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Abstract Derivative free methods for solving nonlinear equations of
Steffensen’s type are presented. Using two self-correcting parameters, cal-
culated by Newton’s interpolatory polynomials of second and third degree,
the order of convergence is increased from 2 to 3.56. This method is used
as a corrector for a family of biparametric two-step derivative free methods
with and without memory with the accelerated convergence rate up to order
7. Significant acceleration of convergence is attained without any additional
function calculations, which provides very high computational efficiency of
the proposed methods. Another advantage is a convenient fact that the
proposed methods do not use derivatives. Numerical examples are given to
demonstrate excellent convergence behavior of the proposed methods and
good coincidence with theoretical results.
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1 Introduction

In this paper we present two new iterative methods with memory of
Steffensen’s type for solving nonlinear equations. Our motivation for con-
structing these methods is directly connected with the basic concept of Nu-
merical analysis that any numerical algorithm should give as good as possible
output results with minimal computational cost. In other words, it is necessary
to search for algorithms of great computational efficiency. The main goal
of this paper is to present new, simple methods of considerably increased
computational efficiency, higher than that of the existing methods in the
considered class of methods.

A very high computational efficiency of these methods is obtained by
applying a new accelerating procedure based on varying two parameters cal-
culated by Newton’s interpolating polynomials in each iteration. Considerable
increase of convergence is achieved without additional function evaluations,
making the proposed root solvers very efficient. Biparametric acceleration
technique by self-correcting parameters was not applied in the literature at
present. Numerical examples confirm excellent convergence properties of the
presented methods.

In our convergence analysis of the proposed methods we employ the O-
and o-notation: If {gx} and {h} are null sequences and gx/ ki — C, where Cis
a nonzero constant, we write gx = O(hy) or gr ~ Chy. If g/ hi — 0, we write
8k = o(hy).

Let « be a simple real zero of a real function f: D C R — R and let x; be
an initial approximation to «. In his book [13] Traub considered the iterative
function of order two

yf(0)? fx)
d(x,y) =x— =x—- - 1
= i - fo Y Fexrrrw] Y
where y #0 is a real constant and f[x, y] = f(x%f(y) denotes a di-

vided difference. Note that the choice y = 1 reduces (1) to the well-known
Steffensen iterative method [12].
Introducing the abbreviations

_ fx) _ ()
o’ 2f(x)’
Traub [13] derived the error relation of method (1) in the form
@, y) —a = (1+ 7/ () CWu? + Ouw?), (2)

and showed that the Steffensen-like method (1) can somewhat be improved by
the reuse of information from the previous iteration. Approximating f’(x) by
the secant

u(x)

G (x)

fO) = fOo-1) _

Xk — Xk—1

fl) = ks x|
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Traub constructed the following method with memory

_ Xk — Xk—1
Jex) = f (xk-1)
vi f(x)?

i+ v fe)) — flx)’

with the order of convergence at least 1 4+ /2 ~ 2.414.

Similar approaches for accelerating derivative free multipoint methods by
varying parameters were applied in [2, 3, 9] in a considerably more efficient
way. Following Traub’s classification [13, pp. 8-9], methods that use informa-
tion from the current and previous iteration are called methods with memory.
This kind of methods is the subject of this paper.

In this paper we show that the iterative method (1) can be additionally
accelerated without increasing computational cost, which directly improves
computational efficiency of the modified method. The main idea in construct-
ing a higher order method consists of the introduction of another parameter p
and the improvement of accelerating technique for the parameter y. The error
relation of the new method, constructed in this way, gives a clear idea and
motivation for further acceleration with the reuse of available information.
The same idea is applied to a family of two-point Steffensen-like methods to
achieve considerable improvement of computational efficiency.

