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Abstract

It is known that the concept of optimality is not defined for multidimensional iterative methods for solving nonlinear
systems of equations. However, usually optimal fourth-order schemes (extended to the case of several variables) are
employed as starting steps in order to design higher order methods for this kind of problems. In this paper, we use a
non-optimal (in scalar case) iterative procedure that is specially efficient for solving nonlinear systems, as the initial steps
of an eighth-order scheme that improves the computational efficiency indices of the existing methods, as far as the authors
know. Moreover, the method can be modified by adding similar steps, increasing the order of convergence three times per
step added.

This kind of procedures can be used for solving big-sized problems, such as those obtained by applying finite dif-
ferences for approximating the solution of diffusion problem, heat conduction equations, etc. Numerical comparisons
are made with the same existing methods, on standard nonlinear systems and Fisher’s equation by transforming it in a
nonlinear system by using finite differences. From these numerical examples, we confirm the theoretical results and show
the performance of the proposed schemes.

Keywords: Nonlinear systems; iterative method; convergence; efficiency index; Fisher’s equation.

1. Introduction

Nonlinearity is ubiquitous in physical phenomena as fluid and plasma mechanics, gas dynamics, elasticity, relativity,
chemical reactions, combustion, ecology, biomechanics, economics modeling problems, transport theory and many other
problems that are modeled by nonlinear equations. So, the design of fixed point iterative methods for solving systems of
nonlinear equations is a challenging task in Numerical Analysis.

The proliferation of iterative methods for solving nonlinear equations has been spectacular in the last years (we can
see a good overview in [2, 16]). Some of these methods can be transferred directly to the context of nonlinear systems,
keeping the order of convergence, but others, at least apparently, cannot be extended to multidimensional case (although
it can be done by using divided differences operator, as it was done in [1, 6, 8]). Other times, the procedures are designed
specifically for multidimensional problems, as it is the case.

We will focus our efforts in finding the solution Z of a nonlinear system F'(z) = 0, wherein F' : D C R" — R"
is a sufficiently Fréchet differentiable function in an open convex set D. Although the most used method for finding the
solution = € D is Newton’s scheme,

gD = 20 [ (0N R (W), k=0,1,2,...,

where F’(2(*)) is the Jacobian matrix of function F evaluated in the kth iteration, in recent years many iterative methods

have been designed for solving multidimensional nonlinear problems as [5, 7, 11, 12, 13, 17] and the references therein.
In what follows we present some recently known methods of eighth-order of convergence that will be used in the

comparison with our proposed scheme, in the computational efficiency and in the numerical tests. The first one is due to
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Xiao and Yin, who in [19] described the following four-step eighth-order scheme, that we denote by XY8
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2D = w® 4 (3P (O]~ [F@))7) Pw®).

Also, Xiao and Yin used a sixth-order method from Sharma and Arora’s [17] to generate an eighth-order scheme, that
is going to be used in this paper for comparison purposes. In the following, it is denoted by SAS.
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The eighth-order scheme designed by Soleymani et al. [18], that we denote by SLBS, will be also used in this
manuscript. It is a four-step Jarratt-type method whose iterative expression is

2 _
¥ =2 — [P P ),

=28 - [P ®) - )] B ) + F )] ) F®),

W) — L0k _ (; {BF/(y(k)) _ F’(x(k))}il {SF/(y(k)) +F/(x(k))b2 [F (20" P (=), 3)

P (; [3F'(y(k)) - F/(x(k))} B [3F’(y<k>) + F’(x(k))DQ [F' ()] F(w®).

