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Abstract

In this paper, we suggest and analyze two new iterative methods for solving nonlinear scalar equations
namely: the modified generalized Newton Raphson’s method and generalized Newton Raphson’s method
free from second derivative are having convergence of order six and five respectively. We also give several
examples to illustrate the efficiency of these methods. (©2016 All rights reserved.
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1. Introduction

Finding roots of nonlinear equations efficiently has widespread applications in numerical mathematics.
Due to their importance and significant applications in various branches of science, several methods are
being developed for solving f(x) = 0 using different techniques such as Taylor series, quadrature formulas,
homotopy perturbation method, Adomian decomposition and variational iteration technique [7, [8, @, 10}
13, 14, 15l 17, 21), 23] 26, 27]. Newton method is an important and basic method [26], which converges
quadratically. To improve the local order of convergence, many modified methods have been proposed. See

[8, 9] and [21I], 23]. Some basic iterative methods are given in literature [T, 2, 3] [4, 5 18| [19] 20, 22] 25]
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and the references therein. Success of Newton’s method and similar second or less order methods have led
to the wrong idea that the higher order iterative methods are meaningless. But the reality is that some of
the higher order iterative methods have vast applications and have best performance as compared to those
which have low order of convergence. No doubt, higher order iterative methods require more functional
evaluations which is the main drawback of these methods [I1, 16 24]. We are interested in finding higher
order iterative method free from second derivative.

In this paper, we suggest modified generalized Newton Raphson’s method and generalized Newton Raph-
son’s method free from second derivative. Unlike other higher order iterative methods, generalized Newton
Raphson’s method free from second derivative requires only three evaluations and has fast convergence. We
proved that modified generalized Newton Raphson’s method has sixth order of convergence and generalized
Newton Raphson’s method free from second derivative has fifth order convergence. Some examples are given
which show the performance of this method as compared to other methods.

2. Iterative methods

Consider the nonlinear algebraic equation

f(z) =0, (2.1)

we assume that « is a simple zero of ([2.1]) and ~y is an initial guess sufficiently close to .. Using the Taylor’s
series around ~y for (2.1]), we have

FO) + (@ =97 0) + (e =) F" )+ =0, (22)

If f'(v) # 0, we can evaluate the above expression as follows:

flag) + (= xg) f'(2) = 0.
If we choose 1 the root of equation, then we have

Th+1 = Tk — j:,((xk))- (2.3)

L

This is so-called the Newton’s method [26] for root-finding of nonlinear functions, which converges quadrat-
ically. From ([2.2]) one can evaluate

o 2f (wg) f' (1)
TR = T T ) — ) ) 24

This is so-called the Halley’s method [6l [11], 12] for root-finding of nonlinear functions, which converges
cubically. Simplification of (2.2)) yields another iterative method as follows:

Flxg) L) " (2r)

TR TR T ) T 2B )

(2.5)

This is known as HouseHélder’s method [16] for solving non linear equations in one variable and converges
cubically. Again from (2.2)), we have

F(@r) — 2 (@r) — 2f (xi) [ (@)

Tl = Tf — F7(r) ; (2.6)

which is known as generalize Newton Raphson’s method [24]. The order of convergence of generalize Newton
Raphson’s method (GNR) is three and requires three functional evaluations to solve the nonlinear equations.
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3. New iterative methods

Let f: X — R, X C R is a scalar function then by using Taylor series expansion one can obtain
generalized Newton Raphson’s method:

f,(xn) - \/le(xn) —2f(zn) f"(2n)
J" (@) '

Algorithm 3.1. For a given xg, compute the approzimate solution x,11 by the following iterative schemes:

Yn = Ty — f(@n)
n n f/(xn)7

o M) = P (n) = 2F () £ ()
n+1 Yn f”(yn) s

Tn4+1 = Tn —

(3.1)

which is our modified generalized Newton Raphson’s method.

