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Abstract : In this article, we propose a new iterative method for finding fixed
points of a class of weak contractions in arbitrary Banach spaces. Comparison of
the rate of convergence between Mann, Ishikawa, Noor iterations, and the proposed
iterative method are also discussed. It is shown that the proposed iterative method
converges faster than the others. Moreover, we give a numerical example for
comparing the rate of convergence of those methods.
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1 Introduction

Let C' be a nonempty convex subset of a Banach space X, and T : C — C be
a mapping. A point x € C is a fized point of T if Tx = x. The set of all fixed
points of T' is denoted by F/(T'). The Mann iteration is defined by uq € C and

Unt+1 = (1 — ap)u, + apTuy,, for alln € N, (1.1)
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where {a,} is a sequence in [0,1]. For a, = A (constant), the iteration (1.1)

reduces to the so-called Krasnoselskij iteration. The Ishikawa iteration is defined
by s; € C and

Tn = (1 — Bn)sn + nTSn7

{ (1= Ba)sn + 5 12

Snt1 = (1 — an)sn + @y Try, for all n € N,

where {a,,} and {f,} are sequences in [0,1]. The Noor iteration is defined by
wy € C' and
hy, = (1 - Vn)wn + VnTwna

qn = (1 = Bp)wpn + BnThny, (1.3)
wpt1 = (1 — an)wy, + @, Tqy, for all n € N,

where {a,,}, {6n}, and {7y, } are sequences in [0, 1]. Clearly, Mann and Ishikawa
iterations are special cases of Noor iteration.

There are many papers have been concentrated on the iteration methods for
approximation of fixed points of nonlinear mappings, see for instance [1, 2, 3, 4].
However, there are only a few paper concerning comparison of those iteration
methods in order to establish which one converges faster. In 2004, Berinde [5]
provided the following concept to compare the rate of convergence of the iteration
methods.

Definition 1.1. Let {a,} and {b,} be two sequences of positive numbers that
converge to a, b, respectively. Assume there exists

lan — al

If I = 0, then it is said that the sequence {a,} converges to a faster than the
sequence {b,} to b. If 0 <l < oo, then we say that the sequence {a,} and {b,}
have that same rate of convergence.

Suppose that for two fixed point iterations {x,} and {y,} converging to the
same fixed point z of a mapping T', the error estimates ||z, —z|| < a, and ||y, —z|| <
bn, n € N, are available, where {a,} and {b,} are two sequences of positive
real numbers (converging to zero). Then, in view of Definition 1.1, the following
concept appears to be very natural.

Definition 1.2. If {a,} converges faster than {b,}, then we say that the fixed
point iteration {z,} converges faster than the fixed point iteration {y,} to z.

We observe that the comparison of the rate of convergence in above definition
depends on the choice of sequences {a,} and {b,,} which are error bounds of {z,}
and {y,}, respectively. It seem not to be clear if we use above definition for
comparing the rate of convergence. So, we modify above definition for comparing
the rate of convergence as follows:
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Definition 1.3. Suppose that {z,} and {y,} are two iteration methods converg-
ing to the same fixed point z of a mapping 7. We say that {z,} converges faster
than {y,} to z if

o o= el)

n—oc |lyn — 2

Berinde [5] compared the rate of convergence of the Picard and Mann iterations

for a class of Zamfirescu operators in arbitrary Banach spaces. In 2006, Babu
and Prasad [6] showed that the Mann iteration converges faster than the Ishikawa
iteration for this class of operators. Two year later, Qing and Rhoades [7] provided
an example to show that the claim of Babu and Prasad [6] is false. Later, Xue
[8] compared convergence speed of the Picard, Krasnoselskij, Mann and Ishikawa
iterations for the class of Zamfirescu operators. He proved that the Picard iteration
converges faster than the Mann iteration and the Krasnoselskij iteration converges
faster than the Ishikawa iteration under some appropriate conditions. In 2010,
Rhoades and Xue [9] provided sufficient conditions for Picard iteration to converge
faster than Krasnoselskij, Mann, Ishikawa, or Noor iteration for quasi-contractive
operators, and also compared the rate of convergence between Krasnoselskij and
Mann iterations for Zamfirescu operators.

