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Abstract

In this paper, a generalization of a classical result by Gander concerning the characterization
of third order methods, is addressed. New and classical methods are included in the family.
In particular, a new construction of the well-known Chebyshev method is presented. Other
methods, based on exponential and logarithmic fittings respectively, are rediscovered too. The
proposed methods have a local cubic order of convergence and can be competitive with other
third-order methods in the literature, as can be seen from the numerical examples presented.
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1 Introduction

The solution of nonlinear equations is a task that has attracted the effort of numerous re-
searchers for a long time, and still continues. Our goal is to find the roots of an equation of the
form

f(x) =0 (1

on a given domain D, where f(x) : D C R — R s a sufficiently differentiable function.

The most common method to do that is Newton’s method, which approximates successively
in the vicinity of an initial point the function f(z) by the tangent line (for an unconventional for-
mulation of Newton’s method see [12, 13, 14, 17]). Other methods based on geometric approx-
imations are the well-known Euler’s method [1], which considers approximations by parabolas,
and the Halley’s method [6, 10], also called the method of tangent hyperbolas, or many others
that appear in [3]. It is expected that the methods will work better when the characteristics of the
function f(z) are taken into account. This is a common approach in the solution of initial-value
problems in differential equations, and has given rise to the so-called adapted methods. Following
this approach, in this context we are going to develop two methods that approximate the function
f(x) adapted by an exponential function or by a logarithmic function, in both cases containing
three parameters.

The paper is organized as follows. In Section 2, we present a modification of a classical result
given by Gander in 1985 [7] for the construction of third order methods. The local convergence
analysis of some of the methods with asymptotic error constants is discussed in Section 3. Also
an initial approach concerning the study of the dynamics of the methods has been presented,
considering the quadratic polynomial p(z) = 22 — 1 with z € C. Implementation details together
with some numerical examples are considered in Section 4, to show the efficiency of the proposed
methods. Finally, some conclusions of the paper are discussed in Section 5.

2 Derivation of a new family of third order iterative methods

In a classical result given by Gander in 1985 [7] third order methods for solving nonlinear
equations f(x) = 0 are characterized. Actually, it is shown that they are of the form =, 1 = G(z,)
for

f(z)
G(x)=z—H(L¢(x)) =%, 2
(x) (Ls@) 5 @)
where H is a twice differentiable function around 2 = 0 that satisfies the conditions H(0) = 1,
H'(0) =1/2and |H"(0)| < oo and L¢(z) is defined as the quotient
fl@)f"(x)
Ly(x) =220 0

that usually appears in many expressions of high-order iterative methods.

In view of the expressions that will be obtained for the methods in this paper (see for instance
(9) and (12)), and taking into account Gander’s result, we can formulate a convergence result for
methods of the form z,, 1 = S(z,) with

f'(x)

Sta) =+ T(Lg ) Ty

(4)
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where T is an appropriate function as stated in the following theorem.

Theorem 2.1. Let « be a simple zero of the equation f(x) = O that satisfies f"”(c) # 0. Let us assume
that T : R — R is a differentiable enough function around zero that satisfies T(0) = 0, T'(0) = —1 and
T"(0) = —1. Then, the iterative method given by x,, 41 = S(x,) where S is defined in (4), is convergent
to o with at least order three.

Proof. Theresult follows as an application of the Schroder-Traub’s theorem. Actually, itis a straight-
forward calculation that for simple roots, L¢(«) = 0. Then S(a) = « if T(0) = 0. In addition, if
we introduce the notation

f'(@) " ()

e

it can be deduced the following expression for the first derivative of S(z) defined in (4)

[(@)? = ['(@) " (@) f'(z)
f(2)? F(z)

Ly (z) =

§'(x) =1+ T(Lg(x)) +T'(Ly () Ly ()

Note that

1y f ) P@f"@) + H@f " @) @) - 2@ @)f ) 1@

fr(x) fr(x)? f"(x)

I @) P )
o A= T T

f'(@) " (x)
=1+ Lf(CC)Lf/(CC) - 2Lf(f£)

—2L¢(x)

