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Abstract

In this paper we will examine self-accelerating in terms of convergence speed
and the corresponding index of efficiency in the sense of Ostrowski - Traub
of certain standard and most commonly used in practice multipoint iterative
methods using several initial approximations for numerical solution of nonlin-
ear equations (method regula falsi, modifications of FEuler - Chebyshev method,
Halley method, and others) due to optimal in the sense of the Kung-Traub al-
gorithm of order 4 and 8. Some hypothetical iterative procedures generated by
algorithms from order of convergence 16 and 32 are also studied (the receipt
and publication of which is a matter of time, having in mind the increased
interest in such optimal algorithms). The corresponding model theorems for
their convergence speed and efficiency index have been formulated and proved.
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1 Introduction

Traub [25] proposed the concept of efficiency index as a measure for comparing
of different methods for solving nonlinear equation

f(z) =0. (1)
This index is described by:

1
T,
where 7 is the order of convergence and n is the whole number of evaluations
per iteration.
Kung and Traub [10] then presented a hypothesis on optimality of root-
solvers by giving
2 n
as the optimal order of convergence.
This means that the Newton’s method

f(xx)

LT41 = T — f’(mk)

k=0,1,2,...

by two evaluations per iteration is optimal with 1.414 as the efficiency index.

By taking into account the optimality concept, many authors have tried to
build iterative procedures of optimal order of convergence - 7 =4, 7 = 8.

The recent results of M. Petkovic [15] and M. Petkovic and L. Petkovic [16],
Bi, Wu and Ren [2], Geum and Kim [4], Thurkal and Petkovic [24], Wang and
Liu [26], Kou, Wang and Sun [9], Chun and Neta [3], Khattri and Abbasbandy
[8], Soleymani [20], Bi, Ren and Wu [1] are presented for optimal multipoint
methods for solving nonlinear equations.

M. Petkovic [15] gives a useful detailed review about computational effi-
ciency of many methods in the sense of Kung - Traub hypothesis.

For other nontrivial methods for solving nonlinear equations see, Kyurkchiev
and Iliev [11] and monograph by Iliev and Kyurkchiev [7].

In many natural science tasks, from purely physical considerations, for the
user of numerical algorithms for solving nonlinear equation (1) is preliminary
known system of initial approximations

0 ,.0 0
Ty Loy ..y Xy
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for the root £ of equation (1).

As an example, regula falsi methods and modifications of Euler - Chebyshev
method and Halley method with a lower order of convergence using two or three
initial approximations for the root &.

In [13], refined conditions of convergence for the difference analogue of Hal-
ley method (using three initial approximations) for solving nonlinear equation
are given (see, also [27]).

An efficient modification of a finite - difference analogue of Halley method
is proposed in [6].

Naturally arises the task of designing and testing multipoint variants of
the classical procedures in the light of the achievements over the past five
years important theoretical results related to obtaining optimal in the sense of
Kung-Traub algorithms.

In this sense the task of detailed refinement of the self-accelerating multi-
point methods using several initial approximations is actual.

2 Main Results

In this paragraph we will begin considerations of the important issue of self-
accelerating the most frequently use method it regula falsi with the technique
of input optimal in the sense of Kung-Traub algorithms of order 7 = 4.

I. The regula falsi method given by
f(xn)(xn—l - xn)

Tt = f(xn—l) - f(xn) ’

n=01,2...

(2)

requires 2 function evaluations, 2 initial approximations x_i, xo and has order
of convergence 7 /=~ 1.618 and efficiency index

I =1.6182 ~ 1.272.
The method given by

o fla)
bn = I

R (TS W (7
" ! f'(@n) flzn) = 2f(yn)’

n=0,1,2,...

or



48 Boryana Ignatova et al.

() _ @) f<x_;iz>>

)
flwa) —2f (rn _ J{,((ZZD ’ (4)

n=0,1,2,...

proposed by Ostrowski in [14] was the first multipoint method of the fourth
order.

This method requires 3 functional evaluations and has the efficiency index

W=

I =43 ~ 1.587.

Its order of convergence is optimal in the sense of the Kung-Traub conjec-
ture (efficiency index is I = 2§).

We will explicitly mention that there are other algorithms with optimal
order of convergence 7 = 4. We will explore Ostrowski iteration as the most
popular representative of this class of optimal methods.

Here we give a methodological construction of nonstationary algorithms
with a raised speed of convergence.

I.1. Let us consider the following nonstationary iterative scheme based on

schemes (2) and (4):

f(l"zn)(l"zn - iUQn—l)

f(@on) = f(won-1)

Ton+1 = TLop —

_ f<x2n+1)
/ <I2n+1 f’($2n+1)>
(

f(ans1) — 2f <$2n+1 -

f(Zan41) _ f(wony1)

€T = X —_ .
2 e f'(Ton41) f'(@2n41)

n=0,1,2...

Let

o)
Fe

It is well-known that for the error ¢; [25] is valid

62‘:%@'—5, 22—1,0,1,,02(5): :2,3,...,
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€n+1 ™~ _02(5)62716271717 (6)

and for the procedure (4) [25]:

€42 ~ 02(5)[03(5) - 03<5>]63n+17 (7)

where ~ denotes the asymptotical equation when n — oo.

