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Abstract

In this paper, we first establish a new fixed point theorem for a Meir-Keeler type condition. As an
application, we devive a simultaneous generalization of Banach contraction principle, Kannan’s fixed
point theorem, Chatterjea’s fixed point theorem and other fixed point theorems. Some new fixed
point theorems are also obtained.
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1. Introduction and preliminaries

Let (X, d) be a metric space and T': X — X be a selfmapping. A point x in X is a fized point
of T if Tx = x. The set of fixed points of 7" is denoted by F(T'). Throughout this paper, we denote
by N and R, the sets of positive integers and real numbers, respectively.

Recall that a selfmapping T : X — X is called

(i) a Banach’s type contraction, if there exists a nonnegative number 7 < 1 such that
d(Tz,Ty) < vd(z,y) forall z,y € X.
(ii) a Kannan’s type contraction, if there exists v € [O, %) such that

d(Txz,Ty) < y(d(z,Tz) + d(y,Ty)) forall z,y € X.
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(iii) a Chatterjea’s type contraction, if there exists vy € [O, %) such that

d(Tz, Ty) < y(d(z, Ty) + d(y, Tx)) for all z,y € X.

(iv) a Meir-Keeler’s type contraction, if for every € > 0, there exists 6 = d(¢) > 0 such that for
z,y € X,
e<d(x,y) <e+d implies d(Tz,Ty)<e.

It is known that every Banach’s type contraction is a Meir-Keeler’s type contraction. The fol-
lowing examples show that, in a metric space (X, d), the Banach’s type contraction, Kannan’s type
contraction and Chatterjea’s type contraction are independent and different from each other.

Example A. Let X = [0,1] with the metric d(z,y) = |z — y| for z,y € X. Then (X, d) is a metric
space. Define a mapping T': X — X by

Tr = %:L‘ for all z € X.
Since ] 5
d(Tz,Ty) = éd(a:,y) < gd(x,y) for all x,y € X,
T is a Banach’s type contraction. Note that

AT(0), T(1)) = § = d(0,T(0)) +d(1, T(1),

so T is not a Kannan’s type contraction.

Example B. Let X = [—1,1] with the metric d(z,y) = |x —y| for x,y € X. Then (X,d) is a
metric space. Define a mapping T': X — X by

Ty = —%x forall z € X.

Then the following hold.

(a) T is a Banach’s type contraction.
(b) T is a Kannan’s type contraction.
(c) T is not a Chatterjea’s type contraction.

Indeed, since
1 2
d(Tz,Ty) = éd(az,y) < gd(:ﬂ,y) for all x,y € X,

T is a Banach’s type contraction. To see (b), for any z,y € X, since d(z, Txz) = 2|z| and d(y, Ty) =
2ly|, we have

1 1 1
which means that 7" is a Kannan’s type contraction. Finally, since d(—1,7(1)) = 3 and d(1,T(-1)) =

1
3, we get

d(T(—=1),T(1)) = 1 = d(—1,T(1)) + d(1,T(~1)).
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Hence T is not a Chatterjea’s type contraction.

Example C. Let X = [0, 4] with the metric d(z,y) = |z — y| for z,y € X. Then (X, d) is a metric
space. Define a mapping 7' : X — X by

T — 1 ,if0<z <3,
Y710 if3<a <4

Then the following hold.

(a) T is not a Banach’s type contraction.
(b) T is a Kannan’s type contraction.
(c¢) T is not a Chatterjea’s type contraction.

Indeed, since d(7T'(2.5),7(3.5)) = 1 = d(2.5,3.5), T is not a Banach’s type contraction. It is easy
to show that

1
d(Txz,Ty) < 3 (d(x,Tx) + d(y,Ty)) forall x,y € X.

Hence T is a Kannan’s type contraction. Since d(0,7(3)) = 0 and d(3,7(0)) = 2, we obtain

d(T(0), T(3)) = 1 > ~[d(0, T(3)) + d(3,T(0))] for all y € [o, %) |

So T' is not a Chatterjea’s type contraction.