The following class of operators is more general than that of Zamfirescu oper-
ators.

Definition 1.4. Let C be a nonempty subset of a Banach space X. A mapping
T :C — C is called weak contraction if there exist a constant ¢ € (0,1) and some
L > 0 such that

Tz —Ty|| < 6|z —y| + L|ly — Tx|| forall z,y € C.

This mapping is also partially cover the quasi-contraction operator. Many re-
searcher studied the existence and convergence theorems for finding fixed points
of the class of weak contractions, Zamfirescu operators, quasi-contraction opera-
tors, see for instance [5, 6, 8, 9, 10, 11]. The following weak contraction theorem
obtained by Berinde in 2004.

Proposition 1.5 ([11]). Let C' be a nonempty closed convex subset of a Banach
space X and T : C — C be a weak contraction. Then F(T) # 0. Moreover, the
Picard iteration {x,} defined by x,+1 = Tx, for all m € N, converges to a fized
point of T.

In this article, we propose a new iterative method as follows:
2n = (1 = yp)zn + Ty,
Yn = (L = Bn)zn + BnT 2, (1.4)
Tnt1 = (L —ap — A\)Yn + @nTyn + ATz, for all n € N,

where z1 € C, {an}, {6n}, {1} {Mn}, and {a, + A} are sequences in [0, 1].
Then, we prove the strong convergence of the proposed iterative method to a fixed
point of a weak contraction, and also compare the rate of convergence of this
iterative method with Mann, Ishikawa and Noor iterations.
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2 Main Results

Firstly, we prove the following convergence theorems to a fixed point of a weak
contraction in Banach spaces.

Theorem 2.1. Let C' be a nonempty closed convex subset of a Banach space X
and T : C — C be a weak contraction with the following condition: there exist a
constant 0’ € (0,1) and some L' > 0 such that

1Tz =Tyl < &'z =yl + L'ly = Tyl for all z,y € C. (2.1)

Suppose the sequence {x,} generated by (1.4) and {an}, {Bn}, {¥n}, {\n}, {an+
An} are sequences in [0, 1] which satisfy one of the following conditions:

(i) Xonzy @n =005 (id) 3opZy B = 005 (i) 32574 yn = 00

Then {x,} converges strongly to a unique fized point of T.

Proof. Proposition 1.5 guarantees that T has a fixed point. Obviously, by condi-
tion (2.1), the fixed point of T' is unique, say p. By condition (2.1) again, we have
|Tzn = pll < &'llzn = pll, 1Tyn — pll < 8'llyn — pll and [Tz, = pl| < &'[2n — pl-
Thus, it follows by (1.4) that

[zt —pll < (1= an = A)llyn — 2l + @nl|Tyn — pll + Anl| T2 — |
< (I =an(1 =0") = A)llyn = pll + And'l|zn — ||
< (1= an(1— 6/) —An)(1 = ﬁn(l - 6/)) + )‘n(s/)Hzn - pH
< (1 —an(1- 6/) = An)(1 = Bn(1— 6/)) + )‘n(sl)(l — (1= 5l)))||$n
= (1 =1 =)= Bu(1—-9)
=M1 =B,) 1 =3d)))A = 7n(1 =) |2n - p
< ((1 - an(l - 6/))(1 - ﬁn(l - 5l))(1 - ’771(1 - 51))”5[:71 _pH
< T = an(@ =) (1 = Be(1 = ) (1 — (1 = 8)) a1 = pl-
= (2.2)
By the assumption, we can conclude that {x,} converges to p. O

Theorem 2.2. Assume X, C, T are as in Theorem 2.1 and {an}, {6n}, {¥n}
are sequences in [0,1] such that > " o, = 00. Suppose {un}, {sn}, {wn} are
sequences generated by Mann iteration (1.1), Ishikawa iteration (1.2), and Noor

iteration (1.3), respectively. Then {un}, {sn}, {wn} converge strongly to a unique
fixed point of T.