Therefore, we have
S'(x) =1+ T(Lp(2))(1 = Ly () + T'(Ly(2))(1 = 2Ly () + Ly (z) Ly (x)),
and thus S’'(a) = 1+ 77(0) = 0 by the hypothesis.
To reach cubic convergence, S” (o) must vanish. After some calculations we obtain that

§"(a) = T(0) L () (1 = Ly (@) + T"(0) Ly (@) + T'(0) (2L () + L (@) Ly ()

f”(a) " /
T"(0) — T'(0)) = 0,
Pl 170 = T'(0)
by the hypothesis. This completes the proof. O

Remark 2.1. As an application of this result, we note that iterative methods in the form

1 . "(z,
Tp+1 = Tn — (Lf(xn) + §Lf(xn)2 + Z aij(xn)J) ]J:”((Zr;)) (5)
Jj=3
are cubically convergent to simple roots of f(x) = 0. The previous series development must be seen in a
formal way, assuming that the corresponding convergence conditions are fulfilled. In fact, these methods
could be seen as a generalization of the known as C-methods, which contain extra terms to those of the
Chebyshev’s method (see 3, 4] for instance).
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Remark 2.2. In particular, if a; = 0 for j > 3 in (5), it results a new construction of the well-known
Chebysheuv’s iterative method

f/(xn)

1
Tpg1 = Ty, — (1 + 2Lf(a:n)> (6)
This method and some of its properties have been studied by many authors (see [8, 9] for more details).

Remark 2.3. It should be noted here that the family of methods given in (5) is essentially the same as the
one previously given by Gander in (2). In fact, it is given by

i>s [ ()

Tntl = Tn - (Lf(fcn) + %Lf(xn)Q + Zaij(xn)j) f@n)

B (1 * %Lf(”””) + aJ’HLf(afn)j) Ly(wn) Lo

i>2 [ (wn)

i>2 ')

Note also that this last family of methods belongs to the family of methods with iterative function G(x) =
x— H(Lg(x))f(x)/f'(x), given by (2), where

H(Ly(@) =1+ 5Ls(an) + 3 agaLy(ra)
j=2

satisfies the conditions H(0) =1, H'(0) = 1/2 and |H"(0)| = 2a3 < .

2.1 Two examples: the exponentially-fitted method and the logarithmically-fitted method

In this section two interesting examples will be considered.

An exponentially-fitted method. For solving the problem in (1) let consider the approxima-
tion of f(x) by a function g(x) of exponential-type given by

g(x) = a+ exp(c+ ba),

where a, b, c are unknown parameters to be determined. The idea of using interpolating functions
of exponential type has been considered, for instance by S. Amat and S. Busquier [2]. In this
work, the global convergence of exponential-type iterative methods (as well as logarithmic-type
iterative methods) is considered, by following the patterns given in [11] for other well-known
iterative methods.

Assuming that f(z) has at least until second-order derivatives, we impose collocation condi-
tions on the function, the first and the second derivatives at the point z,,, that is,

9(xn) = f(zn), 9/(3771) = f/(xn)a g//(xn) = f”(x")a
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from which we get a system of equations given by

a+exp(c+br,) = f(xn),
bexp(c+bx,) = f'(zn),
b exp(c+bx,) = [f'(xn).

After eliminating the unknown c on this system it results in
{ b(f(aa)—a) = flan),
V(f(zn) —a) = f"(zn),
from which one readily obtains that

(@), )

a= f(r,) — , . 7
Finally, using the first equation of the system it follows that
c=In(f(z,) —a) —bx,,
and substituting the values of ¢ and b in (7) it holds
(f’(xn))2> f"(xn)
c=1In — T . 8
() = e ®

Now, the root a of f(z) = 0 is approximated by the root of the equation g(x) = 0, that is,

In(—a) — ¢
b

where we see that necessary conditions for the existence of a real root of g(x) are b # 0 and a < 0.

o~

After substituting the values of a, b from (7) and ¢ from (8) in the expression of the approximate
root we get the numerical method given by

f'(wn)
f//(xn) ’

Tny1 = Tn +In (1= Ly(2y)) )

where L;(x,) is given by the quotient defined in (3).

