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Abstract

In this paper, by using .%-type real functions, some common fixed point for fuzzy mappings satisfying an implicit ¢-
contractive conditions in complete metric spaces are established. Our results extend, generalize, and improve some existing
results. Moreover, some applications and two examples are given here to illustrate the validity of the hypotheses of our main
results. (©2017 All rights reserved.
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1. Introduction and preliminaries

Fixed point theorems and their applications for fuzzy contraction mappings in a metric linear space
were first studied in 1981 by Heilpern [8]. In recent years, some authors have obtained fixed point
results for various classes of fuzzy contraction mappings in a metric space and a metric linear space (for
examples, see [1-7, 10, 12-15, 17, 18]).

Recently, Beg and Ahmed [5] proved two common fixed point theorems for fuzzy mappings satisfying
an implicit relation in complete metric spaces. On the other hand, Chen and Huang [6] proved some fixed
point theorems for fuzzy mappings under a G-distance function and a G’-distance function in complete
metric spaces. These theorems extended the known contractive-type conditions.

Inspired by the work of [5, 6], in this paper we discuss the existence of common fixed point for fuzzy
mappings satisfying an implicit @-contractive conditions in complete metric spaces. In Sections 2 and 3,
we first introduce the new real function class .#, satisfying an implicit ¢-contractive conditions. Then,
by using .%,-type real functions, some common fixed point theorems for fuzzy mappings satisfying an
implicit @-contractive conditions in complete metric spaces are established. Our main results extend, gen-
eralize and improve the results of [1-8, 13, 14]. In Section 4, as applications, we obtain the corresponding
common fixed point theorems for multi-valued mappings in complete metric spaces. Also, two examples,
which show the validity of the hypotheses of our main results, are given.
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Throughout this paper we shall use the following notations and lemmas which have been recorded
from [5, 6, 8, 10, 11].

Let X and Y be nonempty sets. A multi-valued mapping T from X to Y, denoted by T : X — 2V, is
defined to be a function that assigns to each element of X, a nonempty subset of Y. Fixed points of the
multi-valued mapping T : X — 2% will be the points x € X such that x € T(x).

Let (X, d) be a metric space. Let ¥%(X) denote the set of all nonempty closed and bounded subsets
of X, and ¢'(X) denote the set of all nonempty compact subsets of X. For A, B € € %(X) define

H(A, B) = max{sup d(x, B), sup d(A,y)},
XEA yeB

where d(x,A) =infyca d(x,y).

A fuzzy set in X is a function with domain X and values in [0, 1]. If A is a fuzzy set and x € X, then
the function values A(x) is called the grade of membership of x in A. The «-level set of A is denoted by
[Al4, and is defined as follows:

Ala ={x:A(x) > a}if x € (0,1], [Alp={x:A(x) >0}

Here, B denotes the closure of the set B. Let . (X) be the collection of all fuzzy sets in a metric space X.
For A,B € #(X), A C B means A(x) < B(x) for each x € X.
A mapping T from X to .Z(Y) is called a fuzzy mapping if for each x € X, T(x) (sometimes denoted
by Tx) is a fuzzy set on Y and Tx(y) denotes the degree of membership of y in Tx. A fuzzy point x4 in X
is called a fixed fuzzy point of the fuzzy mapping T if xo C Tx. If {x} C Tx, then x is a fixed point of T.
Let #«(X) denote the set of all fuzzy sets on X such that each of its x-level is a nonempty compact
subset of X. For x € X, A,B € #4(X) define

D(A,B) = sup H(A4 B«), d(x,A)= sup d(x,Ay).
xe(0,1] o€ (0,1]

Lemma 1.1 (Nadler [11]). Let (X, d) be a metric space and A, B € €(X), then

(1) for each x € A, d(x,B) < H(A, B);
(2) foreachy € X, d(x,A) < d(x,y)+d(y,A).

Lemma 1.2 (Nadler [11]). Let (X, d) be a metric space and A, B € € (X), then for each x € A, there exists an
element y € B such that d(x,y) < H(A, B).

Lemma 1.3 (Heilpern [8]). Let x € X and A € #«(X). Then x C Aif d(x,Ay) =0 forall « € [0,1].

Lemma 1.4 (Lee and Cho [10]). Let (X, d) be a metric space and T be a fuzzy mapping from X into W (X) with
xo € X. Then there exists x; € X such that {x1} C Txy.

2. The real functions satisfying an implicit @-contractive conditions

Definition 2.1. Let ¢ : Rt = [0, +00) —+ R™ be a function and ¢™(t) denote the nth iteration of ¢(t).

(1) @ is said to satisfy the condition (@) if it is nondecreasing, and there exists a constant M > 0 such
that @(t) < Mt for all t > 0.

(2) o is said to satisfy the condition (®y) if it is nondecreasing, lower semi-continuous, and >, @™ (t) <
+oo forall t > 0.

Remark 2.2. Obviously, if ¢(t) satisfies the condition (®g), then @(t) < t forall t > 0, i.e.,, (®g) C (D).

