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Abstract: In this manuscript, by using the weight-function technique, a new class of iterative methods
for solving nonlinear problems is constructed, which includes many known schemes that can be
obtained by choosing different weight functions. This weight function, depending on two different
evaluations of the derivative, is the unique difference between the two steps of each method, which
is unusual. As it is proven that all the members of the class are optimal methods in the sense of
Kung-Traub’s conjecture, the dynamical analysis is a good tool to determine the best elements of the
family in terms of stability. Therefore, the dynamical behavior of this class on quadratic polynomials
is studied in this work. We analyze the stability of the presented family from the multipliers of the
fixed points and critical points, along with their associated parameter planes. In addition, this study
enables us to select the members of the class with good stability properties.

Keywords: nonlinear equation; iterative method; dynamical behavior; Fatou and Julia sets; basin of
attraction; periodic orbits

1. Introduction

There is a large number of problems in Science and Engineering modeled by nonlinear equations
f(z) = 0, where f : D C R" — R”" is a vectorial real function defined in a convex set D, with
n > 1. Usually these problems cannot be analytically solved, so we use iterative schemes. The best
known is Newton’s method, the characteristics of which have been improved in much of the research
(see, for instance, the texts [1,2] and the references therein). Different techniques have been employed
to design these new methods being, in the majority of cases, multistep schemes, due to the limitations
of one-step methods.

However, in many applications in geometric modeling, it is necessary to find all the roots of a
nonlinear problem within a domain. In these cases, subdivision solvers are the most usual approach
when looking for roots globally (see, for example [3] and the references therein). As subdivision solvers
usually employ Newton’s scheme when the initial estimation is close to the root, higher order methods
as the proposed in this manuscript may be useful to improve the local behavior of these solvers.

The weight function procedure is used to achieve this goal, which is able to increase the order
of convergence of known methods (see [1]), achieving optimal schemes under the point of view
of Kung-Traub’s conjecture [4]. This conjecture claims that an iterative method without memory
which uses d functional evaluations per iteration can reach, at most, order of convergence Zd’l,
being optimal in this bound. Although the aim of many researches in this area is to design optimal
high-order methods, it is also known that the higher the order is, the more sensitive the scheme to
initial estimations will be.
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In our study, through weight function procedure and Newton’s scheme, a new family of iterative
methods is presented, with the following iterative expression:

f(zn)

nT TR )
Zyi1 = zn—H(tn);éi), n=20,1,...,

where gamma is a real parameter and the variable of the weight function H(t) is t = L ;EZ ; .

In the next section, we present the convergence result of this family, describing the conditions that
function H(t) must satisfy for reaching order four. We also analyze how to extend this structure (1) for
designing derivative-free methods and for solving nonlinear systems, 7 > 1. Many known methods,
for equations or systems, are particular cases of our class. In Section 3, we study the dynamical

behavior of a sub-class obtained by using a particular weight function. The aim of this section is to

check how, using complex dynamics tools, we can determine which elements of a given family have
good stability properties and which have chaotic behavior.

2. Convergence and Stability

The order of convergence of family (1) is analyzed in the next result, for n = 1.
Theorem 1. Let f : D C R — R be a sufficiently differentiable function in an open interval D and let Z € D be
a simple solution of the nonlinear equation f(z) = 0. Starting from a known initial estimation z close enough

to z, if v = 2/3 and function H satisfies H(1) = 1, H'(1) = —3/4, H"(1) = 9/4 and |H"' (1)| < o0,
then sequence {z, },>0 obtained from (1) converges to Z with order of convergence four, being the error equation

el = (<5 + iH”’(l)) &3 —cacs + C4/9> e +0(en),

._f<j)(z) . _ _
wherec] = W’] =2,3,...and e, = z,, — Z.

Proof. It is known that f(z,) and f/(z,) can be expressed as
f(zn) = f'(2)len + ca¢i + caes + cacy + O(e;)]

and
'(zn) = f'(2)[1 + 2c2€3 + 3czel + deges + O(e)).

By direct division,

f(zn)
f'(zn)

Then,

= ey — 262 + (265 — 2c3)ed + [—8¢5 + ca(4c3 — 3c3) + 10cac3 — Beyer +O(e)).