In fact, it should be mentioned that Examples A-C do not solve completely the above problem
for distinct metrics. For example, a mapping 7' : X — X which is Kannan’s type contraction with
respect to d may be a Banach’s type contraction with respect to some other metric p on X, equivalent
with d.

The famous Banach contraction principle [2] is one of the best known fixed point theorem in
fixed point theory and one of the most powerful tools for nonlinear functional analysis and applied
mathematical analysis. A number of generalizations in various different directions of the Banach
contraction principle have been investigated by several authors; see [1, 3-25] and references therein.

Theorem 1.1 (Banach contraction principle [2]). Let (X,d) be a complete metric space and
T:X — X be a Banach’s type contraction. Then T has a unique fixed point in X.

In 1969, Meir and Keeler [19] established an interesting generalization of Banach contraction
principle.

Theorem 1.2 (Meir and Keeler [19]). Let (X,d) be a complete metric space and let T : X — X
be a Meir-Keeler’s type contraction. Then T admits a unique fixed point in X.

In 1969, Kannan established his interesting fixed point theorem (so-called the Kannan’s fixed
point theorem [16]) which is different from the Banach contraction principle.

Theorem 1.3 (Kannan [16]). Let (X,d) be a complete metric space and T : X — X be a
Kannan’s type contraction. Then T admits a unique fixed point in X.

Later, Chatterjea’s fixed point theorem [3] was proved in 1972.
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Theorem 1.4 (Chatterjea [3]). Let (X,d) be a complete metric space and T : X — X be a
Chatterjea’s type contraction. Then T admits a unique fized point in X .

It is worth mentioning that the Banach contraction principle, Kannan’s fixed point theorem and
Chatterjea’s fixed point theorem are different from each other in their mapping conditions. Very
recently, Du studied and established some interesting simultaneous generalization of known fixed
point theorem; for more detail, one can refer to [10-13].

In this paper, we first establish a new fixed point theorem for a Meir-Keeler type condition. As
an application, we devive a simultaneous generalization of Banach contraction principle, Kannan’s
fixed point theorem, Chatterjea’s fixed point theorem and other fixed point theorems. Our new
simultaneous generalization is different from these simultaneous generalizations in [10-13]. Some
new fixed point theorems are also obtained. Our new results are different from many well known
generalizations of these results obtained until now.

2. New simultaneous generalizations and their applications
Let (X, d) be a metric space and T': X — X be a selfmapping. For any z,y € X, we define
o K(x,y)= w (Kannan type),

o C(x,y) = w (Chatterjea type),

o I(z,y) = WelotdyTe)
o J(z,y) = Mploltduly)
) M(x7 y) == d(z7Tx)+d(nyy)+d(y,Tx)

)

)

3
_ d(z,Tz)+d(z,Ty)+d(y,Tx)

o P(z,y) : 7
o Qz,y) = d(vay)“‘d(fUéTy)-l-d(y,Tx)’

o U(z,y) = d(m,Tm)+d(y,Ty)-£d(x7Ty)+d(y7Tm)7

o V(z,y) = dzptdeTa)rdyTy) Ty dyTr)

We first establish the following new fixed point theorem for a Meir-Keeler type condition and
give its proof in section 3.

Theorem 2.1. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Define a
mapping S : X x X — [0,00) by

S(x,y) = max{d(z,y), K(z,y),C(x,y), [(z,y), J(z,y),
M(z,y), P(x,y), Q(z,y),U(x,y), V(z,y)}.

Suppose that
(DR) for each € > 0, there exists 6 = 6(¢) > 0 such that for x,y € X,
e<S(x,y)<e+d implies d(Tx,Ty) <e.
Then T admits a unique fized point in X.

By applysing Theorem 2.1, we obtain the following new general fixed point theorem which is a
simultaneous generalization of Banach contraction principle, Kannan’s fixed point theorem, Chat-
terjea’s fixed point theorem and some known results in the literature.
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Theorem 2.2. Let (X,d) be a complete metric space, T : X — X be a selfmapping and S :
X x X — [0,00) be a mapping as in Theorem 2.1. Suppose that there exists a nonnegative real
number \ < 1 such that

d(Tz, Ty) < AS(z,y) for all x,y € X. (2.1)

Then T admits a unique fixed point in X.
Proof. Given € > 0, choose o € (A, 1) and take

If e < S(z,y) <e+d(e), then
d(Txz,Ty) < AS(z,y) < ale +d(e)) =e.