Let
K = max{|e(9)], |ea()[cE(€) — e3(8)]]}
dop—1 = K%|€2n—1|7
d2n = K|€2n|

and let d > 0, and x_; and xg be chosen so that the following inequalities

dy = Kilz_,—¢<d<1,

do = K‘$0—§|§d<1

hold true.
From (6) and (7), we have

d2n+l = K%|€2n+1| < K%K|€2n||€2n—l| = dQndQn—la

(8)
4 1\ 4 4
donta = Kleania| < KKey, 4y = (KQ) €ont1 = dopi1-

Our results concerning the order of convergence generated by (5) are sum-
marized in the following theorem.

Theorem 2.1 Assume that the initial approximations xq, r_1 are chosen
sothatd_1 <d<1anddy <d<1.

Then for the error of the sequences {x2,}5°, and {xo,_1}22, determined
by (5), we have

dopy < &>

Y

(9)

dow < B, n=1,2,...

and the order of convergence of the iteration (5) is T = 5.
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Proof. The proof is by induction with respect to the iteration number n.
For n = 0, from (9), we find

d < dd=d&,
dy < di= () =d"

IN

For n = 1, we have

IN

d3 le7
d4 S d40

and (9) is fulfilled.
Let (9) be fulfilled for n < m.
For n =m + 1, from (8) and (9), we have

8.5m—1 49 5m—1 10.5m—1 2.5M
dom+1)—1 = domy1 < dopdoy—1 < d d =d =d

m 4 m
do(ms1) = domya < dgpy g < <d2'5 ) = &

which completes the induction.
On the other hand,

d2n—1 = K%’€2n—1‘7

dgn = K‘€2n|
and equation (9) can be written as
l€on—1| < K245,
e < KM n=1,2,..

and the order of convergence of iteration (5) is equal to 5.
Thus, the theorem is proved.

Remark 1. The new method (5) requires 5 function evaluations, 2 initial
approximations x_1, o and has order of convergence 7 = 5 and efficiency index

I = 5% ~ 1.3797.

Sharma and Sharma [18] presented the following family of optimal order
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eight
I f(@n)
Yo = Tn Flan)’
_ B f(yn) f(zn)
T T ) f () — 2f () (10)

f(xn f[xm Zn]f[ym Zn] ‘
n=0,1,2...

Here, f[z,y] denote the finite difference.
This method requires 4 functional evaluations and has the efficiency index

o — zn_(1+f<2n>+<f<zn>>2) Flewswnlf (o)

[ =87 ~ 1.6817.
Its order of convergence is optimal in the sense of the Kung-Traub conjec-

ture (I = 21).

[.2. Let us consider the following nonstationary iterative scheme based on

schemes (2) and (10):

_ _ f(22n)(T2n — T2n 1)
Ton+1 = Lon f(l'2n) — f(l'2n71) )

. ($2n+1
Yon+1 = Ton+1 —

)
<$2n+1)7

f(W2nt1) f(ony1)

Z2on+1 = Yon+1 — ’ ’
2n+1 = Yon+1 ' (wons1) f(wons1) — 2f (Yoni1)

f($2n+1 Ton+1, Z2n+1]f[y2n+17 22n+1] ’

(11)

f(Z2n+1) (f(22n+1)>2) f[352n+1, y2n+1]f(22n+1)
+ .
il

n=0,1,2,...

It is known that for the error €a,19 = Za,12 — & [18] is valid

€2n42 ™ A(f)eznﬂv (12)

We will use again the fact that for regula falsi method is satisfied

€n+1 ™~ _02(5)6271621171- (13)
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Let
Ky = max{|e())],|A&)|},
1
d2n71 = K14’€2n71‘7
day, = K1|€2n|

and let d > 0, and x_; and xy be chosen so that the following inequalities
d_, = Kflx,1—5’ <d<1,

do = K1‘$0—§|§d<1

hold true.
From (12) and (13), we have

1 1
dont1 = Ki|eani1| < K Kil|ean||€an—1] = dondon-_1,
8 (14
1
d2n+2 = K1|€2n+2’ < KlKlegn—H = (Kf) 6§n+1 = dgn-ﬁ-l'

Our results concerning the order of convergence generated by (11) are sum-
marized in the following theorem.

Theorem 2.2 Assume that the initial approximations xq, x_1 are chosen
sothatd_1 <d<1landdy<d<1.

Then for the error of the sequences {x2,}5°, and {xo,_1}22, determined
by (11), we have

n—1
d2n—1 S d2.9 )

(15)
dyy < A n=1,2,...

and the order of convergence of the iteration (11) is T =9.

Proof. The proof is by induction with respect to the iteration number n.
For n =0, from (14), we find

d

IN

dd=d&,

dy < d¥ = ()" = d'.
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For n = 1, we have

ds

IN

18
>,

d4 d144

IN

and (15) is fulfilled.
Let (15) be fulfilled for n < m.
For n =m + 1, from (14) and (15), we have

m—1 m—1 m—1 m
da(m+1)-1 = damt1 < domdam—1 < 4> d" =4 = a,
m 8 m
d2(m+1) = daym42 < d§m+1 < (d2'9 ) = '%
which completes the induction.
On the other hand,
1
dop—1 = K14 ’Eanl‘a
dan = K 1|€2n|
and equation (14) can be written as

_1 _
|€2n—1| S Kl 4d2.9n 17

|€2n| S K1—1d16.9"717 n = 172a"'7
and the order of convergence of iteration (11) is equal to 9.
Thus, the theorem is proved.

