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Abstract In this paper, we present a simple, and yet powerful and easily applicable
scheme in constructing the Newton-like iteration formulae for the computation of
the solutions of nonlinear equations. The new scheme is based on the homotopy
analysis method applied to equations in general form equivalent to the nonlinear
equations. It provides a tool to develop new Newton-like iteration methods or to
improve the existing iteration methods which contains the well-known Newton
iteration formula in logic; those all improve the Newton method. The orders of
convergence and corresponding error equations of the obtained iteration formulae
are derived analytically or with the help of Maple. Some numerical tests are given
to support the theory developed in this paper.
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1 Introduction

It is often necessary in scientific and engineering practices to find a root of a poly-
nomial or an nonlinear equations. Probably the most well-known and widely used
algorithm to find a root of such an equation is Newton’s method that, when the
root is simple, converges quadratically to it. However by such a method one can
only find its solution near its initial approximation and approach its exact solution
slowly. Improvements of the method, increasing the order of convergence, are usu-
ally obtained at the expense of an additional evaluation of the first or often higher
derivative, additional evaluation of the function in the point of evaluation [32].
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Recently, there has been some progress on Newton-like iteration methods
improving Newton’s method [1,2,8,9,11-14,17,31,33]. To obtain some of those
iteration methods the Adomian decomposition method was applied in [1,8,9],
He’s homotopy perturbation method [2,11,14-16] and Liao’s homotopy analysis
method [20-29] by scientists and engineers because the latter two methods are
to continuously deform a simple problem easy to solve into the difficult problem
under study. The convergence of Newton-like methods are proved in, e.g., [7,19,
25]. However, the Newton-like methods developed so far are mostly based on a
specific form of equations or systems that often lead to a restricted application to
produce any further Newton-like formulae as the need arises.

In this paper the analytic approximate technique for nonlinear problems, namely
the homotopy analysis method [22,24,26-28], which has already been successfully
applied to many nonlinear problems, is employed to develop a numerical scheme
that can be used in constructing new Newton-like iteration methods or further
improving the already existing iterative methods to the order of convergence as
high as one wants. To that end, the homotopy analysis method is applied to a
transformed equation in general form equivalent to the nonlinear equation, not the
nonlinear equation itself. It should be noted here that in this work the homotopy
analysis method is applied to the nonlinear algebraic equations, not the differential
equations.

The paper is organized as follows. The proposed scheme is described in Sect. 2
in detail together with some illustrations in Sect. 3 of various kinds of iteration
formulae derived from the proposed scheme. We also give a detailed convergence
analysis of the obtained iteration formulae analytically or with the help of symbolic
computation of mathematical software package Maple. Lastly, numerical illustra-
tions are given.

2 Scheme of constructing iterative methods

Consider the nonlinear equation

f(x) =0. (1)

Throughout the paper we assume that f (x) has a simple root at  and y is an initial
guess close to «.
Let us transform the nonlinear equation (1) into the following canonical form:

X+ Nkx)=c (2)

or
Ax) =L(x)+ N(x)=c, 3)

where c is a constant, L is a linear function and N a (nonlinear) function.
Using the embedding parameter g € [0, 1], we construct a family of equations
called the zero-order deformation equation in homotopy analysis method [22-28]:

(I—q)[L(v) —LE)]=hq[A{) —c], “4)
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where £ is an initial guess close to « and % is a non-zero auxiliary parameter.
Obviously, when ¢ = 0 and ¢ = 1, we have from (4) that

Lv)—L(E)=0, A(w)—c=0. (5)

So, as g increases from O to 1, (4) varies from L(v) —L(§) = 0to A(v) —c = 0.In
topology, this is called deformation, L(v) — L(£) and A(v) — ¢ homotopic. Now,
the solution v of (4) is a function of the embedding parameter ¢, denoting it by
v(g). Expanding v(q) in a Taylor series gives

+o00
v(g) =vo+ D vmg". (6)
m=1
where
1 ™v(g)
vy = — L (7)
m! 9g™ |,
The solution of (1) is, therefore, given by
vzlimlv(q)zvo—i—vl—i-va—l--“, (8
q%

and its n-term approximant obtained by

n—1

vr S ©)

i=0

Clearly, convergence of the series (8) depends on the auxiliary parameter # and the
initial guess & [15,27]. As long as h and & are so properly chosen that the series
(8) converges in a region, it converge to the exact solution in this region [25,27].
To obtain the approximate solution of (4), we expand N (v) into Taylor series

1
N@) = N (@) +N'(00)(qui+¢7 v+ )+ 2 N @) (qui+q oo+ )+

(10)
Substituting (6) and (10) into the zero-order deformation equation (4), and the
equating coefficients of like power of g, we obtain

q°: L(vo) — L(§) =0, (11)

q': L(v)) — L(vo) + L(&) = h [L(vo) + N(vo) — cl, (12)

g% : L(v2) — L(v1) = h [L(v1) + N'(vo)v1], (13)
1

¢ L(vs) —L(v)) =h |:L(v2) + N'(vo)va + 5N”(vo)v%}, (14)

1
q* i L(va)—L(v3)=h [L(v3) + N'(vo)v3 + N" (vo)viva + ;N'”(vo)vﬂ (15)
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Equations (11) to (15) can be solved for the components of v only if L is invertible,
so we assume that the inverse of the linear function L exists.
From (11), we can obtain one of its solutions

vy = £. (16)

From equations (12) to (15), the components vy, vz, v3, ... of the solution of (1)
can be recursively determined.