Since @(t) = 1+Lt satisfies the condition (®) and does not satisfy the condition (@), (®g) does not imply

(D), i.e., (D) & (Dg). Also, if @(t) satisfies the condition (@), then @(0) = 0.
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Definition 2.3. A function F : ler — R = (—o00,+00) is called a real function satisfying an implicit
@-contractive condition, if the following conditions are satisfied:

(#-1) Fis lower semi-continuous;
(-#-2) F is nondecreasing in 1st coordinate variable and nonincreasing in 3rd, 4th, 5th, 6th coordinate
variable;
(F-3) there exist @1, @2 € () with @ = @, 0 @1 € (Dg) such that for all u,v > 0, we have
(%#-3a) u < @1(v), whenever F(u,v,v,u,u+v,0) <0;
(%#-3b) u < @y(v), whenever F(u,v,u,v,0,u+v) <0.

We denote by .7, the collection of all real functions F : R} — R satisfying an implicit @-contractive
conditions.

The following examples show that the .7, is a largish class of real functions.

Example 2.4. Let the function F; : R — R as follows:

Fi(t1, to, t3, 4, t5, t6) = t1 — d(max{ty, t3, s, t5, te}) 12,

where ¢ : [0,+00) — [0,1), and ¢ is nondecreasing and lower semi-continuous. Then F; € .%,,.

In fact, it is evident that F; satisfies conditions (#-1) and (%#-2) of Definition 2.3. If Fi(u,v,v,u,u+
v,0) < 0 or Fi(u,v,u,v,0,u+v) < 0 with v > 0, then we have u < ¢(u+v)v < v. This implies u <
d(2v)v. Let @1(t) = @2(t) = $(2t)t. Note that ¢ is nondecreasing, then we have @(t) = @2(@1(t)) =
d(2d(2t)t)d(2t)t < Pp3(2t)t. It follows by induction that ¢™(t) < $2"(2t)t. Since $(2t) < 1, we have
Y oo @™(t) < +oo,ie., @(t) € (D). In addition, if v =0, then u =0 < @ (v) = ¢(0) = 0. This shows that
F; satisfies condition (.#-3) of Definition 2.3. Hence F; € Z,.

Example 2.5. Let a,b,c,d > 0 with a+ b+ ¢ < 1. We define the functions Fy, F3 : ]Rgr — R by

Fa(ty, to, t3,t4, 15, t6) = t1 — aty — btz — cty — dv/tsts,

(aty + btg + cty)tr
Fa(ty, to, ta, ta, ts, ts) = t; — — dtstg.
3(t, to, t3, 1y, t5,t6) =14 Ry ste

It is easy to see that F, F3 € Z,.
Example 2.6. Let ¢ € (®p). The function F4 : R} — R is defined by

Fa(ty, to, t3, 14, 5, t6) = (1 + t2)t1 — d(max{taty, tste}) — Pp(max{ty, t3, t4}),

then F4 € 7.

In fact, it is evident that F4 satisfies conditions (.#-1) and (.#-2) of Definition 2.3. Now suppose that
F4(u,v,v,u,u+v,0) < 0 or Fg(u,v,u,v,0,u+v) < 0. If u =0, then u < $(v) holds evidently. If u > 0,
then we have (1 +v)u < ¢(uv) + ¢(max{u, v}) < uv +max{u, v}, which implies that u < max{u, v}, and so
u < v. Hence, we have (1 +v)u < ¢(uv) + ¢(v) which implies u < $p(v). Let @1(t) = @2(t) = d(t). Note
that ¢ € (D), we have @(t) € (®p). Therefore F4 € F,.

Example 2.7. Letp > 0,a,b,c,d > 0 with a+ b +c < 1. The function Fs : IRgr — R is defined by

Fs(t1, t2, t3,ta, t5, t6) = t1 — (ath) + bt} + ct}f)% — dtste,
then F5s € 7.

In fact, it is evident that F5 satisfies conditions (#-1) and (%#-2) of Definition 2.3. If F5(u,v,v,u,u+
v,0) <0,ie,u< (avP +bvP + cup)%, then we have (1 —c)uP < (a+b)vP < (1 —c¢)VP, ie., u < v. Thus,
U< (av? +bvP +evP)p = (a+b+c)vv = @1 (v).

Similarly, we can prove that F5(u,v,u,v,0,u+v) < 0 implies that u < (a+b + c)%v = @>(v). Note
that @1(t) = @2(t) € (Dg), we have @(t) € (®g). Therefore F5 € F,.
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Example 2.8. Let ¢1,---,d5: RT — [0,1) be five continuous functions, and there exist a > 0,b > 0,C >
0,D > 0 with CD < ab, such that

tiggu —do(t) — ds5(t)} = q, g{){l —d3(t) — da(t)} =1,

sup{d1(t) + d2(t) + da(t)} = C, sup{¢1(t) + d3(t) + ds(t)} = D.

>0 >0

We define the function Fg : IRgr — R as follows:

Fo(t1,t2, 13,14, t5, t6) = t1 — (b1 (t2)t2 + b2 (t2)ts + d3(t2)ts + da(t2)ts + ds(t2)ts) .

Then Fg € F.
In fact, it is easy to see that the conditions (.#-1) and (.#-2) of Definition 2.3 are satisfied. For any

u,v > 0, if Fg(uw,v,v,u,v+1u,0) < 0, then we have u— (p1(v)v+ ¢2(v)v+ d3(v)u+ da(v)(v+u)) <0,
which implies that u < ¢11(X)(;3 ‘g’vz)(z)(;fj)(v)v and it yields u < £v. Similarly, if Fs(w,v,u,v,0,v+u) <0,

biv) balv) Fs)y < Dy Let ¢y (t) = $t, 02(t) = 2t. Note that CD < ab, we have
o(t) = £t € (®y) and @y, @2 € (D), ie., (F-3) holds. Hence F¢ € F.

then we have u <

Example 2.9. Let the function F7 : R, — R be defined by

ty+1 th+1 2t +1 th+1 t,+1
Fo(ty, to, ts, ta, t5, t) = t; — t te |,
7ttt tats te) = 4 <20t2+21 T T T R T, I A TR
then F; € 7.

