Then (X, M, N, x, {) is an intuitionistic fuzzy metric space. We call this intu-

M(x,y,t)

itionistic fuzzy metric (M, N) induced by the metric d the standard intuitionistic
fuzzy metric. It is obvious that N(z, y, t) =1 — M (z, y, t).

Definition 2.6 ([11]). Let (X, M, N, %, ) be an intuitionistic fuzzy metric space,
then

(1) A sequence {z,} in X is said to be convergent if there exists z € X such that

(2.4) lim M(xz,,x,t) =1and lim N(x,,z,t) =0, for all ¢ > 0.
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(2) A sequence {x,} in X is said to be a Cauchy sequence if for any £ > 0, there
exists ng € N such that

(2.5)  M(zp,zm,t) >1—c and N(zp,xm,t) <e, for all t > 0 and n,m > nyg.
(3) An intuitionistic fuzzy metric space (X, M, N, *, {) is said to be complete if
and only if every Cauchy sequence in X is convergent.

Remark 2.2 ([11]). In intuitionistic fuzzy metric space (X, M, N, x, ), M(z,y, ")

is non-decreasing and N (z,y, -) is non-increasing for all z, y € X.
Remark 2.3. It is easy to prove that if z,, — x, y, — vy, t, — t, then

lim M (xp, yn,tn) = M(x,y,t) and lim N(xn,yn,tn) = N(x,y,t).
n—oo n—oo

Remark 2.4. In an intuitionistic fuzzy metric space (X, M, N, *, {), whenever
M(x,y,t) >1—rand N(z,y, t) <rforzx,ye X, t>0and 0 <r < 1, we can
find a to, 0 < tg < t such that M(z, y, to) > 1 —r and N(z, y, to) <r.

Remark 2.5 ([11]). It is clear that if (X, M, N, %, ¢) is an intuitionistic fuzzy
metric space then (X, M, x) is a fuzzy metric space. Conversely if (X, M, %) is a
fuzzy metric space then (X, M, 1 — M, *, ) is an intuitionistic fuzzy metric space
where a O b=1—[(1 —a)* (1 —5)] forall a, b€ [0, 1].

Remark 2.6. For convenience, we denote
[M(z,y,t)]" = M(z,y,t) * M(z,y,t) * ...« M(x,y,t)

~\~
n

and

[N(z,y,t)]" = N(x,y,t)0N (z,y,t)0...0N (z, y,t)

n'g

(2.6)

for all n € N.

Definition 2.7. Let (X, M, N, %, {) be an intuitionistic fuzzy metric space. (M, N)
is said to satisfy the p-property on X? x (0, oo) if

(2.7) lim [M (z,y, kPt)]’ = 1 and lim [N(z,y, kPt)]P =0,

p—0Q p—00

whenever x, y € X, k> 1and p € N.

Lemma 2.1. Let (X, M, N, x, Q) be an intuitionistic fuzzy metric space and (M, N)
satisfy the p-property, then

(2.8) lim M(z,y,t) =1 and lim N(x,y,t) =0, for all z,y € X.
t—o0 t—o00
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Proof. If not, since 0 < M(z, y, ) < 1land 0 < N(z, vy, -) <1, M(z, y, -) is
non-decreasing and N (z, y, -) is non-increasing, there exist g, yo € X such that
lim M(zo,y0,t) = A <1 and lim N(zo,y0,t) =1— >0,
t—o0 t—o0
then for k > 1, kPt — oo when p — 0o as t > 0 and we get
lim [M (xo,yo, kPt)]P = 0 and lim [N (xo, yo, kPt)]P = 1,
p—00 p—00
which is a contradiction. O

Remark 2.7. Condition (2.8) cannot guarantee the p-property. See the following

example.
Example 2.2. Let (X, d) be an ordinary metric space, axb < ab < a { b for all a,
b € [0, 1] and 1 be defined as following:

(2.9) olt) = { 1ax/i, 0 Si i i

where a = 3 (1 — &;) . Then ¢(t) is continuous and increasing in (0, co), 1(t) €
(0, 1) and limy . 9(t) = 1. Let

M(z,y,t) = [ (£)]"“¥ and N(z,y,t) =1 = [ (£)]"“Y), Va,y € X and t > 0.