yo is given, yx = fork > 1,

k=0,1,..) (3

Xk+1 = X —

2 Choice of initial approximations

Although the choice of good initial approximations is of great importance
in the application of iterative methods, including multipoint methods, this
task is very seldom considered in the literature. Recall that Newton-like
and Steffensen-like methods of the second order have been most frequently
used as predictors in the first step of multipoint methods. Both classes of
these methods are of tangent type and, therefore, they are locally convergent,
which means that a reasonably close initial approximation to the sought zero
a should be found. Otherwise, if the chosen initial approximation is too
far from the sought zero (say, if it is chosen randomly), then the applied
methods, either the ones proposed in this paper or some others with local
convergence developed during the last two centuries, will probably find some
other (often unwanted) zero or they will diverge. Therefore, the determination
of a reasonably good approximation x, that guarantees the convergence of the
sequence of approximations {x;}ren to the zero of f is a significant task. It is
interesting to note that initial approximations, chosen randomly in a suitable
way, give acceptable results when simultaneous methods for finding all roots
of polynomial equations are applied, e.g., employing Aberth’s approach [1].
There are many methods (mainly of non-iterative nature) and strategies
for finding sufficiently good initial approximations. The well-known bisection
method and its modifications belong to the simplest but not always sufficiently
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efficient techniques. There is a vast literature on this subject so that we
omit details here. We only note that complete root-finding algorithms often
consist of two parts: (i) slowly convergent search algorithm to isolate distinct
real or complex interval containing single root and (ii) rapidly convergent
iterative method for finding sufficiently close approximation of the isolated
root to the required accuracy. In this paper we are concentrating on the
part (ii). Applying computer algebra systems, a typical statement for solving
nonlinear equations reads FindRoot[equation, {x, xo}], see, e.g., Wolfram’s
computational software package Mathematica, that is, an initial approximation
Xp 1s required.

In finding good initial approximations, a great advance was recently
achieved by developing an efficient non-iterative method of significant prac-
tical importance, originally proposed by Yun [15] and latter discussed in
[10, 16, 17]. Yun’s method is based on numerical integration briefly referred
to as NIM, where tanh, arctan and signum functions are involved. The NIM
requires neither any knowledge of the derivative f’(x) nor any iterative
process. Handling non-pathological cases it is not necessary to have a close
approximation to the zero; instead, a real interval (not necessarily tight) that
contains the root (so-called inclusion interval) is sufficient. For illustration, to
find an initial approximation x, of the zero o = 7 of the function

fx) = e xszm_xl + x*log(l +x — )

(tested in Section 6), isolated in the interval [2.2, 10], we employed Yun’s
algorithm with the statement

x0=0.5% (a+b+Sign[f[a]]*NIntegrate[Tanh[m*xf[x]], {x,a,b}])

taking m =3, a =2.2, b =10, and found very good approximation xy =
3.14147 with |xy — | & 1.2 x 1074,

Remark 1 Solving real-life problems in engineering disciplines, computer sci-
ences, physics, biology, economics, etc., an approximate location of the wanted
solution of a given nonlinear equation is most frequently known to the user.
This means that there is no need for an extensive zero-searching method;
the mentioned Yun’s method [15] applied to the isolated inclusion interval
(not necessarlly tight) gives satisfactory results. Having in mind this fact and
recently developed Yun’s improved NIM global method [17] that finds all (sim-
ple or multiple) roots within a given interval, it could be said that numerical
testing locally convergent root-finding methods with randomly selected initial
approximations are rather of academic interest.

3 Improved Steffensen-like method

For k > 1 introduce the abbreviations

Sk =Xk — O, Epyl =Xkp1 — o, Wk =X +Yfxp),  Ekw = wi — o,
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and

)
cj= @ (j=2,3,...).

Let us consider the following modification of method (1) with an additional
parameter p,

fxe)
= — k=0,1,...). 4
et = Tk f xi, wil + pf(wy) ( ) @

Using Taylor’s series about a simple zero « of f, we obtain

F) = f@)(ex + caef + eaei + O (e) ). )
erw = (1+7f (@) ek—i—yfz(a)ei—k O (s})., (6)
fw) = £ (e + 26, +caeh, + O (eL,) ). ™

In view of (4)—(7) we find

Flxe wil + pfwe) = f’(a)(1+czsk+(cz+ P) ekt (e2+exern)

+(c3+ pea) ep,, + O (g}) ) ®)
flx, wi(]x—i)pf(wk) = ek = (24 p) exerw + O (siskn) - 9)
Erpl = Xpp1 — O = £ — J(xx)
[k, wid + pf(wi)
= (2 + P) exerw + O (s56k0) (10)
and hence
ek~ (1+yf (@) (e + p)e;. (11)

From relation (11) we conclude that the biparametric Steffensen-like method
without memory (4) has order of convergence two, the same one as
method (1).

