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Ostrowski-Kantorovich theorem and S-order
of convergence of Halley method in Banach spaces

DoNGg CHEN

Abstract. Ostrowski-Kantorovich theorem of Halley method for solving nonlinear operator
equations in Banach spaces is presented. The complete expression of an upper bound for
the method is given based on the initial information. Also some properties of S-order of
convergence and sufficient asymptotic error bound will be discussed.
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1. Introduction.

In this paper, we are concerned with the numerical solution of the nonlinear
operator equation

(1.1) P(X)=0

in Banach spaces setting. In recent years, V. Candela and A. Marquina [Computing,
44 (1990), 169-194; Computing, 45 (1990), 355-367] presented a typical Ostrowski-
Kantorovich convergence theorem for Halley method in Banach spaces. They also
convinced that Halley method is applicable by providing many numerical examples.
In this paper, we reconsider the same problem by employing classical Ostrowski-
Kantorovich analysis techniques [3], [4]. Under similar assumptions of Newton-
Kantorovich theorem for Newton method, we can establish the sufficient conditions
and give a complete expression of the error bound for Halley method. And we
also continue to discuss how we can find (sufficient conditions) order of convergence
without assuming the existence of the solution X™* of equations in Banach spaces.

2. Basic iterative relations.
First we redefine the equivalent iteration form for Halley method. The original
Halley method for general one dimensional function F'(z),
F(zn)F" (ap)
 Flan)F'(an)’
[1 - %H (fn)} '
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(2.1)

Tn+l = Tn —
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154 D. Chen

can be rewritten in operator form in Banach spaces as follows.

Yo = X — P/(Xa) "LP(X,)
(2.2) H(Xn,Yn) = _P/(Xn)_lpl/(Xn)(Yn — Xn),

1 _ 1 _
X1 =Y = 5 P'(Xn) - S (X0 Y)] LP(X0) (Y — Xn)2.

Now we try to find an equivalent expression of P(X, 1) related with the g(t,41)

so that P(X,41) can be estimated by g(tn+1), where g(t) is defined in Section 3.

Lemma 2.3.

Paet) = [ P/t 10Kt = Yl 0 (Kt~ ¥o)?
—~ % /01 P"[Xy + 1Yy — Xp)] dt (Yn — Xp)P' (X)) 7!
- %H(Xn, Yo)] T P (X)) (Yo — Xn)?
(2.4) + %[I - %H(Xn, V)] TP (X)) T P (X)) (Y — Xin)
- /01 P! X+ (Yo — Xn)J(1 — ) dt (Yo — Xp)?
+[1- %H(Xn, Vo)) -1 /Ol[P”[Xn +t(Yn — Xp)|(1 — 1)

- %P”(Xn)] dt (Yn — Xn)2.

PrOOF: We start with the identity

P(Xp41) = P(Xp1) — P(Yn) — P,(Yn)(Xn—i-l —Yn)
+ P(Yn) + P (Yn)(Xpt1 — Ya)

= /01 P”[Yn +t(Xnt1 —Yo)](1 —t)dt (Xn41 — Yn)2

+ P(Yn) + P/(Yn)(Xn-i-l - Yn)a

observe that from (2.2), we have

1 _ 1 _
X1 = Yo = =3P (Xn) - S (X0 Yi)] LP (X)) (Y — Xin)2.
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So
(2.6)
P(Yn) 4+ P'(Yn)(Xni1 — Ya)

= P(Yy) — =P'(Yu)P'(Xp) " [I - %H(Xn, V)] TP (X)) (Yo — Xp)?

— Do =

= P(Yy) — 2 [P'(Yn) — P'(Xn)]P'(Xp) I - %H(Xn, Yn)]_lP”(Xn)(Yn - X,)?

_ %P’(Xn)P’(Xn)—l 1 - %H(Xn, V)] T P (X0) (Yo — Xn)?

1 1

[N)

= P(Ya) - 5[1 - 3H(Xa, V)] T P (X0) (Y — X)?
- % /1 P"[Xp +t(Yn — Xn)] dt (Yn — Xn)P'(Xn) !
0

- %H(Xn, Vo) TP (X0) (Yo — X)2.

