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Abstract: In this paper, new tools for the dynamical analysis of iterative schemes with memory for
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1. Introduction

Iterative methods for solving nonlinear systems of equations are a fundamental tool
for solving problems in applied mathematics since in most of the problems it is sometimes
complicated or impossible to solve these systems. For this reason, iterative methods are
used since, by giving an initial estimate close enough to the solution, they obtain an
approximation of the solution.

As mentioned above, it is necessary for the initial estimate to be close to the solution
to ensure convergence, but this does not always happen, which is why the dynamical study
is becoming increasingly important, since this is how we can see the behaviour of the initial
estimations.

The study of the stability of iterative fixed-point methods can be carried out by means
of real or complex dynamics tools applied to a rational operator that result from applying
the iterative scheme to low-degree polynomials. These dynamical techniques can be used
to compare or to deepen known iterative methods, as can be seen in [1-3], to analyze the
qualitative properties of new iterative methods without memory (see, for example, [4-7]) or
with memory (see, for instant, [8,9]). They also change if the method is multidimensional,
as we can see in [8,10-15].

In this paper, we are going to lay the foundations for our future work in the study
of the dynamics of iterative methods with memory for approximating the solutions of
nonlinear systems.

In the first section, we present the theoretical concepts and the obtained results. Then,
in the second section, we apply these results to some multidimensional iterative schemes
with memory. We choose two different systems to see the behaviour of these iterative
schemes.

2. Theoretical Concepts
Let F(x) = 0 be a system of nonlinear equations where F : R” — R".
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The standard form of an iterative method with memory that uses only two previous
iterations to calculate the next one is:

y(k 1) — (P(x(kq),x(k)), k>1,

where x(9) and x(!) are the initial estimations.

From here on, we assumed that when introducing memory to the iterative method,
the operator ¢ depends not only on x(¥) but also depends on the variable of the previous
step, x*=1), since otherwise a study of the dynamics of a iterative method without memory
for systems would be carried out.

A function defined from R" to R" cannot have fixed points since to be a fixed point of
a function, the point and its image by the function must coincide. Therefore, an auxiliary
function O is defined as follows:

O(x(k_l),x(k>) = (x<k),x(k+1)) = (x(k),gb(x(k_l),x(k))), k=1,2,...
If (x(k’l), x(k)) is a fixed point of O, then

o) (x(k—U, x(k)> = (x(k—l), x(k)),
and by the definition of O, one has
(x(kfl),x(k)) = (x(k),x(kﬂ)).
Thus, the discrete dynamical system O: R" x R" — R" x R" is defined as

O(z,x) = (x,¢(z,x)),

where ¢ is the operator associated with the vectorial iterative method with memory.
Then, a point (z, x) is a fixed point of O if z = x and x = ¢(z, x). If (z, x) is a fixed
point of operator O that does not satisfy F(x) = 0, it is called a strange fixed point.
The basin of attraction of a fixed point (z*, x*) is defined as the set of pre-images of
any order such that

A(z*, x*) = {(w,y) e R"": O™ (w,y) — (z*,x*), m — co}.
To study the caracter of the fixed points, we use the following result from [16].

Theorem 1. Let G: R™ — R™ be of class C? and x a fixed point. Let Ay, Ay, ..., Ay be the
eigenvalues of G'(x), where G' is the Jacobian matrix of G.

e I |/\]~| <1,forj=1,2,...,m, then x is attracing.

e If|A] =0, forj=1,2,...,m, then x is super attracing.

o Ifoneeigenvalue A has |Aj | > 1, then x is repelling or saddle.

e If |/\]~| >1,forj=1,2,...,m, then x is repelling.

