Chapter 2
An Overview on Steffensen-Type Methods

S. Amat, S. Busquier, AA. Magreiian, and L. Orcos

Abstract In this chapter we present an extensive overview of Steffensen-type
methods. We first present the real study of the methods and then we present the
complex dynamics related this type of methods applied to different polynomials.
We also provide an extension to Banach space settings and an application to a
Boundary Value Problem. We finish this chapter with contributions to this matter
made by other authors.

2.1 Introduction

One of the most studied problems in Numerical Analysis is the approximation of
nonlinear equations. A powerful tool is the use of iterative methods. It is well-known
that Newton’s method,

X0 € §2, Xp = X1 — [F' ()] ' F(x0—1), n €N,

is one of the most used iterative methods to approximate the solution x* of F(x) = 0.
The quadratic convergence and the low operational cost of Newton’s method ensure
that it has a good computational efficiency.

If we are interesting in methods without using derivatives, then Steffensen-type
methods will be a good alternative. These methods only compute divided differences
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and can be used for nondifferentiable problems. Moreover, they have the same order
of convergence than the Newton-type methods. For instance, if the evaluation of
F'(x) at each step of Newton’s method is approximated by a divided difference of
first order [x, x + F(x); F], we will obtain the known method of Steffensen,

X0 € 2, Xy =Xpo1 — a1, X1 + F(tum1); F] 'F(x—1), neN,

which has quadratic convergence and the same computational efficiency as New-
ton’s method. Recall that a bounded linear operator [x,y; F] from X into X is
called divided difference of first order for the operator F on the points x and y
if [x,y; F](x —y) = F(x) — F(y). Moreover, if F is Fréchet differentiable, then
F'(x) = [x,x; F].

The organization of the paper is as follows. We start in Sect. 2.2 with the study of
scalar equations. We present in Sect.2.2.1.1 some convergence analysis and some
dynamical aspects of the methods. Some numerical experiments and the dynamics
associated to the previous analysis is presented in Sect.2.2.1.2. In Sect.2.4, we
study the extension of these schemes to a Banach space setting and give some
semilocal convergence analysis. Finally, some numerical experiments, including
differentiable and nondifferentiable operators, are presented in Sect.2.5. Finally,
other contributions are reported in Sect. 2.6.

2.2 The Real Case

Steffensen’s method is a root-finding method [39], similar to Newton’s method,
named after Johan Frederik Steffensen. It is well know that Steffensen’s method also
achieves quadratic convergence for smooth equations, but without using derivatives
as Newton’s method does. In this section, we recall the convergence analysis for
semismooth equations that is less popular.

2.2.1 Semismooth Equations

In [9, 31] the definition of semismooth functions is extended to nonlinear operators.
We say that F' : R" — R” is semismooth at x if F is locally Lipschitz at x and the
following limit

lim %4
VEIF (x+th')h —h,t]0

exists for any i € R", where dF is the generalized Jacobian defined,

dF (x) = convdpF (x)
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Most nonsmooth equations involve semismooth operators at practice [32]. We
say that F is strongly semismooth at x if F is semismooth at x and for any

VedF(x+h),h—0,VheF (x;h) =0 <||h||2).
For n = 1, we denote by §F (x, y) the divided differences of the form:

_FX-F(@)
=

OF (x,y)

For the convergence analysis we will need the following result.

Lemma 1 Suppose that F is semismooth at x* and denote the lateral derivatives of
F at x* by

d”=—F (x*=), d" =F (x"+)
then

d”—8F(w,v) =0() utx* v x*
dt —8F(u,v) =0() u} x*,v | x*

Moreover if F is strongly semismooth at x*,then

d” —8F (u,v) = O (Ju—x*| + [v—x*|) u,v <x*,
d” —8F (u,v) = O (Ju—x*| + [v—x*|) u,v > x*.

2.2.1.1 A Modification of Steffensen’s Method and Convergence Analysis
The classical Steffensen’s method can be written as
Xng1 = Xp — 8F (Xp, X0 4+ F(x)) ' F (x) .

Our iterative procedure would be considered as a new approach based in a better
approximation to the derivative F’ (x,) from x, and x, + F(x,) in each iteration. It
takes the following form

Xn+1 = Xp — SF (-xns in)_l F(-xn) (21)
where X, = x, + o, |F(x,)]|.