Some points should be emphasized here. The solution series given by the pro-
posed scheme in the above contains the auxiliary parameter /#, which provides us
with a simple way to adjust convergence rate of solution series as will be seen in
the next section. The solution series given by Adomian’s decomposition method
[3-5] is just a special case of the solution series given by the proposed scheme
when h = —1, & = c. As a result, the iteration formulae proposed based on the
Adomian decomposition method will be also derived from the proposed scheme
[1,8-10].

3 Newton-like methods for equations of the form (2)

It is obvious that the nonlinear equation (1) can be rewritten in many different
ways equivalent to (2). By way of illustration, the proposed scheme is in this sec-
tion applied to four of those equivalent forms to argue that one can construct as
many Newton-like iteration formulae improving the Newton method or existing
iteration formulae as one likes. We also find order of convergence of most of the
resulting iteration methods analytically or with the help of Maple.

As our first case of the form (2), we consider the following coupled system:

2[{‘()/) + g/(x)] _ . (17)
')+ f'(x)
')+ fx)

gx) = f(x)— f(y) — = (18)

The system (17),(18) can be derived by rewriting the first equation of the following
system equivalent to (1):

f(y)+w<x—w+g<x) 0, (19)
g0 = fr) — foy = LSO (20)

2

It is easy to see that the method of Weerakoon and Fernando of order three [33]
may be derived from (17) by letting g(x) = 0, solving for x,

pmy— 2 21

NI RN
and then replacing y and x on the left-hand side of (21) with x,, and x,,41, respec-
tively, in combination with the approximation f'(x) ~ f'(x, — f(xn)/f (x2)).
Applying (11)to (13) with L(x) = x, N(x)=Q2[f(y) + g)D/(f (¥) + f(x)),
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and ¢ = y, after some simplications, the components vg, vy, v2, V3, ... are recur-
sively determined as follows.
vo = §, (22)
_2Ee (23)
f')+ f1(§)
O g SOS® . PEOSE
')+ @& LF')+ f1&)1? ')+ &P
(24)
and so on.
With& =y — ]{/((J;)) , we therefore have the first-order approximation
f)
Ny — 25
e @
and the second-order approximation
f ) 21(8)
A~y — h , 26
"o o+ r® 2o
and the third-order approximation
Ny — f W) S+ ah ) 42 F@&f'E
') f')+ 1) L)+ f1E)1?
2 "
RN RGN o
Lf') + f1&)P
and so on.
Writing x,, = y and x, 41 = x, we obtain the iteration methods
_ . S (xn)
Xn+1 = Xn 1 (n) > (28)
S (xn) 2f(xy41)
n = An — h , 29
T T ey T o) + ) %
S (xn) VACHY , FOom D o)
n+l = Xp — 4h 4h
T =0 ey T T P e + PP
PO ) " Gory)
_4 2 n+1 n+1 , 30
LG + /Gt ) G0
where
E3 f(x}’l)

X = Xp — .
ntl " S (xn)

Now, the following question arises. Is there a value of / such that the iteration
methods defined by (29) and (30) has a maximum order of convergence?
The preceding question can be answered as follows.
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Theorem 3.1 Let o« € I be a simple zero of a sufficiently differentiable function
f I — R foranopeninterval I. Then the method defined by (29) has a maximum
order of convergence equal to three for h = —1, and it then satisfies the following
error equation:

eni1 =203¢0 + O(eh. (31)
The method defined by (30) has a maximum order of convergence equal to four for
h = —1, and it then satisfies the following error equation

ent1 = cyey + O(e)), (32)

where e, = x, —a and cx = f®(a)/k!f/ ().
Proof Let a be a simple zero of f. Consider the iteration function F' defined by

f(x) T 2f(z(x))

Fx)=x— - - - , (33)
S (x) J'x) + f(z(x))
where z(x) = x — ]]:/((x)) . From the Taylor expansion of F(x,) around x = o, we
X
obtain
"
Xapt = F(x) = a+ (1+h) ;f((f;)) e
@y Yol , 4
_ [2(2 +3h) (2]”(01)) — 2+ Mg e+ 0. G4

where e,, = x,, — «. Thus,
ent1 = (1 +h)crer —2[2+3h)e3 — (1 +h)cz]e) + O(e)),  (35)

where ¢y = f ®) () /k!f’(). This last equation establishes the maximum order
of convergence for h = —1; since e, = 20%6,3, + O(eﬁ), the local order is three
and there is no other iteration method from (29), varying the values of &, with order
greater than or equal to three.