Remark 2. The new method (11) requires 6 function evaluations, 2 initial
approximations x_1, o and has order of convergence 7 = 9 and efficiency index

T = 9% ~ 1.442.

Remark 3. The efficiency index of method (11) is better than index
I ~ 1.412 by Newton’s procedure.

I1. We consider the following modification of Euler - Chebyshev method
[25]:

flan) — fxa) [(@n) = f(@0-1)

T T T ) T 2 () e — e

(16)

n=0,1,2,...
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Here the second derivative is replaced by

f'(xi) — f’(xH)_

Ty — Tj—1

f//(xl) ~

I1.1. We will consider the following nonstationary iterative scheme based
on schemes (16) and (4):

fl@an) — f@2n) f'(w20) — f'(220-1)
f,(x?n) 2f,3 (x2n> . Top — Top—1 ’

Ton+1 = Tan —

_ f(2n1) )
Coin = T g — f(@ons1)  f(@2n11) . d <x2n+1 f(x2n41)
nt " farn)  f(@2n41) Flamin) —2f <$2n+1 f/((IQn—H)))
Lan+1

(17)
n=012...
It is known that for the error ¢; [25] is valid
3 2
€mn+1 ™ _§CS(§)€2n€2n—la (18)
and for the procedure (4) [25]:
ez ~ 2(€)[63(€) — es(E)]ean - (19)

Let

Ky = max{3|es(€))], lea()3(E) — es(O]I}
don—1 = K%|€2n—1|7

d2n = K% ’€2n‘
and let d > 0, and x_; and x( be chosen so that the following inequalities
3
d—l = K28|Z'_1—§|§d<17

hold true.
From (18) and (19), we have
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3 3 3 1 2
dont1 = K3 |€2p41] < K3 Ko|€3,[|ean—1| = K5 ean| (Kfégn) = d3,don—1,

1 1 3 4
donyo = K3 [€anio] < K7 K2€§n+1 = <K28> €§n+1 = d§n+1'
(20)
Our results concerning the order of convergence generated by (17) are sum-
marized in the following theorem.

Theorem 2.3 Assume that the initial approximations xq, x_1 are chosen
sothatd_1 <d<1landdy<d<1.
Then for the error of the sequences {x2,}32, and {xao,—1}5°, determined
by (17), we have
d2n—l S d3,9"—17
(1)
dyy < A2, pn=1,2,...

and the order of convergence of the iteration (17) is T =9.

Proof. The proof is by induction with respect to the iteration number n.
For n = 0, from (20), we find

d < d2d=d,
dy < df = (d®)*=d.

For n = 1, we have

d3 d27,

d4 S d108

IN

and (21) is fulfilled.
Let (21) be fulfilled for n < m.
For n =m + 1, from (20) and (21), we have

2 24.9m—1 43 gm—1 27.9m—1 3.9
doms1)—1 = domsr < dy doy—1 < d d =d =d,

my 4 "
da(mi1) = domya < dgp iy < (d3-9 ) = 129

which completes the induction.

On the other hand,
3
don1 = K3 ’€2n—1‘7

1
d2n - K22’€2n‘
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and equation (21) can be written as
-3 n—1
legna| < Ky Fd*,

1
—32 712,971
lean] < Ky %d , n=1,2,...,

and the order of convergence of iteration (17) is equal to 9.

Thus, the theorem is proved.

Remark 4. The method (17) requires 6 function evaluations, 2 initial
approximations x_1, xo and has order of convergence 7 = 9 and efficiency
index

I =95 ~ 1.442.

I1.2. We will consider the following nonstationary iterative scheme based

on schemes (16) and (10):

f(@on)  fAw2n) f'(x2n) — f/(T2n-1)

T = Ton — o '
T T P ) T 2 () e — a1

f(x2n+1)

Yon+1 = Ton+1 — 1(

=’E2n+1)7

fWont1) f(zany1)

Zon+1 = Yon+1 — . )
* " f’($2n+1) f($2n+1) - Qf(y2n+1)

Tont2 = Z2n41 — (1 + UCTRY + (f(Z%H))Q) 7 flwant1, Yania] f(z2n41)

f($2n+1) f(x2n+1 Tont1, Z2n+1]f[y2n+17 Z2n+1] ’
(22)
n=0,1,2...
It is known that for the error €a,,9 = To,12 — & [18] is valid
€2n42 ™ A(f)egnﬂv (23)
We will use again the fact that for method (16) is satisfied
3 2
€nt1 ™~ —563(§)€2n€2n—1, (24)
Let
Ky = max{3]es(O),|AQ)I}
3
dop—1 = ng ’€2n—1|,

1
d2n - K32’€2n‘
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and let d > 0, and x_; and xg be chosen so that the following inequalities

3
d—l = K316|x—1_§‘ §d<17

1

hold true.
From (23) and (24), we have

3 3 3 1 2
_ 16 16 2 _ 16 2 g2
ot = K esnt| < K0 Ko leans| = K eanoal (K ean) = s,

1 1 3\ 8
_ 12 3 8 _ 16 8 _ 18
dont2 = K3 |€2n+2| < Kj K3€2n+1 = <K3 ) €on+1 = d2n+1'

(25)
Our results concerning the order of convergence generated by (22) are sum-
marized in the following theorem.