Error relation (11) plays the key role in our study of the convergence ac-
celeration. Method (4) serves as the basis for constructing a new biparametric
derivative free family of two-point methods of the form

S (x) B
Tl wi + pfGoy T + v f(x),
f()’k) Z‘k _ f(yk)
Flvewd + pfw’ " Fo)”

A weight function g should be determined in such way that it provides the
optimal order four for the two-point iterative scheme (12).

Yk = Xk
(12)

Xir1 = Yi — 8(tk)

@ Springer



554 Numer Algor (2013) 63:549-569

Let &x,y = yx — a. Taylor’s expansion (5) and relations (8)—(10) lead to

&y = (2 + P)Skgk,w+(c3—CZ(C2+P))51%5k,w+(CS +P02—(02+P)2) 8k8;2€,w

+0 (g36kw) » (13)

fo0 = f@(eny + el + 0 (el,)). (14)

146+ 0 (&2

V) e, 28k.y k.y

AS DS ( L =(C2+Pekw+(c3—2¢2(C2+ ) ) ek
k

T T e I+t 0 ()
+ (c3 + pea — (2 + p)?)eg ., + Olererw) (15)
and
i wil+pf(wie) = f’(a)(l + (C2+ P)ekw + (€34 PC)eL ,+Catky
+0(el.))- (16)

T i)
Flyr, wil+pf(w)

= &,y —(C2+ ek wék,y+ ((62+P)2 —(c3+pca)) 8/%,,,,8k,y

+0 (Elz,wgk»y) : 17)
Since t — 0 when k — oo (see (15)), let g be represented by its Taylor’s
expansion about 0,

g(t) = g(0) + g'(0)r + 18" (O + O (). (18)

After some elementary calculations, having in mind (18), we arrive at the
error estimate for the new approximation xj.,

Bl = X1 — & = Epy — (g(O) +8 O+ Lg' 0B + 0 (t,i)) (gk,y
—(C2+ Prwery + (2 + P> = (€ + pe))et ey + O (s,i,wsk,y))
= 8k,y<1_g(0)+(g(0)_g/(o))(c2+p)5k,w_g/(o)(CS_262(02+p))8k8k,w
+((©O) g )5+ pex) — (8(0) — 28 O)+3¢" ) e+ p)Z)g,gw)

+O (p6kwer.y) - (19)
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From (19) we conclude that the choice g(0) = g'(0) = 1 gives the highest
order to the family of two-point methods (12), with the error relation

Ehy1 = ((ZCz(Cz + p) — c3)ekerw + (1 — 187(0)) (2 + p)in,w)Sk,y
+ O (8I%Ek,w8k,y)
= (2c2(c24 P =3+ (1= 18" @) A+ f @) (€2 D) )exiusiy

+ O (eRekwer.y) - (20)
After substituting relations (6) and (13) into (20), the error relation takes the
form
ek ~ @+ p) (1+7f @)
x (ZCz(Cz +p)—c3+ (1= 1g"0) 1 +yf@)(e2+ p)2)82- (21)

The above results can be summarized in the following theorem:

Theorem 1 For a sufficiently good initial approximation x, of a simple zero o
of the function f, the family of two-point methods (12) obtains the order at least
four if the weight function g satisfies conditions

g0 =1, gO=1, [g'0]<oco. (22)

Then the error relation for the family (12) is given by (21).

We give some examples for the weight function g with a simple form
satisfying conditions (22). The first example is

g(t)=(1+§> . s#0.

In particular, for s = 1 we obtain g(¢) = 1 4+ ¢. Also, the choices s = —1 with
g =1/ — 1) (giving the Kung-Traub two-point method [6] for p = 0) and
s = 1/2 with g(r) = /1 +t/2 are convenient for practical applications. Some
other simple examples are

2
1+ it 2(0) = 1+ Bot

S R A

2+ (B—Dt—1
1) = , 1) =
g(0) - g(0)
where By, B2, B3, B2 € R. All of these four weight functions are only special
cases of the generalized function

1 — 1+ Byt?’

l+at+bi?
14 (a— Di+c?

g =
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fora, b, c € R. Another general class of weight functions is given by

(1+at+br2)"

( as; — 1 2>52’
I+ ———t+ct
52

HOES

fora,b,c € R and sy, s, # 0.

