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Abstract

In this work, we start from a family of iterative methods for solving nonlinear multidimensional problems, designed using
the inclusion of a weight function on its iterative expression. A deep dynamical study of the family is carried out on
polynomial systems by selecting different weight functions and comparing the results obtained in each case. This study
shows the applicability of the multidimensional dynamical analysis in order to select the methods of the family with the
best stability properties.
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1. Introduction

Science, Technology, Engineering and Mathematics (STEM) is a novel term used to group a list of academic and
research disciplines. Despite the solution of nonlinear equations and systems of nonlinear equations can be classified in
the Mathematics subject, the amount of problems that can be solved covers the other three disciplines completely.

An approximation of the solution of the nonlinear problem F'(z) = 0, where F' : D C R™ — R", n > 1, is a nonlinear
vectorial function with n unknowns, can be obtained by means of iterative methods, when the analytical solution is not
affordable. There are two main issues: the scalar case, for solving nonlinear equations where n = 1, and the vectorial
case, for solving systems of nonlinear equations where n > 1.

Solving a nonlinear equation by means of iterative methods has been a widely discussed problem as can be seen in
the overviews [1, 2], although the same is not true for nonlinear systems, which is the case discussed in this manuscript.
The designed methods can be classified in terms of different criteria. One of them is the absence or existence of memory,
that is, depending whether the method only needs the current iteration for obtaining the following one or it needs more
than one previous iterations. Focused on iterative methods without memory, some interesting studies can be found in
[3,4,5,6,7,8,9, 10, 11], where iterative schemes for nonlinear systems are designed with the aim of improving the order
and the efficiency of Newton’s method. For iterative methods with memory, highlighted references are [12, 13, 14]. In
some papers, not only have new methods or families of iterative methods been designed, but dynamic studies have been
carried out that have made it possible to determine the most stable schemes (see, for example, [15, 16, 17, 18]). As far
as we know, [15] is the first paper devoted to analyze the stability of iterative methods for nonlinear systems by using
dynamical tools. This analysis plays an important role when we want to select the elements of a family with good stability
properties and to refuse the members with chaotic behavior.

In this paper, a complete stability analysis is performed on a family of iterative methods for solving nonlinear systems,
constructed in [19], through the procedure of matrix weight functions. This analysis is made for different rational functions
resulting from the application of some particular elements of the family under study on polynomials systems of lower
degree.

The authors, in [19], by using the weight functions procedure constructed the following class of iterative methods

R+ = (k) F(’l]k)[F/(aj(k))]_lF(aj(k)),
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where I' : X — X is a matrix weight function of variable 7, = [F’(z®))]71 (F'(z®) — [y®) 2®); F]), X = R™*"
denotes the space of all the real matrices of size n X n, and [-, -; F'] stands for the divided difference operator

as defined in [20]. The matrix weight function I" has Frechet derivatives satisfying (see [21]) the following conditions

a) I'"(u)(v) = Gruv, being I'' : X — L£(X), G; € R and £(X) denotes the space of linear mappings from X to
itself,

b) I (u,v)(w) = Gouvw, where T : X x X — L(X) and G5 € R,

c) I (u,v,w)(t) = Gsuvwt, forT" : X x X x X — L(X) and G3 € R.

The interest of this family lies in its computational efficiency, since all linear systems that we must solve in each
iteration have the same matrix of coefficients. On the other hand, many known methods or families of schemes are
elements of this class.

It was proven in [19] that the elements of family (1) converges to the solution of F'(xz) = 0 with order 4 when the
weight function holds I'(0) = I, G; = 1, G3 = 4 and under standard conditions on F' and F’. Section 2 is devoted to
perform a deep stability analysis of family (1) depending on the initial estimations. For this purpose, we use some tools
of the multidimensional real dynamics, that we recall below. A comprehensive development of these tools can be found
in [22].

When an iterative method is applied on a system of polynomials p(x), a rational vectorial operator R(z) as fixed point
function is obtained. The orbit of a point z(?) € R” is defined as the set of the successive applications of R, i.e.,

{x@), R(z©), R*(z ), .. } .