Theorem 2.4 Assume that the initial approximations xo, r_1 are chosen
sothatd_1 <d<1anddy<d<1.

Then for the error of the sequences {x2,}5°, and {xo,_1}22, determined
by (22), we have

3.17" 1
d2n—l S d 3

(26)
dyy < P pn=1,2,...

and the order of convergence of the iteration (22) is T = 17.

Proof. The proof is by induction with respect to the iteration number n.
For n = 0, from (25), we find

dy

IN

d*.d = d?,

dy < &&= () = d*.

For n = 1, we have

ds

IN

d51
d4 S d408

and (26) is fulfilled.
Let (26) be fulfilled for n < m.
For n =m + 1, from (25) and (26), we have
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m—1 m—1 m—1 m
d2(m+1)71 — d2m+1 S d%mdefl S d48.l7 .d3.17 — d51.17 — d3.17 ’

m\8 -
dami1) = damse < dpp iy < (d3~17 ) — A7

which completes the induction.

On the other hand,
i
doan1 = K3°lezn 1],
1
dQn = }’(32 |€2n’
and equation (26) can be written as

|62n71‘ < K;%d?).l?"*l ’

1
—2 5241771 _
l€2n | < K;2d , n=1,2,...,

and the order of convergence of iteration (22) is equal to 17.

Thus, the theorem is proved.

Remark 5. The method (22) requires 7 function evaluations, 2 initial
approximations z_j, xo and has order of convergence 7 = 17 and efficiency
index

I =177 ~ 1.4989.

ITI. The following modification of Euler - Chebyshev method, where
the second derivative is replaced by its approximation by differentiating a two-
point Hermite interpolation formula for f(z), the two point being z; and z;_;
is given by

oSG P CF @) ) = 3 ()
Tt =T ) 77 () (2 — Tn) o (20)

n=0,1,2...

IT1.1. We will consider the following nonstationary iterative scheme based
on schemes (27) and (4):
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f(l'Qn) f ('T2n> <2f (xQn) + f (x2n 1) - 3f(x2n; Lon— 1))

Ton+1 = Tan — —

f,(x2n) f/3(x2n)<x2n - 'T2n—1) ’

($2n+1) )
Topio = Topy1 — f($2n+1) o f(x2n+1) f <x2n+l <$2n+1)
2n+2 2n+1 f,<x2n+1) f/<x2n+1). (x2n+1)
J(wong1) —2f <$2n+1 f’(x2n+1)>

(28)
n=20,1,2,...
It is known that for the error ¢; [17] is valid
€41 B(£)€2n62n 1 (29)
and for the procedure (4) [25]:
€anta ~ C2(E)[c3(E) — 03(5)]€3n+1- (30)
Let
Ky = max{[e(§)[3(§) — (9], 1BE)I},
d2n71 = K4§‘€2n—1|7
d?n - K4§|62n|
and let d > 0, and x_; and xy be chosen so that the following inequalities
1
d—l = Kf|$_1—§|§d<1,
hold true.
From (29) and (30), we have
1 1 1 2 1 2
onis = Ki ezl < Ki K,y = (Kl ) (Kiean) = B,
1 1 1\ 4
dont2 = Kf |eani2| < K K4E§n+1 - <K43> €§n+1 d§n+1
(31)

Our results concerning the order of convergence generated by (28) are sum-
marized in the following theorem.
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Theorem 2.5 Assume that the initial approximations xo, x_1 are chosen
sothatd_1 <d<1anddy<d<1.
Then for the error of the sequences {x2,}5°, and {xo,_1}22, determined
by (28), we have
d2n—1 S d4.10n71a
(32)
dy, < A1 p=1,2,...

and the order of convergence of the iteration (28) is T = 10.

Proof. The proof is by induction with respect to the iteration number n.
For n = 0, from (31), we find

d, < &8 =d,

dy < db=(dh)*=d.

For n = 1, we have
ds

IN

d40
d4 S d160

and (32) is fulfilled.
Let (32) be fulfilled for n < m.
For n =m + 1, from (31) and (32), we have

m—1 m—1 m—1 m
d2(m+1)71 _ d2m+1 S dgmdgm—l S d32.10 .dS.lO _ d40.10 — d4.10

Y

my 4 -
dom1) = oz <y < (dM177) = 010

which completes the induction.
On the other hand,

1
doyp—1 = Kjlezn1l,
1
d2n = K43 ’€2n‘
and equation (32) can be written as
-1 n—1
(S

1
—3 g16.10n 7!
l€2n] < K,°®d , n=1,2,...,
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and the order of convergence of iteration (28) is equal to 10.

Thus, the theorem is proved.

Remark 6. The method (28) requires 7 function evaluations, 2 initial
approximations z_1, xo and has order of convergence 7 = 10 and efficiency
index

[ =107 ~ 1.389.

