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Abstract
DIPARTIMENTO DI SCIENZA E ALTA TECNOLOGIA

Doctor of Philosophy

Equations and Systems of Nonlinear Equations: from high order
Numerical Methods to fast Eigensolvers for Structured Matrices and

Applications

by Fayyaz Ahmad

The narrative of our thesis concerns the construction of numerical methods for
the solution of nonlinear equations and systems of nonlinear equations, in order to
compute simple roots or roots with multiplicities and in several context, ranging

from differential problems to the eigenvalues of structured matrices.

After an introduction containing the description and a brief history of the problems
with pointers to the relevant literature, we present eight chapters containing our

new findings.

First, a parametrized multi-step Newton method is constructed for widening the
region of convergence of classical multi-step Newton method. The second improve-
ment is proposed in the context of multi-step Newton methods, by introducing
preconditioners to enhance their accuracy, without disturbing their original order

of convergence and the related computational cost (in most of the cases).

In this proposal, we cover both cases of multi-step Newton methods with and
without derivatives aimed at computing simple roots. To find roots with unknown
multiplicities preconditioners are also effective when they are applied to the New-
ton method for roots with unknown multiplicities. Frozen Jacobian higher order
multi-step iterative method for the solution of systems of nonlinear equations are
developed and the related results better than those obtained when employing the

classical frozen Jacobian multi-step Newton method.



To get benefit from the past information that is produced by the iterative method,
we constructed iterative methods with memory for solving systems of nonlinear
equations. Iterative methods with memory have a greater rate of convergence,
if compared with the iterative method without memory. In terms of computa-
tional cost, iterative methods with memory are marginally superior comparatively.
Numerical methods are also introduced for approximating all the eigenvalues of

banded symmetric Toeplitz and preconditioned Toeplitz matrices.

Our proposed numerical methods work very efficiently, when the generating sym-
bols of the considered Toeplitz matrices are bijective: the remarkable feature of
the presented methods is the computational cost which is negligible since we do
not even need to store the considered matrices, thanks to specific extrapolation

techniques.

We finally stress that all the algorithms presented in the current thesis are accom-

panied by numerical tests taking into account different applications.
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Chapter 1

Introduction

Most of the phenomena in nature are nonlinear. The mathematical models that
represent them are nonlinear models. Some of the nonlinear models can be ex-
pressed directly in terms of nonlinear equations or systems of nonlinear equations.
In most of the cases the models lead to nonlinear differential or integrodifferential
equations or systems of equations: when this scenario occurs we end up to large
systems of nonlinear equations after a proper numerical approximation. In gen-
eral, it is hard to find an analytical solution in closed form for a nonlinear equation
and systems of nonlinear equations. The solution of the general quintic equation
cannot be expressed algebraically which is demonstrated by Abel’s Theorem [12].
In such a scenario numerical iterative methods play an important role to find nu-
merical solutions of nonlinear equations or systems of nonlinear equations. A wide

class of nonlinear boundary value problems (BVPs) can be written as
L(u) 4+ f(u) =p(x) under some boundary conditions, (1.1)

where L is a linear differential operator, f(-) is a nonlinear function and p(z) is a

source term. A suitable discretization of (1.1) leads to

L(u) + f(u) = p(x), (1.2)

where L is a discrete approximation of linear differential operator £ and u, x are
vectors of appropriate dimensions. Equation (1.2) represents compactly a system
of nonlinear equations. This system of nonlinear equations has a linear part L(u)

and a nonlinear part f(u). Due to this form, it can be considered a system of mildly
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nonlinear equations. Solving this system of nonlinear equations (1.2) means that
we are indirectly solving a suitable nonlinear boundary value problem. In the
theory of iterative methods to solve nonlinear equations Ostrowski [2] and Traub
[1] contributed in a significant manner. Iterative methods can be divided into two
classes namely the single-point method and multi-point [1]. Other classifications

are

e single-point iterative methods with- and without-memory

e multi-point iterative methods with- and without-memory.

Higher order (> 3) single-point iterative methods often suffer from numerical
stability. While multi-point iterative methods give the higher order of convergence
and numerical stability. Some one-point iterative methods without-memory of

different orders, are:

4

Tps1 = Ty — P1 (2nd order Newton-Raphson)

Tpy1 = Tp — P1 — D2 (3rd order)

Tpy1 = Tn — P1 — P2 — P3 (4th order) (1.3)
Tpy1 = Tp —P1 — P2 — P3 — Pa (5th order)

Tp+1 = Tp —Pp1 — P2 —pP3 —pa— ps  (6th order),

\

where p1 = f(z,)/f (xn), P2 = copl, p3 = (—c3 + 263)pT, ps = (—dcacs + 53 +
C4)p4117 Ps = (_CE) + 303, + 146% - 210363 + 60204)17?’ Co = f//(xn)/mf/(-rn)v C3 =
1O (@) 31 (0), e = FO (@) /AL (@), €5 = FO () /51 (), and f(z) = 0 is

a nonlinear equation.

According to Kung-Traub conjecture [1] if a multi-point iterative method without
memory uses n function evaluations its order of convergence is bounded from
above by 27!, Tterative methods achieving 2"~! convergence order with n function
evaluations are called optimal iterative methods. The classical iterative methods
due to Newton and Ostrowski are examples of optimal iterative methods for finding
a simple root of a nonlinear equation. The efficiency of an the iterative method

depends on

e the order of convergence,

e the computational cost,
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e the region of convergence.

The efficiency index of the considered iterative method to find the solution of

nonlinear equations can be defined as

Efficiency index = p'/™
where p is the convergence order of the iterative method and n is the total number
of function evaluations. Usually, the factor of the computational cost of binary
operations is not included in the efficiency index in the case of nonlinear equations.
But computational cost becomes important when we deal with systems of nonlinear
equations. The convergence radius of a given iterative method can be observed by

plotting the dynamics in the complex plane [13-30].

The well-known Newton-Raphson iterative method for the system of nonlinear

equations can be expressed as

F'(x,)p1 = F(x,),

Xpt1 = Xp — @1,

(1.4)

where F(x) = 0 is the system of nonlinear equations. The computational cost
of a single step of the Newton method is given by the total number of function
evaluations that is n? + n and the solution of a system of linear equations. The
considered iteration has quadratic convergence order. The fourth-order Jarratt
[31] iterative scheme can be written as

F'(x,)¢91 = F(xy),
Xp = Xn — %¢17
(3F'(xn) — F'(xp))$2 = 3F'(x,) + F(xn),

Xni1l = Xpn — 3¢201.

(1.5)

H. Montazeri et al. [102] proposed an efficient iterative method with four convergence-
order that is

F'(x,)¢1 = F(xy),
Xn = Xn — 561,
F'(x,)T = F'(x5),
o2 = Toy,

o3 = Teo,

Xnt1 = Xp — 2¢1 + 3¢ — 303
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A huge source of information regarding iterative methods for solving systems
of nonlinear equation can be found in [2, 32-37, 39, 40, 40, 51, 52, 56, 57, 62—
65, 70, 71] and references therein.

Multi-step iterative methods are fascinating because of their low computational

cost. The classical Newton multi-step method (NR) can be written as

Number of steps =m>1

co =m+1 F'(x0) ¢1 = F(x0)
Base method —

Function evaluations =m X1 = X0 — @1

Jacobian evaluations =1 fors=1,m—1

NR =

Number of LU-factors =1 F/(XO) dst1 = F(xs)
Multi-step part —

Vector-vector multiplications =0 Xs41 = Xs — Ps41

Number of solutions of lower end

and upper triangular systems =m

Multi-step iterative methods can be divided into two parts, i.e., base method and

multi-step part. In the multi-step part we use the information contained in the
frozen Jacobian that was computed in the base method. We use the LU-factors
of the frozen Jacobian over and over to solve the system of linear equations in
the multi-step part, which makes the method computationally economical. In the
NR method there is an increment of one in the convergence order per multi-step.
Similarly, a derivative-free Newton multi-step method can be expressed as

( .
Xo = initial guess
u =X+ [ F(xp)
[uaXO; F] ¢ = F (%)
(X1 = X0 — o
(for i—om , (1.7)
[, x0; F]¢; = F (xj-1)
Multi-step part — < X; = Xj_1— (bj

Base method —

end

\XO = Xm

where (3 is a scalar parameter and the [, ;F] : D x D C R x R® — L(R") is
divided difference operator of F. We remind that the divided difference operator



Chapter 1. Introduction

is defined as

x4+ h,x;F] =
itimes
) —_——
where h* = (h,h,---  'h).

1
/F’(x +th)dt, ¥x heR"=F(x)+ %F”(x) h+ éF'"(x) n? 4+ o(mY), (18)
0

The convergence order of (1.7) is m + 1 and m is

the number of multi-steps. This derivative-free method (1.7) is computationally

more expensive compared with the NR method because the number of function

evaluations in divided difference operator are more compare to that of Jacobian.

There are higher order multi-step methods. Taking note of the convergence order

and of the computational cost, multi-step higher order method (HJ) [63, 102] can

be described as

( Number of steps

Convergence order

Function evaluations
Jacobian evaluations
LU decomposition

HJ =
Matrix vector multiplications
Vector vector multiplications

Number of solutions of systems

of lower and upper triangular

\ systems of equations

=m>2

=2m

=2m—1

Base method —

Multi-step part —

F’ (xx) ¢1 = F (xx)

X1 = X — %451
F' (x1) ¢2 = F' (x1) ¢1
F' (x1) ¢3 = F' (x1) ¢2

Xy =X — 2 ¢1+3¢2— 303
fors=1,m — 2
F’ (x1) ¢p2s12 = F (Xs511)
F/ (1) $25+3 = F' (x1) $20+2
Xs42 = Xof1 — 5 Post2 + 5 P2sys

end

The base method in a HJ method has a convergence order of four and involves

one LU decomposition, one function evaluation, and two Jacobian evaluations.

Each step of the multi-step part increases the convergence order by two. In 2015,
Malik et al. [70] developed another efficient multi-step iterative method (MSF) for

solving nonlinear systems arising from particular ODEs which can be described as

( Number of steps
Convergence-order
Function evaluations
Jacobian evaluations
Second-order Fréchet derivative
MSF — < LU decomposition
Matrix vector multiplications
Vector vector multiplications

Number of solutions of systems

of lower and upper triangular

\ systems of equations

=1
=1
=2m — 2

=m + 2

=3m—1

Base method —

Multi-step part —

F' (x1) ¢1 =F (x1)
F/ (xi) ¢2 = F"' (xi) 7
X1 =Xy —¢1 — 5 b
fors=1,m—1
F’ (xi) ¢35 = F (x5)
F/ (xx) ¢3s4+1 = F' (x1) ¢as
F' (x) ¢3s42 = F' (x1) 3541
Xs+1 = Xs — 3¢P3s + 33541

_¢35+2

end
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Further improvements in multi-step method are possible in the direction of reusing
the available information. There are a few works related to iterative methods
with memory of high orders for nonlinear systems. Researchers have introduced
iterative methods with memory to solve systems of nonlinear equations. In 2014,
Sharma et al. [51] proposed a derivative-free iterative method with fourth order
of convergence. In detail we have

{ Vi = Xi — [Xk,Wk,F]_lF(Xk)7 (19)

xpr1 = yi — (al + GF((3 = 2a)I + (a — 2)G M) [xy, Wi, F] ' F(xz),

where w;, = (xx + bF(x1), 2 = yx + cF(xz), a € R, b,c € R\{0}, G® =

(%1, Wi, F] [z, y&, F], and T is the identity matrix of appropriate size.

Recently, the authors in [48] improved the convergence speed of (1.9) to 2 4+ /5
when a # 3 and 2 + /6, when a = 3, by considering

(

B® = —[wr_1,xx_1; F]71, kE>1,
Vi = X — [Xg, Wi, F]71F(xy,), k>0, (1.10)
Xk+1 = Ye—

(al+ G®((3 —2a)I + (a — 2)GW))[xy, Wi, F]71F(xp),

\
where w;, = x5, + BOF(xy,).

In the direction of preconditioning, Aslam and his co-researcher [112] proposed a
preconditioned double Newton method with quartic convergence order for solv-
ing a system of nonlinear equations. We now describes shortly the considered

algorithmic proposal. Let

F(x) = [f1(x), f2(x), - fu(x)]" = 0 (1.11)

be the system of nonlinear equations and let us suppose that only simple roots are
present. Here x = [z, 29, - ,2,]". Assume G(x) = [g1(x), g2(X), -+ , gn(x)]7 is
a function which is non-zero everywhere in its definition domain. We define a new

function
Q(x) = G(x) © F(x) = [G(x)] F(x) = [F(x)] G(x), (1.12)

where @ is the element-wise multiplication and [-] represent the diagonal matrix,

having as main diagonal its argument. The first order Fréchet derivative of (1.12)
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can be computed as

Q'(x) = [F®)] G'(x) + [G(x)] F'(x)
= [GX)] (F'(x) + [F®)] [GX)] ' G'(x)). (1.13)

The application of the Newton method to (1.12) leads to

X1 = x; — Q'(x1) " Q(xy)
—1

1 (1.14)
=x; — (F'(xi) + [F(x)] [Gxi)] ™ G'(xh))  F(x)-

The convergence order of (1.14) is quadratic, because the considered scheme is
the Newton method for solving the preconditioned system of nonlinear equations
Q(x) = 0. If we take G(x) = exp(B @ x) then (1.14) can be written as

X1 = x5 — (F'(x) + [8© F(x)]) " Flx), (1.15)

where 8 = [f1, B, - - ,Bn]T-

When the system of nonlinear equations have unknown multiplicities, a modified
Newton method for finding zeros with multiplicity greater than one for nonlinear

equations can be written as

o = initial guess

(1.16)
Tpy1 = T — M (f,(é’;)), k=0,1,---
Hueso et al. [110] proposed the multidimensional version of of (1.16) as
Xy = initial guess
’ & (1.17)
Xpp1 =X — F'(x3) 7 [m] F(xi), £=0,1,--,
where m = [my, my, - -+ ,m,]7 is a vector of multiplicities for the system of nonlin-

ear equations F(x) = 0. The proof of quadratic convergence of (1.17) is provided
in [110]. W. Wu [109] proposed a variant of the Newton method with the help of

an auxiliary exponential function used as preconditionor. We define a new system
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of nonlinear equation with a nonlinear preconditioner function, having the same

root
Ux)=e""*0F(x)=0. (1.18)

The application of the Newton method for (1.18) implies

Xp1 = Xp — U'(x) 7 U(xy)

i1 =X — ([ (F'(x) + [VO F(x)])  e¥™ © F(xy) ,
F(x)]) " [e 11 O © F(xy)

F(x)]) ' Fxy).

(1.19)
X1 = X — (F/<X )+voe

X
Xpt1 = X — (F/(X ) [[V ©

The rate of convergence of (1.19) is quadratic. A modification [110] in (1.16) is

proposed by using an exponential preconditioner
U(x) = "™* 0 F(x)"/™ =0, (1.20)

where 1/m = [1/my,1/msy,--- ,1/m,]" and power of F(x) is component-wise.

The application of the Newton method to (1.20) leads to
Xpr1 = xp — (F'(x) + [V O F(x)]) " [m] F(xy). (1.21)

We remind that the original idea of a nonlinear preconditioner function was pro-
posed in [109]. Noor et al. [112] have proposed Newton method with general
preconditioners. They defined a preconditioned system of nonlinear equations as

follows
U(x) = G(x) ®© F(x) =0, (1.22)

where G(x) # 0. Notice that the roots of U(x) = 0 and F(x) = 0 coincide
because G(x) # 0 for all x. The first order Fréchet derivative of (1.22) can be

computed as

U, (x) = &;(x) Ai(x),

(1.23)
VU (x)! = &;(x) VA (x)T + Ai(x) VO (%), i=1,2,--- ,n,
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VU, (x)T D, (x) 0 VA (x)T
VU, (x)T 0 Py(x) VA (x)T
Vus;x)T| =] 0 0 0 VAs(x)T
_V\Dn(x)T_ 0 o .- (I)n(X)_ _VAn(X)T_
(Ai(x) 0 | [ve,x)7]
0 Ao (x) V&, (x)T
+] 0 0 Vb (x)"
i 0 0 An(x)_ _V@n(X)T_

(F(x) © G(x))' = [Fx)]G'(x) + [G(x)]F'(x),
U'(x) = [Gx)] F'(x) + [F(x)] G'(x), (1.24)
U'(x) = [G(x)] (F'(x) + [Fx)][Gx)] " G'(x))

If we apply the Newton method to (1.22), we obtain

-1

Xpi1 = X5, — (F'(x1) + [Fx)] [Gxi)] ' G (%)) [G(xi)] ' G(xk) @ F(xy),
X1 = Xg — (F/(x) + [F(x)] [[G(xw]]‘lGr’(xw)71 F(x).
(1.25)

The convergence order of (1.25) is two. The iterative method (1.21) with a general

preconditioner can be written as

-1

X1 =X — (F'(x1) + [F(x3)] [[G(Xk)]]flG'(Xk)) [m] F(x}). (1.26)

The convergence order of (1.26) is also two. The modified Newton method [1, 7, §]
for solving nonlinear equations with unknown multiplicity can be developed in this

way. We define a new function

s(x) = . (1.27)
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The application of the Newton method to (1.27) gives

s(wk)
s'(wy)
e ¢ (xr)p(xr)
e : ¢ (z1)? — ¢ (1) ¢5(1Uk)

Lk4+1 = Tk —
(1.28)

The order of convergence of (1.28) is two. Noor and his co-researchers [111] have
constructed a family of methods for solving nonlinear equations with unknown

multiplicity by introducing a preconditioner. They defined a further function

() = ——— (1.29)
and the application of the Newton method to (1.29) leads to

q(zy,)

¢ (zy)’
&' () B() M) (1.30)

T T G ) () Man)) — ¢ (wx) dlwn) M)

Tpp1 = T —

where A(z) is a non-zero function. The order of convergence of (1.30) is again two.

Eigenvalues are the roots of characteristics polynomials. Recently Ekstrom et
al. [137] have introduced a numerical method to extrapolate the eigenvalues of
small-size structured matrices in order to compute the eigenvalues of much larger
structured matrices. Our new contribution goes along the same lines but con-
cerns a further class of matrices with hidden structure, that is a special class of
“preconditioned” Toeplitz matrices.

A matrix of size n, having a fixed entry along each diagonal, is called Toeplitz and
enjoys the expression

ap  a-1 a—2 A (p_1)
ay
[(l' .]71/ _ a2
i=ilig=17
a_2
a—1
ap—1 -+ co a2 a1 ap
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Given a complex-valued Lebesgue integrable function ¢ : [—m, 7] — C, the n-th

Toeplitz matrix generated by ¢ is defined as

n

Tu(0) = [dig];

where the quantities qgk are the Fourier coefficients of ¢, which means
f L[ —ik6
O = — o(0) e do, keZ.
2r J_,

We refer to {T,,(¢)}, as the Toeplitz sequence generated by ¢, which in turn is
called the generating function of {7,,(¢)},. In the case where ¢ is real-valued,
all the matrices T, (¢) are Hermitian and much is known about their spectral
properties, from the localization of the eigenvalues to the asymptotic spectral
distribution in the Weyl sense: in particular ¢ is the spectral symbol of {7},(¢)},,

see [9, 11] and the references therein.

More in detail, if ¢ is real-valued and not identically constant, then any eigenvalue
of T,,(¢) belongs to the open set (mg, My), with my, M, being the essential infi-
mum, the essential supremum of ¢, respectively. The case of a constant ¢ is trivial:
in that case if ¢ = m almost everywhere then T, (¢) = ml,, with I, denoting the
identity of size n. Hence if My > 0 and ¢ is nonnegative almost everywhere, then

T, () is Hermitian positive definite.
In the current work we focus our attention on the following setting.

e We consider two real-valued cosine trigonometric polynomials (RCTPs) f, g,
that is

f(9>:f0+2z.fkcos(k0)a vafl,"'7fm1€R7 mleN,
k=1

ma2
g(@)=§0+22§kcos(k9), g[))gla"')gmz GR, mo GN,
k=1

so that T, (f), T,.(g) are both real symmetric.

e We assume that M, = maxg > 0 and my, = ming > 0, so that T,,(g) is

positive definite.

e We consider P,(f,g) = T, (g9)T.(f) the “preconditioned” matrix and we
define the new symbol r = f/g.
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The n-th Toeplitz matrix generated by ¢ € {f, g} is the real symmetric banded
matrix of bandwidth 2m + 1, m € {my,ma} (m = my if ¢ = f and m = my if

¢ = g), given by

~

G0 b b
o1
o
Tu(¢) = On o O b0 S - Om
O
1
Om o b1 0o

Matrices of the form P,(f, g) are important for the fast solution of large Toeplitz
linear systems (in connection with the preconditioned conjugate gradient method
[134-136, 142] or of more general preconditioned Krylov methods [139, 140]). Fur-
thermore, up to low rank corrections, they appear in the context of the spectral
approximation of differential operators in which a low rank correction of 7,,(g) is

the mass matrix and a low rank correction of T,,(f) is the stiffness matrix.

Their spectral features have been studied in detail. More precisely, under the
assumption that » = m identically P,(f,g) = rl,, while if m, < M,, then any
eigenvalue of P, (f, g) belongs to the open set (m,., M,), see [136], and the whole
sequence {P,(f,g)}n is spectrally distributed in the Weyl sense as r = f/g (see
[143]).

In our context, we say that a function is monotone if it is either increasing or

decreasing over the interval [0, 7].

Under the assumption that » = f/g is monotone, we show experimentally that

for every integer a > 0, every n and every j = 1,...,n, the following asymptotic
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expansion holds:

Ni(Palf,9) = r(050) + Y cu(0j)h"* + Ejpa, (1.31)

k=1

where:

the eigenvalues of P,(f,g) are arranged in nondecreasing or nonincreasing

order, depending on whether r is increasing or decreasing;

o {ci}r=12. . 1s asequence of functions from [0, 7] to R which depends only on
r;
_ 1 _ Jm .
) h—n—_Hande,n—rf—H_jﬂh,
® Fj,o=0(h""") is the remainder (the error), which satisfies the inequality

|Ejnol < Couh®tt for some constant C, depending only on « and r.

In the pure Toeplitz case, that is for g = 1 identically, so that P, (f, g) = T,,(f) and
r = f, the result is proven in [131-133], if the RCTP f is monotone and satisfies

certain additional assumptions, which include the requirements that f’(6) # 0 for
0 € (0,7) and f"(0) # 0 for § € {0, 7}. The symbols

fq(0) = (2 —2cosb)!, g=1,2,..., (1.32)

arise in the discretization of differential equations and are therefore of particular
interest. Unfortunately, for these symbols the requirement that f”(0) # 0 is not
satisfied if ¢ > 2. In [138] several numerical evidences are reported, showing that

the higher order approximation (8.1) holds even in this “degenerate case”.

Furthermore, in [138], the authors employed the asymptotic expansion (8.1) for
computing an accurate approximation of \;(7,,(f)) for very large n, provided that
the values A\;, (T,,,(f)), ..., A, (T, (f)) are available for moderate sizes ny, ..., n,
with 05, ,, = =0j, 0, = 0jn, s > 2.
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Overview of thesis

The first chapter encloses the introduction. The second chapter covers the con-
struction of a parametric multi-step Newton method. Parametric multi-step New-
ton method is the generalization of the classical Newton method to widen the
region of convergence. Widening the convergence regions gives a richer choice for
setting the initial guess. The inclusion of multi-steps with help of frozen Jacobian
provide a computationally economical iterative method. A set of nonlinear bound-
ary value problems is solved by using parametric multi-step Newton method. Re-
sults show that the use of a parameter gives high accuracy and convergence when
the classical Newton method fails. The effect of preconditioners on frozen multi-
step Newton method is explored in the third chapter. The preconditioners are
introduced in a way that they do not affect the order of convergence of the frozen
Jacobian multi-step Newton method. The computational cost of both methods
is almost the same. The simple roots of original systems of nonlinear equations
are not affected by preconditioners, because in the domain of definition of the
considered systems of nonlinear equations, the preconditioners do not have any
root. Many examples are solved numerically in order to show the influence of pre-
conditioners. The fourth chapter is concerned with the study of preconditioners
for derivative-free frozen Jacobian multi-step iterative methods, when solving a
system of nonlinear equations in the case of simple roots. In this study, we found
that the considered preconditioners make the method more efficient in terms of
accuracy. The computational cost is almost the same, when sparse preconditioners
are used. The numerical examples clearly exhibit the benefits of preconditioners.
All the above methods are constructed for the computation of simple roots i.e.,
roots with multiplicity one. The preconditioners are also equally effective when
we are solving a system of nonlinear equations with unknown multiplicities. The
design of preconditioners guarantees a similar computational cost and computa-
tion of roots with multiplicities of the original system of nonlinear equations. This
topic is covered in the fifth chapter. Chapter six presents the construction of
higher order frozen Jacobian multi-step methods for solving a system of nonlinear
equations for finding simple roots. The order of convergence of this method is
3m — 4 and here m(> 2) is the number of steps. The inversion of Jacobian is not
performed directly, instead we compute the LU-factors and we use them in the
multi-step part, to solve the system of linear equations over and over for making the

method computationally economical. Different types of nonlinear boundary value
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problems are solved with the help of our proposed method to highlight related
efficiencys. Iterative methods for solving a system of nonlinear equations produce
a sequence of approximations to the roots. To collect benefit from the previous
information, researchers have developed iterative methods with memory to solve
nonlinear equations and systems of nonlinear equations. Chapter seven covers
derivative-free iterative methods with memory to find simple roots of systems of
nonlinear equations. This chapter also includes the construction and the proof of
the convergence order. Dense and mildly nonlinear systems of equations are solved
in order to show the efficiency and accuracy of our proposed methods. Chapters
eight and nine deal with computations of eigenvalues of structured Toeplitz ma-
trices. Chapter eight contains the expansion of the eigenvalues of preconditioned
banded symmetric Toeplitz matrices. With the help of this expansion, we can
extrapolate the eigenvalues of the large size of preconditioned banded symmetric
Toeplitz matrices, by using the computed eigenvalues of much smaller matrices.
This numerical method works well orredwhen the generating symbol is bijective.
In non-bijective cases, the efficiency of this method degrades. In chapter nine, a
robust numerical method is presented to extrapolate and interpolate the eigen-
values of banded symmetric Toeplitz matrices without any eigenvalue expansion.
The numerical method is equally valid for the extrapolation and interpolation of
eigenvalues of preconditioned banded symmetric Toeplitz matrices, but we do not
cover this topic in this thesis. Again the method is efficient in the bijective part
of the generating symbol. Many numerical examples are presented to present the
numerical accuracy and stability of numerical methods covered in chapters eight

and nine.

The last chapter encloses the summary of the thesis and future work.

Papers:

1. F. Ahmad, E. Tohidi, J. A. Carrasco, A parameterized multi-step Newton
method for solving systems of nonlinear equations, Numerical Algorithms,
71(3) (2016) 631-653.

2. F. Ahmad, M. Z. Ullah, S. Ahmad, A. S. Alshomrani, A. M. Algahtani, L.
Alzaben, Multi-step preconditioned Newton methods for solving systems of
nonlinear equations, SeMA Journal, 75(1) (2018) 127-137.
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3. F. Ahmad, Multi-step derivative-free preconditioned Newton method for
solving systems of nonlinear equations, SeMA Journal, 75(1) (2018) 45-56.

4. F. Ahmad. E. Tohidi, M. Z. Ullah, J. A. Carrasco, Higher order multi-step
Jarratt-like method for solving systems of nonlinear equations: Application
to PDEs and ODEs, Computers & Mathematics with Applications, 70(4)
(2015) 624-636.

5. F. Ahmad. F. Soleymani, F. K. Haghani, S. Serra-Capizzano, Higher order
derivative-free iterative methods with and without memory for systems of
nonlinear equations, Applied Mathematics and Computation, 314(1) (2017)
199-211.

6. F. Ahmad, E. S. Al-Aidarous, D. A. Alrehaili, S.-E. Ekstrém, I. Furci, S.
Serra-Capizzano, Are the eigenvalues of preconditioned banded symmetric
Toeplitz matrices known in almost closed form? Numerical Algorithms, 78(2)
(2018) 867-893.

The following chapters report in a faithful manner the published papers, with the
exception of chapter 9 which contains unpublished findings. In chapters 2-8 only
minor language or notation changes occur with respect to the published papers,

in order to make the presentation as uniform as possible.



Chapter 2

A Parameterized Multi-step
Newton Method for Solving

Systems of Nonlinear Equations

We construct a novel family of multi-step iterative methods, for solving
systems of nonlinear equations, by introducing a parameter 6 to generalize
the multi-step Newton method, while keeping its order of convergence and
computational cost. By an appropriate selection of #, the new method can
both have faster convergence and have larger radius of convergence. The
new iterative method only requires one Jacobian inversion per iteration,
and, therefore, can be efficiently implemented using Krylov subspace meth-
ods. The new method can be used for solving nonlinear systems of partial
differential equations, such as complex generalized Zakharov systems of par-
tial differential equations. The idea is to transform them into systems of
nonlinear equations by discretizing approaches in both spatial and temporal
dimensions such as, for instance, the Chebyshev pseudo-spectral discretizing
method. Quite extensive tests show that the new method can have signif-
icantly faster convergence and sensibly larger radius of convergence than

that exhibited by the multi-step Newton method.

2.1 Introduction

Numerical methods for solving nonlinear systems of equations are an important

research topic. Nonlinear systems of equations usually arise when discretizing

17
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ordinary differential equations (ODEs) and partial differential equations (PDEs).
The classical Newton-Raphson method [1] is a basic iterative method for solving
nonlinear systems of equations. A large number of papers have considered that
method and variants. For instance, Cruz et al. [59] have proposed some gradient-
free inexact forms of Newton-Raphson. Moreover, An and Bai [60] have discussed
a globally convergent iterative scheme using the GMRES method. It should be
noted that they assumed that the Jacobian matrix associated with the consid-
ered nonlinear system of equations had a sparse form. In all those methods, LU
decomposition or an efficient iterative linear system solver such as the NSCGNR
algorithm [61] can be used to avoid the calculation of the inverse of the Jacobian

matrix.

Since in multi-step methods the inverse of the Jacobian matrix is computed sev-
eral times, robust iterative schemes such as Krylov subspace methods [62-64]
should be considered. For instance, the authors of [65] introduced a class of multi-
step iterative methods for solving nonlinear systems of equations which avoid the
computation of high order Fréchet derivatives. In summary, multi-step iterative
methods are computationally attractive. It should be noted that those iterative
methods provide an effective way of constructing highly accurate solutions with
low computational cost. As a typical iterative method, one can mention the multi-
step variant of Newton method [1, 66]. That variant will be called here NR. The

NR method for solving a nonlinear system F(x) = 0 can be described as

F'(x0) ¢1 = F(x0)

X1:X0—¢1

Base method —

(fors:l,m—l

F'(x0) 51 = F(x5)

Xs+1 = X5 — ¢5+1

Multi-step part —

end
\

where F'(-) is the Fréchet derivative [3, 70] or Jacobian of F(-), x¢ is the initial
approximation vector x for the solution of F(x) = 0, and x,, is the approximation
vector x for the solution of F(x) after an iteration of NR. The NR method uses m
(> 1) steps to obtain a m+1 convergence order, makes m function evaluations and
one Jacobian evaluation, and requires only one LU decomposition and m solutions

of lower and upper triangular systems. We will construct a new multi-step method
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which enhances the radius of convergence and the speed of convergence of NR. We
will develop the new method by introducing a parameter in NR. A similar idea
for scalar algebraic equations has been suggested in [71]. Although we use LU
decompositions for solving linear systems in both the base method and the multi-

step part, iterative methods such as restarted GMRES could also be used.

2.2 New multi-step iterative method

Our new iterative method came out by an attempt to increase the convergence
radius in NR without changing its convergence rate and its computational cost.
The resulting method (ATC) can be described as

(F/(x0) 61 = F(x))
y1=%0— (1+60—6%) ¢
F'(x0) s = F (x0 — 3 1)

(X2 = X1 — 0° ¢

Base method —

(For s=1,m—2
F'(x0) ps2 = F(xs11)

Xst2 = Xg41 — ¢s+2

Multi-step part —

end
\

where 6 # 0, xq is the initial aproximation vector x for the solution of F(x) = 0 and
X, is the approximation vector x for the solution of F(x) = 0 after an iteration of
the method. The ATC method needs m (> 2) steps to obtain a m+ 1 convergence
order, makes m function evaluations and one Jacobian evaluation, and requires
one LU decomposition, 3 vector-vector multiplications and m solutions of lower
and upper triangular systems. The more computationally expensive operations
are the LU factorization of the Jacobian and the solutions of the upper and lower
triangular systems. Picking up € = 1 reduces the new method ATC to NR, so the
new method can be seen as a generalization of NR keeping the same convergence
order. It is clear that by an appropriate selection for the # parameter the new
method can be made to have faster convergence than NR and to have larger
convergence radius than NR. While we don’t currently have a strategy for picking

up a good value for 6, it is possible that such strategies can be developed in the
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future for particular instances or classes of functions F(-) such as functions F(-)
arising when solving the Poisson partial differential equation. We will verify that
faster convergence is achieved in ATC with respect to NR. That faster convergence
must be attributed to the fact that the leading term of the error has smaller value

in norm in ATC.

2.3 Convergence analysis

In this section we first prove that the order of convergence of ATC is four when
m = 3. Later, we will prove via induction that the order of convergence of ATC
is m + 1. In the constructed proof, we require that the function F(-) should have
at least three Fréchet derivatives. The function F : I' C R™ — R" is Fréchet
differentiable [3] at x € interior(I") if there is an A € L(R",R") such that

. |[F(x+h) - F(x) — Ah|[

lim

0.
h—0 [|h|

The linear operator A is denoted by F’'(x) and is called the Fréchet derivative of
F(-) at x. The higher-order Fréchet derivative of F(x) with respect to x can be

calculated recursively

F'(x) = Jacobian (F(x)),

F*(x)v®" = Jacobian (F* ' (x)v®™'), s>2,

where v is vector.

Theorem 2.1. Let F : T' C R*” — R" be a function with up to third order
Fréchet derivative on an open convex neighborhood I' of x* € R™ with F(x*) = 0
and det(F'(x*)) # 0, where F'(x) denotes the Fréchet derivative of F(x). Let
A, = F'(x*) and A, = iF’(x*)_lF(s)(x*), for s > 2, where F¥)(x) denotes s-
order Fréchet derivative of F(x). Then, for m = 3, with an initial guess in the
neighborhood of x*, the sequence {x;} generated by ATC converges to x* with local

order of convergence at least four and error

e = Leyt + 0O (e;f) ,
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p times
—N—
where e, = xj — xX*, e, = (e, e, ..., e;), and L= —(2(1 —1/0) AyAz — 4 A3)

is a 4-linear function, i.e. L € L(R™, R™ R" R") with Le,* € R™.

