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We propose and analyze a generalization of the known Newton-Secant iterative method
in case of solving system of nonlinear equations, which is essentially of third order. One
modification of the presented method is considered, also. Convergence analysis and numerical

examples are included.
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1. Introduction

Let consider a operator equation
F(z) =0, (1)

where F' is a Fréchet-differentiable operator defined on an open subset D of a
Banach space X with values in a Banach space Y. Finding roots of Eq.(1) is a
classical problem arising in many areas of applied mathematics and engineering.
In this study we are concerned with the problem of approximating a
locally unique solution a of Eq.(1). Some of the well known methods for this
purpose are the following ones:
1.1 Newton’s iterative method

T+1 = Tk — F,(:Ek)_lF(:Ek) ) fO?" k > 07 (2)

which converges quadratically and requires one evaluation of F’ at each step.
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1.2 Classical Secant’s method
Tpp1 = T — [@p—1, 78] " Flzy), for k>0, (3)

which starting with two points x_1,x9 € D, and converges super-linearly. Lin-
ear operator [z,y] € L(X,Y) is called divided difference of F' at the points x
and y, and it is characterized by the condition [1]:

[z, yl(z —y) = F(z) — F(y). (4)

Now, let us cite some of the known results about the convergence of New-
ton’s and Secant’s methods. For the first one the basic results of the properties
of the method are obtained in [1]. In [2, 3, 4] local convergence is obtained under
the following Kantorovich-type conditions:

1F" ()~ (F"(2) = F'))Il < kalle = yll, for all z,y€D.

For the Secant’s method, conditions on the F'réchet derivative are re-
placed by conditions on the divided difference [6]:

H[x7y] - [u,v]H < kQ(Hx _UH + Hy - U”)? fO’I" all T,Y,u,v € Dx 7é Y, u 7é v.
See also [7, 8, 9, 11].

2. The New Modifications

We introduce the following two iterative methods:
1.8 Newton-Secant method

yr = ap — F'(ap) 7 F(xy), (5)
Tho1 = Tk — [Tr, ye) 1 F(zg), for k>0, and xg € D.

This method is a generalization of the known Newton-Secant method for solv-
ing a nonlinear equation in one dimensional case (see [10]), and represents a
composition of the Newton’s method (2) and the Secant’s method (3).

1.4 Modified Newton-Secant method

yr = ), — F'(w0) " F(xy) (6)
Thy1 = Tp — [Tr, ye) P F(zg), for k>0, and xg € D.

For the both iterative methods (5) and (6): starting with one point
xg € D and execute by one evaluation of divided difference of F' at each step.
As long as method (5) requires one evaluation of F’ at each step, the method
(6) requires only one evaluation of F’.
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The paper is organized as follows: In section 3 we provide a local con-
vergence analysis for the methods (5) and (6). Some numerical examples are
succeeded in section 4, and conclusion in section 5.

3. Local convergence analysis

Here, we present a theoretical result for the local convergence of Newton-
Secant method (5) and Modified Newton-Secant method (6).

Let us assume that « is a simple zero of the operator F', at which the
Fréchet derivative of F exists and F’(a)~! € L(Y,X), and there exist nonde-
creasing functions

a,b,c:[0,+00) = [0,+00)

such that:

1/ (a) = (F' () — F'(@))]| < allz — el)), for all z€D
1/ ()~ ([, 9] = [z, @])ll <b(ly—al), for all z,y€D (7)
1" () ([, 0] = [, a))|| < e(lla —al)), for all x€D.

Now we can show the following local convergence result for method (5):

Theorem 1. Let F be a nonlinear Fréchet-differentiable operator
defined on a convex open subset D of a Banach space X with values in a Banach
space Y . Let us assume that o € D is a simple zero of the operator F, F'(a)~! €
L(Y, X) and conditions (7) are satisfied. In addition, let us assume that each of
equations

a(r)4+b(r)=1 and 2b(r)+c(r)=1 (8)

has a minimum positive zeros r1 and ry respectively. Denote r = min{ry,ro}
and

U,y ={z e X ||z —a||<r*}C D for v € (0,r).
Then sequence {xi} (k > 0) generated by method (5) is well defined, remains
in U(a,r*) for all k > 0, converges to a provided that xo € U(a, r*). Moreover,
the following error bounds hold for all k > 0:

b(llyr — )|z — o
k41 — all < , (9)
1= b(llyx — all) = e(llzx — all)
where yp =z — F'(xp) " F (2g).
Proof. First we will prove that, if # € U(a,r*) then y € U(a, r*), where
y =2 — F'(z)"'F(z). From the following relations

1T = F'(e)™ F' ()| = [F'(e) ™ (F'(a) = F'(@))l| < allz —al) <1 (10)
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by the choice of r* and from the Banach Lemma on invertible operators [1] it
follows that F'(z) is invertible and

| (@)L F ()] < !