Consider the iteration function G defined by

Gy =x— IO gy SED e JEOEW)
f'(x) J1) + f(z(x)) Lf'(x) + f/(z(x)]
fHz0)) £ (z(x)
—4n* : 36
Lf'(x) + £z )P (30)
By the Taylor expansion of G (x,) around x = «, we obtain
_ 2 f//(a) 2
S = e+ (0ot
1@\ fO@ |
—2(1+nh 1+2h —(+h -
(+)[(+ )(Zf/(a)) A+ |

(@) ()
2f() 6f ()

1" (e0)
2f(a)

}ei +0(e). (37)

3
+|:(4+14h+11h2)( ) —7(1 4 h)(1 + 2h)

5 FP (@)

Ry
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Thus,
ent1 = (1+h)2cre? —2(1 + W[ +2h)c3 — (1 + h)csle]
+[(4 + 14h + 11873 — T(1 + h)(1 + 2h)cacs + 3(1 + h)’eqel
+0(). (38)

This last equation establishes the maximum order of convergence for 1 = —1;
since e,+1 = c%e;1 + O(efl), the local order is four and there is no other iteration
method from (30), varying the values of h, with order greater than or equal to
four. O

With different &, for example, £ = y, we have the approximations

f)
XAy +ht, (39)
TR
o L PO
X~y +hQ2+h) —h , (40)
f' ) 2f3(y)
for which we obtain the iterative methods
f(xn)
Xpp1 = Xp +h——, (41)
! 7/(xn)
F@n) 5 FP00) ()
= hQ2+h —h . 42
Xn+1 Xp +h(2+ )f/(xn) 2f/3(xn) (42)
When i = —1, (41) is the Newton iteration formula and (42) is the exactly the

same as that given in [14].
Proceeding as in the proof of Theorem 3.1 for the iteration formulae (41) and
(42), we obtain the following error equations

ent1 = (1 + h)e, — heaer + 0(e)) (43)
and
ent1 = (1+h)%e, — 2h(1 + h)cae? — h[(4 + Sh)cs — 22 + 3h)c3le]
—h[3(2 4 3h)ca — 2(7 + 13h)cacs + (8 4 1Th)c3let + O(e)), (44)

respectively.
Therefore, the method defined by (41) has a maximum order of convergence equal
to two for 7 = —1, and it then satisfies the error equation:
ent1 = c2el + 0(e)). 45)
The method defined by (42) has a maximum order of convergence equal to three
for h = —1, and it then satisfies the following error equation:
eni1 = 23 — c3)ed + 0(eh. (46)

Thus, we have proved that the iterative method defined by

@) ) Om)
f(xn) 2f/3(xn)

Xn+1 = Xn 47)

has order of convergence three.
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In a similar fashion as in the above, one can continue to derive a sequence
of new iteration methods or improving the already existing iteration formulae by
specifying appropriating values for &.

As our second special case of the form (2), we consider the following equation:

f)
X+ ——————y)=v. (48)
f @) = fy)
The Eq. (48) can be derived by rewriting the first equation of the following system
equivalent to (1):

fW+ M —y)+gx) =0, (49)
g) = fx)— f)— ffx =y, (50)

in the form

/ g(x)
f)+ &=y [f (y) + } =0, (51)
(x—=v)
giving

.+ f)x —vy) . (52)

f'@E =y +g@)
and then simplifying (52) using (50).

Applying (11) to (13) with L(x) = x, N(x) = L(x —vy),andc = v,
o f@x) = f) .
after some simplications, the components vg, vy, vz, v3, . .. are recursively deter-
mined as follows.
vo = §, (53)
fé)
=h[§+NE) —yl=h—"""F—E —V), 54
= hIEFNE =y =h 6 =) (54)
vy =(+h)vi+h N(@ovi = (1 +h)h ﬁ(é -7
F@E —f)
FWwf§) 2 fFE) f(§) 2
+h? Ol (g —y)— pP L e , (585
TG A TG e
and so on.
Therefore, proceeding as in the first case with & = y — %, we arrive at the
v
following iterative methods
_ _ S (xn)
Xptl = Xn ) (56)
S (xn) FGn) fxy )
n = Xn — h s 57
St =y T G = P 1 ) o7
S (xn) FGn) fxy )
n4+1 = Xn — h2+h
=y T e = G 1 G
2 FREDNACHEY w2 L) FOE D (L)) 58

Lf ) = f ) DI f! (xn) Lf ) = O DR 2 0m)
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where
. f(xn)
f/(xn) .