If one eigenvalue A of G'(x) satisfies |A| = 1, then x is not hyperbolic and we cannot
conclude anything about the character of this fixed point.
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We want to obtain a more specific result for determining the character of the fixed
points (z, x) of operator O. To do this, we calculate the Jacobian matrix of O, denoted by O’

which has size 2n x 2n. The result is matrix

On XN IH Xn
o o dn | o
O/(Z, x) = a%l a?n 39.51 aJ.fn
oy, opn Iy oy
021 0z, 0xq dxy,
We denote the matrices
991 I
ai’ - 8%1 agn
oz | - :
W s
dz1 0z,
and
991 9Py
39 83'51 dxy,
ox . .
oy Py
dxq dxy
So, matrix O’(z, x) is defined as a block matrix
’ On><n I)’l><1’l
Ofzx)=1| o9 ¢ |.
0z ox

We need to obtain the eigenvalues of the Jacobian matrix O’ (z, x) evaluated at the
fixed points, for determining the character of them (Theorem 1). It is easy to see that

’ AI}’[XH _IHXTI
Ay — O (z,x) = _aicp Al aicp .
0z I 9x

By applying a result of [17] for calculating the determinant of a block matrix, we obtain

d d
det(ALyx2n — O'(z,x)) = det (/\ (AIW" — E)Z) — a‘f)

Then, A is an eigenvalue of O’(z, x) if

op\ 99 _
det(/\(AIan — ax> — az> = 0,

b 9
det()\zlnxn — A% — af) =0.

These calculations are summarized in the following result.

which is the same as

Theorem 2. The eigenvalues of O'(z, x) are those satisfying:

b 9
det<)\21m — A£ — af) =0.
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d
In particular, A = 0 is an eigenvalue of O’(z, x) if 0 is an eigenvalue of ETZ since

0 =det(—0'(z,x)) = det(gf).

Another concept relevant in a dynamical study is the critical points. In this case, we
use the following definition of these type of points.

Definition 1. Vector (z,x) is a critical point of O(z, x) if all the eigenvalues of O'(z, x) are 0.

This is a restrictive definition of a critical point since it is usually sufficient that the
determinant of the Jacobian matrix cancels out, but in this case, if we do not use the above
definition, we obtain critical point surfaces because of the form of the operator.

To study the eigenvalues of O’ (z, x), we use Theorem 2. In particular, for at least one
of the eigenvalues to be 0, it must be satisfied that det(O’(z, x)) = 0; this is equivalent to

0n><n IVIX?I
det(0'(z,x)) = det( op  Op ) = det<—g¢) = (—1)”det(g¢>.
Jdz  ox * z

From this, we obtain that:

Theorem 3. The determinant of O'(z, x) is zero if and only if it satisfies
9¢ _
det(az(z,x)> =0.

In this section, we present the dynamical study of two simple vectorial methods with
memory: Kurchatov’s scheme, ref. [18], whose expression is as follows

3. Experimental Results

x(kH1) = (b)) _ [Zx(k) - x(k_l),x(k_l);F]_lF(x(k)), k=1,2,... (1)
and Steffensen’s method with memory, ref. [19], whose expression is

) 0 _ [ 0) o (b) F(xoc)),x(k); -l F(xac)),

(2)
where 'y(k) = —[x(k),x(kfl);l-"]*l, k=1,2,...

This study is performed on two polynomial systems of different degrees.

3.1. Uncoupled Third Order System

We perform this dynamical study on a system of cubical polynomials in order to use
graphical tools. However, these results can be easily extended to higher-dimension systems.
The system, denoted by p(x) = 0, is as follows:

¥ —-1=0, (3)
3—-1=0, (4)

where (x1,%,) € R2. The only root with real components of this systems is (1, 1).

We choose a polynomial of degree 3 instead of one of degree 2 as it is usually done in
dynamical studies because the polynomial system of second degree gives us an operator
that does not depend on the previous iteration x(*~1), so the study is the same as that of a
iterative method without memory for solving nonlinear systems.
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(k=1)

To make the study simpler, we denote x by z and x(*) by x as was done in the

theoretical study.

3.1.1. Kurchatov’s Method

Operator ¢k of Kurchatov’s method on the cubical system is

PRI b
1 A2 D s 12
4x7—2x1z1+z
Pk (z,x) = B P ©)
X7 + 2

2 2
4x5—2x022+25

Theorem 4. The only fixed point of operator Ox(z,x) = (x,px(z, x)) has equal components
z = x = (1,1) and has superattractor character.