4 Acceleration of the one-point method

The main idea in constructing methods with memory consists of the calculation
of parameters y = y; and p = pi as the iteration proceeds by the formulas
v =—1/f () and py = =, fork =1, 2, ..., where f'(«) and ¢, are approxi-
mations to f'(«) and c;, respectively. In essence, in this way we minimize the
factors 1+ yi f'(e) and ¢ + pi that appear in (21). It is preferable to find
approximations f'(«) and ¢, of a good quality, for example, 1 + y; f'(«) =
O(el ) and ¢, + px = O(g]l_)) for ¢ > 1. It is assumed that initial estimates
yo and po should be chosen before starting the iterative process, for example,
to take y, using one of the ways proposed in [13, p. 186] and set py = 0.

Our model for the calculation of the self-accelerating parameters y, and py
in each iteration is based on the approximations

1 1 1

- _ = — ~ — , 23
TN T e @ 9
o Nwe
Pk = = N G~ —c, (24)

where
No(t) = Na (75 xp, wi—1, Xk—1) and N3(7) = N3 (T3 w, Xg, Wi—1, Xk—1)

are Newton’s interpolating polynomials set through 3 and 4 available ap-
proximations (nodes) from the current and previous iteration. Obviously, if
fewer nodes are used for the interpolating polynomials, slower acceleration is
achieved.

Combining (4) with (23) and (24), we construct the following derivative free
method with memory of Steffensen’s type

Yo0. Do are given, wi = xg + vk f(xk),

! Ny ()
= == fork > 1,
S TN PR T T 2N w) (25)
Xk+1 = Xk f (i) (k=0,1,...).

e wil + pr fQwg)
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Let {x;} be a sequence of approximations generated by an iterative method
(IM). If this sequence converges to the zero « of f with the order at least r, we
will write

ekt1 ~ Di el (26)

where Dy, tends to the asymptotic error constant D, of the iterative method
(IM) when k — oo. Similarly to (26), we write

Ekw ™ Dk,rl 82‘. (27)

Formally, we use the order of a sequence of approximations as the subscribe
index to distinguish asymptotic error constants.

Lemma 1 The estimates

/ Cq
1+mfm)~—qa4w&4amiq+pwv;aqwn4
2

hold.

Proof We use the well known formula for the error of Newton’s interpolation.
If Newton’s interpolating polynomial of degree s € N is set through the nodes
to, 11, ..., t; from the interval I = [min{t, t1, ..., t;}, max{ty, t1, ..., t;}], then for
some ¢ € I we have

6D (g)
O (-1

f( — Ny(t) = TE Ll

(28)

After differentiating (28) once at the point x; (for s = 2) and twice at wy
(for s = 3), we find

Ny(xp) = f'(xx) — / 3(,§2) (Xk — wr—1) (Xk — Xg—1)
~ f/(o()(l + 2c08) — C38k_1’w£k_1), (29)
(4)
Ny = fwg) - L 4(,“) (i = ) (g — we—1) (wg — K1)
~ f(@)(1 + 2c26kw + Ca8kEr—1,0Ek-1)s (30)
2 4
N5 (wp) = f"(wy) — %[(wk — X)) (Wi — wi—1) + (Wi — X)) (Wi — Xg—1)
+(wi — wi—1) (Wi — xk—l)]
~ (@) <1 + 3ﬁ8k,w . E8/<1,w8k1> . (31)
262 C
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Using (30) and (31) we obtain

P+ e, - & )
” o —Ekw — —Ek—1.wEk—
Njw) 1 20, T !

- 32
2Nj(wi) 2 @) (1 + 2c26k,u + Ca€kEk—1,wEk—1) (32)
J" () 4
~—"(1— —gi_ 1), 33
2f/(a)( G, Fh ek 1) (33)
that is,
[ (@) Ni(wi) ¢
= — ~ —E&k—1,wEk—-1- 34
CEPR= @) AN e ek 34
From (29) it follows that
1
L+ fl(@) ~1— ~ —C3&k_1wk-1.  (35)
I — c3ek—1,wk—1 + 2¢28k
since g, ~ (2 + Pr—1)€k—1.wEk—1 = 0(€k—1.wEk—1), based on (10) and (34). O

Now we state the following convergence theorem:

Theorem 2 [f an initial approximation x is suf ficiently close to a simple zero o
of [, then the order of convergence of the Stef fensen-like method with memory
(25) is at least §(3 + ~/17) ~ 3.56.