In order to find the solution of the given nonlinear equation, we have to calculate the first as well as second
derivative of the function f(x), but in several cases, we face such a situation where the second derivative of
the function does not exist and our method fails to find the solution. To overcome this difficulty, we use the
finite difference approximation of the second derivative as follows:

f'(@n) — f'(yn)

Yn — Tn

f"(yn) = (3.2)

Using the above idea, we derive the generalized Newton Raphson’s method free from second derivative as
follows:

Algorithm 3.2. For a given xg, compute the approximate solution xn+1 by the following iterative schemes:

Yn = Ty — f(zn)
" " f(xn)’
Trpl = Yp — f(xn)f/(yn) - \/f2(xn)f/2(yn) - 2f($n)f(yn)f/(xn)[f/($n) - f’(yn)]
" " S @) (@n) = [ (yn)]

Algorithm is called the generalized Newton Raphson’s method free from second derivative. With
the help of this method, we can solve such type of non linear equations in which second derivative does not
exist. Also this requires only two evaluations of the function and one of its derivatives which shows that the
efficiency index of this method is greater as compared to those methods which require second derivative.
Several examples are given which shows the best performance of this method as compared to other well
known iterative methods which need second derivative.

(3.3)

4. Convergence analysis

In this section, we will show that the convergence order of modified generalized Newton Raphson’s
method (Algorithm is at least six and that of generalized Newton Raphson’s method free from second
derivative (Algorithm is at least five.

Theorem 4.1. Suppose that « is a root of the equation f(x) = 0. If f(x) is sufficiently smooth in the neigh-
borhood of «, then the convergence order of the modified generalized Newton Raphson’s method (Algorithm

18 SIT.

Proof. To analysis the convergence of Algorithm , suppose that a is a root of the equation f(xz) = 0 and
en be the error at nth iteration, than e, = x, — « then by using Taylor series expansion, we have
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F(2) =£'(@)en + g f(@)6h + (@)l + 1 /P (@)ed + o FO(@)e]
(@)l O ()] + O,

f(x) = f'(a)[en + c2€2 + czed + caet + csed + cgeb + crel + 0(ed))],
f(zn) = f'(@)[1 + 2coe, + 3636% + 40462 + 505efl + 60662 + 70762 + O(ezb)],

where

_ 1 f"(a)
“ Tl fla)

With the help of (4.1)) and (4.2)), we get

Yn =f"(a)[a + coe? + (2c3 — 2¢3)ed + (3c4 — Teaez + 4cd)ed + (—6¢2 4 20c3¢2 — 10c2¢y
+ des — 8c3)ed + (—1Tcqes + 28c4c3 — 13¢acs + Heg + 33cacl — 52¢3¢ 4 16¢5)e8
+ (—22¢3¢5 + 36¢5¢3 + 6¢7 — 16c0cs — 1265 + 92¢3¢0c4 — T265¢4 + 18¢3 — 126¢3¢3
+ 128c3ch — 32c5)e! + O(ed)),

Flyn) =F (@)[c2e? + (2¢3 — 2¢3)e3 + (3cq — Teacs + 5c3)en + (24c3cs — 12¢3 — 6¢3 — 10ca¢4
+4es)ed + (34cach — T3ezcs + 28¢5 + 3Tcacd — 17cqes — 13cacs + 5eg)el + (—160ckcs
+ 20603031 + 44050% — 1046%04 — 6408 + 104c3cocq — 22¢3¢5 + 607 — 16¢9c6 — 120?1
+18c3)ey + O(ep)],

F'(yn) =f (Q)[1 + 2c3e2 + (4eacs — 4c3)ed 4 (6eacy — 11ezcs + 8ca)el + (28czcs — 20¢yc
+ 8cacs — 16¢5)ed + (—16cqcacs — 68c3cy 4 1265 + 60cacy — 26¢5¢3 + 10cac + 32¢5)eS
+ (—20cacse3 + 112¢4c3¢3 — 84¢ocs + 160365 + 36¢4¢3 + T2¢5¢5 + 12¢0¢7 — 32¢35¢6
— 24coct — 168c4ch — 64ch)el 4+ 0(ed)],