8¢7K

and 9Pk appearing in the dynamical study,

Proof. We calculate matrices
0z ox

B 2(x3-1) (x1—21)
(4x% —2x121 +Z% )2

0
dPk

——(z,x) =

0z 0 _ Z(x%—l)(xz—zz)
(4x%72x222+z%)2
and
9x%z%712x%21 +12x‘11 —4xq (Z?+2) +z1 (z% +2) 0
a(PK ( . (4x%72x121+z%)2
o z, x) = 0 9x§z§712xgzz+12x§74x2(zg+2)+zz (zg+2)
(4x%72x222+z§)2
If we evaluate these matrices at the fixed point, we get
0Pk 00
1,1),(1,1)) =
25,01 = (g o)
and

Ik (0 0
e am)-(§ o)

By Theorem 2, it follows that det(AI — O%((1,1),(1,1))) = det(A%I). From the above
relationship it follows that the only eigenvalue associated with the fixed point is A = 0. So,
fixed point x = z = (1,1) is a superattracting point. [

Regarding the critical points of operator Ok (z, x), we have
Theorem 5. Operator Ok (z, x) has four types of critical points, denoted by C;(z, x), which have
the following form.

The notation of Table 1 is understood in such a way that, for example, the points C2(z, x) are
those that verify that x; = 1 and zp = x;, and the other components are arbitrary.

Table 1. Types of points of Kurchatovs’s scheme that are critical points for p(x) = 0.

x1=1 zZ1 =Xx1
=1 Ci(z x) Cs(z x)
Zy = Xo Ca(z,x) Cy(z,x)

Proof. To do this, we calculate the eigenvalues of O} (z, x) for any point (z, x) and obtain
those satisfying the condition that all their eigenvalues are 0.
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It is obtained that the critical points are those z = (z1,z2) and x = (x1, x2) that satisfy
these two expressions

(x‘i’ - 1) (x1—2z1)=0 and (x% — 1) (xp —zp) = 0. (6)

It follows that the 4 types of points defined in Table 1 are critical points of operator
Ok(z,x). O

We have that the points of type C;(z, x) are a preimage of the only fixed point since
¢x(z,(1,1)) = (1,1). We are only going to study the orbit of the points of type Ca(z, x)
and C4(z, x) since the points C;(z, x) converge to the fixed point for any value of z, and the
fixed points of type C3(z, x) have a symmetrical study to that of the fixed points of type
Co(z,x).

*  Operator ¢ evaluated at the critical points of type C,(z, x) has the following form

1
(PK(C2(Z,X>) = < X+ 1-x3 )

2
3x5

The convergence of these points only depends on x; and z;, as we can see in the
expression of ¢g. For this reason, we draw planes of convergence of these points with
these two variables.

Now, we are going to describe how we generate the planes of convergence [4]. To
draw these planes of the points of the type Cy(z, x), what we are going to do is to see
which of these points belong to the basins of attraction of the attractor fixed points,
that is, which of these points converge to the attractor.

We make a mesh of 400 x 400 points of the set [—2,2] x [—2.2]. On one of the axes,
we have x,, and on the other, z;, and with them we construct our points of type
Ca(z, x). We take each of these points C;(z, x) and apply the operator ¢ on it. If it
converges to the only attractor fixed point, which is (1,1), then we paint it in orange.
As convergence criterion, we have used that the distance from the iteration to the fixed
point is less than 1073 in less than 40 iterations. If this is not verified, the mesh point
is painted black.

As can be seen in Figure 1 that we have a slower convergence when x; approaches the
value 0 because of the shape of the operator, but we still have convergence. In the rest
of the cases, the convergence to the point (1,1) is clear.