So condition (DR) of Theorem 2.1 is satisfied. Applying Theorem 2.1, the mapping 7" has a unique
fixed point in X. [l

Remark 2.1. Banach contraction principle, Kannan’s fixed point theorem and Chatterjea’s fixed
point theorem are all special cases of Theorems 2.1 and 2.2.

As applications of Theorem 2.2, we can obtain the following new fixed point theorems immediately.

Corollary 2.1. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O 1) such that

'3
d(Tz,Ty) < y(d(z,Tx) + d(y,Tz)) for all z,y € X.
Then T admits a unique fixed point in X.

Corollary 2.2. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O l) such that

12
d(Tz, Ty) < v(d(y,Tx) + d(y, Ty)) for all z,y € X.
Then T admits a unique fixed point in X.

Corollary 2.3. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O 1) such that

13
d(Tx,Ty) < ~y(d(z,Tz) + d(y,Ty) + d(y,Tz)) for all x,y € X.
Then T admits a unique fized point in X.

Corollary 2.4. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O, %) such that

d(Tx,Ty) < y(d(z,Tz) + d(z,Ty) + d(y, Tx)) for all z,y € X.

Then T admits a unique fixed point in X.
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Corollary 2.5. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O, é) such that

d(Tx,Ty) < ~v(d(y,Ty) + d(z, Ty) + d(y, Tx)) for all z,y € X.
Then T admits a unique fixed point in X.

Corollary 2.6. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists y € [O, }1) such that

d(Tz,Ty) <~y(d(x,Tx) + d(y, Ty) + d(z, Ty) + d(y,Tx)) for all z,y € X.
Then T admits a unique fixed point in X.

Corollary 2.7. Let (X,d) be a complete metric space and T : X — X be a selfmapping. Assume
that there exists v € [O, %) such that

d(Tx,Ty) < y(d(x,y) + d(x, Tx) +d(y, Ty) + d(z, Ty) + d(y, Tx)) for all 2,y € X.

Then T admits a unique fized point in X.

3. Proof of Theorem 2.1

Let u € X be given and define a sequence {2, }en by 1 = v and z,,41 = Tz, for all n € N. If there
exists k € N such that x4, = xy, then xp € F(T) and the desired conclusion is proved. For this
reason we henceforth will assume that z,,1 # x, for all n € N. For any n € N, we have

d(Tn,Tn+1)+d(Tnt1,Tn+2)
2 ?
d($n71n+2) < d(xn7$n+1)+d(xn+1yxn+2)
2 — 2 )

i K<xm $n+1) =

i C(Im xn—&-l) =

o [(zp, 1) = _d(znv;ﬁnﬂ)’

o J(xy, Tpi1) = M’

o M(p,Tni1) = d(gﬁ"’m’”’l)Jr;‘;l("cfb+1»90n+2)7

° P(:Un, :En_H) _ d($n7$n+1)‘gd(l'n,$n+2) < 2d($n7$n+1)‘gd($n+17wn+2)’

° Q(Q:n,xn+1) — d(xn+1,xn+2;+d(xn,xn+2) < d(wnvxn+1)+2d(ﬂcn+1,xn+2)’

o Uz, Tnt1) = d(zn,mnH)+d(xn+14,zn+2)+d(xn,xnﬂ) < d(x”’xn+l)+§l(1'n+1,xn+2)a

° V(fEn,fl?n+1) — 2d(:cn,xn+1)+d(xn+51,xn+2)+d(xn,xn+2) < 3d(xn,xn+1)+§d(xn+1,:cn+2)'