A logarithmically-fitted method. Now consider a function h(z) of logarithmic type for ap-
proximating the function f(z) given in the nonlinear equation (1),

h(z) =a+cln(z+0b),

where again a, b, c are unknown parameters to be determined. This kind of interpolating functions
also appears in [2].

It is assumed that f(x) has at least up to second-order derivatives, and imposing the same
tangency conditions at x,, as before, results in:

h(xn) = f(xn), h,(xn) = f/(xn) ) h/,(xn) = fﬂ(xn)-
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This leads to the system of equations given by

a+cln(z, +b) = flz,),
c !
Zn + b = f'(xn),
—C _ "
m = f (xn)

Solving this system in the unknowns «, b, c gives

- —p — f/(xn) = _f/(JUn)Q
b - n f//(xn) ? f//(wn) ) (10)
= f(x I (xn)” n(—f'(z "(x
a= f(zn) + 7 (zn) In(—f"(zn)/ f"(2n)) - (11)

Now, the root « of f(z) = 0 is approximated by the root of the equation h(x) = 0, that is,

a~ —b+exp(—a/c).

After substituting the values of a, b, ¢ from (10) and (11) in the expression of the approximate
root we get the numerical method given by
f'(@n)

Tnt1 =Ty + (1 —exp(Lg(zn))) ()

(12)

3 Two local convergence results with asymptotic error constants

In [2] a first approach for the convergence of the iterative methods defined in (9) and (12) was
considered. Actually, the following results are established:

Theorem 3.1. Let f(x) : D — R be a three-times differentiable function with a simple zero oo € D. If
f(x) # 0and sign(f'(z))(In|f'(x)])"” < 0 for each x € D, then the method (9) converges monotonically
to « starting from any xo € D.

Theorem 3.2. Let f(z) : D — R be a three-times differentiable function with a simple zero oo € D. If
I'(z) #0and f'(z)f" (x) < 2f"(z)? for each x € D, then the method (9) converges monotonically to o
starting from any xo € D.

Now some new local convergence theorems for the iterative methods (9) and (12), are pre-
sented, which in addition prove their cubic order of convergence. In the statement of these results
we consider the usual notations

Cn = Tp — Q, (13)
@ (o
C; = j';/ga; ,j Z 2. (14)
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Theorem 3.3. Assume that f(x) : D — R is a sufficiently many times differentiable function with a
simple zero o € D, with D an open interval, and let xo be an initial guess close enough to o.. Then, the
exponentially-fitted method defined in (9) has third-order of convergence and the error equation is

2c3 — 3¢z 4

e3 +0(et).

En+1 = 3 n

Proof. Considering the iteration function of the method, given by

1) =2+ S8 (1 FO0))

f"(x) f'(@)?
it holds that
IE(a) = a,
IE' (o) = IE"(a) =0,
IEW(Oz) — f”(a)z — f(g)(o‘)f/(o‘)7

f'(a)?
with the asymptotic error constant given by
_ f"(@)? = f9()f'(a)
- 3L (@) '

Now, the application of the Schroder-Traub’s theorem (see [15]) results after some calculus in

As

2¢2 — 3¢
ent1 = ZTS el + 0(ep),

and the conclusion of the Theorem follows. O

Theorem 3.4. Assume that f(x) : D — R is a sufficiently many times differentiable function with a
simple zero o € D, with D an open interval, and let xo be an initial guess close enough to .. Then, the
logarithmically-fitted method defined in (12) has third-order of convergence and the error equation is

2
4c5 — 3cs o3

e =225 s oget).
Proof. Let us consider the iteration function
f'(z)
IL(z) =z + (1 —exp(Ls(x))) )

A straightforward calculation gives

ILla) = aq,

I (a) = IL"(a)=0,

" 2 _ r(3) /

f'(e@)?
So the method (12) is cubically convergent with asymptotic error constant

_ 2f"(@)* = () f'(a)

As 3f/()?
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Now, the application of the Schréder-Traub’s theorem (see [15]) results after some calculus in

4¢3 —3cs 4
3 n
and the conclusion of the Theorem follows. O

€n+1 = +®(€fr11)7

Remark 3.1. Note that the asymptotic error constant of the exponentially-fitted method is always smaller
than the asymptotic error constant of the logarithmically-fitted method. Nevertheless, we cannot deduce from
it than under the same conditions the first method converges faster than the second one, as can be confirmed
by looking at the numerical examples.