_ 1
Int>

Then (X, M, N, %, {) is an intuitionistic fuzzy metric space with
lim M(z,y,t) = lim [ (£)]%@Y) =1
t—o0 t—o0
and
lim N(z,y,t) = lim (1 " (t)]d@y)) =0, Vz,y € X.
t—o00 t—o00
But for any « # y, k> 1 and t > 0,

lim [M(x,y, k"t)]P = lim [¢(kpt)]d(x,y)'p — lim _ 1 _ 67% 41
p—o00 IR A p—00 Pp—00 ln(kpt)
and
lim [N(z,y,kPt)]’ = lim 11— [qp(kpt)]d(x,y)]p
poo p—oo L
= lim -1 — [d;(kpt)]d(x,y)-p}
p—oo L
| 1 pd(z,y)
=1 1—1—- ——
poce { ln(kpt)]
_d(w,y)

=1—e "k #£0.
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Define ® = {¢: Rt — R'}, where R = [0, +00) and each ¢ € ® satisfies the
following conditions:

(¢ — 1) ¢ is non-decreasing,

(¢ —2) ¢ is continuous,

(¢ —3) X2, ¢"(t) < +oo for all t > 0, where ¢"F1(t) = ¢"(¢(t)), n € N.

It is easy to prove that, if ¢ € ® then ¢(t) <t for all ¢ > 0.

Lemma 2.2 ([14]). Let ¢ € ®. Then for all t > 0 it holds that lim,_.o ¢™(t) = 0,
where ¢"(t) denote the n-th iteration of ¢.

Lemma 2.3 ([14]). Let (X, M, N, %, ) be an intuitionistic fuzzy metric space,
where x is a continuous t-norm of H-type and { is a continuous t-conorm of H-type.
If there exists ¢ € ® such that if

(2.10) M(z,y,¢(t)) = M(z,y,t) and N(z,y,¢(t)) < N(z,y,t), Vt >0,
then x = y.

Definition 2.8 ([4]). An element (z, y) € X x X is called a coupled fized point of
the mapping F': X x X — X if

F(z,y) =z and F(y,z) = y.

Definition 2.9 ([9]). An element (z, y) € X x X is called a coupled coincidence
point of the mappings F': X x X — X and g: X — X if

F(z,y) = g(z) and F(y, ) = g(y)-
Definition 2.10 ([9]). An element (z, y) € X x X is called a common coupled fized
point of the mappings F': X x X —- X and g: X — X if

z=F(z,y) = g(x) and y = F(y, ) = g(y)-
Definition 2.11 ([9]). An element z € X is called a common fized point of the
mappings F : X x X - X andg: X — X if
% = F(z,2) = g(x).

Definition 2.12 ([9]). The mappings F : X x X — X and ¢g: X — X are said to

be commutative if
gF (z,y) = F(gx, gy), for all (z,y) € X*.

Definition 2.13 ([5]). The mappings F': X x X — X and g : X — X are said to

be compatible if
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lim M(gF (zn, yn), F (92, gyn);t) = 1, im N(gF(zn, yn), F(9n, gyn),t) = 0

n—oo

and
nlirgo M(gF (Yn,zn), F(gYn, 9Tn),t) = 1, nILH;O N(gF (Yn, Tn), F'(9Yn, gTn),t) = 0,
for all t > 0, whenever {x,} and {y,} are sequences in X such that
lim F(zy,y,) = lim g(x,) =2 and lim F(y,,2z,) = lim g(y,) =y,
n—oo n—oo n—oo n—oo
for all z, y € X.

Remark 2.8. It is easy to prove that if F' and g are commutative, then they are

compatible.