In order to compare the different methods, under the point of view of the computational cost, we use two different
tools: Ostrowski in [15] defined (for the scalar case) the efficiency index as I = p'/?, where p is the order of convergence
and d the number of functional evaluations per iteration. Let us remark that, as we study the multidimensional case,
for evaluating function F' we need n scalar functional evaluations (the coordinate functions of F'), whilst for evaluating
Jacobian F” it is necessary to evaluate n? functions (all the entries of matrix F”). On the other hand, all the iterative
methods for solving nonlinear systems require one or more matrix inversion, that is, one or more linear systems must be
solved. So, the number of operations needed for solving a linear system plays in this context an important role. For this
reason, the authors introduced in [7] the computational efficiency index, C'I, which combine the efficiency index defined
by Ostrowski and the number of products-quotients required per iteration. This index was defined as CI = p'/(d+op),
where op is the number of products-quotients per iteration.

We recall that the number of products and quotients required for solving a linear system by Gaussian elimination is

1. 1 . . o . . . .
§n5 +n? — gn, where n is the size of the system. In addition, for solving ¢ linear systems with the same matrix of

. . . 1 1 . . - L
coefficients, by using LU decomposition we need —n> 4+ gn? — —n products-quotients. By using this information, in

Section 3 we compare the computational efficiency indices of the different methods used in this manuscript.

The main objective of this paper is to develop high-order iterative methods in such a way that they involve as lower
computational cost as possible, as well as they have good stability properties. From a highly-efficient method of order
five, we design an eighth-order scheme increasing the order of convergence up to eight, by using a combination between
Jacobian matrices and divided differences of first order. The order of convergence of the resulting procedure can be
increased in three units by adding a new step with the same structure as the last one. This idea is generalized for obtaining
an iterative method of arbitrary order increasing in three units the order each time that we add a new step with the same
structure as the previous one. In each new step we only need a new functional evaluation.

In order to analyze the convergence properties of the different new schemes that will be introduced in this paper, we
need to recall several concepts and tools, some of them introduced by the authors in [7].



1.1. Basic definitions

Let {x(k) }i>0 be a sequence in R™ which converges to Z. Then, the convergence is called of order p, p > 1, if there
exists M >0 (0 < M < 1if p=1) and kg such that

|20 — & < M| ®) — 2P, Yk > ko,
or
le™ D < Mle™|?, Yk > ko,

where e®) = z(*) — 7.

The following notation was introduced in [7], but we present it for completeness. Let F' : D C R™ — R" be
sufficiently Fréchet differentiable in D. The qth derivative of F at u € R”, ¢ > 1, is the ¢-linear function F(%) (u) :
R”™ x -+ x R —s R" such that 9 (u)(vy,...,v,) € R™ Itis easy to observe that

1. FO(u)(vy,...,v4-1,) € L(R™)
2. FDOu)(0g(1), .- Vo(q) = FD(u)(v1,...,v,), for all permutation o of {1,2,...,q}
From the above properties we can use the following notation:

(@) FO(u)(vr,...,vy) = FDu)ov;...v,

(b) F@(u)pi~ 1 FPyr = F(9) () FP) (y)patP—1

On the other hand, for Z + h € R” lying in a neighborhood of a solution Z of F'(x) = 0, we can apply Taylor’s
expansion and assuming that the Jacobian matrix F”(Z) is nonsingular, we have

p—1
h+ Y Cyht

q=2
where C, = (1/¢")[F'(z)]"'F(@(z), ¢ > 2. We observe that C,h? € R" since F(9(z) € L(R" x --- x R, R") and
[F'(z)]7! € L(R™).

In addition, we can express F” as

F(z+h) = F'(2) + O(hP), “4)

p—1

I+ qCoht™!

q=2

F'(z+h) = F'(z) + O, )

where I is the identity matrix. Therefore, ¢qC,h9~! € L(R™). From (5), we obtain
[F'(Z+h)]™" = [+ Xoh+ X3h° + Xyh' + -+ | [F'(2)] "+ O(hP71), (6)

where
Xy = —20,,
X3 =403 — 303,
X4 = —803 + 6C5C3 4+ 6C3C, — 4CYy,

The equation
B +D) = [P 4 o(eWPT),
where L is a p-linear function L € L(R™ x --- x R™ R"), is called error equation and p is the order of convergence.
Observe that e(®)” is (e®) e®) ... (k)
On the other hand, the divided difference operator of F' on R™ is a mapping [-,-; F] : 2 x Q C R” x R" — L(R")
(see [14]) such that
[z, y; F](z — y) = F(z) — F(y), foranyz,y € Q.