Yn = zn = 1f(2n)f'(zn) = (1= v)en + ve2eq = 2[7(c3 — c3)les, + 7(463 — 7eacs + 3ea)ey, + O(ey).

Again, by expanding in Taylor series,

fyn) = f1E) [1=2[(=1+7)calen + [27¢5 +3(=1+ 7)%c3]en
+2[—27¢3 + (5 —37)ycacs —2(—1+ 7)3c4}eﬁ] +0(e}).
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Therefore,

!
b= LW e, 4323 + (—24 7)es]éd
f'(zn)

—4[y(4c3 + (=7 +37)cacs + (3 — 3y + ¥*)ca)]es + O(e})

and, taking into account that t tends to 1 when 7 tends to infinity, the weight function can be

expressed as

H(t) = ot ha(tn— 1)+ sha(ty— 12+ ghs(ty — 1+ O((ts ~ 1))
= ho—2yhicaen + [29°hac3 +39h (263 + (=2 + 7)c3)llen
" [_§73h3c§ — 672 hpc2(2¢3 + (=2 + 7)c3) — 4yhy (463 + (=7 + 37)cacs
+(3=37+12)er)| & +Oef),
where hy, Iy, hp and h3 denotes H(1), H'(1), H”(1) and H"' (1), respectively. Finally,

f(zn)
f'(zn)

= (1 —ho)en + (ho +29hy)caes + [—2(hg + y(4hy + vha))c3 + (2hg — 3(—2 + ) yh1)c3e]

eni1 =2Zyy1 —Z=2zn—2Z— H(ty)

4
+[(4hg + 26yhy + 149°hy + 573h3)cg + (=7ho 4+ y((—38 4 1591y +6(—2 + 7)vha))cacs
+(3ho + 47(3 = 3y + 1) )esen + O(e)).
Therefore, in order to eliminate first order error,

1—hy=0, whichmeansthat hy= H(1)=1.

For the second order error:
hy+2vh1 =0,

being hy =1
h=H(1)=—.

With these values of iy and hy, the error equation is now

1
€1 = [(2—272}12)0%4'5(—24‘37)53]@%

+[(—=9 + 14720y + 47;h3 )cgg(s — 59 —89%hy + 47°hy) s 3
+(=34 67 —292)cyler +0(e).
So, we can eliminate the third order error if
2—29%h, =0 and —2+3y=0,

which means that

1 2
g _ _
h, =H"(1) = P and = 3
Hence it is proven that if v+ = 2/3 and function H satisfies H(1) = 1, H'(1) = —3/4 and

H"(1) = 9/4, the order of convergence is four. [
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If we want to design a derivative-free scheme with a similar structure as (1), we change f’(z,)
by the divided difference f[z,, w,|, where w, = z, + pf(zx) with p a real parameter, obtaining the
following iterative expression:

f(zn)

Yn = Zn—Y

flzn, wn]’
Zpt1 = zn—H(tn)M n=20,1,... @
n—+ f[Zn,wn]’ 74 7
being in this case t = ;Ei ’ Z}] the variable of the weight function. Unfortunately, family (2) does
not reach order four. However, if we use as variable of the weight function ¢ = jj:[[zy,;]] , being
Wy =z + pf(zn)z, the class
S i)
y'fl = Zp ,)/f[Zn, u}ng ’ (3)
Zn
= — H(t =0,1,...
Zn+1 Zn ( Vl)f[Zn’wn] O/ 7 7

reaches order four under certain conditions as we establish in the following result

Theorem 2. Let f : D C R — R be a sufficiently differentiable function in an open interval D and let Z € D
be a simple solution of the nonlinear equation f(z) = 0. Starting from a known initial estimation zq close
enough to z, if v = 1 and function H satisfies H(1) =1, H' (1) = —1, H"(1) = 4 and |[H" (1)| < o0, then
sequence {z, } >0 obtained from (3) converges to Z with order of convergence four, being the error equation

1
eni1 = (—f'(2)%0c3 + 5(30 +h3)c5 — cacz)er +0(e),

where C] flflézg ] =2,3,....en =2zp — Zand h3 H//,(l)

On the other hand, family (1) can be extended to the multidimensional case, n > 1, so we
accomplish a family of iterative methods for solving nonlinear systems F(z) = 0, where F: D C R" —
R". In this case, the iterative expression is

YO = alF ) G, W
20 = 200 — H(E ) [F (z0)]71F(z™), n=0,1,...,

where F/(z(") is the Jacobian matrix of F evaluated in the iteration z("™). The variable of weight is
t = [F'(z)]'F/(y) and H(t) is a matrix function H : X — X, where X = R"*", such that

(i) H'(u)(v) = hjuv, being H' the first derivative of H, H' : X — £(X), h; € R and £(X) denotes
the space of linear mappings from X to itself.