Clearly, S(xp,zp41) > 0 for all n € N. Assume that there exists j € N such that d(z;, z,41) <
d(l’j+1, $j+2). Then, by the definition OfS, we have S(l’j, Ij+1) < d(«Tj_H, $j+2). For ¢ := S(ZL’J', Ij—H) >
0, by condition (DR), we have

d(xj11,7j12) = d(Txj, Tjpn) < &= S(x),x551) < ()1, Tj12),

which leads to a contradiction. So it must be d(x,11, Tpi2) < d(xy, 2n41) for all n € N and hence we
get S(xp, Tpi1) = d(zp, Tpyq) for all n € N. Since the sequence {d(z,41, ) }nen is strictly decreasing
in [0, 00), we know that

v = lim d(x,41,x,) = inf d(x,41, 2,) exists. (3.1)
n—00 neN
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We claim 7 = 0. On the contrary, assume that v > 0. For § > 0, by (3.1), there exists ¢ € N such
that

v < S(@et1, we) = d(pg1, m0) <y +0.
Thus (DS) deduces
d(Ter2, Ter1) < 7,

a contradiction. Therefore it must be v = 0 and we obtain

nh_g)lo d(xpi1,,) = 71%{] d(xpi1,2,) = 0. (3.2)

Next, we verify that {z, },en is a Cauchy sequence in X. Let € > 0 be given. Choose ¢ > 0 with
3¢ < e. By (DR), there exists 6(¢) > 0 such that

¢ < S(z,y) <C+6(C0) implies  d(Tx,Ty) < (. (3.3)

Take ¢’ = min{1,(,d(¢)}. It is obvious that (3.3) is still true with §(¢) replaced by ¢’. By (3.2),
there exists jp € N such that

!

J
d(Tpi1,mn) < 3 for all n > jp. (3.4)
Let

5/
LI:{kEN:ijoandd(:pk,ij)<§—|—§}.

Clearly, U # (), because jo € U. We want to prove that m € U implies m + 1 € U, and then,
according to the finite induction principle, we can get

U={meN:m>j}

and )

d
d(Tm,xj,) <+ . for all m > 7.

Let m € U be given. Then m > j, and

!

d(Tm,xj,) < (+ 7

If m = jo, then m +1 € U, by (3.4). If m > jo, we consider the following two possible cases:
Case 1. Assume that ¢ < d(z,,, 7)) < ( + &. Since

DO | —

K(l‘m,%) = = (d(Zm, Tmy1) + d(l'jov xjoJrl))

(5.
8 8

6/
=—-<(+7,

[\

oo

C(xrm xjo) = (d(‘rm’ xjo-i—l) + d(xjo’ xm—&-l))

< (Qd(:lfm, xjo) + d(mjov 37j0+1) + d(xmu merl))

AN A
Z (9 2 A
<2< (<+2>+8+8>

5)
=+ g0 <+,

— N =N
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I (d(@m, Zm1) + d(2jo, Tms1))

=

3
S

.

o

S~—
|

VAN
DOy N N RN

+

ool w B

(2d($m7 zm-&-l) + d(xjm xm))
5/
3)

¥ < (44,

N
+
o~
+

J( (d(xjoa xm-&-l) + d<xjo’ xjo-H))

.):

=
3
5
)
o

IN

DY N = N~ =

(d(l’jo, $m) + d(l‘m, xm—&-l) + d(xjoa xjo+1>>

5 o 5’)
<zl ¢ttty

8 8

§y <(C+4,

+
ool w

M( (d(xma mm-H) + d(‘rjov xjo-H) + d<xj07 xm—i-l))

8
3
&3
IA

Wy Wl Wl =Wl

(2d(xm7 xm+1) + d(xjm xj0+1) + d(xjm xm))

A\

! 5/ 6/

z+§+<+§>
7
2

+ -/
<

y <+,

P( (d(xm’ xm-i-l) + d(mﬂ% ajjo-i-l) + d(x]'m $m+1))

5
3

5
oL
o

A
WIN Wl Wl =W

<2d(xm7 $m+1) + 2d(l’m, xjo) + d(‘rjm xjo-i-l))

0o’ 0o’ o'
(Fr2(cr5)+5)

11
—¢ &'
(4570 <C+9.