By the help of Maple, we have as the error equation for (57)

o _
Xy 1 =Xn

ent1 = (1 +h)crey — [(2+3h)c5 — 21+ h)cz] ey + O(ey),  (59)
and as the error equation for (58)

ent1 = (1+h)2cae? =21 + W1 +2h)cE — (1 + h)esle)
+[(4 4 14h 4+ 118%)c3 — (1 + h)(T + 13h)cacs + 3(1 + h)cqle?
+0(e;), (60)

where e, = x, —a and ¢y = f© (@) /k! f' ().
Equations (59) and (60) establish the maximum orders of convergence for 7 =
—1; since e,11 = c3e; + O(e}) and e,41 = 3¢ + O(ey), the local order are
three and four, respectively, and there are no other iteration method from (57) and
(58), varying the values of &, with order greater than or equal to three and four,
respectively.

Thus, we have the following convergence theorem.

Theorem 3.2 Let o € I be a simple zero of a sufficiently differentiable function
f I — Rforanopeninterval I. Then the method defined by (57) has a maximum
order of convergence equal to three for h = —1, and it then satisfies the following
error equation

ent1 = c5ed + 0(eh, (61)

where, e, = x, — o and ¢ = f(k) (@)/ k! f'(a). The method defined by (58) has a
maximum order of convergence equal to four for h = —1, and it then satisfies the
following error equation

ent1 = c3er + 0(e). (62)

We note that the methods (57) and (58) do not require the computation of sec-
ond or higher derivatives to carry out iterations. By taking different values for &,
one can continue the above process to derive a sequence of new iteration methods
or improving the existing iteration formulae.

We next show that any iteration method gives rise to an equivalent system to (1)
of the form (2), so that the corresponding iteration function can be used to construct
Newton-like methods. To that end let us consider the following equivalent system
to (1) by the Newton iteration, for the sake of simplicity,

x—¢x) =0, (63)

W
P =Ty

(64)
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Applying (11)to (13) with L(x) = x, N(x) = —¢(x) = —x + }‘/(();))

after some simplications, the components vg, vy, v3, v3, ... are recursively deter-
mined as follows.

andc =0,

vo =&, (65)
)
=h , 66
e (09
F& L FFESE)
= (1+h)h —h , 67
) /3@ ©n
and so on.
Therefore, proceeding as in the previous cases with§ = y — Jj:/(()/)) , we can obtain
the following iterative methods ’
_ _ S (Gxn)
Xn+1 = Xn 1 (n) > (63)
S ) f(x:-i-l)
n = An — h s 69
= ey T e, (©9)
S (xn) SO o L ) ()
el = Xy — +hQ+h)——— — , (70
Xn+1 X f/(.xn) ( )f/(x:+1) f/3(x;lk+1) ( )
« S (xn)
where x| = x, — o)
It should be pointed out that setting # = —1 in the iteration formula (69)

reduces to the well-known double-Newton method, that is, the composite iteration
method of two Newton methods, that converges with the fourth-order [32].
By the help of Maple we have the following error equations

ent1 = (1 +h)crer +2(1+h)(c3 — c)e;
+[3(1 + h)ea — 7(1 + h)eacs + (4 + 3h)c3les + O(ey),  (71)

and

ent1 = (1 +h)?cred +2(1+ ) (c3 — 3)ep
B3+ h)*es — T(1 + h)?cacs + (A + 6h + h)c3ley + O(en), (72)

for (69) and (70), respectively.
Thus, we have the following convergence result.

Theorem 3.3 Let o € I be a simple zero of a sufficiently differentiable function
f I — R for an open interval 1. Then the method defined by (69) has a maxi-
mum order of convergence equal to four for h = —1, and it then satisfies the error
equation:

ent1 = c3er + 0(e)). (73)
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The method defined by (70) has a maximum order of convergence equal to four for
h = —1, and it then satisfies the following error equation

eni1 = —cier 4+ 0(e)), (74)

where e, = x, —a and ¢, = [P (@) /k! f' ().

It should be noted at this point that using the other iteration functions instead of
the Newton iteration function in (64) will also result in many of other Newton-like
iteration formulae. Again, one can continue the above process to derive a sequence
of new iteration methods or improving the already existing iteration formulae by
taking different values for &.

As our fourth special case of the form (2) let us consider the following coupled
system equivalent to (1):

g(x) f)
=y — , 75
e T T o) 7
gx) = fx) = fr) = ff»x —yp). (76)
Applying (11) to (14) with L(x) = x, N(x) = %, andc =y — % the
components vy, V1, V2, V3, . .. are recursively determined as follows. Y
v = §, (77)
g(§) F() ] (&)
=h NE)—cl=h — =h , (78
U1 [+ N(E)—cl] [é + 700 Y+ 700 70) (78)
/ &) 2 fE) ()
=({1+h h N =h h , 79
v = (1 +nmv + (vo)vi 700 + 20 (79)
v3=(0+hv+h [N/(vo)vz + %N”(vo)v%]
/ " 2
0 () +2h2f(§)2f (é) e FEOLFE)f gé) +2f (S)]’ (80)
') 1) 27 ()
and so on. This case has been investigated in [11] when 7 = —1, by using the

homotopy perturbation method. Here, we give more general iteration formula using
the recursive relation (11) to (15) and a related convergence analysis.