If we denote A =T — %H(Xn7 Yy), then (2.6) becomes

P(Y) + P/(Yi)(Xns1 — Vo) = A1 + %P’(Xn)—lp”(xn)(yn — X)) P(Ya)

1,
—5A Lp"( X)) (Y — Xn)?

_ % / 1 P"[Xp +t(Yn — Xp)|dt (Yo — Xp)P'(Xn) PATIP(X0) (Y — X)?
0

=AM [P(Y,) - %P”(Xn)(yn - Xn)?] + %A—lp’(Xn)‘lP”(Xn)(Yn = Xn)P(Yn)

- % /1 P"[ Xy + t(Yy = Xn)ldt (Yo = Xa) P'(Xn) TATIP(X0) (Ve — Xn)?.
0

Notice the fact that
P(Y,) = /01 P [Xn + (Y — X)](1— ) dt (Vi — X)2,
thus we should have
P(Yy) + P'(Yn)(Xn41 — Ya)
=A"1 /01 [P"[Xn + t(Yn — Xp)](1 — 1) — %P”(Xn)] dt (Yn — Xn)?

+ %A—lp’(xn)—lp”(xn)(yn - Xn) /1 P"[Xp +t(Yn — Xn)](1 —t)dt (Yn — Xn)?
0

1
- EP”[X,L +t(Yn — Xp)]dt (Yn — Xp)P' (X)) T PATI P (X)) (Ve — X))

Substituting in (2.5) we have (2.4). O
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3. Some important inequalities.

Lemma 3.1. Suppose that

(A1) ||Yn - Xn” < Sp —tn,
(A2) 1P/(Xn)7H| < =g/ (tn) ™
(A3) [P"(Xn)|| < " (tn),

where g(t) = %t2 — %t + %, where K, 3,1, M, and N should satisfy the conditions
in Theorem 4.1. Then

1 _ -1
(C1) I[Z + 5P () ™1 P (Xn) (Y = X)) |

<[1+ %9’(tn)‘1g”(tn)(8n —tw)] 7,

(C2) ||Xn+1 - Yn” < ln41 — Sn,
! N
(C3) ||/0 [2P"[Xpn + t(Yn — Xp)](1 — t) — P"(Xy,)] dt]| < EHY,1 — X,

(C4) [ P(Xnt1)|| < 9(tnsa),
(C5) |Yot1 — Xnt1]| < sng1 — oy,

where tg = 0, t, and s, are defined as follows

- _ g(tn)
T )
(3.2) hg(tna Sn) = _g/(tn)_lg”(tn)(sn - tn)a

2 gl(tn)_lgﬂ(tn)

t =8p — =(sp — 1 .
T T s

PrOOF: (C1): Note that

1 _ 1 _
[P ()™ P — X < S 1P 5Pt [~ Xal
_1K(sn—ta) _1

2 Ly, 2’

1
< —59/(T - ”)_19”(tn)(5n —tn)
B

so [T+ 1P/(X,)"1P"(X,,) (Vs — X)] " exists and

102+ 3 P )™ P (X) (¥ — X)) 7
1
1= 5[ P"(Xn) || P (Xn)[[][Yn — Xan|

[1+ %g,(tn)_lg”(tn)(sn —tn)] "
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(C2): From (2.2),
Xt = Yo = =3P/ (6) I = 3H (X Y] P (X0) (Vi = Xo)2

then we estimate both sides, we have

11 = Yall < 51/ Ck) 1T = 318G, Yo )12 ) [ ¥ — X

< =36/ (n) M L= Shgltnssa)] 19" () (5n = t0)? =t — s
(C3):
”AlquXn+tO%—aXMKl—ty—P%XﬁﬂﬁH
1 N
SZA‘HWMﬁ+tO%—Xﬁﬂ—P%X@Wl—wﬁ_n§WQ—XML
(C4): From Lemma 2.3, we should have

2245

el )y,
% 3 2 %—MHXn_XOH
IPXns)[| < F [ Xnsr = Yal|* + 1 ]
%—M Xn—Xo
(Sn_tn)s
2 17k,
P R

4 1 K(sn—tn) = g(tn-i-l)
1=3 —Ktn

(C5):

Vi1 = Xna1| = |- P/ (Xng1) T P(Xns)|
< HP/(Xn—i-l)_lHHP(Xn—i-l)H < _gl(tn+1)_19(tn+1) = Sp41 ~ tnt1