-l
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Proof. By Proposition 1.5 and condition (2.1), T has a unique fixed point, say p.
Using (1.3) and condition (2.1), we have

[wnt1 = pll < (1 = an)llwn = pll + @nd’llgn — pll

(1= an + @nd' (1 = Bo)llwn = pll + @ B6" | hn = pl|

(1= an(1 =61 = Ba) = B (1 = (1 = 6))[wn — pll

=(1=an(1=0"+8,8(1 =81 == ws —pll  (2.3)
(

1—an(1=4")wn —pf

< [T = a1 = 8))lwr = pll.

This implies by 7 | o, = oo that {w,} converges to p.
Since Mann and Ishikawa iterations are special cases of Noor iteration, we can
conclude that {s,} and {u,} converge to a unique fixed point of T O

Remark 2.3. It is known that only weak contraction does mot guarantee the
uniqueness of fixzed point of T. But if T also satisfies the condition (2.1), its
fixed point must be unique.

The following results, we consider the rate of convergence of the proposed
iterative method (1.4) and the well-known iterative methods.

Theorem 2.4. Let C' be a nonempty closed convex subset of a Banach space X
and T : C — C be a weak contraction with condition (2.1). Suppose {un}, {sn},
{wn} are sequences generated by Mann iteration (1.1), Ishikawa iteration (1.2)
and Noor iteration (1.3), respectively, and {an}, {Bn}, {1}, {\n}, {an +An} are
sequences in [0, 1] which satisfy the conditions:

(C1)0<n<pBp<lor0<n<~y,<l;
(C2)0 < ay < ﬁ, Yoo ay =00 and lim, . a; = 0.
Then the sequence {xy,} generated by (1.4) converges faster than Mann, Ishikawa

and Noor iterations to a unique fized point of T, provided that r1 = uy = 1 =
wy € C.

Proof. By Theorems 2.1 and 2.2, the sequence {z,} generated by (1.4), Mann
iteration {u,}, Ishikawa iteartion {s,} and Noor iteration {w,} converge to a
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unique fixed point of T, say p. Firstly, by Noor iteration (1.3),

wnt1 —pll = (1 = an)lwn = pll = anl|Tgn — pl
> (1= ap)|lwn = pll = and’|lgn — 1|
> (1 = ap)llwn = pll = and’((1 = Bn)llwn — pl| + Bnd" | hn — pll)
> (1= an = apd' (1= Bu))[wn = pll = @88 (1 = 7 (1 = 8")) [[wn — p|
=1 =141 = Bu(l =31 = (1 =0)))llwn —p
> (1 - an(1+3))[lwn —pl

> TT0 - astt + 8l =l (2.4)

It follows by (C1), (2.2) and (2.4) that

e —pl _ _(Q=n-8)"
[wnsr —pll = TTizi (1 — ar(l+6))

L and lim,,— e ap =

Put 0, = 0-n0=0))" By the assumption 0 < a, < 175

n o Iz (A—ax(146"))
0, we obtain
o O (L—n@—=d)"+" Tl (1 —ax(l+4)
lim = lim n+1 -
_ N
= lim —1 n(1 —9")
n—oo 1 — apy1(1+96)
=1-n(1-¢)<1.

By the ratio test, we conclude that Zzo:l 0, < oco. So, lim, . 0, = 0. This
implies that the sequence generated by (1.4) converges faster than Noor iteration.

Secondly, by Ishikawa iteration (1.2),

[sn41 = pll = (1 = an)llsn — pll — anl|Trn — p
> (1= an)lsn = pll = and'llrn — p|
> (1= an)llsn = pll = and’ (1 = Bn + Bnd’)[|5n — pll
=(1—an(l1+0(1=Ba(1—=03")))llsn —pll
> (1= an(1+3))llsn —pl

> [T —an(1+6))s1 =l (2.5)
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It follows by (C1), (2.2) and (2.5) that

|Znts —pl o (A-n@-0))"
[sn1 = pll = [Tiey (1 — an(1 +4))

By the assumption and same argument as above, we can show that the sequence
generated by (1.4) converges faster than Ishikawa iteration.