" (yn) =f(@)[2¢2 + 6cacze? + (12¢3 — 12¢3¢2)ed + (—42cac2 + 18cyc3 + 24czcs + 12¢4c3)el
+ (—12cocqc3 + 24c503 — 36(:% + 1200305 — 48(:30;1 — 48840%)62 + (—78czcacs + 30c3cq
— Bdegct — 96c3cach + 198¢acs — 312635 4 96¢3¢5 + T2c0c3 + 144cych + 20c563) el
+ (72¢3¢3 + 7264620% + 576¢3c4¢5 — 384c3c3 — 384c4ch + 96cac504 — 132656% + 336¢30503
+ 36¢3c7 — 96¢3cac6 + 108¢3 — T56¢5ca + T68cacy — 192¢3¢s — 120c5¢3)el + O(€3)].

Using equations (4.3)), (4.4), (4.5), (4.6) in Algorithm we get
Tptl = @ — 036362 + (—60%0% + 6030%)677I + O(ei),

which implies that
eni1 = —c3cael 4+ (—6¢3c3 + 6escy)el + O(ed).

(4.3)

(4.4)

(4.5)

The above equation shows that the order of convergence of modified generalized Newton Raphson’s method

(Algorithm is six.

O

Theorem 4.2. Suppose that « is a root of the equation f(x) = 0. If f(x) is sufficiently smooth in the
neighborhood of o, then the convergence order of the generalized Newton Raphson’s method free from second

deriwative (Algorithm [3.2)) is five.
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Proof. To analyze the convergence of the generalized Newton Raphson’s method free from second derivative
(Algorithm [3.2)), suppose that « is a root of the equation f(x) = 0 and e, be the error at nth iteration,
than e, = x, — « then by using Taylor series expansion, we have

F() = Fl@)en + 51 (@) + 3 f" (@)l + 1 f@)eh + 7 ()el

o fO@)ed + 2 fD @), + Ofe),

f(x) = f(a)len + 62631 + 636?1 + 646;11 + 056751 + cﬁeg + 676771 + O(ei)], (4.7)
f(zn) = f(@)[1 + 2coen + 3c3€2 + deged + Seser + 6cged + TereS + O(el)], (4.8)
where
~ 1 fM(a)
Tl )

With the help of (4.7)) and (4.8)), we get

Yn =F (a)[a + coe? + (2c3 — 2¢3)ed + (3cq — Teaes + 4c3)ed + (=662 + 20c3¢3 — 10ca¢y + 4cs
— 8¢3)ed 4 (—17cycs + 28¢4ch — 13cacs + Heg + 33¢ac — 52c3cs + 16¢5)el + (—22¢3¢5
+ 36¢5¢5 + 6¢7 — 16c2c6 — 12¢5 + 92c3c9¢s — T2¢5¢4 + 18¢3 — 126¢3¢3 + 128¢3c3 — 32¢5)el
+0(en)],

Flyn) =F (@)[c2e? + (2¢3 — 2¢3)e3 + (3cq — Te2e3 + 5c3)en + (24c3cs — 12¢3 — 6¢3 — 10c2¢4
+ deg)ed + (3dcacs — T3escy + 28¢5 + 37c — 2¢3 — 17cacs — 13cacs + 5eg)el
+ (—160c3¢3 + 206¢3¢5 4 44csca — 104¢3 ey — 64¢S + 104czcacy — 22¢3¢5 + 6y
— 16c9c6 — 12¢5 + 18c3)el + O(ed))],

(4.10)

F(yn) =F'(@)[1 +2c3€2 + (4cacs — 4c)el + (6eacy — 1lescd + 8cy)en + (28cscs — 20cac3
+ 8cacs — 16¢5)ed + (—16cqcacs — 68c3cs + 12¢3 + 60cscs — 26¢5¢3 4 10cacs + 32¢5)ed
+ (—20c2c5c3 + 11204636% — 84026% + 160636% + 36040% + 720%05 + 12¢9c7 — 320306
— 24coc — 168cycs — 64ch)el + O(ed)].