The dynamical behavior of the orbit of a point (%) is set attending to its asymptotic behavior. A point z” is T-periodic
of Rif RT(2T) = 2T and R(2T) # 27, fort < T, where T and ¢t are positive integers. For T' = 1, this point is a fixed
point, denoted by x*. The fixed points different of the roots of p(x) are called strange fixed points. The stability of the
periodic points is classified from the next result.

Theorem 1 ([22]). Let R : R — R™ be C2. Assume x" is a T-periodic point. Let Aj,j =1,...,n, be the eigenvalues
of R (zT). Then,

1. ifall the eigenvalues \; satisfy |\;| < 1, x7 is attracting,

2. if one eigenvalue \;, complies with |\j,| > 1, 2T is unstable, that is repelling or saddle,

3. if all the eigenvalues \; satisfy |\;| > 1, 2T is repelling.

In addition,

i) if all the eigenvalues \; satisfy |\;| # 1, then 27 is known as a hyperbolic point,
i) if 27 is hyperbolic and there exists an eigenvalue |\;| < 1 and and eigenvalue |\;,| > 1, then 27 is a saddle point,

iii) if all the eigenvalues are equal to zero, then 7 is superattracting.

The basin of attraction of an attracting fixed point z*, A(z*), is the set of points whose orbits tend to the attracting
fixed point z*, i.e.,
A(z*) = {2 e R" : R (V) = 2*,m — oo}.

The set of points z(°) whose orbit tends to an attracting fixed point shapes the Fatou set F(R), while its complementary
is the Julia set 7 (R).
Finally, a point z© € R™ is a critical point of R if the eigenvalues of the Jacobian matrix R’(z“) are null or all its

or;(z*)

. i
components satlsfy )

T

J

with the roots of p(z). The interest in analyzing the critical points is based on the classic result of Julia and Fatou which
establishes that in every basin of attraction there is at least one critical point.

= 0forall i,j € {1,...,n}. A free critical point is a critical point that does not match



Now, we select three different weight matrix functions I'(n) which give us elements of family (1), whose stability we
analyze in the next section. The idea of how to choose weight functions in the case n = 1 appeared in Chun et al. [23].
The first iterative method, named G1, corresponds to the weight matrix function T'y (1) = I + n + 277,%, whose iterative
expression is

y® = 2B [ ()] F(2®),

2
a0 = ) T oy 4 202] [F(a®)] 7 R (™). (2

The second case of study, called G2, corresponds to the weight matrix function Ty (ng) = [I — 2] ™" (I — 1),
resulting in the iterative expression

y® = o) [P0 P ®),

2D = ) (1 = 23] 7N (1 = me) [F (&)1 F(2®). 3)

The third iterative class belonging to family (1), named G3, corresponds to the use of the weight matrix function

Us(ni) =1+ mp + 207 + %n,?;, a € R. The iterative expression of the resulting class of iterative methods is

20 = 59— Dy ) [P ()] P (2).

Let us remark that the value o = 0 provides the previous method denoted by G1.

The resulting iterative methods and the uniparametric iterative class will be applied on two-dimensional quadratic
polynomials in order to depict the main dynamical graphical representations in the real plane. Then, the analytical results
can be easily extended to the corresponding n-dimensional ones.

The two-dimensional quadratic polynomial systems that have been considered are

_f m@)=a7 -1
L. p(m){ palz) =22 —1°

_ Q1($):$15€2+x1—x2—1
2 q(x)—{ = mn o

whose roots are (+1,+1) for p(x), and (1,1), (—1,—1) for g(x). Although these polynomial systems are quite simple,
the related multidimensional rational functions are complex enough to observe all the qualitative behavior.

2. Dynamical analysis of G1, G2 and G3

In this section, we analyze the stability of the fixed points of each rational vectorial operator obtained when each
method is applied on systems p(x) and ¢(z). We also study, in each case, the critical points and we represent the
dynamical planes.

The dynamical planes show the Fatou set (union of the basins of attraction of all the fixed and periodic points) and
the Julia set (its complementary in the plane). They are plotted by using the multidimensional rational function resulting
from the application of an iterative method on a polynomial system. A mesh of initial estimations is defined and each
one of the points is painted in a color, depending on the attracting point it converges to. Otherwise, the initial guess is
represented in black. The routines for the representation follow similar guidelines as in [24].