4. The Ostrowski-Kantorovich theorem.

Theorem 4.1. Let P(X) : Dy C Xp — Yp, Xp,Yp are Banach spaces, real
or complex and Dg is an open convex domain. Assume that P has 2nd order
continuous Fréchet derivatives on Dy and for a given initial value Xy in Dqg it
satisfies the following conditions:

(4.2) |[P"(Xp)| < M, |P"(Xn) = P"(Y)| < N|X = Y|, forall X,Y €Dy
(4.3) IP'(Xo)~ | < 8. [[¥o— Xo| <.
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Set
2N .1
4.4 M+ mz]? < K
( ) \/g [ +9M26] — ?
(4.5) h=Kpn< %
(4.6) S(Xo,m1) C Do,
where S(x,r) = {2’ € X | |2/ — 2| <r} and
1 2 1 n
A7 )= =Kt = —t+—,
(4.7) 9t) =3 35
1—-+v1-2h
(4.8) =
1—+v1-2h
(4.9) 0= ——,
14++v1—-2h

where r1 is the smallest room of the equation (4.7). Then the Halley procedure
(2.2) is convergent. Also Xn,Y, € S(Xg,r1), for all n € Ny. The limit X* is
a solution of the equation (1.1) P(X) = 0, we have the following error estimates
and the optimal error constant.

(4.10) | Xn— X*|| <r1—tn, forall n>0,

(4.11) HYn—X*H <ri—sp, forall n>0,
1—60%)n an

(4.12) rp — by = 7(1 - 932”93 -1

ProoF: It suffices to show that the following items are true for all n by mathemat-
ical induction.

(In) Xn € S(Xo,tn);

(I1,,) Vo — Xnl| < (sn — tn);

(I11,,) Y, € S(Xo, sn);

(IVy) HP/(Xn)_IH < —g/(tn)_1§

(Vn) 17+ %P’(Xn)_lP”(Xn)(Yn ~ X)) 7|

<1+ %g’(tn)_lg”(tn)(Sn —tn)] 7

(VIn) ||Xn+1 - Yn” < tpt1 — Sn-

It is easy to check in the case of n = 0 by initial conditions. Now assume that
(In)—(VI,) is true for a fixed n > 1. Then
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(In+1):

[Xn41 = Xol| < [[Xnta = Yal| + [[Ya = X[ + [ Xn — Xo|
< (tn—i-l - Sn) + (Sn - tn) + (tn - tO)
=tnt1-

(IT41): From (C5) we have
| Vns1 — Xnt1]| < sng1 = tngr.
(Ipq1):

Yot = X < ¥t = Xoal] + [ Kss = Yo
+[[¥n = Xa| + [|Xn — Xol|
< (Snt1 —tng1) + (tng1 — sn) + (Sn — tn) + (th — t0) = Sp+1-

(AVn41):
L !
P'(X,41) — P'(X0) = /0 P X i1 +t(Xn — Xo)] dt (Xpt1 — Xo),
SO

| P'(Xn+1) = P'(Xo)|| < M|[Xn41 — Xo|

1 1
< K(t —tg) = Kt Km<-<-———
= (n—i—l 0) ntl < K871 S 8= HP/(XO)—IH

and by Banach Theorem [5, p. 164], P'(X,, 1) ! exists and

P(X)~ !
[P/ (Xp41) 7 < %HP,(XWH) — P'(Xo)|
1 _ 1
% — K| Xn41 — Xo|| % — K(tn+1 —to)
o 1 _ -1
= %_ Ktn+1 g (tn-‘rl) .

(Vnt1):

1 _
17+ §P/(Xn+1)_1P”(Xn+1)(Yn+1 ~ Xn41)] 7
< 1
1= %HP,(Xn-i-l)_lHHP”(Xn—H)HHYn—i-l - Xn—i—l”

1 _ -1
=1+ ggl(fm-l) Yo" (tps1)(8n41 — tnt1)] -
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(VI;41): Note that