Proof By virtue of Lemma 1, from (26), (27), (35) and (34) we have

L+ v f/(xk) ~ —c3Dyp_y p, 8;1{fr1’, (36)

c "
P~ Dl (37)
Combining (10), (26), (27), (36) and (37) yields

C4 L7y 147 (I+r)(14r)
ekr1 ~ (2 + pr)ekwsr ~ C_Dk—l,rl Dire Vet~ Arprg ! . (38)
2

where Ag,| = E—ka,m Dy, DIt . Similarly, by (6), (27), (36) and (37),

elow ~ (14 v fl(@)) & ~ —c3Dy_1p 8 ex ~ B, (39)

where By = —c3Dk_1, Di—1,,. From (26) and (27) we obtain another pair of
estimates

2

k+1 ~ Dy Dy &1, (40)
-~ i rry
Ekw Dk,r, Dkfl,rgkfl' (41)
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Equating the exponents of the error ¢;_; in pairs of relations (38) and (40),
and (39) and (41), we arrive at the system of equations

P —A4+rn1+r)=0,
rriy—r—r;—1=0.

Positive solution is given by r = %(3 + +/17) = 3.56, and it defines the order of
convergence of the Steffensen-like method with memory (25). O

Remark 2 From (32) we note that an interpolating polynomial of lower degree
can be used for approximating f’(«) in the expression for ¢; without decreasing
the convergence order, as long as it is set through the nodes w; and x.
In this manner, the simplest choice for py, which would still give maximal
convergence order, is px = —¢, = — N5 (wi) /(2 flwk, xx]). However, although
the described simplification is theoretically founded, numerical results have
shown that this approximation gives slight drop in the accuracy of the obtained
approximations for the sought root.

5 Acceleration of the family of two-point methods

An accelerating approach, similar to that used in the previous section, will be
now applied for constructing two-point methods with memory. Calculation
of the parameters y = yx and p = p; becomes more complex since more
information are available per iteration. Formulas for the calculation of y = yx
and p = pi are given by

1 1 1

= — = — = ~ — s 42
TN T T @ (42
Ny (wy) -
= —-—— = — ~ — s 43
Pk ZNQ(wk) (%] (&) (43)
where
N3(t) = N3(T5 Xy Y—1, Wi—1, Xk—1)
and

Na(t) = Ny (T; Wi, Xpey Yi—1, Wi—1, Xk—1)

are Newton’s interpolating polynomials set through 4 and 5 available approxi-
mations (nodes) from the current and previous iteration.
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Combining (12) with (42) and (43), we construct the following derivative
free family of two-point methods with memory of Steffensen’s type

Y0, Po are given, wg = xx + v f(xk),
1 N} (w)
Yk = —m, Dk = —m fork > 1,
Fxp) (k=0,1,...),
Y= e Uk, wil + pi f (wi)
X1 = Yie — 8(t) ST s k= M
Sy wil + pf(wi) f(xe)

(44)
where the weight function g satisfies conditions (22).
Similarly to the proof of Lemma 1, with regard to (20) the following
statement can be proved:

Lemma 2 The estimates
L+ yi f'(@) ~ cagr—1,y8k—1,wEk—1 — 2C28k ~ Grer—1,yEk—1,wEk-1 (45)
and

Cs
C + pr ~ _C_Sk—l,yek—l,w(‘?k—l (46)
2

hold, where G, = ¢4 — 2¢2 Bi—1 and
B =26 (2 p)—c3+(1—38"0) (14 f'(@) (ca+p)*. (47)

Now we state the convergence theorem for the family of two-point methods
with memory (44).

Theorem 3 If an initial approximation x is sufficiently close to a simple zero
a of f, then the order of convergence of the family of two-point methods with
memory (44) is at least seven.

Proof Similar to (26) and (27), let us assume that for the iterative sequence
{yx} the following relations hold

ex,y ~ Dir.e) (48)
and
ety ~ D, D;f_]‘rslrfjl. (49)
From (45)-(48), (26) and (27) we have
1+ i f' (@) ~ G D1, Di—1 6,707, (50)
2+ pr ~ _z_sz—l,rl Dk—l,rzglitrll-wz- (51)
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Combining (13), (20), (27) and (45)—(50), we find

r 7 1+ri+r
k1 ~ Brererwek,y ~ Biex Dy r &) Direl ~ Akpig, 7, (52)
¢ 14ry () (+r)+r
eky ~ (C2 + Pr)erciw ~ _C_Dk—l,rl D1, Diry D e} 5, (53)
2

ekw ~ (1+ v f(@)ex ~ GeDy—i 5, D15, D108, 7, (54)

where By is given in (47) and Axy1 = Bi Dy, D,

Equating the exponents of the error & in pair of relations (52) and (26) and
the error g, in pairs of relations (54) and (41), and (53) and (49), we arrive at
the system of equations

r—ri—r,—1=0,
rmm—r—r—r—1=0,
rry— (1 +r)(d+r)+r=0.