These parameters o, € R will be a control of the good approximation to the

derivative. Theoretically, if o, — 0,then

8F (x,, %) — F (x,).
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In order to control the stability in practice, but having a good resolution at every
iteration, the parameters ¢, can be computed such that

tol. << |oy|F(xn) |F(x,)| < t0ly,

where rol, is related with the computer precision and fol,, is a user’s free parameter.

As the classical Steffensen’s method the modification (2.1) needs two evaluations
of the function in each iteration and it is quadratically convergent in the smooth
case. In the next theorem, we prove that the iterative method (2.1) is quadratically
convergent for strongly semismooth equations as well.

Theorem 1 Suppose that F is semismooth at a solution x* of F (x) = 0. If d~ and
d* are nonzero, then the algorithm (2.1) is well defined in a neighborhood of x*
and converges to x* Q-superlinearly. Furthermore, if F is strongly semismooth at
x*, the converge to x* is Q-quadratic.

Proof We may choose x, sufficiently close to x* (and/or ¢, sufficiently small) such
that we have either xg, Xo > x™ or xp, Xo < x*. According to Lemma 1 is well defined
for k = 0. It is easy to check that
Xy — xn] = O(IF(xn)zl) = O(|x, _X*Iz)'
Then from Lemma 1,
SF (xp, X,) = 6F (x,,,x*) +o0(1) =d" +0(1) (ord” + o(1)).
Thus,

%41 —x*| = |x, —x* = 6F (xn,fcn)_l F(x,)|
< |8F (6. %) "V | |[F(xn) — F(xX*) — 8F (X0, %) (0 — x™)]|
|8F (i, %) ™" | |8F (s X*) = 8F (s %) | | — x¥|

IA

= o(|x, —x™)).

And we obtain superlinear convergence of {x,}. If F is strongly semismooth at
x*, we may prove similarly the Q-quadratic convergence of {x,}. O

At practice, this modified Steffensen’s method will present some advantages.
Firstly, since in general §F (x,,, X,) is a better approximation to the derivative F’ (x,,)
than 8F (x,, x, + €|F(x,)|F(x,)) the convergence will be faster (the first iterations
will be better). Secondly, the size of the neighborhood can be higher, that is, we can
consider worse starting points xy (taking o sufficiently small), as we will see at the
numerical experiments. Finally, if we consider € sufficiently small in order to obtain
similar results at the first iterations and solving the above mentioned disadvantages,
then some numerical stability problems will appear at the next iterations.

See [32] and its references for more details on this topic.
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2.2.1.2 Numerical Experiments and Conclusions

In order to show the performance of the modified Steffensen’s method, we have
compared it with the classical Steffensen’s method and the modified secant’s type
method proposed in [34]. We consider fol, = 1078 >> rol.. We have tested on
several semismooth equations. Now, we present one.

We consider

| kGx*+x)ifx<0

S k(P 4 x)if x>0 2.2)

F(x)

where k is a real constant.

For xop = 0.1 and k = 1, all the iterative method are Q-quadratically convergent,
see Table 2.1. Nevertheless, for € small the method proposed in [34] has problems
with the last iterations. If we consider a stop criterium in order to avoid this problems
then we would not be arrived to the convergence. However, our scheme converges
without stability pathologies.

If we consider now xy = 1 and k& = 10, the classical Steffensen’s method and
the modified secant method with € = 1 have problems of convergence, in fact they
need 258 and 87,174 iterations to converge respectively, see Table 2.2.

The other schemes obtain similar results as before, see Table 2.3.

Finally, in Tables 2.4 and 2.5 we take different initials guesses and different
values of k. In these tables, we do not write the results for Steffensen’s and fore = 1
because in all cases the method do not converge after 10° iterations. On the other
hand, if € is not small enough the convergence is slow, but if it is too small stability

Table 2.1 Error, Eq. (2.2) k = 1,xy = 0.1

Iter. Steff. e=1 e=10"* e =108 tol, = 1078

1 1.38¢ — 03 3.62¢ — 04 2.99¢ — 04 2.99¢ — 04 2.99¢ — 04

2 5.09¢ — 11 5.19¢ — 14 1.72¢ — 13 5.21e—09 2.26e — 14

3 0.00e + 00 0.00e + 00 NaN NaN 0.00e + 00

Table 2.2 Iterations and Steff. c=1

error, Eq. (2.2) k = 10,

=1 256 1.00e — 02 | 87172 3.22¢ — 02
257 1.4le — 06 | 87173 3.42¢ — 05
258 0.00e 4+ 00 | 87174 0.00e + 00