Proof. Let F : ' C R"™ — R" be a function with up to third order Fréchet
derivative in I". The gth Fréchet derivative of F at v € R"™, ¢ > 1, is a g-linear

times
function F@(v) : R"R"™ .- R" with F9(v)(uy, ug, -+ ,u,) € R* . Taylor’s series
expansion of F(xy) around x* is
F(x;) =F X" +x; —x") =F(x" + e)

1 1
—Fx)+Fx)er+ = F'(x) el + — FO(x") el +

ol 3!
1
Z F(4)(X*> ei + “ e e
' 1 B 1 B 2.1
_ F/(X*)<ek + EF,(X*) IF//(X*) ei + gF,(X*) 1 ( )
* 1 ‘ x\—1 * '
FO) el + 5 F/x) 7 FOx el + - )

= Al(ek+Agez+A3e2+A4ei+O (e;f’)) .
Computing the Fréchet derivative of F with respect to ex, we get
FI(Xk) = A, (I + 2Aqe;, + 3A3€k2 + 4A4ek3 + 0O (ek4) ) ,

where I is the identity matrix. Computing its inverse using a symbolic mathemat-

ical package Maple, we obtain

F,(Xk)il = (I — 2A2€k + <4A§ — 3A3> ez + (6A3A2 + 6A2A3—
SAT - 4A, )e] + (8A1A; + 9A3 + 8A2A, — 5A; — 124543 (22)
C12A5A5A, — 12A2A; + 16A§)e§ + O(e,f)) ATl
To clarify the notation in the rest of the proof, we note that x; is the vector xq
used in the description of ATC and that x; is the vector x5 in the description of

ATC. The vectors ¢1, @, ¢3, X1, and x5 will denote the vectors with same names

in the description of ATC which allow to go from x;, to x;1; when ATC is applied.
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Using ¢y = F'(x;,) 'F(x;), we get

¢1 = (I—2Aze; + (4A3 — 3As)e} + (6AsA; + 6A2A5 — 8AS — 4A,)e;+
(8A4A, + 9AS 4+ 8AA, — 5A; — 12A3A5 — 12A,A3A, — 12A5A;
+ 16A§)eﬁ + O(e;f)) (ek +Ayel + As e,?; + O(e;f))
=e, — Asep + (2A5 — 2A;5) €} + (4A2A;5 4+ 3A3A, — 4A} — 3A,) e},
+ (4A4A5 + 6A% + 6A2A, + 8AS — 6A3A3 — 6A,A3A, — 8AZA;
— 4A5) ei + O(e;f) .

(2.3)

Using x; = x4 — (1 + 0 — 6%) ¢; and plugging (2.3) we get

yi— X" =x, —x" — (1—|—9—|—92)¢1
=ep— (1+0+0%)(er — Aze} + (2A% — 2A;) € + (4A,A;
+3A3A, — 1A — 3A4) €}, + (4A4A5 + 6AS + 6A A+

8‘A121 — 6A3A% — 6A2A3A2 — 8A%A3 — 4A5) ez + O(ekG))
24
:(92—9)ek—(92—9—1)A2ei+((92—9—1)(A3 24

- 3A4)) ot +0(er7).

Using ¢, = F'(x;) "' F(x; — ¢1/0) and substituting (2.2) and (2.1) we get

¢2 = (I—2Ase; + (4A3 — 3A3)e} + (6A3A, + 6A2A3 — 8A3 — 4A,)e}
+ (8A4A; + 9AS + 8AsA, — 5A5 — 12A3A3 — 12A2A3A2 — 12A3A;

1 i 5 1 1 ¢\’
+16A2)ek+0(ek )) ek—?—FAz ek—? —{—Ag ek—?
4 5

+A4<ek_¢01> +O(<ek_¢;1> ))

1 1 1 9 1 2 9

2 1 3 1 3 1
<—2—|—9 93)A3> e + <3<1—0—02— 03>A3A2—|—
< 3 13>A3+2< _2_5 1)A2A3

0 62 63

3 6 4 1
H(=3+5+ 5 03+94)A4)ei+0(ek5)-
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Using xp = x; — 6%, and substituting (2.4) and (2.5),

Xy — X' =% — X" — 0%

:(92—9)ek—(92—9—1>A2e§+<(92—9—1)
(A%—Ag))eiJr((92—9—1>(—4A§+3A3A2+
4 5 2 1 1

4A2A3—3A4 ek—I—O (&7 —0 1—5 ek‘l— —1+§—|—
1 1 2 2 3 1
0—2>A26Z+(2(1—5—ﬁ>A§+(—2+§+0—2—¥)A3>62

1 3 1 413\ 4 2
+(3(1—5—§—9—3>A3A2+(—4+5+§)A2+2(2—5—

5 1 3 6 4 1
e_ﬁ@)AQAﬁ(_gww_g_e_gw)m) e;w(e,;))

1 1 1
= <2Ag+ (1—§)A3> el + (3(2—5>A3A2—9A§+2(3— 5)
4 1 . s
A2A3+ —3"‘5—@ A4 ek—i—O €L .

Substituting x; by x» in (2.1) we get, replacing x; by the previous expression for
Xy — x*, and with z = x* + (6> — f)e, — (0> — 0 — 1)Aqyel + ((0* — 0 — 1)(A2 —
Ag))ei + ((92 —0— 1)(—4A§ + 3A2A2 -+ 4A2A3 — 3A4))ei + O(ez),

F(x3) :F<x*+ (92—0>ek— (92—9—1>A2ei+ ((92—9—1>

(Ag — A3>> e + <<92 —0— 1> ( —4A3 +3A3A, +4AA5—

3A4 ) ep+ O (ek5>>

:A1<z—|—A2z2—I—A3z3—|—A4z4—|—O<z5>>

=A A2 LAy ) e SRR N

= 1 2 2+ —1+5 3 ek+ _3+5_ﬁ 4+
1 1 3 4 5

2 3—5 AsAs+3 2—5 A3A2—9A2 ek,+O er .

(2.6)
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Using ¢ = F/(x;)'F(x,) and substituting (2.2) and (2.7),

b3 = F'(x;,) 'F(x3) = (I — 2Aqey, + (4A§ - 3A3) e; + <6A3A2+
6A,A5 — SA3 — 4A4) e; + <8A4A2 +9A2 + 8ALA, — 5A;5—

12A3A2 — 12A,A3A, — 12A2A; + 16A3> el +0 (e,f’))
1 4 1
<<2A§+ (—1+5)A3> e} — <(—3+5—§>A4+
1 1 3 4 5
2 3—5 A2A3—|—3 2—5 A3A2—9A2 ek+O €L

1 1
— <2A§ + ( —1+ 5) A3> e; + ((2 — 5) (3A3A2 + 4A2A3> —
1A+ (—3- 20 VA ) et 0o
2 0 62 4 ek; € .
Using x3 = X3 — ¢35 and substituting (2.6) and (2.8),
ES ES 2 1 3 1
X3 —X =X9—X —¢3: 2A2+ 1—5 Ag ek+ 3 2—5 A3A2—
3 1 4 1 4 5
9A2+2 3—5 A2A3+ —3+5—§ A4 ek+0(ek)
2 1 3 1
2A5+ -1+ 9 Az e, + 2 — ) (3A3A, +4A5A3) —
13A3 4 (—3- L4 2 A L+ 0 (e
2 g gz ) ) O
1

(2.8)

O

Note that to work with non-commutative algebra one may use following commands

in Maple.

with(Physics):
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Setup(mathematicalnotation = true):
quantumOperators := {Al, A2, A3, A4}:

Setup (quantumoperators = quantumOperators):

Theorem 2.2. Let F : ' C R"™ — R" has at least third order Fréchet derivative
on an open convex neighborhood I' of x* € R™ with F(x*) = 0 and det(F'(x*)) # 0.

Then, the multi-step ATC iterative method has, for m > 2, local convergence order

at least m + 1.
Proof. The proof can be obtained via mathematical induction as done in [70]. [

The error equation for the m-step iterative method ATC is calculated by using

the Maple symbolic toolbox that can be written as

Xm — X = (2A,)" 7 ( (% — 1) As; + 2A§> e" '+ 0 ("), m=>2. (29)
The highest Fréchet derivative in the error equation (2.9) is third order. So, the
m-step iterative method ATC has m + 1 convergence order and it requires that
the nonlinear function F(-) should have at least three Fréchet derivatives. Note
that wide classes of important ODEs and PDEs, such as those arising in the Bratu
problem, the Frank-Kamenetzkii problem [72], the Lene-Emden equation [73], the
Burgers equation [74], the Klein-Gordon equation [75], the two-dimensional sinh-
Poisson equation [76], and the three-dimensional nonlinear Poisson equation [77],
heat equation, wave equation, Euler’s beam equation etc., give rise to F(x) func-
tions with high order Fréchet derivatives. Then, the multi-step iterative method
ATC is applicable to wide classes of important problems. The real parameter
6(# 0) in ATC can be replaced by a vector of non-zero real numbers when A; for
j > 2 are diagonal matrices and usually it is the case in the systems of nonlinear
equations associated with ODEs and PDEs. The diagonal matrices can be treated
as vectors and we define binary and unary operations for them as

- - —1

U1 (5] V1 U1 (%1 1/’01
(%] ug V2 Ug V2 1/1)2
= 5 = .

Un | | Un Uy, Up, Uy, 1/vp
- (2.10)
1 v1 % constant

Vo Vo * constant

=+ constant = ) ,
Up, v, £ constant
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and the error equation (2.9) is verified as

Xm — x" = ( (% — 1) (2A2)m_2 A3 + 2 (2A2)m> eerl + O (em+2) y m Z 2.

In that error equation, (2A,)™ > Aze™t! and (2A,)" €™t are vectors and

(3 —1) ((2A2)™ 2 Aze™"1) is calculated using (2.10).

2.4 A real test problem

In this section, to illustrate the application of the multi-step ATC iterative method,
we will consider the nonlinear complex generalized Zakharov system (GZS) of one
dimensional PDEs with the Chebyshev pseudo-spectral method for discretize it in
spatial and temporal dimensions to reduce it to a nonlinear system of algebraic

equations.

2.4.1 The nonlinear complex generalized Zakharov system

The nonlinear complex Zakharov system has importance in plasma physics [78].

The system includes two coupled nonlinear PDEs which can be written as

i Oy h(x,t) + 010y V(x,t) — Sgap(, t) w(z, t) + &3 | (z, t)|* (2, t) = 0
Oy w(w,t) — 20pp w(2,t) — 04 Oy [V(, 1)> = 0 (2.11)
for (z, t) € (ay, by) X (a, by),

subject to the initial and boundary conditions

Ulaz, 1) = ¢1(t),  P(ba, ) = tha(t)

Pz, 0) =o(z), wlas, t)=wi(t) , (x,t)€ lag by x[ay, b). (2.12)
w(by, t) =wy(z), w(z, 0)=ws(z)
Several numerical methods have been proposed recently for approximating the
solution of (2.11)—(2.12) such as the homotopy method [79], the finite difference
method [80, 81], and the variational iteration method [82]. Also, Bao et al. [83]
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suggested some high-accurate numerical methods for solving numerically (2.11)—

(2.12). Bao and Sun [84] applied a new technique based on time-splitting dis-

cretization for approximating the solution of a variant of (2.11)—(2.12).

One can split (2.11) using the real and imaginary parts of ¥(z,t), u(z,t) and

v(x,t), as

Oy (@, t) + 010, v(z, 1) — Sov(z, )yw(z, t) + 03 (u*(z,t) + v*(z,1))
v(x,t) =0,

— Oy v(2,t) 4 0105 u(w, t) — Sau(z, Yw(z, t) + 03 (u*(z,t) + v*(z,1))

u(x,t) =0,
O w(w,t) — 20y w(w, t) — 204 (u(x,t)0pp u(z, t) + (9, u(z, t))2
+ 0(, 8)Dpe v(, 1) + (05 0(2,1))%) =0,

with the initial and boundary conditions

The matrix form of the nonlinear system (2.13) is

Oy 0104 0 U ¢ (u, v, w) 0
01055 —O, 0 v| + |gu,v,w)| = 0],
0 0 Oy — 0| |w q3(u, v, w) 0

where

¢ = —0v(z, w(z, t) + 65 (u(z,t) + v (2, 1)) v(z,t),
g = —0u(z, t)w(z,t) + 03 (u?(x,t) + v*(x,t)) u(z,t),

, (z, t) € ag, by] X [ag, b.

(2.13)

(2.14)

(2.15)

g3 = —204 (u(z, )05 u(z, t) + (9, u(z, 1)) + v(z, )0y v(z, t) + (0, v(z, t))2) ;

the constants 0y, g, 03, d4 and ¢, are given, and the functions «;(t), 1 <i < 6 and

Bi(z), 1 < j <4 are known.
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In the next section, we will use the Chebyshev pseudo-spectral method for dis-
cretizing (2.15) subject to the initial and boundary conditions (2.14) to reduce

(2.15) to a system of nonlinear algebraic equations.

2.4.2 The Chebyshev pseudo-spectral method

Spectral methods are the best methods for approximating the solutions of problems
in applied mathematics and engineering when the solutions are smooth and their
domains are simple. Many researchers have used those methods for the numerical
solution of nonlinear PDEs [85], fractional ODEs [86], high-order boundary value
problems [87], systems of Volterra integral equations [88], optimal control problems
governed by Volterra integral equations [89], Quasi Bang-Bang optimal control
problems [90], and ODEs of degenerate types [91]. In relation to many other

methods, spectral methods give highly accurate results.

To discretize (2.15) subject to the initial and boundary conditions (2.14) using the

Chebyshev pseudo-spectral method, we define the following transformations

B 2 a, + b,

y_bx—ax b, —a,
2 CLt+bt

T = t— ,
bt—at bt—a,t

where (y, 7) € [—1, 1] x [=1, 1]. The partial derivatives with respect to the
variables associated with the new domain are related to the partial derivatives

with respect to the variables associated with the previous domain as

2 2 \?

ax = (bx_az> ay7 8:1:90 = <bz_ax) ayy’
2 2\’

at: (bt—(lt) 87'7 att: (bt—at) aTT‘

Let n, and n; be the number of grid points in, respectively, the spatial and tem-

poral domains associated with the variables y and 7. The partitions of [—1, 1]

in the space and time directions are performed using Chebyshev-Gauss-Lobatto
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(CGL) points. The number of grid points is n = n,n,. Let

T
U= [ul,h U2y 5 ULy, U215, U2, "+ s U2y~ " 3 Upy 1, Uny 2, 7" aung;,nt] )
V _ T
- [U1,17 V1,2, 3 VU1ng, V21,022, 30205 3 Ung 1y Ung 2, 0" 7Unz,”t] )
W = ’
- [wl,la W12, 5, Wiy, W21, W22, ,W2n,,y ", Wny 1, Wny 2, 7wnz,nt]

be vectors collecting the values of the functions u(y, 1), v(y, 7) and w(y, 7) at the

grid points. The discrete approximations for the partial derivatives are

9y~D, I, 0,~D’®lL,

(2.16)
9, ~1,8D,, 0, ~1,0D?,

where Dy, D., I, I, are, respectively, the Chebyshev differentiation and identity
matrices for variables y and 7, the dimensions for subscripts y and 7 are, respec-
tively, n, and n;, and ® denotes the Kronecker product. Finally, we define the

partial derivative operators as

2 2
Aac: D IT7 Axac: D2 IT7
by — ay v ® by — a, v ®
A= 1,0D,, Ay=—> I,0D’
t—bt_at Yy T tt—bt_at Y T

The discrete form of (2.15) is, using X,,x, to denote an m x n matrix x,

At (SlAmx O U Ql(Ua Va W) 0n><1
51A:m _At o V| + Q2(U7 V7 W) = 0n><1 ) (217)
@) O Att - ch-:L'QE W Q3(U7 V7 W) 0n><1

where

Q=-BVOW+5(UOU+VOEV)OV,
Q=-0UcoW+4(UcoU+VoeV)eoU,

Q3 - _264 <U O, (Am:U) + (AmU) © (ArU> + \'% O, (Azxv) + (AxV) © (va) >7

with © denoting the point-wise multiplication between vectors.

The compact form of (2.17) is

F(S)=AS+Q-B=0, (2.18)



Chapter 2. A Parameterized Multi-step Newton Method for Solving Systems of

Nonlinear Equations

30

where
[ A, 01A (0] U
A= |61A.: —Ay (@) S=|V ,
2
L O o At — C5Asa 3nx3n w 3nx1

1Q3(U,V, W)

-QI(U7 V7 W) 07L><1
Q: QQ(U7V7W) 1B: 0'r7.><1 .
3nx1 3nx1

07L><1

Our aim is to solve the nonlinear system of algebraic equations (2.18) by the

proposed new multi-step ATC method presented in Section 2.2. We have to adapt
the structure of F(S) = 0 to the initial and boundary conditions. Using Matlab-

like notation, the initial and boundary conditions can be written as

Initial conditions

for i =1:ns
indry = (i — )ng + 1,
A(indzy,:) =0,
A(indz1,1:n) = D1(i,:),
A(2n +indz,,:) =0,

B indml) = ﬁl (l),
B(2n + indz1) = Bs(i),

(
(
A(2n + indz1,2n +1:3n) = D1(3,:),
(
(

end

indrs = (i — )ng + 2,
A(n +indz,,:) =0,

where D; =1, ® I,(1,:) and D, =1, ® (ﬁ) D., and

Boundary conditions

A(l:nyg,:) =0,

Al :ng,1:ny) =1,
An—ng+1:n,:)=0,
An—ni+1:nn—ni+1:n)=1;,
An+1:n+ng:) =0,
An+1l:n+n,n+1:n+n) =1,

A2n—ng+1:2n,:) =0,

A(n+indzi,n+1:2n) = D1(i,:), (2 19)
A(2n +indzs,:) =0, .
A(2n +indz2,2n 41 : 3n) = Da(i,:),
B(n +indz1) = B2(i),
B(2n + indx2) = Ba(i),
B=0,
B(l:ny) =a1(1:ny),
Bn—ni+1:n)=a(l:n:),
Bn+1:n+4+n) =az(l:n),
B(2n —mn;+1:2n) = as(l:ny), (2:20)

B2n+1:2n+mn:) =as(l:n),

BBn—n;+1:3n) =as(l:ny),

A@2n—ni+1:2n,2n—ny+1:2n) =1,
A2n+1:2n+4+ng,2n+1:2n+ny) = Iy,

ABn—ng+1:3n,3n—n; +1:3n) =1,

A2n+1:2n+n4,:) =0,

ABn—n;+1:3n,:) =0,
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Finally the rows of Q and Jacobian of Q get zeros where B gets values from
initial and boundary conditions. After these modifications, nonlinear system of
algebraic equations will be updated and can be solved by any iterative methods
such as ATC or NR.

2.5 Numerical analysis

In this section we show the accuracy and performance of the multi-step iterative
method ATC when used to solve a system of nonlinear equations obtained by
using the Chebyshev pseudo-spectral method to discretize the nonlinear complex
generalized Zakharov system (GZS) of partial differential equations. In [78], two
test problems concerning GZS have been solved with good accuracy by using the
Jacobi pseudo-spectral collocation method. As a comparison we will solve the
same two test problems with higher accuracies than those reported in [78]. The
errors will be computed using the || - || norm over the entire grid as

E, = max |u(z,t) — upum(z,t)| ,
(z,t)eA

Ey, = (g?é{/\ [v(z,t) — vpum (2, )] (2.21)

E, = max |w(z,t) — wpum(z, )| ,
(z,t)eA

where A is the grid of values for (x,t) used in the discretization, and (2, 1),
Unum (2, ) and wyum (7, t) are the computed numerical values of the functions u(z, t),
v(z,t) and w(x,t). In all computations, the initial guesses for U, V and W will

be taken equal to the zero vector O, 1.

2.5.1 Complex Zakharov equation

The first test problem is the GZS [78]:

(2.22)
attw_axxw+8xx |Q/}|2 :()7

with domain A = [—1, 1] x [0, 3.3]. That GZS has the analytical solution
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log10(error)

_25 . . . . . . .
26 28 30 32 34 36 38 40 42

FIGURE 2.1: Errors under ATC and NR for the first test problem.

U(x, t) =u(z, t) +iv(z, t) = v3e@ tanh ( (x + 2t)>

Sl

(2.23)

w(zx, t) =1 — tanh? (%(z + 2t)) .

We choose the parameter § = 1.0—0.001 rand(3n, 1), where rand(3n, 1) is a uniform
random vector of dimension 3n in the interval [0, 1] for each component. The role of
the parameter 6 is important because # may affect the actual speed of convergence
and the convergence radius. We solved the complex Zakharov equation in the
domain [—1,1] x [0,3.3] with n, = 23 grid points for the space dimension and
n; = 48 grid points for the time dimension. Table 2.1 compares the errors obtained
by ATC and the NR multi-step method as a function of the number of steps m.
The table also gives the execution time of ATC for m = 38 and NR for m = 42,
numbers of steps under which the errors in both methods are sufficiently small
and similar. We can note that for the same number of steps the errors under ATC
are significantly smaller than under NR, particularly when the number of steps m
becomes large. With similar error targets, the ATC method is about 7% faster
than the NR method. Figure 2.1 shows the errors in u, v and w in logarithmic
scale against the number of steps m for methods ATC and NT. Figures 2.2, 2.3
and 2.4 plot, respectively, u(z,t), v(z,t) and w(z,t) at the grid points.
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ATC method NR method

Execution time for m = 38 = 49.285 s Execution time for m = 42 = 53.096 s
m | By, E, Ey E, E, E,
1 | 0.47454 0.49695 0.85826 0.47463 0.49733 0.85754
2 1.1371 1.2102 3.72 1.1361 1.21 2.8038
3 14.9923 3.019 3.7464 5.0242 3.0273 3.2173
4 | 3.2748 5.5037 5.1003 3.2919 5.5702 5.1487
5 | 3.3246 2.1363 18.102 3.815 2.1929 18.948
10 | 1.0611 1.8962 3.0289 2.0823 4.5914 8.0358
15 | 0.047661 0.12338 0.53352 0.31678 0.5274 5.7334
20 | 0.081501 0.020402 0.0076958 1.0876 0.76647 0.33485
25 | 0.00029604 5.9708¢-05 0.0027184 0.0040615 0.0019482  0.028504
30 | 4.143e-06 2.3705e-06  3.5209e-06 | 2.0652e-05 1.3753¢-05 8.1167e-05
35 | 1.8722¢-09  9.1849¢-10 4.1729e-08 | 2.1499e-07 7.2315¢-08 1.4055e-06
36 | 2.6555e-09  2.2107e-09 1.4384e-09 | 9.4002e-08 1.2213e-07 2.2354e-07
37 | 2.2531e-10  1.8415e-10 2.307e-09 2.4263e-08 2.6427e-08 1.5319e-07
38 | 1.3032e-10  2.1521e-10 3.4423e-10 2.3561e-08 4.6183e-09 3.8451e-08
39 5.74e-09 1.5185e-09 6.9447e-09
40 8.4909¢-10 1.1898e-09 2.1135e-09
41 2.2375e-10 1.8279e-10 1.3227e-09
42 1.6263e-10 1.3847e-10 2.3933e-10

approximated u(x,t)

FIGURE 2.2: Computed u(x,t) for the first test problem.

temporal axis

i

A
i

TABLE 2.1: Performance comparison of ATC and NR for the first test problem.



Chapter 2. A Parameterized Multi-step Newton Method for Solving Systems of
Nonlinear Equations 34

approximated v(x,t)

FIGURE 2.3: Computed v(z,t) for the first test problem.

approximated w(x,t)

3.5

temporal axis

FIGURE 2.4: Computed w(x,t) for the first test problem.
2.5.2 Complex generalized Zakharov equation

The second test problem we consider is the GZS in complex form, which is [78]:

10 + Opeth + 20w — 2* = 0

(2.24)
8ttw - amcw + 8xx|w|2 = Oa
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with the domains A = [—1, 1] x [0,1.2] and A = [-1, 1] x [0, 1.3]. That problem
has the analytical solution

V3

U(x, t) =u(z, t) +iv(z, t) = —e'@3Dtanh (z + 2t)
2 (2.25)

1
w(z, t) = —Z—ltanh2 (x +2t).

We will consider several numbers of grid points in the space dimension, n,, and
in the time dimension, n;. We will also consider several values for #. Table 2.2
compares the performance of ATC and NR for A = [—1,1] x [0,1.2], n, = 32,
n, = 28, and # = 1.3, as a function of the number of steps. We can note that,
for the same number of steps ATC yields smaller errors than NR. With similar
errors, the execution time of ATC for m = 21 is smaller than the execution time
of NR for m = 14. When we integrate the complex generalized Zakharov equation
for A = [—1,1] x [0, 1.3], the NR method shows divergence. This is illustrated in
Table 77 which compares the behavior of ATC and NR for A = [—1,1] x [0, 1.3],
n, = 21, ny = 34, and 6 = 2. Therefore, an appropriate selection for the parameter
6 increases the convergence radius of ATC in comparison with NR. Figure 2.5 plots
the errors in u(z, t), v(z,t) and w(x, t) as a function of the number of steps m under
ATC and NR for A = [—1,1] x[0,1.2], n, = 32, n, = 28, and § = 1.3. We can note
that, for the same number of steps the errors under ATC are smaller than under
NR. Figure 2.6 gives the absolute errors in u, v, w at the different grid points for
m = 24 under ATC for A = [—1,1] x [0, 1.3], n, = 21, n, = 34, and § = 2. Figures
2.7, 2.8 and 2.9 plot, respectively, u(z,t), v(z,t), w(x,t) and the corresponding
absolute errors under ATC for m = 24, A = [—1,1] x [0,1.3], n, = 21, n, = 34,
and 0 = 2.

The results obtained in [78] are presented in Table 2.4. We used more number of
grid points in spatial dimension than that of [78] and got better numerical accuracy

in numerical results.

2.6 Summary

Multi-step iterative methods for solving nonlinear systems tend to be compu-

tationally economical. The ATC method makes only one Jacobian evaluation.
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ATC method NR method

Execution time for m = 21 = 11.891 Execution time for m = 24 =12.953
m | B, E, FEy E, E, E,
1 | 0.45709 0.8603 0.21256 0.48046 1.1721 0.23063
2 | 1.1231 0.77984 0.64226 1.3562 1.2781 0.64226
3 | 0.96367 1.6933 0.40012 2.0621 2.5231 0.58512
4 | 1.5751 0.40543 0.32973 3.1627 1.6789 0.46649
5 1 0.20387 0.2434 0.095349 0.56035 0.64707 0.14493
6 | 0.062707 0.066969 0.039415 0.03373 0.14675 0.0401
7 1 0.045025 0.025539 0.011057 0.060376 0.020351 0.016544
8 | 0.0033644  0.0095145  0.0027489 | 0.0050918  0.016299 0.0047009
9 | 0.0036137  0.0015154  0.00086978 | 0.005709 0.0059042  0.0024091
10 | 0.00027201 0.00079506 0.00012986 | 0.0051656  0.0029367  0.0021463
11 | 0.00020245 7.6515e-05 5.1606e-05 | 0.0018987  0.0026428  0.00085315
12 | 3.5057e-05 4.5131e-05 1.0796e-05 | 0.0013403  0.00052468 0.0004666
13 | 7.0703e-06  8.5718e-06 2.8361e-06 | 0.00045672 0.00042808 0.00013906
14 | 2.6527¢-06  1.962e-06 6.4814e-07 | 0.00011958 9.8066e-05  4.5534e-05
15 | 3.2703e-07 5.7061e-07  8.6105e-08 | 4.9319e-05 3.0739¢-05  1.0606e-05
16 | 1.3652e-07  1.1004e-07  4.3605e-08 | 4.7169e-06  8.9355e-06 2.271e-06
17 | 1.4762e-08  2.3321e-08  4.677e-09 2.7754e-06  1.2644e-06  5.2229e-07
18 | 4.0657e-09  4.2216e-09  1.513e-09 1.3475e-07  5.0502e-07  7.0055e-08
19 | 5.6959¢-10  6.0451e-10  3.4595e-10 | 1.0105e-07 4.7431e-08  2.7238e-08
20 | 2.8374e-10  2.833e-10 9.2313e-11 | 1.3424e-08 1.8865e-08 4.1215e-09
21 | 8.5017e-11  7.0587e-11  7.6073e-11 | 2e-09 2.5181e-09  9.5584e-10
22 6.8728e-10  3.6522e-10  2.2399e-10
23 6.0788e-11  1.1403e-10  6.8574e-11
24 3.1735e-11  1.5148e-11  7.1093e-11

TABLE 2.2: Performance comparison of ATC and NR for the second test prob-
lem with domain A = [—1,1] x [0,1.2], n, = 32, n; = 28 and 0 = 1.3.

ATC method NR method

Execution time for m = 24 = 16.259  Execution time for m = 24 =8.588
m B, E, E., m  E, E, E.
1 2.3489 1.8274 1 0.49851 1 0.86782 1.1797 0.23024
2 1.1081 0.54759 0.96708 2 1.5424 1.9725 0.96708
7 0.10085 0.067689 0.029542 3  5.615 3.8987 0.95367
13 6.2449¢-05  7.1607e-05 1.8598e-05 | 4  15.611 20.172 1.5002
17 2.4756e-07 3.291e-07  7.4927e-08 | 5  348.08 205.49 3.8896
19 1.9145e-08 2.1149e-08 5.7041e-09 | 6  2.355e+05 5.6693e+05 9506.1
22 5.151e-10 6.2691e-10  1.1519e-10 | 7 7.8999%e+14 2.5429e+14 1.1504e+412
23 2.9278e-10  1.2219e-10  9.2533e-11 | 8 3.528e+-42 5.2674e+42 1.3026e+-31
24 5.3785e-11  6.9398e-11  7.4369e-11 | 9  1.8566e+127  1.1924e+127 2.1703e+86

TABLE 2.3: Performance comparison of ATC and NR for second test problem
with domain A = [—1, 1] x [0,1.3], n, =21, n; = 34 and 0 = 2.
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FiGURE 2.5: Errors in u, v, w for ATC and NR as a function on the number
of steps for A = [—1, 1] x [0,1.2], ny = 28, n, = 32, and § = 1.3
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FIGURE 2.6: Absolute errors in u, v, w at the grid points for the second test
problem under ATC for m = 24, A = [-1, 1] x [0,1.3], n, = 21, n; = 34, and
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0 =2
n, E, E, £y,
4 4.43e-2 T7.12e-2  4.53e-2
8§ 2.13e-4 1.624e-4 1.20e-4
12 8.34e-7 6.02e-7  2.54e-7
16 3.83e-7 3.4e-7 1.51e-8

TABLE 2.4: Performance of method presented in [78] for the first test problem,
A=[-1, 1] x [0,1], ny = 4,8, 12, 16.
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approximated w(x,t)

absolute error in w(x,t)
—-Oo o

FIGURE 2.9: w(x,t) and corresponding absolute errors under ATC for m = 14,
A=]-1, 1] x[0,1.3], ny =21, ny = 34, and 6 = 2

Once the LU-factors of the Jacobian are evaluated, they are used in the multi-
step part to make the method computationally efficient. Our numerical results
clearly show that ATC has better speed of convergence than NR and, with an
appropriate selection of 6, wider radius of convergence. Applied to the complex
generalized Zakharov equation with using the Chebyshev pseudo-spectral method
for discretization, the ATC gives more accurate numerical solutions than they have
been obtained in [78].



Chapter 3

Multi-step preconditioned
Newton methods for solving

systems of nonlinear equations

The study of different forms of preconditioners for solving a system of non-
linear equations, by using Newton’s method, is presented. The precondi-
tioners provide numerical stability and rapid convergence with reasonable
computation cost, whenever chosen accurately. Various families of iterative
methods can be constructed by using a different kind of preconditioners.
The multi-step iterative method consists of a base method and multi-step
part. The convergence order of the base method is quadratic and each
multi-step provides an additional factor of one in the previously achieved
convergence order. Hence the convergence of order of an m-step iterative
method is m + 1. Numerical simulations confirm the claimed convergence
order by calculating the computational order of convergence. Finally, the
numerical results clearly show the benefit of preconditioning for solving sys-

tems of nonlinear equations.

3.1 Introduction

When computing simple roots of a system of nonlinear equations, Newton’s method
[1, 3, 7, 8] is a classical, well studied procedure that offers quadratic convergence,

under suitably mild regularity assumptions. Many researchers have proposed

40
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higher order efficient iterative method [38, 57, 62, 102-106] for solving system
of nonlinear equations. Recently, some authors have constructed multi-step iter-
ative methods [70, 107, 108] for solving system of nonlinear equations. The main
benefit of multi-step iterative methods is hidden in the multi-step part. Because,
the Jacobian factorization information from the base method is utilized in the
multi-step part repeatedly to enhance the convergence order at the cost of the so-
lution of lower and upper triangular systems and a single evaluation of the system
of nonlinear equations. X. Wu [109] wrote a note on the improvement of Newton’s
method for systems of nonlinear equations. In his note, the author introduced the
idea of nonlinear preconditioners and showed that the improved Newton method
enjoyed the quadratic convergence. Jose et al. [110] used the idea of nonlinear
preconditioning to improve the Newton method, for solving the system of non-
linear equations with known multiplicities. Aslam et al. [111] proposed iterative
methods for solving nonlinear equations with unknown multiplicity with the help
of nonlinear preconditioners. In the another article Aslam and his co-researcher
[112] proposed a preconditioned double Newton method with quartic convergence
order for the solving system of nonlinear equations. What they have proposed is

the following. Let

F(x) = [/i(x), fa(x), -+ fu(x)]" =0 (3.1)

be the system of nonlinear equations and let us suppose that only simple roots are
present. Here x = [z1, 29, -+, 2,]7. Assume G(x) = [g1(x), g2(X), -+ , gn(x)]T is
a function which is non-zero everywhere in its definition domain. We define a new

function
Q(x) = G(x) © F(x) = [G(x)] F(x) = [F(x)] G(x), (3.2)

where @ is the element-wise multiplication and [-] represent the diagonal matrix,
having as main diagonal its argument. The first order Fréchet derivative of (3.2)

can be computed as

=[Gl (F(x) + [F®)]GX)] ' G'(x). (3.3)
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The application of Newton method to (3.2) gives

X1 =X — Q'(x) ' Q(xx)
-1

1 (3.4)
= xp — (F'(x) + [Fxp)] [G(xx)] T G'(xx))  F(xx).

The convergence order of (3.4) is quadratic, because the considered scheme is
the Newton method for solving the preconditioned system of nonlinear equations
Q(x) = 0. If we take G(x) = exp(B ® x) then (3.4) can be written as

X1 = x5, — (F'(x) + [BO F(x)]) ' F(x), (3.5)

where 8 = [y, B2, - - - »Bn]T-

3.2 Our proposal

In this section, we develop some preconditioned iterative methods for solving sys-
tems of nonlinear equations. We generalize the idea of preconditioning in such a
way that the quadratic convergence will be guaranteed, under the usual regularity

requirements. If we replace G(x) by exp((G(x)) in (3.4), then we obtain

X = x5~ (Flx) + [Foo)] G'(x1)) Floce). (3.6)

Notice that G/(x) is a matrix that could be a diagonal matrix, but also a generic

dense matrix. We proposed the following generalization of (3.6)

-1

Xpi1 = X — (F’(xk) 4 Mi(xi) [F(x2)] Mg(xk)) F(xy), (3.7)

where M;(x) and My(x) are matrices of size n. In the next development, we see
that [F(x)] is not the only option. Let p(x) be a scalar function and let us define

the following preconditioned system of nonlinear equations

Q(x) = p(x) O F(x) = [p(x) fi(x), p(x) fo(x), -+ p(x) fu(x)]". (3-8)
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The first order Fréchet derivative of (3.8) can be computed as

Q) = p(x) @ F'(x) + F(x) Vp(x)”
)T (3.9)
Q) = p(x) © (F'<x> L F(x) (W ) ))

p(x)

where p(x) ® F/(x) means the element-wise product of p(x) with each element of

p(x)
method to (3.8) gives

F'(x) and / in <Vp (X)T> is element-wise division. The application of the Newton

Xps1 = X — (F’(xk) + F(xy) (%":))T) ) h F(xy). (3.10)

Again, if we replace p(xj) by exp (p(xx)) in (3.10), then we have

Xep1 = Xk — (F'(xi) + F(x) Vp(xi)T) ™' Fxy). (3.11)

The following generalization of (3.11) can be obtained

Xpp1 = %k — (F'(x) + F(xx) V(x)T) ™' F(x;) and (3.12)
X1 = xix — (F'(x) + V() Fx) ") ™ Flx), (3.13)
where V(x;) = [v1(xz), v2(X1), -, vn(x1)]T. Other possibilities could be

Xpr1 = xp — (F'(x) + Mi(x) F(xi) V(xp)" Ma(xi))  F(x;) and  (3.14)
X1 = Xk — (F'(x5) + My (30) V() F(xi) T My(x)) ™ F(x). (3.15)

Further, we write the multi-step version of the proposed generalizations

)
X = initial guess

Base method — ¢ A ¢, = F (x¢)
(X1 = X0 — (03]
for j=2,m
A¢;=F(x;1)

Multi-step part — X; =X 1 — @

(3.16)

end

\XO = Xm,
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where

Iterative method

F'(x) + Mi(x) [F(x)] Ma(x) (3.7)
A_ F'(x) 4+ F(x) V(x)" (3.12)
F/(x) + V(x) F(x)7 (3.13)
F(x) + My(x) F(x) V)T Mox)  (314)
F/(x) + M;(x) V(x) F(x)T My(x) (3.15)

\

The famous Newton multi-step iterative method [67] can be written as
( . . .
Xo = initial guess
Base method — ¢ F'(x¢) ¢, = F (x0)
(X1 = X0 — o

)
for j=2,m

(3.17)
F'(x0)¢; = F (x;-1)
Multi-step part — X;=Xj_1— @
end
X0 = X -

3.3 Convergence Analysis

In this section we give in detail the proofs of convergence order of (3.16) only for

m = 2, while for the case m > 3 we use mathematical induction.

