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A STUDY OF CONVERGENCE FOR A FOURTH-ORDER TWO-POINT
ITERATION IN BANACH SPACES

J. A. EZQUERRO AND M. A. HERNANDEZ

Abstract

We present a new convergence analysis for two-point iterations by constructing a
system of a priornt error bounds for a fourth-order iterative method. We study the
convergence of this method in Banach spaces by means of recurrence relations. This
way provides some good error estimates.

1. Introduction

Consider the equation
(1) F(x) =0,

where F is a nonlinear operator from a Banach space X in another Banach space
Y. Multipoint methods are defined as iterations which use new information at
a number of points. A natural generalization of the Newton method is to apply
a multipoint scheme. Suppose that we already have the expressions of F(xy),
F'(x;) and F'(x;)”" at a current step x;. In order to obtain a new iteration of
fourth R-order ([8]) from Newton’s method, we add one more evaluation of
F'(c1xp + ¢ yk)'l, where ¢; and ¢, are real constants that are independent of x;
and y;, and y, is generated by a Newton step.

A two-point approximation scheme for all currents step n > 0 was intro-
duced in [3] by

Yn = Xn— F,(xn)ilF(xn))

@) Hln ) = F/0) ™! [P (5043 00— 30 ) = £/,
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for generating approximate solutions to (1).

We provide a new semilocal convergence theorem for two-point iteration
(2) on a Banach space setting. This iteration was first introduced in [3] to
approximate a locally unique solution of a nonlinear equation. Observe that (2)
can be viewed as an extension of the classical Newton method. This extension is
of great interest because its computational cost is low. It requires one function
evaluation and one inverse at each step. This method is also cheaper to use than
a two point Newton method, however the order of convergence is the same, four
(see [3)).

We use some ideas considered in [4] and [5] for one-point methods that have
managed to improve the convergence analysis given in [3] for the same method.
These ideas consist of constructing a system of real sequences so that the
convergence in Banach spaces of (2) is assured from analysing these real se-
quences. The use of real sequences simplifies more usual analysis of convergence
for iterations in Banach spaces by means of the majorizing principle [7] or the
punctual criterion [9].

In Section 2, we construct and analyse a system of real sequences, and some
properties are provided. In Section 3, we establish a convergence theorem and
also give an explicit expression for an error bound of method (2). Finally, a
well-known integral equation is considered and error bounds are obtained.

For a more detailed information, see the relevant references [1] and [2] that
deal with the monotone convergence of method (2) on a partially ordered to-
pological space setting. In paper [1] the author has found Ptdk and Ptak-like
estimates for method (2).

2. General recurrence relations

Let F be a nonlinear three times Fréchet-differentiable operator defined on
some open convex subset Q of a Banach space X with values in another Banach
space Y. Let xo e Q and suppose that I’y = F’ (xo)_1 € L(Y,X) exists, where
ZL(Y,X) is the set of bounded linear operators from Y into X.

Assume:

) [Toll =IF'(x0)"'| < B,

(©) [IToF(xo)l <7,

©) [F'x)<M, xeQ,

() [F"(x)| <N, xeQ,

(s) [IF"(x) = F"(y)|l < Llx—yl, x,yeQ, L>0.
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Let us denote 4 = MpBy, B= NBy? and C = LBn>. Define the sequences
24 A

= 1 = - — [ p—
ap co, bo 3 dy ) (1 + A),
and
— an b = 2_A
any1 = 1 —Aa,,(c,, +dn), n+1 — 3 An+1Cntl,
32 274+ (14 (3/2)b,)*)4%a? + 184Ba, + 17C .
Cnyl = 4 an-f-ldn,
2187 bi(1 + (3/2)ba)
3 3
dny1 = an+1 (1 + 'z'er—l)cn-H
for all »n > 0.

Based on the above, we prove the previous sequences satisfy:
L] Tl = [1F ()~ < @b,

(L] ([CaF (xa) | < cum,

(L] [[H (Xn, yu)ll < b,

(AVa] N|xns1 = ull < dun,

[Val llxnr1 = xull < (cn + du),

for all n > 0. We use mathematical induction on n. It is easy to check the case
when n = 0 by initial hypotheses. Now we assume that [I,]-[IV,] are true up to
a fixed n > 1.