Using equations (4.9)), (4.10) and (4.11)) in Algorithm we get

(4.11)

3
Tptl = Q@ — 5030562 + 0(66)7
which implies that
3
Entl = —5036362 + 0(66).

This shows that the generalized Newton Raphson’s method free from second derivative is of fifth order of
convergence. 0
5. Comparisons of efficiency index

The term “efficiency index” tells us how fast and efficient our method is. It is used to analyze the
performance of different iterative methods. It depends upon the two factors, one of which is the order
of convergence and the other is number of function evaluations and derivative evaluations of the iterative



W. Nazeer, et al., J. Nonlinear Sci. Appl. 9 (2016), 2823-2831 2828

[199%0)

method. If the order of convergence is denoted by “r” and “N;” denote the number of functional and
derivative evaluations of an iterative method, then the efficiency index E.I is mathematically defined as:

1

E.T=r"r.

Since the order of convergence of Newton’s method is two and itlrequires one function evaluation and one
of its derivative, so the Newton’s method has an eil‘ﬁciency of 22 =& 1.4142, Similarly the efficiency index
of Halley’s method and HouseHolder’s method is 35 = 1.4422, because both methods require one function
evaluations and two derivative evaluations and these methods achieve cubic order of convergence. The
generalized Newton Raphson’s method has cubic convergence, requires one function evaluations and two
derivative evaluations so that its efficiency index is 33 ~ 1.4422.

Our modified generalized Newton Raphson’s method (Algorithm developed in this paper has six
ordeir of convergence, requires two function evaluations and two of its derivative so that the efficiency index
is 67 ~ 1.5651.

Now, we move to calculate the efficiency index of our generalized Newton Raphson’s method free from
second derivative (Algorithm as follows:

The generalized Newton Raphson’s method free from second derivative need two evaluations of the
function and one of its first derivatives. So the total number of evaluations of this method is three. i.e

Ny =3.

Also, in the earlier section, we have proved that the order of convergence of the generalized Newton Raphson’s
method free from second derivative is five. i.e
r=05.

Thus the efficiency index of the generalized Newton Raphson’s method free from second derivative is:
E.I =535 ~ 1.7100.

The efficiencies of the methods we have discussed are summarized in Table [I] given below.

Table 1: Comparison of efficiencies of various methods

Method Number of functlo‘n or Efficiency index
derivative evaluations
Newton, quadratic 2 922 ~ 1.4142

33 ~ 1.4422
33 ~ 1.4492

Halley, Cubic
HouseHolder,Cubic

Generalized Newton Raphson, Cubic

Modified Generalized Newton
Raphson’s Method 6th order

Generalized Newton Raphson, L
free from second derivative 5th order 3 53 &~ 1.7100

=~ W W w
w
wl|
%
—_
.
i
[\
[\

It can be seen from the above comparison table that the efficiency index of the generalized Newton
Raphson’s method free from second derivative is much higher as compare to other iterative methods.

6. Applications

In this section, we included following nonlinear test functions to illustrate the efficiency of our developed
modified generalized Newton Raphson’s method (MGNRM) and generalized Newton Raphson’s method
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free from second derivative (GNRM(Free)) by comparing with the generalized Newton Raphson’s method
(GNRM), Newton Raphson’s method (NR) , Halley’s method (HM) and HouseHolder’s method (HHM),

f(z) =2 — 2* + 3z cos(z) — 1,

f(z) = 2? —|—sin(

X

) 1
5 4’

f(x) =z +tan" (),

f(@) = (1 + cos(z))(e” - 2),
f(z) = In(z) — cos(x),

f(x) =2z —In(z + 2).

