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FIXED POINT THEOREMS FOR GENERALIZED
WEAKLY CONTRACTIVE MAPPINGS

Ramendra Krishna Bose and Mrinal Kanti Roychowdhury

Abstract. In this paper several fixed point theorems for generalized weakly contractive
mappings in a metric space setting are proved. The set of generalized weakly contractive mappings
considered in this paper contains the family of weakly contractive mappings as a proper subset.
Fixed point theorems for single and multi-valued mappings, approximating scheme for common
fixed point for some mappings, and fixed point theorems for fuzzy mappings are presented. It

extends the work of several authors including Bose and Roychowdhury.

1 Introduction

Weakly contractive mappings in a Hilbert space setting was first introduced by Alber
and Guerre-Delabriere (cf. [1]). Rhoades proved that most of the results in [1] hold
in a Banach space setting, and Bae considered these type of multi-valued mappings
(cf. [6]). Kamran, Zhang and Song, Beg and Abbas, Bose and Roychowdhury
considered some generalized versions of these mappings and proved some fixed point
theorems (cf. [17, 27, 7, 9]). Recently, Dutta and Choudhury have given another
generalization of the weakly contractive mappings (for single-valued mappings) (cf.
[12]). We have considered a family of generalized weakly contractive mappings which
contains the class of mappings considered by Dutta and Choudhury, and also the
class of weakly contractive mappings. We have proved several fixed point theorems
for both single-valued as well as multi-valued mappings of this type which extends
the work of several authors (cf. [12, 5, 7, 24, 9]).

Approximating fixed points of some mappings by an iterative scheme is an area
of active research work. Mann (cf. [19]) introduced a one-step iterative scheme,
Isikawa (cf. [15]) introduced a two-step iterative scheme, and Noor (cf. [21])
introduced a three-step iterative scheme. Bose and Mukherjee (cf. [8]) and others
used Mann iterative scheme to approximate a fixed point of some mappings, and
Ghose and Debnath (cf. [13]) and others considered Ishikawa iterative scheme to
approximate a fixed point of some mappings. In this paper, we considered the
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(modified) Mann iterative scheme and (modified) Ishikawa iterative scheme which
were first introduced by Rhoades (cf. [24]), and later on by Beg and Abbas (cf.
[7]). Azam and Shakeel (cf. [5]) considered these schemes in slightly modified
form for weakly contractive mappings with respect to f. We have extended their
results to generalized weakly contractive mappings with respect to f and proved
their results under less conditions, i.e., without imposing extra conditions on the
constant sequences in the iterative scheme.

Azam and Beg (cf. [4]) considered weakly contractive fuzzy mappings and
proved a common fixed point theorem for a pair of such fuzzy mappings. Next,
Bose and Roychowdhury considered such fuzzy mappings and its two generalized
versions, and proved some fixed point theorems (cf. [9]). The work in this paper
extends/generalizes the work of Azam and Beg (cf. [4]), and Bose and Roychowdhury
(cf. [9]).

In this paper in Section 2, we give all the basic definitions and lemmas that
are used. In Section 3, we have presented all fixed point theorems for single-valued
and multi-valued mappings and approximating scheme for common fixed point of
some mappings. In Section 4, we have considered some fixed point theorems for
generalized fuzzy weakly contractive mappings.

2 Basic Definitions and Lemmas

In this section first we give the following basic definitions for single and multi-valued
mappings, and then that for the fuzzy mappings. (X, d) always represents a metric
space, H represents the Haudorff distance induced by the metric d, and K(X) the
family of nonempty compact subsets of X. A point z in a metric space (X,d) is
called a fixed point of a multi-valued mapping 7 : X — 2% if # € T(x). Note that, =
is a fixed point of a multi-valued mapping 7' if and only if d(z, T (x)) = 0, whenever
T'(z) is a closed subset of X.

Definition 1. (generalized weakly contractive single-valued mappings). A mapping
T: X — X is said to be generalized weakly contractive with respect to f : X — X if
forall z,y € X,

P(d(T(2), T(y))) < (d(f(x), f(y)) — ¢(d(f (), f(y))),

where ¥, ¢ : [0,00) — [0,00) are both continuous functions such that (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ¥ is
monotonically increasing (strictly). If f is the identity mapping on X, then the
mapping is said to be generalized weakly contractive.

Remark 2. The class of generalized weakly contractive mappings considered by
Dutta and Choudhury (cf. [12]) used an additional condition which is monotonicity
of ¢, which is not required anywhere. If (t) =t for allt € [0,00), then the mapping
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T : X — X satisfying the above inequality is said to be weakly contractive with
respect to f and if f is the identity mapping, T is said to be weakly contractive.

Definition 3. (generalized weakly contractive multi-valued mappings). A multi-
valued mapping T : X — K(X) is said to be generalized weakly contractive with
respect to f : X — X if for all x,y € X,

Y(H(T(2), T(y))) < ¢(d(f(x), f(y)) — ¢(d(f (), f(y))),

where ¥, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and
is monotonically increasing (strictly). If f is the identity mapping on X, then
the multi-valued mapping T : X — K(X) is simply said to be generalized weakly
contractive. If ¥(t) =t for all t € [0,00), then the mapping is said to be weakly
contractive (with respect to f).

Definition 4. Let (X, d) be a metric space and let f and g be self-mappings of X .
The mappings f and g are called R-weakly commuting, provided there exists some
positive real number R such that

d(fgx,9fx) < Rd(fz,gz)
for each v € X. For details see Pant [22].

Note that R-weakly commuting mappings commute at their coincidence points.
Jungck and Rhoades (cf. [16]) then defined a pair of self-mappings to be weakly
compatible if they commute at their coincidence points.

Definition 5. (c¢f. [26]) Let (X,d) be a metric space and I = [0,1]. A mapping
W: X xX xI— X is said to be a convex structure on X if for each (x,y,\) €
XxXxIandue X,

d(u, W(z,y,\)) < Md(u,z) + (1 = N)d(u, y).

A metric space X together with the convexr structure W is called a convexr metric
space.