[Li41]: If it is supposed that x,,x,+1 € Q and Aa,(c, +d,) < 1, then
11 = TaF' (X)) | < ITall 1F(Xn) — F' (ns1)l
< anM || Xps1 — Xn|| S Aay(cn + dp) < 1
and, by the Banach lemma, I',;; exists and

] . ap

ST =LF o) = T=Aan(er v dy) P

”Fn+1” <

[IL,+1]: Following Argyros, Chen and Qian in [3], we have if y, e Q

1
Flons) = jo F' (3 + tGonst — ) (1 = 1) it — 7,)°

N J1 [F”(xn + 1y, — %)) (1= 1) — %F” (xn +§t(yn - xn)>]dt

0

X (yn - xn)Z
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- %J; [F”(xn + 1y, — Xn)) — F" (xn + %t(y,, - x,,))] dt

X (yn - Xn)H(xm yn)(yn - Xn)

1
+ %JO F//(xn + t(yn - Xn)) dt(yn - xn)H(xn, yn)H(x,,, yn)(yn — xn)

and

Jl [F”(x,, 1y, = xn))(1 = 1) — %F” (x,, + %t(yn - x,,)ﬂ dt

0

1l
< || ], 1o st = 30) = PG st o) ey, = x)

0Jo

Nk 2

+ = J J F"{ xp+=st(y, — %) | — F"(xn)| dstdt(y, — xn)
31 Jo Jo 3
17 )

< mLHJ’n Xl

Hence, we get

() MTw 1 F s )l < Tt [HIF (i)

M||xns1 — y,ll

IA

1
Ean+lﬂ

(17L MN

165+ g I+ M) ||rnF(xn>ll“}

any1 |94 b2(1 4+ (3/2)b,)*> 17C  AB 3 ol 4
< /| __prx NI/ o
< [16 a +108+ 6a,,+A a,;|cam

32 27[4+ (1 + (3/2)by)*|43a2 + 184Ba, + 17C .
= 4 an+1dn’7
2187 bu(1+ (3/2)bn)

= Cpy1H.

[III,H,]]:

2
I Grst 3w < Il [ (5 45 s = 30)) = P G5

A
< _3‘an+lcn+1 = bpy1.
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(IVppi]:

312~ asall < G113 (1430 G ) s = 3
< %bn-i—l (1 +%bn+1)cn+l77 = dpy17.
[Vn+l]3
%02 = Xnt 1]l < [1%nt2 = Pugrll + 1 Vng1 = Xns1ll < (Cnrt + duyi)n.

That completes the induction.
It is clear, from the above, that the following assumptions:

* XnyYVn GQ,
« Aay(c, +dy) < 1,
« {cn +d,} is a Cauchy sequence

are sufficient to prove the convergence of (2).

3. Convergence analysis

In this section, we analyse the sequences {ay}, {b,}, {c,} and {d,} so as to
prove the convergence of (2). We first need the following lemma, whose proof is
trivial.

LeMMA 3.1. Let us define the real functions:

27 x*

IO =16 (1= Graet + G/ + 3720
and
2
(4) g(x,y) = f(x) [1 + % (1 +%x> %Z_C}

where A,B,C >0 and denote the real pole of f by 1 =0.4337.... Then the
Sollowing holds:

(i) f is increasing for x € [0,7) and f(0) =0,
(ii) f' is mcreasing for x >0 and f'(0) =0,
(i) g(x,y) <g(x,1) for y =1,

i) go(x) = g(x,1) is increasing for x € [0,1),

) g{(x) is increasing for x € [0,7) and g4(0) = 0.
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Using the sequences {a,}, {bx}, {cn} and {d,} we can write
(5) bn+1 = g(bn’an)a nz= 07

where g is defined in (4). Next, we give some properties of the sequences {a,},
{ba}, {ca} and {dy}.

THEOREM 3.2. Let A€ (0,1/2), Be (0,(1/(184))(p(4) —17C)) and Ce
(0, p(A4)/17), where

(6) p(A) =27(4 - 1)24 — 1)(4* + A+ 2)(4> +24 + 4).
Then

(i) br > bxsr for all k >0,

(i) Ay (ck+dp) <1 for all k >0,

(iii) ax > 1 for all k >0,

@(iv) ax < axy1 for all k > 0.