3.1 An interesting dynamical example

In the following numerical experiment the basins of attraction of the fixed points of the iteration
maps obtained when methods (9) and (12) are applied to the polynomial p(z) = 2% —1 with z € C
are plotted. This is just a first approach to the complex dynamics of both methods. Note that the
iteration maps obtained by applying methods (9) and (12) to p(z) = 22 — 1 are, respectively

AR EETE

Fy(z) = (2 - 6%722%) z.

The roots of p(z), z = 1 and z = —1 are fixed points of F; and F,. We select a region in the complex
plane and color in black (white) the initial points whose orbits converge to —1 (respectively to 1)
with a certain accuracy and under a prefixed number of iterations (see [16] for more details).
The case of the exponentially-fitted method, F7, does not reveal any kind of surprises (points in
the right half-plane converge to 1 and points in the left half-plane converge to —1). That is, the
method converges to the root that is closer to the initial point. This situation is shared with other
methods, such as Newton’s or Halley’s methods. However the dynamics of the logarithmically-
fitted method, F5, are quite more intricate even in this simple case, as we can see in Figure 1. Note
that there are starting points whose orbit converges to the farthest root, a feature that is shared
with Chebyshev’s method, for instance.

and

With this example we just want to highlight the need of a deeper dynamical study of the meth-
ods developed in this paper for other functions, with a complete analysis of the fixed points and
their attracting character, critical values, and so on. For instance, a general study on quadratic
polynomials could be done to check if these methods satisfy the so-called “Cayley test” (see [5]
for details). To pass the test, in brief means that the considered method behaves as well as New-
ton’s method for quadratic polynomials, that is, the dynamical plane (basin of attraction of the
roots) is given by two semi-planes separated by the equidistant line between the two roots. Note
that the iteration maps obtained when methods (9) and (12) are applied to polynomials are not
rational maps. Therefore their dynamical study could present behaviors that do not appear in the
rational case, such as wandering domains.

4 Numerical Examples

In order to test the performance of the proposed methods we have considered the Newton’s
method, the methods (9) and (12) developed in this work and other well-known third-order meth-
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-2 -1 0 1 2 1 2

Figure 1: Basins of attraction of the iteration maps F (z) and F (z), related with the exponentially-fitted and logarithmically-fitted methods
applied to 2% — 1.

ods appeared in the literature, which are given as follows:

e Newton’s method (NM):

Euler’s method (EM):
Tp+1 = Tp — (1 — A/ 1-— 2Lf($n)) %

Chebyshev’s method (CHM):

cormn 1+ ) f
e Halley’s method (HM):
2 f(xn)

Tp4+1 = Tp —

2= Ly(zn) f'(zn

~

The exponentially-fitted method (EFM):

Tpp1 = xn + I (1= Ly(2,))

The logarithmically-fitted method (LFM):

Tpy1 = Tn + (1 —exp(Ly(zn)))

All the computations were done using the Mathematica system taking 62 digit floating point arith-
metics. In Table 1 we show the number of iterations (IT) required to reach a specified accuracy
level according to the stopping criterion given by

ley —2zn_1] <107 and || f(zn)|| < 107°.
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The number of maximum iterations before stopping the iterative procedure has been established
in 500 (in case of non-convergence before this number of iterations it is indicated by NC'). The
computational time for each iterative process expressed in milliseconds has been included below
the number of iterations. It can be seen that for the exponential and logarithmic-type functions the
best performances correspond respectively to the adapted exponential and logarithmic methods,
as expected. The following functions have been considered where the approximate zeros « are
displayed up to 50th decimal places.

= $exp(x) + 4exp(2z) — 10,
o = In (VII=1) =~ 0.4423346363699767
fs(x) = 22 +sin(x) +z, a=0.
fe(x) = (Jc?’—&-l)cos(%)—l—m—%(%/i—i—?ﬁ% a=1/3.
o= 2.