In fact, in Example 2.8, taking ¢1(t) = ﬁ, do(t) = 20";121, d3(t) = %, da(t) = ﬁ, b5(t)

= %, we obtain five continuous functions ¢1, - - -, ¢5 from R7 into [0, 1) satisfying the following condi-
tions:
inf{1— s (t) — ds(U)} = o inf{1— s (t) — da(U)} = =
s P2 SUI= 507 0 3 AT 50
1 19
sup{d1(t) + da(t) + da(t)} = 5, sup{d1(t) + d3(t) + ds(t)} = .
>0 8 >0 20

It is evident that % . % = % < % = 29—0 . %, and so all conditions of Example 2.8 are satisfied. Therefore,
Fy € F @

Example 2.10. Let a,b,c,d,e € [0,1) with c+d < 1 and b+ e < 1. There exists & > 0 such that
a+b+c+d+e=1+05and (c—b)(e—d) > 25 We define the function Fg: R} — R as follows:

Fg(ty, to, t3,t4, t5,t6) = t1 — (aty + btz + cty + dts +ets),

then Fg € .7,.

Obviously, in Example 2.8, taking ¢1(t) = a, ¢2(t) =b, ¢3(t) =c, da(t) = d, Ps5(t) = e, we obtain
five continuous functions ¢, - -+ , ¢5 from R™ into [0,1). Moreover,0 <1—b—e, 0 < 1—c—d is obvious.
Note that a < 1 and (¢ —b)(e —d) > 29, it follows that

a(l+d)+be+cd<a+d+be+cd<a—05+bd+ce.
By a+b+c+d+e=1+95, we obtain
ala+b+c+d+e)+bet+cd+bc+de<l—b—c—d—e+bd+ce+bc+de,

which implies that (a+b+d)(a+c+e) < (1—c—d)(1—b—e). Hence, the conditions of Example 2.8
are satisfied. Thus, by Example 2.8, we have Fg € .%,.
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Remark 2.11. The numbers a,b,c,d, e and 6 in Example 2.10 really exist. For example, if we take & =
%,a = %,b = %,c = %,d = 41—0,6 = %, thena+b+c+d+e= 1+$,a+d+e = % <l,c+d= % <

1,b+e= % <1l,and (c—b)(e—d) = % > 21—0, i.e., the conditions of Example 2.10 are satisfied.

Example 2.12. Define the function Fg : R — R as follows:
Fo(ty, to, t3, ta, t5, t6) = t1 — (atz2 + btz + cty + dts5 + ete),

where a,b, ¢, d, e are nonnegative real numbers, with a+b+c+d+e =1 and either c > b,e > d or
c<b,e<d. Then Fg € F,.

In fact, we take ¢1(t) = a, Pa2(t) = b, P3(t) = ¢, dua(t) = d, Pps(t) = e If ¢ > b,e > d, we have
(a+b+d)(a+c+e)=(1—-c—e)(1-b—-d) < (1—-c—d)(1—-b—e), ie., the conditions of Example
2.8 are satisfied. Similarly, we can prove the case of ¢ < b,e < d. Therefore, by Example 2.8, we have
Fg € ﬂ(p,

Definition 2.13 (Beg and Ahmed [5]). A function F : R} — R is called a real function satisfying an
implicit conditions, if the following conditions are satisfied:

(V1) Fis lower semi-continuous;
(}2) F is nondecreasing in 1st coordinate variable and nonincreasing in 3rd, 4th, 5th, 6th coordinate
variable;
(W3) there exists h € (0,1) such that for all u,v > 0, we have
(W31) u < hy, whenever F(u,v,v,u,u+v,0) <0;
(W32) u < hy, whenever F(u,v,u,v,0,u+v) <0;
(P4) for all u > 0, we have F(u,u,0,0,u,u) > 0.

We denote by ¥ the collection of all real functions F: R} — R satisfying the conditions of Definition 2.13.

Remark 2.14. A slight difference between the original definition in [5] and Definition 2.3 is that in Definition
2.3, F is nondecreasing in 1st coordinate variable. In fact, in Beg and Ahmed [5], the proof of Theorem
2.6 depends strongly on nondecreasing of F in 1st coordinate variable. This shows that nondecreasing
of F in 1st coordinate variable is necessary. In addition, taking @1(t) = @2(t) = ht,h € (0,1),t > 0, we
have @1 = @, € (@) and @(t) = h?*t € (Dy). Then it is easy to see that ¥ C .#,. Since F; € %, and
F; ¢ ¥, hence %, ¢ ¥. These show that the implicit relation of Definition 2.3 is a generalization of Beg
and Ahmed [5, implicit relation].

3. Main results

In this section, we prove two common fixed point theorems for fuzzy mappings satisfying an implicit
@-contractive conditions in complete metric spaces, and so also give some corollaries which generalize
the results of [1-8, 13, 14].