In the proof of the following result, we will use Genochi-Hermite formula (see [14])

1
[a:,y;F]:/ F'(z +t(z —y))dt, forall (z,y) € Q x Q
0



and, by developing F’(z + th) in Taylor series around z, we obtain

1
/ F'(z +th)dt = F'(z) + %F”(x)h + éF”’(x)hQ + O(h3).
0

Denoting by e = x — T and assuming that F’(Z) is nonsingular, we have:

F(z) = F'(z)(e + Cye® + Cse® + Cye + C5e®) + O(e?),
F'(z) = F'(z)(I + 2Cye + 3C3€? 4+ 4C4e® + 5Cse) + O(ed),
F'(z) = F'(%)(2Cy + 6C3e + 12C4e? + 20C5¢*) + O(e?),

F"(z) = F'(%)(6C3 + 24Cy4e + 60C5) + O(e?),

1
=l

where C, = —[F'(z)]"'F@(z), ¢ > 2. Replacing these developments in the formula of Genocchi-Hermite and

denoting the second point of the divided difference by y = = + h and the error at the first step by e, = y — , we have
[z,y; F] = F'(Z)[I + Ca(ey + €) + Cse?] + O(e?).

In particular, if  is an approximation of the solution provided by the Newton’s method, i.e. h = 2 —y = [F'(z)] "' F(x),
we obtain
[z,y; F] = F'(Z)[I + Cae + (C3 + C3)e?] + O(e?).

We summarize the contents of this paper. In Section 2, we describe the new eighth-order iterative method for solving
nonlinear systems and show a procedure for constructing schemes with arbitrary order of convergence p + 3 from a
previous algorithms with order of convergence p > 5, by using the same structure. The efficiency and computational
efficiency indices of the new and other known schemes are analyzed in Section 3. Some numerical tests on Fisher’s
equation and also on some academical problems are made in Section 4, in order to confirm the theoretical results and to
show the performance of the presented schemes. The paper finishes with some conclusions and the references used.

2. Development and convergence of the method

By adding a new step to the iterative method described in [4], we construct the following four-step scheme with
eight-order of convergence:

g =2 — [P/ ) P ),

20 =y 5 [F @) P ),
1 (N
w = 2® — 2 [F (@) (~16 F(y™) + F(=M)),

2R+ — (R _ G(t(k))[F/(gc(k))]—IF(w(k))7
where G is a weight function that should be chosen in order to obtain the eighth-order of convergence, being
t®) = 1 —5F ()] 7Ly *) R .
The following result establishes the convergence of iterative method (7).

Theorem 1. Let F' : D C R™ — R"™ be sufficiently differentiable at each point of an open neighborhood D of * € R",

that is a solution of the system F(x) = 0 and the initial estimation 2 is close enough to T. Let us suppose that F' (z)

is continuous and nonsingular in x. Then, sequence {x(k) } >0 obtained from expression (7) converges to T with order 8
49 7 1

when G(0) = 5z, G'(0) = 55 and G"(0) = 5, being in this case the error equation

etF 1) — [210027 — 3005030 + 9005 C5C3 — 210503C5 + 3C2C3C2C3Cy — 9C,C303 + 63 C3C5

— 9CCECHCh + 2TC5CoC5C2) [ ™ 4 O(e®)”),

1
where Cy = —'[F’(E)]’lF(q) (@), ¢=2,3,...
q!



