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FIXED POINT THEOREMS IN NORMED LINEAR SPACES USING
A GENERALIZED Z-TYPE CONDITION

PRIYA RAPHAEL ! AND SHAINI PULICKAKUNNEL 2

ABSTRACT. In this paper, a strong convergence theorem is proved for a generalized
Mann type iteration scheme in normed linear spaces. We also consider two, two-step
iteration schemes and prove the strong convergence of these iterations in normed
linear spaces. We use a generalized Z-type condition to prove our results. Our
results extend and improve upon, among others, the corresponding results proved
by Berinde [1], Yildirim et al. [12] and Bosede [4].

1. INTRODUCTION AND PRELIMINARY DEFINITIONS

The following iterative scheme was introduced by Mann [8] in 1953:

Let K be a nonempty, closed, convex subset of a normed linear space Fand T : K — K
be a self map. For zy € K, the sequence {z,} -, defined by

(1.1) Tpr1 = (1 — ap)x, + Ty, n=0,1,2,...,

where {a,} is a real sequence in [0, 1], is called the Mann iteration process. Many
convergence theorems and approximation results have been proved using the Mann
iteration process. A two-step iterative process was introduced by Ishikawa [6] in 1974
which is defined as follows:

For zy € K, the sequence {z,} -, given by
(1.2) T = (1 — )z, + Ty,

Yn = (1 = Bp)xy + 8Ty, n=0,12,...,
where K is a nonempty, closed, convex subset of a normed linear space £, T : K — K
is a self map and {a,,} , {5, } are real sequences in [0, 1]. This iteration process is called
as Ishikawa iteration process.
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Here we note that when (3, = 0, this iteration process reduces to Mann iteration
scheme given by (1.1).

We consider an iteration scheme introduced by Owojori and Imoru [9] consisting
of two nonlinear operators in normed linear spaces. The scheme is defined as follows:
Let K be a nonempty, closed, convex subset of a normed linear space. Let T : K — K
and S : K — K be two maps. Let {z,} -, be the sequence defined for arbitrary
T € K as

(1.3) Tyl = ApXy + 0, T2, + ¢, S, n=20,1,2,...,

where {a,},{b,} and {¢,} are real sequences in [0, 1] with a, + b, + ¢, = 1 and
bn+Cn = ay,. The sequence {x, },, generated by (1.3) is called the generalized Mann
type iteration procedure.

We note that when 7' = S, the iteration defined by (1.3) reduces to the Mann
iterative scheme given by (1.1).

In 2008, Thianwan [11] introduced the following two-step iteration,
(14) Tnt1 = (1 - an)yn + anTyn

Yn = (1 = Bn)zn + BT x,, n=20,1,2,...,

where K is a nonempty, closed, convex subset of a normed linear space £, T : K — K
is a mapping and {a,},{8,} C (0,1). He proved strong and weak convergence of
the iterative scheme given in (1.4) to a common fixed point for two asymptotically
nonexpansive mappings in uniformly convex Banach spaces. Making use of the two-
step iteration defined by (1.4), Yildirim et al. [12] proved the strong convergence of
this iteration process to a fixed point of Zamfirescu operators in arbitrary Banach
spaces.

In this paper, we introduce another two-step iteration scheme in normed linear
spaces which is given as follows:

(15) Ln+1 = (1 - an)Qn + ansyn

Yo = (1= Bo)zn + BTz, n=0,1,2,...,
where K is a nonempty, closed, convex subset of a normed linear space £, T, S : K — K

are two mappings and {a,}, {#,} are sequences of positive numbers in [0, 1].
Here we note that when S = T, this iteration reduces to iteration given by (1.4).

We need the following definitions in a metric space (X, d):
A mapping T : X — X is called an a-contraction if there exists a € [0,1) such
that

(21) d(Tx,Ty) < ad(xz,y), forall z,y € X.
The map T is called a Kannan mapping [7] if there exists b € [0, 1) such that
(22) d(Txz,Ty) < bld(z,Tx) +d(y,Ty)], forall z,y e X.
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A similar definition is due to Chatterjea [5] : there exists ¢ € [0, ) such that
(23) d(Tx,Ty) < cld(x,Ty) + d(y,Tz)], for all z,y € X.

