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Abstract

In this paper, we introduce an iterative algorithm free from second derivative for solving algebraic nonlinear
equations. The analysis of convergence shows that this iterative algorithm has seventh-order convergence.
Per iteration of the new algorithm requires three evaluations of the function and two evaluation of its first
derivative. Therefore this algorithm has the efficiency index which equals to 1.477. The results obtained using
the algorithm presented here show that the iterative algorithm is very effective and convenient for the algebraic

nonlinear equations.
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1 Introduction

olving nonlinear equations is one of the most im-
S portant problems in numerical analysis. There are
many papers that deal with nonlinear equations, such
as, Abbasbandy [7], Chun [9], Aslam Noor [10], Gol-
babai and Javidi [2], and other methods [1, 3, 4, 6, 8,
11, 12, 14, 15, 16, 19]. In this work, we propose the
new seventh-order iterative algorithm. Six numerical
examples are given to illustrate the accuracy of the
new iterative algorithm.

For this purpose, we give the following definitions.

Definition 1.1 Convergence of order P. The se-
quence {x, %, converges to r with (at least) order
P>1if

lim [Tnis = 7]
n—oo |x, —r|F

—c#£0. (1.1)
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Definition 1.2 Let that x,—2, Tp—1 , Tn and Tpyq
are iterations close to a zero of the nonlinear equation.
Then, the computational order of convergence p can be
approximated using the formula

_ In(|2p41 — Tn| /|20 — Tn_1])
In(|zy, — zp_1|/|Tn—1 — Tpn_2])

P

~
~

(1.2)

We call this number the approximated computa-
tional order of convergence (COC).

2 Development of seventh-

order algorithm

Let f : D C ® — R, be smooth function. We
assume that r € R is a zero of the nonlinear equation
f(z) = 0, and z* € R, is an estimation of a zero
of this nonlinear equation. Using Taylor series, the
nonlinear equation can be written as follows:

f(@) + f (") (@ = 2%) + R(x) = 0,

where

(2.3)

R(z) = f(x) = f(2*) = f (2") (2 — &").
We can rewrite Eq. (2.3) into the following form:

S-S
7@ - 1) Flosw ]

(2.4)

(2.5)

=2
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In accordance with the rationale of the homotopy
analysis method (HAM) [5, 13, 17], we construct the
zero-order deformation equations as follows

GO ., f@Y)
z(p)—=x +f’(x*) = phlz(p)—x +f[33(p),x*]]' (2.6)
Suppose the solution of Eq. (2.6) has the form:
x(p) = zo + pr1 + pPao + ..., (2.7)

further, if this series is convergent at p = 1, we have:

rT=x9g+T1 +x0+ . (2.8)

Differentiating the zero-order deformation Eq. (2.6) m
times with respect to embedding parameter ¢, dividing
them by m!, setting subsequently ¢ = 0, we have:

_ ok f()
To=1T P f;(:v*)’

_ o
1 hf[mo z*]’ ,

_ (") £ (o)
w2 = (L4 h)zy + har 5y =5 (L~ 7))

(2.9)

When i = —1 we have

Ty = - J{/((i*))v
_ f(zo0)
1= = Flzga]

_ f(z*) £ (o) «
T2 =~ 55 7@ (L Tro—f@ (o — 27),

(2.10)

Note that x the solution of f(x) = 0, is approximated
by x ~ xo+x1+x2+...4 25, where limps oo zpr = .
For M = 2, we have

TR Xy + 1+ Ta. (2.11)

Now Let us consider the algorithm proposed by Eq.
(2.11)

_ _ f(a:m)
ym - xm f’(fﬁm) )
Zm =
_ f(ym) _ f(®m) _ f/ (Ym)
Ym = Figmaml &~ Fam—fem L~ Fgmaa1)):
(2.12)