In this manuscript, every dynamical plane has been generated in Matlab2018b, taking a mesh of 500 x 500 initial
guesses for (z1,z2) € [—10,10] x [—10, 10]. The algorithm iterates until the maximum number of iterations is reached or
the norm between the current and previous iteration is lower than a certain tolerance. The values of the maximum number
of iterations is 50 and the tolerance used is 10~3. The attracting fixed points are represented with white stars, and the free
critical points are plotted with white circles.

2.1. Analysis of G1
The rational function R (1, z2) associated to iterative method (2) applied on p(z) is

52§ + 152} — ba? + 1
1623

52§ + 1525 — 532 + 1
1623

Ri(z1,22) = 5

The fixed points of (5) match with the roots of p(x) that are superattracting points, as is shown in the following result.



Proposition 1. Rational function Ry(x1, x2), associated to method G1 applied on the polynomial system p(x), has four
fixed points, (x5, x3) = (£1, £1), being all of them superattracting points.

Proof. The jth-coordinate (j = 1, 2) of the rational function Ry (x1,x2) is

6 4 2
5:cj + 15:L‘j — 51;j +1
161‘? ’

The fixed points are obtained solving Ry (z1,x2) = (1, Z2), or analogously, solving equations

6 4 2
5:cj + 15xj — 5xj +1
161?

Developing equation (6), we obtain for j = 1, 2

528 4+ 152% — 522 + 1
J J J _ .6 4 2 —
1625 =z; << —llaj+15z; —525+1=0
J

& (zj—1)(z; +1)(~11aj + 4af — 1) = 0. 7

The only real roots of the previous sixth-order polynomial are 2; = =£1. Then, the fixed points of R; are (—1,—1),
(-1,1),(1,-1) and (1,1).
Computing R} (z1, z2), we get the diagonal matrix

5 (22 —1)°
1626 0
R (w1,22) = 1 9 3 | (®)
0 ) (m2 — 1)
1625
. 5 (22 —1)° 5(22—1)° . .
whose eigenvalues are A\ (z1,22) = ST and Ao (z1,22) = BT The evaluation of the fixed points on
1 L

the eigenvalues results in Ay = Ao = 0. Therefore, every fixed point is a superattracting point. m

Regarding the critical points of R;(x1,z2), every one matches with the roots of the polynomial p(x). Then, there
are not free critical points. This fact guarantees the stability of the method, since the only basins of attraction are those
associated to the roots of the polynomial.

The dynamical plane of Ry (x1,x2) is represented in Figure 1a. The basins of attraction of the roots (—1,—1), (=1, 1),
(1,—1), (1,1) are mapped with colors orange, red, green and blue, respectively. In addition, the lower intensity of the
colors is used to indicate the lower number of iterations until convergence to the roots is achieved. The representation
shows the good performance of the method for the polynomial system p(z), since every initial guess converges to the
closest root.

When the iterative method (2) is applied on ¢(z), whose variables are not uncoupled, its related rational function is
denoted by Sy (z1, z2) and its expression is

39 + 2 (3:0% + 2) + a3 (4:17% + 6172) + a2 (93‘21 + 1223 — 3) + x1220 (xé + 623 — 2) +4xd — 53 + 2

_ (1 + 22)°
S1@12) = s ot (303 4+ 2) + b (423 + 6ao) + o2 (wh + 1202 — 3) + arws (wh 4+ 623 — 2) + dad — 5ad + 2

(I 1+ 22 ) 5
©)
Let us note that the two components of the rational function are equal. The only fixed points of (9) are (—1, —1), (1,1),
that agree with the roots of ¢(z) and are superattracting. In this case, the operator associated to method G1 has free critical
points. The next result summarizes the dynamical results obtained for Sy (x1, x2).

Proposition 2. The fixed points of the rational vectorial function S1(x1, x2), obtained from the application of method G1
on polynomial system q(x), are (—1,—1) and (1, 1), being superattracting points. In addition, the rational operator has
free critical points whose approximated values are (—1.07142, —2.55449), (0.07142, —0.93485), (—0.13412, —1.22734)
and (1.14102,0.57816), lying in the basins of attraction of the roots.