Theorem 3.1. Let (X, d) be a complete metric space and S, T : X — F(X) be two fuzzy mappings satisfying the
following conditions:

(a) for each x € X, there exists o(x) € (0,1] such that [Sx]«(x), [TX]«(x) € € (X) and
(b) there exists F € %, such that

F(H([Sx]a(x)/ [Ty]oc(y))/ d(XIU), d(x, [SX]oc(x) ), d(y/ [Ty]oc(y))z d(x, [Ty](x(y))/ d(U/ [Sx]oc(x) )) <0 3.1)

forall x,y € X.

Then there exists z € X such that z € [Sz] ;) N [Tzl & (2).-
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Proof. Let xg be an arbitrary point in X. For this xg, by condition (a), there exists «(xg) € (0,1] such that
[Sx0] « (x) is NOonempty compact subset of X. For convenience, we denote (xo) by ;. Choose x; € [Sxglq,,
for this x; there exists oz € (0,1] such that [Tx1]4, is nonempty compact subset of X. Using Lemma 1.2,
we know that there exists x2 € [Tx1]«, such that

d(x1,%x2) < H([Sx0lay, [Tx1]a,)-

Applying the same argument we can find «3 € (0,1] and x3 € [Sx;]«, such that
d(x2,x3) < H([Sx2] oy, [Tx1] )

By induction we produce a sequence {x,,} of points of X,

X2k +1 € [Sxord oy, Xoki2 € [Mokg1log,, kK=0,1,2,---, (3.2)

such that

d(x2r+1,X2k+2) < H(ISX2k o1 [TX2k 4 1) s ) A(X2k42, X2 43) < H(IS%2k 42l oennesr [TX2K 1] e )-

Fork=0,1,2,..., applying (3.1) and (3.2), from Lemma 1.1 and the property (.#-2) of F, we have

F(d(x2k+1, X2k +2), d(x2k, X2k +1), d (XK, X2k 4+1), X2k 41, X2k 42), d(X2k, X2k 41) + d(X2k 41, X2k 42),0)
< Fld(xak41, %2K+2), d(xak, X2k 1), d(X2k, Xok+1), (XK1, X2k +2), d(X2k, X2k+2), X2k 41, X2k 1))
< FH(IS%2r] oo 17 [TX2k 1] a2 ) d(X2r, Xok1), A(X2k, [SX0k] o 1) (X211, [TX2k 1] a2 )

d (%2, [Tx2k 1) g n ), A(X2k41, [SX2k] 1)) <O,

From the property (.#-3a) of F, there exists ¢ € (®) such that

d(x2k+1, X2k +2) < @1(d(x2K, X2k +1))- (3.3)

Similarly, applying (3.1) and (3.2), from Lemma 1.1 and the property (.#-2) of F, we have

F(d(x2k+3, X2k +2), d(X2K+2, X2k +1), A(X2k+2, X2k +3), Ad(X2k 11, X2k +2), 0, A(X2k+1, X2k +2) + d(X2Kk 42, X2k +3))
< F(d(xok+3, X2k +2), Ad(X2K 42, X2k +1), A(X2k+2, X2k +3), A(X2k 41, X2k +2), A(X2k+2, X2k +2), A(X2K 41, X2k +3))
< F(H(IS%2x+42) oo 57 [TX2k 41 ot 10 ) A (X242, X2k +1), A(X2k42, [SX2k42) 00mrc15)

d(xok+1, [Tx2k41] oo 0 )y Ax2k42, [Txok 1 s 10 )7 A(X2k41, [SX2K 2] 0z 15)) <O

From the property (.#-3b) of F, there exists ¢, € (@) such that
d(xak+2, X2k +3) < @2(d(X2K+1, X2k +2))- (34)
Since @1, @2 € (®), by the condition (1) of Definition 2.1, (3.3), and (3.4), we can obtain

d(x21+1, X2k +2) < @1(@2(d(xok—1,%2k))) < @1(@(d(x21—2,%21—1))), (3.5)

and
d(x2K+2, X2k +3) < @2(@1(d(x2K, X2k +1))) = @(d(x2K, X2k 1)), (3.6)

where @ = @, o @1. Using inductive method, for k =0,1,2,-- -, by (3.5) and (3.6), we have

d(xar+1, %2k +2) < @1(@*(d(x0,%1))), (3.7)

and
d(xok 12, X2k +3) < @1 (d(x0,x1)). (3.8)
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Next, we show that the sequence {x,} is a Cauchy sequence in X. For any k < p, it follows from (3.7)
and (3.8) that

d(x2K+1,X2p+1) < d(sz+1,X2k+2) +-+ d(sz,szH)
Z e1(@*(d(x0,x1))) + Z @*(d(x0,x1))
i=k+1

Note that @1 € (@), by the condition (1) of Definition 2.1, we know that there exists M > 0 such that

o0
d(xaxs1,X2p1) S MY @ d(xo,x1)) + Z el(d(xo,x1)) < (M+1) ) @'(d(xo,x1))
i= i=k+1 i=k

By the similar reasoning process, we have

gk

d(xak, X2p11) < (M+1) ) @'(d(x0,x1)),
i=k

d(x2i,x2p) < (M+1) ) @H(d(x0,%1)),
i=k

A1) < (M+1) 3 @' dlxox1)).

k

,.,
I

Then there exists k with “7*1 <k < 7, forany 0 <n < m, such that

d(xm,xn) < (M+1) ) @*(d(x0,x1))-
i=k
Since @ = @y0 @1 € (D), ie., Z @ (d(x0,x1)) < +oo, then {xn} is a Cauchy sequence in X. From the

completeness of X, there exists z = X such that x,, =+ zasn — oo.