Table 2.3 Error, Eq (22) Iter. | € = 1074 € = 1078 l‘Olu — 1078

k=10,x =1

5 1.26e — 02 |1.13¢ — 02 |1.13¢ — 02
7.49¢ — 07 |4.79¢ — 07 | 4.92¢ — 07
9.08¢ — 14 | 7.84¢ — 09 | 0.00e + 00
8.32¢ — 15 | NaN

NaN

N=REoCRIEN Jie)
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Table 2.4 Final iteration and
error, Eq. (2.2), xp = 1

Table 2.5 Final iteration and
error, Eq. (2.2), k =1

103
104
10°
108
1016

X0

16
32

e=10"*

50870 3.88¢ — 13
> 10°

> 100

> 100

> 100

e=10""*
134.20e — 13
457095 1.27¢ — 13
> 10°

> 100

e=10"8

14 3.68¢ — 15
17 0.00e + 00
> 100

> 100

> 100
e=10"%
96.14¢ — 09
11 2.42¢ — 09
20 3.46e — 09
> 10°

S. Amat et al.

tol, = 108

12 0.00e + 00
15 0.00e + 00
20 0.00e + 00
26 0.00e + 00
47 0.00e + 00

tol, = 108
90.00e + 00
12 0.00e + 00
14 0.00e + 00
16 0.00e + 00

problems appear, as we said before. Our iterative method gives goods results in all

the cases.

2.3 Dynamics

In the last years many authors has been studied the dynamics of iterative methods
[7, 8, 13, 14, 27]. This classical methods require the computation of the inverse of
derivatives which is well known that it can involves a very high computational cost,
so other authors have worked in developing tools in order to study nondifferentiable
methods [28] and studying the dynamics them [10, 15, 26].

We begin the study with the modification of the following classical iterative
methods:

1. Newton
s L)
! ! I ()
2. Two-steps
Vo = X f(xn)
)
it =y _ SO
T )
3. Chebyshev
o ) 2
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4. Halley
PR (N S W/
T = ) ) F )
where
L)

We denote by [-,-;f] and [, -, -; f] the first and the second divided difference of
the function f.
Our modify Steffensen-type methods associated to the above schemes write:

1. Modify Steffensen

_ S )
[0, X + 0t f ()1 f] .

Xpn4+1 = Xn

2. Modify Steffensen-Two-steps

Vo = X — S )
" " (X0 — @ f(Xn), Xn + & f(Xn): f] ’
B f(yn)
Xn+1 = Yn —

[0 — 0 f(xn), X + i f(x0): f] .
3. Modify Steffensen-Chebyshev

S (xn)
(X0 — @ f(Xn), Xn + & f(Xn): f] '

1
== (14 36,600

4. Modify Steffensen-Halley

Xn+1 = Xp — ! f(x”)
1= 3L:(xa) ) Bon — @ f (), X + 0 f(x0)5 f]

where

£ = L = onf Gi) 650 + 00 (5]
f [.Xn - Olnf(-xn), Xn + anf(xn);f]z .

These methods depend, in each iteration, of some parameters ¢,. These param-
eters are a control of the good approximation to the derivatives. In order to control
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the accuracy and stability in practice, the o, can be computed such that

tol,

tol, << < |letnf(xn)|| < toly,
where tol. is related with the computer precision and fol, is a free parameter for the
user.

The classical Steffensen-type methods use o, = 1.

In this section we compare the dynamics of the above methods to introduce the
benefits of using the parameters . In the experiments we have taken rol, = 107°.

We approximate the roots of polynomials. We use different colored painting
regions of convergence of each root and dark violet is used for no convergence.

We include only the examples for p(z) = z* — 1 but similar conclusions are
obtained for other examples.

The clear conclusion is that the good approximation of the derivatives (for
instance using the parameters ¢,) is crucial to remain the characteristic of the basins
of attraction. The classical Steffensen-type methods (¢, = 1) have smaller basins
of attraction and great regions of no convergence (Figs. 2.1, 2.2, 2.3 and 2.4).