The conditions (z1), (22) and (z3) are independent contractive conditions [10].

Combining these three definitions, in 1972 Zamfirescu [13] obtained the following

important fixed point theorem:

Theorem 1.1. Let (X,d) be a complete metric space and T : X — X be a mapping

for which there exist real numbers a,b and ¢ with a € [0,1),b € [0,3) and ¢ € [0, 3)

2
such that for all x,y € X, at least one of the following conditions holds:
(1) d(Tx, Ty) < ad(,y),
(22) d(T'x,Ty) < bld(x, T'x) + d(y, Ty)],
(25) d(Tx, Ty) < cld(x, Ty) + d(y, T)].
Then T has a unique fized point x* and the Picard iteration {x,} ~, defined by
Tpi1 =Tx,, neN
converges to x* for any arbitrary xo € X.

An operator T' which satisfies at least one of the contractive conditions (z1), (z2)
and (z3) is called a Zamfirescu operator or a Z-operator.

In 2004, Berinde [3] proved the strong convergence of Ishikawa iterative process
given by (1.2) to approximate fixed points of Zamfirescu operators in an arbitrary
Banach space E. While proving the theorem, he made use of the condition,

(1.6) [T = Ty|| <6 |lz —yll 4 20 [lx — T]]
which holds for any =,y € F where 0 < 4§ < 1.

In this paper, we employ a condition introduced in [4] which is more general than
condition (1.6) and establish fixed point theorems in normed linear spaces. The
condition is defined as follows:

Let K be a nonempty, closed, convex subset of a normed linear space EandT : K — K
a selfmap of K. There exists a constant L > 0 such that for all z,y € K, we have

(1.7) 1T — Ty|| < " =T0(26 (|l — T|| + 6 [l — ),
where 0 < 0 < 1 and e” denotes the exponential function of z € K.
Throughout this paper, we call this condition as generalized Z-type condition.
Remark 1.1. If L =0, in the above condition, we obtain
[Tz =Tyl <6 |lz —yll + 20 lo — T]],
which is the Zamfirescu condition used by Berinde in [3] where

b c
1-b"1—¢

while constants a, b and ¢ are as defined in Theorem 1.1.

5:max{a, }, 0<d<1,
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In this paper, we prove a strong convergence theorem of a generalized Mann type
iteration scheme for the self mappings satisfying generalized Z-type condition in
normed linear spaces. Making use of the same condition, convergence theorems are
proved for two, two-step iteration schemes in normed linear spaces.

In order to prove our main results, we need the following lemma:

Lemma 1.1. [2] Let {an},— o, {bn}reg: {Cn}npy be sequences of nonnegative numbers
satisfying

ani1 < (1 —wp)ay, + by + ¢, for all n >0,
where {wy}ooy C [0,1]. If S w, = 00,b, = O(w,) and Y30 ¢, < oo, then
lim,,_,o a, = 0.

2. MAIN RESULTS

Theorem 2.1. Let K be a nonempty, closed, convex subset of a normed linear space.
Let T : K — K and S : K — K be two self mappings satisfying generalized Z -
type condition given by (1.7) with F(T)NF(S) # ¢ where F(T) and F(S) are the
sets of fized points of T and S respectively. For any xo € K, let {x,} ~, be the
sequence defined by (1.3) where {a,}, {b,} and {c,} are real sequences in [0,1] with
anp+b,+c, =1, bpic, =ay, and 3207 o, = 00. Then {xn}zozo converges strongly to
a common fixed point of T and S.