2

Figure 1. Behaviour of critical points Cp(z, x).
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*  Next, we evaluate the operator ¢k at the critical points of type Cy4(z, x). In this case,

the operator is
1—x3
Ty
*1
3

oGz =|
x —_—
2 3x%
In this case, the critical points of type C4(z, x) depend on variables x; and x,. For
this reason, we draw the convergence plane of the critical points depending on these
variables.
As in the previous case, it is shown in Figure 2 that if any of the variables approach the
value 0 we have slow convergence but that in the rest of the points the convergence to
the point (1,1) is clear.

2

Figure 2. Behaviour of critical points Cy(z, x).

To conclude the dynamical study of Kurchatov’s method for this system, let us draw
some dynamical planes in order to see the behaviour of the points in general.

To draw these planes, given that we have an operator with 4 variables, what we have
done is to select a parameter 4, so that z = x — (a,a). We try different values of a to see
which one gives the best results. Usually, testing with small values of a gives good results.
Thus, our variables would be x; and x5, and the variables z are a variation of these.

To make the dynamical planes, we have chosen a mesh of 400 x 400 points, where the
chosen point of the mesh is the starting point. We study the orbit of the initial point. If the
seed converges to (1,1), it is painted orange, and if it does not converge, it is painted black.
We define convergence to the point (1,1) because the distance of the iteration is less than
103, and this convergence is realised in, at most, 40 iterations.

We have tested with different values of a over a wide range and obtained that there
are the same dynamical plane for different values of a, (Figure 3). As we can see in Figure 3,
all initial points converge to the root (1,1) showing the good stability properties of this
iterative scheme with memory, even in this multidimensional case.

3.1.2. Steffensen’s Scheme

In this part, we perform the dynamical study of Steffensen’s scheme with memory for
system p(x) = 0. Operator ¢s obtained by Steffensen’s method is
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(3-1)°
X1 +
2 _ 3
B +xlzl+zl) ((x%ﬂ z1+z2 + 1) Xy
(PS(Z/'X) - ( 3 1 (7)
-
Xy +

1-x3
2 7 )
(x2+xzzz+zz) ( ( +X222+Zz ) x2>

Figure 3. Dynamical plane of Kurchatov’s scheme for a = —0.1.

Theorem 6. Operator Og(z,x) = (x, ¢s(z,x)) has four fixed points, which are
e fixed point (z,x) = (S1,51), with S1 = (1,1),
*  strange fixed point (z,x) = (Sz,S2), being S, = (0,0),
*  strange fixed point (z,x) = (S3,S3), being S3 = (1,0),
e strange fixed point (z,x) = (S4,S4), with S4 = (0,1).
The strange fixed points are not hyperbolic, and the fixed point (S1,S1) is a superattractor
point.

Proof. In order to study the character of these fixed points, we need to obtain matrices (PS
and = a(PS
We denote by GZ;(z, x) for i = 1,2 the following expression:
3 2 2 2) (352 3 2
CZi(zx) = (x? = 1) (x; 4 22;) (22 + xjz; + 27) (3x7z; + x7 + 3x;z7 + 2) ®
(6xtz? + x3 (622 + 1) + 3x2 (2% + z;) + 3x7z; + x® + 3x;22 + 1)
Thus,
GZ1(z,x) 0
aa(PS (z,x) = ( 0 GZ5(z,x) |.
We denote by GX;(z, x) for i = 1,2 expression:
GXi(z,7) = 36x}z2 4 x7 (392 +7) + 1227 (22F + ;) + 18x7z; i
(6xFz? 4 x (6zi +1) +3x%(z} + z;) +3x7z; + 28 + 3x;22 + 1) 9

4x8 + 6xizlﬁ (z22+2)+322 +1
+ 2
(6xtz? + x3 (623 +1) +3x2 (2% + z;) + 3x7z; + x® + 3x;22 + 1)
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Thus,

%(z %) = ((x‘i’ —1)(z§ —1)GXy(z,x) 0 >
ox 0 (x3-1)(z5 —1)GXa(z,x) )