Definition 6. Let X be a convex metric space. A nonempty subset C C X is said to
be convex if W(z,y,\) € C whenever (xz,y,\) € C x C x [0,1]. Takahashi (cf. [26])
has shown that open spheres B(x,r) = {y € X : d(x,y) < r} and closed spheres
Blz,r] = {y € X : d(z,y) < r} are convex. Also if {Cy : a € A} is a family of
convez subsets of X, then ({Cy : o € A} is convex. All normed spaces and their
convex subsets are convexr metric spaces.
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Definition 7. (generalized modified Mann iterative scheme). Let (X, d) be a conver
complete metric space (or Banach space) and let T, f be self-mappings on X such
that for all x,y € X

P(d(T(2), T(y))) < P(d(f(2), f(y))) — ¢(d(f(z), (y))),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and
is monotonically increasing (strictly). Assume that T(X) C f(X) and f(X) is a
convez: subset of X. Define a sequence {y,} in f(X) as

Yn = f(@ns1) = W(T(zn), f(zn), ) (or (1 —an)f(zn) + anT(zn)) 20 € X,n >0,

where 0 < ay, < 1 for each n > 0. The sequence {yn} thus obtained is called
generalized modified Mann iterative scheme.

Remark 8. In the above definition if we put ¢(t) =t for all t € [0,00), then it
reduces to the definition of modified Mann iterative scheme (cf. [7, 5]). If ¥(t) =t
for allt € [0,00) and f is the identity mapping on X, then the reduced definition is
called Mann iterative scheme (cf. [24]).

Definition 9. (generalized modified Ishikawa iterative scheme). Let (X,d) be a
convex complete metric space (or Banach space) and let T, f be self-mappings on X
such that for all x,y € X

P(d(T(2), T(y))) < ¢(d(f(x), f(y)) — ¢(d(f (), f(y))),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and
is monotonically increasing (strictly). Assume that T(X) C f(X) and f(X) is a
convex subset of X. Suppose two sequences {yn} and {z,} in f(X) are defined as

zn = f(@nt1) = W(T(vn), f(2n), an) (or (1 — o) f(2n) + anT(vn))
Yn = f(vn) = W(T'(zn), f(zn), Bn) (or (1 = Bn)f(2n) + BT (T4)),

where g € X and 0 < ay, By, < 1 for each n > 0. Then the sequence {z,} thus
obtained is called generalized modified Ishikawa iterative scheme.

Remark 10. In the above definition if we put (t) =t for all t € [0,00), then the
reduced definition we call as modified Ishikawa iterative scheme. If 1(t) =t for all

t € [0,00) and f is the identity mapping on X, then the reduced definition is called
Ishikawa iterative scheme (cf. [24]).

Lemma 11. (¢f. [20]) Let A and B be nonempty compact subsets of a metric space
(X,d). If a € A, then there exists b € B such that d(a,b) < H(A, B).
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A real linear space X with a metric d is called a metric linear space if d(x+ z, y+
z) =d(z,y) and ap, = @, ,, > & => apxy, — ax. Let (X,d) be a metric linear
space. A fuzzy set A in a metric linear space X is a function from X into [0, 1]. If
x € X, the function value A(z) is called the grade of membership of z in A. The
a-level set of A, denoted by A, is defined by

Ay ={z: A(z) > a} if a € (0,1],
Ag = {z: A(x) > 0}.

Here B denotes the closure of the (non-fuzzy) set B.

Definition 12. A fuzzy set A is said to be an approximate quantity if and only if
Ay is compact and convex in X for each o € [0,1] and sup,cx A(x) = 1.

When A is an approximate quantity and A(xg) = 1 for some zp € X, A
is identified with an approximation of zy. For x € X, let {z} € W(X) with
membership function equal to the characteristic function y, of the set {z}.

Let F(X) be the collection of all fuzzy sets in X and W (X) be a sub-collection
of all approximate quantities.

Definition 13. Let A,B € W(X), a € [0,1]. Then we define

pa(A, B) = meAir,lgeBa d(z,y),
p(A, B) = suppa(4, B),
(6%
Da(AvB) = H(AomBa)a
D(A, B) = sup Dy (4, B)

where H is the Hausdorff distance induced by the metric d.

The function D, (A, B) is called an a-distance between A, B € W(X), and D
a metric on W(X). We note that p, is a non-decreasing function of o and thus
p(A, B) = p1(A, B). In particular if A = {x}, then p({z}, B) = pi(x, B) = d(x, B1).
Next we define an order on the family W (X)), which characterizes the accuracy of a
given quantity.

Definition 14. Let A,B € W(X). Then A is said to be more accurate than B,
denoted by A C B (or B includes A), if and only if A(x) < B(z) for each z € X.

The relation C induces a partial order on the family W (X).

Definition 15. Let X be an arbitrary set and Y be any metric linear space. F is
called a fuzzy mapping if and only if F is a mapping from the set X into W(Y).
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Definition 16. For F' : X — W(X), we say that w € X is a fized point of F if
{u} C F(u), i.e. if u € F(u);.

Lemma 17. (¢f. [14]) Let v € X and A € W(X). Then {x} C A if and only if
pa(z, A) =0 for each a € [0, 1].

Remark 18. Note that from the above lemma it follows that for A € W(X), {z} C
A if and only if p({zx}, A) = 0. If no confusion arises instead of p({z}, A) we will
write p(x, A).

Lemma 19. (¢f. [14]) pa(z, A) < d(z,y) + pa(y, A) for each z,y € X.
Lemma 20. (¢f. [14]) If {zo} C A, then pa(zo, B) < Dy(A, B) for each B € W(X).

Lemma 21. (¢f. [18]) Let (X, d) be a complete metric linear space, F : X — W (X)
be a fuzzy mapping and xy € X. Then there exists v1 € X such that {x1} C F(x).

Remark 22. Let f: X — X be a self map and T : X — W(X) be a fuzzy mapping
such that U{T(X)}a C f(X) for a € [0,1]. Then from Lemma 21, it follows that
for any chosen point xog € X there exist points x1,y1 € X such that y1 = f(x1) and
{1} C T(xg). Here T(z)q ={y € X : T(x)(y) > a}.

Definition 23. (generalized weakly contractive fuzzy mappings). A fuzzy mappings

T:X — W(X) is said to be generalized weakly contractive with respect to f : X — X
if for all x,y € X,

V(D(T'(2), T(y))) < v(d(f(x), f(y)) — o(d(f (), f(y))),
where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ) is
monotonically increasing (strictly). If f is the identity mapping on X, then the
fuzzy mapping T : X — W(X) is simply said to be generalized weakly contractive.
If (t) =t for all t € [0,00), then the mapping is said to be weakly contractive (with
respect to f).

3 Fixed point theorems for single and multi-valued mappings

In this section we prove the following main theorems of this paper concerning single
and multi-valued mappings.