Withé =c=y — F) , We can obtain the iterative methods
F')
_ S xn) f(x;(_,_l)
= e T ®2
el = Xy — S (xn) oy S o) 2 SO ) f (xn+1>’ (83)

S Gen) I (xn) f/z(xn)
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f ) 3, o) 132 O ) f Gey)

Xp+l = Xp — +
T PG £/(xn) £720x)
3 S [f(x;';ﬂ)f”(x,fﬂ) + 2f/2(x2‘+1)] (84)
2 £ (xn) ’
where
o =y — f )
nt ! S (xn) '

It should be mentioned that setting 47 = —1 in the iteration formula (82) reduces to
a modification of Newton’s method due to Potra and Ptak, the two-step method [6]
that converges cubically in some neighborhood of «. Setting 7 = —1 in the itera-

tion formula (83) reduces to the method derived in [10] by applying the Adomian
decomposition method.
Again, by the help of Maple, we can obtain the following error equations

ent1 = (1+ h)cael — 2[(1 +2h)c3 — (1 + h)csle; + O(ep), (85)
and
ent1 = (1 4+ h)2cre? —2(1 4+ W[ +3h)c5 — (1 + h)cle]
+[(4 + 26k + 27h*)c3 — T(1 + h)(1 + 3h)eacs + 3(1 + h)’calen
+0(e), (86)

for (82) and (83), respectively.
Thus, we have the following result.

Theorem 3.4 Let o € I be a simple zero of a sufficiently differentiable function
f I — R foranopeninterval I. Then the method defined by (82) has a maximum
order of convergence equal to three for h = —1, and it then satisfies the following
error equation

ent1 =2c3¢3 + 0(eh), (87)
where, e, = x, — o and ¢y = f(k) (a)/ k! f'(a). The method defined by (83) has a
maximum order of convergence equal to four for h = —1, and it then satisfies the
following error equation

ent1 =53¢t +0(e). (88)

When & = y, it can be shown that the third-order approximation yields the
iterative method defined by

fGn) 5 f2 ) [ ()
= h(3+3h +h? h :
S e R YT
and that by the help of Maple, the method (89) has a maximum order of convergence
equal to three for h = —1, it satisfies the following error equation:

(89)

ent1 = (2¢3 — c3)e, + O(e)). (90)

We remark that the iteration formula (89) with 7 = —1 reduces to the House-
holder’s iteration [18] known to be with cubic convergence.
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In a similar fashion as in the above, one can continue to derive a sequence
of new iteration methods or improving the already existing iteration methods by
specifying appropriate values for y and &, whether these values are freely selected
or not.

4 Examples
The order of convergence is defined by p such that

e
1imn%0ﬂ =c#0.
len|?
Then the computational order of convergence (COC) p can be approximated using
the formula
o G — /(0 — )
In|(x, — a)/(xp—1 — )|
All computations were done using MAPLE using 64 digit floating point arithme-
tics (Digits:=64). We accept an approximate solution rather than the exact root,
depending on the precision (€) of the computer. We use the following stopping
criteria for computer programs: (i) |X,+1 — x| < €, (@i) |f(xy41)| < €, and so,
when the stopping criterion is satisfied, x; is taken as the exact root « computed.
For numerical illustrations in this section we used the fixed stopping criterion
e=10"1,
We present some numerical test results for various cubically convergent itera-
tive schemes in Table 1. Compared were the Newton method(NM), the method of
Weerakoon and Fernando [33](WF) defined by

_ 2 f(xn)
1)+ f1 o = fen)/f(x0))’

the method derived from midpoint rule [12] (MP) defined by

. Fxn)
I = fxn) /2 f (xn))

the method of Abbasbandy [1](AM) defined by

fo) P ) ) 7 0m)

Xn+1 = Xn

Xn+1 = Xn

Xn+1 = Xn —

S (xn) 2]”3 (xn) 2f/5 (xn) ,
the method of Homeier [17](HM) defined by
¥ — f ) ( 1 + 1 )
T\ P G = f@) e )

and the methods (29) with h = —1 (CM1) and (57) with » = —1 (CM2) intro-
duced in the present contribution. We used the same test functions as Weerakoon
and Fernando [33]
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filx) = X+ 4x? — 10,

fr(x) = sin’x — x2 + 1,

f3(x) = x? —e* —3x + 2,

fa(x) = cosx — x,

) =@ =1 -1,

fo(x) = x> =10,

fr(x) = xe® — sinx + 3cosx + 5,

fS(-x) — ex2+7x730 1.