Let us now obtain the character of the fixed points (S;,S;), fori =1,...,4.
For the point associated to Sy, the related matrices are

oPs 00
g(slfsl) = <0 0)

oPs 0 0
W(Sllsl) = (0 0)

From Theorem 2, we conclude that the fixed point is super attracting point.
For the point associated to S,, we obtain

oPs (0 0
7%?(52’52)“ (0 0)

oPs 10
5y (52:52) = (0 1)-

By applying Theorem 2, the eigenvalues of this point are the values A satisfying

and

and

d _9p
— — / — 2 —_ —
0 = det(AI — Og(x,z)) det( A1 Aax 82>

=A2(A—1)2

(10)

It follows that the eigenvalues are 0 and 1, so we cannot conclude anything about the
character of this strange fixed point as it is not hyperbolic.
For the fixed point associated to S3, the matrices are

oPs 00
§(53,53) = <0 0>

and 5
9Ps (00
ox (S 3, 53) —\o 1/
The eigenvalues associated with this fixed point are those A values that satisfy

ozmﬂm—ogxn):daQq_fm_W)

ox 0z (11)
=A3(A—1).

It follows that the eigenvalues are 0 and 1, so again the point is not hyperbolic.
Finally, let us study the character of the fixed point associated with S4. The matrices

for this fixed point are
o¢s (0 0
oz (54/ 54) - <0 0)

ops 1 0
5y (S454) = (0 0)-

and
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So the eigenvalues of the fixed point associated with S, are the values that satisfy

0 = det(AI — Og(x,z)) = det<A21 — AELp _ 8p>

Jox 0oz (12)
=A3(A—1).

It follows that the eigenvalues are 0 and 1, so again the point is not hyperbolic.
O

Now, let us calculate the critical points.
Theorem 7. The critical points of operator Os(z, x) are vectors z = (zq,z3) and x = (x1,x2),
which satisfy that they are of one of the following 16 types, which we denote by CS;(z, x) for
i=1,...,16. Table 2 is a summary of the different types of critical points we obtain.

Table 2. Types of points of Steffensen’s scheme that are critical points for p(x) = 0.

z1 = z1 =
y =1 =0 ad4y/Tadmin —3x— /2%
6x1 6x1
xp=1 CSq(z,x) CSs5(z, x) CSy(z, x) CS13(z, x)
Zy = 7%3(2 CSy(z,x) CS4(z,x) CSyo(z,x) CS14(z, x)
Zy =
—333++/—3x4—24n, CS3(z,x) CS7(zx) CS11(z,x) CS15(z %)
6x2
Zy =
_3x3—\/—3x1 24y, CSy4(z,x) CSg(z, x) CS12(z,x) CS16(z, x)
6X2

We are working with systems of equations with real variables, so it is assumed that the critical
points have real numbers as their components.

Proof. If we define DGX;(z,x),i = 1,2, as
DGX;(z,x) = A2 = A(x3 —1)(28 — 1)GX;(z,x) — GX;(z,x),

then, we can check that

Ips  I¢s
det(AI — O5(x,z)) det (/\ I-A o P

B DGX;(z,x) 0
- det( 0 DGX,(z, x))'

(13)

Additionally, it follows that all eigenvalues are zero if the point (z, x) has one of the
forms given in Table 3. O

As we can see on Table 3, there is a certain symmetry relation between the following
CS;(z, x).

Table 3. Symmetry relation between CS;(z, x).

CSy(z,x) CS5(z, x)
CS3(z, x) CSy(z, x)
CSy(z, x) CS13(z,x)
CS7(z,x) CSio(z,x)
CSs(z,x) CS14(z, x)
CS12(z, x) CS15(z, x)




Symmetry 2022, 14, 442

110f18

For that reason, and because the operator also satisfies certain symmetry with the

components, we only study the behaviour of certain types of points that are critical points.