Theorem 3.1. Let F : I' C R™ — R" be sufficiently Frechet differentiable on an
open convex neighborhood I' of x* € R™ with F (x*) = 0, det (F' (x*)) # 0, and
with well defined quantities || My (xx)||, ||Ma(xi)||, ||V (xx)||. Then the sequence
{x1} generated by (3.16) converges to x* with local order of convergence at least

three for m = 2. Furthermore, the following error inequality

llenall < (1L [lex]” (3.18)
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7z -\ N\
. . T
is satisfied, where e, = xp—X*, e’ = (eg, €k, -+ ,ex), € = [(ex)1, (€x)2, -+, (€x)n]
and
Tterative method

(21Cal1? + 3(|C2| 1M1 (x0)|| [ Ma2(x0) | + (1M1 (x0)]] [|Mz2(x0))?) leol | (3.7)
IIL|| = (21C2l1? + 3/1C2]| [V (x0)|| + IV (x0)[1?) [leo] (3.12)

(21Cal1? + 3]|Ca| [V (x0)| + |1V (x0)]12) [leo] (3.13)

(21C211? + 3lICal | 1M1 (x0)|] [ M2 (x0) || 11V (x0)]] + (1M1 (x0)|] [|M2(x0) || [V (x0)1)?)leol[®  (3.14)
(21C211? + 3lICal | M1 (x0)|] [ M2 (x0) | 1V (x0)] + (I M1 (x0) ] [|M2(x0) || [V (x0))?)lleol[*  (3.15)

(3.19)

Proof. The qth Frechet derivative of F at v € R", ¢ > 1, is the ¢ — linear function

times
/_q/% .
F@ (v) : R"R™---R"™ such that F@ (v) (uy, ug, -+ ,u,) € R". The Taylor’s series

expansion of F (x¢) around x* can be written as

F(x0) =F((x"+x0—x")=F(x" +e),

1 1
=F (x') + F'(x") ey + o F" (x") e’ + 5 F (x") e + -

1 _

=F (X*> (eg + EF, (X*> 1F” (X*) 802
1 _

o () PO () e )

= Cl (eo —+ CQ 902 + C3 803 + O (604)) s (320)

where C; = F/ (x*) and C, = L F/ (x*)"'F©®) (x*) for s > 2. From (3.20 ), we can

calculate the Fréchet derivative of F as
F’ (Xo) = Cl (I + 2C2 €y + 3C3 602 + 4C3 803 + 0 (604)) s (321)

where I is the identity matrix. Before to proceed further, first we compute the

norm bounds for

B(x) G{Ml(X) [F(x)] Ma(x), F(x) V(x)", V(x) F(x)",

My (x) F(x) V(x)T Ma(x), Mi(x) V(x) F(x)T M2<x)} .

B(xo) = Mi(x0) [F(xo0)] M2(x0)
= Mi(xo) [Ci (eo + Coef + O(ef) )] Ma(x0) (3.22)
|[[B(x0)|| < |[Cul[ [|M:(x0)]| |[Ma(x0)]] ||eo]]
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B(Xo) = F(XQ) V(Xo)T

=C (eo + Coel + O(eg)) V(x0)" (3.23)
[[B(x0)|| < [[Cl[ [V (x0)l] [leo]]

B(x¢) = V(x¢) F(xo)"

= V(xg) (C1(eo + Caef + O(eg)))T (3.24)
IB(x0)[] < [IC IV (x0)I] lleol]

B(xg) = M;(x0) F(x0) V(x0)" Ma(x)

= Mi(x0) (Ci(eo + Caef + O(ef))) V(x0)" Ma(xqo) (3.25)
1B (x0)| < [[Cal[ [|M(x0)[ | [[M2(x0) [ [[V (x0)]] |]eol]

Notice that all the expressions for B(x) are of order e and this is essential in
proving the quadratic convergence.

B(xg) = Mi(xq) V(x0) F(x0)" Ma(x0)

= Ml(XO) V(Xo) (Cl (e() + Cgeg + O(Gg)))T MQ(XQ) (326)
[B(0)[| < Cal[ 1M1 (x0) [ [ Ma(x0)[| [[V (x0)]] || ol |

A =F'(x0) + B(xo)
= Cl (I + 202 ey + Cl_l B(Xo) + O(eg)) (327)
A_l = (I — 2C2 €y — Cl_l B(XQ) + O((eo)il (eo)iz))C_l

1

The explanation to use the notation O((ey), (eo), ) is that the quadratic terms

i1 i9
are not of the form e2 because of B(xg). By using (3.27), we deduce

A7'F(x0) = (I-2Cyep — C;' B(xg) + O((ey);, (e0),,))Ci'Cy
(e0 + Coef + O(e])) = e + Caej — 2Csef — C;'B(x0)eg
+ O((e0);, (e0);, (€0);,) e (3.28)
= ey — ey + Caej + C7'B(xo)eo + O((en),, (€0),, (e0);,)er

= Cyel + C;'B(xo)eo + O(<90)¢1 (eo),, (eo)ig)
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The error equation e; tells that the order of convergence of base method of (3.16)
is quadratic because C;'B(xg)ey is a second order term in eg. By using (3.28),
(3.22), (3.23), (3.24), (3.25) and (3.26) , we get

Fix) = Cafer + O(ed))
= C1(Czej + C1'B(xo)eq + O((e),, (e0);, (e0);,))
e; =e — A'F(x))

= Csej + C'B(xg)eg — (I —2C3 €9 — Cy' B(x0)
+ O((eo);, (€0),,)) (Caef + C1'B(x0)eo)
+ O((eo);, (€0);, (e0);, (e0);,)
= 2C3e) + 2Cye,C; 'B(x¢)eg + C; 'B(x0)Caei + C;'B(x)C; 'B(x¢)eo
+O((eo);, (€0);, (€0);, (€0)s, )

[lea]| < 2[|Cal*|leol|* + 3[|Cal | [[C1l[~[B(x0)|l |leol|* + [|Cal| 7| B(x0) [ leoll,

Iterative method

(2112112 + 311Ca |1 1M1 (x0) 11 [1M2(x0) || + (1M1 (x0) | 1 M2 (x0)[1)?)Ileg |3 (3.7)
lleo|| < (211C2112 + 31IC2 1111V x| + 11V (x0)11?) lleg 3 (3.12)
2|l >
(21102112 + 81IC2 11 11V (xo)I| + [IV(x0)[12) lleo]1? (3.13)
(21102112 + 311C2 11 1M1 (o) 11 11M2.(xo) 11V (x0) ] + (1M1 Gx0) | 1M2 o)1V (x0)1D2)1leql1P (3.14)
(2112112 + 311Ca || 1M1 (x0) |1 [1M2(x0) | 1V (x0) || + ([1M1 (x0)|] [ M2 (x| 11V (x0)1D?)lleg|1®  (3.15)
(3.29)
The error inequality (3.29) completes the proof. O

The proof of convergence when m > 3 can be carried via mathematical induction.
Suppose the propose the iterative method (3.16) has convergence order s when
m = s — 1. The error inequality for (s — 1)-step iterative method (3.16) can be

written as
lles—al| < [[Nu]|{leol[*, (3.30)
where [|N|| is finite. The error equation for m = s is

€, — €1 — A_l F(Xs_l)
= €51 — (I — 20280 — Cl_lB(Xo) + O((e())il (eo)i2))es_1
[les]| < 2/[Caf | [N || [leo] " + [|Ca |~ B (x0) || | N1 | [[eo] |

les]] < [|Na|| [leo][**,

(3.31)
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where ||Ny|| is finite and its value can be determine by using the fact that ||B(xo)]|
is bounded above. The upper bounds for ||B(xo)|| are given in (3.22), (3.23),
(3.24), (3.25) and (3.26).

3.4 Numerical simulations

Let a be a simple root of system of nonlinear equations F(x) = 0. We adopt the

following definition of computational order of convergence [68]

_ Log (I1F (k1) oo/ [1F (%) []oc)
ZOQ(‘ F(x1)| oo/ | |F(Xk—1)“oo) '

CCO (3.32)

To check the performance of our proposed iterative methods, we solve three prob-

lems.

?ri—1=0,i=12--- n—1
Problem 1 =
Tor1—1=0, 1=n
(
Fl(X):(3—05I1)CL’1—2£L’2+1
Problem 2 = ¢ Fy(x) = (3 - 05z,) 2, — 22,1 + 1

\E(X):(3_0-5371‘)1'1‘_xi71+233i+1+17 222,3 ,n—l

(

F1<X) = 10$1 —|—Sin(l’1 +$2) —1=0
Problem 3 = ¢ Fy(x) = 825 — cos? (x5 — 23) — 1 =0

| F3(x) = 1223 +sin (23) =1 =0

Tables 9.1, 9.2, and 9.3 clearly show that the claimed orders of convergence are in
agreement with computational orders of convergence for a given number of steps.
The simulation times in each Table for all the conducted tests are almost equal.
In Table 9.3, we have used full matrices as preconditioners because the system of
nonlinear equations is small. But for a large system of nonlinear equations, it is
not recommendable to use full matrices as a preconditioners and reason is clear,

since we get a penalty in terms of computational cost. One of the main targets
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of the present article is to explore different possibilities of preconditioning, by
keeping the convergence order. In our analysis, we found that for solving system
of nonlinear equations, the iterative method (3.7) is the most efficient when we
use the preconditioning matrices M;(x) and M;(x) as diagonal matrices. It is also
observed that the leading constant coefficients of preconditioners should be less
one in magnitude to get better accuracy. The proposed iterative methods show

better accuracy compared with multi-step Newton method for almost all tests,

when considering the previous three model problems.

Method (3.7)

Method (3.17)

M, (x) Ms(x) m_ |[F®)lle  CCO | [[F(X)||w CCO
I [-sin(x)/(1.14+cos(x))] 1 297¢—23 2.0 3.20e —7  1.99
1 —I 2 1.95¢—127 4.0 4.15e — 28 3.0
1 [~2 exp (—2x)] 3 720e—89 40 | 556e—80 4.0
I [~ exp (—x)] 4 32le—221 5.0 |3.20e—185 5.0

TABLE 3.1: Problem 1: Initial guess: z; = 15/10, n = 200, Iter= 5

Method (3.7)

Method (3.17)

M (x) Ma(x) m_ |[F®)[lw CCO| |[[F®)[w CCO
I [1/10] 3 233¢—219 4.0 |592 —163 4.0
I [1/10] 4 4.09e—511 50 | 1.18¢—388 5.0
I [1/10 exp (x/10 3 4.92e—214 4.0 |592 —163 4.0
I [1/10 exp (x/10 4 3.79e—499 5.0 | 1.18¢—388 5.0
I [cosh(x)/(10 + sinh 3 352e—264 4.0 |5.92 —163 4.0
I [cosh(x)/(10 + sinh 4 277e—614 5.0 | 1.18¢—388 5.0
I [cosh(x)/10] 3 1.97e—292 4.0 |5.92 —163 4.0
I [cosh(x)/10] 4 7.68e—677 50 | 1.18—388 5.0
I [sech(x)/10] 3 1.33¢—200 4.0 |5.92 —163 4.0
I [sech(x)/10] 4 426e—469 5.0 | 1.18¢—388 5.0
I [cos(x)/3] 3 3.09¢e —267 4.0 |592e—-163 4.0
I [cos(x)/3] 4 2.55e—623 5.0 | 1.18e—388 5.0
I [(1+2%)/3] 3 5.7le—187 4.0 |592e—163 4.0
I [(1+2?)/3] 4 4.09¢—443 5.0 |1.18¢—388 5.0
I [sinh((x?)/10] 3 72le—217 4.0 |5.92 —163 4.0
I [sinh((x?)/10] 4 4.16e—462 5.0 | 1.18¢—388 5.0
I [x2/10] 3 84le—204 4.0 |5.92e—163 4.0
I [x2/10] 4 1.13e—482 5.0 | 1.18¢—388 5.0

TABLE 3.2: Problem 2: Initial guess: z; =

—1, n = 100, Iter= 4
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Methods (3.16) Method (3.17)
Methods — Mi(x)  Ma(x) V(x) m [|F(x)]]o0 CCO [|F(x)]]oo CCco
(3.7) Ry I - 1 1.63e — 241 2.0 6.69¢ — 268 2.0
(3.7) I R, . 1 1.34e—281 2.0 | 6.69¢ — 268 2.0
(3.7) R, I - 2 1.19e — 6427 3.0 1.74e — 6229 3.0
(3.7) I R: - 2 4.27e— 8197 3.0 1.74e — 6229 3.0
(3.13) I I Ro 1 1.49e — 272 2.0 6.69e — 268 2.0
(3.14) [F(x)] I 0.001R> 1 4.43e — 290 2.0 6.69e — 268 2.0
(3.14)  [F(x)] I 0001R; 1 222 —283 2.0 | 6.69¢— 268 2.0
(3.14)  [F()] I 000l1Rs; 1 125¢—286 2.0 | 6.69¢ — 268 2.0
(3.14) I [F(x)] 0001R, 1 284e—270 2.0 | 6.69¢ — 268 2.0
(3.14) I [F(x)] 0001Rs 1 3.1le—270 2.0 | 6.69¢ — 268 2.0
(3.14) I [Fx)] 0.001Rs; 1 534e—273 20 | 6.69 — 268 2.0
(3.15) [-F(x)] I Rs 1 1.36e—278 2.0 | 6.69 — 268 2.0
(3.15) I I Re 1 374e—296 2.0 | 6.69 — 268 2.0
(3.15) 1 I R~ 1 4.75e — 300 2.0 6.69¢ — 268 2.0
(3.15) 1 I Rs 1 3.73e — 334 2.0 6.69¢ — 268 2.0
(3.15) I I Ro 1 7.06e — 325 2.0 6.69e — 268 2.0
(3.15) I I Rio 1 5.79e — 303 2.0 6.69e — 268 2.0

R = (0.1 exp (0.1x)) (0.1 exp (0.1x))”, Ry = [1,0,0]”, Rz = [0,1,0]", Ry = [0,0, 1]

Rs = 0.001[-1,—1,—-1]7, R¢ = 0.001[1, -1,1]", Ry = 0.001 [-1, —1,1]7, Rg = 0.001[~1, —1,2]"

Ro = 0.001[—1,—-2,1]7, Ryip = 0.001 [-2, —1,1]7,

TABLE 3.3: Problem 3: Initial guess: z; = 15/10, n = 3, Iter= 8

3.5 Summary

The computational cost of the classical multi-step Newton method and that of
the proposed iterative methods are essentially the same, if we do not use dense
preconditioners. Indeed, the iterative method (3.7) is more effective, when coupled
with diagonal preconditioners. The proposed family of iterative methods has the
same convergence order as that of Newton multi-step iterative method, with almost
the same computational cost. The only assumption on the preconditioners is that

they should have finite norms, in their definition domain.
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Multi-step derivative-free
preconditioned Newton method
for solving systems of nonlinear

equations

Preconditioning of systems of nonlinear equations modifies the associated
Jacobian and provides faster convergence. The preconditioners are intro-
duced in a way that they do not affect the convergence order of underlying
iterative method. The multi-step derivative-free iterative method consists
of a base method and multi-step part. In the base method, the Jacobian of
the system of nonlinear equation is approximated by a finite difference op-
erator and preconditioners add an extra term to modify it. The inversion of
the modified finite difference operator is avoided by computing LU factors.
Once we have the LU factors, we repeatedly use them to solve lower and
upper triangular systems in the multi-step part to enhance the convergence
order. The convergence order of m-step Newton iterative method is m + 1.
The claimed convergence orders are verified by computing numerically the
convergence order. Furthermore, numerical simulations clearly show that
a good selection of a preconditioning strategy provides numerical stability,

accuracy, and rapid convergence.

51
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4.1 Introduction

Let F : D C R* — R" be a nonlinear function and the system of nonlinear

equations can be written as

F<X) = [fl(x)va(X)a e >fn<x)}T - 0, (4.1)

where x = |11, 29, -+ ,2,|T. If x* is a simple root of (4.1) then F(x*) = 0 and
det(F'(x*)) # 0 i.e. Jacobian should not be singular at the root. Newton method
[1, 3, 7, 8] is the classical iterative method for computing the simple root of system

of nonlinear equation. The multi-step Newton method[113] can be written as

§
X = initial guess

Base method — { F/(x¢) ¢, = F (%)

kX1 = Xy —¢1
(

for j=2,m (4.2)
F'(x0) ¢; = F (x;-1)
Multi-step part — X; =X; 1 — @
end
X0 = X,

\

and its order of convergence is m + 1. Many researchers [57, 70, 107, 108] have
proposed higher order multi-step an iterative method for solving system of nonlin-
ear equations. In most of real world problems, the closed form expression for the
system of nonlinear equations is not always possible. when we get the information
about the system of nonlinear equations from a black box then the computation
of Jacobian analytically is no way possible. So it means, we need to compute it
numerically. Recently people have proposed derivative-free iterative method [114—
118] for the solution of the system of nonlinear equations. Grau et al. [116] have
constructed the following multi-step derivative-free iterative method for solving

the system of nonlinear equations.
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(XO = initial guess
U = X+ ﬁ F(Xo)
[, x0; F] 1 = F (x0)

Base method —

L X1 = X0 — &
p

for j=2,m ; (4.3)
[u,x0;F]¢; =F (x,_1)
Multi-step part — X; =X; 1 — @
end
X0 = X,

\

where [ is a scalar parameter and the [., ;F] : D x D C R" x R" — L(R") is

divided difference operator of F. The divided difference operator is defined as

1
x +h,x;F| = /F'(x—l—th)dt, vx,h e R"
J (1.4)
1 1
=F'(x) + §F”(x) h+ 2 F”(x)h*+ O(h?),
itimes
where h? = (h, h,--- ,h). The idea of preconditioning of system of nonlinear equa-

tions are reported by many authors [109-112]. Let G(x) = [g1(x), g2(X), -+ , gn(%)]T

be a non-zero sufficiently differentiable function. We define a new function
Q(x) = G(x) © F(x) = [G(X)] F(x) = [F(x)] G(x), (4.5)

where @ is the element-wise multiplication and [-] represent the diagonal matrix.

The first order Fréchet derivative of (4.5) can be computed as
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The application of Newton method to (4.5) gives

Xpa1 = X — Q'(x1) 7' Q(x) 1 3 (A7)
=xp — (F'(xi) + [F(x)] [Gxi)] T G'(xx))  Fxx)-

The convergence order of (4.7) is quadratic because, it is the Newton method for
solving preconditioned system of nonlinear equations Q(x) = 0. If we replace
G(x) by exp(G(x)) then (4.7) can be written as

Xiepn = xi — (F (1) + [F(x) |G (3x2)) " Fcp). (4.8)

4.2 Proposed iterative methods

We are interested to proposed derivative-free version of (4.8) with some generaliza-
tion of preconditioner. Our proposal of multi-step derivative-free preconditioned

iterative method is the following

(
Xo = initial guess

u =Xy + BF(xg)
Base method — ¢ A = [u, x0; F| + [q1(x) © q2(F(x))]

A ¢ =F (x0)

\X1 = X0 — ¢1

” , (4.9)
for j=2,m

A¢; =F(x;1)
Multi-step part — X; =X 1 — @

end
Xp = Xm

\

where qi,q2 : R" — R™ are sufficiently differentiable, q2(0) = 0 and q;(x) =
[qi(x1), qi(x2) -+, qi(x,)]T for i = 1,2. We claim that the convergence order of

proposed preconditioned m-step derivative-free iterative method is m + 1.
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4.3 Convergence Analysis

We demonstrate the proof of convergence order of (4.9) only for m = 2 and the

case m > 3, we use mathematical induction.

Theorem 4.1. Let F : I' C R™ — R" be sufficiently Frechet differentiable on an
open convex neighborhood I' of x* € R™ with F (x*) = 0 and det (F' (x*)) # 0. By
taking Xo in the vicinity of xX*, the sequence {xy} generated by (4.9) converges to
x* with local order of convergence at least three for m = 2 and the following error

equation

ey = B1eo(—cze(2) +Bief + Cy ' ai(x) ® (7:Cy eo)]]eo)
+CH ai(%) © (11 Creg)]( — Coef + Bieg+ (4.10)
Ci'ai(x) © (71Cy eg)]eq) + O((eo);, (€0),, (€0),, (€0);,)

p times
7\
7 N

where ey = T — X*, e = (e, e, - ,€), e = [(ex)1, (€x)2, +, (€)n] , M1 =
qQ(O), B1 :6C2C1—|—2C2 anng:/82C3C%+6C2C1C2+3ﬁC3C1+303.

Proof. The rth Frechet derivative of F at v € R™, r > 1, is the ¢ — linear function

r times
——
F) (v) : R"R™---R" such that F™ (v) (uy,ug, - -- ,u,) € R". The Taylor’s series

expansion of F (xg) around x* can be written as

F(xo) =F((x"+x0—x")=F (x* + e),

1 1
=F (x") + F (x") eo + 5 F" (x) e” + 5, FO (x") e” -

= F (x) (eo + %F/ (x*)F (x) ey (4.11)

1 _
+ 5F/ (X*) 1F(3) (X*> e03 4. )7

=C, (eo +Cyep® + Csep’ + O (904)> )

where C; = F/ (x*) and C, = L F/ (x*)"'F©) (x*) for s > 2. From (4.11 ), we can

calculate the Fréchet derivatives of F' as
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C; (I+2Czep+3C3ep” +4C;3e° + O (e9?))

F' (xo) =
F// (Xo) = Cl (202 + 605 ey + O (602)) (412)
Fm (Xo) = Cl (603 + O (eo)) s
where I is the identity matrix. By using (4.4), the following expansion
(4.13)

[U,XO;F] = C1 (I + B1e0 +B2 eg + O(eg)),

where B1:602C1+2CQ and B2:ﬂQC3C%+BCQClcQ+3/BCgC1+3C3

Next, we expand qq(F(x)) as

a:(F(x)) = q3(0) F(x) + q3(0) F(x) © F(x) + - --
a1 (x) © q2(F(x)) = ai(x) © q5(0) F(x)
q1(x) © q3(0) F(x) © F(x) + - - (4.14)
) © (11Crep) + ai(x) © (71C1 Caey)
x) © (’Yz [[Cl eo]Ci ep)

(
((eo i ) );

where 1 = g5(0), 2 = g5(0) and O((ey);, (eo),, (eo)is) represents the third order

term. The expansion of A by using (4.13) and (4.14) is

1(x
aQ
O

++.Q‘|—

A=C (I + Bieyg + By e(z)) + [a1(x) © (71Cr eo)]
+ [ai(x) © (’)'1(31 C2e§)]] + [a1(x) © (72 [C1 €] Cy ep)]+

+O((en);, (€a);, (e0);,)
A=Cy(1+Biey B, &2 + Cr' [ai(x) © (1C eo)]
+ Ci ' au(x) @ (11C1 Coed)]
+ C7 ' ai(%) © (72 [Cr €] Cy e0)] + O((eo);, (€0);, (eo>i3)) (4.15)
A7 = (1-Biey - G [an(x) © (1,Cr en)] -~ Bae
— C a1 (%) © (711G Caep)] — C Har (%) © (72 [Cr 0] Cy €9)]
+ 0((eo)il(eo)i2(eo)i3)> c;!
Al = (I —Biey — Ci'[a1(x) ® (71C1 €)] + O((e),, (eo)i2)>Cf1
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By using (4.15), we get

A7'F(xo) = (1= Breo - C; ' [ai (%) © (11C1 eg)] + O((eo);, (e0),,) )
c/'c, (eo + Cyel + O(eg))
= ey + Czej — Biej — ' [ai(x) © (11C1 eg)] e
+0((e),, (eo);, (e0);,) (4.16)
e; = ey — ey — Coel + Biej + Cy'qi(x) ® (11C1 ep)]en
+0((eo);, (e0);, (e0),,)
er = —Caej + Biej + Cr ' ai(x) © (7:1C1 eo)]eo
+0((eo);, (e0);, (€0),,)-

The error equation e; tells that the order of convergence of base method of (4.9)

is quadratic.

Fx) = Cifer + O(e)
e;=e, — A'Ci(e; + O(el))
= e1— (1= Bieo = C7'[ar (30 © (1 Cr eo)] + O((e0), (ev).,))
Ci'Cier +O(e))
= Biege; + C7 ' [a1(x) ® (71C1 e)]er (4.17)
+0((eo);, (e0);, (e0),, (e0);,)
= Bieo(—Caef + Bief + C1'[qi(x) ® (11C1 eo)]eo)
+ C ' au(x) © (71Cr e0)] ( — Coe}
+Biej + C; ' aqi(x) © (11Cy eo)]eo) + O((eo);, (€0);, (€0);, (€0);,)

It can be seen from (4.17) that it involves third order terms in ey. ]

The proof of convergence when m > 3 can be carried via mathematical induction.

Suppose the proposed iterative method (4.9) has convergence order s when m =
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s — 1. The error equation for s-step iterative method (4.9) can be written as

es =e; 1 — AT F(x5.1)
F(x,_1) = Ci(esm1 + O(e2,))

es = e,y — (I—Bieg — Ci'[qi(x) ® (71C1 e0)] 4 O((eo),, (€0),,))
Cc/'C, (es_l + O(eg_l))
=e, 1 — (I-Bieg — Ci'au(x) © (1:1C1 e0)] (4.18)
+0((eo);, (€0);,)) (€51 + O(e 1))
= (Bieg + C ' [ai (%) © (11C1 eg)] + O((eo);, (€0);,) ) €51

— (I=Biey — Ci'[ai(x) © (11C1e0)] + O((eo);, (€0),,))

According to our assumption the order of convergence of (s —1)—step method is s.
It means e,_; = O((ep);, (€o);, - - (€);. ). It is clearly evident from (4.18) that e, =
O ((eo)i1 (€0);, - (€0); ., ). So m—step iterative method (4.9) has convergence

order m + 1.

4.4 Numerical simulations

It is important to verify the claimed order of convergence of the proposed iterative

method. We adopt the following definition of computational order of convergence

_ Log (I1F (k1) oo/ 1F (%) 1)
l09(| [F (1) |00/ |F(Xk—1>Hoo) '

CCOo (4.19)

To check the performance of our proposed iterative method, we solve three prob-

lems.

?ri—1=0,i=1,2--- n—1
Problem 1 =
ror1—1=0, i=n
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Fl(X> = (3—05$1)[L‘1 —21’2—{—1
Problem 2 = ¢ Fy(x) = (3 - 0.52,) 2, — 221 + 1
E(X) = (3—0.5@)%—@,1—0—2%“+1, 222,3, ,Tl—l

Fi(x) = 2<n +4 (1 — cos (z;)) — sin (z;) — icos (£E])>

(2 sin (x;) —cos(x;)), i=1,2,---.n

Problem 3 =

The performance comparison is demonstrated between iterative methods (4.3) and

(4.9). The first order divided difference operator (4.4) can be computed as

[Xa y; F]lj - (Fl(y17 Y2, 5 Yi—1,Y5, Yj+1," - 7xn)
(4.20)

- E(yby% Y-, X5, g, 7$n)>/(y] - I])’

X =[xy, 29, , 2, and 'y = [y1, v, -+ ,Yn)? and 4,5 =1,2,--- n. If F(x) and
F(y) are provided separately then number of scalar function evaluation in (4.20)
are n(n — 1). The following Mathematica code can be used to compute the first

order divided difference operator (4.20).

dF[x_, y_, Fi_, F2_, n_1 := (
M = Tablel[O, {i, 1, n}, {j, 1, nl}];

Do [

zl = y;

z1 [[1]1] = x[[1]1];

dum = Fil[z1l, i, nl;

M[[i, 111 = (dum - F2[[i]1)/(x[[1]1] - y[[111);
Do [

z1[[j1] = x[[3]1];

duml = Fi[z1, i, nl;

MI[i, j11 = (duml - dum)/(x[[j1] - y[[j11);
dum = dumil;

,» {3, 2, n - 131

M[[i, n]] = (F1[[i]] - dum)/(x[[nl]] - y[[n]]);
,» {i, 1, n}l;

Return [M];

)

Tables 4.1, 4.2 and 4.3 clearly shows that the computational convergence orders
confirm our claim that m—step iterative methods (4.9) and (4.3) have convergence
order m + 1. In all test problems, the selection of preconditioners show that the

performance of proposed iterative method (4.9) is better than competitor iterative
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Method (4.9) Method (4.3)

a1 (%) a:(F(x)) m  F®)lle  CCO | |F®)~ CCO
1 —-F(x) 1 1.41e — 46 2.0 9.12e — 14 2.0
1 ~F(x)+F(x)3/100 1  477e—52 20 | 912 —14 20
1 —-F(x) 2 9.23e — 220 3.0 4.24e — 81 3.0
1 ~F(x) +F(x)3/100 2  56le—245 3.0 | 4.24e—81 3.0
1 ~F(x) 3 4.99e—754 4.0 | 3.63¢—310 4.0
1 ~F(x)+F(x)3/100 3 3.63e—827 4.0 | 3.63¢—310 4.0
1 —F(x) 4 7.95¢—-2062 50 | 1.19¢—900 5.0
1 “F(x)+F(x)3/100 4  644e—2225 50 | 1.19e—900 5.0
1 —F(x) 5  221e—4799 6.0 | 6.53¢—2175 6.0
1 ~F(x)+F(x)3/100 5 6.48 —5105 6.0 | 6.53¢—2175 6.0
sin (x) ~F(x) 5 22le—4536 6.0 | 6.53¢—2175 6.0
cos (x) ~F(x) 5 3.66e—2464 6.0 | 6.53¢—2175 6.0
exp (—x/10) —F(x) 5  6.90e—5217 6.0 | 6.53¢—2175 6.0
1 — sin (F(x)) 6 4.56e—6550 7.0 | 4.79¢ —4608 7.0
1 — tan (F(x)) 6 7.98¢—5136 7.0 | 4.79¢ —4608 7.0
1 ~F(x)/(1+F(x)) 6 4.34e—6513 7.0 | 4.79¢—4608 7.0
1 ~F(x)/(1+|F(x)/100)) 6 2.20e—10069 7.0 | 4.79¢ —4608 7.0

TABLE 4.1: Problem 1: Initial guess: z; = 15/10, n = 10, Iter= 5, § = 1/100

method (4.3). The computational cost of preconditioners is reasonable because
we use diagonal preconditioners. We observed that the leading coefficients in
all preconditioners are of order one or less than one in magnitude. By choosing

properly preconditioners we obtain high accuracy in numerical results.

Method (4.9) Method (4.3)
qi(x) q:2(F(x)) m [[Fx)lle  CCO | [[Fx)[l CCO
1 F(x)/10 1 629 —36 20 | 225e—24 20
1 F(x)/10 — (F(x)/10)*> 4+ (F(x)/10)> 1  247e—41 20 | 2.25e—24 20
1 F(x)/10 2 5.04e—224 3.0 | 3.60e—161 3.0
exp (—x/10) F(x)/10 2 53le—231 3.0 | 3.60e—161 3.0
1 F(x)/10 — (F(x)/10)* + (F(x)/10)®> 2 4.72¢ —233 3.0 | 3.60e —161 3.0
exp (—x/10)  F(x)/10 — (F(x)/10)* + (F(x)/10)®> 2 252 —243 3.0 | 3.60e —161 3.0

TABLE 4.2: Problem 2: Initial guess: z; = —1, n = 100, Iter= 5, § = 1/100
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7.53e — 122 2.0 5.06e — 73 2.0
3.72e — 153 2.0 5.06e — 73 2.0
1.62e — 165 2.0 5.06e — 73 2.0

sinh (x) -F(x
exp (x/10) —F(x

systems of nonlinear equations 61
Method (4.9) Method (4.3)
q1(x) q2(F(x)) m  |[F(x)[lc CCO | [[F(x)|[« CCO
1 —F(x) 1 1.49e—130 2.0 | 5.06e—73 2.0
exp (x/10) —F(x) 1 1.33e —137 2.0 5.06e — 73 2.0
1 —F(x) — F(x)?/100 1 1.76e—146 2.0 | 5.06e—73 2.0
1 —F(x F(x)?/100 — F(x ) /10000 1  1.87¢ — 152 2.0 5.06e — 73 2.0
cos (x) -F(x 1 2.0le—116 2.0 5.06e — 73 2.0
1
1
1

) =
(%) — F(x)*
( (x) — F(x)2/100 — F(x)? /10000
sin (x) —F(x) — F(x)?/100 — F(x)*/10000
(x) — F(x)2/100 — F(x)* /10000
(x) — F(x)2/100 — F(x)* /10000

TABLE 4.3: Problem 3: Initial guess: z; = 1, n = 20, Iter= 10, 5 = 1/100

4.5 Summary

The derivative-free iterative methods become important when the system of non-
linear equations is a black box and we compute Jacobian numerically. The multi-
step iterative methods are efficient and provide a high order of convergence. The
high efficiency of multi-step iterative methods is hidden in the fact that we repeat-
edly use LU factors of frozen Jacobian from the base method in the multi-step part.
The computational cost that we pay is the per step single evaluation of the system
of nonlinear equation and solution of lower and upper triangular systems. The
proposed preconditioners offer high numerical accuracy in the computed solutions
with very low computational cost. It can be seen that the embedding of our
proposed preconditioners modifies the Jacobian without altering the convergence

order with very low computational cost.



Chapter 5

A preconditioned iterative
method for solving systems of
nonlinear equations having

unknown multiplicity

We present a modification to an existing iterative method for computing
zeros with unknown multiplicities of nonlinear equations or systems of non-
linear equations. More precisely, we introduce preconditioners to nonlinear
equations or systems of nonlinear equations and their corresponding Jaco-
bians. The inclusion of preconditioners provides numerical stability and
accuracy. The different selection of preconditioner produces a family of it-
erative methods. We modified an existing method in a way that we do
not alter its inherited quadratic convergence. Numerical simulations con-
firm that the quadratic convergence order of the preconditioned iterative
method is maintained. The influence of the considered preconditioners is
clearly reflected numerically in the achieved accuracy of the computed so-

lutions.
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5.1 Introduction

The designing of an iterative method for solving nonlinear equations and system
of nonlinear equations is an active area of research. Many researchers have pro-
posed iterative methods for solving nonlinear and system of nonlinear equations
for finding simple zeros or zeros with multiplicity greater than one [57, 62, 70,
72, 102, 107, 108, 119-126]. The classical iterative method for solving nonlinear
and system of nonlinear equations to find simple zeros is the Newton method that
offers quadratic convergence [1, 3] under certain conditions. When we are talking
about the iterative method for solving nonlinear equations or system of nonlinear
equations to find zeros with multiplicities greater than one, the classical Newton
method requires a modification. The modified Newton method for finding zeros

with multiplicity greater than one for nonlinear equations can be written as

o = initial guess

(5.1)
Tyl = Ty, —mj:,(é’;)), k=0,1,---.
Jose et al. [110] proposed the multidimensional version of of (5.1) as
X = initial guess
’ (5.2)
Xpp1 =X — F'(x3) 7 [m] F(xi), k=0,1,--,
where m = [my, my, - -+ ,m,]7 is a vector of multiplicities for system of nonlinear

equations F(x) = 0 and [-] represents a diagonal matrix that keep the vector at
its main diagonal. The proof of quadratic convergence of (5.2) is provided in [110].
W. Wu [109] proposed a variant of Newton method with the help of an auxiliary
or a preconditioner exponential function. Suppose, we have a system of nonlinear
equations F(x) = 0 and we define a new system of nonlinear equation with a

nonlinear preconditioner function that have the same root

U(x) =e""* o F(x) =0, (5.3)
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where © is the element-wise multiplication of two vectors. The application of

Newton method for (5.3) is

Xpn =X — ([ (F'(x4) + [V O F(x4)])) ™ €™ @ F(xy)
D7 [ ] e © F(xy)
D7 Fx).