Proof. By using Taylor expansion of F(2(*)) and F’(x(*®)) around z,
F(z®) = F'(z) [e(k) + C’ge(k)2 + C’ge(k)3 + C46<k)4 + C5e(k)5] + O(e(k)6),
F(@®) = F'(@)[1 +2C2¢®) +3C3¢)” 4 4016”4 5C5e0"] 4+ 0(e®”),
From the above expression, we have

[F/ (@)1 = [+ Xae® 4 Xae®® + X4e®” 4 X5e® | [F(@)] 71 + O(eM”),

where

Xo = —20C%,

X3 = —3C5 + 4C%,

X4 = —4C4 + 6C5C3 + 6C50y — 8C5,

X5 = —5C5 4 8CoCy — 120303 + 9C2 + 8C,Cy — 12C2C5C, + 16Cy — 12C3C2.
Then,

[F'(N))} TURE®) = e — e®? 1902 — Cy)e®? 4 (4055 + 3C5Ch — ACE — 3Cy)e® 1

(=405 + 6CoCy — 8C2C5 + 6C2 + 4040y — 6C5C3Cs + 804 — 60502)e®” 1+ (™),

So,
Y B 7 = Coe®™? —2(02 — C3)e®® — (40505 + 3C5Cs — 403 — 30,)e®™”
— (—4C5 + 605Cy — 8C2C5 + 6C2 + 4C4Cs — 6C5C5C5 + 8CL — 6C5C2)e®™’ 4 O™,
(™ — 2)2 = C2e®* 1 (2C5C4 + 205C5 — 4C3)e®® 4 0(e®),
and
Fy®) = F'(2)|(y® - 2) + Coly™ — 0)2] + 0((y® - 2)*)
— F'(z) [OQeW £ 2(C5 — 02)e®® 4 (30, + 503 — 3050y — 4C5C5)e®™”
+ (405 — 6CoCy + 1002Cs — 602 — 404 Cy + 8C»C5Cs — 1204 + 603022)e<k>5] + O™,
In order to obtain the Taylor expansion of
A =y 5 [P O] (W),

we calculate
[F’(x<k>)] TUR®) = —Cre®? 4 (402 + 205)e® 4 (—8C,Ch — 6C5Cy + 13C3 + 3C,)e™*

+ (405 — 120504 — 8C4Cy + 26C2C + 18C302 — 1202 + 20C5C3Cy — 3804)e®” 1 0(e®°).
In a similar way as before, we get

20— 5 = —4Che® 4 (1802 — 8C5)e®)® 1 (360505 + 27C5C, — 6103 — 120,)e™”
— (—16C5 + 5ACoCy + 36040y — 122020 — 84C302 — 94C5C3Cy + 5402 + 182C1)e™’ 1+ (™),
() — 5)2 = 1602e™" 1 (320505 + 320505 — 144C3)e®’ 1+ (™),
and
F®) = F'(z) [(z<k> —F) + Co(2® — :E)z] +O((2® — )%
- F'(z) [ L 405e™? 1 (1802 — 8C3)e™’ 1 (360505 + 270305 — 4503 — 1204 )e®”

4 (—16C5 + 54C5Cy + 36C4Cs — 90C2Cs — 84C5C2 — 6205C5Cs + 54C2 + 3803)e(k)5} + O™,



Taking into account the definition of w(k),

w® —z =20 —z % [F' ()]~ (=16 F(y™) 4+ F(27))

1 _
=y — & L F @) O FGY) + V),
from

—1
[F/@)] (@ F(y®) + F(9)) = 5C2¢®” + (~10CF + 10C5)e®”’
+ (—20C5C5 — 15C5C, + 2003 + 15C,)e™”
+ (2005 — 3005C4 — 2004Cs + 40C2C5 + 4005C5C, — 11004 — 3002)e)”
+0(eM”),
we get
w®) — F = (1404 + 6C502 — 20,C5C,)e®’ + 0(e®®),

and
Flw®) = F'(@)(w® - 2) + 0((w® - )")

= F'(z) [(1403 60502 — 2C5C5C0)e®] + 0(e®®).
In order to obtain the weight function GG, we calculate