3. MAIN RESULTS

Theorem 3.1. Let (X, M, N, *, ) be a complete intuitionistic fuzzy metric space,
where x and { respectively are continuous t-norm and continuous t-conorm of H-type
satisfying (2.8). Let F: X x X — X and g : X — X be two mappings and there
exists ¢ € ® such that

M(F(z,y), F(u,v),¢(t)) > M(gx, gu,t) * M(gy, gv,t)
(3.1) and

N(F(z,y), F(u,v), (1)) < N(gz, gu,t)ON(gy, gv, ),
for all z, y, u, v € X and t > 0. Suppose that F(X x X) C g(X), F and g are
compatible and g is continuous. Then there exists x € X such that

x=g(x) = F(z,x),
that is, F' and g have a unique common fized point in X.
Proof. Let zg, yo € X be two arbitrary points in X. Since F(X x X) C g(X), we
can choose x1, y1 € X such that
g1 = F(z0,y0) and gy1 = F(yo, 7o)

Continuing in this way, we can construct two sequences {z,} and {y,} in X such
that
(3'2) 9Tn+1 = F(xn,yn), 9Yn+1 = F(ymxn)a Vn > 0.

The proof is divided into 4 steps.
Step 1. Prove that {gz,} and {gy,} are Cauchy sequences.
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Since * and ¢ are continuous t-norm and continuous t-conorm of H-type respec-

tively. Therefore for any A > 0, there exists a p > 0 such that

(3.3) T—p)x 1—p)*..x(I—p)>1T—=Xand puOud...0 u <A,
—_—
k k
for all k € N.

Since M (z, y, -), N(z,y, -) are continuous, lim;_,oc M(z,y,t) = 1 and lim;_,, N (z,
y, t) =0 for all z, y € X, there exists ¢y > 0 such that
M(gl'o,g.ivl,t(]) >1- K, N(gx07g$1>t0) < 2
(3.4) and
M(gyo, gy, t0) = 1 — 11, N(gyo, gyr, to) < o
On the other hand, since ¢ € ®, by condition (¢ — 3) we have X952, ¢" (o) < oc.
Then for any t > 0, there exists ng € N such that

(3.5) t> > ¢ (to).

k=ng

From condition (3.1), we have

M(gz1, gza, ¢(to)) = M(F(xo, yo), F(z1, y1), ¢(t0))

> M(gwo, gr1, to) * M(gyo, gy1, to),
M(gy1, gy2. (o)) = M(F(yo, o), F(y1, 21), #(to))

> M(gyo, gy1, to) * M(gzo, gr1, to)

and

N(gz1, g2, ¢(to))

N(F(zo, yo), F(z1, y1), ¢(to))
N(gzo, g1, to) O N(gyo, gu1, to)
N(gy1, 9y2, ¢(to)) = N(F(vo, o), F(y1, 21), d(to))
N(gyo, gy1, to) O N(gzo, gx1, to).

Similarly, we can also get

M (gxa, gz3, ¢*(to)) = M(F(x1, y1), F(x2, y2), ¢*(t0))

> M(gz1, gz, ¢(to)) * M(gy1, gy2, ¢(to))
[M (g0, g1, t0)]* * [M(gy0, gy1, to)]?,
M (gya, gy3, 9°(to)) = M(F(y1, x1), F(y2, 2), ¢*(t0))
M(gy1, gy2, ¢(to)) * M(gz1, g2, ¢(to))
[M (990, gy1, to)]* * [M (g0, g1, to)]?

IN

IN

Y

(A\VARLYS

and
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N(gz2, gas, ¢*(to)) = N(F(z1, y1), F(x2, y2), 6*(to))

< N(gz1, g2, ¢(to)) O N(gy1, gy2, d(to))

< [N(gzo, g1, to)]* O [N(gyo, gy, to)],
N(gy2, gys, #°(to)) = N(F(y1, 21), F(y2, 22), ¢*(t0))

< N(gy1, 9y2, ¢(to)) ¢ N(gz1, g2, d(to))
< [N(gyo, gy1, t0)]* O [N(gwo, gz1, to)]*.

Continuing in the same way, we can get

M(gan, grnir, ¢"(to)) > [M(gzo, gz1, to))*" " * [M(gyo. gy, to)]*"
n—1 n—1
M(gyTH 9Yn+1, (bn(tO)) Z [M(gy07 gyi, tO)]2 * [M(gx()u gri, t())]2

and

N(gmﬂn 9Tn+1, ¢n(t0)) < [N(gl‘(]a gry, tO)]2n71 O [N(gy(Ja gy, tO)]2n717

n—1 n—1
N(gyn, gyn+1, ¢"(t0)) < [N(gy0, gy1, t0)]*" O [N(gzo, g1, to)]*" .
Now from (3.3), (3.4) and (3.5), for m > n > ng, we have