(5.4)

—~~
>
B
~— ~—

The rate of convergence of (5.4) is quadratic. A modification [110] in (5.1) is

proposed by using a exponential preconditioner
U(x) = "™ 0 F(x)/™ =0, (5.5)

where 1/m = [1/my,1/msy,---,1/m,]T and power of F(x) is component-wise.

The application of Newton method to (5.5) gives
1 =X — (F(x¢) + [vO Fo)]) ™ [m] F)- (5.6)

The original idea of nonlinear preconditioner function was proposed in [109]. Noor
et al. [112] have proposed Newton method with general preconditioner. They

defined a preconditioned system of nonlinear equations as follows
U(x) = G(x) ®© F(x) =0, (5.7)

where G(x) # 0. Notice that the roots of U(x) = 0 and F(x) = 0 are same
because G(x) # 0 for all x. The first order Fréchet derivative of (5.7) can be

computed as

U, (x) = &;(x) Aj(x)

(5.8)
VU;(x)" = &;(x) VAi(x)T + Ai(x) VO, (x)T, i=1,2,--- ,n
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V‘l’l(X)T (I)l(X) 0 s 0 VAl (X)T
VU, (x)T 0 dy(x) - 0 VA (x)T
v\pg(X)T = 0 0 s 0 VAg(X)T
vV, (x)" 0 0 O, (x)| | VAL (x)T
A1 (X) 0 0 Vq)l (X)T
0 A2 (X) 0 V(I)Q(X)T
+ 0 0 0 Vs (x)T
0 0 A (x)| |V, (x)T

GX)]F'(xi) + [F(x)] G'(x) (5.9)

If we apply Newton method to (5.7), we obtain

1

xpp1 =Xk — (F'(x) + [Fx)] [GX)] ' G (%) [G(x)] ' G(x) @ F(x)

X1 =i — (F/(x) + [FR] [Gx)] G (%)) F(xy).
(5.10)

The convergence order of (5.10) is two. The iterative method (5.6) with general

preconditioner can be written as

1

X1 = X — (F/(xi) + [F(x)] [G(x)]'G'(x))  [m] F(xx). (5.11)

The convergence order of (5.11) is also two. The modified Newton method [1, 7, §]

for solving nonlinear equations with unknown multiplicity can be developed in this
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way. We define a new function

_ 9(z)
s(z) = o) (5.12)

The application of Newton method to (5.12) gives

s(x)

s'(w)

o ¢ (zr) ()

rH g ¢ (z1)? — ¢ (1) ¢(1’k)

L1 = Tk —

(5.13)

The order of convergence of (5.13) is two. Noor and his co-researchers [111] have
constructed a family of the method for solving nonlinear equations with unknown

multiplicity by introducing a preconditioner. They defined a new function
g(z) = 222D (5.14)

and application of Newton method to (5.14) gives

q(zy,)

q'(wr)
@' () p(1,) May) (5.15)

T T G ) (@) Man) — 0" (@) olar) Mar)

Lk4+1 = Tk —

where A(x) is a non-zero function. The order of convergence of (5.15) is two.

5.2 Proposed method

When we observe (5.14), we can notice that the preconditioner is only introduced
for ¢(z) but not for ¢'(x). We will also introduce a preconditioner for ¢/(x) and
will show that the convergence order (5.14) is still quadratic. We define a new

function

q(z) = (5.16)

and after applying Newton method, we obtain
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Thy1 = Tk — q(xk)
q (k)

(w(zp) d(xr)) Mag) () (5.17)

w(an) o(zx)” (Aaw) dlan)) — (W) dlrn)” Maw) dlzx)’

Ty1 = Tk — (

where w(x) is a non-zero function. For the purpose of generalization of iterative

method (5.17) to system of nonlinear equations, we define a new function Q(x)

-1

Q(x) = (Hx) 0 F(x))))  (G(x) ©F(x)) = 0. (5.18)

The first order Fréchet derivative of (5.18) can be written as

2

Q) =((Hx) 0 Fx)) ) (Hx) o Fx) (Gx) o FKx))
— (H(x) © F(x)) (H(x) © F(x))" (H(x) © F(x))') " (5.19)
(G(x) O F()) ).

Further simplification of Q'(x)~! Q(x) gives

Q(x) "' Qx) :< (H(x) 0F(x)) (G(x) © F(x))
— (H(x) 0 F(x))' (H(x) © F(x))" (H(x) © F(x))')
(G(x) © F(x)) ) (H(x) ©F(x))' (G(x) O F(x)) .

-1

(5.20)

If compare underline expressions in (5.17) and (5.20), They are different. Gen-
erally, It is not possible to commute (H(x)® F(x))" with (H(x) ® F(x))". But,
we artificially eliminate terms (H( ) © F(x ))/ and ((H( )© F(X))')_1 from ex-
pression (H(x) ® F(x)) (H(x) (x))" (H(x) ))')_1 and get the following

iterative method.

Xp41 =Xk — ((H(xk) OF(xx) (G(xx) © F(xz))
~ (H(x) © F(x))" (G(xz) @ F(xk))>1 (5.21)

(H(xx) © F(xx)) (G(xx) © F(x4)) .
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It can be seen that the iterative method (5.21) is not the application of Newton
method to (5.18). The iterative method (5.17) for solving scalar nonlinear equa-
tions with unknown multiplicity and vector version (5.21) are exactly same. We
will only provide the proof of quadratic convergence for (5.21) and it is applica-
ble automatically to scalar version (5.17). An iterative method was proposed in
[127] to compute the zeros with multiplicity of system of nonlinear equations that
used preconditioners for system of nonlinear equations but not for Jacobian of the
system of nonlinear equations. Notice that we are introducing preconditioners for
the system of nonlinear equations as well as Jacobian of the system of nonlinear

equations.

5.3 Convergence

In the following theorem, we established the proof of quadratic convergence of
(5.21).

Theorem 5.1. Let F : D C R® — R" and k& = [k1, Ko, K3, ,kn)|] € D is
a root of F(x) = (x — k)™ @ P(x) = 0 with corresponding multiplicities vector
m = [my,ma, -+ ,my]T and non-zero function P = [py(x), po(X), -+ , pu(x)]T with
pi(x)(# 0) € C* (D). Then there exists a subset E C D such that, if we choose

xg € E , the iterative method (5.21) has quadratic convergence in E.

Proof. Let e = x — Kk then F(x) = e™ ® P(x). Whenever we take vector power
of a vector, it is always component-wise. So €™ = [¢["!, )2 ... ¢™]" . The first
order Fréchet derivative of F(x) is

F'(x) =[moe™!'oPx)]+ [e™]P'(x). (5.22)

The expressions for terms in (5.21) are computed as follows.

(H(x) 0 F(x)) = [moe™ ' o Px) © Hx)] + [e™ © H(x)]P'(x)
+ [e™ © P(x)[H'(x) (5.23)
(G(x) ©F(x)) = [moe™ ! 0 P(x) © G(x)] + [e™ ® G(x)]P'(x)

[e™

+[e™ 0 P(x)]G (%) (5.24)
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By using (5.23) and (5.24), we can write the product of (H(x)® F(x))" and
(G(x) ®F(x))" as

(H(x) © F(x)) (G(x) © F(x)) =(m?© ™2 & P(x)? © H(x) ® G(x))
+0([em™1]). (5.25)

Next, we compute second order Fréceht derivative of (H(x) ® F(x))". Let ¢ be a

scalar vector of length n
(H(x) ©F(x))¢ =m o e™ ' 0 P(x) ©H(x) © ¢ + A(s), (5.26)

where A(¢) = [e™ © H(x)|P'(x)¢ + [e™ © P(x)|H'(x)¢. We again compute the
first order Fréchet derivative of (5.26)

(H(x) ©F(x))'¢ = [mo (m - 1) ©e™ " © ¢ 0 P(x) © H(x)]
+[moe™ ! ©¢](P(x) ©H(x) + A'(¢)
(H(x) © F(x))"(G(x) © F(x))

[mo(m—-1)ee®™ 2o P(x)? 6 HxX)] (5.27)
[moe™ ! o P(x)](P(x) ©® H(x))'A'(G(x) © F(x))
(H(x) © F(x))"(G(x) © F(x)) =
[mo (m-1)oe™ ?0Px)’oHx)]+0([e™]).

+

By subtracting (5.27) from (5.25), we obtain

(H(x) 9 F(x)) (G(x) 0 F(x)) — (H(x) © F(x))"(G(x) © F(x))
=[m©ee™? 0 Px)’© Hx)](I+ O([e])).
(H(x) 0 F(x)) (G(x) © F(x)) - (H(x) © F(x))"(G(x) O F(x))) " (5:28)

= (I=0([e])) ([[m ©e™?OPx) o H(X)]]) :

By using (5.26), the expression for (H(x) ® F(x))'(G(x) ® F(x)) is

(H(x) © F(x))(G(x) © F(x))

(5.29)
=moe™ ' OPx)?oH((x) o (1+0(e)).
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From (5.28) and (5.29), we get

-1

(Hx)© F(X))' (G(X) © F(X))’ — (H(x) 9 F(x))"(G(x) © F(x)))
(H(x) © F(x))(G( (x))

( moe™ ?0Px)’0o H(x)]]> (5.30)
moe™ 1 oPx)?0H(X) o (1+0(e))

== ([[e]]))[[e]](1+0(e)) =e+0(e”).

The error equation for (5.21) can be written as

€r411 =€ — (ek + O(ek)) O(ei) (5.31)

The error equation(5.31) for (5.21) tells that the order of convergence for the

proposed iterative method is quadratic. O

5.4 Numerical testing

The two preconditioners w(x) and A(z) produce families of iterative methods. If we
define w(z) = exp(w z) and A(z) = exp(V z), we get the following two parameter
family of iterative method for solving nonlinear equations have zeros with unknown

multiplicity.

(@ o(x) + ¢'(x)) o(x)
(0 — @) ¢'(2) (@ + o(x)) ¢'(2)* = ¢"(x) p(x)

Now we choose w(z) = exp(w ¢(x)) and A\(x) = (¥ ¢(z)) and obtain the following
method

S1: Thae1 = T —

¢'(z) (1 + @ (x)) ¢(x)
¢'(2)* (1 + (0 — @) (1 + @ (x)) o(x)) — ¢"(x) d(x) (1 + @ p(x))

S2: wpi = x) —

We only conducted numerical testing for the system of nonlinear equation and
the cases for the nonlinear equations are similar. It is important to test the

computational convergence order (CCO) of proposed iterative methods. In all our
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simulations, we adopt the following definition of CCO [68, 69]

_ og (I1F (%k41) oo/ [1F () || or log (|1xk+1 — Koo/ |31 — £l|)
Log (I1F (xi) oo/ IIF (x1-1)llc) — log (|1 — &lloo/[1x6-1 — Kllxc)

CCo (5.32)

For numerical simulations, three problems are selected with different multiplic-
ities. The performance of iterative method (5.11) is not better comparatively.
The various choices for the preconditioners are made in Tables 5.1, 5.2, 5.3 for all
three problems. In Table 5.1, we have shown that the selection of preconditioners
has an influence on the numerical accuracy of computed zeros with multiplici-
ties. Moreover, the computational cost of performing the different operation is
reasonable because, in all cases, we selected preconditioners in a way that their
first and second order Fréchet derivatives are diagonal matrices. When we select
G(x) = 6 + cos (x)/10 and H(x) = 6 + cos (x)/10 for Problem 1, we achieved
the best accuracy in computed zeros with different multiplicities. For the second
problem, Table 5.2 shows that the selection of G(x) produces good accuracy. In
Table 5.3, again the selection of both preconditioners provides the best accuracy

comparatively.

Problem 1 =< ®y(x) = (25 — 2)° (2125 — 1) = 0 (5.33)

cbl(X) = T1 X2 =0
Dy(x) = 2223 =0
Problem 2 = § T2 = 72 (5.34)
(DS(X) = T3y =0
(1)4(X) = T4 X1 =

Problem 3 = ¢ ®,y(x) (5.35)

|
8
()
|
—
=
=
w
|
(e}
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G(x) H(x) Iter ||x — K|l CCO
Iterative method (5.21) 1 1 6 O(107%) 2.0
6 + cos(x)/10 1 6 O (107°1)  2.05
1+x3/1000 1 6  O(107*) 20
exp(—x/100) 1 6 O (107%6) 2.0
1 6 + cos(x)/10 6 O (107%%) 2.0
1 1+x3/1000 6  O(107%%) 2.0
1 exp(—x/100) 6 O (107%) 2.0
6 + cos(x)/10 6+ cos(x)/10 6 O (1074) 2.0
6 + cos(x)/10  1+x3/1000 6 O (107%%) 2.0
6 + cos(x)/10 exp(—x/100) 6 O (107%%) 2.0
1+x3/1000  1+x3/1000 6  O(107%) 2.0
1+x3/1000  6+cos(x)/10 6  O(10737) 2.0
1+x3/1000  exp(—x/100) 6  O(107%%) 2.0
exp(—x/100)  exp(—x/100) 6 O (1074) 2.0
exp(—x/100)  exp(x,/100) 6 O (107%%) 2.0
exp(—x/100) 6+ cos(x)/10 6 O (107%%) 2.0
exp(—x/100) 1+4x3/1000 6 O (107%%) 2.0
Iterative method (5.11) 1 - 6 O (1073%) 2.0
6 + cos(x)/10 - 6 0(107%) 2.0
14 x%/1000 - 6 O(107%) 2.0
exp(x/100) - 6 O (107%%) 2.0
TABLE 5.1: Problem 1: initial guess = [2,1, —2], m = [4, 5, 6]
G(x) H(x) Iter [|F(%)|s CCO
Iterative method (5.21) 1 1 1 - -
6+ cos(x)/10 1 7 0(1072%42) 3.0
14 x%/1000 1 7 O(107%2) 3.98
exp(x/100) 1 7 0(10737) 2.00
Iterative method (5.11) 1 - 1 - -
6 + cos(x)/10 - 20 O (107%) 1.0
1+x3/1000 - 20  Not converging -
exp(x,/100) - 7 O (107443) 2.0

TABLE 5.2: Problem 2: initial guess = [1,2,4, 3], m = [2,2,2, 2]

5.5 Summary

The inclusion of preconditioners in the existing iterative methods for finding ze-
ros with multiplicities for solving system of nonlinear equations gives benefit in
numerical stability and numerical accuracy. The proposed methodology is equally

effective for nonlinear and system of nonlinear equations. It is assumed in all
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G(x) H(x) Tter  ||F(X)]|oo CCO

Iterative method (5.21) 1 1 12 O (107201 2.00
6 + cos(x)/10 1 12 O(107191) 2.00
1+x3/1000 1 12 O(10712%%) 2.00
exp(—x/10) 1 12 O (1072767) 2.00
exp(—x/10) exp(x,/10000) 12 0(107219) 2.00
exp(—x/10) exp(—x/10000) 12 O (1072"") 2.00

Iterative method (5.11) 1 - 1 - -
6 + cos(x)/10 - 12 0(10759) 2.00
1+x3/1000 - 20  Not converging -
exp(—x/10) - 7 O (1073%) 2.00

TABLE 5.3: Problem 3: initial guess = [2,4,3], m = [1/2,1/2,1/2]

cases that the preconditioners should be non-zero because in this way, it does
not affect the zeros of nonlinear or system of nonlinear equations. The different
selections of preconditioners provide different families of iterative methods. The
claimed order of convergence is also verified by computing the computational order
of convergence in all numerical simulations. To study the dynamics of nonlinear
preconditioners for finding zeros with multiplicities of nonlinear equations and

system of nonlinear equations could be an interesting topic for research.



Chapter 6

Higher order multi-step
Jarratt-like method for solving

systems of nonlinear equations:
Application to PDEs and ODEs

A multi-step iterative method for solving systems of nonlinear equations
with a local convergence order of 3m—4, where m (> 2) is the number of
steps, is proposed. The multi-step iterative method includes two compo-
nents: the base method and the multi-step part. The base method involves
two function evaluations, two Jacobian evaluations, one LU decomposition
of a Jacobian, and two matrix-vector multiplications. Every stage of the
multi-step part involves the solution of two triangular linear systems and
one matrix vector multiplication. The computational efficiency of the new
method is better than that of previously proposed methods. The method is
applied to several nonlinear problems stemming from the numerical approx-
imation of nonlinear ordinary differential equations and of nonlinear partial

differential equations.

74
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6.1 Introduction

A multi-step iterative method includes the base method and the multi-step part.
The base method is designed to be computationally efficient. Since matrix inver-
sion is an expensive operation, most base methods involve only one inversion of
the Jacobian matrix. In the multi-step part, systems of linear equations should be
solved by using the inverse of the Jacobian matrix computed in the base method.
For instance, one can use the LU-factors of the Jacobian matrix. Other expen-
sive operations which should be minimized in multi-step iterative methods include
functions and Jacobian evaluations, matrix vector multiplications, vector vector
multiplications, and solutions of systems of linear equations. A multi-step method
that offers an increment of two in the convergence order of base method can be
found in [67]. Recently, Malik et al. [56] have constructed a general class of multi-
step iterative methods with two matrix inversions in the base method, making
those methods expensive. The method proposed in [65] also involves two matrix
inversions in the base method. Independent recent efforts by two different research
groups have resulted [63, 102] in the same multi-step iterative method. We will
improve the higher order multi-step Jarratt-like (HJ) method method described
in [63, 102]. That method can be described, taking note of the convergence order

and the computational cost, as

( Number of steps =m>2 ( F' (xi)¢1 = F (xx)
Convergence order =2m Y1 =X — %q&l
Function evaluations =m-—1 Base method — F' (xx)¢2 = F' (y1) ¢1
Jacobian evaluations =2 F' (x1) ¢3 = F' (y1) ¢2
o LU decomposition =1 Y2 = X — % 1+ 3¢ — %qﬁg
H = Matrix vector multiplications =m fors=1,m — 2
Vector vector multiplications =2m F' (xk) $2s42 = F (yst1)
Number of solutions of systems Multi-step part — F/ (xx) $2s43 = F' (y1) po2si2
of lower and upper triangular Ys42 = Ys+1 — %¢2s+2 + %¢'23+3
\ systems of equations =2m -1 \ end

where F' (-) denotes the Frechet derivative [62] or the Jacobian of F (-). The base
method in HJ has a convergence order of four and involves one LU decomposition,
one function evaluation, and two Jacobian evaluations. Each step of the multi-step

part increases the convergence order by two. In 2015, Malik et al. [70] developed
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another efficient multi-step iterative method (MSF) for solving nonlinear systems

arising from particular ODEs which can be described as

.

Number of steps =m 2 ,
F' (xx) 1 = F (xx)
Convergence-order =3m , ., )
‘ . Base method — F' (x1) 92 = F" (xi) 7
Function evaluations =m
Yi=%Xp—¢1— 52
Jacobian evaluations =2
fors=1,m—1
Second-order Fréchet derivative =1 ,
F' (xx) ¢3s = F (ys)
MSF — LU decomposition =1 , ,
F' (1) ¢35s+1 = F' (y1) ¢35
Matrix vector multiplications =2m — 2 .
Multi-step part — F’ (xx) ¢3s54+2 = F' (y1) b3s+1
Vector vector multiplications =m+2
Ys+1 =¥s — 3P3s + 33541
Number of solutions of systems
—¢3s42
of lower and upper triangular
\ end
\ systems of equations =3m—1

The limitation of MSF is that it was only constructed for a particular class of
ordinary differential equations (ODEs) of the form L (x(t)) + f(x(t)) = g (t).
The MSF method uses a second-order Fréchet derivative that is a diagonal matrix.
The computational cost of that second-order Fréchet derivative is prohibitive for
general systems of nonlinear equations. Interested readers can find information
about other multi-step iterative methods for scalar as well as systems of nonlinear
equations in [1, 2, 6, 39, 64, 72, 92-97].

6.2 New multi-step iterative method

The new multi-step iterative method (FTUC) can be described as

( F’ (xi) ¢1 = F (x1)
( Number of steps =m >3 Y1 =X —¢1
Convergence-order =3m—4 F' (xx) @2 =F (y1)
Function evaluations =m-—1 Base method — Yo =y1 — 32
Jacobian evaluations = F' (xx) 3 = F' (y2) ¢2
LU decomposition =1 F' (x1) s = F' (y2) ¢3
FTUC =
Matrix-vector multiplications =m-1 Y3=y1— Lo+ L3+ 1
Vector-vector multiplications =m+1 fors=1,m —3
Number of solutions of systems F' (xx) ¢2543 = F (ys42)
of lower and upper triangular Multi-step part — F' (x1) 2544 = F' (y2) dp2st3
\ systems of equations =2m — 2 Ys4+3 =¥st+2 — 2¢2.;+3 + ¢'2s+4
\ end
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The convergence-order of the base method of FTUC is five, and each step of
the multi-step part increases the convergence order by three. We will prove the
convergence order for m = 4 and, then, will use mathematical induction to obtain

the convergence order for any m.

6.3 Convergence analysis

In this section, we will prove that the local convergence-order of FTUC is eight for
m = 4 and later we will establish the proof for the convergence order for arbitrary

m via mathematical induction.

Theorem 6.1. Let F : I' C R™ — R" be sufficiently Frechet differentiable on an
open convex neighborhood I' of x* € R"™ with F (x*) = 0 and det (F' (x*)) # 0.
Then the sequence {xy} generated by FTUC converges to x* with local order of

convergence at least eight and the following error equation

€r11 = LekS -+ O (ekg) 5 (61)

p times
where e, = T;,—X*, e;P = Zek, e, - ,e;ﬁ and L = —15 A3A3A3A,+45 AsA,A3A%+
120 A3A3+5A5A5AA5A5—15 Ay AZA2+150 A3A;A2—40 Ay AsAL—50 ALA, A, +

p times
'\

400 A% is a p-linear function i.e. L € L (R",R",--- ,R”S and Lei? € R™.

Proof. Let F : ' € R"™ — R”" be sufficiently Frechet differentiable function in
I'. The gth Frechet derivative of F at v € R", ¢ > 1, is the ¢ — linear function

times
q .
F@ (v) : R"R™---R" such that F@ (v) (uj,uy, -+ ,u,) € R". The Taylor’s series

expansion of F (x;) around x* can be written as

F(x;)=F " +x;—x")=F (X" +¢),

1 1
=F(x)+F (x)er + —F" (x) e+ =F® (x*) e, + - -,

2! 3!
1 . 1 .
—F (X*) (ek + 5F/ (X*) IF// (X*) ek2 + gF/ (X*) 1F(3) (X*) e'I€3 4. ) ’
= Al (ek -+ A2 ek2 -+ A3 ek3 —+ O (e;f)) s (62)

where Ay = F/ (x*) and A, = L F/ (x*)"'F®) (x*) for s > 2. From (6.2 ), we can

calculate the Fréchet derivative of F as
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F, (Xk) = A1 (I + 2A2 e + 3A3 ekQ + 4A3 ekS + O (e;f)) s (63)

where I is the identity matrix. Furthermore, using the Maple software package,

we obtained the following expression for the inverse of the Fréchet derivative:

FI (Xk)_l = <I - 2A2 er + (4Ag - 3A3) ez + (6A3A2 + 6A2A3—

8A3 — 4A4> e + <8A4A2 +9A2 +8AsA, — 5A; — 12A3A5—

12A,A5A, — 12A2A, + 16Ag) el + (24A3A§ 4 24A3A,+
24A5A3A, + 24A5A3A% + 10A5A, + 12A,A3 + 12A3A,+

10A5A5 — 6Ag — 16A4A5 — 18AZA, — 18A3A A3~

16AsA A, — 18A,A% — 16A2A, — 32Ag> el + (32A4A3+

64AS — 48A3AL + 12A,A6 + 16A2 + 15A3A5 + 15A5 A3+ (64)
12A6A5 — 24A4A0A 5 — 24AAsAy — 20A2A5 — 24A,A5A ,—
24A5A A3 + 32A5A, — 20A5A5A, + 36A3A3 — 20A5A5+

32A5A A, + 32A5A A% + 36A,A A, + 36A5A3AA5+

36AZAS — TA; — 24A3A0A, — 2TAS — 24A3A A5+

36A3A0A3A, + 36A3AZA; — 48A5A3AS — 48ASAA,—

48ASA5 — 48A2A3A§’> e; +0 <e,2)> ATl

Substituting (6.2) and (6.4) in ¢; = F'(xz) " 'F(x3), we get

b1 = ex — Ay el + (QAg - 2A3> e+ ( ~3A, — 4A3 + 3A5A+
4A2A3> el t ( —4A5 — 6A3A2 — 6AsA3A, — SAZA, + 8AL +4ALA,
+ A3+ 0424, ) ef + (= 5Aq+ 128543 + 16A3A; + 1243A,4,+  (6.5)
12A5A3A3 — 8ALAS — 9AZA, — 12A3A,A5 — 8AL,A A, — 12A,A5—
12A2A, — 16A5 + 5A5A, + 8A,A; + 9AzA, + 8A2A5> el + O(eZ) .

Using y; = x — ¢, we obtain

Vi—X =x—X"—¢; =€, — ¢,
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and substituting (6.5), we get
yi—x = Ase} + (— 283+ 244 ) e} + (- 3A4A; — 1A, A4+
A3 + 3A4) el v ( ~4ALA, — GAZ — GAsA, + 6A5AZL

SAZA; + 6AsAzA, — SAL + 4A5> el + (16Ag ~5AsA,—

(6.6)
SALA3 — 9A3A, — 8AL A5 + 8ALAS + 12A3A,A5 + 9AZAL+
12A5A5 + 12A5A, + 8A,A A, — 12A3A35 — 12A3A3A,—
16A3A; — 12A,A5A2 + 5A6> el + 0 (e]).
Substituting (6.4) and
F(y1) = Ay (}’1 + Ay +Azyi + )
in ¢y = F (x,)"'F(y1), we get
¢o = Agel + ( —4A3 + 2A3> e; + (3A4 — 8AyA;5 — 6A3A, + 13A§> e}
(6.7)

- (4A5 — 38A5 + 20A5A3A, + 26A5A5 + 18A3A5 — 12A,A, — 12A;

— 8A4A2> e + (5A6 + 104A5 + 27TA2 A A5 + 40A,A% + 39A3A,
+27TAZA, +36A3A5A5 — 50A3A3 — 16A5A5 — 18A3A, — 16A4A;
~10A5As + 24A,A2 — 55A5A5A2 — T6AZA, — 59A§A3A2> e

+0GQ.

Using y2 = y1 — 3¢9 and substituting (6.6) and (6.7), we get

Vo — X" = —2A, €2 + (10A§ _ 4A3> e+ ( —6A, + 15A35A, + 20A,A,
- 35A§) el + ( — 8A5 + 106A% + 20A,A, + 30A2 + 30A,A,
— 48A;A2 — T0A2A,; — 54A2A3A2> e+ ( — 296A3 .
— T3A5A A, — 108A5A2 — 105A5A, — T2A5A, — 96A3A,A;
+ 138A3A5 + 40A5A5 + 45A3A, + 40A, A5 + 25A5A, — 64A A3

4 153A0A5A2 + 212A3A, + 165A2A5A, — 10A6) el + O(e;).
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Substituting (6.4), (6.7) and (6.8) in @3 = F'(x;) ' F(y2) ¢», we get

by = Az + (— 6AT+2A5) ] + (3A4 — 9A4A; — 12A,A,
+ 21A§) el + (4A5 ~A4AL 1 36A5A2 + 42A2A, + 30A5A5A,
~12A4A, — 18A2 — 18A2A4> el + <5A6 ~10A3 — 101A4A3 69)
— 55A3A3A, — 88A3A3 — 65A,A5A5 + 48A,AS + T2A3A,A;
+ 54AZA, + 63A3A, + 60A5A3 + 39A5A A, — 15A5A, — 24A, A5

— 2TA3A, — 24A2A5> el + o(eg).
Using ¢4 = F'(x)'F(y2) ¢3 and substituting (6.4), (6.8) and (6.9) , we get

b1 = Ase? + ( — 8AZ+ 2A3)e2 + ( —12A5A, — 16A,A; + 33A3
+3A, ) ef + (60A; A3+ 66A3A; + 16A,A5A, — 16A,A, — 24A]
— 24A5A, — 66A3 + 4A5> e; + (80A4A§ + 120A3A,A5 + 90A2A, (6.10)

+99A5A, + 92A5A2 + 59A,A4 A, — 20A5A, — 32A4A;5 — 36A3A,

— 32A5A5 — 152A5 — 188A3A3 — TIASA3A, — 132A5A,

C107AA5A2 + 5A6> S+ 0 <e;)

Using y3 = y1 — (7/4) ¢o + (1/2) ¢3 + (1/4) ¢4 and substituting (6.6), (6.7), (6.9),
and (6.10), we get

vs —x" = (20A1 - (5/2) A2A3 Az + (15/2) AgA3) €] + ( — 209A]
—5AsA Ay — 5ALAS + (45/4)A5A, + 15A3A,A5 — 22A3A3
+ 10A4AS + 25A,A3A3 + 40A5A; + 46A§A3A2> el
+ (= (267/2)A3AL - (15/2)As AgAs — 10A,A4A,
— (15/2)AgA5Ay + 15A3A A, + (45/2)A3 + (45/2) A3 AsA,
+ 15A4A3A, + 20A,A0A5 — 44A4A3 + T2A2A A, + 92A2A2
+ 60A3A, + 54A,A2A, + 50A,A3A5A5 + 40A,A, A2
— 50A3A3 — 44A3A3A;5 — 20A3A5A3A, — (451/2)AsA3AS
— 35TASA3AS — 418A3A; — 385A5A3A, + 25/2A5A3
+ 1316Ag) el +0 (e,f).

(6.11)
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Substituting (6.4) and
F(ys) = A1 (ys + Aoys” + Agys® + -+ ),

in ¢5 = F'(xx) 'F(y3), we get

b5 = (2043~ (5/2)As 855 + (15/2)A3A3) ] + (- 2244A]
+51A5A3A, + 40A3A; + 10A5A3A5 — 249A5 + 10A, A3
F15A3A0A; + (45/4)A2A, — 5A,A2 — 5A2A4A2> ef
+ (= (387/2)AsAd — (15/2) A As Ay — 10A,A4A,
— (15/2) Ay AsAy + 15A3A A, + (45/2)A3 + (45/2) AzAs A, (6.12)
+ 15A4A3A, + 20A4A5A3 — 44A A3 + 82A2ZA A, + 102A3A2
+60A5A, + (63/2) A AZA, + 20AA3A5A5 + 20A,A A
— (145/2)AZA5 — 44A3A5A5 — (25/2) A3 A0 A3A, — (363/2)AsA3AS
— 3TTAZA3AS — 498A5A; — 48TASA3A, + 25/2A5A5
+ 1814Ag) el + O(eks).

Substituting (6.4), (6.8) and (6.12) in ¢s = F'(xz) "'F (y2) @5, we get

b5 = (201 — (5/2) A2 A5 s + (15/2)A3A3 ) €] + ( — 289A]
+ 10A4AS + 15A3A,A5 + (45/4)A5A — 5AAS — 5AL,A LA,
— 22A3A3 + 56A2A5A, + 40A3A, — 5A2A3A§) e
+ (2312Ag — (507/2)AsAL — (275/2)AsAsAS — 30TAZA,A2
— 57T8ALA; — 589A3ALA, + (25/2)A5A2 + 20A,A0A,; (6.13)
+ 15A,A3A, + (45/2) A3 As A, + (45/2)A3 + 15A3A4A,
— (15/2) Ay A5A5 — 10A,A A3 — (15/2) A, AsA, — 44A4A3
— 44A3A5A; — 95A3AZ + 92A5A A, + 112A2A5 + 60ASA,
+9A5A3A; — 5A3ALA5A; — 104545454, ) f + O(e).
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Finally, using y, — x* = y3 — X* — 2¢5 + 2 ¢ and substituting (6.11), (6.12) and
(6.13), we get

vi—x' = ( —15A5A2A5A, + 45A5AA5A2 + 120A5A3
+5AA3A5A3A, — 15A,A5A2 + 150A3A3A5 — 40A,A3A;  (6.14)
~ 50ALALA, + 400A;) e+ 0 (e,ﬁ).

]

Theorem 6.2. The multi-step iterative method FTUC has local convergence order
at least 3m — 4 for m > 3.

Proof. The proof is established by mathematical induction. For m = 3,4 the
convergence orders are according to (6.11) and (6.14) five and eight, respectively.

Consequently, our claim concerning the convergence-order 3m — 4 is true for m =
3,4.

Assume our claim true for m = ¢ > 4, i.e., that the convergence order of FTUC

for m = q is 3¢ — 4. The qth and (¢ — 1) th steps FTUC can be written as

F' (xx) T = F (y2)

Frozen factor = (21 — T)F’ (x;) "

Yo-1 = Yq—2 — (Frozen factor) F (yq_2) )
Yy = Y41 — (Frozen factor) F (y,—1) .

The enhancement in the convergence order of FTUC from the (¢ — 1) th step to
the gth step is (3¢ —4) — (3(¢ — 1) — 4) = 3. Now, we write the (¢ + 1) th step of
FTUC as

Yo+1 = ¥, — (Frozen factor) F (y,) .

The increment in the convergence-order of FTUC, due to (q + 1) th-step, is pre-
cisely three because the use of the Frozen factor adds an additive constant to the
convergence order [65]. Therefore, the convergence order after the addition of the
(g+1)th stepis 3¢ —4+3 =3¢g—1=3(¢+ 1) — 4, completing the induction
step. ]
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6.4 Efficiency index

In the literature, the computational efficiency of an iterative method is evaluated

by the efficiency index[99] defined as
E =p'/c, (6.15)

where p is the order of convergence of the method and C'is the computational cost
of the method defined as

C (po, pa, n) = Fo(n) po+ Pr(n) i + P (n), (6.16)

where Py (n) is the number of scalar function f; evaluations in F (-), P; (n) is the

Ofi
Ox;

of products/divisions, and p; are coefficients which are required to express the

number of scalar function evaluations in the Jacobian, P (n) is the number
computational cost in terms of products/divisions. Table 6.1 gives the number
of products, divisions and computational cost of some operations in terms on the
number of variables n. In the table and in the sequel, [ denotes the cost of a

division relative to the cost of a multiplication.

Multiplications  Divisions Computational cost
ips n(n—1)(2n—1) n(n—1) n(n—1)(2n—1) n(n—1)
LU decomposition 5 5 5 +1=
Solution of two triangular systems n(n—1) n n(n—1)+In
Matrix vector multiplication n? n?
Vector vector multiplication n

TABLE 6.1: Computational cost of different operations.
The computational costs of HJ and FTUC, Cy; and Cprye, are

Cry= (m —1) pon + 20y +mn? 4+ 2mn + (2m — 1) (n (n — 1) + In)
+n(n—1)(2n—1) n(n—1)

c +1 5 (6.17)
Crroc = (m = 1) pon + 2n°py + (m — 1) n® + (m + 1) n
@m—2)(n(n—1)4 ) V=D =) (6.18)

6 2
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To compare the efficiencies of HJ and FTUC we define the quotient

1/C
B lOg ((3m1 - 4) FTUC) - CHJ lOg (3m1 - 4)

R= = : 6.19
log ((ng)l/cf”> Crruc 2my ( )

where my is the number of steps of FTUC and my is the number of steps of HJ.
Clearly, if R > 1 the efficiency of FTUC is higher than that of HJ.

6.4.1 Comparison of the efficiencies of FTUC and HJ for

convergence orders five and four, respectively
When FTUC and HJ have convergence orders five and four, respectively, the value

of R is

~In(5) (3ln + 12pn + 2n® + 151 + 6o + 270+ 7)
©2(3In 4+ 12umn + 2n2 + 211 + 1240 +33n + 1) In (2)

(6.20)

Ris > 1if

1o <0.06394801344n2 + (0.095922020041 + 0.38368808024

(6.21)
— 0.3285458591)n — 0.71223393931 + 1.415662087 .