9,205 F | = F/(y®) 4 8 -y @)+ 00 - y®)2),

where
W) = F@e® -3+ 0240 57 1oy - 2)
F(y ™) = F'(@)|[ I+ 20,0y - 2) +3Cs (4™ = 2)%| + 0((y") — 2",
F'(y®) = F'(z) [202 +6C3(y*F) — z) + 120, (y™») — f)ﬂ +0((y™ —z)%).
Then,

[y9), 205 F| = F/(2) [T - 3C3¢®” + (16C5 — 6C3C3)e®’ | + 0(eM))

and expanding

—1
th=1-5 {F’(x(k))} {y(k),z(k);F} = AT +10CeM 4 (1505 —5C2)e ™’ 1+ (200, —T0C3+—30C5C)e ™’ +0(e® ),

we get

P4 = w® —5) — (O + GO+ 5 C"OR) [F®)] T Fw®)

= (w® — ) - (G(O)I + G (0) + % G”(O)ti) [F’(x“v))} TP E @ -5
( (1 — G(0) +4G"(0) — 8G”(0))I + (QG(O) —18G/(0) + 56G”(0))Cge(k)
(—4G(0) + 41G’(0) — 182G"(0))C2 + (3G(0) — 27G'(0) + 84G”(0))C3>e(k)
(8G(0) — 12G"(0) + 134G”(0))C3 + (—6G(0) + 54G’(0) — 243G" (0))C=Cs

-
(
(
(-

+ o+ o+

6G(0) + 84G (0) — 363G"(0))C3Cs + (4G(0) — 36G"(0) + 1120”(0))04).3(’“)3 + O(e(’f)‘l)} (w® — 7).

6



And then, by solving the homogeneous system of equations obtained from the coefficients of I, e(*), e®? we get
G(0) = 2, G'(0) = & and G”(0) = 2. Since the order of (w® — ) is p > 5, we have the desired order with error
equation

Qb +1) _ [210027 — 30C3C5Cs + 90C5C3C3 — 21C2C3C; + 3C2C3C2C5Cs — 9C2C3C3 + 63 C5C5
— 9CCECHCh + 2TC5CoC5C2) [ 4 O (™).

]
In the previous results, some conditions on the weight function have been imposed to assure the desired order of
convergence. This gives us the possibility of designing different schemes depending on the G/(¢(¥)) used, as for example

49 7 1 2

or
—1
G(t®) = [25(281 — t<’<>)} (49(281 + 3t(k))) :

In the second case, a new inverse appears and it yields to an additional linear system to be solved in practice. So, we use
the first one in the rest of the manuscript, denoting the resulting scheme by MS.
In a similar way, this structure can be extended in order to construct an iterative scheme of arbitrary order.

Theorem 2. Ler u(F) = (j)(x(k)) be the iterative expression of a method of order p > 8, with asymptotic error constant
M, where the four first steps are those of (7). By adding a new steps in the form

kD) — (k) G(t(k)) [F/(gg(k))]fIF(u(k))7

the order of the new method is p + 3 if G(0) = %, G'(0) = 215 and G"(0) = 517).

Proof. By hypothesis,

p+1

Fu®) = Me®™” 4 0™,

Then, taking into account the conditions on function G, following a similar procedure as in the previous theorem,

2+ _ 5 — (u® _ 7) — (G(O)f + G (0) + % G"(O)tz) [F'(N))} )
- [(SG(O) —12G'(0) + 134G”(0))C2 + (—6G(0) + 54G"(0) — 243G" (0))C2C5
+ (=6G(0) + 84G"(0) — 363G (0))C5Cs + (4G(0) — 36G"(0) + 112G”(0))C4)e(k)3 + O(e““)“)} Me®?
_ [1505’ + —30203 + gCSCg)e(k)S + O(e(k)4)}Me(k)p

and then, the orderisp + 3. m

3. Computational efficiency

Now, we are going to use two indices for comparing the different iterative schemes for solving nonlinear systems: the
multidimensional extension of the efficiency index defined by Ostrowski as I = p'/? and the computational efficiency
index CI defined as CI = pl/ (d+op) where p is the order of convergence, d is the number of functional evaluations per
iteration and op is the number of products-quotients per iteration.