(i) H"(u,v)(w) = hyuvw, being H” the second derivative of H, H” : X x X — £(X) and hp € R.

(i) H"(u,vw)(s) = hzuvws, being H" the third derivative of H, H” : X x X x X — L(X)
and h3 € R.

Then, the Taylor expansion of H around the identity matrix I gives
H(E™) & HD) 4 (67 = 1) 2ot — 12 4 L ()~ 1)

A similar result to Theorem 1 can be established for class (4), obtaining conditions for function
H(t) to reach order four. In the proof we use some tools and notations introduced in [5].
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Theorem 3. Let F : D C R" — R" be a sufficiently differentiable function in an convex set D and let Z € D
be a solution of the nonlinear system F(z) = 0, such that F'(Z) is nonsingular. Starting from a known initial
estimation z() close enough to z, if v = 2/3 and function H satisfies H(I) = I, hy = —3/4, hy = 9/4 and
|h3| < oo, then sequence {z, },>0 obtained from (4) converges to zZ with order of convergence four, being the
error equation

i1 = ((5 + Z;%) C3 — CC3 + c4/9> et +0(e),
where C; = %[P’(Z)]‘lFU) (2),j=2,3,...and ey = z(") —z.
Proof. By using Taylor expansion of F(z(")) and F/(z(")) around z,
F(z™) = F/(2)[en + Ca€? + Caed + Cyet] + 0(e),
F'(z") = F'(2)[I 4 2Cae, + 3C3e2 + 4C4e3] 4+ O(eh).
From the above expression, we conjecture
F'(z0) 1 = 1+ Xaen + X3¢ + Xae3|F'(2) ' 4 O(e})
and, from F'(z(")~1F/(z(W) = F/(z(")F'(z))~1 = I, we have
F'(z0M) ™1 = [I — 2Cye, + (4C3 — 3C3)e2 + (—4Cy + 6C2C3 + 6C3C, — 8C3)e2]F/(2) "1 + O(e?).
Then,
F'(z)"1F(z) = e, — Coe2 +2(C3 — C3)e3 + (—3C4 4 4C,C3 +3C3Cy — 4C3)ek + O(e).
Similarly, we calculate
y™ =z = (1= y)en +vCaeh — 27(C3 — Ca)e;, — 7(—3C4 +4CyCs + 3C3Ca — 4C3)ey + Oley).
So,
F(y")=F(2) [1+26(/" ~ ) + 3G 22 +4Cs(y") ~ 2% + O(y") —2)%
= F(2) [14+2Ca(1 = 7)en + (27C3 +3C3(1 = 7)2)e} + (—47(C} — CaCs) +67(1 = 7)CCa
+4(1-7)°Ca)e; | +0(e).

Therefore, variable t of the weight function is described as

t =F(zy) 'F(yn) = I—29Caey+ (67C3+3C3(7% —27))e2
+(=167C3 + (69* — 167)C2C3 + (129 — 69%)C3Ca
+(—49° + 1292 — 129)Cy)e} + O(e})

and
H() = H()+ It =)+ ot~ 17+ %hg(t )y
= H(I) — 2yCyhyen + (67h1C3 + 3h1C3 (% — 27y) + 2hpy?C3)e?
+ | —4/37(12 + (ks + h57))C3 — 4 7(7* = 3y +3)Cy
v(h1(16 — 67) — Bhay (7 — 2))CaCs — 3y (7 — 2)(21 + hay) C3Ca] €, + O(ey).
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Therefore,

ens1 = (I=H(I))en+ (H(I)Ca +27h1 C)ep, + (—2H(1)(c§ — C3) —27m C3
2

81 C} — 31 Cs (72 — 27) — 27°C ) €} + O(e}).

In order to reach order four, the coefficients of ¢;,, e% and e‘:’l must be zero, so