Fig. 2.1 Basins of attraction for p(z) = z°> — 1. Left: Steffensen’s method, Middle: Newton’s
method, Right: modified Steffensen’s method

] 3

Fig. 2.2 Basins of attraction for p(z) = z> — 1. Left: two-steps Steffensen’s method, Middle:
two-steps Newton’s method, Right: modified two-step Steffensen’s method
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-1 1 ? ] ] - L ] 1 ] -3 ) * 1 3

Fig. 2.3 Basins of attraction for p(z) = z> — 1. Left: Chebyshev-Steffensen’s method, Middle:
Chebyshev’s method, Right: modified Chebyshev-Steffensen’s method

Fig. 2.4 Basins of attraction for p(z) = z> — 1. Left: Halley-Steffensen’s method, Middle: Halley’s
method, Right: modified Halley-Steffensen’s method

2.4 Extension to Banach Space Setting

We only consider the case of second order methods, but similar results can be found
for higher order methods.

2.4.1 Convergence Analysis

We consider both type of equations: F(x) = x and the usual F(x) = 0.
First of all, we must recall the expression of the method for fixed point type
equations:

Xn+1 = X + (I - [F(xn)vxn;F])_l(F(xn) _xn)- (2.3)
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Theorem 2 Let B be an open convex set of a Banach space X. Let F : BC X — X
be a nonlinear operator, with divided difference in B C X. Let xy be such that

[|F(x0) — x0|| < ao 2.4)
|1(I — [eto (F (x0) — Xo) + X0, %0 F)™"|| < bo (2.5)
N x5 F = [y y S Fll < k(1 =Y =11 =71 (2.6)

para todo x X",y ,y" en So = {x : ||x — xo|| < max(ao,2aoho)}. Si Sy C B,
oy < 20p-1 (a, € (0,1],Yn) y h = 2kaobo(eg + bo) < 1 then, the sequence {x,}
given by (2.3) is well defined and converges to a fixed point of F(x). Moreover, x*
belong to the ball

aobo(l — «/1 — 2]’10)

— < 2.7
= xol| = > ex)
and the convergence radius is give by

bo(2ho)*
I — 7| < 20200 23)
2"hyg

Finally, if condition (2.6) is held in ||x — xo|| < ap + “"b"(H_T VIZ2h) — g0 + M,
the fixed point x* in unique in the ball ||x — xo|| < M.

The basic hypothesis given in the previous theorem is that the divided difference
of F was Lipchitz in any ball in a neighbourhood of the initial iteration, in particular
the Fréchet derivative of F exists. In some recent works [20-22] (for secant
methods), Herndndez and Rubio relax these hypotheses and they only suppose that
the divided difference satisfy that

IPe.y: F1 = [v.wi Fll| < o(llx—vll.[ly—wID.  x.y.v.weB
where w : Ry x Ry — R4 is a nondecreasing continuous function in both
components.
In the next theorem, we will extend that theory to our method

Xp+1 = Xp — ([xnvxn + OlnF(xn); F])_IF(X,,) (2.9)

in order to solve the equation F(x) = 0.

Theorem 3 Let X be a Banach space. Let B be an open convex subset of X and let
suppose that there exists a divided difference of first order of G such that

IIbe.y: Fl = . wi Fll| < o(llx = vll. [ly=wl}).,  x.y.v.weB
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where  : Ry x Ry — R4 is a nondecreasing continuous function in both
components. Let o, be such that ||, G(x,)|| < tol,.
Let xo € B and let suppose that

D (|5 = [xo,%0 + 2oG(xo); FI '] < B.

2) |15 Go)ll < 1.

3) Let m = Bw(n,tol,). Let us suppose that
m

=1z Bo(t,t + 2tolu)) —n=0 2.10)

has a minimum positive root which we call R.

If Bo(R,R + 2t0l,) < 1, M := WWIIH-MZ) < 1y B(xo,R) C B then, the

sequence given by (2.9) is well defined, belongs to B(xy, R) and converges to the
unique solution of F(x) = 0 in B(xy, R).

2.5 Application to Boundary Value Problems

We consider the following boundary problem

Y0 =fy(@0).Y®).  ya@=a  yb) =8, (2.11)

choose a discretization of [a, b] with N subintervals,
T . .
tj=a+ﬁj, T=b-—a, j=0,1,...,N,

and propose the use of the multiple shooting method for solving it. First, in
each interval [, #j41], we compute the function y(; so, s1, . . ., Sj—1) recursively, by
solving the initial value problems

YO =f@y@.Y (@), y) =y, 51, 8-1), Y (@) =5,

whose solution is denoted by y(#; so, 51, . . . , ;).
To approximate a solution of problem (2.11), we approximate a solution of the
nonlinear system of equations F(s) = 0, where F : RY — R" and