In Table 1, the efficiency indices I of methods M8, XY8, SA8 and SLBS are presented. The number of Jacobian
evaluations and the number of functional evaluations in all these schemes are different, but the order of convergence is the
same. In order to calculate the efficiency index I, it must be taken into account that the number of functional evaluations
of one F', F’ and first order divided difference [-,-; F] at certain iterates are n, n? and n(n — 1), respectively. We can
observe that the classical efficiency index is the same for all these methods.

On the other hand, in order to compute an inverse linear operator we solve a n X n linear system where we have to

1 1
do §n3 +n? — gn products-quotients for obtaining LU decomposition and solving two triangular linear systems. In

addition, we need n? products for matrix-vector multiplication.



[ Method [ n. F [ n. F' [ n. [, F] [ Funct. evaluations | I |

M8 4 1 1 22 + 3n =r
XY8 | 3 2 0 22 + 3n 82 ram
sa8 | 3 2 0 2n? + 3n 837 ran
SLBS | 3 2 0 22 + 3n 8 ran

Table 1: Efficiency index for different schemes

Taking into account the previous considerations, we calculate C'I of method M8. For each iteration, we need to
evaluate function F' four times, once Jacobian F’ and once the divided difference, so 2n? + 3n functional evaluations

. - . . . .1 1
are needed. In addition, we must solve six linear systems with F’(z(*)) as coefficients matrix (that is §n3 +6n2 — gn

products-quotients) and two matrix-vector products (2n? products-quotients). Therefore, the value of index C'I for method
MBS on a nonlinear system of size n X n is

1
CIMg =8 Fn3+10n2485n )

In Table 2 we show index C'I of schemes M8, XY8, SA8 and SLBS8. In it, NFE is the number of functional
evaluations, N LS1 denotes the number of linear systems with the matrix of coefficients F” (x(’“)) to be solved, NLS2 is
the number of linear systems with other matrix of coefficient that are solved and M x V denotes the number of matrix-
vector products.

Method | NFE | NLSL [ NLS2 [ M xV | CI \
M8 | 2n2 4 3n 6 0 2 g T
XY8 | 2n%+3n | 4 3 2 | g7
SA8 | 2n% +2n 6 1 3 T I
SLB8 | 2n%+3n 3 3 5 T

Table 2: Functional evaluations and products-quotients of the methods

Let us observe that, although the classical index is the same in all these cases, it is not the case of the computational
efficiency index since the number of inverse linear operators is different for each scheme. In Figure 1, the computational
efficiency index for those methods and systems of size from 2 to 50 is shown. We can observe that, for any size of the
system, the best index corresponds to proposed method M8, due to the factor of the dominating term, that is %ng in M8,
in comparison to %n?’ in the rest of schemes.

1.0003

1.0002

1.0002

<]
cl

102 B 1.0001

1.0001

1.0000

(a) Size from 2 to 20 (b) Size from 20 to 50

Figure 1: Indices C for different sizes of the system



4. Numerical results

In this section, we firstly check the applicability of our proposed method by analyzing its performance on Fisher’s
partial differential equation. Afterwards, we apply this and other known methods of the same order in order to compare
their behavior on some academic problems.

Example 1. Fisher’s equation,
w = Dugy +ru(l — %), z € la,b] t>0,

was initially proposed by Fisher in [10] as a model of the diffusion process in population dynamics, being D > 0 the
diffusion constant, r the growth rate of the species and k the carrying capacity. More recently, this equation has shown to
be useful for a great amount of problems as wave propagation, economy or genetics.