Now, we claim that d(z, [T(z)ly()) = 0. If not, then we have d(z, [T(z)]y(,)) > 0. Without loss of
generality, let us assume that n is even. Using (3.1) and (3.2), from Lemma 1.1 and the property (#-2) of
F, we obtain

Fld(xon+1, [T(2)]l«(2)), d(x2n, 2), d(xan, Xan+1), d(2, [T(2)] «(2)), d(x2n, 2) + d(z, [T(2)]«(2)), d(z, X2n+1))
< F(H([Sx2n] Komg1” T(Z) ) d(x2n,z), d(x2n, [Sx2n] Oon 41 ), d(z, [T(Z)]oc(z) ),
d(XZn/ [T( ) )/ d(Z/ SXZTL 0(2n+1)) < 0.

Note that d(xon,z) — 0,d(x2n,Xon+1) — 0, and d(xon1, [T(2)]x(z)) — 0 @as n — oco. Let n — oo, by the
lower semi-continuity of F, we have

F(d(zf [T(Z)] x(z) )/ 0/ 0/ d(Z, [T(Z)] x(z) )/ d(Z, [T(Z)] x(z) )/ O) < O (39)
From (3.9) and the property (.#-3a) of F, by Remark 2.2, we can obtain
d(z, [T(2)]lx(2)) < 1(0) =0,

which is a contradiction. Hence d(z, [T(z)ly(,)) =0, i.e., z € [Tz] ()
Similarly, applying (3.1) and (3 2), from Lemma 1.1 and the properties (.#-2) and (.%#-3b) of F, it is not
difficult to prove that z € [Sz]y(,). Hence z € [Sz]y(,) N [Tz](z). This completes the proof. O
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Theorem 3.2. Let (X, d) be a complete metric space and S, T : X — W« (X) be two fuzzy mappings on X. Suppose
that there exists F € .7, such that

F(H([SX] X7 [Ty](x)l d(er)/ d(X/ [SX](X)/ d(U/ [Ty](x)/ d(xl [TU]O()/ d(y/ [SX]O()) < 0 (3‘10)
forall x,y € X and o« € [0,1]. Then there exists z € X such that zo C Sz and zo C Tz.

Proof. Let xg be in X. By Lemma 1.4, we know that there exists x; € X such that {x;} C Sxo, which implies
that
d(x1, [Sxgl«) = 0 for each « € [0, 1],
which is possible only if x; € [Sxol«. Since [Tx1]« is a nonempty compact subset of X, there exists
Xy € [Tx1]« such that
d(x1,x2) < H([Sx0]o, [Tx1] ).

Continuing this process, one obtains a sequence {xn,} in X such that

X2k+1 € [Sxarla, Xoki2 € [Txokq1le, k=0,1,2,---,
and
d(xok+1, X2k +2) < H(ISx2k e, [Tx2k 1)), d(x2x42, %2k 43) < H{[Sx2K 2], [Tx2K 1)
As in the proof of Theorem 3.1, we can prove that there exists z € X such that x, =+ zasn — oo

and d(z,[S(z)]l«) = 0, d(z,[T(z)]l«) = O for each &« € [0,1]. By Lemma 1.3, we know that z, C Sz and
Zo C Tz. O

Applying Theorem 3.2, we easily obtain the following fixed point theorems for Chen et al. [6] and
Abbas et al. [1, 2] type fuzzy mappings. To this end, we need the following definition.

Definition 3.3 (Chen et al. [6, Definition 2.1]). A function g is said to be a G-distance function if g :
[0, +00)° — [0, 4+00) is a continuous function and the following properties hold:

(i) g is nondecreasing in the 2nd, 3rd, 4th, and 5th variables;

(ii) if u,v € [0, 400) are such that u < g(v,v,u,u+v,0) or u < g(v,u,v,0,u+v), then u < hv, where

0 < h < 1is a given constant;

(iii) if uw € [0, +00) is such that u < g(u,0,0,u,u), then u=0.
Definition 3.4 (Chen et al. [6, Definition 3.1]). A function ¢ is said to be a G’-distance function if g :
[0, +00)° — [0, +00) is a continuous function and the following properties hold:

(i) g is increasing in each co-ordinate variable;

(i) g(t, t,t,at,bt) <t for every t € [0,400), where a+b = 2.

Corollary 3.5 (Chen et al. [6, Theorem 2.1]). Let (X,d) be a complete metric space and g be a G-distance
function. Suppose that S, T : X — #«(X) are two fuzzy mappings on X satisfying the following conditions:
G(H([Sx], [Tyla)) < d(gld(x,y), d(x, [SX]«), d(y, [Tyla), d(x, [Tyla), d(y, [SX]«)))
+ Lmin{d(x,y), d(x, [Sx]«), d(y, [Tyl«), d(x, [Tyl«), d(y, [Sx]«)}

forall x,y € Xand o« € [0,1], where L > 0, and ¢ : [0,+00) — [0,+00) is a continuous and nondecreasing
function with $(t) = 0 if and only if t = 0. Then there exists a point z € X such that zo C Sz and zo C Tz.