II1.2. We will consider the following nonstationary iterative scheme based
on schemes (10) and (27):

T — . f(x2n) _ fz('r%z) (2f,<x2n) + f,<x2nfl) - 3f($2n; x2n71))
LT () F3(20) (20 — T30-1) ’

f($2n+1)

Yont+1 = Topt1 —
" " f'(an41)

f(W2ni1) f(ony1)

Zon+1 = Yon+1 — ’ ’
2n+1 = Yon+1 ' (wons1) f(wons1) — 2f (Yoni1)

f(22n+1) (f(22n+1) ) 2) f[$2n+1a y2n+1]f(22n+1)
+ .
il

Ton+2 = Zont+l — (1 +

f(@2n41) f (@241 Tont1s Zant 1] [ [Yant1s Zont] 7
(33)
n=0,1,2,...
It is known that for the error €a,,0 = Zg,42 — & [18] is valid:
€oan+2 ™~ A(f)egn—o—l? (34)
We will use again the fact that for the method (27) is satisfied
2 2
€ant1 ~ B(€)€3, €5, ;- (35)
Let
Ks = max{[|B(¢)l, A&},
3
don1 = Kj7 |€2n—1’,
7
d2n = K517 ’6271’

and let d > 0, and x_; and xy be chosen so that the following inequalities

s

d—l = KBI |$_1—§‘§d<1,

T

do = K517‘.T0—€’§d<1
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hold true.
From (34) and (35), we have

T

3 3 3 2 2
— 17 17 2 2 — 17 17 — ]2 g2
don1 = K57 |€2ni1] < K57 Ks€5,65, 1 = (K5 €2n—1) <K5 E2n> = dy,d3,

e 7 3\8
donyo2 = K37 |€anyo| < K7 K56§n+1 = (K517> EgnJrl = dgnJrl'
(36)
Our results concerning the order of convergence generated by (33) are sum-
marized in the following theorem.

Theorem 2.6 Assume that the initial approximations xq, x_1 are chosen
sothatd_1 <d<1landdy<d<1.

Then for the error of the sequences {x2,}5%, and {xo,_1}22, determined
by (33), we have

d2n71 S d4'18n71 9
(37)
d2n < d32.18"*1

— ’

n=12...

and the order of convergence of the iteration (33) is T = 18.

Proof. The proof is by induction with respect to the iteration number n.
For n =0, from (36), we find

d

IN

.8 = d,

dy < df=(d")®=d>.

For n = 1, we have

ds

IN

72
',

d4 S d576

and (37) is fulfilled.
Let (37) be fulfilled for n < m.
For n =m + 1, from (36) and (37), we have

m—1 m—1 m—1 m
d2(m+1)71 _ d2m+1 S dgmd%m_l S d64.18 .d8'18 _ d72.18 — d4.18

m\ 8 -
dami1) = domse < dpp iy < (d4-18 ) — 3218

which completes the induction.
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On the other hand,

s

d2n—1 = }(51

|€2n—1|7

S~

dop, = K

|€2n]

and equation (37) can be written as
- n—1
|62n—1| S K5 17d4.18 ,

_z e
l€2n] < K 7R =12 ..,
and the order of convergence of iteration (33) is equal to 18.

Thus, the theorem is proved.

Remark 7. The method (33) requires 8 function evaluations, 2 initial
approximations z_1, xo and has order of convergence 7 = 18 and efficiency
index

T = 18% = 1.435.

From the Table 1 which is given below, the user of the most common prac-
tice multipoint iterative methods using several initial approximations for nu-
merical solution of nonlinear equations can be oriented to the self-accelerating
with the help of optimal in the sense of Kung-Traub algorithms from order 4
and 8 in terms of convergence speed and efficiency index.

Table 1

method || order of convergence 7 | efficiency index [
(5) 5 1.3797

(11) 9 1.442

(17) 9 1.442

(22) 17 1.4989

(28) 10 1.389

(33) 18 1.435

We will pose the following problem:

Problem. Let us construct an iteration procedure (with memory) with
order of convergence T = 33 and efficiency index - better than 23 ~ 1.414 of
Newton’s method using:

a) a system of two initial approximations r_y and xo;

b) information about f and f';

In [12] Li, Mu, Ma and Wang presented a modification of Newton’s method
with higher-order of convergence.
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The modification of Newton’s method is based on known King’s fourth -
order method. The new method requires three-step per iteration.

Analysis of convergence demonstrates that the order of convergence is 16.

If the initial point x is sufficiently close to simple root x*, then the method
[12] defined by

S
Yn = Tn F(an)’

Zn = Yn — Qf(xn) — f(yn) f(yn)
" ! 2f(xn) — 5f(Yn) 'f/(ffn),

e ) v (i)
f'(zn) f'(zn) 2f(zn) — 5f (Zn B ;/((ZD :

(38)

n=0,1,2,...

has sixteenth - order of convergence.

Remark 8. This method requires four evaluations of the function, namely,

B L f(zn)
e J) S £ (o= F)

and two evaluations of first derivatives f’(z,), f'(z,) and is not optimal in the
sense of Kung - Traub.

Here we give a methodological construction of nonstationary algorithms
with a raised speed of convergence.

For solving this task it is appropriate to use the following iterative nonsta-
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tionary algorithm for solving the nonlinear equation f(z) = 0:

flran) — faon) f(won) = f(w20-1)

Ton+1 = Top — f/<-r2n> 2f/3 ($2n) . o — T ’
_ _ S@onn)
el T )
z =y _ 2f(wons1) — f(Wont1)  f(Yans1)
o o 2f(an41) — 5f (Yan+1) f'(@ant1)’
<22n+1) ) (39)
T — . _ J(ong1) ! (Z%H I (zon41)
2n+2 2n+1 f’(22n+1) f/(zan)
2f<Z2n+l) - f (2277,4-1 — ffm>
X n ’
2f(zon+1) — 5f <z2n+1 — m>

n=0,1,2,....