M(gzn, grm, t)

> M (gfcn,gmm, Eioznoﬁbk(to))

> M (gxn,gxm, E;gn:_n1¢k(t0))

> M(gxn, gTnt1, 9"(t0)) * M(gTni1, 9Tnr2, ¢n+1(t0))

oo ¥ M(gTm_1, gTm, d™ (to))

> [M(gxo, gr1, to)*" * [M(gyo, gyr. to)]*"

* [M(gxo, g1, t0)]*" * [M(gyo, gy1, to)]*"

s, [M(gzo, g1, to)*" " * [M(gyo, gy1, to)]*"
[M (g0, gar, 1o)™Y x (M (gy0, g to)]
(I—p)x I1—p)x.ox (1—p)>1-X

22(m—n;(’m+n—3)

o(m—n)(m+n-3)

and

N(gzy, gTm, t)

<N (gwn,g$m7ziino¢k(t0))

<N (gxnygxm722n:_nl¢k<t0))

< N(gzn, gTn+1, 9" (t0)) O N(9Tnt1, gTnt2, " (t0))
0 .0 N(gzm-1, gom, ™' (to))

< [N(gzo, gz1, t)*" O [N(gy0, gy, to)]*"
O [N(gzo, g1, to)]*" O [N(gyo, gy1, to))>"
O .0 N[(gzo, gx1, to)]2M72 O [N(gyo, gy1, to)]QTni2
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m—n)(m+n— m—n)(m+n—3)
< [N(gzo, ga1, )" 0 [N (gyo, gun, to)27
S popd..Op <A,
—_——

22(m7n) (m+n—3)
which implies that

M(gxn, grm,t) > 1 — X and N(gzy, gTm,t) < A,
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for all m, n € N with m > n > ng and t > 0. So {gz,} is a Cauchy sequence.

Similarly, we can get that {gy,} is also a Cauchy sequence.
Step 2. Prove that g and F' have a coupled coincidence point.
Since X is complete, there exist x, y € X such that

limy, o0 F(xna yn) =limy oo gTn =
(3.6) and
limy,— o0 F(ym wn) = limy, 00 9Yn =Y.

Since g and F' are compatible, we have by (3.6),

limy 0o M(gF (T, Yn), F(9Zn, gYn), 1) = 1,

iy, o0 N(9F (@n, Yn)s F(92Zn, gyn), ) = 0
(3.7) and

limp, oo M(9F (yn, Tn), F(gyn, gzn), t) = 1,

limy, 0o N(9F (Yn, Tn), F'(9Yn, gTn),t) = 0,
for all t > 0. Next we prove that g(z) = F(z,y) and g(y) = F(y, z).
For all ¢ > 0, by condition (3.1), we have
(3.8) Mgz, F(z, y), ¢(t))
> M(g92n+1, F(z, y), d(kit)) * M(gz, ggani1, ¢(t) — ¢(kit))
> M(gF (zn, yn), F(z, y), ¢(k1t))  M(gz, ggani1, ¢(t) — ¢(kit))
> M(gF(n, yn), F(9Zn, gyn), ¢(kit) — ¢(kat))
*M(F(gzn, gyn), F(x, y), ¢(kat)) * M (g, ggwnyi1, ¢(t) — d(k1t))
> M(gF (2, yn), F(92n, gyn), ¢(kit) — ¢(kat))
«M(g9n, gz, kaot) * M(ggyn, gy, kat) * M (g, ggrn+1, ¢(t) — d(kit))
and

(3.9)  Nl(gz, F(z, y), ¢(t))
< N(gg9xn+1, F(x, y), d(kit)) O N(gz, ggzni1, ¢(t) — d(kit))
< N(gF(2n, yn), F(z, y), ¢(k1t)) O N(9z, ggznt1, ¢(t) — ¢(k1t))
< N(gF (%n; Yn), F(g2n, gyn), p(k1t) — d(kat))
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O N(F(g2n, gyn), F(x, y), ¢(kat)) O N(gz, ggwni1, ¢(t) — ¢(krt))
< N(gF(2n, yn), F(92n, gyn), ¢(k1t) — ¢(kat))
O N(ggzn, gz, kaot) O N(99yn, gy, kat)O N(gz, ggzn+1, ¢(t) — ¢(kit)),
for all 0 < ko < k1 < 1. Letting n — oo in (3.8) and (3.9), by using (3.6), (3.7) and
with the continuity of g, we get