Fi(s0.51,...,8nv—1) = 51 — Y (t1; 50)
F>(50. 51, ..., 8nv—1) = 82 — Y (2 50, 51)
Fn_1(S0,S1,--..8v=1) = Sn—1 —y/(lN—uSo,Sl, ey SN=2)

Fn(so,51,...,5v—1) = B — y(In; S0, S1, SN—2, SN—1)-
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For this, we consider Steffensen’s method and method (2.9) and compare their
numerical performance. In our study, we consider the usual divided difference
of first order. So, for u,v € RY, such that u # v, we consider [u,v;F] =

([w, v; F]U);\‘Z.:l € L(RY,RN), where

[U,V;F]ij = (Fi(ul,...,uj, Uj+1,...,UN) —Fi(ul,...,uj_l,vj,...,vN)).

U=

For the initial slope sy = (s8, s(l), e ,s?v_l), to apply Steffensen’s method and

method (2.9), we consider

O B—« _ yy) — y(to)
0 b—a In— 1o

o _ Y(tw) — y(t1;50)
Sl =,

In — 1
O y(tv) — y(12; S0, 51)
2 In—1 ’
o _ Yan) —y(n-1:50,81,...,SN—2)
SN—1 = .
IN —IN—1

In particular, to show the performance of method (2.9), we consider the following
boundary value problem:

Y1) =y() (Y +cos’t),  y0)=-1, y1)=1.

In this case, we have T = 1 and consider three iterations of the schemes for N = 2,3
and four subintervals in the multiple shooting method. The exact solution is obtained
with ND-Solve of MATHEMATICA taking y'(0) = 0.6500356840546128 in order
to have a trustworthy error for values near to 10~ (tolerance in double precision).

In Tables 2.6, 2.7, 2.8, 2.9 and 2.10, we observe that Steffensen’s method obtains
poor results. Notice that when N decreases (or the interval increases), the initial
guess is less closer to the solution. This is the reason of the improvements of
method (2.9) proposed in this work. For the worst case, N = 2, Steffensen’s method
diverges. And, for N = 3, 4, we observe clearly the second order of the methods, as
well as the best performance of method (2.9).

Table 2.6 Method (2.9), 1) lloo

) — vy, (f) — v
Table 2.6 Method 29 O —villoo [ IV® = ¥jlloo

1.190...x 107" |1.190... x 10™! |9.634...x 1072
6.292...x107% [6.292...x 1073 |6.297...x 1073
1.680...x 107> | 1.680...x 107> |1.772...x 107

[SSHE SR I
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Table 2.7 Mlethod (29, n [ IF G0 loo O =yulles Iy =¥lloo
’ ’ 1 19.839...x1072 [2.041...x 1072 |8.140...x 1072
2 |7.274...x107* |1.342...x107* |5.189...x 10™*
3 1.445...x107% [1.169...x107% |1.808...%x 1078

Table 2.3 Steffensen's n [ 1FGs0) oo O =yullo 1V = yylloo
’ 1 2.665...x1071 |2.527...x 107" |3.865...x 107!
2 /1.893...x107% |1.893...x 1072 |1.965...x 1072
3 16.407...x107* | 1.669...x 107* 4.999...x 10™*

Table 29 Method 29 n IFG) oo O =yullee 1Y ®) =3l
’ ’ 1 [4.680...x1072 |2.484...x1072 |6.815...%x 1072
2 [2.331...x 107> [8.762...x 107> |2.334...x 1073
3 13.636...x107° |3.636...x 1077 |4.208...x 107

Table 2.10 Steffensen’s n [ 1FG) oo Iy —yalloo | 1Y) = ¥illow
method: N'=4 11215, x 107" |5.081...x 102 | 1.593...x 10~
2 16.728...x1073 |2.532...x 1073 |5457...x 1073
3 11.052...x 107 |3.891...x107% |6.043...x 107

2.6 Other Contributions

Finally, we introduce briefly some recent contributions.

* In [17] the authors study the convergence of a Newton-Steffensen type method
for solving nonlinear equations introduced by Sharma [37]. Under simplified
assumptions regarding the smoothness of the nonlinear function, they show
that the g-convergence order of the iterations is 3. Moreover, they show that
if the nonlinear function maintains the same monotony and convexity on an
interval containing the solution, and the initial approximation satisfies the Fourier
condition, then the iterations converge monotonically to the solution. They also
obtain a posteriori formulas for controlling the errors.