A\

Q( (d(mjm 'Tjo-i-l) + d(mﬂﬂ $j0+1) + d(x]'m mm-i-l))

5
3
5
.
N

INA
WIN Wl W =W

(2d(xj07 CUjo-l-l) + Qd(l’m, xjo) + d(ZL’m, xm-H))

0’ 0o’ 0o’
(Fr2(cr5)+5)

11
—¢ &
C+ 50 <+,

A
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U( (d(xmv merl) + d(xjov $j0+1) + d(l‘m, 33]'0+1) + d(xjm xm+1>>

2
3
=2
ol
o
|

(d(l‘m, xm—i—l) + d(xjw 'Ij()—i—l) + d(l’m, xjo))
P
8 8 2

3
(+§&<g+&,

N N~ N ==

and

V( ) =

(d(xrm xjo) + d(xmn xm-i-l) + d<xj07 xjo-i-l) + d<xm7 xjo-i-l) + d(mjov xm—H))

=

3
5

s

IN

(3d(£l?m, x]’o) + Qd(xmv xm-i-l) + 2d(xj0’ xjo-i-l))

(559

2
_ 2 iy 5
POt <0+,

A\
Ol = O] = O] =

w

we get
C < d(@pm,xjy) < S(Tm,xjy) <+

By (DS), we have
d(Txm, Txj) < (.

From the triangle inequality, we get

d(xm-i-l’ xjo) < d ($m+1,$j0+1) +d (J:J'o-i-lvzjo)
o o
<(+ g <(+ 5,

which means that m 4+ 1 € U.
Case 2. Assume that d(z,,,z;,) < (. We then have

d(Tmt1, %) < d(Tpi1, Tm) + d (T, Tj4)

o o
<C—|—§<€+§,

which shows that m +1 € U.
Therefore, from Cases 1 and 2, we get

/

)
d(zpm, ;) < ¢+ ) for all m > jj. (3.5)
For m,n € N with m > n > j,, by (3.5), we obtain
ATy ) < d(Timy T40) + d(T)o, 20) < 2¢+ 6" < 3¢ <,

which shows that {x, },en is a Cauchy sequence in X. By the completeness of X, there exists v € X
such that z,, — v as n — oco. Now, we verify that v € F(T). For any n € N, we have

° K(:L‘n, v) — d(xn,$n+12)+d(U7T’U)’
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Y C(xn7'l)> — d(xn,T’U)+d(v,xn+l)

2 )
° [(xn’ ’U) _ d(xn,$n+1);‘d(’l}7xn+1) ’
[ ] J("]jn7 /U) — d(UvIn+1)2+d(U,T’U)’
o M(x,,v)= d(@n Tnt1)+d(v,T0) +d(v.2n11)

Y

3
_ d(zn xn+1)+d(xn Tv)+d(v, CL“n+1)

o Pz, v) =4

o Q(xn, U) d(v,Tv)+d(xn, Tv)—i-d(v xn+1)

o U(IL‘n, U) d(zn, acn+1)+d(v7Tv)—é|1—d(;rn,Tv)+d(v,a:n+1) :

o V(l’n, U) d(zy, v)+d(wn,acn+1)+d(v15Tv)+d(mn,Tv)+d(v,mn+1) '

Since x,1 # z, for all n € N, we have d(x,,z,+1) > 0 and hence
S(p,v) = max{d(z,,v), K(z,,v),C(x,,v), [(x,,0v), J(Tn,0v),
M(zp,v), P(x,,v), Q(xn,v),U(x,,v), V(r,,v)} >0

for all n € N. By (DR), we have

d(zpi1,Tv) < S(xp,v) forall n e N.
Since x,, — v as n — oo, by taking the limit as n — oo on the last inequality, we get

d(v, Tv) < ;d(v,Tv)
which implies d(v, Tv) = 0. Therefore we obtain v € F(T'). We claim that F(T) is a singleton set.
Suppose there exist u,v € F(T') with u # v. So d(u,v) > 0. Since
K(u,v) =0,
C(u,v) = d(u,v),
I(u,v) = J(u,v) = U(u,v) = %d(u,v),

M(u,v) = %d(u, v)

P(u,v) = Q(u,v) = gd(u,v),

and 3
V(u,v) = gd(u,v),
by (DR), we obtain
d(u,v) = d(Tu, Tv) < S(u,v) = d(u,v),

a contradiction. Therefore F(7') is a singleton set and 7" has a unique fixed point in X. The proof
is completed.
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