Theorem 24. Let (X,d) be a complete metric space and let T,S : X — X be
self-mappings such that for all x,y € X

V(d(T'(2),S(y))) < v(d(z,y)) — (d(z,y)), (3.1)
where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ) is
monotonically increasing (strictly). Then there exists a unique point u € X such
that w=T(u) = S(u).
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Proof. Let xy € X, we construct a sequence {x;} in X by taking xopi1 = T'(zor)
and xopto = S(wok41) for all £ > 0. Hence by (3.1) we have,

Y(d(w2r41, T2rt2)) = Y(d(T (v2r), S(T2K11)))
Y(d(wok, Topt1)) — O(d(22k, Toks+1)) (3.2)
Y(d(zor, Tokt1))-

IAIN

Again by (3.1) we have,

Y(d(z2r42, Takt3)) = Y(d(S(zory1), T(w2r42)))
d(T(wop42), S(x2r+1)))

(d(
(d(
(d(z2k+2, Tak1)) — O(d(T2r12, Tors1)) (3.3)
(d(
(d(

VANVAN

d(Tok+2, Tok+1))

G
G
G
G

d(zak+41, T2k+2))-

Thus for n > 0 we have, ¥(d(zpt1, Tni2)) < U(d(Tpn, Tpi1)). As 1 is monotonically
increasing, from this inequality we have d(zp41,Tnt+2) < d(zp, Tp+1), which implies
that {d(xy, Ty+1)} is a non-increasing sequence of positive real numbers and therefore
tends to a limit ¢ > 0. If possible, let £ > 0. By (3.2) and (3.3) for any n > 0 we
have,

Y(d(Znt1, Tnt2)) < P(d(@n, Trt1)) — O(d(Tn, Tpt1))-

Taking n — oo and using the continuity of ¥ and ¢, we obtain

(l) <€) = o(f) = ¢(£) <0,

which is a contradiction as £ > 0, and ¢(t) > 0 for ¢ > 0. Therefore, d(zy, zp+1) — 0
as n — o0o. Now proceeding in the same way as in Theorem 3.4 in [9], it can be
shown that the sequence {z,} is a Cauchy sequence. From the completeness of
X, it follows that there exists u € X such that z, — u as n — oo. Moreover,
Ton — uw and Top+1 — u as n — 00. Now we show that u = T'(u) = S(u). We know
Ton+1 = T'(x2p) and o192 = S(z2,41). Note that,

Pld(z2n 1, 5(w))) = Y(d(T(22n), S(u)) < P(d(22n, 1)) — P(d(220, u)).

Letting n — oo and using the continuity of both ¢ and ¢ we have, ¥ (d(u, S(u))) <
¥(0) — ¢(0) =0 = (d(u, S(u))) < 0. Now using the fact ¢)(¢) > 0 for ¢ > 0 and
¥ (0) = 0 we have, ¢¥(d(u, S(u))) =0 = d(u,S(u))) =0 = w = S(u). Similarly
we can show u = T'(u). Thus, we have v = T'(u) = S(u).

If there exists another point v € X such that v = T'(v) = S(v), then we have
$(d(u,0)) = Y(A(T(w), S@) < B(d(,v)) — dd(w,0)) = $(d(u,v)) < 0, and
hence © = v. Thus, the proof is complete.

O
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Corollary 25. If we take T = S, then we have Theorem 2.1 of Dutta and Choudhury
(cf. [12]).

Corollary 26. If we take 1(t) =t for all t € [0,00), then Theorem 2/ reduces to
usual weak contraction theorem (cf. [24, Theorem 1]).

Theorem 27. Let (X,d) be a complete metric space and T, S : X — K(X) be two
mappings such that for all x,y € X

P(H (T, Sy)) < y(d(z,y)) — ¢(d(z,y)), (3.4)

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥(t), p(t) > 0
fort € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and 1) is
monotonically increasing (strictly). Then T and S have a common fized point.

Proof. Let {x}} be a sequence in X such that zor1 € T(zor) and xog12 € S(wok11)
for all £ > 0, and d(zag+1, vak+2) < H(T(z2r), S(x2k+1)) (by Lemma 11). Hence,

Y(d(zok+1, Tort2)) < Y(H(T(z2r), S(@2k+1)))
< Y(d(zok, Tar+1)) — A(d(T2k, Tok+1))
< Y(d(zok, Tok+1))-

Similarly we can show that

Y(d(wop42, Tory3)) < V(d(Top41, Tokt2)) — O(d(Tort1, Tont2)) < Y(d( X241, Tor42))-

Thus for n > 0 we have Y¥(d(zn+1, Tn+2)) < Y(d(xn, Tnt1)). As ¢ is monotonically
increasing, from this inequality it follows that for n > 0, d(xp41, Tni2) < d(Tpn, Tni1),
which shows that {d(x,, z,+1)} is a non-increasing sequence of positive real numbers.
Now proceeding in the same way as in Theorem 3.4 in [9], it can be shown that the
sequence {xz,} is a Cauchy sequence in X. Hence from the completeness of X it
follows that z, — u for some v € X. Moreover, x3, — w and X241 — u as
n — oo. Now we show that u € T'(u) and u € S(u). We know 2,41 € T(z2,) and
Ton+2 € S(zan+1). Note that,

P(d(zant1, S(w))) < P(A(T(22n), (1)) < P(d(x2n, u)) — P(d(220,w))-

Letting n — oo and using the continuity of both ¢ and ¢ we have, ¥ (d(u, S(u))) <
»(0) — p(0) =0 = Y(d(u,S(u))) < 0. Now using the fact 1)(t) > 0 for t > 0 and
¥ (0) = 0 we have, ¥(d(u, S(u))) =0 = d(u,S(u))) =0 = wu € S(u). Similarly,
we can show u € T'(u), i.e., T and S have a common fixed point.

O

Corollary 28. If T =5, then T has a fized point.
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Theorem 29. Let (X, d) be a metric space and T, S, f be self-mappings on X such
that for all z,y € X,

P(d(T(2), S(y)) < P(d(f(2), f(y)) — od(f(x), fy)),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ¥ is
monotonically increasing (strictly). If T(X)US(X) C f(X) and f(X) is a complete
subspace of X, then there exists a point p € X such that f(p) = T'(p) = S(p) (the
point p is unique if f is one-to-one).

Proof. Let zg be a point in X. Choose a point z; € X such that f(x1) = T'(z¢). This
can be done since T'(X) C f(X). Similarly, choose o € X such that f(xzg) = S(z1).
In general, having chosen z; € X, we obtain x;1 € X such that f(zory1) = T'(zar)
and f(zoxy2) = S(x2p4+1) for any integer k > 0. Hence, by the given hypothesis

Y(d(f(z2n+1), f(@2142))) = Y(d(T(z2k), S(T2841)))
Y(d(f(zar), f(zar41))) — @(d(f(w2r), f(w2r41))) (3.5)
Y(d(f(z2r), f(Tar+1))),

VANVA

and similarly,

Y(A(f(Tar+2)s f(@2143))) = Y(A(S(@ak+1), T (T2k+2))) < Y(d(f(T2k41), f(1?2k+2()))-)
3.6

As 1) is monotonically increasing, from (3.5) and (3.6) it follows {d(f(zn), f(Tn+1))}
is a non-increasing sequence of positive real numbers and therefore, tends to a limit
¢>0. By (3.5) and (3.6),

P(d(f(xnt1), f(zni2))) S YA(f (@), f(2n11)))=@(d(f (2n), f(2ni1))) for all n = 0.