Proof. 1t follows from the assumption F'(T) N F(S) # ¢ that T" and S have a common
fixed point in K, say z*. Since T" and S satisfy generalized Z-type condition given
by (1.7), we have that for all z,y € K, the following inequalities hold:

(2.1) 1Tz = Ty|| < M==T026 ||z — Tal| + 6 |2 — y]|)

and

(2.2) 1Sz — Sy|| < eHIe=51 (26 ||l — S| + & ||z — yl])

where L > 0,0 <0 < 1 and § = max CL,L,L .
1-b'1—-c¢

Now let {z,} -, be the iteration defined by (1.3) and z¢ € K be arbitrary. Then
|tni1 — 2| = |lanxn + b, Txp + ¢Sy — 27|
= (1 —an)xy + b, Tz + ¢Sz — (an + by + ) x™||
= (1 —an)xy + b, Txy + Sz — (1 — )™ — bpax™ — ¢z
= |1 —an)(xy —2") + b,(Txy, — %) + cp(Sz), — 27)||
(2.3) < (1= ap) ||lzn — 2|+ 0n | Txn — || + e || Sz — || -
Taking z = z* and y = z,, in (2.1), we get
|Tz* — Ta,|| < eHT =116 ||o* — Ta*|| + 6 ||z* — )
= M@ ot — 2t + 0 [l — @)
= "9(26(0) + 0 |z, — 2|)),
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which implies that

(2.4) [Ty — 2" <6 ||zn — 27|
Similarly by taking = = 2* and y = z,, in (2.2), we obtain
(2.5) [Szn — 27| <0 flzn — 27
Now using (2.4) and (2.5) in (2.3), we have

Jenss =2l < (1= ) 20 — &l + b0 20 — | + cud 0 — 27|

= (1 —ay+byd + cpd) ||zn — 27|
= (I —-an+a,d) ||z, — 2.

Thus we have the inequality,

|t — 2] <1 — an(l—=9)] ||z, — 2™, n=0,1,2....

Since {a,} €[0,1],0 < d < 1 and Z o, = 00, by applying Lemma 1.1 we get
n=0
T i — 27 = 0.

Thus {z,},-, converges strongly to z* which is the common fixed point of 7" and
S. O

Corollary 2.1. Let K be a nonempty, closed, convex subset of a normed linear space.
Let T,S : K — K be two Zamfirescu operators with F(T)NF(S) # ¢ where F(T)
and F(S) are the sets of fized points of T and S respectively. For any xo € K, let
{xn}.2, be the sequence defined by (1.3) where {a,}, {b,} and {c,} are real sequences
in [0, 1] with a,+b,+c, = 1, byycy, = oy, and Y00 g oy, = 00. Then {x,}, -, converges
strongly to a common fixed point of T and S.

Theorem 2.2. Let K be a nonempty, closed, convexr subset of a normed linear space
E. Let T : K — K be a self map satisfying generalized Z-type condition given by
(1.7) with F(T) # ¢ where F(T) is the set of fized points of T. For any xo € K,
let {x,},, be the sequence defined by (1.4) where {a,} and {8,} are sequences of
positive numbers in [0,1] satisfying Yoo o, = 0o. Then {x,} —, converges strongly
to the unique fixed point of T

Proof. From the assumption F(T) # ¢, it follows that T has a fixed point in K,
say z*. Since T satisfies generalized Z-type condition given by (1.7), we have the
inequality (2.1) holds for all z,y € K. Now using the sequence defined by (1.4), we
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get for any arbitrary zo € K,
[Zni1 — 27| = (1 = @n)yn + Ty, — 27|

= H(l - O‘n)(yn - x*) + O‘n(Tyn - :U*)H

< (1= an)lyn — 2| + an [Tyn — 27|

= (1 - O‘n) Hyn - x*H + a, HT*’I;* - TynH .
Taking = z* and y = z,, in (2.1), the above inequality becomes
[Zn1 — 27 < (1 —an)|lyn — 2" + [eL”‘”**M*”(% |z* = Tz"|| + 6 [|l=* — yn||)}
= (1- an> lym — 2| + cn " (26(0) + 8 | = yal))]
(1 - O‘n) Hyn - 37*“ + Hyn - {I}*H )

which gives

(2.6) [0 — 2™ < (1= an 4 and) [Jyn — 27|
From (1.4) it follows that
Hyn - QS*H = ||(1 - ﬁn)$n + BTz, — QS*H
= (1= Bu)(an — 2") 4 Bu(Tzn — 27|
(2.7) < (1 =B) lzn — 2™ + Bu [Tzn — 27| -