In that case the base method of FTUC will be more efficient than the base method
of HJ.

6.4.2 Comparison of the efficiencies of FTUC and HJ for

the same convergence order

FTUC and HJ have convergence order 6s — 4 for numbers of steps m; = 2s and
me = 3s — 2, s > 2, respectively. In that case,

6(2ls + pos +3ns — 31 — 2up — 4n + 2s — 2)
3ln + 24ls + 12008 + 12u1n + 2n2 + 36ns — 151 — 6pg — 21n — 125 + 19

R=1+ (6.22)

The value of [ depends on the computer system where the methods are run.
Reasonable values for [ fall between 2.5 and 3. Replacing s and [ by s 4+ 2 and
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[+ 11in (6.22) gives

6 (2ls 4+ pos + 3ns + 1+ 2n + 4s + 3)

R=1
* 3ln + 241s + 12p0s + 12p1n + 2n? + 36ns + 331 + 18 + 54n + 125 + 28’

(6.23)

which is > 1 for s > 0. Since [ > 1, this shows that R > 1 and FTUC is more

efficient than HJ when s > 2, i.e. with a convergence order > 8.

6.4.3 Comparison of FTUC and HJ for the same number

of function evaluations

The values of R when both methods make the same number of function evaluations
(> 3) are given for several cases in Table 6.2. In the expressions for R, [ is
replaced by [ + 1. We can see that, for the same number of function evaluations,
the convergence order of FTUC is higher than that of HJ for a number of steps
larger than 4. Also, since [ > 1, the values of R — 1 reveal that FTUC has,
for the same number of function evaluations, higher efficiency than HJ. Table 6.3
compares the charectristics of FTUC and HJ. For two function evaluations the
convergence orders of FTUC and HJ are five and six, respectively. In that case,
the performance of HJ is better than that of.However, for a number of function

evaluations greater then two, the performance of FTUC is better than that of HJ.

Number Function Convergence order of R
of steps  Evaluations (FTUC, HJ)
4 3 (8, 8) 14 6(1+2 n+3)

12np1+3In+2n24+18 uog+33 1+54 n+28

0.16 10+0.08 np1 +2.57 n+4.4041.35 1+0.01 n>40.02 In
5 4 (11, 10) L+ 4.0 po+2.0npy +12.0 n+5.66+7.50 1+0.33 n2+0.50 In

0.31 419 +0.12 np1 +3.05 n+5.7241.65 140.02 n>+0.03 In
6 5 (14, 12) 1+ 5.0 10+2.0 np1 +15.0 n46.66+9.50 140.33 n2+0.50 In

7.32 4o +0.14 np1 +24.12 n+113.77+15.68 140.02 n2 4+0.03 In
100 99 (1296, 200) 1+ 565 10+2.0 np1+297.0 n+100.66+197.50 1+0.33 n2+0.50 In,

TABLE 6.2: Comparison between computational efficiencies when FTUC and
HJ make the same number of function evaluations.
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FTUC HJ
(m=3) (m=>2)

Number of steps m m

Convergence order 3m — 4 2m

Function evaluations m—1 m—1

Jacobian evaluations 2 2

LU decompositions 1 1

Matrix vector multiplications m—1 m

Vector vector multiplications m+1 2m

Number of solutions of systems of linear equations 2m —2 2m —1

TABLE 6.3: Comparison between FTUC and HJ when both methods make the
same number of function evaluations.

6.4.4 Comparison of FTUC and MSF for the same number

of function evaluations

The MSF method uses m; function evaluations and one second-order Fréchet
derivative. For the purpose of comparison, we assume that the evaluation of a
second-order Fréchet derivative has same computational cost as that of a function.
The above assumption only makes sense if the second-order Fréchet derivative is
a diagonal matrix. Under that assumption, MSF makes m; + 1 function evalua-
tions to achieve a convergence order of 3m; in m; steps and FTUC makes msy — 1
function evaluations to achieve a convergence order of 3my — 4 in my steps. If we

equate the number of function evaluations of FTUC and MSF we get

m2—1:m1+1,

me = mq + 2.

Suppose m; = m and mo = m+2. Table 6.4 compares the characteristics of FTUC
and MSF for those numbers of steps. MSF achieves a convergence order of 3m in
m steps by making m + 1 function evaluation while FTUC achieves a convergence
order of 3m + 2 in m + 2 steps by making m + 1 function evaluations. MSF makes
m — 3, m+ 3 and m — 3 more matrix vector multiplications, vector vector multi-
plications and solutions of upper and lower triangular systems of linear equations
than FTUC. Obviously, for the same number of function evaluations, FTUC is
computationally more efficient than MSF and achieves a better convergence or-
der. The high computational cost of second-order Fréchet derivatives makes that

method impractical for general systems of nonlinear equations. Since, even if the
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second-order Fréchet derivative is a diagonal matrix, MSF has worse performance
than FTUC, we will not test numerically MSF against FTUC.

FTUC  MSF
Number of steps m + 2 m
Convergence order 3m + 2 3m
Function evaluations m+1 m+1
Jacobian evaluations 2 2
LU decompositions 1 1
Matrix vector multiplications m+1 2m—2
Vector vector multiplications m+3 m+2
Number of solutions of lowers and
upper triangular systems 2m+2 3m —1

TABLE 6.4: Comparison FTUC and MSF for, respectively, m + 2 and m steps.

6.5 Numerical Results

We will use the definition for the computational convergence order (CCO)

_ log([lygr2 = ¥*[11/llygr1 — ¥7[h)
T log ([lygsr — v /llye — v4lh)

(6.24)

where y* is the zero of function F () and y1,y2,y3, ... is the sequence of approx-
imations given by the muti-step iterative method. In all tests, we will use the

Chebyshev pseudospectral collocation method to approximate derivatives.

6.5.1 General systems of nonlinear equations

As a first example, we will first solve a small system of nonlinear equations. The
results will confirm the claimed convergence order and accuracy of our method.

The system of nonlinear equations is

ToT3 + 4 (CL’Q + Ig) =0
13 + Ty (171 + IL‘3) = O (6 25)

T1To + g (1'1 + {['2) =0

T1To + X1T3 + Toxsy — 1=0.
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Its solution up to an accuracy of 32 digits is

1 = 0.577350269189625764509148780502
9 = 0.577350269189625764509148780502
x3 = 0.577350269189625764509148780502
x4 = —0.288675134594812882254574390251 .

(6.26)

Table 6.5 gives the results obtained under FTUC and HJ. The accuracy obtained
by HJ method is superior to that of FTUC, but the execution time of HJ is
longer than that of FTUC. In Table 6.6, we give results obtained by approximately
equating the execution times of both methods. Now, the accuracy obtained by
FTUC is better, showing the superiority of FTUC over HJ.

Iterative methods FTUC HJ
Number of iterations 3 1
Size of problem 4 4
Number of steps 6 7
Theoretical convergence order 14 14
Computational convergence order 14.1 14.1
Number of function evaluations per iteration 5 6
Solutions of system of linear equations per iteration 10 13
Number of matrix vector multiplication per iteration 5 7
Iteration
llyg — ¥*II1 1 8.21e — 10 1.66e — 10
2 4.76e — 136 2.51e — 146
3 5.26e — 1918  1.84e — 2062
Execution time (s) 3.37 3.82

TABLE 6.5: Results under FTUC and HJ for the first example.

Iterative methods FTUC HJ
Number of iterations 3 1
Number of steps 7 7
Theoretical convergence order 17 14
Computational convergence order 17.1 14.1
Number of function evaluations per iteration 6 6
Solutions of system of linear equations per iteration 12 13
Number of matrix vector multiplication per iteration 6 7
Iteration
lyq —y"Ilx 1 1.03e — 11 1.66e — 10
2 6.58¢ — 199 2.51e — 146
3 1.27e — 3400 1.84e — 2062
Execution time (s) 3.71 3.82

TABLE 6.6: Comparison of performance between FTUC and HJ when both
have approximately same execution time.
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6.5.2 Classical Blasius flat-plate problem

The Classical Blasius flat-plate flow problem [100] is the boundary value problem

u" (x) + su” (z)u(z) =0

w(0)=4'(0)=0, (v, v") — (1, 0) as x — o0
F (u) = D3u + juD2u

F' (u) = D? + L (diag (D?u) + diag (u) D?) .

(6.27)

We considered that problem for a domain for z [0,200] with a mesh giving a
problem size of 250. From a practical point of view, many researchers have been
interested in computing u” (0), and Howarth [100] reported «” (0) = 0.332057. We
have computed u”(0) with an accuracy of twenty five digits with the result

0.33205733628286351714556307. The FTUC iterative method produced numerical
values of «' and u” at x = 200 with accuracies of 3.87¢ — 26 and 5.65¢ — 25,

respectively. The initial guess was

22 ifr<1
up (x) = . (6.28)
x  othersise

Figure 6.1 shows u (z), v/ (x) and u” (z). Figure 6.2 plots of log (||F(u)||1) versus
the number of steps for the first three iterations. FTUC showed clear dominance

over HJ. Table 6.7 gives the results obtained under FTUC and HJ with 30 steps.

L0
0.8

0.6

u(x)

04

0.2

FIGURE 6.1: Numerically calculated profile of u (), v’ (z) and u” (z).



Chapter 6. Higher order multi-step Jarratt-like method for solving systems of
nonlinear equations: application to PDEs and ODEs 90
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| —=—iter =2
=20 ]

\ 1—e—iter =3

=30

log ( Max | F( u)])

—af

FIGURE 6.2: Plot of log (||F(u)||1) versus the number steps, for the first three

iterations.
Iterative methods FTUC HJ
Number of iterations 3 3
Number of steps 30 30
Theoretical convergence order 86 60
Number of function evaluations per iteration 29 29
Solutions of of linear systems per iteration 58 59
Number of matrix vector multiplication per iteration 29 30
Iteration
log (||F(ug)||1) 1 4.63¢ — 3 2.47e — 3
2 4.78¢ — 8  8.605¢ — 4
3 498¢ —26 1.83e—7
Execution time (s) 125.42 158.82

TABLE 6.7: Performance of FTUC and HJ for the classical Blasius flat-plate
problem for 30 steps.

6.5.3 Klein-Gordon equation

The Klein-Gordon equation|[75] is the relativistic case of the Schrodinger equation

U — gy + f(u) =p—00 <2 <00, t>0
F(u)=(D?—-c*D*))u+ f(u)—p (6.29)
F' = D} — D3 + diag (f' (u)),

where f (u) is an odd function of u and initial conditions are given by

u(z,0) = g1 (x)

6.30
u (2,0) = g2 (). (6:50)

We chose f (u) = ku — yu® and a domain [—10,10] x [0,1]. We used Chebyshev

pseudospectral collocation method for the discretization of space and time with
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(A) Numerically calcu-
lated solution. (B) Absolute error plot .

FIGURE 6.3: Kein-Gordon eqaution, domain= [—10, 10] x [0, 1], grid points in
spatial dimension= 120, grid points in temporal dimension= 30.

120 grid points for space and 30 grid points for time. The resulting problem size
was 3600. Table 6.8 shows the results. The FTUC method clearly outperforms

the HJ method. The exact solution can be written as

_ 2k
5= \/;
P (6.31)

22

u(x,t) = dsech (k (z — vt)),

where c=1,v=1,v=0.5and k =0.5.

Iterative methods FTUC HJ
Number of iterations 1 1
Number of steps 9 10
Theoretical convergence order 23 20
Number of function evaluations per iteration 8 9
Solutions of linear systems per iteration 16 19
Number of matrix vector multiplication per iteration 8 10
Iteration
[lug —u™ |1 1 4.08¢ — 1 5.99¢ — 1
2 5.67e — 1 4.15e — 2
3 6.45¢ — 2 2.34e — 3
4 3.62e¢ — 3 6.72e — 5
5 1.06e — 4 1.15¢ — 6
6 1.84e — 6 1.31e — 8
9 9.63¢ — 11  1.24e — 10
10 9.12¢ — 11
Execution time (s) 4.91 5.34

TABLE 6.8: Performance of comparison between FTUC and HJ for Klein-
Gordon problem.
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6.5.4 Two-dimensional sinh-Poisson equation

The stationary two-dimensional Euler flow free of body forces satisfy [76]
v2p + osinh (¢) =0, o > 0. (6.32)

The analytical solution of (6.32) for ¢ = 1 is given in [101].

3 cos <\/1 + 5%)
V14 B2 cosh (By)

That solution is called the Mallier-Maslowe vortices for o = 1. We choose a domain
[—1.3,1.3] x [—1.3,1.3] with 30 grid points for each dimension. That resulted in a

¢ (x,y) = 4tanh™*

(6.33)

problem size 500. The computed solution corresponds to § = 0.5. Table 6.9 shows
the obtained results. The FTUC method achieves almost the same accuracy as
the HJ method with a smaller number of iterations and, consequently, a smaller
execution time. Figure 6.4 depicts the numerically calculated solution and the

absolute error over the spatial grid.

Iterative methods FTUC HJ
Number of iterations 1 1
Number of steps 111 183
Theoretical convergence order 329 366
Number of function evaluations per iteration 110 182
Solutions of linear systems per iteration 220 365
Number of matrix vector multiplication per iteration 110 183
oy — |1 9.22¢ — 13 8.8le — 13
Execution time (s) 42.87 68.225

TABLE 6.9: Performance of FTUC and HJ for the sinh-Poisson equation.

6.5.5 Three-dimensional nonlinear Poisson equation

The numerical solution of nonlinear 3-D nonlinear Poisson equation is treated in

[77]. The governing equation is

V(K (u)Vu)—g=0, (6.34)
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(A) Solution (B) Absolute error

FIGURE 6.4: Solution of sinh-Poisson equation andf absolute error in the com-
puted solution.

where K (u) can be any function of u and ¢ is a force term. We will adopt the

expression for K (u) from [77]

100 + 27u

K(u) = — 2
(W) = 350727

(6.35)
We took a domain [—1,1]* and constructed ¢ in a way that makes u = %+ 1y + 22
the solution of (6.34). The grid points were taken so that the problem size is 1331.
Table 6.10 gives the obtained results. FTUC achieves a similar accuracy as HJ
with smaller number of steps and a smaller execution time. Figure 6.5 plots the

maximum absolute error in the solution vector u(x) against the number of steps.

Iterative methods FTUC HJ
Number of iterations 1 1
Number of steps 13 16
Theoretical convergence order 35 32
Number of function evaluations per iteration 12 15
Solutions of linear systems per iteration 24 31
Number of matrix vector multiplication per iteration 12 16
llu, —u*||: 5.77e — 15 5.32¢ — 15
Execution time (s) 10.608 11.646

TABLE 6.10: Performance of FTUC and HJ for nonlinear Poisson equation.

6.6 Summary

Multi-step iterative methods with a large number of steps are computationally

efficient because the computational cost required to perform the additional steps
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log ( Max | error |)

-20F

-30F

steps

FIGURE 6.5: log (|Ju(x) — u*||1) as a function of the number of steps.

is small. The increase of convergence order in the multi-step part depends on
the base method. So, the design of the base method is crucial. All numerically
conducted tests conclude that the proposed FTUC multi-step iterative method

requires relatively less execution time to achieve same numerical accuracy than

HJ.



Chapter 7

Higher order derivative-free
iterative methods with memory

for systems of nonlinear equations

A derivative-free family of iterations without memory consisting of three
steps for solving nonlinear systems of equations is brought forward. The
main aim of the chapter consists in proposing several novel schemes with
memory, possessing higher R-orders of convergence. Analytical discussions
are reported and the theoretical efficiency of the methods is studied in detail.
The use of the proposed schemes for solving partial differential equations
are finally considered, in order to support the theoretical discussions from

a practical viewpoint.

7.1 Introduction

The solution a of a nonlinear equation F(x) = 0, where F : D C R" — R" is a
sufficiently smooth function, cannot be expressed in a closed form and therefore it
is mostly pursued by applying iterative methods of various natures depending on
the nonlinear functions, size of the systems and the accuracy of the sought-after

results.

By assuming that F has at least third-order Fréchet derivatives with continuity
on a convex set D and by starting from one or several initial solutions of @ € D,

a sequence of approximations {xy} is constructed so that it converges to a.

95
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The best-known iterative scheme for this purpose is Newton’s method defined by

[1]):
Xk+1 = Xk — F/<Xk)71F<Xk>7 k= 07 17 27 Tt (71)

It is observable that the operator F must be differentiable Fréchet in order to
apply Newton’s method. In some practical physical problems, for instance, the
simulation of laminar premixed flames [4], it is hard to know the analytical expres-
sions for Jacobian matrix and then only methods come to play are derivative-free

iterative methods.

Perhaps, the first try to get rid of the computation of Fréchet derivative was done
by Schmidt [50] in 1961 at which he extended the Secant method for nonlinear
systems by defining the divided difference operator (DDO). It is now reminded
that the definition given by Ortega and Rheinboldt [3] for a first-order divided

difference of F on R" is a mapping as follows:
[, F]: D CR"xR" — L(R"), (7.2)
which satisfies [y, x; F](y —x) = F(y) — F(x), Vx,y € D.
Defining h = y — x, one may define the DDO of the first-order as follows [41, 45]:
1
x+h,x;F| = / F'(x + th)dt, (7.3)
0

which is known as Genocchi-Hermite formula. Now by writing the Taylor expan-

sion of F'(x + th) at the point x and integrating, we have that
! 1 1
/ F'(x 4+ th)dt = F'(x) + §F"(x)h - 6F’”(x)h2 + O(R?). (7.4)
0

Clearly, if we assume e = x — a and the fact that F/(a) is nonsingular, then it

would be straightforward to write

F(x)=Fla+e)=A; (e + qz A,e, + O( e9)> , (7.5)

q=2
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whereas A1 = F'(a), A, = LAT'F®(a) € £,(R",R"). From (7.5) the derivatives

P p
of F(x) can be written as

F'(x) = A, (I + qz:: qA e, 1+ O( es)) : (7.6)

q=2

FH(X) = A1 (qz:: q'Aq €q—2 + O( 67)> . (77)

q=2

It is necessary to recall that when studying the theoretical local order of conver-
gence of iterative methods for nonlinear systems, e, = x, — a is the error in the
kth iterate and

epy1 = Legyr + (’)(e(k)p+1), (7.8)

is the error equation, where L is a p-linear function. That is to say, L € £L(R", R",

..., R™), p is the local convergence rate and £ shows the set of bounded linear
p

functions. Furthermore, we have e}=("ey, ey, ..., €;). The generalized Steffensen’s

method for nonlinear system of equations can be expressed as [1]:
Xk+1 = X — [Xk, Wi, F]ilF(Xk), k= 0, 1, 2, ey, (79)

wherein wy, = x; + F(x;). Note that the first order DDO of F on the points x

and y can be defined component-to-component as follows:

Fi(ajla"'vzj)yj+17'"7yn) _Fi(xlv"'axj—lvyja"'vyn)
Tj — Y " (7.10)
1<ij<n.

[X7Y§F]z‘,j =

This formula is a bounded linear operator which satisfies [y, x; F|(y —x) = F(y) —
F(x). Due to Potra [49], there is a necessary and sufficient condition to characterize
the divided difference operator by means of a Riemann integral. That is, if F
satisfies the following Lipschitz condition ||[x,y; F]—[u, v; F]|| < H(||x—u|+ |y —
v||), then equality (7.4) holds for every pair of distinct points (x +h,x) € D x D
if and only if for all (u,v) € D x D with u # v and 2v —u € D, it is satisfied the
relation

[u,v;F] = 2[u,2v —u; F| — [v,2v —u; F|. (7.11)
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Note that authors in [42] developed a symmetric operator for the DDO of the
second-order, but of course with more computational cost than the first-order
DDO.

In the last years, different procedures have been used in the development of iter-
ative methods for nonlinear systems, see for example the paper of Budzkoa et al.
[38], the schemes published in [52] for solving the systems of nonlinear equations
obtained during the process of solving stochastic differential equations, findings of
the authors in [40] of how to study the dynamical behavior of different methods
in multi-dimensional case, the recent paper [57] and the work [37, 65] were the
authors applied the designed methods on solving ordinary and partial differential

equations.

In 2014, Sharma et al. in [51] proposed a derivative-free iterative method with

fourth order of convergence in what follows:

Vi = X — [Xg, Wi, F]71F(xy,),

(7.12)
Xpi1 = Vi — (CLI + G(k)((?, — 2a)I + (CL — Q)G(k)))[xlm Wi, F}ilF(Yk%

wherein wy, = x; + bF(xz), zx = yx + cF(yx), a € R, b,c € R\{0}, G® =

(X1, Wi, F] 7 [zg, y&, F] and I is the identity matrix of the appropriate size.

Recently, authors in [48] improved the convergence speed of (7.12) to 2++/5 when
a # 3 and 2 4+ /6 when a = 3 by considering:

B® = —[wj, 1, % 1; F] 7T, k=1,
Vi = Xp — [Xp, Wi, F] 7 'F(x), k>0, (7.13)
Xk+1 = Ye—

(aI+ GW((3 = 20)T + (a — 2)G™))[xy, wi, F] ' F(y),

\
where w;, = x5, + BOF (xy).

There are a few works related to iterative methods with memory of high orders for
nonlinear systems. Accordingly, in this work we design a new iterative family of
methods without memory which is also economic in terms of computational cost.
Then, accelerations of this scheme are derived using the idea of with memoriza-

tion without any additional computational cost per cycle. We manifest that the
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proposed methods are more efficient than several existing derivative-free methods

with and without memory in the literature.

7.2 A new family of iteration schemes

The iterative methods (7.1), (7.9) and (7.12) belong to the class of methods with-
out memory since they use only data from the current iteration. On the other
hand, (7.12) requires evaluations of four functions, two divided differences and
one inverse operator per one cycle and thus it is not that efficient in terms of

computational costs.

The proposed iterative family of methods can be constructed as a generalization
of the scheme (7.12) but with three sub-steps and a much more care to use the

data as follows:

Vi = X — 1,
Zr, = Y — aoP2 — (3 — 2a0)¢3 — (ap — 2)du, (7.14)

Xk+1 = Z — CL1¢5 - a2¢6 - CL3¢7 - a4¢8 - a5¢9,

wherein w, = x; + boF(x;), M®) = [x;, wi,F], hy = y, + bF(y:), N® =
by, yi, F, I, = zp + byF(z;), and Q® = [l;, 2, F], while the following linear

systems must also be solved per cycle

(M®Bp, — F(x),
M(k)¢3 = N(k)¢27
| Mg, = Nt)g,

(7.15)

and

M®*) s = F(z),

M®Fps = QWgs,

M® g, = Q*) g, (7.16)
MFgs = Q*gyr,

MFgg = Q*,
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where a1 =4 + a;, as = —6 — 4as, a3 = 4 + 6as and ay = —1 — 4a;. The eminent
point is that due to the same coefficient matrix M®), only one LU decomposition

could be performed for solving linear systems with multiple right hand sides.

Hence, the iteration scheme (7.14) without memory includes three steps, and five
free (non-zero matrix) parameters which make it quite general and useful for solv-
ing nonlinear systems and of course for with memorization, as will be seen in the

next section.

Theorem 1. Let F have at least three times Fréchet differentiable in the nonempty
open convex domain D. Also suppose that [u,v;F] € L(D, D), for all u,v €
D(u # v) and (x is close enough to a. Then, the sequence {x}x>o obtained
using the iterative expression (7.14) converges to a with at least eight order of

convergemnce.

Proof. The proof of this theorem can be followed by writing the Taylor expansions

of F around the appropriate points. Now, it is straightforward to write
p—1
Fla+b)=F(a) (b +> Aqb"> +O (7). (7.17)
q=2

We observe that A h? € R™ since F@(a) € L(R™ x --- x R* R") and F'(a)~! €
L(R™). Note that matrix-matrix products are not commutative. Subsequently, we
acquire F(x;)= F(x; —a +a) = F(e; +a) = F(a) + F/(a) e, + F'(a)/2! €] +
4+ 0(€]) =F(a)(ex+ Ar el + Az e} + Ay el) + -+ O(e)), by taking into
consideration wy = x; + b F(x}), we write

F(Wk) = F,(a> (dl e + ( - A2 + dlAg + Agd%) ei—{—

( ~As— A2d;, — AydiAs + Axd And, (7.18)
FdiAg + And?As + Agdg) S ) +0 (),
where d; = I+ boF'(a). We define also dy = I+ b;F/(a) and d3 = I + byF'(a).
The detail of further computations is given below in sequence. We can obtain
M(k) = F'(a) (I + <A2d1 + AQ) er + <A3d1 + A2d1A2 -+ Agd% — Ag
+ A?,) 2 + (A4d1 4 Asdi Ay + Aud? + Ayd Andy + Asd?Ast  (7.19)

Aud? — AzAy — AyAs — AsAsd, + A4> e+ - > +0O (eg) 7
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and obviously
]_\/I(k)_1 :<I + ( — A2d1 — A2> e, + ( - A3d1 + 2A§ - A3d%+

(Agd,)? + A2d, — A3> 2+ ( ~ Asd A2 — A2d,Aud,—

3A5 —2A3d; — (Ayd))? — Aydy +2A3A, +2A5A5—

(7.20)
Aud? +2A3A,d; — Aud + Asd Ay + Agd?Aud;+
A2A3d1 + AgAgd% -+ A2d1A3d1 + AgdlAgd% — A4> ez—l—
~-->F’(a)’1 +0(e).
It is remarked that we used the notation --- in order to avoid huge cumbersome

terms obtained for high degree terms in Taylor expansion, since they will finally
be vanished as could be observed below. Now, the error equation at the end of
the first sub-step can be written in what follows:
Vi —a = Ayd; e? — (Agcl1 4 (Asdy)? — Asd? + A2 — Ayd,
- A2d1A2> ei — ( — Agd%AQ -+ 2A3A2d1 — A4d% -+ A3A2—|—

AsAs — AsdiAg — Ayd; — Aud® + (Apdy)?As — And A2—

(7.21)
AgdlAgdl -+ A%dlAQ + Agd%Agdl — Ag — 2Agd1 + A2A3d1
~ (Asd))? + AsAyd? + Aod Asd, + AZdlAgdf) iy

4 O(e).
Using (7.21), one may attain

Flye) = /(@) (Asdy e} + (— Add) — (Ady)? + Agd] — A3+
Aud, + AgdlAg) el + (Agdez —9A3A.d, + Ayd?
— AsAy — AyAs+ AsdiAg + Aydy + Aud? — (Aad) )’ As+
Aod AL +2A5d Asd; — ASdi Ay — AsdiALd, + A5+ 2A5d,
— AvAsd; + (Asd))? — AsAsd? — AsdiAsd,—
AxdiAgd}) el 4+ ) + O (e),

(7.22)
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and subsequently

hy, = dyAyd, € + ( — dyAZd; — dy(Asdy)? — dyA2 + dyAsdy A,
+ doAsdy + A} ) €] + ((— drAgA; — dyAsA,
— dyAsd?Asd; + 2dyA2d Asd) — dyAyAsd? — dyAsd  Agd?+
2dyA3d; — dy(Asd)?As — dyAsd  Asdy — dyAsAgd;, — dyA2d A, (7:23)
— A2d;Ayd; — 2dyA3A0d; + dyAyd? + dyAsd; A + dyAydi+
dyAud; + dyAsd?A, + dyAd + dy(Asdy)® + d2A2d1A§> el
+--+0(€)).

It is now necessary to obtain the error equation of N*) by applying (7.23) as comes

next

N© = F(a)(T+ (Ards Andy + Add, ) e + (— A~ Aldy
— AgdlAle — A2d2(A2d1)2 + A2d2A2d1A2 + A2d2A3d%+

(7.24)
AydoAsd; + AZd Ay + AyAsd? + AyAsd; — AydaAld,
~ AsdAd) e o) + O (ef).
Using the above expansions, we have
b3 =And, €2 + ( ~3A2d, — 3(Aad))? — A2 + Ayd? + Agdi+
(7.25)
A2d1A2> ez + -+ @) (ez) s
and
by = Aod, €2 + ( — A(Agd))? — 4A2d, + Azd? + Asd, Ay
(7.26)

_A3+A3d1)ez+...+o(ez).
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Thus, the error terms for the second sub-step can be attained as follows:

2p —a=dgel + ( ~ AsdoAld, £ (Asdy)PAsdy + (Asd;)?A2d,
+ A2d;(Asd;)? + Ajd; + AadyAsdiAsd, +
ArdyAnd; Azd? + Aod  Add) + AgdyAzdi Asnd, + Addy Asd,
+ A3d; Asd; + Agdy(Asd;)? Ay + AxdyAsd; Asd,
— 2A,d,(Asd;)® — ApdyA2d i Asdy + Ayd A2d Asdy

(7.27)

— A2d2A2d1A§> ei + -+ O (ei) s

where d4 == (3 - CL) (AgdlAzdl -+ (A2d1)3 + AleA%dl + A§d1> + AQdQ (Agdl)z.

Now, we have
I, = dydy el + <d3A§d1(A2d1)2 + dy(Asd,;)2A2d, +
ds(Ad;)?Asd; — dzAsdyAld; + dsAsd Asdy+
dsAsd;AZd Asd; + dsAydaAsd?Asd, + dsAsd, + dsAZd Azd,
+ d3AsdyAzd; Asd; — 2d3Asds(Asd;)? — dsAsdyAsdi A+ (7.28)
d3Arda(Asd;)’As + dsAsdaAsd i Asdy + d3AsdaAnd Asdi+
dgAgdlAle — d3A2d2A§d1A2d1> ez
+--+0(e)),
and

és = dyel + ( ~ Asdids — Asdy — AsdyAld, 1 (Asdy)PAsd,+
(Aad;)?A3d; + A3d;(Aad))? + Add; + AadaAsdiAad, +
AydyAsd; Asd; + Apd; Addy + AgdaAsdiAgd, + AddiAod+
A5d;AZd; + Aydy(And))? Ay + AxdyAnd; Asd—
2A,dy(Asd;)? — AydyA2d i And, + AxdA2d And—

(7.29)

AsdoAsdiAZ) €] + -+ O (e).
Using the above formulas, we attain that

QY = F/(@)(T+ (Asd + Asdydy ) e+ ) + O (e]),  (730)
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and subsequently

¢ = dye; + ( —2A,ddy — 2A5d, — AydyAddy + (Agdy)?Ald +
AydyAzdiALdy + ArxdaAod  Aszd] + ApdaAzdAgd, + Add i ASd+
Aydy(Aydy)?Ay + AydyAsdiAgdy — 2A5dy(Asdy)?— (730

AydyAZdiAsd; + AsdiAdd Asd) — AsdyApd AL+ (Agdy)?Agdy+

A2d,(Axdy)? + Ald, + And Ald, + A§d1A2d1> e+

O (e))

¢ = diel + ( ~ 3Asdidy — 3Asdy + AsdsAsd; Aod, + A2 A2d, +
Asdy(Asd))? Ay + ApdaAsd i Asd; — 2A5dy(Asdy)? — ApdaAsdi A,
di + Asdi A2d; Asdy — AsdsAsd A2 — ApdyAld, + (Asdy)?A2d, +
AydyAsdiAsd; + AsdyAsdiAsd? + Addy + Ayd Addy
+ A3dy And; + (Agdy)PAnd; + A%dl(A2d1)2> e+
e 0 (ei) 7

(7.32)

¢s =d, e} + ( —4A5d dy — 4A,dy + ArdaAzd Asdy + AZd ASd+

Asdy(Asdy)?A, + AsdyAndi Asdy — 2A,dy(Asdy)? — AydyA2d,

Aod; + Ayd A2 Asd; — ApdyAnd A2 — AydyAld; + (Agd))? (733
Asd; + ApdaAzdiAsd; + AgdyAsd  Asds + (Agdy)?Agd;+
A2d;(Agd;)? + Add, + And Al + A§d1A2d1> e+

1 O(e),

¢ = dyel + ( — 5A5d;dy — 5Ayd, + AsdyAsd; Agd,+
A2d A2d; + Asds(Asd)?As + AsdoAsd; Agd; — 2A5ds(Asd, )~
AbydyAZd i Asd; + AsdiAdd Aody — AsdaAnd AL — ApdyAddy+
(Asd))?A2d; + AsdsAsd?Asd, + AsdsAsd; Agd? + (Asdy)?Asd, +
A2d,(Asdy)? + Ald, + Asd Ald, + AgdlAle) et
o+ 0(€)).

(7.34)
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Therefore, it is now easy to combine the expressions (7.31)-(7.34) and obtain the

final error equation

eri = ((1 — a5) (AL + Add; + A3d A, + Add And, + A2d A2+
A3d;A%d; + A3d Asd Ay + Ad(Aady)? + Agd  AS+
AodiAddy + Aydi AZdi Ay + Ayd  A2d; Asdy + (Ayd,)?A2 (7.35)
+ (Aad;)?A3d; + (Asd))? Ay + (Aadi)*Andy)dy+
Azdyd?) €} + O ef).

which shows eighth order of convergence. The proof is now complete. |

It is remarked that by choosing ag = 3 and a5 = 0, we reduce to the following

iterative expression

Yi = X — @1,
Zp = Yi — 302 + 3¢5 — @u, (7.36)
Xp41 = Z — 4¢5 + 6 — 47 + Ps,

and by choosing ag = 3 and a5 = 1, we obtain the following iterative method

which is quite fruitful for with memorization due to its fined error equation

Vi = X — @1,
Zp = Yi — 302 + 3¢5 — @u, (7.37)
Xp41 = Z — 9P5 + 10 — 107 + 53 — Py,

where

eret = Aod; (Asds (Aed))?)” &° + O(e)). (7.38)

7.3 Methods with memory

Now a question may arise that is it possible to accelerate the convergence rate of the
family of methods (7.14) without incorporating the evaluation of new functions or

divided difference operators of various orders? To respond such a thing, a notion
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which is first discussed formally in [1] can be pursued which is known as with

memorization.

During the process of with memorization of an iteration scheme, one may find
appropriate approximations for the parameters using the current and previous
saved data of the iterative steps so as to speed up the convergence rate without
any special new evaluations. This could increase the computational efficiency of
the methods in most cases. For getting a background and a recent theory in this

category, one may consult [46] and the references cited therein.

In this section, we present several new derivative-free methods with memory with
increased r-orders of convergence based on the iterative family (7.14) without
memory. According to the obtained error equations of the previous section, one
way is to approximate the parameters by, by and b, using the available data. That

is to say to accelerate the whole process, e.g., one may solve the matrix problem
I+ bF'(a)=0. (7.39)

Due to that fact that the value of a is not known, we can use an approximation
of F'(a), calculated by available information to accelerate the convergence rate
to a certain extent. Therefore, we may write b ~ —F/(a)™!, wherein @& is an

approximation of the solution (per cycle).

Remark 1. When developing iteration schemes with memory for nonlinear systems
of equations, the main notion consists in calculating the parameter matrix b :=
Bi(k > 1) as the iterative method proceeds by using some approximations to

—F'(a) evaluated by available data.
Now, if we approximate
bg = b1 = bQ = Bk = _[Wk—bxk—l; F]_l ~ —F’(a)_l, (740)

we can achieve a convergence r-order higher than eight. Therefore, our first iter-

ative method with memory is defined by

(

Bo, = Biy = Bay = — (w1, %, ;3 F] 71 = —=(M, ), k>1,
Vi = X — @1, k>0,

Zk, = Yk — 3P2 + 303 — Pu,

(| Xkt1 = Zg — 495 + 60 — 467 + ¢,

(7.41)
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wherein wy, = x; + Bo F(xx), hy = yir + B1,F(ys), and 1, = z; + By, F(zg).
Before going to the main theorem, it is requisite to provide the following lemma
so as to ease up the recognition of the numerical analysis of with memorization

for the new methods.

Lemma 1. Let us define the same conditions as in Theorem 1. Moreover, if we
define By, = —[wi_1, x_1; F] 7! and d® := I + B, F/(e), then we obtain the

following asymptotic error relation

d® ~ e;_;. (7.42)

Proof. To prove this, we need to apply the Taylor expansion again. The expansion

of [wi_1,%;_1; F]7! around the simple zero can be written as

B, =—[wi1,x,;F] ' = —(I- Ay (I+d¥* V)ery + O(ef_,))Fa) ",
= —(I-Ay(2I+ By F'(@)) ep_1 + O(e_,) ) F'(a) "
(7.43)

Now by simplifying, one may get that

d® =I + B, F'(a) = A»(21 + B*VF' () ep_1 + O(e}_,), (7.44)

~ €p_1.