Here {x9,+1} is generated by (38), {z2,+2} based on the algorithm (16).
It is known that for the error ¢; [25] is valid

3
€2n+1 —563(6)63716271—17 (40)
and for the procedure (38) [12]:
€an42 —02(5)503(5)%%2“7 (41)
where ~ denotes the asymptotical equation when n — oo.

Let

Ke = max{%]cg(fﬂ, |C2(5)503(§)5|} :

3
d2n—1 = K§’2 |€2n—1’7

1
don = K¢|ea]

and let d > 0, and x_; and xy be chosen so that the following inequalities

3
d—l - K632|x—1_§‘ §d<17
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hold true.
From (40) and (41), we have

3 3 3 1 2
_ 1732 33 2 _ 33 Pl _ 72
dons1 = K632|62n+1‘ < Kg”? K662n|€2n71| = <K632‘62n1|) (Ké €2n) = dgnd2n—1,

3

1 1 16
— 2 2 16 — 32 — 16
d2n+2 = K6 |62n+2| < Kﬁ K662n+1 = <K6 €2n+1) = d2n+1'

(42)
Our results concerning the order of convergence generated by (39) are sum-
marized in the following theorem.

Theorem 2.7 Assume that the initial approximations xqg, x_1 are chosen
sothatd_1 <d<1landdy<d<1.

Then for the error of the sequences {Tont1}o>y and {Tan2}5%, determined
by (39), we have

dypy < d*3"7

(43)
dyy < dB3T p=1,2,...

and the order of convergence of the iteration (39) is T = 33.

Proof. The proof is by induction with respect to the iteration number n.
For n = 0, from (42), we find

d < d*d=d°,

d2 S d%6 S (d3)16 — d48.

For n = 1, we have
dy < dBdy < (d*®)° &3 = d,

d, < d%G < (d99)16 — 1584

and (43) is fulfilled.
Let (43) be fulfilled for n < m.
For n =m + 1, from (42) and (43), we have

m—1 m—1 m—1 m
d2(m+1)—1 _ d2m+1 S dgmde—l S d96.33 +3.33 — d3.33.33 — d3.33

Y

16
1 .33™m 48.33™
d2(m+1) = d2m+2 < dzgwrl < (d3 33 ) =d 833
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which completes the induction.
On the other hand,

3
dQn—l = Kém |€2n—1|7

1
d2n == [(62 |€2n’
and equation (43) can be written as

|62n71‘ < Kﬁ_i‘%d3'33"71,

_1
2

n—1
l€2n | < Kg2d®3¥ ) n=1,2,..

*
and the order of convergence of iteration (39) is equal to 33.

Thus, the theorem is proved.

Remark 9. The method (39) requires 9 function evaluations, 2 initial
approximations x_;, xo and has order of convergence 7 = 33 and efficiency
index

I =335 ~ 1.4747
which is better than 22 ~ 1.414 of Newton’s method.

3 Concluding Remarks

As we have previously noted, an iterative procedure (38) with order of conver-
gence 7 = 16 is not optimal in the sense of Kung - Traub, because it uses six
calculations of functions.

Let us assume for a moment that iteration algorithm (B) with order of
convergence 7 = 16 using five functional calculations i.e. optimal in the sense
of Kung - Traub was found.

To examine the issue related to self-accelerating and the corresponding
efficiency index of the base method - the modification of Euler - Chebishev
method - (16), with already familiar ”put in” of the optimal method (B).

As a result, we get nonstationary algorithm, which use two initial approx-
imations x¢ and x_;. For brevity we denote it (16) — (B).

It is not difficult to comply, that the new iterative scheme (16) — (B)
will have order of convergence 7 = 33, and it consumes eight calculations of
functions and it has an efficiency index

T = 335 ~ 1.5481.
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It is a matter of time, having in mind the massive research in the area
of numerical methods over the last five years, the design of algorithms with
optimal order of convergence 7 = 32 and 7 = 64 using six respectively seven
calculations of functions.

Let us denote by (C) the algorithm with this order of convergence 7 = 32.

Naturally arises the task of testing the combined procedure (16) — (C).

The following model theorem will be valid

Theorem A. With the same symbols in this paper and imposed require-
ments for initial approximations xg, x_1, the order of convergence of the model
iteration (16) — (C') is satisfied

d2n—l S d3.65n_17
(44)
doy < AT p=1,2,...

Remark 10. The method (16) — (C) requires 9 function evaluations,
2 initial approximations x_i, xy and has order of convergence 7 = 65 and
efficiency index

I =655 ~ 1.5901.

Remark 11. The reader may account how self-accelerating are to the order
of convergence and efficiency index methods of type (2) — (C) and (27) — (C)
using two initial approximations.

Denote now with (D) this optimal in the sense of Kung - Traub algorithm
with order of convergence 7 = 64 using 7 calculations of functions.

We will examine the combined procedure (16) — D).

