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OPTIMAL FOURTH ORDER FAMILY OF ITERATIVE METHODS
Sanjay K. Khattri and S. Abbasbandy

Abstract. In this work, we construct a family of optimal fourth order iterative methods
requiring three evaluations. During each iterative step, methods need evaluation of two derivatives
and one function. According to the Kung and Traub conjecture an optimal iterative method
without memory based on 3 evaluations could achieve an optimal convergence order of 4. The
proposed iterative family of methods are especially appropriate for finding zeros of functions
whose derivative is easy to evaluate. For example, polynomial functions and functions defined via
integrals.

1. Introduction

According to the Kung and Traub’s conjecture an optimal iterative method
without memory based on n evaluations could achieve optimal convergence order
27=1 [10]. One of the best known optimal second order method based on two
functional evaluations for solving the equation f(z) = 0 is the Newton’s method
which is given as follows (NM)

Tl = Tp — , n=0,1,2,3,..., and |f'(z, 0, 1
i =an - L) Falto )

[3, 5, 15]. There exists numerous modifications of the Newton’s method which
improve the convergence rate (see [3, 4, 5, 10, 15] and references therein). We are
interested in finding zeros of functions defined via integrals: f(z) := [ g(t)dt +
G(z). Clearly for such functions numerical evaluation of derivatives is easier than
evaluating function itself if G(x) is a constant or a polynomial function [5].

Let us consider iterative methods which require more derivative evaluations

than functions. Many iterative methods are developed by considering various quad-
rature rules in the Newton’s theorem

@) = o)+ [ o (@)
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Weerakoon et al. obtained the following cubically convergent iterative method (WF)

Tpp1 = Tp — 2/ (@n) 3)
! T (@) + (@ = f@n)/f(w0)]
by using the trapezoidal rule in the equation (2) [15]. While Frontini et al. consid-
ered the midpoint quadrature rule in (2) and Homieier et al. considered properties
of vanishing derivative to obtain the following cubical iterative method (FH)

o f(z,)
I il = @) (@) )

[3, 4]. Furthermore Homeier derived the following cubically convergent iterative
method (HH)

fxyn) 1 1

s =0~ L2 (s + e ) )
by using the Newton’s theorem (2) for the inverse function z = f(y) [5]. We
notice that the quadratic convergent Newton’s method require evaluations of one
function and one derivative while the cubic methods (3)—(5) require evaluations
of two derivatives and one function during each iteration. It was shown by the
Homeier et al. that finding zeros of functions defined via integrals is easier by the
method (4) than by the optimal Newton method [5]. The cubic methods (3)—(5)
require three evaluations. Therefore by the Kung and Traub conjecture they are not
optimal [10]. In this work, we develop an optimal family of quartically convergent
methods requiring two evaluations of derivatives and one evaluation of function
during each iteration. The next section presents our contribution.

2. New optimal fourth order iterative methods

To develop optimal methods requesting evaluations of two derivatives and one
function during each iteration, we consider the iterative method

T
== e o (7)1

where a; € R. We prove that the methods of the preceding family are fourth order
convergent through the theorem.

(6)

THEOREM 1. Let a sufficiently smooth function f: D C R — R has a simple
root v € D in the open interval D. Then the methods of the iterative family (6)
are at least fourth order convergent if a; = 21/8 — oy, ag := —9/2 — 3ay and
ag := 15/8 — 3ay. Here, ay is a free real parameter. The methods of the family
satisfies the error equation

64 85 1
Enil = [(27 g+ 9> 2% — coes + 9 C4 ei + O(efl).
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Proof. The Taylor series expansion of f(z) and f'(x,) around the solution ~y
is given as

f(@n) = F'(7) (en + c2e,® + c3€,® + caen®) + O (e,°) (7)
fl(x) = f' () (1 + 2c9e, + 3cse,” + 4C46n3) + 0 (en4) . (8)