M(gz, F(2,y),¢(t)) = 1 and N(gz, F(z,y), ¢(t)) <0,
which implies that gx = F(z, y). Similarly, we can get gy = F(y, x).
Step 3. Prove that gr = y and gy = z.
Since * and ¢ are continuous t-norm and continuous t-conorm of H-type respectively.
Therefore for any A > 0, there exists a p > 0 such that

(3.10) (I—p)x I1—p)*.ex (1—p)>1—X and pOud..0 p <A,
—_——
k k
for all k € N.

Since M (z, vy, -), N(z, y, -) are continuous, limy_,oo M (z, y,t) = 1 and limy_,o, N (z,
y, t) =0 for all =, y € X, there exists top > 0 such that
M(gx,y,to) = 1= p, N(gz,y,to) < p
(3.11) and
M(gy,z,to) = 1 —p, N(gy,z,t0) < p.
On the other hand, since ¢ € ®, by condition (¢ — 3) we have 5%, ¢™ (o) < oo.
Then for any ¢ > 0, there exists ng € N such that

(3.12) t > i B (to).

k=no
Since
M(gz, gyn+1, é(to)) = M(F (2, y), F(yn, zn), ¢(t0))
> M(gz, gyn to) * M(gy, gn, to)
(3.13) and
N(gz, gyn+1,9(to)) = N(F(2,y), F(yn, zn), ¢(t0))
< N(g, gyn, to)ON(9y, gn, to),
letting n — oo in (3.13), by using (3.6),
M(gz,y, ¢(to)) = M(gz,y,to) * M(gy,z,to)
(3.14) and

N(gz,y, (to)) < N(gz,y,t0)ON(gy, , o).

we get
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Similarly, we can get
M(gy,x, ¢(to)) = M(gz,y,to) x M(gy, z,to)
(3.15) and
N(gy,z,¢(to)) < N(gz,y,t0)ON (9y, %, o).
From (3.14) and (3.15), we have
Mgz, y, ¢(to)) * M(gy, =, ¢(to)) = [M (g, y, to)]* * [M(gy, =, to)]*

and
N(gz, y, ¢(to)) O N(gy, z, ¢(to)) < [N(gz, y, to)]* O [N(gy. =, to)]*.
By this way, we can get for all n € N,

M(gx,y, ¢"(to)) * M(gy, z, ¢" (o))

> [M(gz,y, " (t0))]* * [M(gy, x,¢" ' (t0))]?

> [M(gz,y,t0)]*" * [M(gy,z,t0)]*"

(3.16) and
< [N(gx7y7¢n71(t0))] [ gy? 7¢n71(t0))]2

< [N(gz,y,t0)]*" O[N (9y, z, to)]*"
Then, by (3.10), (3.11), (3.12) and (3.16), we have

M(gz, y, t) * M(gy, z, t) > M (gz,y, 532, ¢*(t0)) * M (gy, =, 332, 6" (o))
> M(gz, y, 9"°(to)) * M(gy, =, ¢"(t0))
> [M(gz,y,t0)]>" * [M(gy, 2, t0)]*""
>(1—p)x (I—p)x.ox (I1—p)>1-X

2210
and
N(ng Y, t) <> N(gy7 z, t) S N (g'xayv Ezo:n0¢k(t0)) <> N (gyvxa Ezin0¢k(t0))
< N(gz, y, " (o)) ¢ N(gy, z, ¢"°(to))
< [N(ngyatO)F ’ <> [N(gy7x’t0)]2 ’
<

pO p..0 p < A
N——— ——

22n0
So for any A > 0 we have

M(gx, y, t) * M(gy, x, t) > 1~ X and N(gz, y, t) O N(gy, =, t) < A,



172 BHAVANA DESHPANDE, SUSHIL SHARMA & AMRISH HANDA

for all ¢ > 0. We can get that gz = y and gy = «x.
Step 4. Prove that z = y.
Since * and ¢ are continuous t-norm and continuous t-conorm of H-type respectively.