Proof. The two components of the fixed points are obtained by solving S;(x1,x2) = (z1, x2), that is,

370 + 2% (3:17% + 2) + a3 (4x§ + 6502) + a2 (z% + 1223 — 3) + 21220 (m% + 623 — 2) + 423 — 53 +2 _
(71 + 22)°

xr 75
for j = 1, 2. Equivalently, by solving the equations

5% + 1521 — 522 + 1

1627 -
1 = T2,
that is,
(2f —1)(1laf —do—12+1) 0
1623 ’
x1 = T2,

where polynomial 11z} — 4z — 12 4 1 has not real roots.
From the solutions of equation (7), the fixed points of Sy (z1,22) are (—1,—1) and (1,1). On the other hand, the
eigenvalues of S| (x1,z2) are A; (21, z2) = 0 and

Ao(x1,20) = ( (28 + 2225 + 21(523 — 6) + (1325 — 3623 + 22)

xr1 + 332)6
—2z125 (23 — 2) + x5 — 1873 + 3823 — 20 — dafxs + 7).

Then, the asymptotic behavior of the fixed points depends on the second eigenvalue. In this case, A\o(—1,—1) =
A2(1,1) = 0, so both fixed points are superattracting.

The critical points are calculated by solving As(x1,22) = 0. Then, four real points different from the roots are
obtained, so they are free critical points. Their value, obtained by using Mathematica software, are approximately
(—1.07142, —2.55449), (0.07142, —0.93485), (—0.13412, —1.22734) and (1.14102,0.57816). It can be seen in the dy-
namical plane in Figure 1b that all the free critical points remain in the basins of attraction of the roots, so there is no other
different behavior than the convergence to them. m

The dynamical plane of Sy (z1, x2) is represented in Figure 1b. The basin of attraction of the root (—1, —1) is mapped
with color orange, while the associated to the root (1,1) is mapped with color blue. In addition, the four free critical
points are represented in the plane with white circles and they remain in the basins of attraction of the fixed points. In
this case, the basins of attraction do not have the same appearance as in the previous case or Newton’s method. However,
there are not regions of divergence.

2.2. Analysis of G2

The rational function Ry (1, x2) associated to iterative method (3) applied on p(z) is

zi+ 627 +1
. 4 (23 + x1)
4 (23 + x2)

Its dynamical behavior, shown in the following result, is similar to the case of method G1 on p(z).

Proposition 3. The only fixed points of Ra(x1,x2), the resulting operator from the application of method G2 on the
polynomial system p(x), match with the roots of the polynomial and they are superattracting.

The proof of Proposition 3 follows the same guidelines than in Propositions 1 and 2, so we avoid showing it. Moreover,
there is no presence of free critical points for Ro(21, ). This means that there are no basins of attraction different of the
corresponding to the roots of polynomial system ¢(z).

The dynamical plane of Ry (z1,z2) is represented in Figure 2a. The mapping of the colors associated with the basins
of attraction of the roots is the same than in Figure 1a. Once again, the behavior of the method for this polynomial system
is good because every initial guess converges to one of the roots and this root is the nearest one.



-10 -5 0 5 10
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Figure 1: Dynamical planes of rational functions related to method G1

The rational function Sa(x1, x2) results from applying G2 on ¢(x). Its expression is

adxy + 2} (03 4+ 2) — wyag (23 —4) +1

(1 + 2) (22 + 22129 — 23 + 2) an
r3wo + 22 (:U% + 2) — T122 (a:% — 4) +1
(21 + x2) (22 + 22179 — 23 + 2)

So(x1,x2) =

Let us note again that both components of So(x1,x2) are equal. The following result gathers the number of fixed and
critical points of S2(x1, x2), and the stability of the first ones.

Proposition 4. The fixed points of So(x1, x2) agree with the roots of the polynomial system q(z), that is, (—1, —1) and
(1,1). They are superattracting points. Moreover, the rational operator has four critical points, given by (—1.74193, —3.50389),
(0.16533, —0.80333), (—0.25033, —1.39188) and (1.22803,0.70137).