= arctan(z), a=0.

>
22 X
E & & &

[

—

8

|

—_

N

w

|

—_

=In(100z) — 1, «a = 155 = 0.0271828182845904

flo(.’b) = 11’1(.@2 + Tz — 30) - ].,

o = VAOIHT ~ 3205830382840827

Remark 4.1. Note that for the equation f1(x) = 0 the exponentially-fitted method is exact, while for the
equation fo(x) = 0 the logarithmically-fitted method is exact. This means that only one iteration is necessary
to get the exact roots (without taking into account round-off errors). In Table 1 there appear two iterations
because the stopping criterion ||xn — xn_1|| < 1075 must be satisfied.

We also note that among all the methods considered, only Halley’s method and the exponentially-fitted one
are capable of obtaining the roots for all the equations.
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Table 1: Number of iterations and CPU times needed to get the root with a prescribed tolerance (* means Overflow and o means Underflow)
for Newton’s, Euler’s, Chebyshev’s, Halley’s, exponentially fitted and logarithmically fitted methods.

Function 2y NM EM CHM HM EFM LFM

fi(x) —4 * o * 24 2 o
- - - 075 0.03 -
fo(z) -8 x NC * 15 6 26

- - - 141 o071 258
fa(x) 12 16 14 11 9 6 10
059 1.16 058 044 025 032

085 119 066 054 026 074
f5(2) 5 8 7 6 6 5 6
030 065 023 021 033 0.29
fo(z) 08 7 6 5 4 5 5
064 230 082 058 078 091

0.11 045 012 011 o010 0.18

fs(z) 4 x 10 * 5 6 7
- 019 - 011 016 0.13
folz) 4 NC NC NC 9 8 2

- - - 045 053 0.06
fio(x) 6 NC 10 NC 7 8 5
- 081 - 063 068 0.37

5 Conclusions

In this article an exponentially-fitted method and a logarithmically-fitted method for approxi-
mating the roots of non-linear equations have been developed. In fact, these methods are a redis-
covery of the methods in [2] and they are included in a general family that has been developed
modifying a classical result of Gander. It has been shown that the order of the presented methods
is three, and some error equations have been provided. We have compared the proposed methods
with other well-known methods of same order. From the numerical examples, we conclude that
the proposed methods outperform the other methods for each of the types of functions for which
they have been designed, and can be comparable for other kind of functions. Thus, the proposed
methods may be considered as alternative methods for solving nonlinear equations, particularly
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if the functions involved present exponential or logarithmic behaviors. In any case, we note that
from our main result, many of the third order methods in the literature can be rediscovered.

Acknowledgement The first author thanks the support provided by Programa de Apoyo a la
investigacion de la Fundacién Séneca-Agencia de Ciencia y Tecnologia de la Regién de Murcia
19374/P1/14 and by MTM2015-64382-P (MINECO/FEDER). The research of the second author
was partially supported by the Spanish Ministerio de Economia y Competitividad under grant
MTM2014-52016-C2-1-P. The third author thanks the support provided by the Vicerrectorado
de Investigacién y Transferencia from the University of Salamanca, trough the Grupo de Com-
putacién Cientifica.

Conflicts of Interest The authors declare no conflict of interest.

References

[1] S. Amat, C. Bermudez, S. Busquier & S. Plaza (2008). On the dynamics of the Euler iterative
function. Appl. Math. Comput., 197(2), 725-732. https://doi.org/10.1016/j.amc.2007.08.086.

[2] S. Amat & S. Busquier (2001). Geometry and convergence of some third-order methods.
Southwest |. Pure Appl. Math., 2, 61-72.

[3] S. Amat, S. Busquier & J. M. Gutiérrez (2003). Geometric constructions of iterative functions
to solve nonlinear equations. J. Comput. Appl. Math., 157(1), 197-205. https://doi.org/10.
1016/S0377-0427(03)00420-5.

[4] S. Amat, S. Busquier & J. M. Gutiérrez (2006). An adaptative version of a fourth order
iterative method for quadratic equations. J. Comput. Appl. Math., 191(2), 259-268. https:
//doi.org/10.1016/j.cam.2005.06.042.