By using the Taylor expansion, f(z,) and f (z,) can
be approximated by

f(zm) ~ f(?im)/,"" f (ym)(zm - yM) (2'13)
+ f ( )(Zm_ym)zv
£ Cm) 2 f W) + £ ) (2 — Ym). (2.14)
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In order to avoid the computation of the second
derivative, we can express f (ym) as follows [18]

"

[ (ym) = 2fzm: Tm, Tm]

2 lemwnl— £ @) E)
o Zm — Tm '

From Egs. (2.13), (2.14) and (2.15), we have

f,(Zm) ~ f[zmaym] +f[zmaxm7xm}(zm _ym)- (216)

Substituting Eq. (2.16) in Newton’s formula, we can
construct an algorithm by Eq. (2.12) as follows:

Algorithm. For given =z, find the approxi-
mate solution x,,4+1 by the iterative algorithm

f(@m)
Ym = Em T ()
Zm
_ f(ym) _ f(xm) _ f, (ym)
Ym = Flgm o] 1 Fm) (] (= 7 in1))

:Em+1 =Zm — f[zmvym]+f[znzvx7n1xm,](z7n_ym) :

(2.17)

3 Convergence analysis

Theorem 3.1 Let r be a simple zero of function f(x)
and f: D C R — R be sufficiently differentiable. Let
xo 18 sufficiently close to r, then the convergence of
iterative algorithm is at least of order seven.

1 fM(r)
m! ' (r)
Using the Taylor series, we have:

Proof: Let, e,, = x,, — r. Denotes ¢, =
m=23,....

fam)=f (r)lem + Coeh, + C3€h, + Cacl (3.18)
+ csed, 4 cgel 4+ crel +O( )]
f/(xm) =f (r)[L + 2c2e,, + 3cze2, + deged, + 5656
+ 6cgel, + TereS, + 8cge! 4+ O(ed)].
(3.19)

Now, from Egs. (3.18) and (3.19), we have

Ym =7 + cze2, 4 (2c3 — 2¢3)e3,
+ (3cy — 3cacs — 2(2c3 — 2¢3) ez el
+ (4c5 — 10cacq — 6¢3 + 20c3c3 — 8c3)e?,
+ (=17cqc3 + 28c4c3 — 13cacs
+ 33cac3 + 5eg — 52c3cs + 16¢5)e8,
+ (=22¢c5¢3 + 36¢5¢3 + 67 — 16906 — 1263
+92¢4coc3 — T2c4¢5 4 18¢5 — 126¢3c3 + 128¢3¢)
—32¢5)el 4+ O(ed)].
(3.20)
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Table 1: Numerical examples and Comparison of the number of iterations in (NM), (CM1), (CM2), (CM3), (KM1),

KM2) , and our algorithm when ¢ = 107'% in Example 4.1.
g

fi,xo NM CM1 CM2 CM3 KM1 KM2 Algorithm
fi,00 =2: 6 4 4 4 4 4 3

fa,0 =2: 6 4 4 4 4 4 3

f3,ZEO =17 5 4 4 4 4 4 3

fa,00 = 3.5: 8 5 5 5 5 5 3

f5, 0 = 2.3: 6 4 4 4 4 4 3

fe,zo = 1.4: 46 26 26 28 27 29 16

From Eq. (3.20) we get

F(ym) = £ (r)[e2€® + (205 — 263)e},
+ (3cq — Teges + 5c3)eld
+ (—6¢2 + 24c3ci — 10c9c4
+4des — 12¢5)e® + (—17cqcz + 3desch
— 13cac5 + beg + 3Teacs — T3czcs + 28¢5)eS,
+ (—22¢5¢3 + 44563 + 6¢7 — 16c9c6 — 12¢2
+ 104cycoc3 — 1046402 + 1803 — 1606302
+ 206c3¢5 — 64c5)e” + O(el )],
(3.21)

’