PT’OOf. Let F(t1,t2,t3,t4,t5,t6) = d(t1) — d(g(ta, 13,14, 15, t6)) — Lmin{ty, t3, ts, ts, te}. It is evident that F
satisfies conditions (.#-1) and (.%-2) of Definition 2.3.
Now suppose that F(u,v,v,u,u+v,0) < 0 or F(u,v,u,v,0,u+v) < 0, ie, ¢(u) —dp(glv,v,u,u+
v,0)) <0or d(u) —d(g(v,u,v,0,u+v)) < 0. From Definition 3.3, we have
o(u) < d(glv,v,i,u+v,0)) =u<glv,v,u,,u+v,0) =u< hv
or
o(u) < d(glv,u,v,0,u+v)) =u<gvuyv,0,ut+v)=u<hv
Let @1(t) = ht = @,(t). Note that 0 < h < 1, we have @1 = @2 € (@), @(t) = @2(@1(t)) = h?t € (D).
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These show that F € .#,, which satisfies inequality (3.10) of Theorem 3.2. Then by Theorem 3.2, the
corollary is proved. O

Remark 3.6. From Remarks 2.1-2.3 and Corollaries 2.5-2.6 in Chen et al. [6], we easily know that Theorems
3.2 and 3.3 in Park and Jeong [13], Theorem 3.2 in Arora and Sharma [4], Theorem 3.1 in Estruch and
Vidal [7], and Theorem 3.1 in Heilpern [8] are special cases of Corollary 3.5. Therefore, Corollary 3.5
improves and extends the main results of [4, 6-8, 13].

Corollary 3.7 (Chen et al. [6, Theorem 3.1]). Let (X, d) be a complete metric space and g be a G'-distance
function. Suppose that S, T : X — W« (X) are two fuzzy mappings on X satisfying the following conditions:

H([SX] o, [Tyla) < W(g(d(x,y), d(x, [SX]«), d(y, [Tyl«), d(x, [Tyl«), d(y, [SX]«)))
+ Lo (min{d(x, [Sx]«), d(y, [Tyla), d(x, [Tyl), d(y, [Sx]«)})

forall x,y € Xand o € [0,1], where L > 0, { € (Dy), and ¢ : [0,4+00) — [0,+00) is a lower semi-continuous
function with $(t) = 0 if and only if t = 0. Then there exists a point z € X such that zo C Sz and zo C Tz.

P?’OOf. Let F(tq, tp, 13, t4,t5,t6) = t1 — Il)(g(tz, 13,14, t5,t5)) — Ld(min{ts, ty, t5, ts}). It is evident that F satis-
fies conditions (.#-1) and (.#-2) of Definition 2.3.

Now suppose that F(u,v,v,u,u+v,0) <0 or F(u,v,u,v,0,u+v) <0,ie, u—YP(gv,v,u,u+v,0)) <0
oru—(g(v,u,v,0,u+v)) < 0. From Definition 3.4, if u > v > 0, then we have u < P (g(v,v,u,u+v,0)) <
Pig(u,u,u,2u,0-u)) < P(u) <uoru < P(gv,u,v,0,u+v)) <P(glu,u,u,0-u,2u) < P(u) < u, which
is a contradiction. Hence u < v, i.e.,, u < P(v). Let @1(t) = P(t) = @3(t). Note that P € (Dg), we have
@1 = @ € (D), p(t) = @a(@1(t)) = P?(t) € (®g). These show that F € F ¢, which satisfies inequality
(3.10) of Theorem 3.2. Then by Theorem 3.2, the corollary is proved. O

Remark 3.8. Taking g(tp, t3, ta, t5, ts) = max{ty, ts, ta, %} in Corollary 3.7, we can obtain Theorems 3 in

Abbas et al. [1]. Taking g(ty, t3, t4, t5, ts) = max{ty, t3, t4, t4“2Lt5} and S =T in Corollary 3.7, we can obtain
Theorems 2.1 in Abbas and Turkoglu [2]. Therefore, Corollary 3.7 improves and extends the main results
of [1, 2, 6].

Corollary 3.9. Let (X, d) be a complete metric space. Suppose that S, T : X — W (X) are two fuzzy mappings on
X satisfying the following conditions:

H2([SX]a, [Tyla) < ¢ max{d*(x, y) dz(X, [Sx] o ) 2(y, [Tyla)}
+ co max{d(x, [Sxl«)d(x, [Tyl«), dy, [SxI«)d(y, [Tyl«)} (3.11)
+ C3d(xz [Ty]oc)d(y/ [SX}cx)

forall x,y € Xand « € (0,1], where c1,ca,c3 > 0 with ¢cq +2cy < 1. Then there exists a point z € X such that
Zo CSzand zo C Tz.

Proof. Let F(t1, t2, t3, ta, t5, t6) = t2 — c1 max{t3, 3, t3} — co max{tsts, tate} — catste. It is evident that F satis-
fies conditions (.#-1) and (.#-2) of Definition 2.3.