In this example, we analyze a particular case of Fisher’s equation, corresponding to » = k£ = 1, null boundary con-
ditions and u(z,0) = sech?(7z) (see for example [3]). By applying an implicit finite differences scheme, we transform
Fisher’s problem in a family of nonlinear systems to be solved. They provide the estimated solution for each instant ;
from the approximation calculated at ¢;_;.

We choose the spacial step h = 8/nx and the timing step k = T},4./nt, being nz and nt the amount of subintervals
for variables = and ¢, respectively and T, is the final instant of the numerical study. So, we get a mesh whose domain
is [—4,4] % [0, Tynqz] with (nz + 1) x (nt + 1) equi-spaced nodes (z;,t;).

By using the estimations of the derivatives

u(z,t) —u(z,t — k)
k

u(x + h,t) — 2u(z,t) + u(z — h,t)
2

and denoting by w; ; the estimation of the solution at (x;, ¢;), we construct the nonlinear system

ug(z,t) ~

and gy, (z,1) ~

kuisrj + (kh? — 2k — B?)uj — khu? j + kug_1; = —h*u; j_1,

fort =1,2,...,nx —land j =1,2,...,nt.

Therefore, for a fixed and arbitrary index j, we use the proposed eighth-order scheme MS to solve a nonlinear system
of size (nx — 1) x (nz — 1), getting the estimation of the solution at instant ¢;, u; ;, by using meanwhile the calculated
estimation at the previous instant u; ;1. This is made for different values of the final time T5,,,, employing different
values of nz = 20 and nt. In this iterative process, double precision arithmetics is used and the tolerance of the error is
10~8. After solving each nonlinear system, we consider as initial guess for the solution of the next system, the solution at
t;_1. In Table 3 we show the mean of the number of iterations employed (iter) for solving the nonlinear systems for each
instant, by using several T},,4, and also the estimation of the error (norm of the solution of the last system) || F'(z(*+1)]|
and the cpu-time for calculations, in seconds. The processor of the machine used is Intel(R) Xeon(R) CPU E5-2420 v2
@ 2.20GHz, with 64 GB of RAM.

| Toao | na [ nt ]| iter | |[F(@®+D)] | cpu-time |

0.6 20 | 10 1 1.24e-13 0.027
0.6 | 200 | 10 1 3.74e-15 0.164
1 20 | 10 1 6.45¢e-12 0.027
1 200 | 10 1 6.50e-14 0.162
6 20 | 10 2 1.76e-16 0.033
6 200 | 10 2 2.29e-16 0.286
20 20 | 20 nc - -

20 20 | 80 | 1.0625 5.02e-17 0.064
20 200 | 10 | 1.0250 1.01e-16 0.781

Table 3: Numerical results for Fisher’s equation

It can be observed in Figure 2 that at the first instants diffusion is greater than reaction, and the curve decreases. Then,
reaction increases and the system reaches the equilibrium state. In Figure 3, the long-term behavior can be observed for
Tnaz = 20 seconds and a large enough number of temporal subintervals nt = 80.

In the rest of the section, we compare the new method M8 with Newton’s procedure and eighth-order schemes XY8,
SAS8 and SLB8. The numerical results are shown in Tables 4 to 7. All experiments have been carried out on Matlab £2014b



Figure 2: Approximated solution for nx = 20, nt = 40 and Trpez = 1
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Figure 3: Approximated solution for nx = 20, nt = 80 and Ty qz = 20

using variable precision arithmetics with 4000 digits of mantissa and the stopping criterium is ||+ — 2(®)|| < 10-500
or || F(x*t1))|| < 1075, To check the theoretical order of convergence p, we calculate the approximated computational
order of convergence (ACOC) introduced in [9] as

In ([|lz®*+D — 2®|/[la® — 2*D])
In (|l2®) — 2= /|lat= — akE=2)]))”

p~ ACOC =

Let us remark that, if the entries of vector ACOC do not stabilize their values along the iterative process, it is marked as

LK)

Example 2. The first standard nonlinear system is described as:
i1 —1=0, i=1,2,...,n—1,
2221 —1=0.
whose solution is ¥ = (1,1,...,1)T.