Therefore for any A > 0, there exists a g > 0 such that

1-— 1-— 1—p)>1—- X and <\
(3.17) (L—p)x L—p)*.ox (1—p)> and puQud...Op <
k k
for all k£ € N.

Since M(z, y, -), N(z, y, -) are continuous, lim;_,oo M (z, y, t) = 1 and limy_,o, N(z,
y, t) =0 for all z, y € X, there exists tg > 0 :

(3.18) M(x,y,tp) >1—p and N(z,y,to) < p.

On the other hand, since ¢ € ®, by condition (¢ — 3) we have ¥2°, ¢"(t9) <
Then for any t > 0, there exists ng € N such that

(3.19) t > i o (to).

k=ng

Since for tg > 0,

M(g2n+1, 9Yn+1, ¢(to)) = M(F (2, yn), F (Yn, Tn), ¢(to))
> M(g2n, gyn, to) * M(gyn, gn, to)
(3.20) and
N (9Zn+1, 9Yyn+1, 9(t0)) = N(F(2n, yn), F (Yn, Tn), ¢ (o))
< N(92n, gYn, t0) ON (gYn, gn, to)-
Letting n — oo in (3.20) yields
M(z,y,9(to)) = M(z,y,to) * M(y,z,t0)
(3.21) and
N(z,y, ¢(to)) < N(z,y,t0)ON(y, z, to).

Thus, by (3.17), (3.18), (3.19) and (3.21), we have

),
Mz, y, t) > M (z,y,552, 6" (to))
> M(z, y, ¢"°(to))
> [M(z, y, to)]*"" * [M(y, , to)]*"
> =p)x I=p)*..x (I—p)>1-2A
22n9

and
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N(z, y, t) (x,y, E;f:no¢k(to))

(. y, 9" (t0))

[N (2, y, t0)]*"" O [N(z, y, to)]*"
pOud...ou < A,

ey

22n0

IAIAIA I
2 =

which implies that z = y. Thus we have proved that F' and g have a unique common
fixed point in X. This completes the proof of the Theorem 3.1. O

Taking g = I (the identity mapping) in Theorem 3.1, we get the following conse-

quence.

Corollary 3.2. Let (X, M, N, *, {) be a complete intuitionistic fuzzy metric space,
where x and { respectively are continuous t-norm and continuous t-conorm of H-type
satisfying (2.8). Let F: X x X — X and there exist ¢ € ® such that

M(F(z,y), F(u,v), ¢(t)) = M(z,u,t) * M(y, v, t)
(3.22) and
N(F(z,y), F(u,v),d(t)) < N(z,u, t)ON(y, v, 1),

for all z, y, u, v € X and t > 0. Then there exists v € X such that x = F(z, x),
that is, F' admits a unique fized point in X.

Put ¢(t) = kt, where 0 < k < 1. By Lemma 2.1, we get the following.

Corollary 3.3. Leta O b < ab<axb forall a, b € [0, 1] and (X, M, N, %, Q)
be a complete intuitionistic fuzzy metric space such that (M, N) has p-property. Let
F:XxX—Xandg: X — X be two functions such that

M(F(x,y), F(u,v),kt) > M(gz, gu,t) x M(gy, gv, 1)
(3.23) and
N(F(x,y), F(u,v),kt) < N(gz, gu,t)ON(gy, gv, 1),

for all z, y, u, v € X and t > 0 where 0 < k < 1. Suppose F(X x X) C g(X),
g s continuous and commutes with F. Then there exists a unique x € X such that

x=g(x) = F(z, x).

Remark 3.1. The Corollary 3.3 is the intuitionistic fuzzy version of theorem of
Sedghi, Altun and Shobe [13].
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Next we give an example to demonstrate Theorem 3.1.

Example 3.1. Let X =[-2,2], axb=ab, a0 b=1—[(1—a)*(1—0b)] for all a,
b € [0, 1] and 1) is defined as (2.9). Let

M (z,y,t) = [p(t)]*
(3.24) and

N(z,y,t)=1- W(t)]‘x_y',Va:,y € X and t > 0.