We also use the symbol ~ so as to show the errors asymptotically without any

unnecessary coefficients. The proof is complete. O

At this moment, we address the convergence r-order of (7.41) in what follows.

Theorem 2. Consider the same conditions as in Theorem 1 as well as the initial
matrix B(()O), which is close enough to F'(a). Then, the sequence {Xy}x>o obtained
using the iterative expression (7.41) converges to a with at least 44 1/19 ~ 8.3589

r-order of convergence.

Proof. Let {x;} be a sequence generated by iterative method (7.41). It converges
to simple root a of F(x) = 0 with r—order r. Now, we can write the error relation

as

€Lr+1 ™ Dk,r 92’ (7-45)
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where limy_,o, Dy, = D, and D, is asymptotic error constant of (7.41). By using

(7.45), we can write
e~ Di (Dicay (7)) = Dy Dy ey ~ ey (7.46)

By using Lemma 1, (7.46) for (7.41) can be written as

e ~el e (7.47)

By comparing (7.47) and (7.46), we get the equation

7'2 — 87/' - 3 - 07
(7.48)
r— 4+ /10 = 8.358898944 .

Therefore, we conclude that the r-order for (7.41) is at least 4 + 1/19. 0J

Remark 2. 1t is requisite to remind that there is no need for any attempt in order
to compute [wy_1,%x;_1;F] per cycle, since it has already be calculated at the
end of the first sub-step and can directly be used as the acceleration matrix for

approximating By, B, By in the subsequent cycle.

Similarly, we can now present a much more efficient method with memory in

contrast to (7.41) by using (7.37) as follows:

( Bop, =Biy, =By = —[wi 1, x s F] 7 = —(M,_1) k>1,
Vi =X — &1, k =0,
Z = Y — 3¢2 + 3¢5 — Pu,

(| Xpt1 = 2 — 595 + 10 — 1007 + 55 — .

(7.49)

Theorem 3. Consider the same conditions as in Theorem 2. Then, the sequence
{x1 } k>0 obtained using the iterative expression (7.49) converges to a with at least
4 + /23 ~ 8.79583 r-order.

Proof. We assume that {x;} be a sequence generated by iterative method (7.49).

We can write the error relation as

ek+1 ~ Dkﬂ« e};, (750)
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where limy_,o, Dy, = D, and D, is asymptotic error constant of (7.49). By using

(7.51), we can write

ery1 ~ Dy (Dp—1y (€6-1"))" = Diy Dy, 622_1 ~ e}f_l. (7.51)

By using Lemma 1, (7.52) for (7.49) can be written as

7 8r
€r+1 "~ €,_1€5_1, (752)

By comparing (7.52) and (7.51), we get the equation

7"2 — 87’ - 7 = 07
(7.53)
r =4+ /23 =8.795831523 .

Thus, we conclude that the r-order for (7.49) is 4 + 1/23. This ends the proof. [J

Now, it is eminent to study that how we accelerate the convergence rate more? It
is of crystal clear nature that a better approximation for the parameter matrices
may accelerate the schemes with memory more. However, we have an obstacle in
front, which is the definition of the divided difference operator for three points in
the multidimensional case. Such a definition would be too much costly and could

not be of practical interest.

Hence, a better approach is to use the already computed data more carefully so

as to obtain better approximation matrices. Accordingly, we could write
Bor = —(My1) ', Bop = —(Ng1) ', By = —(Qe1) (7.54)

whereas My_1, Np_1, Qx_1 have already been computed.

However, in this way, we are still using an old approximation such as —(Mk_l)fl

for Bgj,! This means that, —(Qk—l)fl can be a better approximation for all param-

eter matrices. As a result, we may present a method with memory for nonlinear
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systems with the following structure

( Bop =By =By = —(Qi1) k>1,
Vi = X — @1, k>0,
Z, = Y — 3@2 + 303 — Pu,

([ Xpq1 = Zi — 55 + 10¢s — 107 + Sps — .

(7.55)

Although the scheme (7.55) has better r-order than (7.41) and (7.49), it suffers
of computing a new matrix inversion which could restrict the application (7.55)
in large dimensions. To obtain higher r-order with low computational cost, i.e.,
only one LU decomposition in each cycle, we apply a new trick and propose the

following
([ x© and Béo) are given,

Vi = X — @1, k>0,

B =B, =By, = —(M®) " k>0, (7.56)
Z, = Yk — 3@ + 3¢3 — Pu,

| Xp1 = Z — 55 + 10¢s — 107 + Sps — .

Theorem 4. Consider the same conditions as in Theorem 3. Then, the sequence

{xk }r>0 obtained using the iterative expression (7.56) converges to a with at least
1(9+ 5v/5) ~ 10.0902 r-order.

Proof. Let us first re-write (7.38) in the asymptotical form as follows:
er ~ dPdW adWes, (7.57)
Following a same terminology as in the proof of Theorems 2 and 3, we have
dP ~er, AV ~er, AP ~epy,  VE> L (7.58)
But here in (7.56), By, and By, are updated for all k£ > 0. Therefore, we obtain
AP el 1 AP ~e? el AW~ epied,,  VE>0. (7.59)
Combining (7.58) and (7.59) into (7.57), we attain

19 8 11 .9
€ri1~ €. 1€, ~ e €. (7.60)
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Tterative methods P FE C £
T
2 2 2y, 3 2 2n°u j“+n2(2u+1)+n
NM 2 n+n (n 4+ n*) 4+ u((2/3)n° 4+ 2n*) 2 3 X
S B
ST 2 2n+n2 —n (2n +n2 — n) + u((2/3)n3 + 2n2) e +n?;2u+1)+n
2
SH 4 422 —n)  (dn+ 2002 —n)) + u(@/3)n3 +4@n2) 27" ”*3”(4“+1)+2)
n 7L2’u n u
SHM 246  4An+2(n2 —n)  (4n +2(n? — n)) + u((2/3)n3 + 4(2n?)) (2 n \/6) 2n(n2u+dn(du+1)+3)
3
3 T 2u T u
PM1 8 an43(n2—n)  (6n+ 3% — n)) +u((2/3)nd 4 8(2n?)) 8" (2nPutn ;48 +9)+9)
E 2,
PM2 8 6n+3(n2—n)  (6n+3(n% —n)) +u((@/3)nd +9(2n?)) 8" (3" “*9"(6“21)*9)
2,
PM3 8.3589 4n+3(n2—n)  (6n+3(n? —n))+ u((2/3)nd +8(2n2))  8.3589" (2" ”"(‘;8“*9)”)
2, ~
PM4 879583  6n +3(n2 —n)  (6n+3(n? —n)) +u((2/3)n3 + 9(2n2))  8.79583 n(2n ”*92“’““”9)
- 2 T 5u
PM5 10.0902 61 +3(n2 —n)  (6n+3(n2 —n)) + u((2/3)n3 + 9(2n2)) 10.0902 " (2n2 u+on(6u+1)+9)

TABLE 7.1: Comparison of efficiency indices for different methods.

This implies that % + 9 = p, where the r-order of convergence would then be
p = 1(9+5v/5) ~10.0902. This completes the proof. O

Finally, we point out that the easy structure and high r-order of (7.56) by using
only one LU decomposition, makes it not only interesting from a theoretical point

of view but is also in practice.

7.4 Numerical analysis

Efficiency is generally a crucial aspect to pay heed of when choosing an iterative

process to calculate a solution of nonlinear algebraic systems.

The classic efficiency index E = p% [1], provides a balance between the order of
convergence p and the number of functional evaluations . However, it is inter-
esting to note that when we deal with a system of n nonlinear equations, the
computational cost of evaluating the operators F, F’ or DDO are not similar, as

it happens in the case of scalar equations.

Typically, the costs are as follows:

e For one evaluation of F, n functional evaluations are required.

e The evaluation of the associated Jacobian matrix F’ requires n? functional

evaluations.

e One evaluation of the first-order DDO requires n? —n functional evaluations.
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e Moreover, we consider that the cost of LU decomposition is u(Q%B) plus

u(2n?) for solving two triangular systems,

where u is a weight which relates the cost of one functional evaluation and one

flops.

Note that another way is to estimate the efficiency of the methods by using the

index [43, 51]:
1 logp
~logT 0

: (7.61)

where p is the order of convergence, 6 is the computational cost per iteration and

7 is the number of significant decimal digits of the approximation xy.

Let us denote the methods (7.1), (7.9), (7.12), (7.13), (7.36), (7.37), (7.41), (7.49)
and (7.56) by NM, ST, SH, SHM, PM1, PM2, PM3, PM4 and PM5, respectively.

Here, the computational flops-like efficiency index is computed [102]
£ =pe, (7.62)

where p is the r-order of convergence and C' stands for the total computational cost
per iteration in terms of the number of functional evaluations and the costs needed
for LU decompositions, matrix multiplications, number of triangular systems, etc.

See for more [56].

We tried to compare different methods in a similar environment in this work.
In fact, we considered that the cost of scalar function evaluation is nearly five
times more than the cost of doing typical flops (v = 1/5). Note that it is only
an assumption and in general the relation between the cost of scalar function
evaluation and the cost of doing operations are related to the specifications of the
computer. Furthermore, the cost of matrix to vector products has been ignored

for simplicity.

In general, studying the computational complexity of a nonlinear system might be
a challenging problem, if one uses some other strategies in the process of doing a
cycle such as applying GMRES, BiICGSTAB, etc.

In the iterative method PM1, one LU decomposition is needed. In fact, we solve
eight linear systems, but due to the fact that the coefficient matrices are same,
only one LU decomposition could be done in the programs. There is a similar
procedure for PM2-PM5.



Chapter 7. Higher order derivative-free iterative methods with memory for
systems of nonlinear equations 113

The numbers of functional evaluations to obtain the theoretical efficiency index for
different methods are illustrated in Table 7.1. Thus, the results of comparison for
different values of n are given in Figures 7.1-7.2, which show the efficient behavior

for the proposed methods with memory, particularly PM5.

—o— NM
—— ST
—— SH
—— SHM
- PM1
—-— PM2
—— PM3
PM4
—— PM5

1.00020

1.00015

1.00010

30 32 34 36 38 40

FIGURE 7.1: The plot of the efficiency indices for different methods in the case
n = 30,...,40.

—— NM
—— ST
—+— SH
—— SHM
—— PM1
—-=— PM2

1.00001

1.00001

1.00001 —=— PM3
PM4

—— PM5
1.00000 ‘\’\\\‘_\‘\‘

100 102 104 106 108 110

FIGURE 7.2: The plot of the efficiency indices for different methods in the case
n = 100,...,110.

7.5 Simulations to illustrate the analytical re-

sults

In this section, we test the contributed methods using Mathematica 10.0 [58]. For
the first following experiment which has some academical nature, high precision

computing using 600 fixed point arithmetics is considered to check the high rates
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of convergence and to calculate the computational r-order of convergence, which
is defined by [39, 48]

In (| 1F (x42) 2/ 1F (xx)[]2)

OO0~ R (IF Gl o/ [[F o)l o)

(7.63)

In other application problems, double precision arithmetic has been used which
is quite enough for large systems resulting from the discretization of differential
equations. The computer specifications are: Intel(R) Core(TM) i5-2430M CPU
2.40 GHz with 8.00 GB of RAM on Windows 7 Ultimate. We have chosen the

tolerance ||F(xg11)||2 < € for implementing the methods, where € is the tolerance.

Ezxample 1. We begin with the system F(xy, z9, x3, 4, T5, g, X7, Ts, T, T19) = 0
defined by:

5exp (1 — 2)wy + 227710 + 823%4 — Hxg® — x,

Stan (z1 + 2) + cos (19%10) + 9> + Taz* — 2sin® (26),

112 — 11005762778 Tg + tan (x9) + 2237 — Hx63,

2tan (2,2) + 272 + 132 — 55° — 26 + 2% @),

Fix) = 103:112 — Z10 ‘+ cos (w2) + 32 — bag® — 2wg — 4%, (760
cos™ (%) sin (x9) — 2x1025 w69 + 37,

T129%7 — 2810 + 3% — a3 + 27,

cos™ 1 (=10x1 + a8 + T9) + wysin (z2) + w3 — 15252 + 27,

1021 + 23% — 5?4+ 1026™ — sin (27) + 2,

L T sin (Ig) - 21’10968 + Z10 — 5[L‘6 - 10£L'9,

where a ~ (1.3273490437+0.35029249607, 1.058599346-1.748724664,1.0276186794—
0.01413080514,3.27395 0008+-0.127828308i, 0.8318243937+0.0017551949i,—0.4853245912+
0.68487764007,0.1693667630-+0.184091 75804,1. 5344 19958-0.3212147667, 2.086379651+
0.426342755i, —1.989592331 + 1.4783953931)*, and (x(© = (1.4 + 0.51,1.1 — 2.01,
1.0—0.27,2.540.51,0.8—0.17, —0.4+1.1, 0.140.17,1.4— 0.6/, 2.0+ 0.5/, —2.0+
1.451)*.

The results of comparisons for this example are brought forward in Table 7.2.
Here, IT, R#*Y CCO and Time stand for the number of iterations, the residual

norm ||R¥+Y||ly = |[|F(xgs1)|l2, (7.63), and the elapsed computational time in
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Iterative methods IT R*+D CCO Time

ST 12 1.241 x 107%1 2.000 1.542088
SH 6 1.477 x 10734 4.001 1.610092
SHM 6  4.300 x 10749 4.448 1.667095
PM1 4 7.251 x 107299 8.007 1.601092
PM2 4 6.581 x 107260 8.028 1.615092
PM3 4 6.695 x 1072 8372 1.603092
PM4 4 2249 x 107431 8.844 1.646094
PM5 4 1.561 x 10792 10.11 1.642094

TABLE 7.2: Results of comparisons for different methods in Example 1.

seconds to run the iterative method, respectively. Note that the criterion (7.63) is

independent of the knowledge of the root.

Throughout this chapter, the following diagonal matrix of the appropriate size

—= 0 0
B o . - :
O = , (7.65)
: : : 0
1
0 ... 0 —

has been used for starting the parameter matrices whenever required.

The results for another initial approximation (x(*) = (1.3 +0.67,1.1 — 2.0, 1.1 —
0.17,2.5+0.51, 0.85—-0.251,-0.5+1.17,0.1+0.17,1.4 - 0.6, 2.0+ 0.41, —2.0 +
1.451)* have also been provided in Table 7.3.

From the results presented in Tables 7.2-7.3, we observe that the accuracy of
approximations to the solution increases as the iteration process proceeds, showing
stable character of the methods. The new methods with memory show robust

character in terms of the accuracy when compared with the other methods.

Note that a line search could be done in solving nonlinear systems of equations to
let the initial guesses arrive at trust region. Robust strategies for providing enough
accurate initial guesses have been discussed in [44] and [55]. We also remind that
in case of facing with singular matrices if a badly chosen initial approximation be
chosen, then one might use the generalized outer inverses (see e.g. [54]) instead of

the regular inverse.

Basically, the process of solving a nonlinear partial differential equation (PDE)

would be reduced to solving a set of nonlinear algebraic equations. Another point
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Iterative methods IT R*+D CCO Time

ST 12 1.760 x 10737  2.005 1.530088
SH 6  1.014 x 1072°1  4.002 1.627093
SHM 6 2463 x 1070 4.461 1.666095
PM1 4 9.232x 107161 7993 1.593091
PM2 4 7496 x 107299 7.991 1.604092
PM3 4 8155 x 107217 8.368 1.633093
PM4 4 9.863x 107317 8794 1.625093
PM5 4 2744 x 10746 10.01 1.615092

TABLE 7.3: Results of comparisons for different methods in Example 1 with
the second initial approximation.

is that for such cases, basically numerical results of lower accuracy in terms of the

precision are needed.

Ezxample 2. The Nonlinear Coupled Burgers Equations [5]. In this experiment, we

consider the two-dimensional nonlinear coupled Burgers equations as follows:

%——8% —2u@+%v—0
ot 0(x? or  Ox
ov B 9% 5 ov @

ot o(x> e i Ox

(7.66)
v =20,

on the interval = € [0, 5], where 0 <t < T = 1/4 and the initial conditions are
u(x,0) = sinz, v(x,0) = sinz. (7.67)

Note that the boundary conditions are set to the exact solution u(x,t) = exp(—t) sin(x)

and v(x,t) = exp(—t)sin(z).

These nonlinear coupled equations with parameters derivative contain many im-
portant mathematical physics equations and reaction diffusion equations. To solve
this system of two PDEs by using finite difference (FD) discretization with the
stopping criterion ||F(x)[|]» < 107® and the interval x € [0, 5], we use the backward

finite difference for the first derivative along the time (the independent variable

t):

Wij — Wij-1
]{: Y

where k is the step size, and the central finite difference for the other involved

(7.68)

(X4, ;) =

pieces of the equations, i.e.,

Wit1,j — Wi-1,5

2h ’

(7.69)

Uy (x4, 1)
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FIGURE 7.3: The matrix plot of the divided difference operator [x, wy; F| in Example

-0.5

FIGURE 7.4: The curve of the numerical solution v(x,t) using FD and PM5 (left),
and comparison of the exact u(x,t) (solid blue) and approximate (dotted red) solutions
obtained via FD and PM5 (right).

and
o Wit1j — 2Wij + Wiy
Ugg (Xi; tj) — h2 9

wherein h is the step size along the space. In solving (7.66), the procedure will

(7.70)

end in a nonlinear system of algebraic equations having a large sparse form for
the DDO matrix (illustrated in Figure 7.3). The solution has been plotted in
Figure 7.4 using PM5 with one full iteration since its high order is enough to
demonstrate the final accuracy. For this test we have chosen M = N = 9,
to obtain a nonlinear system of the size 128 x 128, with the starting vector
left = 0.8;right = —0.8; pts = Range[aa, bb, (bb —aa)/((M— 1) * (N — 1))];

x0 = Drop[Drop[Join[pts, pts], 1], —1]; in the Mathematica environment with the

machine precision.
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7.6 Summary

Iteration is a repeated application of a function, and can be viewed as a discrete
dynamical system, in which the continuous time variable has been quantized to
assume integer values. In fact, iterative methods are the only practical ways to

solve nonlinear systems of equations.

Here, a method without the need of computing Fréchet derivative per cycle had
been introduced which is without memory and of high order. The main goal of
the chapter had also been provided by introducing new methods with memory of

higher r-orders for nonlinear systems.

The term method with memory points to the use of data from the current and pre-
vious iterations. Iteration schemes with memory for solving systems of nonlinear
equations have been considered very seldom in the literature and so the presented

methods may be regarded as an advancement in the topic.

The numerical analysis of the schemes, i.e., their complexity and rates of conver-
gence have been studied and showed a fast, efficient and stable behavior for the

new methods with memory, particularly PM5.

The theoretical orders were verified by calculating the computational order of
convergence. Numerical experiments in solving some applicable problems, such as
partial differential equations have also been furnished and confirmed the theoretical
discussions. Note that in real scenarios, derivative-free iterative methods are the
only option even they are computationally expensive due to the filling process of
the DDO matrix.

The attention for future works might be focused on providing better approxima-
tions of the parameter matrices using first-order DDO so as to increase the r-order
of convergence without imposing further computational burden. Extension of such
schemes with frozen DDOs have also not yet been discussed in deep. Such devel-
opments are now under investigation in our research group and they can be done

as future works in this field of study.



Chapter 8

Are the eigenvalues of
preconditioned banded symmetric
Toeplitz matrices known in

almost closed form?

Bogoya, Bottcher, Grudsky, and Maximenko have recently obtained the
precise asymptotic expansion for the eigenvalues of a sequence of Toeplitz
matrices {T},(f)}, under suitable assumptions on the associated generating
function f. We provide numerical evidence that some of these assumptions
can be relaxed and extended to the case of a sequence of preconditioned
Toeplitz matrices {T), *(g)Tn(f)}, for f trigonometric polynomial, g non-
negative, not identically zero trigonometric polynomial, » = f/g, and where
the ratio r(-) plays the same role as f(-) in the nonpreconditioned case.
Moreover, based on the eigenvalue asymptotics, we devise an extrapolation
algorithm for computing the eigenvalues of preconditioned banded symmet-
ric Toeplitz matrices with a high level of accuracy, with a relatively low
computational cost, and with potential application to the computation of

the spectrum of differential operators.

119
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8.1 Introduction

A matrix of size n, having a fixed entry along each diagonal, is called Toeplitz and

enjoys the expression

a a_1 Q_o9 --- N a_(n_l)
451
n az
[ai—jli ;o =
a_9
a_q
_a’n,*l ... .o o. e a2 al ao ]
Given a complex-valued Lebesgue integrable function ¢ : [—m, 7] — C, the n-th

Toeplitz matrix generated by ¢ is defined as

T.(¢) = [Qgi—j]:jzl’

where the quantities ngSk are the Fourier coefficients of ¢, which means
7 L[ —ik0
O = — o(0)e"d0, ke Z.
2m ) .

We refer to {T,,(¢)}, as the Toeplitz sequence generated by ¢, which in turn is
called the generating function of {T,,(¢)},. In the case where ¢ is real-valued,
all the matrices T, (¢) are Hermitian and much is known about their spectral
properties, from the localization of the eigenvalues to the asymptotic spectral
distribution in the Weyl sense: in particular ¢ is the spectral symbol of {T},(¢)},,

see [9, 11] and the references therein.

More in detalil, if ¢ is real-valued and not identically constant, then any eigenvalue
of T,,(¢) belongs to the open set (mg, My), with my, M, being the essential infi-
mum, the essential supremum of ¢, respectively. The case of a constant ¢ is trivial:
in that case if ¢ = m almost everywhere then T,,(¢) = ml, with I, denoting the
identity of size n. Hence if My > 0 and ¢ is nonnegative almost everywhere, then

T, () is Hermitian positive definite.

We focus our attention on the following setting.
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e We consider two real-valued cosine trigonometric polynomials (RCTPs) f, g,

that is

f(9>:f0+22kaOS(k0), fOJfl?"'7fm1€R7 mleNa
k=1

m2
9(0) = go+2) _grcos(kd),  Go,G1,. - Gms ER,  mp €N,
k=1

so that T, (f), T,.(g) are both real symmetric.

e We assume that M, = maxg > 0 and my, = ming > 0, so that T,,(g) is

positive definite.

e We consider P,(f,g) = T, (¢9)T,.(f) the “preconditioned” matrix and we
define the new symbol r = f/g.

The n-th Toeplitz matrix generated by ¢ € {f, g} is the real symmetric banded
matrix of bandwidth 2m + 1, m € {my,ma} (m = my if ¢ = f and m = my if

¢ = g), given by

~ ~ ~

b
1
b
() = bn b
b
. o
R

Matrices of the form P,(f, g) are important for the fast solution of large Toeplitz
linear systems (in connection with the preconditioned conjugate gradient method
[134-136, 142] or of more general preconditioned Krylov methods [139, 140]). Fur-

thermore, up to low rank corrections, they appear in the context of the spectral
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approximation of differential operators in which a low rank correction of 7,,(g) is

the mass matrix and a low rank correction of T,,(f) is the stiffness matrix.

Their spectral features have been studied in detail. More precisely, under the
assumption that r = m identically P, (f,g) = rl,, while if m, < M,, then any
eigenvalue of P, (f, g) belongs to the open set (m,., M,), see [136], and the whole
sequence {P,(f,g)}n is spectrally distributed in the Weyl sense as r = f/g (see
[143]).

In our context, we say that a function is monotone if it is either increasing or

decreasing over the interval [0, 7].

Under the assumption that r = f/g is monotone, We show experimentally that
for every integer o« > 0, every n and every j = 1,...,n, the following asymptotic

expansion holds:

Ni(Pu(f,9)) = 7(05n) + > cx(0jn)h* + Ejma, (8.1)

k=1

where:

e the eigenvalues of P,(f, g) are arranged in nondecreasing or nonincreasing

order, depending on whether r is increasing or decreasing;

o {ci}r=12. . 1s asequence of functions from [0, 7] to R which depends only on

r;

_ 1 P O
o h=-75and0;, =15 =jmh

® FE;no= O(h*") is the remainder (the error), which satisfies the inequality

|Ejnal < C,ho*! for some constant C, depending only on o and 7.

In the pure Toeplitz case, that is for g = 1 identically, so that P,(f, g) = T,,(f) and
r = f, the result is proven in [131-133], if the RCTP f is monotone and satisfies

certain additional assumptions, which include the requirements that f’(6) # 0 for
0 € (0,7) and f”(0) # 0 for § € {0,7}. The symbols

fq(0) = (2 —2cosb)!, q=1,2,..., (8.2)

arise in the discretization of differential equations and are therefore of particular

interest. Unfortunately, for these symbols the requirement that f”(0) # 0 is not
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satisfied if ¢ > 2. In [138] several numerical evidences are reported, showing that

the higher order approximation (8.1) holds even in this “degenerate case”.

Here, as first purpose, we show numerically the same for the preconditioned ma-
trices P, (f, g) and, from a theoretical point of view, the numerical testing is com-

plemented by the proof of the above conjecture in the basic case of a = 0.

Furthermore, in [138], the authors employed the asymptotic expansion (8.1) for
computing an accurate approximation of \;(7,,(f)) for very large n, provided that
the values X\, (T,,,(f)), .., A, (T, (f)) are available for moderate sizes ny, ..., n,
with 0, ,, = -+ = 0, n, = 0, s > 2. The second and main purpose of present
research is to carry out this idea and to support it by numerical experiments,
accompanied by an appropriate error analysis in the more general case of the pre-
conditioned matrices P,(f,g). In particular, we devise an algorithm to compute
A (Pn(f, g)) with a high level of accuracy and a relatively low computational cost.
The algorithm is completely analogous to the extrapolation procedure, which is
employed in the context of Romberg integration (to obtain high precision ap-
proximations of an integral from a few coarse trapezoidal approximations [144,
Section 3.4], see also [10] for more advanced algorithms). In this regard, the

asymptotic expansion (8.1) plays here the same role as the Euler-Maclaurin sum-

mation formula [144, Section 3.3].

The third and last purpose of this research work is to formulate, on the basis of
numerical experiments, a conjecture on the higher-order asymptotic of the eigen-
values if the monotonicity assumption on r = f/g is not in force. We also illustrate
how this conjecture can be used along with our extrapolation algorithm in order to

compute some of the eigenvalues of P,(f,g) in the case where r is nonmonotone.
8.2 FError Bounds for the Coefficients ¢, in the
Asymptotic Expansion

We start this section by manipulating the error expression implicitly given in (8.1),

the goal being that of using extrapolation methods [10]. In fact, if we assume that
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the relations in (8.1) hold, then we can write

(67

Ej,n,() = Z Ck(gj,n) hk + Ej,n,a 5 (83)
k=1

where E]',n,(] = >\j (Pn(fu g)) - T(ej’")'

We now suppose to know the eigenvalues for different (small) n; namely

{<n17 )\jl(Pnl (f= g)))? (n27 )‘j2(7)n2(f7 g)))> T (nm )\ja<7)na<f7 g)))}7

where ny,ng, -+ ,n, and ji, ja, - -+, jo are chosen in such a way that j; /(ny +1) =
jo/(n2+1) =+ = ja/(na +1).

By defining hy =1/(n1 +1),ha =1/(na+1),...,hq = 1/(ne + 1), for a given set

of eigenvalues, equation (8.3) can be written as

«

_ k
Ejl,nho - § :Ck(ejl,m) hl + Ejl,nhav
k=1

o
_ k
Ej2,n270 - E :Ck(ejmnz) h2 + Ej2,n27a7
k=1

«

4
Ej37n370 - Z Ck(ej&na) hlg + Ej37n3,0n (8 )
k=1

«
E k
Eja,nmo = Ck(eja7”a> h‘a + Eja,na,a-

k=1
Let ¢, ¢ be the vectors
]T

c=lcr,c0,... ¢ ; ¢=1¢1,¢,...,Cq

and let A be the coefficient matrix of size a x a with (A);; = hf Hence the set

of equations (8.4) can be written in matrix form as
Ac = bo - ba s (85)

_ T _ T
where by = [Ej1,n1707 Ej2,n2,07 s 7Eja,na,0] and b, = [Ejl,nl,a’ Ej2,n2,a7 R Eja,na,a] :
Furthermore, by neglecting the higher order errors, we may define an approxima-

tion ¢ of ¢ according to the expression below

Aé=by. (8.6)
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By solving the linear system of equations above, the approximation of ¢ is easily
obtained since the matrix size is very small. In a subsequent step we derive upper-

bounds for |¢ — ¢|: in reality, equations (8.5) and (8.6) leads to

A(¢—c¢) = by, (8.7)
If we define Ac =¢—cand n; = E}]lgi’la fori=1,..., a, then the system (8.7) can
be written as ~ _
mhi
s hoe—‘rl
AAhe= |2 |, (8.8)
nahg-i-l
with |n;] < C, for i =1,..., a, where C, is a constant. The coefficient matrix can
be expressed as
hy h? ... h¢ hy
hy h3 ... hS hs
A= . . - V(h17 ) hoc)7
he h% ... h® ha
where V'(hi,...,hs) is the Vandermonde matrix of order a corresponding to

by, .. B
By assuming W = V=!(hy, ..., h,), we deduce

( Z Py -+ I,

1<ki1<...<kq—i<a
ki,..oka—i #J

IT (& —he)

W)y = 1;];;: (8.9)

IT =)

1<k<a
\ k#j

(=) 1<i<a,
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Therefore for the inversion of the matrix A we have

( Z Py -+ hi,_,

1 <1 <aq,

(A_l)iyj = < 1<k<a« (810)

\ k#j
and we can obtain an explicit expression for (Ac);, i = 1,..., «, that is

(e}

(Ac); =Y (A7) mihe ™ (8.11)

j=1
Case 1. If i = «, then

&3 n,hq+1

(Ac)e = .
=h [ (= he)
1<k<a
ki

Whence, from the fact that |n;| < C, fori=1,..., a,

|<z

1,105 - Cahif
T hy 11 1hy = hl JZ IT th—nl

1<k<a 1<k <a
k#j k#j
With the choice h; = #hl for j =1,...,a, m positive integer, we have
)
Ac|<c7§: = :
Jj=1 H hl
k—1
1<k<a m
k#j
: (=)
— e ml— —
= O h¢ Z . — =

j=1 pot H

mi—1 k-1

1<k<a
k4]

_ - (m]:.l*l)a o
=mCa) - — = O0(h).
=1 H mi—1 k-1

1<k<a

k#j
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Case 2. If i =1,...,a — 1, then

Z i, -+ e,

a 1<k1<...<kq-iLa

a—i a ki,oeska—i #j
(Ac); = Z(—l) bt —— g

=1 hy [T (hy—he)

1<k<a
k#j

that is different from the case © = a just for the numerator

> Pky - P

1<ki1 <...<kq—i<a
kl)'“:ka—’i #.7

As a consequence

Z Py -+
o 1<k <. <ka_i<a

|(AC>Z| < Ca Z h]a Etyoko—i #J

j=1 H ’hj - hk’

1<k<a
k#j

With the choice h; = #hl for j =1,...,a, we infer

a—1 1 1
> (e

o 1<k <. <ko_i<a

“ h E1yeokas 75
(Ao <Y (mf_l) i 2 —
=1 H hi|——

1<k<a«

k#j
- 1\ [(hehy™
a3 () ()
=1 !
1 1 1
Z mk1—1mka—1 """ ka—i—1

1<k <...<kq_;i <o
ki,ka—i #J

I

1<k<a
k#j

mJ

mi—1 k-1
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1 1 1
Z mk1i—1 mka—1 """ ypka—i—1

o 1<k <. <ka—i<a

o = 1 Kty £
= hJ +1Ca; <mj—1) H 1 1

mi—1 k-1

1<k<a
kA
— O(h(ll_i—i_l).
As a conclusion, with the choice h; = #hl for j = 1,...,a and under the

assumption that the asymptotic expansion reported in (8.1) is true, we deduce
[(Ac)s| = O(h™), (8.12)

fori=1,...,a.

8.3 Error Bounds for Numerically Approximated

Eigenvalues

The goal of this short section is to provide error bounds based on the linear
system in (8.6) for the computation of the eigenvalues of P,(f, g): of course these
error bounds are based on the conjecture that the relations reported in (8.1) are
true. However, as we can see in Section 8.4, the numerical tests fully support the

existence of the considered asymptotic expansion.

Indeed, as already observed, by solving (8.6), we can approximate c¢;. Once we
have the values of ¢;, we can approximate the eigenvalues \;, of a large dimension
matrix of size ng, here ng + 1 = m~1(n; + 1). The asymptotic expansion (8.3)

can be written as

Ejymgo =hc+ Ejynya- (8.13)
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By subtraction Bgé from both sides of the equation above, we find

Ejﬂvnﬁo hTN_ hg(c_c) _I_Ej,(; ng,o

)\j(Pn@ (f, g)) - T‘(@j n@) h,BC = hTAC + Ej@mﬁ,on

X1(Pay(f,9) = rl030,) = el <Zh AN+ B, (519
‘)\j(Png(f7g>>_ ]ng C‘ <Zh ‘(AC) ’+C ha+1

where hg = [hg, 3, -+, h8]7, |Ejynsal < C’ath for some constant C,, and |(Ac);|
is given in (8.12).

8.4 Numerical Tests

In this section we want to present a few numerical experiments to support the
asymptotic expansion (8.1) in the case where one or more properties of the follow-
ing list are satisfied:

1. f"(0) # 0 (see Example 1, Example 3, and Example 5),

2. f"(0) =0 (see Example 2 and Example 4),

3. ming > 0 (see Example 1, Example 2, and Example 5),

4. ming = 0 (see Example 3 and Example 4),

5. r = f/g is non monotone (see Example 5).

The approximation of eigenvalues of large matrices in each case is also computed.

The expansion (8.1) for a =4 is

Nj(Pu(f,9)) = 1(050) +c1(8jn) b+ c2(050) h* + c3(0;) B
+cs(0j.0) B+ Ejpa,
Ejno = N(Palf,9)) = 7(050) = c1(0) h + c2(6;,) B
+c3(050) B 4 ca(00) h* + Ejna -

(8.15)

In all numerical examples we choose four matrix-size values, that is n; for i €

{1,2,3,4}, in a way that they satisfy n;, = m*"!(n; + 1) — 1, with m being a
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positive integer. The expansion (8.15) for the set of the four dimensions n; can be

written as

Ejy im0 = €1(0jn0) ha + ca(05,0,) 1+ €305, 00) BT+ €a(05,,) 1
+ Ej ny 45

Ejynz0 = €1(0jm5) ha + €2(05,.0) 5 + ¢3(05,m5) B3 + €a(0),,0) h
+ Ejy o 4

Ejyns0 = 1(0jsm5) B + C2(055.n5) 5+ 3(0j5m5) B3 + Ca(O)5.n5) h
+ By ns 4,

Ejinio = 1(0jums) ha + ca(0,00) h3 + c3(05,0,) B+ ca(0),00) i
+ B}y naa,

(8.16)

where h; = —= and j; = m*" ' jy for i € {1,2,3,4}. Notice that 0}, », = 0, n, = 0
for a fixed j; € {1,2,--- ,n1}. We are interested in the numerical approximation

of ¢;(0) for i € {1,2,3,4} and then in the precise numerical approximation of the

eigenvalue of P, (f, g) for large n. The set of equations (8.16) can be written as

Ejinyo = ¢1(0) hy + &(0) hi + &3(0) b} + ¢4(0) b1,
Ejyna0 = €1(0) ha + 2(0) b3 + &5(6) hi + ¢(6) ha,
o o e e (8.17)
EJS,H&O = 61(9> hg + CQ(G) h3 + 63(9) h3 + C4<9) h3,
E']4 n4,0 = 61(@) h4 + Cz(é) hi + 53(@) hi + 64(@) hi
We solve the system of linear equations above for j; € {1,2,--- n;} to compute

¢;(6). The computed ¢; are used to approximate the eigenvalues of large size ng

by exploiting the following relation

Ny (Puy (f,9)) = 7(05,m,) + hi5e. (8.18)
Example 8.1. Let g, f, and r be the functions defined as

f(0) =4 —2cos(f) — 2cos(20)
= (2 —2cos(0))(3 +2cos(d)),
g(8) =3+ 2cos(0),

r(6) = /) =2 —2cos(f),

g9(0)

where 8 € [0,7]. The graphs of generating functions are shown in left panel of
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Figure 8.1, and the approximations ¢, for k = 1,2,3,4 are shown in the right
panel. Note that g(#) > 0, V& € [0,x], f"(0) # 0, and furthermore r(0) is
monotone. We set n =ny € {40,60, 80,100} and m = 2.