F (ym) = £ (1)1 4263}, + (deacs — 4c3)er,
+ (—11csca + 8¢y + 6cacy)er,
+ (28c3¢3 — 20c4c3 + 8cacs — 16¢5)e?,
+ (=16¢4coc3 + 60c4cs
—26¢5¢3 4+ 10cocs — 68czcy +32¢5 4+ 12¢5) e,
+ (—20cacs5c3 + 7QC5C§
+12¢9¢7 — 32¢3c6 — 24caci + 112¢4c5¢3
— 168(:40;1 — 84620% + 16003cg
— 64ch + 36c4c2)el + O(€3)].
(3.22)

Combining Egs. (3.18), (3.19), (3.20), (3.21) and

(3.22), we have

Zm =1+ c3e* 4 (3czch — 303) >
+ (265 + deycd + cack — Tezed)el,
+ (2c4c9c3 + 1665 + 5escs — 120402 + 156362
— 24czcz)er + O(e),

— 203

(3.23)
From Eq. (3.23), we get
fGn)=f (r)[cge4 (3c3cs — 3c3)el,
4 (2¢5 4 4eqch + cacd — Tescd)el, — 12¢4c3

+ (—=2c3 4+ 16¢5 + 15c¢3c3 — 240302 + 5esca

+2C40203) €m -‘rO( m)}
(3.24)
Combining Egs. (3.18), (3.20), (3.21), (3.23) and

(3.24), we obtain

Tpy1 = —2c3c5er +O(ed). (3.25)

Which show that algorithm has at least seventh-order
convergence.

4 Experimental data and re-
sults

We present some examples to illustrate the efficiency
of the iterative algorithm, see Table 1. We com-
pare the Newtons method (NM), Changbum Chuns
method with 3 =1 | (CM1), [15],which is defined by

Tn+1
— Y — fQ(xn) f(yn)
U @) = 2f (@n) f(yn) + 2812 (yn) £ (2n)’
o flaa)
Yn = Tn f, (xn) y (426)
Changbum Chuns method with 8 = 1, (CM2), [15],
Tn+1 = Yn—
fg(xn)
f3(@n) = 212 (2n) f(yn) + 282 (yn) f(zn) — 282 f3(yn)
(@)
R AC2D)

Changbum Chuns method (CM3) [9], that is defined
by

xX 1 =Ty — f(x") _ Qf(y”) + f(yn)f,(yn)
n+ n f’(ac ) fl(xn) f/2(xn) s
)
Yn = Tn f,(xn)’ (4.28)
Kous method [1] , (KM1),
T = I — fz(l'n)—i—fz(yn)
T T T ) (F@a) — Fum)
b =g Ja)
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Kings method with g = 3, (KM2), [16],

m " () fan) + (B =2) f(yn)
y I f(xn)
S ()

and our algorithm that is defined by Eq. (2.17). fol-
lowing stopping criterion is used for computer pro-
gram

i |Tng1 — znl< € i [ f(zn)|< e

Example 4.1
fi = sin®(z) —2?+1,
fo = x> —e®—3x+2,
f3 = cos(z) —z,
fi = (x-1>3-1,
fs = sin(x) — >
fo = (@°+42® —10)%

(for more detailes see Table 1.)

Remark 4.1 We consider the definition of efficiency
index as P%, where P is the order of the method and
d is the number of functional evaluations per iteration
required by the method. The algorithm that is defined
by the Eq. (2.17) has the efficiency index equals to
75 ~ 1.477, which is better than the Newton’s method
with efficiency index equals to 23 ~ 1.414.

5 Conclusion

In this work, we proposed an algorithm for solving
the nonlinear equations. We derived analytically the
order of convergence of this algorithm, which is P = 7.
According to obtained results, the iterative algorithm
that was introduced in this paper performs better
than Newton’s algorithm, Changbum Chuns methods
(CM1, CM2 and CM3), Kous method (KM1) and
Kings method (KM2) for solving nonlinear equations.
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