Then (X, M, N, %, ¢) is a complete intuitionistic fuzzy metric space. Let ¢(t) = %,
g(z) =x and F : X x X — X be defined as

2 o2
(3.25) F(x,y):§+§—2,Vx,y€X.
Then F satisfies all conditions of Theorem 3.1, and there exists a point x = 2 — 2v/3

which is the unique common fixed point of g and F. In fact, it is easy to see that
F(X % X) = [-2, ~1] € [-2, 2] = g(X),
Now,

|127u2+y27v2|

M(F(z,y), F(u,v), ¢(t)) = [¢(6(1))] s
(326) and
N(F(e0), 0. 0(0) = 1 - [+
for all z, y € X and ¢t > 0. (3.22) is equivalent to
|E27u2+y27v2|
(3.27) o (3)] > [ - ()]
Since ¥(t) € (0, 1), we can get

2? —u?4y? 0| lz—u ly—vl

N O RO RO

From (3.27), we only need to verify the following:

|z—ul

(3.29) v(3)] T 2w
that is,
(3:30) ¥ (;) > [(#)]2, vt > 0.

We consider the following cases.
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Case 1. (0 <t < 4). Then (3.30) is equivalent to

[/
a\@ > [avVi]?,
it is easy to verified.

Case 2. (t > 8). Then (3.30) is equivalent to

1 1 > (1 1 ’
ln%_ Int/) ’

which is
t t
2Int - lni > ln2t+ln§,
since
t t t t
ln2t—|—ln2§ —21nt-ln§+ln§ —lnzi <0,
that is,

t t
In’2+1In- —In* - <
n“2+In 5 n 5 < 0,
holds for all ¢ > 8. So (3.30) holds for t > 8.
Case 3. (4 <t < 8). Then (3.30) is equivalent to

wfts (1LY
2 — Int/

Let t = €*, we only need to verify

oz 1 2
“ei—(1--) >0,
V2 ( m) -

for all z that 2In2 < z < 31n2. We can verify it holds.

Thus it is verified that the functions F, g, ¢ satisfy all the conditions of Theorem
3.1,z =2— 2+/3 which is the common fixed point of g and F' in X.

4. APPLICATION TO INTEGRAL EQUATIONS

As an application of the coupled fixed point theorems established in section 3
of our paper, we study the existence and uniqueness of the solution to a Fredholm
nonlinear integral equation. We shall consider the following integral equation,

b
(41)  x(p) = / (K1(p, q) + K2(p, 0)) [f (4, 2(q)) + g(q,z(q))] dg + h(p),

for all p € I = [a,b].
Let © denote the set of all functions 6 : [0, 1] — [0, 1] satisfying
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(i9) 0 is non-decreasing,

(i) 0(p) < p.
We assume that the functions Ki, Ko, f, g fulfill the following conditions:
Assumption 4.1. (i) K1(p, q¢) > 0 and Ks3(p, q) <0 for all p, q € I,

(7) There exists § € © such that for all z, y € R with > y, the following

conditions hold:

(4.2) 0< flg,2) = flg,y) < M(z —y)
and
(4.3) —pb(z —y) < g(g,z) — g(q,y) <0,
(i)
b
(4.4) mas[A, i sp [0, - Kap.0)lda < 5.

a

Theorem 4.1. Consider the integral equation (4.1) with K1, Ko € C(I x I, R) and
h € C(I, R). Suppose that Assumption 4.1 is satisfied. Then the integral equation
(4.1) has a unique solution in C(I, R).

Proof. Consider X = C(I, R). It is easy to check that (X, M, N, %, ¢) is a complete
intuitionistic fuzzy metric space with respect to the intuitionistic fuzzy metric

-y

M(z,y,t) = [0(6)]" " and N(w,y,t) =1 — [w(1)]""

forallz,y € X andt > Owithzxy =2y, 2 Qy=1—[1—2)x(1—y)| forallz,y € I
and © is defined as (2.9). Obviously () is an increasing function and ¥(¢) € (0, 1).
Define now the mapping F' : X x X — X by

b
F(x,y)(p) = /K1 (p,q) [f(g:2(q)) + 9(q,y(q))] dg

b
+ / Ks(p, 0) [£(a5(0)) + 9(q: 2(a))] dg + h(p),

for all p € I and ¢(t) = & for all t > 0. Now for all z, y, u, v € X, using (4.2) and
(43)
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we have