Taking n — oo and using the continuity of 1) and ¢, we obtain

() <€) — o(l) = ¢(£) <0,

which is a contradiction as ¢ > 0, and ¢(¢) > 0 for t > 0. Therefore ¢ = 0, i.e.,
limy, 00 d(f(2n), f(@nt1)) = 0. Now proceeding in the same way as in Theorem 3.4
in [9], it can be shown that the sequence {f(z,)} is a Cauchy sequence in f(X). As
f(X) is a complete subspace of X, {f(x,)} has a limit ¢ in f(X). Consequently, we
obtain a point p in X such that f(p) = ¢. Thus, f(z2r1+1) — ¢ and f(z9r) — q as
k — oc0. Now by the given hypothesis,

(d(f (z2r11), S(p))) < (d(f(22r), f(p))) — G(d(f (22r), f(P)))-
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Letting n — oo and using the continuity of both ¢ and ¢ we have, ¥ (d(q, S(p))) <
¥(d(g, f(p))) — ¢(d(q, f(p))) = ¥(0) = ¢(0) = 0 = ¢(d(q,S(p))) < 0. Now
using the fact ¢(¢) > 0 for t > 0 and ¥(0) = 0 we have, 1(d(¢,S(p))) = 0 =
d(q,S(p)) =0 = ¢ = S(p). Similarly, we can show ¢ = T'(p). Thus, we have
q = f(p) = T(p) = S(p) for a point p € X. Clearly the point p is unique if f is
one-to-one. O

Remark 30. The above theorem extends Theorem 2.1 of Beg and Abbas (cf. [7]),
and Theorem 2.3 of Azam and Shakeel (cf. [5])

Theorem 31. In the above theorem Theorem 29, if further we have the pairs (f,T)
and (f,S) are weakly compatible (or R-weakly commuting) (see Definition 4), then
f,T and S have a common fixed point (and the point is unique if f is one-to-one).

Proof. Note that R-weakly commuting mappings commute at their coincidence point.
We have ¢ = f(p) = T(p) = S(p) and this implies that f(T(p)) = T(f(p)) and
f(S(p)) = S(f(p)). Also we have T(q) = f(q) = S(q). We claim that f(q) = q. We
have,

which implies ¢ is a fixed point of f, and then from f(T'(p)) = T(f(p)) and f(S(p)) =
S(f(p)) we have q is also a fixed point of both 7" and S. Hence, f,T and S have a
common fixed point. Clearly the point is unique if f is one-to-one. O

Corollary 32. In the above theorem if T = S, then we have that f and T have a
common (unique if f is one-to-one) fized point in X.

Remark 33. The above theorem extends Theorem 2.5 of Beg and Abbas (cf. [7]),
and Theorem 2.5 of Azam and Shakeel (cf. [5]).

Proceeding in the same way as Theorem 29 (taking the sequence {x, } such that
ZTpy1 = Tht1(zy) for n =0,1,2,---), the following theorem can also be proved.

Theorem 34. Let (X,d) be a metric space and {T;}5°, be a sequence of self-
mappings on X such that for all x,y € X,

P(d(Ti(2), Tj(y))) < P(d(f(x), f(y)) — o(d(f (), f(y)) for all i,j =1,

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and
is monotonically increasing (strictly). If T;(X) C f(X) for all i and f(X) is a
complete subspace of X, then there exists a point p € X such that f(p) = T;(p) for
all i > 1 (the point p is unique if f is one-to-one).
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Theorem 35. Let (X, d) be a convex metric space and let T, f be self-mappings on
X such that for all x,y € X

P(d(T(x), T(y)) < ¢(d(f(2), f(y) = ¢(d(f (), F(y)));

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing, and
is both monotonically increasing (strictly) and convex. If the pair (f,T) is weakly
compatible (or R-weakly commuting) and T'(X) C f(X) and f(X) is a conver and
complete subspace of X, then the generalized modified Mann iterative scheme (see
Definition 7) converges to a common fized point of f and T

Proof. By Corollary 32, we obtain a common fixed point ¢ of f and T. Now consider

P (d(yn, ) = Y(d(f (@n11), F(P))) = Y(AW(T (xn), f(xn), an), f(p)))
< P((1 = an)d(f(zn), F(P)) + and(T (20), f()))
< (1= an)(d(f(2n), f(p)) + antb(d(T (2n), f(p)))
< (1= an)yp(d(f(zn), £ (P)) + an(@(d(f (2n), f(p))) — ¢(d(f(zn), f(P)))
< p(d(f(xn), £(p)) — S(d(f (2n), f(P))) (3.7)

= ¢(d(yn-1,9))-

As 1) is monotonically increasing from the above inequality it follows that d(y,,q) <
d(yn—1,q), i-e., {d(yn, q)} is a non-increasing sequence of positive real numbers, which
gives limy, o0 d(ypn,q) = £ > 0. Now if £ > 0, then from (3.7) as both ¢ and ¢ are
continuous, taking n — oo we have, limy,_ o0 ¥(d(yn,q)) < limy,— o0 V(d(Yn-1,9)) —
d(d(yn-1,q9)) = ) < P{¥) — p({) = ¢(¢) < 0, which is a contradiction as
¢ > 0 and ¢(t) > 0 for ¢t > 0. Therefore, £ = 0. Hence, the generalized modified
Mann iterative scheme converges to a common fixed point of f and T

O]

Corollary 36. If we take 1(t) = t for all t € [0,00), then the modified Mann
iterative scheme converges to a common fixed point of f and T, which is the work
of Azam and Shakeel (cf. [5, Theorem 2.7]) without the condition _ oy, = 00.

Remark 37. With reference to Theorem 31 (when f is one-to-one), one can show
that the generalized modified Mann iterative scheme (either for the mapping T or
for the mapping S) converges to a unique common fized point of f, T and S.