Now suppose that F(u,v,v,u,u+v,0) < 0 or F(u,v,u,v,0,u+v) < 0, ie, u? < cpmax{v?, u?} +
coviu+v). Ifu>v >0, then we have u? < (01 + 2¢5)u? < u?, which is a contradiction. Hence u < v, i.e.,

u < vep +2cv. Let @q(t) = /e +2ct = @o(t). Note that ¢; +2¢, < 1, we have @1 = @, € (D), o(t) =
©2(p1(t)) = (c1 +2c2)t € ( @g). These show that F € #,, which satisfies inequality (3.10) of Theorem 3.2.
Then by Theorem 3.2, the corollary is proved. O

Remark 3.10. Note that D(Sx, Ty) = sup, H([Sx]«, [Tyls) and d(x, Sx) = sup , d(x, [Sx]«), from (3.11), we
can prove that for all x,y € X,
D?(Sx, Ty) < e1max{d*(x,y), d*(x, $x), d*(y, Ty)} + co max{d(x, Sx)d(x, Ty), d(y, Sx)d(y, Ty)}
+ cad(x, Ty)d(y, Sx).
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Then the conclusion of Corollary 3.9 remains valid. Moreover, this result generalizes Theorem 3.3 in
Ahmed [3]. Our result shows that the condition ¢, 4+ c3 < 1 in Theorem 3.3 in Ahmed [3] is unnecessary.
Further, by Remark 3.2 (II) in Ahmed [3], we can see that Corollary 3.9 also generalizes Theorem 3.3 of
Park and Jeong [13].

Corollary 3.11. Let (X, d) be a complete metric space. Suppose that S, T : X — W (X) are two fuzzy mappings on
X satisfying the following conditions:

H2([SX] o, [Tyla) < a1d?(x,Y) + a2d(x, [SX])d(y, [Tyla) + aszd(x, [Tyl«)d(y, [SxX]«)
+ asd(x,y)d(x, [Sx]«) + asd(x, y)d(y, [Tyl«)

forall x,y € Xand « € [0,1], where a1, az, a3, a4, a5 > 0 and a3 + ax + as + as < 1. Then there exists a point
z € Xsuch that zo C Szand zo C Tz.

Proof. We can consider the function F(ty, tp, t3,t4, t5, ts) = t% — alt% — artaty — aztstg — agtots — astyty. It
is evident that F satisfies conditions (#-1) and (.%#-2) of Definition 2.3.

Now suppose that F(u,v,v,u,u+v,0) < 0 or F(u,v,u,v,0,u+v) <0, ie, u2 — a;v? — apvu — agv? —
asuv < 0 or 2 —a;v? —auv —agvu—asv? < 0. If u > v > 0, then we have u? < (a; + ay + ag +
as)u? < u?, which is a contradiction. Hence u < v, ie, u < Var+a+as+asv. Let @(t) =
Vai+ay+as+ast = @a(t). Note that /oy +ax+as+as < 1, we have 91 = @2 € (D), 0(t) =
@2(@1(t)) € (Pg). These show that F € %, which satisfies inequality (3.10) of Theorem 3.2. Then
by Theorem 3.2, the corollary is proved. O

Remark 3.12. Our result shows that the condition a; + a3 < 1 in Theorem 4.1 in Chen et al. [6] is unneces-
sary, which implies that Corollary 3.11 generalizes Theorem 4.1 of Chen et al. [6].

Note that ¥ C %, in Theorem 3.2, taking F € ¥, we obtain the following corollary.

Corollary 3.13. Let (X, d) be a complete metric space and S, T : X — W« (X) be two fuzzy mappings on X. Suppose
that there exists F € %, such that

F(H([SX] or [Ty]oc)r d(X,y), d(X/ [Sx]oc)/ d(y/ [Ty]oc)/ d(xr [Ty]cx)r d(y, [Sx]cx)) <0
forall x,y € X and « € [0, 1]. Then there exists z € X such that zo C Szand zo C Tz.

Remark 3.14. This result generalizes Theorem 2.6 in Beg and Ahmed [5]. Moreover, by Remark 2.8 in Beg
and Ahmed [5], we can see that Corollary 3.13 also generalizes Theorem 2.1 of Rashwan and Ahmed [14].

4. Applications and examples

In this section, we first establish a common fixed point theorem for multi-valued mappings satisfying
an implicit ¢@-contractive conditions in complete metric spaces. After that, we give two examples to
discuss the validity of the hypotheses of Theorem 3.1, by which we can claim that our results improve
and extend several known results in the existing literature.

Theorem 4.1. Let (X, d) be a complete metric space and S, T : X — €' (X) be two multi-valued mappings. Suppose
that there exists F € %, such that for all x,y € X

F(H(Sx, Ty), d(x,y), d(x, Sx), d(y, Ty), d(x, Ty), d(y, Sx)) < 0.
Then there exists z € X such that z € SzN Tz.

Proof. Let the fuzzy mappings S, T : X — .7 (X) be defined as S(x) = xs(x) and T(x) = X1(x), where xa is
the characteristic function on any subset A of X. Using the facts [Sx]y(x) = S(x), [TX]«(x) = T(x) for any
a(x) € [0,1], it is evident that S and T satisfy the conditions of Theorem 3.1. Then, by Theorem 3.1, the
theorem is proved. O
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Corollary 4.2 (Iseki [9]). Let (X, d) be a complete metric space and S, T : X — €' (X) be two multi-valued mappings.
Suppose that for all x,y € X

H(Sx, Ty) < ad(x,y) + bld(x, Sx) + d(y, Ty)l + cld(x, Ty) + d(y, Sx)],
where a,b,c > 0 with a +2b +2¢c < 1. Then there exists z € X such that z € SzN Tz.
Proof. We consider the function F: R} — R defined by
F(ty, to, t3, tg, t5,t6) =t —aty —b(tz + tg) — c(ts + tg).
Since F € .#,, we can apply Theorem 4.1 and obtain Corollary 4.2. O