Positive solution is given by r = 7 so that convergence order of the family (44)
of two-point methods with memory is seven, which concludes the proof. O

Remark 3 The simplest choice for py that still gives order 7 for the family with
memory (44) is px = —N} (wr)/(2 flwk, x1), see Remark 2.

Remark 4 The other choice of nodes (of worse quality) gives approximations
for yx and pj of somewhat less accuracy, so that the corresponding families of
the form (44) have the convergence order greater than 4 but less than 7. In
this paper we are concentrating on the choice of as good as possible available
nodes to obtain the maximal order 7.

6 Numerical results

The presentation of numerical results in this section serves to point to very
high computational efficiency and, of less importance, to demonstrate fast
convergence of the proposed methods. It is clear that a very fast convergence,
a property of many existing methods, is not of particular advantage if the
considered method is too expensive from a computational point of view.
This simple fact has been often neglected in many papers. In this section the
convergence rate is expressed by the computational convergence order r, cal-
culated by (57) and given in the last column of displayed tables. Computational
efficiency can be successfully measured by the efficiency index. For an iterative
method (IM) with convergence order r that requires 6 function evaluations,
the efficiency index (also named computational efficiency) is calculated by
Ostrowski-Traub’s formula

E(IM) =r'"’
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(see [7, p. 20], [13, Appendix C]). According to the last formula we find

1 1/2
EQ25) = (5(3 + \/17)> ~ 1.887, and E(44) = 7'° ~ 1.913,

whereas computational efficiency of the most efficient three-point schemes
(IM) is only E(IM) = 8'/* ~ 1.682. Obviously, the obtained efficiency indices
of the proposed methods are remarkably high.

As mentioned in Section 2, applying any root solver with local convergence,
a special attention must be paid to the choice of initial approximations. If initial
values are sufficiently close to the sought roots, then the expected (theoretical)
convergence speed is obtainable in practice; otherwise, all iterative root-
finding methods work with great difficulties and show slower convergence,
especially at the beginning of the iterative process. In our numerical examples
we have chosen initial approximations to real zeros of real functions using
the mentioned Yun’s global algorithm [17]. We have also experimented with
crude approximations (see Tables 2 (part I), 5 (part I), 7 (part I) and 10 (part
I)) in order to study convergence behavior of the proposed methods under
modest initial conditions, and randomly chosen approximations (Tables 4, 9
and 12). In some examples different choice of initial approximations caused
the convergence to different zeros, see Tables 6 and 11.

We have tested the methods (4), (12), (25) and (44) for the functions given
in Table 1.

Tables 2, 3, 4, 5 and 6 contain results of iterative methods (1) and its
accelerated variant (3), as well. The results for

Xip1 = Xj — ]]:/(();i)) (Newton’s method) (55)
of the second order and
Xpy1 = X — / f](jz;i) o) (Halley’s method) (56)
o) + ————=
2 f"(xx)

with order of convergence three, are also included, for better observation of
convergence acceleration obtained and an insight of impact on quality of the
produced results.

The selected test-functions are not of simple form and they are certainly
more complicated than most of often used Rice’s test functions [11], Jenkins—
Traub’s test polynomials [5] and test functions used in many papers concerning
nonlinear equations. For example, the function f; displayed in Fig. 1 shows
nontrivial behavior since its graph is of n-form with two relatively close zeros
and a singularity close to the sought zero. The test function f, is a polynomial
of Wilkinson’s type with real zeros 1, 2, ..., 20. It is well-known that this class
of polynomials is ill-conditioned (a part of its “uphill-downhill” graph with
very large amplitudes is displayed in Fig. 2); small perturbations of polyno-
mial coefficients cause drastic variations of zeros. Notice that many iterative
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Table 1 List of test functions