-1 9 2
HI)=1 h=+, h=-
(n =5 =3
With these values, the error equation is

38
eni1 = ((5 + 81h3> G — CCs + c4/9> et +0(ed)

and the proof is finished. [J
Many known schemes designed for solving nonlinear equations or nonlinear systems can be

obtained as particular cases of (4) by using different weight functions satisfying the conditions of
Theorem 3. For example, the classical Jarratt’s scheme [6]

— _2 f(zn)
T RS Gy ©
o = g e flm) o
n+1 6 (yn)—2f (zn) f/(zn) ’ [ PR

is obtained from (1) for equations and (4) for systems, by using
H(t) = (6t —2I) "1 (3t + I).
In a similar way, the method constructed by Khattri and Abbasbandy in [7] is an element of (4),
n > 1, by using the weight function

21, 9 15
H(t) =1+ St— 2+ £
®) T 2" g
The parametric family of iterative methods for solving nonlinear equations or systems, designed

by Kanwar et al. in [8], is a particular case of (1) or (4) using the weight function

H(t) = 14§ — 220q4p — 27a3 + 3(af + 1014 + 503
2 (a1 + 3azt)(3(ag + an)t — g — 5ap)

where a1 and a; are free real parameters such that a1 # ay and aq # 3a;.
Sharma and Arora published in [9] a method for solving nonlinear systems which we can obtain
from (4) by using

H(t) = %I—H (—31+§t).

Hueso et al. presented in [10] a parametric family of iterative schemes, which is obtained from

the weight function
58« o, 9—8a
H(t) = 3 I+ ot +§t+ 1

t72

where « is a real free parameter.
Finally, Ghorbanzadeh and Soleymani presented in [11] an iterative method solving nonlinear
equations or nonlinear systems, which is a particular case of our scheme using the weight function
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H(t) = 4(1 +3t)7 1 [1 + %(t - 1)2} .

One of the most simple sub-classes of family (1) is obtained when H(t) is the Taylor polynomial
of third degree, satisfying v = 2/3, H(1) = 1, H'(1) = —3/4 and H”(1) = 9/4, that is, the weight

function is: 3 9 ,
H(t) =1-2(t=1)+g(t— 1%+ qult— 1)3,

being « = H'"(1) the free parameter. In this way, we obtain a parametric family of iterative methods
of order four, denoted by CGTa. In the next sections, we are going to analyze de dynamical behavior
of this class in terms of parameter «, for finding the methods with good stability properties and to
avoid the elements of the family with chaotic behavior.

3. Stability of Family Cgt«

We are going to introduce some concepts of complex dynamics that we need to analyze the
stability of the proposed family on quadratic polynomials. These are the most simple nonlinear
functions and, although the stability conclusions for quadratic polynomials can not be extended to any
nonlinear function, in practice a bad method for quadratic polynomials does not perform adequately
for other functions. Moreover, cubic polynomials and high-order iterative methods usually yields to
rational operators of very high degree; this makes the analysis unaffordable in the most of cases.

After that, we will calculate the fixed and critical points of the rational operator associated with
the class on polynomials. The stability of the fixed points, the behavior of the critical points as initial
estimation of the iterative schemes and the basins of attraction of the periodic points give us relevant
information about the stability of the methods.

3.1. Basic Concepts On Dynamics

A more complete description of the following concepts can be found in [12]). Given a rational
function R : C — C, where C is the Riemann sphere, the orbit of a point zy € C is defined as:

{Zo, R (Zo) , R2 (Zo),. . .,Rn (Zo),‘ . }

We analyze the phase plane of operator R by classifying the starting points from the asymptotic
behavior of their orbits.

A zg € Cis called a fixed point if R (z9) = zo. A periodic point zq of period p > 1 is a point such
that R? (z9) = zg and R¥ (zq) # zg, for k < p. A pre-periodic point is a point z, that is not periodic but
there exists a k > 0 such that R¥ (z) is periodic. A critical point zg is a point where the derivative of
the rational function vanishes, R’ (zy) = 0. Moreover, a fixed point z is called attractor if |[R'(zg)| < 1,
superattractor if |R'(zo)| = 0, repulsor if |R'(zo)| > 1 and parabolic if |R'(zp)| = 1.