The asymptotic behaviour of the critical points CS,(z, x) is analysed with the following
plane where the convergence to the fixed points is shown in different colours. In this
case, if the distance from the iteration to the fixed point is less than 103, we say that
the iteration is in the basin of attraction of the fixed point. In this case, it is painted
orange if the critical point converges to (S1,S7), blue if it converges to the strange
fixed point (S3, S3), red if it converges to the strange fixed point (S4,S4) and green
if it converges to the point (S;, Sy). If the points are painted black, they have not
converged to any of the fixed points in less than 40 iterations. In this case, we have a
fixed value x1, and the value z; depends on x3, so the variables of the axes are x; and
z1 as shown in Figure 4.

10

-10 -5 0 5 10

Figure 4. Convergence of the critical points of type CSy(z, x).

In a similar way to the previous case, we study the convergence of the critical points
of type CS3(z, x) and of type CS4(z, x). In these cases, the value x; is also fixed and
the value z; depends on xy; for this reason, the variables of the axes are x; and z; as
in the previous cases and as can be seen in Figure 5. In this case, we have that the
behaviour of both types of critical points is the same; for that reason, we only show
one dynamical plane.

10

-10 -5 0 5 10

Figure 5. Convergence of the critical points of type CS3(z, x) and CSy(z, x).
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e For the critical points of type CS¢(z, x), the convergence study is similar to the previous
ones, but in this case none of the variables are fixed, and it is z; and z, that depend on
x1 and xy, respectively; for this reason, the dynamical plane has as axis variables the
values of x; and x,, as shown in Figure 6.

10

-5

-10
-10 -5 0 5 10

X

Figure 6. Convergence of the critical points of type CS¢(z, x).
e For the critical points of type CS7(z, x) and CSg(z, x), we also have as variables on the
axes the values of x; and x,, as shown in Figure 7. In this case, we have decided to

show only one dynamical plane because the behaviour of both types of critical points
is the same.

10

-10
-10

Figure 7. Convergence of the critical points of type CSy(z, x) and CSg(z, x).

e For the critical points of type CS11(z, x), CS12(z, x) and CSy4(z, x), we also have as
variables on the axes the values of x1 and x». In this case, we have that the behaviour of
these 3 types of critical points is the same; for that reason, we only show one dynamical
plane (Figure 8).
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-10 -5 0 5 10

X

Figure 8. Convergence of the critical points of type CS11(z, x), CS12(z, x) and CSi¢(z, x).

3.2. A Coupled Second-Order System
Now, we are going to solve other system that has a more complicated aspect since the
variables cannot be separated, that is to say, we do not have that the first component of the
operator only depends on the first components of the variables of x and z and the same
with the second component; instead, in this case, we have that both components of the
operator depend on both components of the vectors. The next system we solve, denoted by

g(x) =0,is

{x1XZ +x1 — X2 — 1=0, (14)
X1x3 —x1+x—-1=0, (15)

where (x1,x,) € R2. The real roots of this system are (—1, —1) and (1,1).

3.2.1. Kurchatov’s Scheme

If we apply the Kurchatov’s scheme to the proposed system, we obtain the following
operator:
1-xpz+x9 (X2 +25)
2x1—
(PK(Z’ x) = ( lfxzj,czl1+§cllJ(r;zz+Zz > : (16)
2x1—z1+22
Theorem 8. The only fixed points of the operator Ok (z, x) = (z, px(z,x)) arez = x = (=1, —1)
and z = x = (1,1), and both have superattractor character.

. d d ) .
Proof. Now, we calculate the matrices % and % to obtain the character of these fixed
Z x
points.
P x1(z3—xp) —xpz9+1 Zx%fxl (x0421)+xp21—1
ﬂ(z x) (2x1-21+22)? , n-zitz)?
oz x1(zp—x2)—x22p+1  2x7—xq(x2421)+x021—1
(2x1—21+22)? (2x1—21+22)?
and
5 X (z1+22)—z129+23 -2 x1—71
PK (Z x) _ (2x1—21+27)? , 2x1—z1+22
ax ! X2 (Zl+22)_2122+22_2 X1—21
(2xq —Zl—‘rZz)z 2x1—2z1+22

If we evaluate the previous matrices in the fixed points, we obtain in both cases that
both are the matrix that all the components are 0. So, by Theorem 2, both eigenvalues are 0
for all the fixed points. For that reason, both fixed points are super attracting points. [J
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Theorem 9. Operator Ok(z,x) = (z, 9k (z, x)) has two types of points that are critical points.
These points have one of the following two structures:

o Cyi(zx) = (z1,22,x1, %) where zp = —x1 + /2 — x? 4 z;.
o C_(z,x) = (z1,22,%1, %) where zy = —x1 — /2 — x% + 7.