Theorem 38. Let (X, d) be a normed linear space and let T, f be self-mappings on
X such that for all x,y € X

P(d(T(x), T(y)) < ¢(d(f(2), f(y) = ¢(d(f(x), F(y)));

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
fort € (0,00) and ¥(0) = 0= ¢(0). In addition, ¢ is non-decreasing, and v is both
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monotonically increasing (strictly) and convez. If the pair (f,T) is weakly compatible
(or R-weakly commuting) and T'(X) C f(X) and f(X) is a complete subspace of X,
then the generalized modified Mann iterative scheme (see Definition 7) converges to
a common fized point of f and T.

Proof. By Corollary 32, we obtain a common fixed point ¢ of f and T. Writing
d(Yn,q) = ||lyn — q|] and y, = (1 — o) f(xn) + @ T(2y,), and then proceeding in the

same way as in Theorem 35 we can show that lim, .. ||y, — ¢|| = 0, that is, the
generalized modified Mann iterative scheme converges to a common fixed point of
fand T. O

Corollary 39. If we take 1(t) = t for all t € [0,00), then the modified Mann
iterative scheme converges to a common fized point of f and T, which is the work
of Beg and Abbas (cf. [7, Theorem 2.6]) without the condition > a, = 00.

Corollary 40. If we take 1 (t) =t for allt € [0,00) and f is the identity mapping on
X, then it reduces to the work of Rhoades (cf. [24]) without the condition ) c, = o.

Remark 41. Rhoades, Beg and Abbas, Azam and Shakeel in their proofs used an
extra condition ) o, = oo on the sequence {a, }, which we do not need in our proof.

We can also prove the following two theorems.

Theorem 42. Let (X, d) be a convex metric space and let T, f be self-mappings on
X such that for all x,y € X

P(d(T(2), T(y))) < (d(f(2), f(y)) — ¢(d(f (), [(y))),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), p(t) > 0
for t € (0,00) and (0) = 0 = ¢(0). In addition, ¢ is non-decreasing, and ¥
is both monotonically increasing (strictly) and convez. If the pair (f,T) is weakly
compatible (or R-weakly commuting) and T'(X) C f(X) and f(X) is a convex and
complete subspace of X, then the generalized modified Ishikawa iterative scheme (see
Definition 9) converges to a common fized point of f and T.

Corollary 43. If we take ¥(t) =t for all t € [0,00), then the modified Ishikawa
iterative scheme converges to a common fized point of f and T, which is the work
of Azam and Shakeel (cf. [5, Theorem 2.8]) without the condition » , o,y = 00.

Theorem 44. Let (X, d) be a normed linear space and let T, f be self-mappings on
X such that for all x,y € X

P(d(T(2), T(y))) < (d(f(x), f(y)) — ¢(d(f (), f(y))),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
fort € (0,00) and ¥(0) =0 = ¢(0). In addition, ¢ is non-decreasing, and v is both
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monotonically increasing (strictly) and convez. If the pair (f,T) is weakly compatible
(or R-weakly commuting) and T'(X) C f(X) and f(X) is a complete subspace of X,
then the generalized modified Ishikawa iterative scheme (see Definition 9) converges
to a common fized point of f and T.

Corollary 45. If we take 1 (t) =t for all t € [0,00), then the modified Ishikawa
iterative scheme converges to a common fixed point of f and T, which is the work
of Beg and Abbas (cf. [7, Theorem 2.7]) without the condition > a3, = oo on the
sequence {an}.

Corollary 46. If we take 1 (t) =t for allt € [0,00) and f is the identity mapping on
X, then it reduces to the work of Rhoades (cf. [24]) without the condition > By, =
00.

Remark 47. Rhoades, Beg and Abbas, Azam and Shakeel in their proofs used an
extra condition ) a3, = 00, which we do not need in our proof.

Theorem 48. Let (X,d) be a metric space, f : X — X be a self-mapping and
T,S: X — K(X) be multi-valued mappings such that for all x,y € X,

Y(H(T(x), 5(y))) < P(d(f(2), f(y)) — od(f(x), f(y)),

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and
is monotonically increasing (strictly). If UzexT(x) C f(X), UzexS(z) C f(X)
and f(X) is a complete subspace of X, then there exists a point p € X such that
f(p) € T(p) and f(p) € S(p).

Proof. Let x¢ be a point in X. Choose a point 1 € X such that f(x1) € T'(z¢). This
can be done since UzexT'(z) C f(X). Similarly, choose x2 € X such that f(x2) €
S(x1) and such that d(f(x1), f(x2)) < H(T(x0),S(x1)). In general, having chosen
xp € X, we obtain zx11 € X such that f(zops1) € T(x2r), f(x2kt+2) € S(zor+1),
and such that d(f(xogs1), f(wors2)) < H(T(zok), S(wops1)) for any integer k > 0
(by Lemma 11). Hence, by the given hypothesis

Y(A(f(z2r41), f(Tar+2))) < Y(H(T (w21), S(w2841)))
< P(d(f(w2r), f(z2r11))) — @(d(f(z2k), f(T2041))) (3.8)
< P(d(f(w2r), f(2r+1))),

and similarly,

Y(d(f(z2r42), f(T2r+3))) < Y(H(S(Tok11), T(w2k42))) < Y(d(f (T2841), f($2k+2( ))7)
3.9
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which show that {d(f(zn), f(zn+1))} is a non-increasing sequence of positive real
numbers and therefore, tends to a limit £ > 0. By (3.8) and (3.9),

P(d(f(@ns1), f(2nr2)) < D(d(f(@n), f(2n41))=o(d(f (@), f(2n41))) for all n > 0.

Taking n — oo and using the continuity of ¥ and ¢, we obtain

P(f) <€) = (f) = ¢(£) <0,

which is a contradiction as ¢ > 0, and ¢(¢) > 0 for t > 0. Therefore £ = 0, i.e.,
limy, 00 d(f(xn), f(zn+1)) = 0. Now proceeding in the same way as in Theorem 3.4
in [9], it can be shown that the sequence {f(z,)} is a Cauchy sequence in f(X). As
f(X) is a complete subspace of X, {f(x,)} has a limit ¢ in f(X). Consequently, we
obtain p in X such that f(p) = ¢q. Thus, f(zer+1) — ¢ and f(x9x) — q as k — oo.
Now by the given hypothesis,

Y(d(f(z2rt1), S(p))) < (d(f(z2r), f(p))) — G(d(f (22k), f(P)))-

Letting n — oo and using the continuity of both ¢ and ¢ we have, ¢(d(q,S(p)))

Y(d(g, f(p))) — ¢(d(q, f(p))) = ¢(0) = ¢(0) = 0 = (d(q,5(p))) < 0. N
using the fact ¢(t) > 0 for ¢ > 0 and (0) = 0 we have, (d ( 7,5(p)) =0 =

d(q,S(p)) =0 = q € S(p). Similarly, we can show ¢ € T'(p) and hence is the
theorem. ]

IN

Remark 49. If we take ¢(t) =t for allt € [0,00), then the above theorem reduces
to Theorem 3.7 of Bose and Roychowdhury (cf. [9]).