* Based on Steffensen’s method, the paper [23] derives a one-parameter class of
fourth-order methods for solving nonlinear equations. In the proposed methods,
an interpolating polynomial is used to get a better approximation to the derivative
of the given function. Each member of the class requires three evaluations of the
given function per iteration. Therefore, this class of methods has efficiency index
which equals 1.587.

» For solving nonlinear equations, the paper [33] suggests a second-order paramet-
ric Steffensen-like method, which is derivative free and only uses two evaluations
of the function in one step. A variant of the Steffensen-like method which is
still derivative free and uses four evaluations of the function to achieve cubic
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convergence is also presented. Moreover, a fast Steffensen-like method with
super quadratic convergence and a fast variant of the Steffensen-like method with
super cubic convergence are proposed by using a parameter estimation. The error
equations and asymptotic convergence constants are obtained for the discussed
methods.

In [34], a parametric variant of Steffensen-secant method and three fast variants
of Steffensen-secant method for solving nonlinear equations are suggested. They
achieve cubic convergence or super cubic convergence for finding simple roots by
only using three evaluations of the function per step. Their error equations and
asymptotic convergence constants are deduced. Modified Steffensen’s method
and modified parametric variant of Steffensen-secant method for finding multiple
roots are also discussed.

In [36], a family of fourth-order Steffensen-type two-step methods is constructed
to make progress in including Ren-Wu-Bi’s methods [23] and Liu-Zheng-
Zhao’s method [Z. Liu, Q. Zheng, P. Zhao, A variant of Steffensen’s method of
fourth-order convergence and its applications, Appl. Math. Comput. 216 (2010)
1978-1983.] as its special cases. Its error equation and asymptotic convergence
constant are deduced. The family provides the opportunity to obtain derivative-
free iterative methods varying in different rates and ranges of convergence.

In [11], a family of Steffensen-type methods of fourth-order convergence for
solving nonlinear smooth equations is suggested. In the proposed methods, a
linear combination of divided differences is used to get a better approximation to
the derivative of the given function. Each derivative-free member of the family
requires only three evaluations of the given function per iteration. Therefore, this
class of methods has efficiency index equal to 1.587. The new class of methods
agrees with this conjecture.

A new derivative-free iterative method for solving nonlinear equations with
efficiency index equal to 1.5651 is presented in [18].

In the paper [12], by approximating the derivatives in the well known fourth-
order Ostrowski’s method and in a sixth-order improved Ostrowski’s method by
central difference quotients, we obtain new modifications of these methods free
from derivatives. The authors prove the important fact that the methods obtained
preserve their convergence orders 4 and 6, respectively, without calculating any
derivatives.

The authors of [19] present a modification of Steffensen’s method as a predictor-
corrector iterative method, so that they can use Steffensen’s method to approx-
imate a solution of a nonlinear equation in Banach spaces from the same
starting points from which Newton’s method converges. They study the semilocal
convergence of the predictor-corrector method by using the majorant principle.
A derivative free method for solving nonlinear equations of Steffensen’s type
is presented in [17]. Using a self-correcting parameter, calculated by using
Newton’s interpolatory polynomial of second degree, the R-order of convergence
is increased from 2 to 3. This acceleration of the convergence rate is attained
without any additional function calculations, which provides a very high compu-
tational efficiency of the proposed method.
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The paper [38] proposes two classes of three-step without memory iterations
based on the well known second-order method of Steffensen. Per computing step,
the methods from the developed classes reach the order of convergence eight
using only four evaluations, while they are totally free from derivative evaluation.
Hence, they agree with the optimality conjecture of Kung-Traub for providing
multi-point iterations without memory.

In [40], based on some known fourth-order Steffensen-type methods, we present
a family of three-step seventh-order Steffensen-type iterative methods for solving
nonlinear equations and nonlinear systems. For nonlinear systems, a development
of the inverse first-order divided difference operator for multivariable function is
applied to prove the order of convergence of the new methods.

Other related works can be found in [1-6, 16, 24, 25, 29, 30, 35, 41-43].

Acknowledgements The research has been partially funded by UNIR Research (http://research.
unir.net), Universidad Internacional de La Rioja (UNIR, http://www.unir.net), under the Research
Support Strategy 3 [2015-2017], Research Group: MOdelacién Matemdtica Aplicada a la INge-
nierfa (MOMAIN), by the Grant SENECA 19374/PI/14 and by the project MTM2014-52016-C2-
1-P of the Spanish Ministry of Economy and Competitiveness.