The basin of attraction of an attractor Z is defined as:

.A(Z) = {ZO eC: RrR" (Zo) —Z, 1’1*}00}.

The immediate basin of attraction of an attractor is the connected component of its basin of attraction
that holds the attractor.

The Fatou set of the rational function R, F (R), is the set of points z € C whose orbits tend to an
attractor (fixed point, periodic orbit or infinity). Its complement in C is the Julia set, J (R). That means
that the basin of attraction of any fixed point belongs to the Fatou set and the boundaries of these
basins of attraction belong to the Julia set.

The following Theorem establishes a classical result of Fatou and Julia that we use in the study of
parameter space associated with the family.



Symmetry 2019, 11, 769 8 of 15

Theorem 4 ([13]). Let R be a rational function. The immediate basin of attraction of an attracting fixed or
periodic point holds, at least, a critical point.

By using this result, one can be sure to find all the stable behaviors associated with a rational
function R, by analyzing the performance of R on the set of critical points.

Taking into account that the proposed family of iterative methods satisfies the Scaling Theorem,
it can be seen in the literature ([12]) that the roots of a polynomial can be changed by an affine map
without qualitative changes on the dynamics of the family. Therefore, we can use a generic quadratic
polynomial p(z) = (z —a)(z — b).

By replacing f(x) by p(z) in the iterative expression of the proposed family CGTu, the following
fixed point operator is obtained:

— _ _N\2(ph_»)2 _\3(_ 3
(—a+2)(=b+2) (1 + R + M + i)

a+b—2z

Tp,tx,a,b (Z) =z+

7

which depends on parameters «, a2 and b.

In [13], Blanchard considered the conjugacy map ¢(z) = %, a Mobius transformation with
these properties:

(@) ¢(c0) =1, (ii) ¢(a) =0, (iii) ¢ (b) = co.

It was proven that Newton’s operator, for quadratic polynomials, is conjugate to the rational map
z2. In an similar way, operator Ty 4,0 ON quadratic polynomials is conjugated to operator Oy (z),

N 405 + 32 + 1134z + 113422 + 48623 + 81z*
o) = T 1 =z .
« (2) (‘P °lyaapod ) (2) = 2 g 4862 7 113422 + 11342° + 40524 1 32024

(6)
In this new operator O, parameters a and b have been obviated.

3.2. Study of the Fixed Points

Stability and reliability of the members of the family are analyzed in the rest of the paper, regarding
the properties of its associate rational function when the class is applied on polynomial p(z). Firstly,
fixed points of the rational function O, (z) are calculated. Specifically, we focus on the points that are
not related to the original roots of polynomial p(z), which are named strange fixed points.

In the next result, some properties of the strange fixed points are described.

Theorem 5. Fixed points of the rational function O,(x) are the roots of equation On(z) = z. Therefore,
we obtain z = 0, z = co (corresponding to the roots of p(z)), and the following strange fixed points:

o exi(a)=1,
e the roots of symmetric sixth-degree polynomial r(t) = 81 + 567t + 1701#> + (2430 — 32a)t3 4 1701* +
567t + 81t°, or analogously,

exss(n) = sp(a) £ Zsl(a)Z — 4,ex2(zx) _ ex3l([x)
ens(e) = HUEVROEZR o T
exez(a) = () £ 253(06)2 - 4,€x6(lx) = %,

where s1(w), so(«) and s3(a) are the roots of the third-degree polynomial s(t) = 81t + 567> + 1458t +
1296 — 32«, that is,
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1/3
15313 (1 +iy/3
s2(a) = % (—42+ (®(£))1/3 ) i (H—\@) (9<D(“))1/3) ,

) 1 (_42+ 1531/3 (1 —i\/g) B (1+i\/§) (9<I>(a))1/3) /

being ®(w) = 24 + 16a + /1701 + 768« + 25642
It is possible to find values of parameter a where two or more strange fixed points coincide. Consequently,
operator O, (x) provides seven strange fixed points, except in the following cases:

(i) Ifa=0o0ra= %1 there are only five strange fixed points.
(i) Ifa= 13—61' (81’ + 5\/5> orx = —1%1' (—81' + 5\/5) the strange fixed points are ex; = 1 and the roots of
a sixth-degree polynomial, which are two simple and two double roots.