Combining inequalities (2.4), (2.6) and (2.7), we get

[yn — 27|

(1= ) [l — ™[} + B [[Tzn — "]
(1= Bn) ln = ™[ + 5nd [0 — 2]
(1= Bn + 5n0) [lzn — 27|

|Zp1 — 27| (1 —op+ad
(1 —a, + a,d
(1 -, + a,o
(

1—a, +a,0

IAIA A

Now consider

1—ap(1=9)—6,(1=90)[1 —a,(1—9)]
< 1—a,(1-9).
Hence we have the inequality,
|z — 2| <1 —an(l =0)] ||z —2"||, n=0,1,2,....
Since 0 < 0 < 1,ay, € [0,1] and >0 v, = 00, setting a,, = ||z, — 2|, Wy = ap(1—0)
and by applying Lemma 1.1, it results that

Jim |Zn1 — || = 0.

Therefore {x,} -, converges strongly to a fixed point of T'.
To show uniqueness of the fixed point x*, assume that x], 25 € F(T) and z} # x3.
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Applying generalized Z-type condition given by (1.7) and using the fact that
0 <4 < 1, we obtain

loi — a3l = |1 Tw; - T
< eHlei=reill (g oy — Tal| + 6 [l — a3))
= eHli=eill 26 |la7 — 2t + 6 ot - 23))

= "O25(0) + 4 |la7 — z3])
= Oz -z
<z — a3l

which is a contradiction. Therefore 27 = 3. Thus {z,} -, converges strongly to the
unique fixed point of T'. O

Corollary 2.2. [12, Theorem 2.1| Let E' be an arbitrary Banach space, K a closed,
conver subset of E and T : K — K a Zamfirescu operator. Let {x,} -, be the two-
step iteration defined by (1.4) and xo € K, where {a,} and {B,} are sequences of
positive numbers in [0, 1] satisfying > 00 g o, = 00. Then {x,} ~, converges strongly
to the fized point of T'.

Theorem 2.3. Let K be a nonempty, closed, convex subset of a normed linear space
E. LetT,S : K — K be two self mappings of K satisfying generalized Z-type condi-
tion given by (1.7) with F(T) N F(S) # ¢ where F(T') and F(S) are the sets of fived
points of T and S respectively. For any xo € K, let {x,} —, be the sequence defined
by (1.5) where {a,,} and {B,} are sequences of positive numbers in [0,1] satisfying
S oty = 00. Then {x,} 2, converges strongly to a common fized point of T and

S.

Proof. Since S satisfies generalized Z-type condition given by (1.7), we get that the
inequality (2.2) holds for all z,y € K. As F(T)NF(S) # ¢, let * be a common
fixed point of S and 7" in K. Now for any arbitrary =y € K,
[z — 2% = [(1 = aw)yn + Sy — 27|

= (1 = an)(yn — %) + on(Syn — 27)||

< (T=an) [lyn — 27| + an [[Syn — 27

= (1 —an)llyn — 2" + an [|S2" = Syal|.
Taking z = z* and y = y,, in (2.2), we obtain

|z = 2% < (1= ) llyn — 27| + o [ 757026 |27 — S| + 6 [|2* = )]

1= ) [[gn — 27| + an [¢"0(26(0) + 5 |2" — ynl))]

( )
= (I —an)llyn — 2" + an {eL”xLx*H(% 2" — 2™ + 0 [|z" - ynH)}
( )
(1—ap) Hyn - JZ*H + o ”yn - ZE*H )
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which gives

[Zne1 — 2% < (1= an + ond) [lyn — 27|
Now, applying iteration process (1.5) and proceeding with the arguments similar to
those in the proof of Theorem 2.2, we obtain

lim ||zp41 — 2"]] = 0.

n—oo
Hence {z,} -, converges strongly to z* which is a common fixed point of 7' and

S. O

Corollary 2.3. Let K be a nonempty, closed, convex subset of a normed linear space
E. LetT,S : K — K be two Z-operators with F(T') N F'(S) # ¢ where F(T') and F(S)
are the sets of fized points of T and S respectively. For any xo € K, let {z,},, be
the sequence defined by (1.5) where {a,,} and {B,} are sequences of positive numbers
in [0,1] satisfying > 02 oy, = 00. Then {x,}. -, converges strongly to a common fized
point of T and S.
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