The following model theorem is valid

Theorem 3.1 With the same symbols in this paper and imposed require-
ments for the initial approximations xo, r_1, the order of convergence of the
model iteration (16) — (D) is satisfied

3.1297—1
doyp—1 < d ;

(45)
dyy < d9212" n=1,2,...
Remark 12. The method (16) — (D) requires 10 function evaluations,

2 initial approximations x_y, xo and has order of convergence 7 = 129 and
efficiency index
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We are now able to offer the following Table 2 for possible self-accelerating,
as the basis on multipoint method (16) with the “put in” of newly found opti-
mal in the sense of Kung-Traub algorithms from order 16, 32 and 64 in terms
of convergence speed and efficiency index.

Table 2
method || order of convergence 7 | efficiency index [
(16)-(B) || 33 1.5481
(16)-(C) || 65 1.5901
(16)-(D) || 129 1.6257

Remark 13. Let us denote by 7 the order of convergence of the corre-
sponding optimal algorithm of order 4, 8, 16, 32, 64, and with 75 - the order of
convergence of the basic multipoint iteration algorithm, as an example (16),
generated by the optimal in the sense of Kung - Traub algorithm.

A detailed analysis (see Theorem 2.3, Theorem 2.4, Theorem A, Theorem
B) gives us reason to conclude that

T =27 + 1.

Remark 14. Of course, based on the analysis of the data in Table 1
and Table 2, the user of such multipoint iterative schemes should consider
for himself "what is the price that he is willing to pay” to achieve speed and
efficiency of the used nonstationary algorithm.

Remark 15. The results obtained in this article can be successfully used
to refine the self-accelerating of multipoint iterations using three initial ap-
proximations x_o, x_1, Zg.

IV. Consider the following finite-difference analogue of Halley method

f[mnaxn—l] + f[xn7xn—17$n—2](xn - xn—l)

, (46)

Tpy1 = Tn —

n=0,1,2...
which requires three initial approximations x_o, x_1, xg.
IV.1. We will explore the issue of self acceleration of this procedure, in com-

bination with optimal algorithm in the sense of Kung - Traub, as an example
with order of convergence 4 - (4):
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Ton+1 = Ton — f(@an)
" " fl@an, Tan—1] + flxon, Tan—1, Tan—2](T2n — Topn_1)’
(5172n+1) )
Lon
B f(xans1)  flw2nt1) f( T P(@2001)
Ton+2 = L2nt+l — T .
f($2n+1) f (1U2n+1) f(l’g 1) _of <x2 - ($2n+1)>
" T f(wone)
(47)
n=0,1,2...
It is known that for the error ¢; = z; — &, i = —2,—-1,0,1,2...; [25] is
valid
€n+1 L(£)€2n€2n71€2n727 (48)
€ont2 ~ M(€)€p, 1. (49)
Let

Kz = max{|L(£))[,[M(E)[},

3
dop—1 = K78|€2n—1‘>
1
da, = K72|62n‘7
1
dop—o = K’72|€2n—2|7

and let d > 0, and z_5, x_1 and x( be chosen so that the following inequalities
d_y = K?|x_2—5] <d<1,
3
d—l = K78|I'_1—§|§d<1,
1

hold true.
From (48) and (49), we have
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3 3 3 1 1
d2n+1 = K78 |€2n+1| < K78K7|€2n||62n—1||€2n—2| = K78 |€2n—1|K72 |€2n|K72|€2n—2| =

= d?nd2n—1d2n—2 )

1 1 3 4
donyo = K7|eanio| < K7 K7€%n+1 = <K78 62n+1) = dén—&-l‘
(50)
Evidently, from (50), we find

dy <&, dy < d?, dy < d'9, dy < d%,
d5 S d927 dG S d3687 d7 S d524a d8 S d20967
dg < d2988 le < d11952.

Our results concerning the order of convergence generated by (47) are sum-
marized in the following theorem.

Theorem 3.2 Assume that the initial approximations xg, r_1, T_9 are cho-
sen so that d_o < d, d_1 <d<1anddy <d< 1.
Then for the error of the sequences {Tont1}oey and {Ta,42}5%, determined

by (47), we have

dayp—y < d™ 1,
(51)
d2n < den )

where

Tnt6 = ATmta + inpo + 47, (52)

m=0,1,2,...

and the order of convergence of the iteration (47) is

T_5+\/H
=
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Proof. It is well known that for the recursion:
n
Yi+1 = ZA]"}/Z'_]'+1, 1=n— 1,7’L— 2,...,

j=1

(for any initial conditions) corresponds to the characteristic polynomial:

n
pr=2 A0
=1
In our case, for the recursion

Tint6 = 4Tmaa + ITpe + 470,

characteristic polynomial is of the type

PP —4p* —9p—4=0. (53)
Equation (53) has the roots:

5+ v4l 5 —v4l
P1 = , P2 = , P3 = —1.
2 2
From the general iterative theory [25], (see, also [5]) it follows that the
order of convergence of the iteration procedure, defined by (47) is given by the
only real root of equation (53) with magnitude greater than 1.

On the other hand,
_3
leons1| < Ky Sdapqa,

_1
l€onsa| < Ky Pdange,
and consequently we can conclude that the order of convergence of iteration

(47) is
_5+V4l
2

T ~ 5.70156...

Thus, the theorem is proven.

Remark 16. Of course precise analysis can be made following the cited
monographs [25], [5].

Suffice it to seek representation for the values 7; as a linear combination of
the roots of characteristic equation py, ps and ps.

As an example,

n n n
Ton+1 = C1P1 + C2Py + C3P3
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with condition
T = 3, T3 = 16, Ty = 92.