(e (1)

Then using that F'(z) = [z, z] (see [9]), we get
)

ly—all = llz—a=F(z)"'F)| = [F'(z)"{(F'(z) - [z, a])(z — a)|

| =
(F'(z) — [z, o])(z — o]

= P F(0)F (o)
< PG F@IF (@)~ (F(x) ~ 0] 2 ol
and .
-l < 22D jo - a,

Estimate (8), and the choice of r* imply
ly —ol <lz—all <r* = yeUla,r").

Now we will prove that the operator [z,y] is invertible for all z,y € U(a,r*).
Using Eq.(7), we obtain

1= F'() ol = 1F ()" (F" (@) = [, )
= |[F'(e)" ' (F'(e) = [2,0] + [2,0] = [2,9))
< Olly = all) + e(llz = af]) <b(r™) +¢(r) < 1,

by the choice of r*.
It follows from the Banach Lemma on invertible operators that [z,y]”
exists and

[z, ) F'(a)

1

I < - ’
=57 —al) — ez —al)

Let us choice 9 € U(a,r*) and let us assume x5 € U(a,r*), for all
s=0,1,..., k. Then by using relations (5), (7) and (12), we obtain

z,y € U(a,r*). (12)

ek —all = llow — o — [ow, yel 7 F@n)ll =z, yel ™ (2n, ye] = [2x, o)) (2 — @)
[z, ya]  F' (@) F' ()™ [k, yi] — [zx, @]) (2, — @]
< ek gl 7 F (@NIF (@)™ ([w, ye] = o, o))l |z — af

b(llyr — )
1= b(llyr — ) = elllzx — o))

IN

ka - O[H ’

and the Eq.(9).
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Moreover, by definitions of the functions a and b, and the choice of r*,

we get
bl — o) _h)
L=b(llyx — all) = c(llzx —all) = 1 =b(r*) — c(r*)
which imply that there exist 0 < ¢ < 1, such that

<1,

[2+1 — all < gllog —af <r*, k>0.
Hence, we deduce z;, € U(a,r*) (k > 0) and limy_,o x = «. Theorem is
proved. -

Remark 1. Under the same assumptions of Theorem 1 and in addition
if there exist a constant N > 0 such that

b(x) < Nz, z €D,

then the iterative method defined by (5) has third order of convergence.

Theorem 2. Under the same assumptions of Theorem 1 it follows
that the sequence {xy}r, generated by method (6) is well defined, remains in
U(a,7*) for all k > 0, converges to o provided that zo € U(a,7*). Moreover,
the following error bounds hold for all k > 0:

b(llyx — alDllxr — o
—b(llye — all) — c(lzr —all)’

i — ol < - (13)
where y, = xp — F'(20) "1 F(xy).
) Proof. By analogy of Theorem 1, we will first prof that if xg,z €
U(a,r*) then y € U(a,7*), where y = 2 — F'(x9) 1 F ().

Using equations (10) and (11), we obtain

' —1 gt 1
17 (w0) ™ (@) € f—m—a-
Furthermore
ly—all = flo—a-F(u)  F@)| = |[F'(z0) " (F'(x0) — [&,0]) (& — o)

| F" (o)~ F" () F' (o)~

|
— HF (@) — [z, ) (2 — o)
< F (o) T (@)1 F (@)

HE (o) = [z, o)) [l — o]

and
b([|wo — o]
L —a(||lzo — af)

ly—al < [z —af <z —all,

ie. yeU(ar*).
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Let us choice zg € U(a,r*) and assume zs € U(a,7*) forall s = 1,..., k.
Then by using equations (6), (7) and (12), by analogy of the proof of Theorem
1, we obtain the estimate (13). Hence, from the same reasons as in Theorem 1,
we deduce x;, € U(a,7*) (k > 0) and limy_,o 7 = a. Theorem is proved. m

Remark 2. Under the same assumptions of Theorem 2 and in addition
if there exist a constant N > 0 such that

b(x) < Nx, z €D,
then the iterative method defined by (6) has second order of convergence.

4. Numerical Examples

To demonstrate the methods given by (5) and (6) numerically, we con-
sider the following examples, where F(z) = (fi(z), f2(z))?, = = (z1,22). In
Table 1 and Table 2, we can see the advantage of use the presented meth-
ods. Displayed are the error [|[#*) — a||_ and number of iterations for Newton
method(NM) (2), Newton-Secant method(NS) (5) and Modified Newton-Secant
method(MNS) (6).

For divided difference of F', we use the following formula

fi(urwa)=fi(viwe)  fi(ua,ue)—fi1(ui,ve)
Ul —v1 U2 —v2

[u7 U] =
fa(ur,v2)—fa(vi,v2)  fo(ui,uz)—f2(u1,v2)
Ul —v1 u2—v2

presented by Potra in [6].
Example 1 Consider Eq. (1), where

fi(wy,z2) = xg — 2
fg(wl,x'g) = .%'%—2.%’2—21,

with a solution o = (5,2)T, (see [12)).