The proof of Proposition 4 follows the same steps than in the proof of Proposition 2. It is based on the real solutions
of equation Sa(x1,x2) = (21, z2) and the eigenvalues of S5 (z1, z2), being A1 (21, z2) = 0 and
1
Ao(w1,m2) = 5 5 5 (28 + 22320 + 21 (23 — 2) — dafzy + 27 (2] — 423 +2)
(x1 + 22)? (2 + 22129 — 25 + 2)
—2z123(23 — 2) + 2§ — 623 + 1023 — 4) .

The fixed points are superattracting, as A2(—1, —1) = A3(1,1) = 0. The solution of Ay(x1, x2) = 0 provides four points
different from the roots, so they are free critical points whose values are (—1.74193, —3.50389), (0.16533, —0.80333),
(—0.25033, —1.39188) and (1.22803,0.70137).

The dynamical plane of (11) is represented in Figure 2b. The basins of attraction of (—1, —1) and (1, 1) are mapped
with color orange and blue, respectively. It can be observed again that all the free critical points converge to one of the
roots of polynomial g(z). Let us remark that every initial guess tend to an attracting point, so the behavior is as good as
expected.

2.3. Analysis of G3

Let us remark that family G3 includes a parameter on its iterative expression, so its stability will depend on the value
of the parameter. Furthermore, when o = 0, family G3 turns into method G1 whose dynamics have been analyzed
previously.
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Figure 2: Dynamical planes of rational functions related to method G2

When family (4) is applied on the polynomial system p(x), the resulting vectorial rational function is denoted by
R3(x1,x2) and can be expressed as

—a+4(12 + a)2? — 6(40 + o)z + 4(180 + a)z§ + (240 — a)2?

Ry(wr,2) — 768z] (12)
B2 —a+4(12 4+ a)x3 — 6(40 + a)zs + 4(180 + a)x§ + (240 — o)
7687
The corresponding fixed points are obtained by solving Rs(z1,z2) = (z1,22). In adittion, the Jacobian matrix
R4 (21, x2) is the diagonal matrix
(22 —1)° (7o + (a — 240)a3) .
- 76825
Ri(x1,22) = 1 ,
(o1, 72) . (23 —1)° (7 + (a — 240)a3)
76825
so its eigenvalues are
332—137oz—|— a — 240)2? x2—137a+ a — 240)23
A(z1,22) = G R ( )i) Ao (21, 22) = G N ( ) 2)- (13)

76825 ’ 76823

The next result gathers the fixed points for this rational operator and also their stability depending on the value of
parameter o.

Proposition 5. The fixed points of R3(x1,x2) and their asymptotic behavior are

1. for all « € R, the roots of polynomial system p(x), i.e, (£1,+1), are fixed points of Rs(x1,x2), being superat-
tracting,

2. for a € (—o00,—528) U (0, +00) the rational operator has, in addition to (£1,£1), twelve strange fixed points:
(£1,71), (£1,7r2), (r1,%1), (ro,£1), that are saddle points; and (r1,71), (r1,72), (r2,71), (r2,72), Which are
repelling, being the values r1 and 74 the real roots of the sixth-degree polynomial:

pe(z) = —a + (48 4 3a)x? + (=192 — 3a)z? + (528 + )5,



3. For « € [-528,0], R3(x1,x2) does not have strange fixed points and the only fixed points are the roots of p(z).

Proof. From (12), the fixed points are the real solutions of equations

—a+4(12 + )zf — 6(40 + o)z + 4(180 + a)x§ + (240 — o)z

=z, =1,2
76847 AN
22— 1)(—a+ (48 + 3a)x? + (=192 — 3a)x* + (528 + )b
o DO U R (IR ) s ()t "
768xj

The product of the terms in the numerator of (14) give the components of the fixed points of R3(x1, z2). From x? -1
we obtain the fixed points (+1,+1). The other term in the product is a sixth-degree polynomial that only has two real
roots, denoted r; and ry, when o € (—o0, —528) U (0, +00). The set of strange fixed points is obtained by all the pair of
solutions of (14), that is, (£1,71), (£1,72), (r1,£1), (re,£1), (r1,72), (re,r1), (r1,71) and (2, r2).