Proceeding in the same way as Theorem 48 (taking the sequence {z,} such that
Tnt1 € Thy1(xy,) for n € ZT), the following theorem can also be proved.

Theorem 50. Let (X,d) be a metric space, f : X — X be a self-mapping and
{T; : X — K(X)}iez+ be a sequence of multi-valued mappings such that for all
z,y € X,

P(H(Ti(x), T3 () < (d(f(2), [(y)) = o(d(f(x), f(y)) for all i,j > 1,

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and 1) is
monotonically increasing (strictly). If UzexTi(x) C f(X) for all i and f(X) is a
complete subspace of X, then there exists a point p € X such that f(p) € T;(p) for
all 1.

Theorem 51. Let (X,d) be a complete metric space and T, S : X — K(X) be two
mappings such that for all x,y € X

(H(Tz,S5y)) < p(M(z,y)) — o(M(z,y)), (3.10)
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where
M(z,y) = max{d(z,y), d(T(z),z),d(S(y), y), %[d(y, T(x)) + d(z,5(y))]},

and P, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t),p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and 1) is
monotonically increasing (strictly). Then there there exists a point u € X such that

ueT(u) and u € S(u).

Proof. Clearly M(z,y) = 0 if and only if x = y is a common fixed point of 7" and
S. Let {zx} be a sequence in X such that xop11 € T(x9r) and xop € S(wor41) for
all £ > 0, and d(xog+1,vor) < H(T(z2x), S(x2x+1)). Hence as 1) is monotonically
increasing we have,

Y(d(Tor11, Tars2)) < Y(H (T (v21), S(T2r41)))
< P(M w2k, Tog+1)) — ¢(M T2k, Tog+1))
< (M (zok, Tog11))
< (d(wog, Tory1)) [as M(wog, Topy1) < d(@ok, Tog41)]
= d(Tart1, Takt2) < M(@op, Topy1) < d(Tok, Tog41)-

Similarly we have, d(zokt2, Tok+s) < M (zakt1, Tokr2) < d(Tak+t1, Tokt2). Thus for
n > 0 we have d(xny1, Tnt2) < d(xn, Tnt1), which shows that {d(zp,xnt1)} is a
non-increasing sequence of positive real numbers. Now proceeding in the same way
as in the previous theorem, and in Theorem 3.4 in [9], it can be shown that {x,} is
Cauchy sequence in X. Hence from the completeness of X it follows that =, — u
for some u € X. Now we show that u € T'(u) and u € S(u). We have,

A(S(u),u) < M(zax, u) = max{d(wy, ), d(T(xa), 221). d(S(u), ),
%[d(u, T(war,)) + d(xap, S (u))]}

< max{d(wag, u), d(Tort1, Tox) + d(T(w2), Topt1), d(S(u), u),

%[d@, Topr1) + d(@ops1, T(2or)) + d(wor, w) + d(u, S(u))]}
= max{d(za, u), d(op41, Tor), d(S(u), u),
1

§[d(u, Tok+1) + d(zok, u) + d(u, S(w))]}.
and hence, taking k — oo we have
d(u, S(u)) < M(xok,u) < max{0,0,d(S(u),u), %[0 + 0+ d(u, S(u))]} = d(S(u),u),
and so limyg_,oo M (zo, ) = d(S(u),u). We have,
d(u, S(u)) < d(u, zok+1) + d(zag+1, S(u)) < d(u, vogy1) + H(T (zar), S(w)).
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As limy_ oo d(u, xop11) = 0, 1 is monotonically increasing and both ¢ and ¢ are
continuous, we have by the given hypothesis (3.10),

$(d(u, S(w))) < 0+ lim $(H(T(z21), 5(u))
< Jim (M (o) — im (M ()
= P(d(u, S(u))) = d(d(u, S(w))),
which implies ¢(d(u, S(u))) < 0, i.e. ¢(d(u,S(u))) =0 = d(u,S(u)) =0 =
u € S(u). Similarly, we can show u € T'(u). O

Remark 52. If we take ¢(t) =t for all t € [0,00), then the above theorem reduces
to Theorem 3.4 of Bose and Roychowdhury (cf. [9]).

Using the techniques used in Theorem 48 and Theorem 51 of this paper, and
Theorem 3.6 in [9] we can also prove the following theorem.

Theorem 53. Let K be a nonempty closed subset of a complete and convexr metric
space (X,d) and T : K — K(X) be a mapping such that for all x,y € K

P(H (T2, Ty)) < Pp(M(z,y)) — ¢(M(z,y)),

where
1

M(z,y) = max{d(z,y), d(T(z), =), d(T(y),y), 5ld(y, T()) + d(z, T(y))]},

and 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ) is
monotonically increasing (strictly). Suppose that T'(x) C K for each x € OK (the
boundary of K ). Then there there exists a point u € K such that u € T'(u).

Remark 54. If we take ¢(t) =t for allt € [0,00), then the above theorem reduces
to Theorem 3.6 of Bose and Roychowdhury (cf. [9]).

4 Fixed point theorems concerning fuzzy mappings

In this section we give the main theorems of this paper concerning fuzzy mappings.

Theorem 55. Let (X, d) be a complete metric linear space and T,S : X — W(X)
be a pair of fuzzy mappings such that for all x,y € X

Y(D(T(x),S(y))) < (d(z,y)) — o(d(z,y)), (4.1)

where 1, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), ¢(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ) is
monotonically increasing (strictly). Then there there exists a point u € X such that
{u} C T(u) and {u} C S(u).
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Proof. Let xg be an arbitrary but fixed element of X. We shall construct a sequence
{zn} of points of X as follows. By Lemma 21, there exists ;1 € X such that
{z1} C T(xp). By Lemma 21 and Lemma 11, we can choose x5 € X such that
{z2} C S(x1) and

d(l’l, xg) S H(T({E(])l, 5(271)1)

This in view of the inequality (4.1) we have,

Y(d(z1,22)) < Y(D1(T(20),S(21))) < Y(D(T(20),S(21))) < Y(d(20,21))—P(d(20, 1))

Continuing this process, having chosen z; € X, we obtain zy41 € X such that for
all k& > 0, {kaH} - T(wgk), {$2k+2} C S(x2k+1), and

Y(d(ropt1, Tars2)) < V(D(T(z21), S(22k+41))) < V(d(2k, T2k41))) —O(d(22k, T2Rkt1)))>

Y(d(w2r12, T2r43)) < Y(D(S(w2141), T(T2812))) < Y(d(T2k11, Takr2))) —P(d(Tak+1, Takt2)))-

As 1) is monotonically increasing, from the above two inequalities it follows that
for n > 0, {d(xy, zn+1)} is a non-increasing sequence of positive real numbers and
therefore tends to a limit ¢ > 0. If possible, let £ > 0. We have

Y(d(Znt1, Tnt2)) < P(d(@n, Trt1)) — ¢(d(2n), Tnt1)) for all n > 0.