As convergence criterion, it was required that the distance of two consecutive
approximations 8 for the zero was less than 10~'3. Also displayed are the number
of iterations to approximate the zero (IT), the number of functional evaluations
(NFE) counted as the sum of the number of evaluations of the function itself plus
the number of evaluations of the derivative, the computational order of convergence
(COC), the approximate zero x, and the value f(x,). Note that the approximate
zeroes were displayed only up to the 28th decimal places, so it making all looking
the same though they may in fact differ.

We also present some numerical test results for various quartically convergent
iterative schemes in Table 2. Compared were the double-Newton method [32](DN)
defined by

. S ) . [l — f(xn)/f/(xn))
S (xn) S — fFx)/f (x0)) '

the Ostrowski method [30] (OM) defined by

Xn+1 = Xn

. fxn) T S ) f(xn — f(xn)/f/(xn))
f/Gxn) SO 2fxn — fGa)/f (xn)) — f(xn)] '

an iteration method known to converge with the fourth-order [32](TM) defined by

Xn+1 = Xn

— 1 |:f(xn) 3f(x'1) ]
Xn+l1 = Xnp — + )
4L ) fHxn = @2/3) f ) /S (e — (1/3) f (en) /7 (X))}

and the methods (58) with 7 = —1 (CM3), (70) with h = —1 (CM4) and (83) with
h = —1 (CM)) obtained in the present contribution.

The test results in Tables 1 and 2 show that the computational orders of con-
vergence of the proposed methods (CM1-CM5) are in accordance with the theory
developed in the previous section. For most of the functions we tested, the methods
introduced in the present presentation for numerical tests behave equal or better
performance compared to the other methods of order three or four. The important
characteristic of the methods CM1-CM3 and CMS5 is that they do not require the
computation of second-order or higher-order derivatives of the function to carry
out iterations.
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Table 1 Comparison of various cubically convergent iterative schemes and the Newton method

IT NFE COC x, Flx) s
fi,00=-0.3
NM 55 110 2 1.3652300134140968457608068290  1.95¢-60 4.92¢-31
WF 7 21 3 1.3652300134140968457608068290 0.0e-01 6.25e-26
MP 19 57 3 1.3652300134140968457608068290  0.0e-01 4.03e-43
AM 22 66 2.97 1.3652300134140968457608068290 —1.47e-57 1.14e-19
HM 87 261 3 1.3652300134140968457608068290  0.0e-01 3.06e-46
CM1 13 52 3 1.3652300134140968457608068290  0.0e-01 4.83e-28
CM2 5 15 3 1.3652300134140968457608068290  7.15e-53 2.62e-18
Sf2.x0 =
NM 7 14 2 1.4044916482153412260350868178 —1.04e-50 7.33e-26
WF 5 15 3 1.4044916482153412260350868178 —2.0e—63  3.79e-30
MP 5 15 3 1.4044916482153412260350868178  1.3e-63 7.7e-33
AM 5 15 2.86 1.4044916482153412260350868178 —5.81e-55 1.39e-18
HM 4 12 3.01 1.4044916482153412260350868178 —5.4e-62 7.92e-21
CM1 5 20 3 1.4044916482153412260350868178 —2.0e—63  2.49e-33
CM2 5 15 3 1.4044916482153412260350868178 —2.0e—63  7.14e-32
f3,x0=2
NM 6 12 2 0.25753028543986076045536730494 2.93e-55 9.1e-28
WF 5 15 3 0.25753028543986076045536730494 1.0e-63 1.62e-34
MP 4 12 3.01 0.25753028543986076045536730494 1.0e—63 3.95e-24
AM 5 15 3 0.25753028543986076045536730494 1.0e-63 1.45e-26
HM 5 15 3 0.25753028543986076045536730494 0.0e-01 9.33e-43
CM1 4 16 2.96 0.25753028543986076045536730494 —6.4e-50 1.25¢-16
CM2 4 12 2.98 0.25753028543986076045536730494 —3.18e-53 9.88e—18
Ja, xo = 1.7
NM 5 10 2 0.73908513321516064165531208767 —-2.03e-32 2.34e-16
WF 4 12 3.01 0.73908513321516064165531208767 1.0e—64 1.04e-21
MP 4 12 2.99 0.73908513321516064165531208767 —-3.32e-61 1.45¢-20
AM 4 12 3.01 0.73908513321516064165531208767 —7.14e—47 8.6e—16
HM 4 12 3 0.73908513321516064165531208767 -5.02e-59 9.64e-20
CM1 4 16 3 0.73908513321516064165531208767 1.0e-64 6.68e-28
CM2 4 12 3 0.73908513321516064165531208767 0.0e-01 1.07e-26
f5.x0 =35
NM 8 16 2 2 2.06e—42 8.28e-22
WF 6 18 3 2 0.0e-01 3.28e-37
MP 6 18 3 2 0.0e-01 1.26e-42
AM 5 15 299 2 0.0e-01 4.3e-22
HM 5 15 30 2 0.0e-01 1.46e-24
CM1 6 24 3 2 0.0e-01 5.41e-40
CM2 6 18 3 2 0.0e-01 1.10e-40
fesx0=1.5
NM 7 14 2 2.1544346900318837217592935665 2.06e-54 5.64e-28
WF 5 15 3 2.1544346900318837217592935665 —-5.0e-63 5.08e-32
MP 5 15 3 2.1544346900318837217592935665 —5.0e—63  7.04e-37
AM 5 15 2.99 2.1544346900318837217592935665 —5.0e-63 1.18e-25
HM 4 12 3 2.1544346900318837217592935665 —5.0e—-63 9.8e-23
CM1 5 20 3 2.1544346900318837217592935665 —5.0e—63 4.09¢-37
CM2 5 15 3 2.1544346900318837217592935665 —-5.0e-63 4.57e-35
f1.x0=-2
NM 9 18 2 —1.2076478271309189270094167584 —-2.27e—40 2.73e-21
WF 7 21 3 —1.2076478271309189270094167584 —4.0e-63 3.11e-44
MP 6 18 3 —1.2076478271309189270094167584 —4.0e-63 2.12e-23
AM 6 18 3 —1.2076478271309189270094167584 —4.0e-63 4.35¢-45
HM 6 18 3 —1.2076478271309189270094167584 —4.0e-63 2.57e-32
CM1 6 24 3 —1.2076478271309189270094167584 —2.86e-53 8.55e-19
CM2 6 18 3 —1.2076478271309189270094167584 —1.98e-57 3.51e-20
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Table 1 continued