Finally, by Mann iteration (1.1),
g1 —pll = (1 = an(l +6")|lun — p|

> [T~ (@ +8)fus — pll- (2.6)
k=1

It follows by (C1), (2.2) and (2.6) that

|[Znts —pll o A=n@-)"
[tnss = pll — [Teey (1 = ax(1+0))

By the assumption and same argument as above, we can show that the sequence
generated by (1.4) converges faster than Mann iteration. [l

Set 7, = 0 for all n € N in (1.4), we get the following two-step iterative
method:

(2.7)
Tnt1 = (1 — an — A\p)yn + anTyn + ATy, forall n € N,

where z1 € C, {an}, {6n}, {M}, {an + A\n} are sequences in [0, 1]. By Theorem
2.1, we obtain the following convergence theorem of the iterative scheme (2.7)
and by Theorem 2.4, we obtain the following result for comparing the rate of
convergence of two-step iteration (2.7) with Mann, Ishikawa and Noor iterations.

Theorem 2.5. Assume X, C, T are as in Theorem 2.1 and {an}, {Bn}, {An},
{an+An} are sequences in [0,1] such that Y 0" | an =00 or > oo | B, = co. Then
the sequence {x,} generated by two-step iteration (2.7) converges strongly to a
unique fixed point of T.

Theorem 2.6. Assume X, C, T, {un}, {sn}, {wn} are as in Theorem 2.4 and
{an}, {Bn}, {Mn}, {an + An} are sequences in [0, 1] which satisfy the conditions:

(01)0<77§ﬁn<1;
(C2)0 < ay, < ﬁ, Yoo o =00 and lim, o a = 0.

Then the sequence {xy,} generated by two-step iteration (2.7) converges faster than
Mann, Ishikawa and Noor iterations to a unique fixed point of T.
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It is worth to observe that above theorem shows that the two-step iteration
(2.7) convergence faster than three-step iteration (1.3) under some suitable control
conditions.

Remark 2.7.

(i) If a mapping T satisfies only the condition (2.1) with F(T) # 0, under the
same control conditions, Theorems 2.1, 2.2, 2.4, 2.5 and 2.6 hold true for
this class of mappings.

(i) Any Zamfirescu operators, quasi-contraction operators with h € (0,1/2) are
weak contractions and also satisfy condition (2.1). Therefore, Theorems 2.1,
2.2, 2.4, 2.5 and 2.6 are obtained with these mappings.

The following example shows that our iterative method converges faster than
Mann, Ishikawa and Noor iterations.

Example 2.8. Let T': [0,1] — [0, 1] be defined by

, ifre [0,%)

N Wy
8

= if we[2,1].

Obviously, if z,y € [0, %) or x,y € [%, 1], then T is satisfies the weak contraction
condition and condition (2.1). For the case x € [0,2) and y € [£,1], or x € [2,1]
and y € [0, 2), it follows that

1 1
Tz —Ty| < |z —yl+ <y — Tyl
3 9
and
1
[Tz — Ty| < glx—y|+|y—TI|-

Then T is a weak contraction and satisfies condition (2.1). The comparison of the
convergence of the sequence {x,} generated by (1.4) and (2.7), Mann, Ishikawa
and Noor iterations to the exact fixed point p = 0 are given in the following ta-
ble, with the initial point r1 = w1 = s1 = w1 = 1, and the control conditions
Qn = A\p = Y = nO++1 and Bn = # It is clear that these control conditions
satisfy those in Theorems 2.4 and 2.6.
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Mann Ishikawa Noor iteration iteration
iteration | iteration | iteration (2.7) (1.4)
n Uy, Sn, W, T, T, T2, — 2]
5 | 0.18965816 | 0.16545924 | 0.16121130 | 0.00782504 | 0.00136267 9.0844E-04
14 | 0.01275348 | 0.00903830 | 0.00856897 | 0.00000442 | 0.00000005 3.4494E-08
15 | 0.00962621 | 0.00667622 | 0.00631260 | 0.00000203 | 0.00000002 1.1942E-08
16 | 0.00728501 | 0.00494558 | 0.00466392 | 0.00000094 | 0.00000001 4.1749E-09

Table 2.1: Comparison of the rate of convergence of the iterative methods (1.4),
(2.7), Mann, Ishikawa and Noor iterations for the mapping given in Example 2.8.

From Table 2.1, we see that the iterative methods (1.4) and (2.7) converge

faster than Mann, Ishikawa and Noor iterations.
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