From (13), A1(£1,£1) = A2(£1,41) = 0, so the fixed points are superattracting. The asymptotical behavior of
the strange fixed points has been proved numerically from the values of |\ (21, x2)| and |A2(21, 22)|, being (21, 22) the
components of the strange fixed points. Figure 3 shows graphically the results obtained for some of the strange fixed
points (the same results are obtained for the others). The absolute value of the eigenvalues for each strange fixed point
has been represented. We can observe saddle points in Figures 3a and 3b, as one eigenvalue is less than 1 and the other is
greater than 1. In Figures 3c and 3d the eigenvalues have the same value, being greater than 1, so the points are repelling.

| ]
— A1(x1,x2)] [A1(x1,%2)| — A1(x1,x2)] [A2(x1,%2)|
5 5!
4 4
3 3
2 2
1 1
200000 400000 600000 800000 1x106 200000 400000 600000 800000 1x108
-1 -1
(a) ($1,1‘2) = (177'1) (b) (331,352) = (7‘2,—1)
— |A1(x1,x2)] [A2(x1,%2)| — [A1(x1,%2)| [A2(x1,%2)|
5 50
4 4
3 3
2 2
1 1
7200000 400000 600000 800000  1x106 " 200000 400000 600000 800000  1x108
-1 -1
(C) (3}1, 332) = (7”1, 7“1) (d) (.131,432) = (7‘1,7"2)

Figure 3: Eigenvalues of some strange fixed points

After analyzing the eigenvalues of the Jacobian matrix R%(x1, 25), we summarize the obtained critical points in the
following result.

Proposition 6. The set of the critical points of the rational operator Rs(x1, x2) is given by:

1. the roots of the polynomial system p(x) for all o € R,



Ta Ta Ta Ta
2. iti ] L,/ ———— |, | £\ 77— £1 + ,+
the twelve real free critical points ( , 510 — a) ( 210 — o ) and ( \/240 _— \/240 — a)

for the values of the parameter o € (0,30) U (30, 240).

3. When a € (—o00,0] U {30} U [240, +00), the only real critical points agree with the roots of p(x), so there are no
[ree critical points.

Let us note that, from Proposition 6, when o« € (—o0, 0] U {30} U [240, +00) the only basins of attraction are those
associated with the roots of ¢(x).

When the rational operator depends on the value of a parameter, a useful graphical tool is the parameter line. The

parameter lines help to select the values of the parameter that provide the methods of the family with better stability. For
this representation, each point in the real line corresponds to a value of the parameter, so it represents a particular method
belonging to the uniparametric original family.
In this work, the parameter lines are generated in Matlab R2018b following similar routines than in the dynamical planes.
The main difference is that in the dynamical lines the starting point of the iterative process is a free critical point, so there
are as much parameter lines as free critical points has the family. After the same stopping conditions as in the dynamical
planes, the points in the real line are represented in white if the corresponding method of the family has converged to any
of the roots, and otherwise, they are represented in black.

The parameter lines of family (4) when it is applied on polynomial p(z) give the same plot for all the free critical
points, so we have represented only one of them in Figure 4. The parameter takes values in the interval [0, 240] as it is the
only region where the free critical points are real.

Figure 4: Parameter line of R3(z1,z2)

From Figure 4, we can see a wide white region of values of « in the real line. The most stable methods of family G3
are those associated with the values of « in this white region, as there is no other behavior than convergence to the roots.
However, we can observe in Figure 4 two narrow black areas that correspond with values of o whose associated methods
do not converge to any of the roots.

According to the results provided by the parameter lines, we have selected different values of o from the black and
white regions in order to represent the associated dynamical planes. Figure 5 shows the dynamical planes of R3(x1, z2)
following the same routines in Matlab than Figures 1 and 2. In particular, Figures 5a and 5b correspond to values of «
in the white region of the parameter line, while Figures 5S¢ and 5d correspond to the black region. In addition, we have
represented with white stars, squares or circles the fixed points, strange fixed points and free critical points, respectively.