Proof. We use induction on k. For k =0, taking into account (5), (i) is
equivalent to

16

(27) 1+ (1/4)(1 4 (3/2)bo)? + (184Bag + 170)/(1084°a3) 5 _ |
(1= (3/2)bo(1 + (3/4)bo(1 + (3/2)b0)))? P
and it follows from the fact that B < (1/(184))(p(4) —17C) and C < p(4)/17.
As 4 < 1/2 and ay = 1, (iii), for k = 0, is trivial and (ii) and (iv) are easily proved
for k =0. Now suppose that (i)—(iv) for k =1,2,...,n— 1. By (5), Lemma 3.1
(1), @) and (iv), for k =n—1, we obtain (i), for k = n.
The item (ii) for k = n is immediate from

3 3 3
Aan(c,, + dn) = Ebn(l +an<1 +—2‘bn>>

and b, < 7, where 7 = 0.4337... is the real pole of f. Finally (iii) and (iv), for
k =n, follow by recurrence and the induction is concluded. |

THEOREM 3.3.  Under the assumptions of Theorem 3.2, if we denote y = b, /by,
then y < 1,

4n-1/3

(7) bn < 4 bla

YE
Sor all n =2, lim,b, =0 and 3, b, < +o0.

Proof. As by < by, Theorem 3.2 (i), we have y = by/b; < 1.
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On the other hand, as b, = yb;, from (5), it follows that b3 = g(by,a2) <
y*by, since a; >a;. Next, by recurrence, we infer that b, <*' b, ;, and
consequently, (7) is satisfied for all n > 2. As a result, it is clear that lim, b, = 0.
Finally, from Lemma 3.1 (iv)-(v) and lim,b, = 0, it follows that there exists a
real number o€ (0,1) and a positive integer ny such that gg(b,) <o, for all
n>ny. Thus we have b, < aby,—1, j =0, as a consequence of Lemma 3.1
(iii) and Theorem 3.2 (iv). Therefore, for j >0, by, < o/b,, and Y ,2 b, <
+o00. n

THEOREM 3.4. Under the assumptions of Theorem 3.2, there exists K € R,
K > 1, such that a, < K for all n > 0.

Proof. We can write

! (3/2)b:(1 + (3/9)bi(1 + (3/2)by))
=] [l TG0+ G/Ab + (3/2)1),-))]

from the definition of the sequence {a,}. Taking into account

14+ (3/4)x(1 + (3/2)x)

1=0

“0) = T+ B+ Gy 20
as well as the sequence {b,} is decreasing, we obtain
3 3 32+4+ 4%
2t <bulb) <sE—Sa = b

for all i > 0. Then, as a consequence of the fact that }_.° b, < +oc0, it follows
that

0

H(l +;—bnu(bn)> < +o0

n=0

and the proof is complete. |

THEOREM 3.5. Under the assumptions of Theorem 3.2, we have

3 A y 3
cn+dn < ﬂ (l +3(1 +A)) TI/T-bl

for all n>1 and y = by/b;.

Proof. Note that
3 3 3 by,
As the function v(x) = 1+ (3/4)x(1 + (3/2)x) is increasing for all x > 0, we get
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v(by) < 1+4(4/2)(1 + 4). Hence, we have

3 A
Catdy < (1+5(1 +A))b,,,

since a, > 1 for all n > 0. By applying Theorem 3.3, the proof is complete.
]

Remark. Note that 5 (cy + dy) < +00 follows from the previous theorem
and consequently {c, +d,} is a Cauchy sequence.

Due to the above analysis we are ready to prove the main convergence
theorem, where we denote

B(x,r) ={yeX;lly— x| <r} and B(x,r)={yeX;|ly—x| <r}.

THEOREM 3.6. Let F be a nonlinear operator which is three times Fréchet
differentiable in an open convex domain Q of a Banach space X with values in a
Banach space Y. Assume that:

(@) To=F(xo)™" exists at some xo€Q, |Tol| <p and |[ToF(x0)|| <7,

) [F"(x)| < M, |F"(x)| <N, [F"(x)=F"()| <Llx=yl, x,yeQ,
and B(xo,rn) = Q, where r =lim, > | (c; + d;),

(c) A€(0,1/2), Be (0,(1/(184))(p(A4) — 17C)) and C e (0, p(A4)/17), where
A= MPBn, B=Npy*, C = LBy’ and p(A) is defined in (6).