1T NFE COoC Xy f(xy) )
f3,x0 =3.5
NM 13 26 2 3 1.52e-47 4.2e-25
WE 9 27 3 3 0.0e-01 4.07e-25
MP 8 24 2.99 3 6.57e—48 2.41e-17
AM 7 21 2.98 3 —4.33e-48 2.25e-17
HM 8 24 3 3 2.0e-62 2.43e-33
CM1 9 36 3 3 0.0e-01 3.93e-34
CM2 9 27 3 3 0.0e-01 5.75e-39

In Theorems 3.1 to 3.4 we proved that the iteration formulas presented in this
work have the maximum order of convergence when 2 = —1. However, it should
be emphasized that the order of convergence is a property of iteration formula near
root: the order of convergence is one thing, the total number of iterations is the other.
In general, for a given iteration formula, the total number of iterations depends not
only on the order of convergence but also the initial approximation xg. For iteration
formulas obtained in this work, the total number of iterations also depends upon
h. To illustrate the heavy dependence of the total number of iterations on %, we list

the total iteration number in the seventh equation xe” — sin?x + 3cosx +5 = 0
for different initial approximation xo and % in Tables 3, 4 and 5.

The test results from Tables 3 to 5 show that in almost all of the cases the
iteration formula with 4~ = —1 gives the maximum iteration number, although it
corresponds to the highest order of convergence. These illustrations indicate that,
sometimes, much less iteration number is needed if a proper value of /4 is chosen
when the initial approximation xg is far from root. Note that, for a given nonlinear
algebraic equation, it is rather hard to choose an initial approximation near a root.
It seems that there exists the optimal value of %, which corresponds the minimum
number of iteration. As pointed by Liao in his book [27] it is the auxiliary parameter
h that provides us with a simple way to control the convergence region and rate.
The optimal choice of the parameter /2 will be an interesting work in future.

5 Conclusion

In this work we presented a numerical scheme, which can be used in constructing
various kinds of Newton-like iteration methods improving Newton’s formula or the
existing iteration formulae from several transformed equations equivalent to the
nonlinear equation. This turns out to be very fruitful in developing or improving
Newton-like methods. These transformed equations are also constructible in many
different ways equivalently to the nonlinear equations using such functions as the
known iterative functions, and so this merit will make the proposed numerical
scheme versatile in applications.