Test function

o
fi (x — D(x® + x76 + 4) sin(x?) 1
20
f [Te-a 2,8, 16
i=1 )
f e xszln_xl +x?log(l +x — ) T
1
fa x4sinx+ - —142i 0.28860... —i1.24220. ..
X
4
fs e x4 — 2+ iv2 14iv/2, 0.50195... 4 i0.05818...
T

Table 2 One-step methods without and with memory applied to f;

Methods |x1 — «f |x2 — «f |x3 — o [xg4 — | re (57)
a=1 )C()=71.5 }/0=70.1 p0=70.01
(1) 1.91 (=3) 2.31 (-6) 3.39 (—12) 7.30 (—24) 2.00
(3) 1.91 (-3) 2.71 (—6) 2.29 (—14) 2.35 (—33) 2.35
(55) diverges
(56) diverges
4) 1.10 (=2) 7.75 (=5) 3.79 (-9) 9.04 (—18) 2.00
(25) 1.10 (=2) 5.84 (=5) 4.72 (—16) 2.25 (—54) 3.45
a=1 )C()=1.3 }/():70.1 p0=70.1
1) 1.36 (=2) 1.20 (—4) 9.13 (-9) 5.30 (—17) 2.00
3) 1.36 (—2) 1.08 (—4) 2.69 (—10) 1.28 (—23) 2.38
(55) 1.14 (—1) 2.06 (—2) 5.90 (—4) 4.48 (—=7) 2.01
(56) 4.78 (-2) 1.69 (—4) 1.45 (—11) 9.20 (—33) 3.00
4) 1.31 (=2) 1.03 (—4) 6.23 (-9) 2.27 (—17) 2.00
(25) 1.31 (=2) 2.83 (-8 1.15 (=27) 3.52 (—95) 3.48
Table 3 One-step methods without and with memory applied to f,
Methods [x1 — o [x2 — o] |x3 — o [xg4 — o] re (57)
a=2 X0 = 1.6 Yo = —0.01 po = -5
(1) diverges
3) 4.00 (—1) 6.56 (—2) 4.63 (-3) 7.68 (—6) 2.29
(55) 1.39 (—1) 3.18 (-2) 2.27 (=3) 1.28 (=5) 1.91
(56) 8.95 (-2) 2.25(=3) 4.97 (—-8) 5.42 (=22) 3.00
4) diverges
(25) 4.00 (—1) 1.86 (—1) 9.15 (—4) 9.37 (—11) 2.81
a=38 X0 = 8.4 Yo = —0.01 po = -5
(1) diverges
3) converges to 7
(55) converges to 7
(56) 292 (—1) 8.94 (-2) 1.42 (=3) 4.78 (—9) 3.08
4) diverges
(25) 4.00 (—1) 1.16 (—1) 2.88 (=2) 2.54 (=7) 8.19
a=16 X0 = 16.4 Yo = —0.01 pPo = -5
(1) diverges
(3) 4.00 (1) 4.77 (=3) 6.10 (—6) 2.72 (—13) 2.54
(55) 2.13 (-2) 6.04 (—4) 4.49 (-7) 2.49 (—13) 2.00
(56) 1.08 (—1) 2.17 (=3) 2.31 (=98 2.80 (—=23) 3.00
4) diverges
(25) 4.00 (—1) 4.77 (=3) 6.10 (—6) 2.72 (—13) 2.54
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Table 4 One-step methods without and with memory applied to f3