Proof. As we can see,

d d
_0 — 27 (99K 99K
det(AI — Ok(z,x)) = det </\ I—-A Py Py ) 17)

By the form of az% and %, we can see that all the eigenvalues are zero if

x1—x =0 and (zz—zl+x1)2:2—x%.

O

Let us draw the orbit of these critical points. In this case, we draw on the abscissa axis
the values of x1, which is the same value as x,, and we draw on the other axis the value of
Z1 since z is obtained from x; and z;.

To generate these convergence planes of the points of type C (z, x), we are going to
see which of these points belong to the basins of attraction of the attractor fixed points, that
is, which of these points converge to the attractor fixed points.

To do this, we make a mesh of 400 x 400 points of the set [—2,2] x [—2,2]. We made
sure that increasing the set did not alter the behaviour. On one of the axes, we have the
variable x1, and on the other, the variable z1, and with these variables we construct our
points of type C4(z, x). We take each of these points of type C (z, x), and we apply our
operator ¢ on them.

If this initial point converges to (1,1), we paint it in orange, and if converges to
(—1,—1), we paint it in blue. As convergence criteria, we have that the distance from the
iteration to the fixed point is less than 1072 in less than 40 iterations. If this is not verified,
we paint it in black.

Figure 9 shows the plane of convergence for the points of type C(z, x).

2

Figure 9. Convergence of the critical points of type C4 (z, x).

In the same way that the plane of convergence of the points of type C4 (z, x) is gener-
ated, we generate the plane of convergence of the points of type C_(z, x), which is shown
in Figure 10.
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Figure 10. Convergence of the critical points of type C_(z, x).

We observe in this planes of convergence, Figures 9 and 10, that global convergence to
the roots of the system exists.

To conclude the dynamical study of the Kurchatov method for this system, we draw
some dynamical planes in order to see the behaviour of the points in general. To draw
these planes, given that we have an operator with 4 variables, what we have done is to
select a parameter a, so that z = x — (a,a). Thus, our variables would be x; and x,, and the
variables z are a variation of these.

To make the dynamical planes, we have chosen a mesh of 400 x 400 points. If the initial
point converges to the point (1,1), it is painted orange; if it converges to point (—1, —1), it
is painted blue; and if it does not converge to any point, is painted black.

We have tested with different values of a over a wide range and obtained that there are
similar dynamical planes for different values of a; for that reason, we only show Figure 11.
As we can see on this figure, we have that all initial estimation converge to the roots of the
polynomial.

10

Figure 11. Dynamical plane of Kurchatov’s scheme with 2 = 0.1.
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det(AI — O4(z,x)) = A*+ A2

3.2.2. Steffensen’s Scheme

If we apply Steffensen’s scheme with memory to system g(x) = 0, we obtain the
following operator
2x%x2+x1 XpZp+Xx1—X2+2p

2x24-x1 (x0420) +x225—1

— 1

Os (Z’ X) Zx%xz-&-xlxzzz-&-xl—xz-&-zz ' (18)
2x2+x1 (X2 +22) +2022— 1

Theorem 10. The operator O(z,x) = (x,05(z, x)) has three fixed points, that is,

* z=x=(—1,—1), which is a superattractor point.
ez =x=(1,1), which is a superattractor point.
ez =ux=(0,0), which is a strange fixed point and not hyperbolic.

a0 6
Proof. Let us calculate the matrices —> and —- to obtain the character of the fixed points.