References

10.

11.

12.

. Alarcén, V., Amat, S., Busquier, S., Lopez, D.J.: A Steffensen’s type method in Banach spaces

with applications on boundary-value problems. J. Comput. Appl. Math. 216, 243-250 (2008)

. Amat, S., Busquier, S.: Convergence and numerical analysis of a family of two-step Stef-

fensen’s methods. Comput. Math. Appl. 49, 13-22 (2005)

. Amat, S., Busquier, S.: A two-step Steffensen’s method under modified convergence condi-

tions. J. Math. Anal. Appl. 324, 1084-1092 (2006)

. Amat, S., Busquier, S.: On a Steffensen’s type method and its behavior for semismooth

equations. Appl. Math. Comput. 177, 819-823 (2006)

. Amat, S., Blanda, J., Busquier, S.: A Steffensen type method with modified functions. Riv.

Mat. Univ. Parma 7, 125-133 (2007)

. Amat, S., Bermudez, C., Busquier, S., Mestiri, D.: A family of Halley-Chebyshev iterative

schemes for non-Fréchet differentiable operators. J. Comput. Appl. Math. 228, 486-493 (2009)

. Amat, S., Busquier, S., Magrefidn, A.A.: Reducing chaos and bifurcations in Newton-type

methods. Abstr. Appl. Anal. 2013, 10 pp. (2013). Article ID 726701. http://dx.doi.org/10.1155/
2013/726701

. Argyros, LK., Magreidn, A.A.: On the convergence of an optimal fourth-order family of

methods and its dynamics. Appl. Math. Comput. 252, 336-346 (2015)

. Chen, X., Qi, L., Sun, D.: Global and superlinear convergence of the smoothing Newton

method and its application to general box constrained variational inequalities. Math. Comput.
67, 519-540 (1998)

Chicharro, F., Cordero, A., Gutiérrez, J.M., Torregrosa, J.R.: Complex dynamics of derivative-
free methods for nonlinear equations. Appl. Math. Comput. 219, 7023-7035 (2013)

Cordero, A., Torregrosa, J.R.: A class of Steffensen type methods with optimal order of
convergence. Appl. Math. Comput. 217, 7653-7659 (2011)

Cordero, A., Hueso, J.L., Martinez, E., Torregrosa, J.R.: Steffensen type methods for solving
nonlinear equations. J. Comput. Appl. Math. 236(12), 3058-3064 (2012)


http://research.unir.net
http://research.unir.net
http://www.unir.net
http://dx.doi.org/10.1155/2013/726701
http://dx.doi.org/10.1155/2013/726701

20

13.
14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.
28.
29.
30.

31.
.Qi, L., Sun, J.: A survey of some nonsmooth equations and smoothing Newton methods.

32

33.

34.

35.

36.

37.

S. Amat et al.

Cordero, A., Garcia-Maimd, J., Torregrosa, J.R., Vassileva, M.P., Vindel, P.: Chaos in King’s
iterative family. Appl. Math. Lett. 26, 842-848 (2013)

Cordero, A., Torregrosa, J.R., Vindel, P.: Dynamics of a family of Chebyshev-Halley type
methods. Appl. Math. Comput. 219, 8568-8583 (2013)

Cordero, A., Soleymani, F.,, Torregrosa, J.R., Shateyi, S.: Basins of attraction for various
Steffensen-type methods. J. Appl. Math. 2014, 17 pp. (2014). Article ID 539707. http://dx.
doi.org/10.1155/2014/539707

Dehghan, M., Hajarian, M.: Some derivative free quadratic and cubic convergence iterative
formulas for solving nonlinear equations. Comput. Appl. Math. 29(1), 19-30 (2010)

DZunié, J., Petkovi¢, M.S.: A cubically convergent Steffensen-like method for solving nonlin-
ear equations. Appl. Math. Lett. 25, 1881-1886 (2012)

Eftekhari, T.. A new sixth-order Steffensen-type iterative method for solving nonlinear
equations. Int. J. Anal. 2014, 5 pp. (2014). Article ID 685796

Ezquerro, J.A., Hernandez, M.A., Romero, N., Velasco, A.L.: On Steffensen’s method on
Banach spaces. J. Comput. Appl. Math. 249, 9-23 (2013)

Hernandez, M.A., Rubio, M.J.: The secant method and divided differences Holder continuous.
Appl. Math. Comput. 124, 137-149 (2001)