Example 2 Consider Eq. (1), where
filzr, ) = 2f—w2+1
fa(w1,22) = 21 —cos(§m2),

with a solution o = (0,1)T, (see [13]).
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Table 1: Number of iterations and error for Example 1.
initial 20 = (5.5,1.5) initial ¥ = (6.3,0.8)
iter NM MNS NS iter NM MNS NS
1 8.33e-02 1.16e-02 1.16e-02 | 1 9.00e-01 2.91e-01 2.91e-01
2 1.66e-03 1.11e-05 9.91e-08 | 2 1.39e-01 2.74e-02 1.95e-03
3 6.93e-07 1.03e-11 0 3 4.55e-03  2.77e-04 4.64e-10
4 1.20e-13 0 4 5.18¢-06 2.89e-08 0
5 0 5 6.71e-12  2.22e-16
6 0

Table 2: Number of iterations and error for Example 2.

initial ¥ = (0.3,1.3)

initial 2° = (0.5,1.5)

iter NM MNS NS iter NM MNS NS

1 6.00e-02 1.66e-02 1.66e-02 | 1 1.90e-01  3.40e-02 3.40e-02
2 3.61e-03 2.08e-04 1.06e-05 | 2 1.20e-02 9.70e-04 8.33e-05
3 2.02¢-05 3.51e-08 2.94e-15 | 3 2.18¢-04 9.80e-07 1.42e¢-12
4 6.46e-10 1.11e-15 6.12e-17 | 4 7.50e-08 1.00e-12 6.12e-17
5 1.31e-16  1.60e-16 5 8.90e-15 1.72¢-16

6 6.12e-17 6 4.89e-17

5. Conclusion

We propose two iterative methods as extension of the Newton-Secant
method and the Modified Newton-Secant method for operator equations. We
prove that the methods converge cubically and quadratically, respectively. From
theoretic results and numerical examples, we show that the new methods keep
the same good properties as the Newton method. We also refer the readers to
Refs. [14, 15] for some results on modifications of Newton-Secant method for
simultaneous determination of all roots of polynomial equations.

References

[1] L. V. Kantorovich, G. P. Akilov. Functional Analysis. Pergamon
Press, Oxford, 1982.

2] I. K. Argyros, F. Szidarovszky. Theory and Applications of Iterative
Methods., CRC-Press Inc., Boca Raton, Florida, 1993



376
[3]

[4]

G Nedzhibov, V. Hasanov

T. J. Ypma. Local convergence of inexact Newton method. // SIAM J.
Numer. Anal., 21(3), 1984, 583-590.

W.C.Rheinboldt. An adaptive continuation process for solving systems
of nonlinear equations. // Polish Academy Sci. Banach Ctr. Publ., 3, 1977,
129-142.

I. K. Argyros, J. M. Gutierrez. A unified approach for enlarging the
radius of convergence for Newton’s method and applications. // submitted
to International Journal of Pure and Applied Mathematics, 2003.

F. A.Potra. On Q-order and R-order of convergence. // SIAM J. Optimiz.
Th. Applic., 63(3), 1989, 415-431.

S. Amat, S. Busquier, J. M. Gutierrez. On the local convergence of
Secant-type methods. // Intern. J. Comput. Math., 81(9), 2004, 1153-1161.
S.Amat,S. Busquier. On a higher order Secant method. // Appl. Math.
Comput., 141(2-3), 2003, 321-329.

I. K. Argyros. On a two-point Newton-like method of convergent order
two. // Intern. J. Comput. Math., 82(2), 2005, 219-233.

J.F. Traub. lterative Methods for the Solution of Equations. Prentice Hall,
1964.

I. K. Argyros. Improved convergence analysis for the secant method based
on a certain type of recurrence relations. // Intern. J. Comput. Math.,
81(5), 2004, 629-637.

S. Amat, S. Busquier, V. Candela. A class of quasi-Newton gener-
alized Steffensen methods on Banach spaces. // J. of Comput. and Appl.
Math., 149, 2002, 397-406.

Q. Y. Li, Z .Z. Mo, L. Q. Qi. Numerical Methods for Solving Nonlinear
Equations, Science Press, Beijing, 1997 (in Chinese).

G. H. Nedzhibov, M. P. Petkov. On a family of iterative methods for
simultaneous extraction of all roots of algebraic polynomial. // Appl. Math.
and Comput., 162, 2005, 427-433.

G. H. Nedzhibov. An acceleration of iterative processes for solving non-
linear equations. // Appl. Math. and Comput., 168, 2005, 320-332.

! Faculty of Mathematics and Informatics Received 04.02.2010
Shumen University

Shumen 9700

BULGARIA

E-MAIL:gyurhan@shu-bg.net