We use 7 = 9 and two initial estimations, z(®) = (1.25,1.25,...,1.25)7 and 2(®) = (-1, —1,..., —1)". The obtained
results can be observed in Tables 4 and 5, where the number of iterations needed, the estimations of the error in the last
iteration ||z(*+1) — (k)| and || F (2(**+1))|| and the approximated computational order of convergence ACOC, are shown.
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y | Newton | M8 [ XY8 [ SA8 | SLB8 |

iter 10 4 4 4 4
lzF+1) — 2| | 1.99e-344 | 2.97e-212 | 2.33e-270 | 1.00e-238 | 9.85e-361
[ F(zFD) 3.96e-688 | 2.04e-1693 | 2.17e-2159 | 1.13e-1905 | 3.60e-2884
ACOC 2.0000 7.9999 8.0000 8.0000 8.0000

Table 4: Numerical results for Example 2, 2(9) = (1.25,1.25,...,1.25)T

y | Newton M8 [ XY8 | SA8 [SLBS|
iter 14 6 5 4 nc
|2®E+D — 2(R)|| | 4.02¢-280 | 2.66e-231 | 1.65e-120 | 3.74e-63 -
| E (20| 1.62e-559 | 8.50e-1846 | 1.36e-960 | 4.18e-501 -
ACOC 2.0000 8.0000 7.9976 8.0386 -

Table 5: Numerical results for Example 2, (0 = (=1, -1,...,—-1)T

The obtained results show good convergence properties, even using bad initial estimations, as well as an excellent
precision in the calculated approximation.

Example 3. The third nonlinear system is defined by:

4
T; — COS Qxi—g z; | =0, i=1,2,...,n
j=1

We use n = 20 and initial estimations z(®) = (1,1,...,1)7 and 2(® = (-0.1,—-0.1,...,—0.1)" for our numerical
tests, being the solution in this case Z &~ (0.5149,0.5149, . ..,0.5149)%". In Tables 6 and 7 we show again the number of
iterations needed (iter), the estimations of the error in the last iteration ||z(*+1) — z(®)|| and || F(x(**1))| satisfying the
same stopping criterium as before and the approximated computational order of convergence (ACOC).

y | Newton M3 XY8 | SA8 | SLB8 |
iter 9 4 4 4 4
lzH+D — 2®)|| | 1.93e-277 | 3.38e-346 | 9.22e-310 | 2.80e-305 | 3.44e-316
| F (D) 8.60e-555 | 2.09e-2770 | 8.75e-2478 | 1.37e-2441 | 9.43e-2530
ACOC 2.0000 8.0000 8.0000 8.0000 -

Table 6: Numerical results for Example 3, z(0) = (1,1,..., nHT
y | Newton | M8 [ XY8 | SA8 | SLBS |
iter 56 4 nc nc nc
B+ — 2R | 2.21e-328 | 3.12e-70 - - -
| F (x| 1.13e-656 | 1.09¢-562 | - - -
ACOC 2.0000 7.7892 - - -
Table 7: Numerical results for Example 3, (0) = (-0.1,-0.1,...,-0.1)T

It is observed in Tables 6 and 7 that, for this problem, the proposed method M8 shows to be more stable than the rest of

schemes of the same order of convergence, as it converges even for initial estimations far from the solution, as Newton’s
procedure does, but in a number of iterations very reduced.
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5. Conclusions

In this manuscript we have constructed a highly-efficient iterative method of order eight for solving nonlinear systems.
Indeed, higher order methods can be constructed by adding new steps with the same structure involving one new functional
evaluation (per step) and increasing the order of convergence in three units per step. Its applicability and stability have
been checked by means of an applied problem, Fisher’s equation, showing excellent results and also have been compared
with recent high order methods on academical examples with competitive results.
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