Xn—i-l)_l

—

1
Xn+2 - Yn+1 = _EP,
. [I—

1 _ 1 _
| Xn42 — Yoqi|| < §HP/(X7H-1) YT - §H(Xn+1,Yn+1)] 1H

AP (X )| [ Vo1 — Xn+1H2

—1
H(Xnt1,Yn+1)] " P (Xns1) (Yot — Xnt1)2,

N =

1 1 -1
< _59/(tn+1) [1 - Ehg(tn—i-l; 5n+1)} : g//(tn—i-l)(sn—l—l - tn+1)2

=1tn4+2 — Sn+1-

Now we are ready to prove (4.12). Notice that

oltn) = 5 (11— tn)(r2 ),

and
g/(tn) = —% [(7”1 —tn) + (r2 — tn)]

Then by (3.2), we have

(r1 —tn)(ra — tn) [(r1 — tn) + (r2 — tn)]

ry — tn)2 + (7‘1 — tn)(r‘g — tn) + (7‘2 - tn)2
(r1 — tn)3

C(r —tn)2 4 (r1 — tn)(r2 — tn) + (r2 — tn)?

(11 —tny1) =11 —tn — (
(4.13)

and similarly, we get

(rg — tn)g
ro — tn)2 +(rg —tn)(r1 —tn) + (11 — tn)2 ’

(4.14) re —tpt1 = (

So we obtain

" —tn 1 —tp-193 __ (r1—toysn 30
(4.15) T2_tn_[T2_tn_1] =[——]" =¢°".

ro —to

Then we solve this equation for r; — ¢, by using the fact that ro — ¢, = r1 — ty, +
(1—6%)n/6. Tt is easy to see that

= 92)7793”—1'

Tl_tn: 1_93n
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5. S-order of convergence and sufficient asymptotic error bound.

In this section, we try present the sufficient conditions for finding order of con-
vergence for Halley method. First let us recall the original definition of S-order of
convergence [1], [2].

Definition 5.1. Let g(¢) be a testing function with order 2. Assume that g(t) =

%t2 — %t—i— %, K,B,mand h = Kfn < % are any positive real numbers. A sequence

of iterations (one step or multistep iterations without memory) defined in certain
metric spaces is said to converge with the order p to a point X™* if there is the
maximum p such that

one step case:

E(g(tn-i-l)a tn, Sn) = g(tn—i-l) - C(tna tn—i—l)(tn-i-l - tn)p =0.
Multistep case:
E(g(tn-i-l)a tTLv STL) = g(tn+1) - C(tnv STL)(STL - tn)p =0
for some C > 0, where
E(P(Xn+1)7 Xn= Yn= Xn+1) = P(Xn—i-l) - R(Xnu Y7h Xn—i—l);

R is called Ostrowski-Kantorovich representation of P(X,41).

Definition 5.2. The sufficient asymptotic error bounds C(t*) is defined as follows
in the sense of S-order of convergence:

One step case:

Multistep case:

where t* = py = 1=v1=2h V}}_%n. Now we are ready to find the order of convergence
for Halley method without assuming the existence of the solution X*. In (2.4) we

161
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replace P(X) by ¢(t). Then we have

1
oltn) = [ [sn e = 50)] (1= 0 (tres = 50)°

1
- % /0 9" [tn + t(sn — tn)] dt (sn — tn)g (tn)
’ [1 - %hg(tnv Sn)] _lg//(tn)(sn - tn)z
+ % [1 - %h!](tn’ Sn)} _19/(tn)_19//(tn)(5n - tn)

: /1 g" [tn + t(sn — tn)] (1 — t) dt (sn — tn)?
0

+

1
1— %hg(tn, sn)]‘l/o (6" [tn + t(sn — ta)] (1 — 1)

g”(tn)] dt (sp — tn)2
B
4

DN | =

Sn — tn)g

! -1
K(sn—tn g (tn)
[1 + 2(g’(tn) )]
2
— tn)? A (30— tn)®

o (i) [+ Bt | (1) [1 4 Bt)]

K3 K?
= (sn —tn 4
a / 28 (S K(Snztn) 2 / 4K(sn_tn) (Sn - tn)g

= CH(tna Sn)(sn - tn)?"

(tnt1 — Sn)2 -

2| =

5

2| =

Sn
4

Hence pg (sufficient order of convergence) = 3 = py (necessary order of conver-
gence). And the sufficient error bound is given by

* . g(tn-i-l) K26
t*) =1 = .
OH( ) ”l_’moo (Sn - tn)3 4v/1 —2h
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