Using the equations (7) and (8) into the first step of the proposed method (6), we
obtain

Yn — v = 1/3en +2/3coe,” + (4/3 c3 — 4/3022) en® +0 (en4) , 9)
the Taylors series expansion of f/(y,) around the solution ~
[e.e]
f'yn) = 2 exlun = 7k, (10)

from the preceding equation and the equation (9), we obtain
2 1
f'lyn) = f'(7) + gf’(v)Czen +3 F' () (Ae2® + e3) e,
4
~ 5 () (—270302 +18¢92 — 04) en 4+ 0 (en4) . (11

Dividing equations (11) and (12) yields

I (yn) 4 9 8 9
F(wn) =1- 3 C2€n + (4de” — 303 ) en
40 32 ., 104 . y
+ (3 C3c2 = 5 €2~ o 04) en” +0 (e,?). (12)

Finally substituting from equations (7), (8) and (12) into the second step of the
proposed method (6)

1
ent1 =7+ (-1 —042—044—043)en+§02 (19a4+7a1+15a3+11a2+3)en2

38 22
+ ((—a4+10a3+14/3041 + ?OZQ +2)03

3
130 22 70
+ (—34044—Ta2—§a1—§a3—2)022>en3
n (497 n 289 n 131 430+ de? 77 n 185
— 4 C — aC — Q3C C Cy~ — — (x1CC — (1 C
27 4C4 27 2C4 9 3¢4 4 2 3 1€2€3 27 1¢4
oy 24 G AG0 g 4252 64 253
— ( Cc3C —— (¥3C: — (gC — Yy C — (X1Cy~ — —— (x3C3C
362 27 362 9 202 27 4C€2 3 162 3 36362
463 373

~ 5 oC3Cy — 5 a40302)en4 +0(en?). (13)

In the preceding error equation the second and the third order terms are zero if
and only if: a; = 21/8 — ay, as = —9/2 4+ 3a4 and a3 = 15/8 — 3ay. Therefore
the proposed method is at least fourth order convergent for any real choice of the
parameter 4. This completes our proof. m
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As positively remarked by the reviewer: the first-step of the proposed method
is similar to the first-step of the Jarratt’s method, may be referred to as the Jarratt’s
correction, and to construct optimal fourth order methods Jarratt was the first to
introduce the ratio f'(y,)/f'(x,). Jarratt’s method is given as (JR)

— 7gf(xn) T B f(xn) 7% f/(yn)_f/(xn)
Un =T T g i) T T i) <1 23f’(yn)—f’(wn)>’ (14)

[6]. For other fourth and higher order optimal methods, we refer to the admirable
literature [2, 8, 9, 11, 12, 13, 14].

4. Numerical Example

All the computations reported here are done in the programming language CT+
on the Acer Aspire 5720ZG with Intel dual-core processor T2310 and with 2GB of
memory. For numerical precision, we are using the C*t* library ARPREC [1].
The ARPREC library supports arbitrarily high level of numeric precision. In the
program, the precision in decimal digits is set at 2005 with the command “mp::mp
init(2005)”. To evaluate the integral the Tanh — Sinh quadrature scheme is used.
For evaluating quadrature to high precision, in the package ARPREC the primary
user working precision is set at 600 digits while the secondary working precision
is set at 1000 digits. For convergence, it is required that the distance of two
consecutive approximations (|Z,4+1 — Zn|) be less than e. And, the absolute value
of the function (|f(x,)|) also referred to as residual be less than e. Apart from
the convergence criteria, our algorithm also uses maximum allowed iterations as
stopping criterion. Thus our algorithm stops if (i) |2n11 — zn| <€, (ii) | f(zn)] <,
(iii) itr > maxitr. Here, € = 1 x 1073%9 itr is the iteration counter for the algorithm
and maxitr = 100. We test the methods (1), (3) and the proposed method (6) for
the following functions