3.3. Stability of the Fixed Points

In this section, we observe that not only the number but also the stability of the fixed points
depend on the parameter of the family. This fact can lead to the existence of attracting strange fixed
points, which can make the iterative scheme converge to a false solution.

It is known that z = 0 and z = oo are always superattracting fixed points, as the order of
convergence of the class is greater than 2. However, relevant numerical information is provided by
the stability of the other fixed points (for example, z = 1 corresponds to the divergence of the original
method). Therefore, we determine this stability in the next results.

4
Theorem 6. Strange fixed point exq () = 1, with a # — %, has the following character:

(i) When ‘IX + %’ < 324, ex1(a) = 1is a repulsor.
(ii) If ‘tX + %‘ = 324, exq(«) = 1is a parabolic point.
(iii)  When ‘zx + 44@‘ > 324, then exy(a) = 1 is an attractor.

Proof. It is easy to prove that

1296
") =
Ou ( ) 405 + 4u
So,
1296
— I < i i < .
‘405 | = 1 isequivalentto 1296 < |405 + 4«|

Let us consider a = ¢ + id an arbitrary complex number. Then,

12962 < 4052 + 16¢% + 16d2 + 3240c.

By simplifying
1515591 — 3240c — 16¢* — 16d° < 0,
that is,
2
(c—l— 425> +d? < 3242,
Therefore,

|0, (1)] <1 ifand only if

o

zx—|—425’ < 324.
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O

Stability regions of every strange fixed point (ex;(«),i =1,2,...,7) are shown in Figure 1.

.
-100 -50 0 50 100

(b) ex;(a), i=2,3 (c) ex;j(w), i=4,5,6,7

Figure 1. 3D-view of stability functions of strange fixed points.

We can observe from the stability of ex;(«),i = 4,5, 6,7 that these strange fixed points are repulsive

for any value of parameter a.

3.4. Analysis of the Critical Points

Regarding the dynamics of the family, it is significant to analyze the critical points of the rational
function O,(z) different from 0 and oo, which are called free critical points.
With the purpose of calculating the critical points, we study which points make null the derivative
of Oy (2).
405(1 +2)% + 16a (2 — 3z + 222)
(81 + 486z + 113422 + 113423 + (405 + 32a)z4)*

We know that z = 0 and z = oo, which are related to the roots of the polynomial by means of
Mobius map, are critical points and give rise to their respective Fatou components. Nevertheless,
several free critical points can be obtained, some of them depending on the value of the parameter «.

Ol (z) = 32423(1 + 2)°

Proposition 1. The number of critical points of the rational function Oy (z) depend on the value of the
parameter :

(a)  Ifa =0, there exist one only free critical point, z = —1, which is a pre-image of the fixed point z = 1.

(b)  Inall other cases, the free critical points are cr () = —1,
—405 + 240 — 47/~ (405 + 4a) 1
crp() = =—,
405 + 32« cr3

which means that there exists only one independent free critical point.

Proof. We obtain the previous critical points, since

405(1 4 z)2 + 16a (2 — 3z + 222) B

0! (z) = 3242%(1 + z)° 5 =
(81 + 486z + 113422 + 113423 + (405 + 32a)z*)

(z —crp(a))(z — cr3(a))
(81 + 486z + 113422 + 113423 + (405 + 32a)z4)2

= 324(405 + 324)z>(1 + 2)°

O

In the case of strange fixed point ex;(«a),i = 2,3, we can see that there exist a ball in which the
strange fixed points are attractors, whereas outside this ball, ex;(«),i = 2,3 are repulsive.
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3.5. The Parameter Plane

We have observed that the dynamical behavior of operator O, (x) depends on the values of the
parameter «. Taking into account Theorem 4, we are interested in knowing what happens with the free
critical points, and if any of them gives rise to a basin of attraction different from those of zero and
infinity. In order to have knowledge of this, we obtain the parameter plane associated with the family.

We depict the parameter space associated with a free critical point of operator (6) by associating
each point of the parameter plane with a complex value of «, i.e., with an element of family (1). Every
value of a belonging to the same connected component of the parameter space gives rise to subsets of
schemes of family (1) with similar dynamical behavior. Therefore, our objective is to find regions of
the parameter plane as much stable as possible, due to the fact that the values of « in these regions will
provide the best members of the family in terms of numerical stability.