Table 2: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM (Free)(f(z) = 2 — 2® + 3z cos(z) — 1, zo = 0.7)

Method N | Ny |f(zn41)] Tnt1
NR 5 | 10 | 2.160638¢ — 16
HM 4 | 12 | 1.071256e — 38 | 0.39532362298631518838
HHM 4 | 12 | 2.201001e — 15
GNRM 3 9 | 8.759561e — 34
MGNRM 2 8 | 1.101228e — 20
MGNRM(Free) | 2 | 4 | 2.813259¢ — 15

Table 3: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM(Free) (f(z) = (1 + cos(x))(e” — 2), zo = 1.3)

Method N | Ny |f(zpt1)] Tpt1
NR 5 | 10 | 6.460582¢ — 29
HM 4 | 12 | 3.838955e — 37 | 0.69314718055994530942
HHM 4 | 12 | 7.023596e — 31
GNRM 4 | 12 | 2.683726e — 42
MGNRM 2 8 | 2.269527e — 26
GNRM(Free) | 2 | 4 | 9.880439% — 16

Table 4: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM(Free) (f(z) = 2° +sin(£) — 1, 20 = 1)

Method N | Ny |f(zpt1)] Tna1
NR 6 | 12 | 1.214687e — 28
HM 4 | 12 | 4.877772e — 36 | 0.40999201798913713162
HHM 4 | 12 | 7.597933e — 29
GNRM 3 9 | 1.851166e — 44
MGNRM 2 8 | 2.278813e — 35
GNRM (Free) | 2 4 | 2.300783e — 26

Table 5: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM(Free) (f(z) = In(z) — cos(z), o = 2.4)

Method N | Ny |f(Zn+1)] Tnt1
NR 5 | 10 | 5.932950e — 22
HM 4 | 12 | 4.424728e — 40 | 1.30296400121601255250
HHM 4 | 12 | 1.464880e — 22
GNRM 3 9 | 8.042814e — 19
MGNRM GNRM(Free) | 2 4 | 2.432996e — 16
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Table 6: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM(Free) (f(z) = z + tan™*(z), zo = 1)

Method N Nf |f($n+1)‘ Tn+1
NR 4 8 | 3.492065e — 26
HM 3 9 | 4.604066e — 23 | 1.36523001341409684576
HHM 3 9 | 1.374106e — 15
GNRM 3 9 | 2.568603e — 19
MGNRM 2 8 | 1.143491e — 29
GNRM(Free) | 2 6 | 1.689295e — 17
Table 7: Comparison of NR, HM, HHM, GNRM, MGNRM and GNRM(Free) (f(z) =« — In(z + 2), o = 3)
Method N | Ny |f(zpt1)] Tpt1
NR 4 8 | 2.049559%¢ — 16
HM 3 9 | 1.475989%¢ — 20 | 1.14619322062058258520
HHM 3 9 | 8.065461e — 20
GNRM 3 9 | 1.644856e — 21
MGNRM 2 8 | 5.396657e — 34
GNRM(Free) | 2 | 4 | 4.017479¢ — 22

Tables show the numerical comparisons of Newton’s method, Halley’s method, HouseHolder’s
method, generalized Newton Raphson’s method, modified generalized Newton Raphson’s method and the
generalized Newton Raphson’s method free from second derivative. The columns represent the number of
iterations IV and the number of function or derivative evaluations N required to meet the stopping criteria,
and the magnitude |f(z)| of f(x) at the final estimate z,.

7. Conclusions

The modified generalized Newton Raphson’s method (Algorithm and the generalized Newton Raph-
son’s method free from second derivative (Algorithm for solving non linear functions have been estab-
lished. We can conclude from Tables [[H7 that

1. The efficiency index of the modified generalized Newton Raphson’s method is 1.5651 and the efficiency
index of the generalized Newton Raphson’s method free from second derivative is 1.7100.

2. The order of convergence of the modified generalized Newton Raphson’s method is six and the order
of convergence of the generalized Newton Raphson’s method free from second derivative is five.

3. By using some examples the performance of modified generalized Newton Raphson’s method and
generalized Newton Raphson’s method free from second derivative is also discussed. The modified
generalized Newton Raphson’s method and generalized Newton Raphson’s method free from second
derivative are performing fast as compared to Newton Raphson’s method (NR), Halley’s method (HM),
HouseHolder’s method (HHM) and generalized Newton Raphson’s method (GNRM) as discussed in
Tables RH7.
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