0z ox
o (2@
dfg . (2x2+x (xz+zz)+xzzz—1)2
Al P ST a9)

2
(Zx%—i—xl (x2+22)+x222—1)

x%—l) (2x%+4x122+z§+1) x%—l) (4x1 +4x122+22 —1)

( (
aﬁ(z X) _ (2x%+x1(x2+22)+x222—1)2 (2r%+x1 Xp+2p)+Xpzp— 1)
ox (x%—l)(Zx%-&-zlxlzz-&-z%-&-l) (x% 1)(4x1+4x122+z§ 1)

2
(2x%+x1 (x2+22)+x222—1) (le “+x1(xp423)+x220— 1)

(20)

For the fixed points associated with the roots, both matrices are the zero matrix. So,
by Theorem 2, both eigenvalues are 0. Then, the fixed points associated with the roots are
super attracting points. Let see what happens to the strange fixed point. The matrices are

ol 0 -1
aZ‘°“(<o,0>,(o,0>)—(0 _1>, 21)
a0 -1 1
5-((0,0), (o,0)>=(_1 1>- (22)

By Theorem 2, the eigenvalues for that strange fixed point are the values A that satisfy
the following equation:

det(AM — Ol(z,x)) = det<A21 _ Aaaixs _ 88925) (% 4+1) =0, 23)

So, the eigenvalues are +i and 0. We cannot determine the character of that strange
fixed-point non-hyperbolic. O

Theorem 11. Operator Os(z,x) = (x,05(z,x)) has six types of critical points. These types of
points are:
All these points are preimages of one of the fixed points.

Proof. Since

(—1+x3)(—1+x3) — Ax3
(— 1+2x1+xzzz+x1(x2+zz))
227 — 422 — 2x3) — Ay (—2+ 32+ 22)zp — (—2+ 22 + 13)23
(=1 4227 + x222 + x1(x2 + 22))?

(24)
+A3

Then, all the eigenvalues are zero, if (z, x) has one of the types shown in Table 4.
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1. Since 6 evaluated at the CP;(z,x), CPy(z, x) and CPs(z, x) points is (—1, —1), then
those types of critical points belongs to the basin of attraction of (—1, —1).
2. Since 6 evaluated at the CP; (z, x), CP3(z, x) and CP5(z, x) points is (1,1), then those
types of critical points belongs to the basin of attraction of (1,1).
O

Table 4. Types of points of Steffensen’s scheme that are critical points for g(x) = 0.

x1=1 x1=—1 Zy = —Xxp — 2x1
xp =1 CPy(z,x) if zy # —3 CDPs(z,x) if |x1| #1
X =-1 CPy(z,x) ifzy # 3 CPs(z,x) if |x1| #1
zp=—-1-2x CP3(z,x) if xp # —1
7y =1-2x; CPy(z,x)ifxp #1

Below, we draw a dynamical plane for the Steffensen’s scheme with memory in the
same way as was done for the Kurchatov’s scheme. In Figure 12, we can see a black region;
that is because we have slow convergence to the roots in that region since there are no
critical points outside the basins of attraction of the roots, so there cannot be convergence
to any point other than the roots. Here, we also tried different values for the parameter 4,
and similar results were obtained, although the larger the parameter was, the more slowly
convergence zone increased.

10

-10 -5 0 5 10

X

Figure 12. Dynamical plane of Steffensen’s method with a = —0.1.

4. Conclusions

The design of new vectorial iterative schemes with memory for solving nonlinear
problems is a developing area of numerical analysis that has expanded in recent years.
These methods can be numerically checked, but, until now, there were no possibility
of analyzing their qualitative performance as all the existing techniques, including both
complex and real discrete dynamics, were not defined to overcome the high dimensionality
of the rational functions involved. This proposed procedure has been tested with the
analysis of the performance of Kurchatov” and Steffensen’s multidimensional methods on
coupled and non-coupled nonlinear polynomial systems. The results obtained show the
applicability of this technique and present many possibilites for future research.
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