As it was expected, for the values of a = 50 and o = 200 represented in the dynamical planes in Figure 5, there is
full convergence to any of the roots of polynomial p(x). However, when « is taken from the black region of the parameter
line, we can observe wide black regions in Figures 5c and 5d with no convergence to the roots. These black regions
corresponds to basins of attraction of periodic points of period four. In this case, there exist six different periodic orbits.
Figure 6 shows the orbit of different initial points that tend to each of the six different periodic orbits for o = 216, being
the results for & = 234 completely analogous.

In addition, the dynamical planes associated to & = —50 and @ = 250 are represented in Figure 7. According to
Proposition 6, for values of the parameter in (—oo, 0] U {30} U [240, +00) the rational operator R3(z1, x2) does not have
any free critical point, so there are only basins of atraction of the roots of p(z) when o = —50 and o = 250. This fact is
observed in both dynamical planes, where all the points converge to a root of p(z), showing the stability of the methods
of iterative family G3 associated to the considered parameters. Moreover, in Figure 7a the operator does not have strange
fixed points, and the resulting dynamical plane shows that every initial estimation converges to the nearest root.

Finally, the rational function associated to family (4) on ¢(x) is

6(z1 +22)% —a (2 — 1) (23 — 1)3
6(.’171 + :1?2)7

6(x1 + 22)%¢ — o (23 —1) (23 —1)°
6(zq1 + x2)”

53(:17171‘2) =

)




() a =216 (d) o =234

Figure 5: Dynamical planes of G3 on p(x) for several values of «

where £ = (23:‘11 + pz3 + 211 (2:0% + 3) 3+ (3x%p - 5) 73 — 323 + 14 (:c‘ll + 627 — 2) Ty + X173 + 2) and p = (x% + 4).
As in the previous cases, the number of fixed points of Ss(z1, z2) depend on the value of . The next result shows the
intervals where the rational operator has real strange fixed points and also their stability.

Proposition 7. The roots (—1, —1) and (1, 1) of the polynomial system q(x) are superattracting fixed points of Sz3(x1, T2).
In addition to the roots of q(x), the operator has different number of strange fixed points depending on the interval where
« is defined, being all of them saddle points. They are summarized in Table 1, where s;, © = 1,2,3,4, denote the real
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Figure 6: Dynamical planes of G3 on p(z) for o = 216. Attracting periodic orbits

-10 5 0 5 10
X1 X1
(a) a = =50 (b) a = 250

Figure 7: Dynamical planes of G3 on p(x) for several values of «

11



roots of the polynomial

q15(7) = — 39661043818954752 + 307043333194383360x + 25077472880689152x2 + 7853236406710272x3
— 222839021721600z* — 1904181465415682° — 589948726947842° — 16517830832642"
+ 6786765584642 + 1370257326722 + 3521159424210 — 11298268802 — 672483602
— 2853002 4 4382 4 217

Table 1: Strange fixed points of S3(z1,x2)

«@ Strange fixed points
a < S (tl,ul), (tg,’wl)
a=s (t1,t1), (t2,t2)
51 < a < —H28 (t1,u1), (t2,w2)
=528 < a<0 0
0<a< sy (t1,uz), (t2, w3)
a=ss (t1,11), (2, t2), (—1,1.00731), (1, —1.00731), (—0.990314, 0.997551), (0.990314, —0.997551)
$9 < o < 83 (t1,u3), (t2,w3)
a=s; (t1,t1), (2, £2), (—1,1.00731), (1, —1.00731), (—0.992758, 1.00001), (0.992758, —1.00001)
83 < a < sy (t1,u3), (t2,ws)
o= 8y (t1,t1), (t2,t2)
o> 8y (t1,u2), (t2,ws)

From Table 1, the values t; (i = 1,2), u; (j = 1,2,3) and wy, (k = 1,2,3,4) correspond to the real roots of different
sixth-degree polynomials. Values t1 and t5 are the real roots of ¢t (z):

qs(r) = —a + (48 + 3a)z? + (=192 — 3a)z* + (529 + a)a®
We denote by uy,ua, us the real roots of the polynomial g2 (z):