fl(m):2/ expt costdt+ 1+ expm, v =,
xo

fg(x):/ tlog (t+1)dt — 1/4, vy=1,
0

fg(x):/ [exp —t3/2 —expt®/2] dt +1/10, ~ ~ 0.9054.
0

To minimize the asymptotic error constant, we choose gy = —255/64 in the
proposed method (PM) (6). Performance of the present method (6), the New-
ton method (1), the cubic method (3) and well known Jarratt’s method (14) is
compared in the Tables 1 and 2. The Tables 1 and 2 present distance between two
consecutive iteration and CPU time required by the three methods. Computational
results show that the proposed method and the Jarratt’s method require substan-
tial less time to converge than the optimal Newton method (1) or the third order
method (3). Which is expected because evaluation of derivatives for the functions
fi(x), fa(z) and f5(z) is computationally less expensive than evaluating functions.
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Consequently the optimal methods which require more derivative evaluations than
function evaluations are suitable for functions defined via integrals. To compute
the CPU time required, we are using the ARPREC command time(null) [1].

fi1(z) with zo = 3.1 fa(z) with g = 2.0

NM PM WF JR NM PM WF JR

42x1072 1.4x107! 81x1072 41x107! 3.7x10°! 88x10~! 82x10~! 9.3x 101
9.0x107% 23x107% 1.2x107% 1.1 x 1077 1.2x 107! 1.1 x 10~ 1.6 x 10~ 6.7 x 10~2
40x1077 27x1071722%x 1071423 %x107271.2x 1072 1.1 x 1075 2.9x 1073 8.6 x 10~°
8.1x107120x1078059x107341.1 x 1071221.3 x 10~* 3.0 x 107202.1 x 1078 2.4 x 10~24
1.1 x 10727 1.1 x 1073292.0 x 1071912.0 x 107%881.4 x 108 4.4 x 107807.0 x 10724 3.2 x 10~ 96

5.3 x 10704 sk 7 ] 5 107208 kil ] 6 % 10716 9.4 x 1073259 x 10770 4.8 x 107312
1.6 X 10—107 kokokokskok ok 4.1 % 10—674 kokokokfokk 2.6 X 10—65 ootk ok ok 1.9 x 10—159 ootk okok

1.4 x 107210 sskskokokskok ok skokkokok skokokok ok ok 3.7 x 10~ 130 sksksrokokox 6.9 x 10457 skekskokokok
0.8 x 10429 skkoksrokok ok skok sk okok ootk ok ok 5.3 x 10254 soksksrokokox kskokok ok ok ootk kokok
skokskskokokok ok sk skokok ok skokskskokokok skokskokokok ok 1.2 x 10534 kxkksok skskskokokokok skokskskokokok

time = 113 time = 46 time = 76 time = 41 time = 122 time = 36 time =79 time = 44

Table 1. |zn41 — @n| with n > 1 and total CPU time required for the function fi(z) and f2(z).

NM PM WF JR
21x1071 1.0x10"! 71x107! 32x1072
49%x1072 1.2x107% 74x1072 1.2x10°6
6.2x10"% 26x1071% 66x10"7 83x10"23
9.2x107% 1.2x107% 31x1072! 44x10"72
41x10716 91 x107260 2.1 x 10763 6.1 x 10—280
7.1x 10732 4.1 x 107101081 x 10189 1.4 x 10—1090

9.1 x 10764 skokskok ok k ok 4.3 % 107534 skookokkokok ok
7.1 x 107128 sk skeskoskskokok ok skeskok skok ok sk
8.1 x 10264 sokskokrskok stk skokok ok skestokskok ok sk
5.1 X 107528 Kok sk sk sk sk ok sk sk sk sk ok sk ok ootk sk sk ok ok

time = 142 time = 44 time = 71 time = 42

Table 2. |zn+1 — xn| with n > 1 and total CPU time required for the function f3(z).
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