Taking n — oo and using the continuity of 1) and ¢, we obtain

P(f) <€) — (f) = ¢(£) <0,

which is a contradiction as ¢ > 0, and ¢(¢) > 0 for t > 0. Therefore £ = 0, i.e.,
lim,, 00 d(zp, Tp+1) = 0. Now proceeding in the same way as in Theorem 3.4 in
[9], it can be shown that the sequence {x,} is a Cauchy sequence in X. From the
completeness of X, it follows that there exists u € X such that z, — u as n — oco.
Moreover, 9, — u and xa,+1 — u as n — oo. Now we prove that {u} C T'(u) and
{u} € S(u). We know {xop+1} C T'(zox) and {war} C S(zaxy41) for £ > 0. Note
that,

d(@ok+1, S(u)1) < H(T(z2r)1, S(u)1) = Di(T(z2k), S(u) < D(T'(22r), S(w)),
and hence as v is monotonically increasing we have,

P(d(@arr1, S(u)1)) < PD(T(w21), S(w))) < Pld(war, u)) — P(d(2x, u)).

Letting n — oo and using the continuity of both ¢ and ¢ we have, ¢ (d(u, S(u)1)) <
Y(d(u,u)) — ¢(d(u,u)) = (0) — ¢(0) =0 = ¥(d(u,S(u)1)) < 0. Now using the
fact ¢(t) > 0 for ¢t > 0 and ¢(0) = 0 we have, ¥(d(u, S(u)1)) =0 = d(u, S(u)1) =
0 = wue S(u),ie., {u} CS(u). Similarly, we can show {u} C T'(u) and hence is
the theorem. O
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Theorem 56. Let (X, d) be a complete metric linear space and T, S : X — W (X)
be a pair of mappings such that for all x,y € X

P(D(T(x),S(y)) < v(M(z,y)) — o(M(z,y)), (4.2)

where
M (z,y) = max{d(z,y),p(T(x),x),p(S(y),y), %[p(y, T(x)) + p(z, S(y))l}-

and P, ¢ : [0,00) — [0,00) are both continuous functions such that ¥ (t), p(t) > 0
fort € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and 1) is
monotonically increasing (strictly). Then there there exists a point u € X such that

{u} C T(u) and {u} C S(u).

Proof. Note that M(z,y) = 0 if and only if z = y is a common fixed point of 7" and
S (cf. Theorem 3.4 in [9]).

Let 2o be an arbitrary but fixed element of X. We shall construct a sequence
{z,} of points of X as follows. By Lemma 21, there exists ;1 € X such that
{z1} C T(xp). By Lemma 21 and Lemma 11, we can choose 3 € X such that
{z2} € S(x1) and

d(l‘l,l‘g) S H(T(.’Eo)l,S(CL‘l)l) = Dl(T(CL‘()), S(ﬂ?l)) S D(T(.To),S(CEl))

Continuing this process, having chosen z,, € X, we obtain z,41 € X such that
{z2k11} C T(22k), {T2r42} C S(2k41) and

d(or 11, Tart2) < D(T(w2r), S(var41)) and d(zory2, Torr3) < D(S(vory1), T(wor42))-

Hence by the given hypothesis and as 1 is monotonically increasing we have,

Y(d(op 11, Tart2)) < Y(M(ok, Tokt1)) — ¢(M (w2, Tog11)) < (M (z2r, Togy1)),
(4.3)

Y(d(ropt2, Tary3)) < V(M (2opq1, Tory2)) — A(M (Tori1, Togs2)) < (M (Topy1, Tor42))-

(4.4)
As done in Theorem 3.4 in [9], we have
M (@2k, Topt1) < d(@2k, Topt1) and M (Topt1, Tokr2) < d(Tog+1, Topta).  (4.5)
As 1) is monotonically increasing by (4.3), (4.4) and (4.5) for n > 0 we have,
d(xnt1, Tnr2) < M(d(2n, Tny1)) < d(@n, Tnyr), (4.6)

skesk sk ok sk ok ok s ok sk sk ok ok sk sk ok sk sk sk ok sk sk ok s sk sk sk ok sk sk sk sk ok sk sk sk ok sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk sk ok ok sk ok

Surveys in Mathematics and its Applications 4 (2009), 215 — 238
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v04/v04.html
http://www.utgjiu.ro/math/sma

Fixed point theorems for generalized weakly contractive mappings 233

which shows that {d(zy,z,+1)} is a non-increasing sequence of positive real numbers
and therefore tends to a limit £ > 0. If possible, let £ > 0. Now taking n — oo
from (4.6) we have, lim,,_,oo M (2p, xny1) = €. Again by (4.3) and (4.4) for n > 0
we have,
B A1, Tnso) <YM (n, Tns1)) — S (2, 2e1).

Now taking n — oo and using the continuity of both ¢ and ¢ we have, ¥(¢) <
Y(l) — ¢(f) = ¢(¢) < 0, which is a contradiction as ¢ > 0, and ¢(t) > 0 for
t > 0. Therefore, d(xy,xntr1) — 0 as n — oco. Proceeding in the same way as in
Theorem 3.4 in [9], we can show that {z,} is a Cauchy sequence. It follows from
the completeness of X, there exists v € X such that z,, — u as n — co. Moreover,
ZTop — u and Top41 — U a8 N — 00.

Now we prove that {u} C T'(u) and {u} C S(u). We have {zop11} C T(x9) and
{zor} C S(x2k+1), and

p(u, S(u)) < M (o, u)
= max{d(zap, v), p(T(2k), T2k), P(S(u), u),
S, Tws)) + plaag, S())]}
< max{d(zo, u), d(xok, Tog+1) + (T (x2k), Tok+1), P(S(u), u),
Sld(w, moy1) + p(woky1, T(zar)) + d(zok, w) + p(u, S(u))]}
< max{d(wak, u), d(z2k, T2k+1), (S (u), u),
5 ld(u, zopt1) + d(w2k, u) + pu, S(u))]}

Now taking &k — oo we have,

N — N —

(0, S(w) < M(zzp, ) < max{0,0, p(S(u),w), 30+ 0+ plas ()]} = plu, S(w),
and so limg_,oo M (2o, u) = p(u, S(u)). Note that

p(u, S(u)) < d(u, ari1) + p(2rt1, S(w) < d(u, zapy1) + D(T(x21), S(w)).
Hence taking £ — oo we have,

p(u, S(w)) < 0+ lim D(T(wr), 5(u)) = lim D(T(z2x), S(u)).