F (xI; y)(p) — F(u,v)(p)

_ / Ki(pq) [ (0, 2(9)) + 9(a, y(9))] dg
/ Ka(prq ) + (g, 2(q))] dg

- / Ky (p.q) [ (2. u(@)) + 9(a,v(a))] dg

/K2 P, q )+ 9(q,u(q))] dg
/ K1(p, ) [F(0,2()) — £(g,u(0)) + 9(a: y(a)) — 9(a0(a))] da

(4.5)
/K2 1,q) [f(0,y(q) — f(g,v(q) + 9(q,2(q)) — g(q,u(q))] dq
/ Ki(p,q) — F(g,u))) — (9(a:v()) — 9(a, y()))] dg
/ Ks(p, @) [(F(a,0(0)) — £, 9(a))) = (9(a> 2(0)) — 9(g, u(0)))] dg
/Klpq ) [N () — u(a)) + 16 (v(q) — u(0))] da

_ / Ka(p, q) (M (v(q) — y(q)) + 10 (2(q) — u(q))] dg.

Since the function 6 is non-decreasing and so we have
0 (z(q) —u(q)) <6 (|z(q) — ulq)])

and
0 (v(g) —y(q) <0 (Jv(g) —y(@)l),

hence by (4.5), in view of the fact Ka(p, q) <0, we get
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(4.6)
[F(x,y)(p) — F(u,v)(p)|

b
< / K1(p, g) M (|12(g) — u(@)]) + 16 ([v(q) — w(a)]) dg
“ b
- / Ks(p,q) M ([0(a) — y(@)]) + 16 () — u(a)])] da
ba
< / K1(p, q) [max{\, 11} (|(q) — u(q)]) + max{X, 1} (|v(q) — y(q)])] dg

b
- / Ka(p, q) [max{A, u}0 (Jv(q) — y(q)|) + max{A, u}0 (Jx(q) — u(q)])] dg,

as all the quantities on the right hand side of (4.5) are non-negative. Now by using
(4.4), we get

[F (2, y) — F(u,v)]

b
< wax{Apa} [ 1K61(p.0) — Kapr )] da- 0 Jo(0) — u(@)]) + 0 () — y(@)])

b

< max{A, u} Sup/ [K1(p,q) — Ka(p,q)]dg - [0 (|z(q) — u(q)]) + 0 (Jv(q) — y(q)])]

pel
a

<Oz —ul) +0(v -yl
— 4 )
which implies, by ¥ (¢t) € (0, 1), that

Q) )

it follows, by (3.30), that

| (e.9)~F(u,0)] e ooy
(4.7 v(3)] T e,

8(|z—ul)+6(jv—y|)
4

Now, since 6 is non-decreasing, we have
O(lz —ul) <O (|z —ul+ |y —v]) and O(ly —v|) <O (Jz —u|+ [y —v]),

and so
0 (|lz —ul) +0(ly —v|)
2

<O (Jo —ul + [y —vf),
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which implies, by ¥(t) € (0, 1), that

O(lz—u)+0(ly—v])
2

(4.8) W)z > [p(e)) ety
Thus by (4.7), (4.8) and (iig), we have

|F(2,y) = F (u,v)|
(4.9) [z/; <;>] et > [w(t)]é(\x—UI—&-ly—v\) > [@Z)(t)]|$—u\+|y—ﬂl'

Now by (4.9), it follows that

MF (o). Flu, 0, 0(0) = 31 (Flov), Fluo).

and
N(F(.9).F(u0).0(0) = N (Fla), Pl 5 )
£\ 7IF@y)—F(u)
oG]
SECI0) S
< N(z,u,t)ON(y,v,1).
Thus
M(F(z,y), F(u,0), §(t) > M(z,u,1)  M(y,v,1)
and

N(F(z,y), F(u,v),¢(t)) < N(z,u,t)ON(y,v,1),
which are the conditions in (3.22), show that all hypotheses of Corollary 3.2 are
satisfied. This proves that F' has a unique fixed point = € X, that is, T = F(, 7)
and therefore ¥ € C'(I, R) is the unique solution of the integral equation (4.1). O
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