G2 (x) = — a+ (12 + a)t? — 18] 4 1215 + (24t, — 483 + 60t7)x + (12 4 2a — (60 + 2a)t3 4 138t1)2>
(—48t; + 168t3)2® + (=18 — o+ (108 + )t3)z* + 36t,2° + 62,

and w1 , wa, w3, wy denote the real roots of polynomial g3 (x):

g(z) = — a+ (12 + )t — 18t5 + 125 + (24ty — 4813 + 60t3)x + (12 + 2a — (60 + 20)t2 4 138t3) >
(—48ty + 168t3) x> + (=18 — o + (108 + )t3)a? + 36to2° + 62°.

The complicated expression of the critical points of S5 (1, z2) makes not possible their calculation, in general. Then,
we set certain values of parameter « to represent the associated dynamical planes and also their fixed and critical points. In
particular, we have analyzed the rational operator associated to selected values of « from each of the different subintervals
defined in Table 1.

If a €]0, s2[U]sa, s3[U]s4, +00), the corresponding methods have dynamical planes with full convergence to the
attracting fixed points. This does not happen for the other cases, so we must analyze them.

When a € (—o0, s1[U]s1, —528[U]ss, s4], the rational operators of the associated iterative schemes of the family
have, in addition of two strange fixed points (Table 1), six critical points for each subinterval. Figures 8 and 9 show the
dynamical planes associated to Ss(x1,x2) for different values of . The values of the parameter that have been chosen
are « = —750 € (—o0,s1[ and @« = —600 €]s;, —528[ in Figures 8a and 8b, respectively, and o = 216 €]s3, s4[ in
Figure 9. We have also represented the strange fixed points with white squares and the critical points with white circles
when they belong to the region of the plane that has been represented.

The dynamical behavior shown in Figures 8a and 8b is the same. There are black regions whose initial estimations
converge to the infinity and the strange fixed points belong to the Julia set, as they are saddle points. The dynamical planes
in Figure 9 show that for o = 216 there exist periodic points with period four. Their orbit has been represented in the
dynamical planes.

Finally, the dynamical planes associated with values of « that provide the members of family G3 with good stability
properties are represented in Figure 10, as the operator S3(z1, 22) does not have strange fixed points when « € [—528, 0].
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(a) a = =750 (b) o = —600

Figure 8: Dynamical planes of G3 on g(x) showing divergence areas

For a = —50 and o« = —200 the operator has six free critical points, represented with white circles when they belong to
the region that has been represented. The dynamical planes in Figure 10 show that all the initial estimations belong to the
basin of attraction of (—1, —1) or (1,1). Although in Figure 10a there are regions represented in black, they correspond
to initial points that require more iterations until convergence to the attracting fixed points is achieved. Therefore, there
are no initial guesses with divergence.

The dynamical analysis of family G3 performed in this section shows that the values of a € [—528, 0] provide the
schemes of this iterative class with the best stability properties. The only fixed and critical points of the vectorial operator
Rj in this interval are the roots of p(x). As a consequence, all the initial estimations represented in the dynamical planes
belong to the basin of attraction of a root. On the other hand, although the multidimensional function S5 does not have any
strange fixed point when @ € [—528, 0], there exist six free critical points. However, they remain in the basins of attraction
of the roots of ¢(x). In particular, the scheme of family G3 associated with &« = —50 presents the best properties in terms
of stability for both polynomials, showing wide basins of attraction of the roots in the dynamical planes in Figures 7a and
10b.

3. Conclusions

The stability of different iterative classes for solving nonlinear systems of equations is studied in this paper. The
analyzed schemes are members of the same iterative family with order four, but are obtained from different weight
functions which results in different iterative methods and even parametric subfamilies. The dynamical study performed
shows the stability of the initial family applied to two polynomial systems and different weight functions. Moreover, the
best results in terms of stability are provided both by selected particular cases, corresponding to weight functions defined
by a quadratic polynomial and a rational function, and by a wide range of schemes designed by a parametric weight
function.

Acknowledgement: The authors would like to thank the anonymous reviewers for their valuable comments and
suggestions.
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