Hernandez, M.A., Rubio, M.J.: Semilocal convergence of the secant method under mild
convergence conditions of differentiability. Comput. Math. Appl. 44(3/4), 277-285 (2002)
Hernandez, M.A., Rubio, M.J., Ezquerro, J.A.: Secant-like methods for solving nonlinear
integral equations of the Hammerstein type. J. Comput. Appl. Math. 115(1-2), 245-254 (2000)
Hongmin, R., Qingbiao, W., Weihong, B.: A class of two-step Steffensen type methods with
fourth-order convergence. Appl. Math. Comput. 209, 206-210 (2009)

Jain, P.: Steffensen type methods for solving non-linear equations. Appl. Math. Comput. 194,
527-533 (2007)

Kung, H.T., Traub, J.F.: Optimal order of one-point and multipoint iteration. J. Assoc. Comput.
Math. 21, 634-651 (1974)

Lotfi, T., Magreiian, A.A., Mahdiani, K., Rainer, J.J.: A variant of Steffensen—King’s type
family with accelerated sixth-order convergence and high efficiency index: dynamic study and
approach. Appl. Math. Comput. 252, 347-353 (2015)

Magrefidn, A.A.: Different anomalies in a Jarratt family of iterative root-finding methods. Appl.
Math. Comput. 233, 29-38 (2014)

Magrefidn, A.A.: A new tool to study real dynamics: the convergence plane. Appl. Math.
Comput. 248, 215-224 (2014)

Paviloiu, I., Citinas, E.: On a Newton-Steffensen type method. Appl. Math. Lett. 26, 659—-663
(2013)

Petkovi¢, M.S., 1li¢, S., DZuni¢, J.: Derivative free two-point methods with and without
memory for solving nonlinear equations. Appl. Math. Comput. 217, 1887-1895 (2010)

Qi, L., Sun, J.: A nonsmooth version of Newton’s method. Math. Program. 58, 353-367 (1993)

In: Progress in Optimization. Applied Optimization, vol. 30, pp. 121-146. Kluwer Academic
Publishers, Dordrecht (1999)

Quan, Z., Jing, W., Peng, Z., Li, Z.: A Steffensen-like method and its higher-order variants.
Appl. Math. Comput. 214, 10-16 (2009)

Quan, Z., Peng, Z., Li, Z., Wenchao, M.: Variants of Steffensen-secant method and applica-
tions. Appl. Math. Comput. 216, 3486-3496 (2010)

Quan, Z., Jingya, L., Fengxi, H.: An optimal Steffensen-type family for solving nonlinear
equations. Appl. Math. Comput. 217, 9592-9597 (2011)

Quan, Z., Peng, Z., Fengxi, H.: A family of fourth-order Steffensen-type methods with the
applications on solving nonlinear ODEs. Appl. Math. Comput. 217, 8196-8203 (2011)
Sharma, J.R.: A composite third order Newton-Steffensen method for solving nonlinear
equations. Appl. Math. Comput. 169, 242-246 (2005)


http://dx.doi.org/10.1155/2014/539707
http://dx.doi.org/10.1155/2014/539707

38.

39

41.

42.

43.

An Overview on Steffensen-Type Methods 21

Soleymani, F., Karimi Vanani, S.: Optimal Steffensen-type methods with eighth order of
convergence. Comput. Math. Appl. 62, 4619-4626 (2011)

. Steffensen, I.LF.: Remarks on iteration. Skand. Aktuarietidskr. 16, 64—72 (1933)
40.

Xiaofeng, W., Tie, Z.: A family of Steffensen type methods with seventh-order convergence.
Numer. Algorithm 62, 429444 (2013)

Zheng, Q., Wang, C.C., Sun, G.Q.: A kind of Steffensen method and its third-order variant.
J. Comput. Anal. Appl. 11, 234-238 (2009)

Zheng, Q., Li, J., Huang, F.: An optimal Steffensen-type family for solving nonlinear equations.
Appl. Math. Comput. 217, 9592-9597 (2011)

Zhu, X.: Modified Chebyshev-Halley methods free from second derivative. Appl. Math.
Comput. 203, 824827 (2008)



2 Springer
http://www.springer.com/978-3-319-39227-1

Advances in lterative Methods for Monlinear Equations
Amat, S.; Busquier, S. (Eds.)

2016, W, 286 p. 117 illus., 113 illus. in color.,, Hardcover
ISBN: 978-3-319-30227-1