Then the sequence {x,}, given by (2), is well-defined, x,, y, € B(xo,rn) for all n >
0, and converges to a solution x* € B(xy,rn). Moreover the solution x* is unique
in B(xo,2/(MB) —rp) NQ. Furthermore, the following error estimates hold for all
n>0:

= 3 A 1 4
*x -~ /3
(8) |x* = x| < E (a+di)n < 2A<1+2 1+A> Ve E:

I=n

where y = b, /b;.

Proof. Under the assumptions mentioned above, it follows immediately
from the previous theorems that sequence (2) is convergent. We also have

n—1
X0 = Xoll < llXn = Xn—1ll + |Xn-1 = Xn2| + -+ + [|x1 — x0]| < Z(Cz +di)n <.
1=0
Hence, we obtain x, € B(xo,rn), n >0, and similarly we have y, € B(xo, ),
n=>0.
If x* is the limit of sequence (2), taking into account (3) and the continuity
of F, we obtain F(x*)=0. Indeed, observe that the sequence {c,+d,} is
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decreasing as a consequence of {a,} is increasing, {b,} is decreasing and v is
an increasing function. Moreover, lim,(c, + d,) = 0. Consequently, lim,d, =0,
since lim, b, =0. Now, we can deduce that lim,c, =0, and the previous as-
sertion is true.

On the other hand, we have ||x,.1 — X,|| < (¢x + dn)n and consequently, for
p=0,

1% = xoll < llxp = Xp—1ll + [IXp—1 = Xp—2| + -+ - + []2x1 — Xo|
< ((Cp_l + dp_l) + (cp—2 + dp—z) + e (CO + dO))”'

By letting p — oo, we obtain ||x* — x¢|| < ry and the error estimates given by (8).
Finally, to show uniqueness, let us assume that y* € B(xg,2/(Mp) —rp) NQ
is a solution of F(x) =0. According to Argyros, Chen and Qian [3]

1

0= F(y") - F(x") = jo F/(x* 4+ t(y" = ) di(y* = x°).
Then we only have to prove that the operator [jol F'(x* +1(y* — x*))di] ™" exists
and therefore y* = x*. |

4. Application

We obtain, applying Theorem 3.6, an a priori error bound for a well-known
nonlinear integral equation. We consider the integral equation quoted in [6]:

F(x)(s) =x(s) — s+ %Jl scos(x(?)) dt
0

in the space X = C[0, 1] of all continuous functions on the interval [0, 1] with the
norm ||x[| = max;cpo,j |x(s)].
Since the three derivatives of F are

™
—
<
~—
=
<
—
[
~
I
|
| @
S—
=
—
=
<
—_
=
(]
o
w2
—~
<
—
=
~
&

F"(u)xyz(s) = %Jl x(2) y(0)2(2) sin(u(2)) dt,

then M =N=L=1/2.
Our next goal is to calculate § and #. Firstly, we obtain [F’ (w)]™". For
that, we take x(s) = [F'(u)] "0(s), ie.
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Now we solve the integral appearing in the last formula. So, we do

1 1

Jl v(s) sin(u(s)) ds = J x(s) sin(u(s)) ds — J % sin(u(s)) “1 x(¢) sin(u(z)) dt] ds.

0 0 . 0
Then
1 .
Jlx(s)sin(u(s))dsz b :’(S)Sln('u(s))ds |
’ 1= Jy (s/2) sin(u(s)), ds
Consequently,

x(s) = [F@] " ols) = o(5) + 5 —IOJ (jzsmsm&) j)s ds
: ,

If we choose as initial iteration the function xy = x(s) = s, we have

/ ~ ) sin s ds
Tov(s) = [F'(x0)] IU(S) v(s) +s Tfm

Hence

3 —sinl sin 1

IToll < 5 =B and |DoF(xo)| < 3 “snltoosl

—sinl +cos1 =1

Thus A=Mpy=0.314678..., B=NpPn>=0.155867..., C=Lpy>=0.077204...
and the hypotheses of Theorem 3.6 are satisfied. Therefore, taking into account
that our optimal upper error bounds are related to consecutive points, we
consider

Ix* = xall < (cw+du)n+ D (ci+din

1=n+1

< (co+dy) 42 1+£(1—|—A) b i( 1/3y1
< (et da)n + 54 5 20

1=4"

to obtain the ones shown in Table 1.

Table 1

n flx™ = x|

0.02628999751577572
3.9381432 x 1077
2.1747787 x 102
2.0225998 x 107103

B W N =




(1]
(2]

L

L
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