Since C1’2(0() - m

exist only one parameter plane of the family. If we consider the independent free critical point as a
starting point of the iterative schemes of the family associated with each complex value of «, this point
of the complex plane is painted in red if the method converges to any of the roots (zero and infinity)
and they are black in other cases. The lower the number of iterations, the brighter the color used.
Following this procedure, we obtain the parameter plane presented in Figure 2, by using the processes
described in [14]. We have used a mesh of 2000 x 2000 points, 500 maximum iterations and 1073 as the
tolerance used in the stopping criterium. We also show a zoom of this parameter plane in Figure 3a,
focusing on the biggest red area, where the members of family (1) are, in general, very stable. These
would be the best values, a priori, to apply the iterative methods in terms of stability.

, we have at most one free independent critical point, consequently, there

300
200

100

Im{a}
o

-100

-200

-300

-400 -300 -200 -100 0 100 200
Re{a}

Figure 2. Parameter plane associated with cr;(a), i = 2, 3.

Nevertheless, we can see black regions that inform us about different pathological behavior of the
elements of the family. The black ball represented in Figure 3b, correspond to values of parameter «
for which ex;(«),i = 2,3 are attracting. Besides, the big black ball that surrounds the parameter plane
in Figure 2 correspond to values of the parameter for which ex; («) is attracting.
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Figure 3. Details of the parameter plane.

In addition, we can analyze the remaining black regions by drawing dynamical planes with the
parameter « corresponding to values inside these black regions.

4. Dynamical Planes

Now, we will analyze the qualitative behavior of the different elements of family through the
dynamical planes. These elements are selected taking into account the conclusions obtained by
studying the parameter plane of the family. Dynamical planes with stable behavior are depicted
by using points in the red region of the parameter plane, whereas dynamical planes with unstable
performance are calculated with points in the black region of the parameter plane of the family.

Every dynamical plane presented here has been generated by using the routines appearing in [14].
The dynamical plane related to a value of parameter « is obtained by iterating an element of family (1).
Each point of the complex plane is used as initial estimation. The points whose orbit converges to
infinity are plotted in blue, in orange those points converging to zero, in green the points whose orbit
converges to one of the strange fixed points, which appear marked as a white star in the figures if they
are attracting fixed points, and in black if it reaches the maximum number of 50 iterations without
converging to any of the fixed points. A mesh of 600 x 600 points has been used and a tolerance
of 1073.

Some dynamical planes are shown in Figure 4. These planes correspond to values of the parameter
« which from the parameter plane, give us elements of the family with stable behavior. Therefore, we
can see only two basins of attraction, that correspond to zero (orange basin) and infinity (blue basin).

On the other hand, as it has been said, unstable behavior is found when we choose values of the
parameter in the black region of parameter plane. These dynamical planes are shown in Figure 4.

In Figure 4a,c,ef the dynamical planes of the iterative method corresponding to &« = 65,
a = 85+ 35i, « = —140 and & = —200, respectively, are presented, with regions of slow convergence.
Figure 4b, corresponding to & = 90, shows the existence of four different basins of attraction, two of
them of the superattractors 0 and co and the other ones corresponding to strange fixed points.

Finally, in Figure 4d, corresponding to &« = 8%, we can observe an orbit of period two.
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Figure 4. Some dynamical planes with stable behavior.
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Figure 4. Some dynamical planes with unstable behavior.
5. Conclusions

In this paper, a class of optimal iterative methods for solving nonlinear equations is presented,
which holds many known methods as particular elements. This family is extended in two different
directions: a class of derivative-free methods for solving nonlinear equations and a multidimensional
family for nonlinear systems. Both classes preserve the order of convergence of the initial family.
The dynamical analysis in these areas will be object of study in future works.

Moreover, a complex dynamical study for a parametric sub-family on quadratic polynomials has
been presented. We have been able to prove, by means of the parameter plane, that there are many
values of & with good stability properties, which means that there exist plenty of elements of the family
with stable behavior. Nevertheless, there are other values of « with convergence anomalies that must
be avoided in practical applications.
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