The solution of the system

C1+Cy+c3 = 3
5+ v41 5 — 41
C1 i + Co —63:16
2 2
2 2
) 41 5 —v4l
WY e ()

is the following:
1

1
co = —(123 — 17V/41)
82
c3 = 0.
This lead to the following inequality
doy < ds%(41+19¢ﬁ)p{”+8—12(41—19\/5),,37 (54)

The proof is by induction with respect to the iteration number n.
Let (54) be fulfilled for n < m.
For n = m + 1, we have

4 A (123417V41) p™m+ & (123—17/41) p™
o1y = domia < di iy < (55 (123+1TVAD) P + 55 ( VaT)pg

Using the equalities

N 1
123+ 17v41 = Z(41 + 19\/5)-5(5:|: \/ﬁ)

we have
d2(m+1) < dsflz(41+19\/ﬁ)p71n+1+8%(41—19\/4ﬁ)p;n+1

which completes the induction.
Evidently, —1 < py < 0, so that, asymptotically,

dg%(41719\/ﬁ)p§n ~1
and

_1 1 '
|€2n’ ~ K7 2 [82 (41+19v/41)p} )
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Remark 17. The method (47) requires 6 function evaluations, 3 initial
approximations x_», x_1 xo and has order of convergence 7 = 5.70156 and
efficiency index

I = 5.701565 ~ 1.3365.

IV.2. We will consider the following nonstationary iterative scheme based
on the scheme (46) in combination with an optimal algorithm in the sense of
Kung - Traub with order of convergence 8 - (10) [18]:

f(x%)

Ton = Ton — ’
e ? flxon, Tan—1] + flTon, Ton—1, Tan—2](T2n — Tan—1)
Yon+1 = Tont1 — 7f(x2n+1)
a " P (mann)
Zonil = Ysmit f(Yont1) f(@2n41)
n—+ - n - : )
f’(fﬂznﬂ) f(x2n+1) - 2f(y2n+1)

f(22n+1) i (f(22n+1)>2 f[$2n+1> anH]f(Zan)
f(952n+1) f($2n+1 'f[if2n+1, 22n+1]f[y2n+17 22n+1]’
(55)

Tont+2 = Zopt+l — (1 +

n=0,1,2,...

It is known that for the error ¢, = z; — ¢, i=—-2,—1,0,1,2...; [25], [1§]
is valid

€on41 L(£)62n€2n7162n727 (56)
€2nt2 ™~ A(f)ﬁgnﬂ- (57)
Let
Ky = max{|L(§))],[A)I},
3
dop—1 = K816’€2n—1‘7
1
d2n = K82‘62n|7

1
dop—o = K82‘62n—2‘>
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and let d > 0, and x_5, x_1 and xq be chosen so that the following inequalities

1

d*2 = K82|‘r*2_£|§d<17
3

d1 = Kflvo ¢ <d<1,

1

hold true.
From (56) and (57), we have

3 3 3 1 1
d2n+1 = K816’€2n+1’ < K816K8’62n”€2n71H62n72| - K816|62n71‘K82‘62n|K82‘€2n72| =

= dQnd2n—1d2n—2 ;

1 1 3 8
doniz = Kileansal < K Kachr = (Keanin) = dhp.
(58)
Evidently, from (58), we find
dl S d37 d2 S d247 d3 S d287 d4 S d2247

d5 S d276, d6 S d2208, d7 S d2708, dg S d21664,

dg S d26580, le S d212640.

Our results concerning the order of convergence generated by (55) are sum-
marized in the following theorem.

Theorem 3.3 Assume that the initial approximations xg, r_1, T_9 are cho-
sen so that d_o < d, d_1 <d<1anddy <d<1.
Then for the error of the sequences {xan11}22y and {xoni2}22, determined
by (55), we have

d2n— 1 S drn-t )
(59)
d2n < dm 9

where

Tt 6 = 8Tmaa + 17T 40 + 8T, (60)
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m=0,1,2,...

and the order of convergence of the iteration (55) is

9+ V113

T=—".

2

Proof. The detailed proof of this theorem will not be given because the
reasoning follows the statement of the proof of Theorem 3.2.
We note only that in this case the recursion

Tin+6 = 8Tmaa + 17712 + 8T,

satisfies the characteristic polynomial

0> —8p* —17p—8=0. (61)
Equation (61) has the roots:

C9+VII3 9113
e J-vils

P2 = 9 )

From the general iterative theory [25], (see, also [5]) it follows that the
order of convergence of the iteration procedure, defined by (55) is given by the
only positive root of equation (61).

On the other hand,

pP1 ps = —1.

3
leant1] < Kg "dapq,

_1
|€2n+2| S Kg 2d2n+27

and consequently we can conclude that the order of convergence of iteration
(55) is

T

_ 9+ VI3 . U3 . 5.78702...

Thus, the theorem is proved.

Remark 18. The method (55) requires 7 function evaluations, 3 initial
approximations x_s, x_1 xo and has order of convergence 7 = 5.78702 and
efficiency index )

1 =5.787027 ~ 1.285.

Remark 19. The received during last year numerical methods which have
high index of efficiency by F. Soleymani and his coauthors [19], [21], [22], [23]
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can be successfully used for generation of new iterative methods for solving
nonlinear equations using several initial approximations by proposed in our
paper techniques.
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