[5] D.K.R. Babajee, A. Cordero & T.]. R. (2016). Study of iterative methods through the Cayley
quadratic test. J. Comput. Appl. Math., 2191, 358-369. https://doi.org/10.1016/j.cam.2014.09.
020.

[6] A.Cordero, H. Ramos & T. J. R. (2020). Some variants of Halley’s method with memory and
their applications for solving several chemical problems. Journal of Mathematical Chemistry,
58(4),751-774. https://doi.org/10.1007/s10910-020-01108-3.

[7] W. Gander (1985). On Halley’s iteration method. Amer. Math. Monthly, 92(2), 131-134.

[8] M. Garcia-Olivo, J. M. Gutiérrez & A. A. Magrefian (2015). A complex dynamical approach of
Chebyshev’s method. SeMA Journal, 71, 57-68. https://doi.org/10.1007 /s40324-015-0046-9.

[9] J. M. Gutiérrez & J. L. Varona (2020). Superattracting extraneous fixed points and n—cycles
for Chebyshev’s method on cubic polynomials. Qual. Theory Dyn. Syst., 19(54), 1-23. https:
//doi.org/10.1007 /s12346-020-00390-5.

[10] E. Halley (1809). A new, exact and easy method for finding the roots of any equations gen-
erally, without any previous reduction (Latin). Philos. Trans. Roy. Soc. London (abridged), 18,
640-649.

[11] A.Melman (1997). Geometry and convergence of Euler’s and Halley’s methods. SIAM Rev.,
39(4), 728-735.

670


https://doi.org/10.1016/j.amc.2007.08.086
https://doi.org/10.1016/S0377-0427(03)00420-5
https://doi.org/10.1016/S0377-0427(03)00420-5
https://doi.org/10.1016/j.cam.2005.06.042
https://doi.org/10.1016/j.cam.2005.06.042
https://doi.org/10.1016/j.cam.2014.09.020
https://doi.org/10.1016/j.cam.2014.09.020
https://doi.org/10.1007/s10910-020-01108-3
https://doi.org/10.1007/s40324-015-0046-9
https://doi.org/10.1007/s12346-020-00390-5
https://doi.org/10.1007/s12346-020-00390-5

S. Busquier ef al. Malaysian J. Math. Sci. 16(4): 659-671 (2022) 659 - 671

[12] J. E T. Rabago (2017). Solving higher-order p-adic polynomial equations via Newton-
Raphson method. Malaysian Journal for Mathematical Sciences, 11(1), 41-51.

[13] H. Ramos & M. T. T. Monteiro (2017). A new approach based on the Newton’s method to
solve systems of nonlinear equations. Journal of Computational and Applied Mathematics, 318,
3-13. https://doi.org/10.1016/j.cam.2016.12.019.

[14] H. Ramos & J. Vigo-Aguiar (2015). The application of Newton’s method in vector form
for solving nonlinear scalar equations where the classical Newton method fails. Journal of
Computational and Applied Mathematics, 275, 228-237. https://doi.org/10.1016/j.cam.2014.07.
028.

[15] J.F. Traub (1964). Iterative methods for the solution of equations. Prentice-Hall, Englewood Cliffs,
New Jersey.

[16] J. L. Varona (2002). Graphic and numerical comparison between iterative methods. Math.
Intelligencer, 24(1), 37-46. https://doi.org/10.1007/BF03025310.

[17] M. W. Yusuf, L. W. June & M. A. Hassan (2011). Jacobian-free diagonal Newton’s method for

solving nonlinear systems with singular jacobian. Malaysian Journal for Mathematical Sciences,
5(2), 241-255.

671


https://doi.org/10.1016/j.cam.2016.12.019
https://doi.org/10.1016/j.cam.2014.07.028
https://doi.org/10.1016/j.cam.2014.07.028
https://doi.org/10.1007/BF03025310

	Introduction
	Derivation of a new family of third order iterative methods
	Two examples: the exponentially-fitted method and the logarithmically-fitted method

	Two local convergence results with asymptotic error constants
	An interesting dynamical example

	Numerical Examples
	Conclusions