Corollary 4.3 (Singh and Whitfield [16]). Let (X, d) be a complete metric space and S, T : X — €(X) be two
multi-valued mappings. Suppose that for all x,y € X

H(Sx, Ty) < amax{d(x,y), %[d(x, Sx) +d(y, Ty)l, %[d(x, Ty) + d(y, S¥)1},

where a € [0,1). Then there exists z € X such that z € SzN Tz

Proof. We consider the function F: R — R defined by

1 1
F(t1,t2, t3, t4, t5, t6) = t1 — amax{ty, E(ts +1t4), Q(ts +1t6) ).

Since F € %, we can apply Theorem 4.1 and obtain Corollary 4.3. O

Example 4.4. Let X = [0, 2] endowed with the metric d defined by d(x,y) = [x —y|. It is clear that (X, d) is
a complete metric space. Assume that F(ty, tp, t3,t4, t5,t6) = t; — %tz — %tﬁ for all t, tp, t3, tg, t5,ts € RT. It
is obvious that F € .%,, where ¢4(t) = %t, @2(t) = Zt and @(t) = %t. Let S = T. Define a fuzzy mapping

S on X such that
1, z=0, )
(Sx)(z) = { 0, 240, for all x € [0,1];

and
(Sx)(2) :{ (1): Z;;g for all x € (1,2].

Then we have

[Sx]{ = [Sx]o = {0} forall x €[0,1] and « < (0,1];
and ,

[Sx]1 = [SX]& = {é} forall x € (1,2] and o« € (0,1].
For x,y € X, we only need to consider the following two cases.

Case 1. If x € [0,1] and y € (1, 2], then for all x € (0, 1] we have

1 1 3
STk —yl—Sh—0<

which implies that (3.1) holds.
Case 2. If x € (1,2] and y € [0, 1], then for all x € (0,1] we have

1 1 3 1
o w — =l 8 8
8 Z‘X Yy 8‘9 8|\{ %_%

which implies that (3.1) also holds.
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Thus, the conditions of Theorem 3.1 are satisfied, and there exists 0 € X such that 0 € [S0], for all
o € (0,1]. This shows the validity of the hypotheses of our main results.

Example 4.5. Let X = [0,4+00) and d be a discrete metric, then (X, d) is a complete metric space. Assume
that F(ty, to, ta, ta, ts, t6) = t1 — gy5to — z5ts — Jota — 5t5 — 3t6 for all t1, to, t3, ts, t5,ts € RT. By Example
2.9, we can see that F € .7, where @4(t) = %t, @2(t) = %t € (@) and @(t) = % € (®g). Define two
fuzzy mappings S, T : X = #4(X) as follows:

1, z=0,
z#0,

(T3) (2) :{ (1) Zz (Tx)(2) :{ (1) 228 for all x € [0, +00)\[3}.

(Sx)(z) = { for all x € [0, +00),

&

Then we have
[Sx]1 = [Sx]o ={0} forall x € [0,1] and « € [0, +00);

and

_ o {1}/ Yy = 3/
(Tyls = [Tyla = { 0 u#£3, for all o < (0,1].

For x,y € X, we need to consider the following five cases.
Case 1. If x € [0,4+00) and y € [0, +00)\{3}, then for all x € (0, 1] we have

19 1

H(0}, {0) — 5506 y) — 35406, {0) — 12 d(y, 01 — 5d(x, (0)) — 7y, 0} <

40 40

which implies that (3.1) holds.
Case 2. If x =0 and y = 3, then for all x € (0,1] we have

1 19 1 1
H(0), (1) — 35(0,3) — 35.d(0,{0) — 14(3,{1)) — 15d(0,{1)) — 7d(3,(0)) = — 5 <O,
which implies that (3.1) also holds.
Case 3. If x =1 and y = 3, then for all « € (0,1] we have
H(OL (1) — 35d(1,3) — 254(1L, {01 — 143, {11 — 35d(1L,{1) — 3d(3,{0) = —5 <0
Case 4. If x =3 and y = 3, then for all x € (0,1] we have
1 19 1 1
H(0), (1) — 354(3,3) — 35 d(3,10) — 1 d(3,(11) — 3503, (1)) — 54(3,{0)) = 5 <0,
Case 5. If x = [0,4+00)\{0,1,3} and y = 3, then for all x € (0, 1] we have
1 1 19 1 1 1
H({0}, (11 — 45d(x,3) — 55 d(x,{0]) — 1(3,(1)) = 35d(x, (1) — 5(3,(0)) = —5 < 0.

Thus, the conditions of Theorem 3.1 are satisfied, and there exists 0 € X such that 0 € {0} = [S0], N [T0] &
forall « € (0,1]. But forany a; >0 (i=1,2,---,5) with Zle a; < 1, we have

H([S3]«, [T3]«) = H{0},{1}) =1 > a1 + a2+ a3+ as +as

1
> a1d(3,3) + az

1093 {0}) + a3d(3,{1}) + a4d(3,{1}) + asd(3,{0})

for all « € (0,1]. Thus S, T cannot satisfy the general contractive condition Z?:l a; < 1. This shows that
our results improve and extend several known results in the existing literature.
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