We have also discussed that the convergence orders and error equations of
the methods can be found exactly and explicitly with the help of Maple package.
The proposed scheme can be continuously applied to generate iterative methods
with arbitrarily specified order of convergence or extended to systems of nonlin-
ear equations in combination of symbolic computation of mathematical software
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Table 2 Comparison of various quartically convergent iterative schemes

IT NFE COC x, fo) 8
fi,00=-0.3
DN 28 112 3.99 1.3652300134140968457608068290 0.0e-01 4.92¢-31
OM 46 138 4 1.3652300134140968457608068290 0.0e-01 9.16e-57
™ 86 344 4 1.3652300134140968457608068290  0.0e-01  6.82¢-45
CM3 8 32 4 1.3652300134140968457608068290 0.0e-01 8.95e-55
CM4 11 55 4 1.3652300134140968457608068290  0.0e-01  5.44e-58
CM5 27 108 4 1.3652300134140968457608068290 0.0e-01  1.82e-50
f,xo=1
DN 4 16 3.991 1.4044916482153412260350868178 —2.0e-63 7.33e-26
OM 4 12 3.995 1.4044916482153412260350868178 1.3e-63 5.64e-28
™ 4 16 3.994 1.4044916482153412260350868178 1.3e-63 3.08e-27
CM3 4 16 3.999 1.4044916482153412260350868178 —2.0e-63 2.73e-36
CM4 4 20 4.003 1.4044916482153412260350868178 1.30e-63 7.39e-31
CM5 5 20 3.951 1.4044916482153412260350868178 —2.0e-63 1.31e-17
f3,x0=2
DN 4 16 4 0.25753028543986076045536730494 0.0e-01 7.74e-56
OM 4 12 3.994 0.25753028543986076045536730494 1.0e-63 2.70e-23
™ 4 16 3.998 0.25753028543986076045536730494 —1.0e-63 3.17e-34
CM3 4 16 4.001 0.25753028543986076045536730494 —1.0e—63 7.25e—44
CM4 4 20 4.004 0.25753028543986076045536730494 —1.0e-63 1.73e-39
CM5 4 16 3.978 0.25753028543986076045536730494 1.0e-63 9.46e-29
Ja, xo = 1.7
DN 3 12 3.595 0.73908513321516064165531208767 0.0e-01 2.34e-16
oM 4 12 4 0.73908513321516064165531208767 0.0e-01 3.18e—48
™ 4 16 4 0.73908513321516064165531208767 0.0e-01 1.28e-48
CM3 4 16 4 0.73908513321516064165531208767 0.0e-01 7.28e-61
CM4 3 15 3.589 0.73908513321516064165531208767 0.0e-01 1.81e-16
CM5 4 16 4 0.73908513321516064165531208767 0.0e-01 1.87e-53
fs,x0 = 3.5
DN 5 20 4 2 0.0e-01 6.86e-43
OM 5 15 4 2 0.0e-01 2.21e-49
™ 5 20 4 2 0.0e-01 1.08e—46
CM3 5 20 4 2 0.0e-01 3.82e—41
CM4 4 20 3997 2 0.0e-01 3.47e-31
CM5 5 20 3989 2 0.0e-01 2.74e-24
fe.xo =15
DN 4 16 3.996 2.1544346900318837217592935665 —5.0e-63 5.64e-28
OM 4 12 3.998 2.1544346900318837217592935665 —5.0e-63 3.73e-32
™ 4 16 3.997 2.1544346900318837217592935665 —5.0e-63 1.44e-30
CM3 4 16 3.999 2.1544346900318837217592935665 —5.0e-63 1.63e-33
CM4 4 20 4.002 2.1544346900318837217592935665 1.0e—-62 2.08e-31
CM5 5 20 3.985 2.1544346900318837217592935665 —5.0e-63 1.57e-22
f1.x0 =2
DN 5 20 3.997 —-1.2076478271309189270094167584 —4.0e-63 2.73e-21
OM 5 15 4 —1.2076478271309189270094167584 —4.0e—63 3.71e—43
™ 5 20 4.001 —1.2076478271309189270094167584 —4.0e-63 7.32e-28
CM3 7 28 3 —1.2076478271309189270094167584 —4.0e—63 2.60e-26
CM4 5 25 4 —1.2076478271309189270094167584 —4.0e—63 1.49e-45
CM5 7 28 2 —1.2076478271309189270094167584 1.67e-35 5.24e-19

package such as Maple. Also the way that the numerical scheme is constructed
may be replaced by any other perturbation method such as the Homotopy pertur-
bation method which, if successful, may result in another numerical scheme for
constructing the Newton-like methods.
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Table 3 Total iteration number of (29) for different xo and &

X0 h=-1 h=-2 =-3 =4
-5 21 18 16 17

-10 70 55 46 42

-15 152 114 94 83

=20 266 200 161 136

5 588 35 26 21

20 271 201 186 134
Table 4 Total iteration number of (57) for different xo and &

X0 h=-—1 h=-2 =-3 =—4
-5 20 17 16 14

-10 68 53 44 37

-15 148 111 89 78

=20 259 192 153 9574

5 44 21 150 4429
20 Divergence 195 304 436
Table 5 Total iteration number of (69) for different xo and &

-5 16 14 15 Divergence
-10 54 40 33 Divergence
-15 117 81 64 52

-20 205 141 108 88

5 2119 873 224 Divergence
20 793 145 2875 547
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