As 1 is non-decreasing, using the continuity of ¢ and ¢ and the given hypothesis
(4.2) we have,

V(p(u, S(w) < lim G(D(T(x0), )
< kh—>r{>lo w(M(xWﬂ? u)) - kh—{go (ZS(M(‘T?’C? u))

= 9(p(u, S(u)) — (p(u, S(u)))
= o(p(u, S(u))) < 0.
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Now using the fact ¢(t) > 0 for ¢ > 0 and ¢(0) = 0 we have, ¢(p(u, S(u))) =0 =
p(u, S(u)) =0 = {u} C S(u). Similarly we can show, {u} C T'(u).
O

Remark 57. If we take ¢(t) =t for allt € [0,00), then the above theorem reduces
to Theorem 4.1 of Bose and Roychowdhury (cf. [9]).

Theorem 58. Let (X, d) be a complete metric linear space. Let f: X — X be a
self-mapping, and T : X — W(X) be a fuzzy mapping such that for all z,y € X

P(D(T(x), T(y))) < P(d(f(x), f(y))) — o(d(f(2), f(y))),

where ¥, ¢ : [0,00) — [0,00) are both continuous functions such that (t), p(t) > 0
for t € (0,00) and ¥(0) = 0 = ¢(0). In addition, ¢ is non-decreasing and ¥ is
monotonically increasing (strictly). Suppose U{T(X)}o C f(X) for a € [0,1], and
f(X) is complete. Then there exists u € X such that u is a coincidence point of f
and T, that is {f(u)} C T(u). Here T(z)o ={y € X : T(x)(y) > a}.

Proof. Let g € X and yp = f(xg). Since U{T(X)}o C f(X) for each a € [0,1],
by Remark 22 for zp € X there exist points z1,y; € X such that y; = f(z1) and
{1} C T(xp). Again by Remark 22 and Lemma 11, for x; € X there exist points
x9,y2 € X such that yo = f(x2) and {y2} C T(z1), and

d(y1,y2) < H(T(z0)1, T(z1)1) < D(T(x0), T(21))-

By repeating this process for any k > 1, we can select points zp, yr € X such that
yk = f(zg) and {yx} C T(2g—1), and

d(Yk, Yr+1) < H(T(zg-1)1, T (2x)1) < D(T(2g-1), T (1))

As 1) is monotonically increasing, from the above inequalities for £ > 0 we have,

Y(d(Yrt1,Ykt2)) < V(DT (2x), T(2841)))
< P(d(f(xr), f(wr41))) — O(d(f(@k), f(TRs1))) (4.7)
< (d(Yrs Yrr1))-

As 1) is monotonically increasing from the above inequality we have, d(yn+t1, Ynt+2) <
d(Yn, Ynt+1) for n > 0, which shows that {d(yn,yn+1)} is a non-increasing sequence
of positive real numbers and therefore tends to a limit £ > 0. If possible, let £ > 0.

For any n > 0 by (4.7) we have, ¥(d(yn+1, Yn+2)) < ¥(d(Yn; Yn+1)) — ¢(d(Yn, Yn+1))-
Taking n — oo and using the continuity of ¥ and ¢, we obtain

P(f) <€) — o(f) = ¢(£) <0,

which is a contradiction as ¢ > 0, and ¢(t) > 0 for ¢ > 0. Therefore £ = 0, i.e.,
limy, 00 d(Yn, Yn+1) = 0. Now proceeding in the same way as in Theorem 3.4 in
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[9], it can be shown that the sequence {y,} is a Cauchy sequence. Since f(X) is
complete, {y,} converges to some point in f(X). Let y = lim, o y, and u € X be
such that y = f(u). Note that,

d(Yr1, T(w)r) < H(T(zp)1, T(ur) = Di(T(zp), T(w) < D(T(x1), T(u)),

and hence as % is monotonically increasing we have,

P(d(Yr+1, T(w)1)) < (DT (zx), T(w))) < P(d(f(z), f () — o(d(f (zr), f(w)))-

Letting n — oo and using the continuity of both ¢ and ¢ we have, ¥(d(y, T(u)1)) <
P(d(y,y)) — o(d(y,y)) = ¥(0) = ¢(0) = 0 = ¥(d(y, T(u)1)) < 0. Now using the
fact ¢(t) > 0 for t > 0 and 1(0) = 0 we have, ¥(d(y,T(u)1)) =0 = d(y,S(u)1) =
0 = y=f(u) € T(u)y, ie., {f(u)} C T(u), and hence is the theorem.

O

Remark 59. If we take ¢(t) =t for all t € [0,00), then the above theorem reduces
to Theorem 4.2 of Bose and Roychowdhury (cf. [9]).

Remark 60. Dutta and Choudhury in their paper ([12, Theorem 2.1]) assumed
that 1, ¢ : [0,00) — [0,00) are both continuous and monotone non-decreasing with
Y(t) =0 = ¢(t) if and only if t = 0. In the proof they wrote that Y(d(xn, Tpy1)) <
V(d(xp-1,2,)) = d(zn,p+1) < d(xn—1,2,), that means by ‘monotone non-
decreasing’ they meant that reverse implication holds. But this is not the way that
monotone functions are defined. In the example they gave, the function ¢ is not
one-to-one, which creates confusion (cf. [12, Example 2.2]). Their example clearly
fits in our paper, as in our case ¥ is monotonically increasing (strictly), i.e., ¥ is

one-to-one and ¢ is non-decreasing.

Example: Let X =[0,1]U{2,3,4,---} and

|l’ - y‘a ifﬂ?,y € [Ov 1],.’E 7£ Y,
d(z,y) =< z+y, if atleast oneof z ory ¢ [0,1] and x # y,

0, ifx=y.
Then (X, d) is a complete metric space (cf. [11]). Let ¢ : [0,00) — [0, 00) be defined
as

t, fo<t<l,
() = { 2, ift>1,

and let ¢ : [0,00) — [0,00) be defined as

1,2
=t4, ifo<t<1
_J) 2t =t=4
W)_{ 3. ift>1
Let T : X — X be defined as
T — 93—%3:2, ifo<x <1,
x—1, ifxe{2,3,4,---}.

Then it is seen that 7" has a unique fixed point which is 0 (cf. [12]).
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