—£(0)
—9(0)

-

function values
w

0 7I'/4 /2 3n/4 ™ 0 w/4 /2 3r/4 ™
0 0

=

C3
&

)

g,

FIGURE 8.1: Example 1: Generating functions (f,g, and r) and ¢ for k =
1,2,3,4.

Example 8.2. Let g, f, and r be the functions defined as

f(68) =20 — 30cos(f) 4+ 12 cos(260) — 2cos(36) = (2 — 2cos(0))?,
g(0) =3+ 2cos(0),

o) (2- 2cos(6))?
"0 =08 T 31 2c08(0)

where 6 € [0,7]. The graphs of generating functions are shown in left panel of
Figure 8.2, and the approximations ¢, for k = 1,2,3,4 are shown in the right
panel. Remark that g(#) > 0, Y6 € [0,7], f"(0) = 0, and furthermore r(0) is
monotone. We set n =ny € {40,60, 80,100} and m = 2.

70

—f(0)

=
=]

ww o
S S

function values
(3
(=]

20 -

-_ ] ‘ ) )
0 w/4 /2 3r/4 m 0 /4 /2 3n/4 ™
0 0

FIGURE 8.2: Example 2: Generating functions (f,g, and r) and ¢ for k =
1,2,3,4.
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There is an important issue to discuss here. Both the functions f and r attain
the minimum at 0 = 0 with a very high order. Indeed we have f(0),7(0) ~ 6°,
with @1 =~ @9 being the symmetric, transitive relation telling that there exist positive
constants ¢, C' > 0 such that cd1 < ¢pg < Cpy on the whole definition domain [0, ).
Therefore for fized j (independent of n) the j-th smallest eigenvalue of P, (f, g) is
asymptotic to k;h®, k; positive constant depending on j but not on n: the reader
is refereed to [141] for the preconditioned case with the limitation j = 1 and to
[128] and references therein for very elegant and precise estimates regarding the

pure Toeplitz case.

Now if we fix j and we put together X\; (Pn(f,g)) ~ h® with relations (8.3)-
(8.4) then the only possibility for avoiding a contradiction is that the functions
c1(0),c2(0), c3(0),ca(0), c5(0) all vanish at 6 = 0.

The approximations ¢y, for k =1,2,3,4 shown in the right panel of Figure 8.2 are
coherent with the above mathematical conclusion and in fact all these approxima-
tions vanish simultaneously at @ = 0 (the fifth is not displayed, but we computed
it and it also equals to zero at 6 = 0, while, as expected from an extension of the

results by [128] to the preconditioned Toeplitz case, the sixth is nonzero at 6 = 0).

Since the argument and the conclusions are the very same, we anticipate that the
discussion can be repeated verbatim for Example 4, where the functions f and r
attain the minimum at 6 = 0 with order 10. As a consequence, we expect that the
functions c1(0), ..., co(0) all simultaneously vanish at @ = 0, while c10(0) # 0: this
18 confirmed for the first four of them as reported in the right panel of Figure 8.4.

Example 8.3. Let g, f, and r be the functions defined as

1 1 1 1
f(0) =1+ cos(f) + 1 cos(20) + R cos(36) + 1 cos(46) + 1 cos(50) ,

g(0) =2 —2cos(f),
r(6) = fo) 1+ cos(0) + icos(?&) + % cos(36) + % cos(460) + % cos(50)
-~ g(0) 2 —2cos(f) ’

where 6 € [0,7]. The graphs of generating functions are shown in left panel of
Figure 8.3, and the approximations ¢, for k = 1,2,3,4 are shown in the right
panel. Note that ming(f) = 0, V6 € [0, 7], f"(0) # 0, and furthermore r(6) is
monotone. We set n =ny € {40,60, 80,100} and m = 2.
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10

logyg | £(6)|
logyg |9(6)]
logyg |r(0)]
5l
@
=
g
g L
£ o < &
=
£
&
=}
= 5 |
-10 ‘ . 2 . . .
0 /4 /2 3m/4 ™ 0 /4 /2 3n/4 ™
0 0

FIGURE 8.3: Example 3: Generating functions (f,g, and r) and ¢ for k =
1,2,3,4.

Example 8.4. Let g, f, and r be the functions defined as

f(0) = 252 — 420 cos(#) + 240 cos(26) — 90 cos(36) + 20 cos(40) — 2 cos(50)
= (2 —2cos())?,
g(0) =2+ 2cos(0) ,

~f(0)  (2—2cos(h))°
r) = g(0)  2+2cos(d) ’

where 0 € [0,7]. The graphs of generating functions are shown in left panel of
Figure 8.4, and the approximations ¢, for k = 1,2,3,4 are shown in the right
panel. Remark that ming(0) = 0, V0 € [0, 7], f"(0) = 0, and furthermore () is
monotone. We set n = ny € {40,60, 80,100} and m = 2.

10 T T T 2000

logq [ £(0)]
logyg9(6)]
logy |r(6)] 1500 |-

-1000

0 1r‘/4 /2 3r/4 ™ 0 /4 /2 3n/4 ™
0 0

1000 -

[

500 |

logy [function values|

-500 -

-15

FIGURE 8.4: Example 4: Generating functions (f, g, and r) and ¢ for k =
1,2,3,4.
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Example 8.5. Let g, f, and r be the functions defined as

f(0) = % + % cos(f) — 137 cos(20)

+ % cos(30) = (3 — cos(0) + T cos(20))(3 + 2cos(6)),
g(0) =3+ 2cos(0),

_f) 5
r(0) = 70 3 — cos(f) + T7 cos(20) ,

where 0 € [0,7]. The graphs of generating functions are shown in left panel of
Figure 8.5, and the approrimations ¢, for k = 1,2,3,4 are shown in the right
panel. Notice that ming(#) > 0, V6 € [0, 7], f”(0) # 0, and furthermore r(-) is
non monotone. We set n = n; € {40,60, 80,100} and m = 2.

0.5 H

function values
{=23

4 \ 7 054

0 w/4 /2 37r‘/4 ™ 0 w/4 7r)2
0 0

3r/4 ™

FIGURE 8.5: Example 5: Generating functions (f, g, and r) and ¢ for k =
1,2,3,4.

The numerical tests related to Examples 1 and 2, as in Figures 8.6 and 8.7, show
that the error expansion (8.1) behaves as expected. In Figure 8.11 we also see that
the approximated ¢ can be used for a large n to approximate the error term to

(or almost to) machine precision.

In the numerical tests associated with Examples 3 and 4, as in Figures 8.8 and
8.9, we observe again that the error expansion is in accordance with (8.1). We also
note a slight deviation for the largest eigenvalue and this has to be expected since
we have r(6;,) — oo as n — oo for Example 3 (on the other hand for Example 4
we notice r(6,,,) — 00 as n — 00). However, the approximation of the eigenvalues

of P,(f,g) is excellent and almost to machine precision as reported in Figure 8.12.

In the numerical test related to Example 5 we have a non monotone region for
0 € [0,2tan"!(1/3/17)] where the proposed expansion does not work. Indeed
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additional errors are introduced when compared to Ej, o, since the sampling of
7(0;,.n,) leads to a poorer approximation after ordering than the procedure given
by sampling (0, ,.,) first and then picking samples after ordering. However, the
expansion is confirmed for the rest of the domain, as seen in Figure 8.10. Fur-
thermore, in Figure 8.13 the expansion works well again for the monotone part,

by allowing an approximation almost to machine precision of the eigenvalues of

However, even if the eigenvalues lying in the non monotone region give raise to an
irregular error pattern, it seems that there exists a kind of ’deformed’ periodicity
in the error, like it is formally proven, without deformations, for the eigenvalues
of T,,(f), f(0) =2 —2cos(wh), w > 2 integer, and g(f) = 1 (see [137]). The latter
observation indicates that a more complete study of this 'deformed’ periodicity

has to be considered in the future.

We finally observe that remarkable numerical results for the eigenvalues of P, (f, g),
as reported in Figures 8.11, 8.12, 8.13, really answer in the positive to the question
posed in the title of this research work. In fact, we obtain almost machine precision
for the computation of the spectrum of P, (f, g), for large n and only working with

few really small matrices.

8.5 Summary

Bogoya et al. [131-133] have recently obtained the precise asymptotic expansion
for the eigenvalues of a sequence of Toeplitz matrices {7),(f)}, under suitable
assumptions on the associated generating function f. In this research work we
have shown numerical evidence that some of these assumptions can be relaxed and
extended to the case of a sequence of preconditioned Toeplitz matrices {P,(f, g) =
T g)T(f)}, for f trigonometric polynomial, g nonnegative, not identically zero
trigonometric polynomial, r = f/g, and where the ratio r(-) plays the same role
as f(+) in the nonpreconditioned case. The first order asymptotic term of the

expansion has been also proven using purely linear algebra tools.

Moreover, based on the eigenvalue asymptotics, we devised an extrapolation algo-
rithm for computing the eigenvalues of preconditioned banded symmetric Toeplitz
matrices with a high level of accuracy, with a relatively low computational cost,

and with potential application to the computation of the spectrum of differential
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operators. In fact, up to low rank corrections, matrices of the form P, (f, g) appear
in the context of the spectral approximation of differential operators in which a
low rank correction of T,(g) is the mass matrix and a low rank correction of 7,,(f)
is the stiffness matrix. We carried out also preliminary numerical tests confirming
that the same kind of asymptotic expansion holds, at least in the context of the

[sogeometric approximation of second order differential operators.

Therefore a plan for the future has to include:

the theoretical proof of the asymptotic expansion in (8.1) for o > 1;

e the analysis of the non monotone case and its relations with the study in
[137] for the special case where f(0) = 2 — 2cos(wfl), w > 2 integer, and

9(0) = 1;

e the extension of the results by [128] to the preconditioned Toeplitz case and

the study of its connection with the general expansion in (8.1);

e the extension of the numerical and theoretical study to a multidimensional,
block setting, with special attention to the matrices coming from the ap-

proximation of elliptic differential operators.

Appendix

Theorem 8.1. Let f, g be real-valued cosine trigonometric polynomials (RCTP)

on [0, 7] with M, = maxg > 0 and my = ming > 0. Ifr = % 18 monotone on

[0, 7] then 3C > 0 such that

Aj<7>n<f,g>>—r(nLL>] <Ch ViV, (3.19)

where

o P.(f,q) is the “preconditioned” matriz P,(f,q) = T, (9)Tn(f),

n

o M(Pulf9)); A2(Pu(f,9))s - - A(Pulf,9)) are the eigenvalues of Pu(f,g),
arranged in nondecreasing or nonincreasing order, depending on whether r

18 1ncreasing or decreasing,



Chapter 8. Are the eigenvalues of preconditioned banded symmetric Toeplitz

matrices known in almost closed form? 143
_ 1 _gm
L h_n_H and9j7n—7f—ﬂ—jﬂh.

Proof. For the sake of simplicity, we assume that r is nondecreasing (the other
case has a similar proof).

Notice that the conditions on f and g imply that T},(g) is positive definite and, by
setting ~ the symbol representing similarity between matrices, we find P, (f, g) ~
Tn_l/Q(g)Tn(f)Tn_l/Q(g) so we can order the eigenvalues of P, (f, g) as follows

We remark that

where, for ¢» RCTP of degree m and Q = (, /n%lsin (ﬁ:&)) , To() is the
ij=1

following 7 matrix [130] of size n generated by v

))Q, Q=Q"=Q7,

(0) = Qg (v (27

1<j<n n+

and H, (1) is the Hankel matrix

[ b s e ]
Vs
Um
H,(¢) =
Vm
Vs

Um - b 1y



Chapter 8. Are the eigenvalues of preconditioned banded symmetric Toeplitz
matrices known in almost closed form? 144

with rank(H,(¢)) < 2(m —1).

Hence,

Ry :=rank(H,(f)) <
R, = rank(H,(g)) < 2(dea(g) — 1), (5.21)
Rpy = max{Ry, Ry} < 2 (max{deg(/), deg(g)} — 1).

Let PT be the matrix 7, (g)7.(f),

Hence, for j =1,...,n

Ai(Pr)=r (nj:fl) : (8.22)

By observing that 771 (¢)T,(f) is similar to T}, “/*(g )Tn(f)T,L_l/?(g), using the Min-
Max spectral characterization for Hermitian matrices [129], fixed j € {Ry, +
l,...,n—Rys,} and T C C*, dim(7") = n+ 1 — j, we obtain

N (T (9)Ta ()
A (T2 Tu ()T ()

T ()T ()T

N (x ()T ()T (g)
dim(T)=n+1—j5 \ z€T, T*r

40

(8.23)

B . (y*Tn(f)y)
= max min —
dim()=nt1-j | €T \y*To(g)y

v=T5, "? ()
) | (y*Tn(f)y)
= max min ( ————— ;
dim(T)=n+1—j ye;O‘ yv*1.(9)y

y7Y

because T{l/Q(g) is a full rank matrix and, if dim(7") =n + 1 — j, then T := {y:
y =T, *(9)z, x # 0,2 € T} is a new vector space having the same dimension
n+1—jasT.

Let F' be the subspace of C" generated by the union of the columns of matrices
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H,(f) and H,(g). Because of the particular structure of the columns of Hankel
matrices H,(f) and H,(g), we deduce

dim(F) = max {rank(H,(g)), rank(H,(f))} = Ry,

so that
dim(F+) =n — Ry,

Let us define Wy, = 7' N F*,

n+41—j>dim(W;,) > max{0, dim(7T) + dim(F*) — n}
=n+1l—j+n—Rp,—n=n+1—(j+ Rysy,),

because n + 1 — (j + Ry,) > 1 for j < n — Ry . The latter implies in particular
that W, # 0. Thus, due the orthogonality, Yy # 0 € Wy 4, we find

so that

Hence, from (8.23)

Aj(Pu(f,9)) =  max min

dim(7T)=n+1—j \ yeT,

< max min
dim(T)=n+1-j \ ¥€Wrg (y* (Tn(g) + Hn(Q))?J)

~ max min (w)
dim(T)=n+1—j yevlfg,g v a(9)y (8.24)
yF#u

B . (y*Tn(f)y)
= max min | ¥—=
Wi =TnFL \ ¥€Wro \ Y*T0(9)y
dim(T)=n+1—j y#0
*Tn
< max min (M)
v Ta(9)y

n+1—j>dim(Wy ) >n+1—(j+Ry,g) | v€EWy g,
y#0
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(x*wal/Q(g)Tn(f)Trfl/Q(g)x)

= max min "
n+1—j>dim(W)>n+1—(j+Ry,4) yeWys g, xTrxr
y#0
I:T}L/Q(g)y
_ T T T
= max{\;(F;), \jr1(Fr), -+, Njrry, (Pr) }

= >\j+Rf,g(P'r:)‘

By fixing j € {Rsy+1,...,n — R, } and T C C", dim(T") = j, analogously we

obtain

Ai(Pa(f.9)) =  min | max
z7#0

<x*Tf”(g)Tn(f)T;l/?(g)x>

r*x

- (y*Tn(f)y)
= min max —_—
dim(T)=j 1;675 y*Tn(g)y
y:TJlfz(g)z (825)

= min max (m)

dim(T)=j5 \ yeT, y*Tn(g)y
y#0

thﬂ+Hmnw>

= ay m‘“‘x(y*<m<g>+ﬂn<g>>y

dim(T)=j \ yeT,
y7#0

Let us define Wy, = TN F*,
j > dim(Wy,4) > max{0, dim(T) + dim(F*) —n} = j+n— Rpy—n=j — Ry,

because j— Ry, > 1for j > Ry +1. The latter implies in particular that Wy, # 0,
and hence, due the orthogonality, Yy # 0 € Wy ,, we have

H,(f)y=0, Hy(9)y =0,

and therefore
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Thus, from (8.25)

A (Po(f, > min max
J( (f,9) dim(T)=j yevzw
yFY

(y*(Tn(f) + Hn(f))y)
y*(u(9) + Hu(9))y

= min max <
v 1a(9)y

dim(T)=j \ ¥€Wr.q
y#0

= min max (w) (8.26)
Wy o=TNFL yET/Zé,g, y*Tn(g)y

dim(T)=j

- : (y*Tn(f )y)
> min max | ————
j>dim(Wy ) >j—Ry yGyVZé‘,gv Y 7a(9)y

= min{X;(F7), Aj-1(P7), - Ay, (F7)}
= )\Jin,g (P’:l-)'
By exploiting the previous inequality, relations (8.22) and (8.24), we obtain for

j:Rﬁg—kl,...,n—Rﬁg

(j+s)m
n-+1

' (%) = Ajs(P7) < N (Pulf,9)) < Nwal(P]) =7 (

) . (827

where s = Ry .
The function r is a RCTP on [0, 7] and a monotone increasing function so we have,

VnandVj=s+1,...,n—s,

@) -r (Z5) <0 (T - (25) =05 < s

n+1 n+1 n+1 n—+1
(8.28)
with 0 € (n]—]:l, %) and
jm (U —s)m Jm /
: S G I (s Iy L I (8.
o) - () 2 (U200 < () 2 I lhsmn. (s29)
By setting C' = ||1']|oosm, for s +1 < j < n — s, we obtain
APl 0)) = ()| < e (5.30)
i(Palf.9) =1 { g )| S O :

Furthermore, from [136] Vj = 1,...,n, we know that

my S A](Pn(fa g)) S MT‘)
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where

m, = min r(f); Mpr= max r(f),
0e(0,m) 0e(0,m)

with strict inequalities that is m, < X\;(P,(f,9)) < M, if m, < M,, while the case

m, = M, is in fact trivial. Hence forn —s < j <n

() () < e o

Whereée(rf—g,n"—ﬂ). If n —s < j<nthen |n—j| < s, so that

(n—j)m
n-+1

)

' (njj:l) B AJ‘(Pn(f,g))‘ <

‘7" (nj—jl) — (Pl g))) < ||¢'||ssTh = Ch.

Fori1<j<s+1

() -ainana < ()~ ()=

Whereée(%ﬂ,%). If1<j<s+1then|j—1]|<s,so

I

‘T (njj:l) = Xi(Pulf, 9))' < |'||awsTh = Ch.

Hence

Ni(Pu(f,9)) =7 (J—L)‘ <Ch VYjV¥n.

Here we present a second proof of the previous theorem.

Proof. We adopt the very same notation used for the first proof. First we notice
that the low rank matrices H,(f) and H,(g) are also Hermitian matrices because
To(f), Tn(g), Tn(f), and 7,(g) are Hermitian matrices. Let x; and \; (P,(f, g)) be

a pair eigenvector and eigenvalue of P,(f, g). Then we can write

By multiplying the previous equation from the left by the matrix T,(g) = 7,(¢g) +
H,(g), we obtain

(T (f) + Ha(f)) xi = X (Pu( [, 9)) (Tulg) + Hn(9)) Xi,
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which is equivalent to

(Tu(f) + Ho(f) = N (Pu(f,9)) Hu(g)) xi = Ai (Pu(f, 9)) Tn(9)Xi-

Finally, by setting y; = 7/ 2(g)xz- and by multiplying from the left by the matrix

Tn_l/z(g), we have

T2(9) (T f) + Haf) = N (Pu(f.9)) Ha(9) 772 (9)ys = Xi (Pu(f.9)) -

(8.31)

Equation (8.31) tells us that \; (P.(f,g)) is also the eigenvalue of

7'7171/2(9) (7a(f) + Ho(f) — Xi (Pu(f,9)) Hu(g)) 7'1171/2@)-

We can write

7—71_1/2(9) (7 (f) + Ho(f) = XN (Pu(f.9)) Hu(g)) 771_1/2(9)

as

7 P97 ()72 (9) + 7 2 (9) (Ha(f) = Xi (Pl f.9)) Ha(g)) 702 (9) =
= 71.(f/9) + 7,2 (9) (Ho(f) — N (Pu(f, 9)) Halg)) 7, *(g) . (8.32)

Notice that the rank of any linear combination of H,(f) and H,(g) is Ry, =
max{rank(H,(f)),rank(H,(¢g))} and the argument is the special Hankel struc-
ture of H,(f) and H,(g). As a conclusion, from the expression above, using the
MinMax characterization and the interlacing theorem for Hermitian matrices, we

write

Nikp o (Tn(f/9)) < N (Pu(f,9)) < Aivry, (7a(f/9)), (8.33)
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where i € {Ry,+ 1,--- ,n — Ry,}, which leads again to the proof of Theorem
8.1. ]

Remark 8.2. With regard to Theorem 8.1, the case where r is bounded and non-
monotone is even easier. If we consider 7, the monotone nondecreasing rearrange-
ment of r on [0, 7], taking into account that the derivative of r has at most a
finite number S of sign changes, we deduce that 7 is Lipschitz continuous and its
Lipschitz constant is bounded by ||7'||o (notice that 7 is not necessarily continu-
ously differentiable, but the derivative of 7 has at most S points of discontinuity).

Furthermore, the eigenvalues of 7,,(r) are exactly given

(]+>
r
n-+1

so that, by ordering these values nondecreasingly, we deduce that they coincide

with 7(z; ), with x;, of the form %(H—o(l)). With these premises, the proof fol-

lows exactly the same steps as in Theorem 8.1, using the MinMax characterization

and the interlacing theorem for Hermitian matrices.



Chapter 9

A robust numerical method to
compute eigenvalues of banded

symmetric Toeplitz matrices

A robust numerical methods is constructed to extrapolate and interpolate
the eigenvalues of banded symmetric Toeplitz matrices when the matrix size
is large. The distribution of eigenvalues of a banded symmetric Toeplitz
matrix (T,,(f)) in [0, 7] get closer to the distributed value of f(0) for 6 =

JmT

o (-) being the symbol of banded symmetric Toeplitz matrix, as the

size n of banded symmetric Toeplitz increases. In general the the difference
Ni(Tn(f)) — f(8;) is not zero. In the following we present an algorithm
to choose t;, such that \;j(T,(f)) = f(tjn ;). With the help of cubic-
spline fitting, we show how it is possible to extrapolate and interpolate the
eigenvalues for large matrix sizes. A strategy is also presented in order to

choose the best interpolated and extrapolated eigenvalues.

9.1 Introduction

In Chapter 8, The expansion [131-133] of \;(7},(f)) is given (assume g(x) = 1 and
r(z) = f(x)) ie.

151
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N(Ta(F) = f(Oin) + > cu(00)h" + Ejna (9.1)

k=1

where:

e the eigenvalues of T,,(f) are arranged in nondecreasing or nonincreasing or-

der, depending on whether r is increasing or decreasing;

e {ci}r=12. . is asequence of functions from [0, 7] to R which depends only on
[

_ 1 R & S R
e h=—75and0;, =5 =jrh

® E;no=O(h*"") is the remainder (the error), which satisfies the inequality

|Ejnol < Couh®t! for some constant C,, depending only on « and f.

Detailed discussion concerning the implementation of (9.1) can be found in Chap-

ter 8. We are looking for parameter ¢;,, such that

N(To(f) = f(tjnbim) - (9.2)

The cases when the symbols of banded symmetric Toeplitz matrices are either

monotonically increasing or decreasing are considered.

Notice that when the symbol f(-) is either increasing or decreasing the inversion
of f(-) is possible. If the analytical expression of f~!(-) is available then the

computation of ¢;,, is trivial

tin=f" <w> . (9.3)

9.2 Algorithm

Suppose T, (f) is a Toeplitz matrix with monotonically increasing or decreasing

symbol f(-). We define n; = 2" (ny + 1) = 1, h; = 5 and 0, ,, = L5 = j 7 h;.
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If we equate

0.

Ji,m1

JiyTi
N _ JiT _ Ji T _ Ji T
1+ny  1+4mn 14271 (n+1)—1 2i-1(ny+1)

ji=j2"".

In other words we can say

0]‘1 2i—17ni — 0‘7‘177—“ .

We can compute the eigenvalues of small size Toeplitz matrix 7,,(f) and looking
for numerical approximation of the eigenvalues of much larger matrix. Suppose it

is given that
Nons (T, (f)), forgy=1,2,--- n;, andfori=1,2--- my.
For some my > my, it is aimed to approximate

)\jm27nm2 (Tnm2 (f)) ) for jm2 = 17 27 e 7nWL2 .

But first we explain how to compute

)\j12m271,nm2(Tnm2(f>)’ for jl - 172a"' y 1 -

0, 0, . O,

hl )\l,nl )\2,n1 e )\nl,nl

hs A2(1),ms A2(2)ms E A2(n1)me
h3 A4(1),77,3 >\4(2),n3 e )‘4(n1),n3
hml )\le_l(l)unml )\2m1—1(2),nm1 .« )\2m1—1(n1)7nm1

TABLE 9.1: Seclection of eigenvalues according to 6;.
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91 92 9711
hy b1, L2, tnyna
hy t2(1)ms £2(2),ns t2(n1),ma
h3 2(/-4(1),713 t4(2),n3 t4(n1),n3
hml t2m1—1(1)7nm1 t2m1_1(2),nm1 t2m1_1(n1)7nm1

TABLE 9.2: Parameters tj, ,, according to 0;.

Arrangements of \;, ,,’s and ¢, ,,’s are shown in Tables 9.1 and 9.2 respectively.

Each column in Tables 9.1 and 9.2 corresponds to a fixed value of #. The compu-

tation of ¢;, ,, can be performed according to (9.3). In case if there is no empirical

formula to compute the inverse of bijective symbol f(-) one may us inverse inter-

polation by tabulating the values of f(-).

To extrapolate the values of parameters ¢;, ,, from Table 9.2 we can fit Lagrange

polynomial in each column of Table 9.2 by taking h; as independent variables.

Idea is presented in Table 9.3.

hy Limy
o 12 ny
hs Laing
hm1 1527"1*1 i,nml
(Lagrange extrapolation)
hm2 t2m2*1 i,nm2
/\2m2*1i,nm2 =/ <t2m2*1i,nm20i>

TABLE 9.3: For fixed 0;: tymy-1;,,,,

Lagrange polynomial.

is an extrapolated value for h,,, by using
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Once we have extrapolate the value of toma—1im,, for h,,,, it is an easy task to

approximate )\2m2—1i’nm2. The approximation is

A2m271i’nm2 - f <t2m27li’nm2 01> .

9.2.1 Best approximation of Agma=14p,

We proposed an algorithm to get best approximation value of Agm,-1 ity For each
fixed 6; we have set of paired data of size m; as it is shown in Table 9.3. According

to Table 9.5 first we use m; paired values to approximate Agm,—1 i img and call the

approximated value <5\2m2—1in 2) . Next use m; — 1 paired values to get second
K m 1

approximation (5\2m271 mm2> and so on. Finally we use only two paired values to
2

get approximation (:\zmgq i’nm2>m1—1' We can compute m; — 2 forward differences
from m; — 1 data values and that are shown in Table 9.5. We find the index of
minimum positive forward difference and declare the approximated eigenvalue best
that corresponds to said index. Algorithm to find best value is given in Algorithm

1 (Best value finder algorithm).

9.2.2 Extrapolation and interpolation of eigenvalues

As we have discussed for each 0; for i = 1,2, --- , n; we can choose best approxima-
tion to eigenvalue S\erli’nm. From our algorithm we also have the information
about tyma=14,,,, that corresponds to best selected approximated eigenvalues. We
fit piecewise cubic spline in paired data -(Qi,tQmQ—li’nm) which is also shown in
Table 9.6. Once we have constructed piecewise cubic spline we extrapolate and
interpolate the value of tymo-1;,,,  for 0;, ., for jm, =1,2,--+ ny,. From above
information the computation of Aj,,_ .., for ju, =1,2,- -+ ny, is straightforward.
Algorithm 2 (extrapolation and interpolation of eigenvalues) describes the detailed

implementation of extrapolation and interpolation of eigenvalues.
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9.2.3 Best extrapolation and interpolation of eigenvalues

We have m; data set of eigenvalues of sizes ny,no,--- ,n,,, respectively. If we

divide successively these data sets of eigenvalues in the way

(nb Ng, - 7nm1> my data sets

(ng,ng, -+ ,nm,) myq — 1 data sets

(713, [LZPR ,nml) mq — 2 data sets
(Mg —15 Ty ) 2 data sets,

we obtain m; — 1 data sets of eigenvalues. By applying the procedure of Section

9.2.2 we can compute best approximation (Aij,nmz for jpm, =1,2,--+ ,nyy, and
qg=1,2,3,---,m; — 1. Here ¢g-index varies over the m; — 1 data set (see Table
9.7). To select globally best eigenvalues of these m; — 1 data sets of eigenvalues
we again use the strategy of forward difference which is describe in Algorithm 1.

Algorithm 3 execute the all the procedures to get globally best eigenvalues.

Paired data Lagrange Approximated
sets extrapolation eigenvalues values
(hasting)s = s (g, tomi—1 i,nm1> — (5\27112*1 i,nm2> .
(ha,taime), s (P tomi=1ip,,, ) - (xzmz—l i,nm2)2
(h3,taimy), o s (By s tomi— i,nml) — (5\2"12*1 i,nm2>3
(hml—].? t2m1—2i,n1)7 T (hmntle—l i,nml) - (5‘2’"2—1 i,nm2>ml_1

TABLE 9.4: For fixed 6;: m; — 1 approximations of Aym,-1 iy
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Approximated eigenvalues Forward differences
()\ngfl i,nm2> 1 <>\2m271 i,an>2 - ()\ngfl i,nm2 L

<>\2m2—1 z’,nmz ) 3 )\2m2—1 ivnmz ) 4 - <>\2m2—1 z’,nm2

(5\2m271 i\ Mm ) (5\2m271 N ) - (5\2m271 PN )
2 2 ( ’ 2 3 ’ 2)2

1. 1. - 1
<>\2m2 4, Mgy ) g2 <>\2m2 4,y ) i1 <>\2m2 1, Mmg

TABLE 9.5: Computations of forward differences.

0 t2m2—1 ;

1,Mmoy

91 t2m271 1’nm2
92 t2m2—1 2’nm2

93 t2m2—1 3,77»m2

0711 t2m271 N1,y

TABLE 9.6: Best selected tomy-1;,, ~for 6;.

Data set Best approximated eigenvalues

(n1,n2, ) <Ajm27nm2>1 for jimy = 1,2, Ny

(n2>n37 te >nm1) <)\ij,an)2 for jmz - 17 27 oy Mimg
(n37 Ny, - 7nm1) (Aij,an)?) for jmz - 17 25 oy My
(Mmy =15 Ty ) (/\j7,L2,n,,L2) X for j, = 1,2, npy,
mi—
TABLE 9.7: Computation of /N\jm2 nm, for different data sets.

9.3 Numerical testing

The central finite difference approximation of d*™/dz*™ can be expressed in terms

of symmetric banded Toeplitz matrix T),(¢g,,) and g,,(0) = (2 —2cos(0))™. We can

notice that g,, is a monotonic function for 6 € [0, 7] and its inverse is g,'(x)

cos™' (1 —at/m/2).
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Algorithm 1 Main program for extrapolation and interpolation of eigenvalues

1:
2
3
4
5:
6
7
8
9

10:
11:
12:

13:
14:
15:
16:

procedure MAIN_PROGRAM(n1,5,q)
for j from 1 to s do
ng < 207 (ny +1) — 1
hj — ﬁ
end for
for j from 1 to s do
for i from 1 to n; do
Aij < eigenvalue (Tnj( n)
end for
end for
for ¢+ from 1 to s—1do
A\ ¢ EXTRAPOLATION_INTERPOLATION_OF_EIGENVALUES(A, nj.s, 5 —
i+1l,g—i+1)
end for
[\, ~] <= BEST_VALUE_FINDER(\)
return \ > Return eigenvalues of 75, (f)
end procedure

Algorithm 2 Best value finder algorithm

1:

10:

11:
12:
13:

procedure BEST_VALUE_FINDER(B) > Find best value in each row of matrix
B
[n, m] < size(B) > Find the dimension of matrix B
v < zeros(n, 1) > Define vector v of dimension n x 1
A« diff(B’)" > “diff” is a command in Matlab to compute the difference
and ()" means transpose
for + from 1 to n do
J < find(A(4,:) <0) > Find the indexes of elements of ith row of A
which are negative
A, J) < oo > Replace negative values of A with very big value
[~, I] < min(A(1,:)) > Find the index of element of ith row of A
which has minimum value
index(i) < I
v(i) + B(i,index(7)) > Save minimum value element of ith row of
matrix B in v(7)
end for
return v, index
end procedure
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Algorithm 3 Extrapolation and interpolation of eigenvalues

1: procedure EXTRAPOLATION_INTERPOLATION_OF_EIGENVALUES(\,n,s,q)

2 for j from 1 to s do >A={Ain,li=1,2,-- ,;nj&j=1,2,--- s}
3 hy L > 1= [, ng, 0yl
4: end for o

5: h < [h1, ho, -+, h

6 ng 20 Y(n; +1) -1

7 hy < ﬁ

8 for ¢ from 1 to n; do

9: 91 —ihym

10: end for

11: for i from 1 to n, do

12: 0; — ihym

13: end for

14: for j from 1 to s do

15: for ¢ from 1 to n; do

16: j\i,j < )\Q(j—l)imj

17: f(tZJQJ = S\i,j > Solve f(t%jgz) = S\i,j to find the value of tz‘,j
18: end for

19: end for

20: for j from 1 to s—1do

21: for ¢+ from 1 to n; do > Cubic spline for extrapolation
22: t;; < spline(h(j : 8),t(i, 5 : 8), hy) > h(j:s)=[hjhje1, -, hs
23: 5\1‘7]' “— f(fw@)

24: end for

25: end for

26: if s—1>1 then

27: B « P‘i,j]rmx(s—l)

28: [~,index] - BEST_VALUE_FINDER(B) > Call algorithm 2
29: for ¢ from 1 to n; do
30: t(i) < t(i, index(i))
31: end for
32: else
33: tet
34: end if
35: t < spline(0, t, é)

36: A f(t0) > Cubic spline for interpolation and extrapolation
37: return \ > Return eigenvalues of 75, (f)

38: end procedure
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The associated matrix with central difference approximation of ;;—44 is
(6 -4 1 0 0 0 0 0 0 O]
-4 6 -4 1 0O 0 0 0 0
1 -4 6— 4 O 0 0 0 0
o 1 -4 6 -4 1 0 0 0 O
o o0 1 -4 6 -4 1 0 0 0
T(g2) =
o o0 0 1 -4 6 -4 1 0 0
o 0 o 0 1 -4 6 —4 1 0
0O o0 0 0 0 -4 6 -4 1
0o o0 0 0 0 1 -4 6 -4
00 0 0 0 0 1 -4 6 0w

We can compute

where ¢ =1,2,--- | s.

In Figures 9.1, 9.2, 9.3 and 9.4 we can see absolute error plots before (left) and after
(right) the implementation of Algorithm 1. Full extrapolation and interpolation
with best selection of approximated eigenvalues are shown in Figures 9.5 and
9.6 for different values of m;. Figures 9.1, 9.2, 9.3 and 9.4 clearly tell that the

performance of our proposed algorithm is comparability better.

log10|error|
0
<
;
log10; |
5 &

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
€0, 0o,

FI1GURE 9.1: Absolute error in n; eigenvalues out of ng = 12927: error before
(left), error after (right), m; = 4, ng = 12927 and n; = 100.
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10 -12.5
1]
-105 I
11 -13 “(‘“ //; .
115 |/
o 12 _ast o/
§ 125 § “
:8’ 13 E‘ 14 \
I

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
0co, 0clo

FI1GURE 9.2: Absolute error in n; eigenvalues out of ng = 12927: error before
(left), error after (right), m; = 5, ng = 12927 and n; = 100.

15 18
42 H
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43l
3 H
3 -135 S -
5 5
> 2=
S 4t S
145
a5t
155 f . . . . . 16 . . . . . .
0 05 1 15 2 25 3 0 05 1 1.5 2 25 3

0 c[o, 7 0 €0, 7]

FIGURE 9.3: Absolute error in ny eigenvalues out of ng = 12927: error before
(left), error after (right), my = 6, ng = 12927 and n; = 100.
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5 5
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16
-16.5
7
175 7 - : : : : .
0 05 1 15 2 25 3 0 05 1 15 2 25 3

0 [0, 0 [0,

FIGURE 9.4: Absolute error in ny eigenvalues out of ng = 12927: error before
(left), error after (right), my = 7, ng = 12927 and n; = 100.

log10|error|
log10|error|

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
6 <0, 7] 6 <[0,x]

FicUure 9.5: Extrapolation and interpolation of ng = 12927 eigenvalues: n; =
100, my = 4 (left) and my = 5 (right).
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log10lerror|
log10lerror|

0 05 1 15 2 25 3 4
6 €0, 7] 6 €0, 7]

FIGURE 9.6: Extrapolation and interpolation of ng = 12927 eigenvalues: n; =
100, m1 = 6 (left) and m; = 7 (right).

9.4 Summary

A new algorithm is proposed to extrapolate the eigenvalue of symmetric banded
Toeplitz matrices. The bijective symbol helps us for inverse interpolation to com-
pute the value of our introduced parameter ¢;. By fitting Lagrange polynomial
in t; data we can extrapolate the values of ¢; to approximate the eigenvalues of
much larger symmetric banded symmetric matrix. To improve the performance of
our proposed algorithm we devise a strategy to select local best approximation of
eigenvalues. One we have local best approximations of eigenvalues we select global

best approximations to eigenvalues.
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Summary and Future work

When we talk about iterative methods without memory to solves system of non-
linear equations there is a number of ways to improve their performance. Newton
method is the classical method to solve equations and system of nonlinear equa-
tions with the quadratic rate of convergence. To widen the region of convergence
of Newton method, we introduced a parameter without altering its quadratic rate
of convergence. By changing the value of parameter we can alter the path of
convergence of Newton method that may give us a fast convergence. This is not
the only benefit that parameter provides us. In the case of divergence of Newton
method, we have the possibility to get convergence by changing the value of the
parameter in the parametrized Newton method without changing our initial guess.
The parametrized Newton method also accepts the vector values for the parame-
ter and perform well. The inclusion of multi-steps in the base method makes the
Newton method Newton multi-step method. Multi-steps with frozen Jacobian are
the cheaper way to increase the convergence order of iterative method with low

computational cost. Low computational cost is due to frozen Jacobian.

Preconditioners for solving system of nonlinear equations could be helpful. In
iterative methods preconditioners are introduced without changing the roots of
original systems of nonlinear equations. Preconditioners are vector-valued func-
tion whom each component does not have any real root. Preconditioners do not
increase the theoretical order of convergence of iterative method but can make
the method fast by changing the course of the sequence of approximations. Our
proposal for the preconditioners to improve the efficiency of Newton multi-step

iterative method does not affect its convergence order and computational cost is

163
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almost the same. May be preconditioned Newton multi-step method has higher
computational cost in the case of dense preconditioners and it opposite in the case

of sparse preconditioners.

In realistic numerical simulations most of the time we do not know the analyti-
cal expression for the system of nonlinear equations. In such a scenario system
of nonlinear equations are the black boxes. If there are no analytical expres-
sions for system of nonlinear equations we cannot compute its Jacobian analytical
and hence have to use its numerical approximation. When we use the numerical
approximation of a Jacobian in an iterative method we call that method deriva-
tive free method. Our proposal for derivative-free Newton multi-step method in
the case of preconditioners is also efficient. Preconditioners when are applied to
derivative-free Newton multi-step method they again do not change its original
order of convergence but can provide fast convergence by changing the dynamics

of the iterative method.

The construction of iterative methods for solving systems of nonlinear equations
to find simple roots is relative easy compared with that of roots with multiplicities.
The application of preconditioners is also considered when the system of nonlin-
ear equations has unknown multiplicities. In this case, preconditioners when used
in the Newton method, for solving the system of nonlinear equations with un-
known multiplicities, does not affect its quadratic convergence. The inclusion of

preconditioners provides us with numerical stability and efficiency.

In Newton multi-step method the convergence order of the base method was two
and there is an increment of order one per multi-step. To enhance the conver-
gence rate of Newton multi-step method we constructed a new method whose
base method has convergence order two and there is an increment of order three
per two multi-steps. The idea behind the construction of higher order frozen Jaco-
bian multi-step method is the prototype of the base method and multi-step part.
We develop the prototype of the method in a way that base method help us to get
maximum increment in the convergence order per multi-step. The condition of
frozen Jacobian makes the iterative method computationally more effective. But
in general almost all higher-order methods share a bad trait of the narrow region
of convergence or in other words, they are very sensitive in the selection of initial

guess in complicated simulations that provides us systems of nonlinear equations.
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Iterative methods for solving nonlinear equations with memory have got the at-
tention of a considerable number of researchers. Literature is rich with this kind
of methods but there are very few numbers of efficient iterative methods with
memory to solve systems of nonlinear equations. The major difference between
iterative solvers for nonlinear equations and systems of nonlinear equations is the
computational cost of the Jacobian and its indirect inversion. Iterative methods
with memory show big convergence rate compare to the iterative method without
memory for solving system of nonlinear equations but there is a trade-off between
big convergence rate and additional computational cost. We can say iterative
methods with memory to solve the system of nonlinear equation are marginally
efficient when we compare them to iterative methods without memory. Because
iterative methods with memory pay the additional computational cost of Jacobian
that is constructed by the reuse of iteration information. Iterative methods with
memory for the system of mildly nonlinear equations can beat their competitors
with a big difference in performance because the computational cost to construct
Jacobian is very low. In future, we are interested to construct iterative meth-
ods with memory for solve system of mildly nonlinear equations. Usually, the
discretization of nonlinear boundary value problems provides us system of mild

nonlinear equations in most of the cases.

Qualitatively and quantitatively the eigenvalues of banded symmetric Toeplitz
matrices can be approximated by their generating functions. The eigenvalues of
banded symmetric Toeplitz matrices can be have expansion under some conditions.
The role of generating symbol is important. The eigenvalue expansion is more
effective in the case of bijective generating symbols. The real benefit of such
eigenvalue expansions is two extrapolate the eigenvalues of much large size matrices
by collecting information from the eigenvalues of small matrices. It is interesting
to note that eigenvalues are the roots of characteristic polynomials that we are
approximating. So this method can be seen as a numerical method for finding
the roots of characteristic polynomials. Numerically eigenvalue expansion method
is very efficient because it provides a good approximation of almost all the roots
of characteristic polynomials altogether. On contrary other numerical iterative
solvers deal a single root at a time. The case of preconditioned banded symmetric

Toeplitz matrices is also discussed and eigenvalue expansion is also constructed.

Finally, a robust numerical method to extrapolate and interpolate all the eigen-

values of banded symmetric Toeplitz matrices is developed. In this method, we
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do not use the expansion of eigenvalues. Our proposal of this robust numerical
method is also applicable in the case of preconditioned banded symmetric Toeplitz
matrices. We do not include this case in our thesis. Numerical simulations show
that our numerical method is stable even when we dealt with the finite difference

approximations of higher order derivative operators.

The construction of iterative methods with and without memory for the system
of mildly nonlinear equations with a high order of convergence is an interesting
topic for the future research topic. Especially when the nonlinearity has a finite

number of linearly dependent number of derivatives.

We have observed that the numerical methods for the extrapolation and inter-
polation perform well in the case where the generating symbol is bijective. But
where the part of generating symbol is non-bijective the proposed methods do
not give reasonable accuracy. The development of numerical methods to extrapo-
late eigenvalues for the non-bijective generating symbol is an interesting topic for

future research.



Bibliography

[1]

[9]

[10]

[11]

J. F. Traub, Iterative Methods for the Solution of Equations, Publishing
Company: New York, 1982.

A. M. Ostrowski, Solution of Equations and Systems of Equations, Academic
Press, New York, 1966.

J. M. Ortega, W. C. Rheinboldt, Iterative Solution of Nonlinear Equations in
Several Variables, Academic Press, New York, 1970.

T. Poinsot, D. Veynante, Theoretical and Numerical Combustion, Second
Edition, PA, 2005.

A. D. Polyanin, V. F. Zaitsev, Handbook of Nonlinear Partial Differential
Equations, Chapman & Hall/CRC, Boca Raton, 2004.

C. T. Kelley, Solving Nonlinear Equations with Newton’s Method, STAM,
Philadelphia, 2003.

R. L. Burden, J.D. Faires, Numerical Analysis. PWS Publishing Company,
Boston, 2001.

J. M. McNamee, Numerical Methods for Roots of Polynomials. Part I, Else-
vier, Amsterdam, 2007.

A. Bottcher, B. Silbermann, Introduction to Large Truncated Toeplitz Ma-
trices, Springer-Verlag, New York, USA, 1999.

C. Brezinski, M. Redivo Zaglia, Extrapolation Methods: Theory and Practice,
Elsevier Science Publishers B.V., North-Holland, 1991.

C. Garoni, S. Serra-Capizzano, Generalized Locally Toeplitz Sequences: The-

ory and Applications (Volume I), Springer, 2017.

167



Bibliography 168

[12]

[13]

[18]

[19]

[20]

[21]

[22]

[23]

H. N. Abel, Beweis der Unmoglichkeit, algebraische Gleichungen von hoheren
Graden als dem vierten allgemein aufzulosen, Journal fiir die reine und ange-
wandte Mathematik, 65(1) (1988) 66-87.

F. I. Chicharro, A. Cordero, J. R. Torregrosa, Dr.awing Dynamical and Pa-
rameters Planes of Iterative Families and Methods, The Scientific World Jour-
nal, 2013 (2013) 1-11.

A. Douady, J. H. Hubbard, On the dynamics of polynomials-like mappings,
Annales Scientifiques de I'Ecole Normale Supérieure, 18(2) (1985) 287-343.

J. Curry, L. Garnet, D. Sullivan, On the iteration of a rational function: com-
puter experiments with Newton’s method, Communications in Mathematical
Physics, 91(2) (1983) 267-277.

P. Blanchard, The dynamics of Newton’s method, Proceeding of Symposia in
Applied Mathematics, 49 (1994) 139-154.

N. Fagella, Invariants in dinamica complexa, Butlleti de la Societat Catalana
de Matematiques, 23(1) (2008) 29-51.

J. L. Varona, Graphic and numerical comparison between iterative methods,
The Mathematical Intelligencer, 24(1) (2002) 37-46.

S. Amat, S. Busquier, S. Plaza, Review of some iterative root-finding methods
from a dynamical point of view, Series A: Mathematical Sciences, 10 (2004)
3-35.

J. M. Gutiérrez, M. A. Hernandez, N.Romero, Dynamics of a new family of
iterative processes for quadratic polynomials, Journal of Computational and
Applied Mathematics, 233(10) (2010) 2688-2695.

G. Honorato, S. Plaz, N. Romero, Dynamics of a higher-order family of iter-
ative methods, Journal of Complexity, 27(2) (2011) 221-229.

F. Chicharro, A. Cordero, J. M. Gutiérrez, J. R. Torregrosa, Complex dynam-
ics of derivative-free methods for nonlinear equations, Applied Mathematics
and Computation, 219(12) (2013) 7023-7035.

S. Artidiello, F. Chicharro, A. Cordero, J. R. Torregrosa, Local convergence
and dynamical analysis of a new family of optimal fourth-order iterative meth-
ods, International Journal of Computer Mathematics, 90(10) (2013) 2049
2060.



Bibliography 169

[24]

[25]

[28]

[29]

[30]

[34]

[35]

M. Scott, B. Neta, C. Chun, Basin attractors for various methods, Applied
Mathematics and Computation, 218(6) (2011) 2584-2599.

C. Chun, M. Y. Lee, B. Neta, J. Dzunic, On optimal fourth-order iterative
methods free from second derivative and their dynamics, Applied Mathemat-
ics and Computation, 218(11) (2012) 6427-6438.

B. Neta, M. Scott, C. Chun, Basin attractors for various methods for multiple
roots, Applied Mathematics and Computation, 218(9) (2012) 5043-5066.

A. Cordero and J. Garcia-Maimo and J. R. Torregrosa. M. P. Vassileva, P.
Vindel, Chaos in King’s iterative family, Applied Mathematics Letters, 26(8)
(2013) 842-848.

R. L. Devaney, The Mandelbrot set, the Farey tree, and the Fibonacci se-
quence, The American Mathematical Monthly, 106(4) (1999) 289-302.

Y. I. Kim, A triparametric family of three-step optimal eighth-order methods
for solving nonlinear equations, International Journal of Computer Mathe-
matics, 89(8) (2012) 1051-1059.

A. Cordero, J. R. Torregrosa, P. Vindel, Dynamics of a family of Chebyshev-
Halley-type method, Applied Mathematics and Computation, 219 (2013)
8568-8583.

P. Jarratt, Some fourth order multi-point iterative methods for solving equa-
tions, Mathematics of Computation, 20(95) (1996) 434-437.

F. Soleymani, M. Sharifi, S. Shateyi, F. K. Haghani, A class of Steffensen-type
iterative methods for nonlinear systems, Journal of Applied Mathematics,
2014 (2014) 1-9.

M. A. Noor, M. Waseem, Some iterative methods for solving a system of non-
linear equations, Computers & Mathematics with Applications, 57(1) (2009)
101-106.

D. K. R. Babajee, A. Cordero, F. Soleymani, J. R. Torregrosa, On a novel
fourth-order algorithm for solving systems of nonlinear equations, Journal of
Applied Mathematics, 2012 (2012) 1-12.

F. Awawdeh, On new iterative method for solving systems of nonlinear equa-
tions, Numerical Algorithms, 54 (2010) 395-409.



Bibliography 170

[36]

[37]

[38]

[40]

[43]

[44]

[45]

D. K. R. Babajee, M. Z. Dauhooa, M. T. Darvishi, A. Karamib, A. Barati,
Analysis of two Chebyshev-like third order methods free from second deriva-
tives for solving systems of nonlinear equations, Journal of Computational
and Applied Mathematics, 233(8) (2010) 2002-2012.

F. Ahmad, E. Tohidi, M.Z. Ullah, J. A. Carrasco, Higher order multi-step
Jarratt-like method for solving systems of nonlinear equations: Application
to PDEs and ODEs, Computers & Mathematics with Applications, 70(4)
(2015) 624-636.

D. A. Budzkoa, A. Cordero, J. R. Torregros, New family of iterative methods
based on the Ermakov-Kalitkin scheme for solving nonlinear systems of equa-
tions, Computational Mathematics and Mathematical Physics, 55(12) (2015)
1947-1959.

A. Cordero, J. R. Torregrosa, Variants of Newton’s Method using fifth-order
quadrature formulas, Applied Mathematics and Computation, 190(1) (2007)
686-698.

A. Cordero, F. Soleymani, J. R. Torregrosa, Dynamical analysis of iterative
methods for nonlinear systems or how to deal with the dimension? Applied
Mathematics and Computation, 244(1) (2014) 398-412.

A. Genocchi, Relation entre la différence et la dérivée d’'un méme ordre quel-
conque, Archiv Mathematical Physics I, 49 (1869) 342-345.

M. Grau-Sanchez, M. Noguera, S. Amat, On the approximation of derivatives
using divided difference operators preserving the local convergence order of it-
erative methods, Journal of Computational and Applied Mathematics, 237(1)
(2013) 363-372.

M. Grau-Sanchez, M. Noguera, J. L. Diaz-Barrero, Note on the efficiency of
some iterative methods for solving nonlinear equations, SeMA Journal, 71(1)
(2015) 15-22.

A. Griewank, Broyden Updating, the Good and the Bad! Documenta Math-
ematica, Extra Volume 21st International Symposium on Mathematical Pro-
gramming, (2012), 301-315.

C. Hermite, Sur la formule d’interpolation de Lagrange, Journal fiir die reine
und angewandte Mathematik, 84 (1878) 70-79.



Bibliography 171

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

T. Lotfi, F. Soleymani, M. Ghorbanzadeh, P. Assari, On the construction of
some tri-parametric iterative methods with memory, Numerical Algorithms,
70(4) (2015) 835-845.

H. Montazeri, F. Soleyman, S. Shateyi, S. Motsa, On a new method for
computing the numerical solution of systems of nonlinear equations, Journal
of Applied Mathematics, 2012 (2012) 1-15.

M. S. Petkovi¢, J. R. Sharma, On some efficient derivative-free iterative meth-

ods with memory for solving systems of nonlinear equations, Numerical Al-
gorithms, 71(2) (2016) 457-474.

F. -A. Potra, A characterisation of the divided differences of an operator
which can be represented by Riemann integrals, Revue d’analyse numérique
et de théorie de I'approximation, 2 (1980) 251-253.

J. Schmidt, Die regula falsi fiir operatoren in Banachraumen, Zeitschrift fiir
Angewandte Mathematik und Mechanik, 41 (1961) 61-63.

J. R. Sharma, H. Arora, M. S. Petkovi¢, An efficient derivative free family
of fourth order methods for solving systems of nonlinear equations, Applied
Mathematics and Computation, 235 (2014) 383-393.

A. R. Soheili, F. Soleymani, Iterative methods for nonlinear systems associ-
ated with finite difference approach in stochastic differential equations, Nu-
merical Algorithms, 71(1) (2016) 89-102.

F. Soleymani, T. Lotfi, P. Bakhtiari, A multi-step class of iterative methods
for nonlinear systems, Optimization Letters, 8(3) (2014) 1001-1015.

P. S. Stanimirovi¢, F. Soleymani, F. K. Haghani, Computing outer inverses by
scaled matrix iterations, Journal of Computational and Applied Mathematics,
296 (2016) 89-101.

I. G. Tsoulos, A. Stavrakoudis, On locating all roots of systems of nonlinear
equations inside bounded domain using global optimization methods, Non-
linear Analysis: Real World Applications, 11(4) (2010) 2465-2471.

M. Z. Ullah, F. Soleymani, A. S. Al-Fhaid, Numerical solution of nonlinear
systems by a general class of iterative methods with application to nonlinear
PDEs, Numerical Algorithms, 67(1) (2014) 223-242.



Bibliography 172

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[68]

M. Z. Ullah, S. Serra-Capizzano, F. Ahmad, E. S. Al-Aidarous, Higher order
multi-step iterative method for computing the numerical solution of systems
of nonlinear equations: Application to nonlinear PDEs and ODEs, Applied
Mathematics and Computation, 269 (2015) 972-987.

Wolfram Research, Inc., Mathematica, Version 10.0, Champaign, IL (2014).

W. L. Cruz, J. M. Martinez, M. Raydan, Spectral residual method without
gradient information for solving large-scale nonlinear systems of equations,
Mathematics of Computation, 75(255) (2006) 1429-1448.

H. B. An, Z. Z. Bai, A globally convergent Newton-GMRES method for large
sparse systems of nonlinear equations, Applied Numerical Mathematics, 57(3)
(2007) 235-252.

M. Kh. Zak, F. Toutounian, Nested splitting conjugate gradient method for
matrix equation AX B = C' and preconditioning, Computers & Mathematics
with Applications, 66(3) (2013) 269-278.

A. Cordero, J. L. Hueso, E. Martinez, J. R. Torregrosa, A modified Newton-
Jarratt’s composition, Numerical Algorithms, 55(1) (2010) 87-99.

J. R. Sharma, H. Arora, Efficient Jarratt-like methods for solving systems of
nonlinear equations, Calcolo, 51(1) (2014) 193-210.

J. R. Sharma, R. K. Guha, R. Sharma, An efficient fourth order weighted-
Newton method for systems of nonlinear equations, Numerical Algorithms,
62(2) (2013) 307-323.

F. Soleymani, T. Lotfi, P. Bakhtiari, A multi-step class of iterative methods
for nonlinear systems, Optimization Letters, 8(3) (2014) 1001-1015.

A. Cordero, J. L. Hueso, E. Martinez, J. R. Torregrosa, Efficient high-order
methods based on golden ratio for nonlinear systems, 217 (9) (2011) 4548-
4556.

A. Cordero, J. L. Hueso, E. Martinez, J. R. Torregrosa, Increasing the con-
vergence order of an iterative method for nonlinear systems, 25 (12) (2012)
2369-2374.

L. O. Jay, A note on Q-order of convergence, BIT, 41 (2) (2001) 422-429.



Bibliography 173

[69]

[70]

[71]

[72]

[78]

S. Weerakoon, T. G. I. Fernando, A variant of Newton’s method with accel-
erated third-order convergence, Applied Mathematics Letters, 13(8) (2000)
87-93.

M. Z. Ullah, S. Serra-Capizzano, F. Ahmad, An efficient multi-step iterative
method for computing the numerical solution of systems of nonlinear equa-

tions associated with ODEs, Applied Mathematics and Computation, 250
(2015) 249-259.

D. Budzko, A. Cordero, J. R. Torregrosa, Modifications of Newton’s method
to extend the convergence domain, SeMA Journal, 66(1) (2014) 43-53.

E. S. Alaidarous, M. Z. Ullah, F. Ahmad, and A. S. Al-Fhaid, An Efficient
Higher-Order Quasilinearization Method for Solving Nonlinear BVPs, Journal
of Applied Mathematics, 2013 (2013) 1-11.

S. S. Motsa and S. Shateyi, New Analytic Solution to the Lane-Emden Equa-
tion of Index 2, Mathematical Problems in Engineering, 2012 (2012) 1-19.

C. A. Ladeia, N. M. L. Romeiro, Numerical Solutions of the 1D Convection-
Diffusion-Reaction and the Burgers Equation using Implicit Multi-stage and

Finite Element Methods, Integral Methods in Science and Engineering, 2013
(2013) 205-216.

T. S. Jang, An integral equation formalism for solving the nonlinear Klein-
Gordon equation, Applied Mathematics and Computation, 243(1) (2014) 322—
338.

D. Gurarie, K. W. Chow, Vortex arrays for sinh-Poisson equation of two-
dimensional fluids Equilibria and stability, Physics of Fluids, 16(9) (2004)
165-178.

M. Averick Brett, M. Ortega James, fast solution of nonlinear Poisson-type
equations, Argonne national laboratory, 9700 South Cass Avenue, August
1991.

A. H. Bhrawy, An efficient Jacobi pseudospectral approximation for nonlinear
complex generalized Zakharov system, Applied Mathematics and Computa-
tion, 247 (2014) 30-46.



Bibliography 174

[79]

[30]

[81]

[82]

[83]

[84]

[85]

[87]

S. Abbasbandy, E. Babolian, M. Ashtiani, Numerical solution of the gener-
alized Zakharov equation by homotopy analysis method, Communications in
Nonlinear Science and Numerical Simulation, 14(12) (2009) 4114-4121.

Q. Chang, H. Jiang, A conservative difference scheme for the Zakharov equa-

tions, Journal of Computational Physics, 113(2) (1994) 309-319.

Q. Chang, B. Guo, H. Jiang, Finite difference method for generalized Za-
kharov equations, Mathematics of Computation, 64(210) (1995) 537-553.

M. Javidi, A. Golbabai, Exact and numerical solitary wave solutions of gener-
alized Zakharov equation by the variational iteration method, Chaos, Solitons
& Fractals, 36(2) (2008) 309-313.

W. Bao, F. Sun, G. W. Wei, Numerical methods for the generalized Zakharov
system, Journal of Computational Physics, 190(1) (2003) 201-228.

W. Bao, F. Sun, Efficient and stable numerical methods for the general-
ized and vector Zakharov system, STAM Journal on Scientific Computing, 26
(2005) 1057-1088.

M. Dehghan, F. F. Izadi, The spectral collocation method with three different
bases for solving a nonlinear partial differential equation arising in modeling
of nonlinear waves, Mathematical and Computer Modelling, 5(9-10) (2011)
1865-1877.

E. H. Doha, A. H. Bhrawy, S. S. Ezz-Eldien, Efficient Chebyshev spectral
methods for solving multi-term fractional orders differential equations, Ap-
plied Mathematical Modelling, 35(12) (2011) 5662-5672.

E. H. Doha, A. H. Bhrawy, R. M. Hafez, On shifted Jacobi spectral method
for high-order multi-point boundary value problems, Communications in Non-
linear Science and Numerical Simulation, 17(10) (2012) 3802-3810.

O. R. N. Samadi, E. Tohidi, The Spectral Method for Solving Systems of
Volterra Integral Equations, Journal of Applied Mathematics and Computing,
40(1-2) (2012) 477-497.

E. Tohidi, O. R. N. Samadi, Optimal Control of Nonlinear Volterra Integral
Equations via Legendre Polynomials, IMA Journal of Mathematical Control
and Information, 30(1) (2013) 67-83.



Bibliography 175

[90]

[91]

[92]

[93]

[94]

[95]

E. Tohidi, S. Lotfi Noghabi, An efficient Legendre Pseudospectral Method for
Solving Nonlinear Quasi Bang-Bang Optimal Control Problems, Journal of
Applied Mathematics, Statistics and Informatics, 8(2) (2012) 73-85.

Z. Wang, B.-Y. Guo, Jacobi rational approximation and spectral method
for differential equations of degenerate type, Mathematics of Computation,
77(262) (2008) 883-907.

J.M. Gutiérrez, M.A. Hernandez, A family of Chebyshev-Halley type methods
in Banach spaces, Bulletin of the Australian Mathematical Society, 55(1)
(1997) 113-130.

M. Frontini, E. Sormani, Some variant of Newton’s method with third-order
convergence, Applied Mathematics and Computation, 140 (2003) 419-426.

H. H. Homeier, A modified Newton method with cubic convergence: the mul-
tivariable case, Journal of Computational and Applied Mathematics, 169(1)
(2004) 161-169.

M. Grau-Sénchez, A. Grau, M. Noguera, Ostrowski type methods for solv-
ing systems of nonlinear equations, Applied Mathematics and Computation,
218(6) (2011) 2377-2385.

P. Jarratt, Some fourth order multipoint iterative methods for solving equa-

tions, Mathematics of Computation, 20(95) (1966) 434-437.

M. S. Petkovic, On a general class of multipoint root-finding methods of high
computational efficiency, SIAM Journal on Numerical Analysis, 47(6) (2010)
4402-4414.

S. S. Motsa, S. Shateyi, New Analytic Solution to the Lane-Emden Equation
of Index 2, Mathematical Problems in Engineering, 2012 (2012) 1-19.

M. Grau-Sénchez, A. Grau, M. Noguera, On the computational efficiency
index and some iterative methods for solving systems of nonlinear equations,
Journal of Computational and Applied Mathematics, 236(6) (2011) 1259
1266.

[100] L. Howarth, On the solution of the laminar boundary layer equations, Pro-

ceedings of Royal Society A, 164 (1938) 547-579.



Bibliography 176

[101] K. W. Chow, S. C. Tsang, C. C. Mak, Another exact solution for two-
dimensional, inviscid sinh Poisson vortex arrays, Physics of Fluids, 15 (2003)
264-281.

[102] H. Montazeri, F. Soleymani, S. Shateyi, S. S. Motsa, On a New Method
for Computing the Numerical Solution of Systems of Nonlinear Equations,
Journal of Applied Mathematics, 2012 (2012) 1-15.

[103] A. Cordero, M. Kansal, V. Kanwar, A stable class of improved second-
derivative free Chebyshev-Halley type methods with optimal eighth order
convergence, Numerical Algorithms, 72(4) (2016) 937.

[104] V. Arroyo, A. Cordero, J. R. Torregrosa, Approximation of artificial satel-
lites” preliminary orbits: The efficiency challenge, Mathematical and Com-
puter Modelling, 54(7-8) (2011), 1802-1807.

[105] S. Qasim, Z. Ali, F. Ahmad, S. Serra-Capizzano, M. Z. Ullah, A. Mahmood,
Solving systems of nonlinear equations when the nonlinearity is expensive,
Computers & Mathematics with Applications, 71(7) (2016) 1464-1478.

[106] U. Qasim, Z. Ali, F. Ahmad, S. Serra-Capizzano, M. Z. Ullah, M. Asma,
Constructing Frozen Jacobian Iterative Methods for Solving Systems of Non-
linear Equations, Associated with ODEs and PDEs Using the Homotopy
Method, Algorithms, 9(1) (2016).

[107] F. Ahmad, E. Tohidi, J. A. Carrasco, A parameterized multi-step Newton
method for solving systems of nonlinear equations, Numerical Algorithms,
71(3) (2016) 631-533.

[108] F. Ahmad, E. Tohidi, M. Z. Ullah, J. A. Carrasco, Higher order multi-step
Jarratt-like method for solving systems of nonlinear equations: Application
to PDEs and ODEs , Computers & Mathematics with Applications, 70(4)
(2015) 624-636.

[109] X. Wu, Note on the improvement of Newton’s method for systems of nonlin-
ear equations, Applied Mathematics and Computation, 189(2) (2007) 1476
479.

[110] J. L. Hueso, E. Martinez, J. R. Torregrosa, Modified Newton’s method for
systems of nonlinear equations with singular Jacobian, Journal of Computa-
tional and Applied Mathematics, 224(1) (2009) 77-83.



Bibliography 177

[111] M. A. Noor and F. A. Shah, A Family of Iterative Schemes for Finding Zeros
of Nonlinear Equations having Unknown Multiplicity, Applied Mathematics
& Information Sciences, 8(5) (2014) 2367-2373.

[112] M.A. Noor, M. Waseem, K.I. Noor, E. Al-Said, Variational iteration tech-
nique for solving a system of nonlinear equations, Optimization Letters, 7(5)
(2013) 991-1007.

[113] S. Amat, S. Busquier, A. Grau, M. Grau-Snchez, Maximum efficiency for a
family of Newton-like methods with frozen derivatives and some applications.
Applied Mathematics and Computation, 219(15) (2013) 7954-7963.

[114] J. R. Sharma, H. Arora, A novel derivative free algorithm with seventh
order convergence for solving systems of nonlinear equations, Numerical Al-
gorithms, 67(4) (2014) 917-933.

[115] J. R. Sharma, H. Arora, An efficient derivative free iterative method for solv-
ing systems of nonlinear equations, Applicable Analysis and Discrete Mathe-
matics, 7(2) (2013) 390-403.

[116] M. Grau-Snchez, A. Grau, M. Noguera, Frozen divided difference scheme
for solving systems of nonlinear equations, Journal of Computational and
Applied Mathematics, 235(6) (2011) 1739-1743.

[117] M. Grau-Sénchez, M. Noguera, A technique to choose the most efficient
method between secant method and some variants, Applied Mathematics and
Computation, 218(11) (2012) 6415-6426.

[118] M. Grau-Sénchez, M. Noguera, S. Amat, On the approximation of deriva-
tives using divided difference operators preserving the local convergence order
of iterative methods, Journal of Computational and Applied Mathematics,
237(1) (2013) 363-372.

[119] C. Chun, A method for obtaining iterative formulas of order three, Applied
Mathematics Letters, 20(11) (2007), 1103-1109.

[120] C. Chun, On the construction of iterative methods with at least cubic con-
vergence, Applied Mathematics and Computation, 189(2) (2007) 1384-1392.

[121] C. Chun, Some variant of Chebshev-Halley method free from second deriva-
tive, Applied Mathematics and Computation, 191(1) (2007) 1384-1392.



Bibliography 178

[122] N. Osada, Improving the order of convergence of iterative functions, Journal
of Computational and Applied Mathematics, 98(2) (1998), 311-315.

[123] M. A. Noor, F. A. Shah, Variational iteration technique for solving nonlinear
equations, Journal of Applied Mathematics and Computing, 31(1-2) (2009)
247-254.

[124] M. A. Noor, F. A. Shah, K. I. Noor and E. Al-said, Variational iteration
technique for finding multiple roots of nonlinear equations, Scientific Research
and Essays, 6(6) (2011) 1344-1350.

[125] M. A. Noor and F. A. Shah, A family of iterative schemes for finding zeros
of nonlinear equations having unknown multiplicity, Applied Mathematics &
Information Sciences, 8(5) (2014) 1-7.

[126] F. A. Shah, M. A. Noor and M. Batool, Derivative-free iterative methods
for solving nonlinear equations, Applied Mathematics & Information Sciences,
8(5) (2014) 1-5.

[127] F. Ahmad, S. Serra-Capizzano, M. Z. Ullah, A. S. Al-Fhaid, A Family of It-
erative Methods for Solving Systems of Nonlinear Equations Having Unknown
Multiplicity, Algorithms, 9(1)5 (2016).

[128] M. Barrera, S. M. Grudsky, Asymptotics of eigenvalues for pentadiagonal
symmetric Toeplitz matrices, Operator Theory: Advances and Applications,
259 (2017) 51-77.

[129] R. Bhatia, Matrix Analysis, Graduate Texts in Mathematics, 169. Springer-
Verlag, New York (1997).

[130] D. Bini, M. Capovani, Spectral and computational properties of band sym-
metric Toeplitz matrices, Linear Algebra and its Applications, 52(53) (1983)
99-126.

[131] J. M. Bogoya, A. Béttcher, S. M. Grudsky, E. A. Maximenko, Eigenvalues
of Hermitian Toeplitz matrices with smooth simple-loop symbols, Journal of
Mathematical Analysis and Applications, 422(2) (2015) 1308-1334.

[132] J. M. Bogoya, S. M. Grudsky, E. A. Maximenko, Eigenvalues of Hermitian
Toeplitz matrices generated by simple-loop symbols with relaxed smoothness,
Operator Theory: Advances and Applications, 259 (2017) 179-212.



Bibliography 179

[133] A. Bottcher, S. M. Grudsky, E. A. Maximenko, Inside the eigenvalues of
certain Hermitian Toeplitz band matrices, Journal of Computational and Ap-
plied Mathematics, 233(9) (2010) 2245-2264.

[134] R. H. Chan, M. Ng, Conjugate gradient methods for Toeplitz systems, STAM
Review, 38(3) (1996) 427-482.

[135] R. H. Chan, P. Tang, Fast band-Toeplitz preconditioners for Hermitian
Toeplitz systems, STAM Journal on Scientific Computing, 15(1) (1994) 164
171.

[136] F. Di Benedetto, G. Fiorentino, S. Serra-Capizzano, C.G. Preconditioning
for Toeplitz Matrices, Computers & Mathematics with Applications, 25(6)
(1993) 33-45.

[137] S.-E. Ekstrom, S. Serra-Capizzano, Eigenvalues and Eigenvectors of Banded
Toeplitz Matrices and the Related Symbols, Numerical Linear Algebra with
Applications, in press (2018).

[138] S.-E. Ekstrom, C. Garoni, S. Serra-Capizzano, Are the eigenvalues of banded
symmetric Toeplitz matrices known in almost closed form? Exp. Math., in
press (2017).

[139] T. Huckle, S. Serra-Capizzano, C. Tablino-Possio, Preconditioning strategies
for non-Hermitian Toeplitz linear systems, Numerical Linear Algebra with
Applications, 12(2/3) (2005) 211-220.

[140] T. Huckle, S. Serra-Capizzano, C. Tablino-Possio, Preconditioning strategies
for Hermitian indefinite Toeplitz linear systems, STAM Journal on Scientific
Computing, 25(5) (2004) 1633-1654.

[141] S. Serra-Capizzano, New PCG based algorithms for the solution of Hermitian
Toeplitz systems, Calcolo 32 (1995) 53-176.

[142] S. Serra-Capizzano, Optimal, quasi-optimal and superlinear band-Toeplitz
preconditioners for asymptotically ill-conditioned positive definite Toeplitz
systems, Mathematics of Computation, 66(218) (1997) 651-665.

[143] S. Serra-Capizzano, An ergodic theorem for classes of preconditioned matri-
ces, Linear Algebra and its Applications, 282(1-3) (1998) 161-183.

[144] J. Stoer, R. Bulirsch, Introduction to Numerical Analysis, Third Edition,
Springer (2002).