Methods [x1 — o |x2 — o |x3 — «f |x4 — o] re (57)
oa=T1 X0 = 6 Yo = —0.05 pPo = —0.05
1) 1.78 (1) 2.44 (-3) 4.12 (=7) 1.18 (—14) 2.00
3) 1.78 (—1) 2.06 (—3) 1.56 (—8) 9.37 (-21) 2.39
(55) 9.55 (—1) 1.56 (—1) 3.86 (—3) 2.05 (—6) 2.03
(56) 3.45 (—1) 8.91 (—4) 6.92 (—11) 3.24 (—32) 3.00
4) 1.44 (—1) 1.08 (—3) 5.09 (—8) 1.14 (—16) 2.00
(25) 1.44 (—1) 8.90 (—7) 1.79 (—23) 6.27 (—83) 3.56
o= xo=17 yo = —0.05 po = —0.05
1) 7.29 (-3) 3.65 (—6) 9.21 (—13) 5.88 (—26) 2.00
3) 7.29 (—3) 3.66 (—6) 1.81 (—15) 2.24 (—37) 2.35
(55) 1.45 (0) 3.29 (—1) 1.86 (—2) 4.87 (—5) 2.04
(56) 6.29 (—1) 8.21 (—4) 5.39 (—11) 1.53 (—32) 3.00
4) 5.92 (-3) 1.52 (—6) 1.02 (—13) 4.57 (—28) 2.00
(25) 5.92 (-3) 1.13 (—11) 1.70 (—40) 8.55 (—144) 3.58
o= xX0=9 yo = —0.02 po = —0.08
1) 1.45 (0) 2.51 (-1) 8.32 (—3) 7.67 (—6) 2.03
3) 1.45 (0) 2.01 (—=1) 1.55 (-3) 1.00 (—8) 2.44
(55) 2.50 (0) 7.84 (—1) 1.07 (—1) 1.78 (—3) 1.95
(56) 1.28 (0) 4.05 (-2) 5.60 (—6) 1.71 (—17) 2.98
4) 9.43 (—1) 7.62 (—2) 3.24 (—4) 4.77 (-9) 2.03
(25) 9.43 (—1) 3.61 (=3) 4.96 (—10) 2.54 (—35) 3.69

methods encounter serious difficulties in finding the zeros of Wilkinson-like

polynomials.

Complex test functions f; and f5 are used to show that the proposed
methods are applicable to the complex domain too. As noted by Geum and
Kim in [4], functions of the form like f; and f5 arise from the real-life problems

Table 5 One-step methods without and with memory applied to fa

Methods |x1 — «f |x2 — | |x3 — af [xg4 — | re (57)

a~029—il.24 xo=—1-3i yo = —0.2 po=0.2
(1) 5.87 (—1) 3.09 (—2) 6.80 (—5) 3.16 (—10) 2.01
3) 5.87 (=1) 5.35 (=2) 9.77 (—5) 2.26 (—11) 2.42
(55) 1.29 (0) 495 (-1 1.95 (-2) 7.51 (-5) 1.70
(56) 5.51 (—1) 6.90 (—2) 7.07 (-5) 7.15 (—14) 3.02
4) 6.31 (—1) 2.54 (-2) 2.85 (—5) 3.50 (—11) 2.00
(25) 6.31 (—1) 2.69 (—3) 1.93 (—11) 1.63 (—39) 3.45

a~029—il24  xg=—i/2 p=-002 po=02
(1) 3.36 (—2) 7.66 (—5) 4.01 (—10) 1.10 (—20) 2.00
3) 3.36 (=2) 4.19 (=5) 248 (~12) 1.09 (—29) 2.40
(55) 2.85(—1) 1.37 (—2) 3.92 (-5) 3.17 (—10) 2.00
(56) 5.67 (—1) 3.27 (-2) 6.71 (—6) 6.13 (—17) 3.00
4) 2.47 (-2) 2.51 (=5) 2.71 (—11) 3.16 (—23) 2.00
(25) 2.47 (-2) 1.30 (—6) 2.40 (—23) 1.93 (—69) 3.50
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Table 6 One-step methods without and with memory applied to fs5
Methods |x] — of |x2 — of [x3 — «f |x4 — o] re (57)
o =1+iv2, xo=i y=-0.1 po =02
1) 2.26 (—1) 2.99 (-2) 5.61 (—4) 1.91 (=7) 2.01
3) 2.26 (—1) 2.57 (—2) 9.84 (-5) 1.63 (—10) 2.40
(55) 6.39 (—1) 2.17 (1) 3.26 (-2) 8.65 (—4) 1.84
(56) 2.22 (—1) 3.82 (=3) 2.56 (—8) 7.76 (—24) 3.00
4) 2.16 (—1) 2.66 (—2) 4.09 (—4) 9.53 (=8) 2.00
(25) 2.16 (—1) 1.99 (-3) 5.89 (—12) 3.44 (—41) 3.43
o~ 0.502+i0.058, xo=0 y=-001 po=—1
1) 2.37 (—1) 2.57 (-2) 5.94 (—4) 3.73 (—=7) 1.97
3) 2.37 (—1) 4.45 (-3) 1.49 (—6) 7.21 (—15) 2.39
(55) 1.77 (1) 8.12 (-3) 5.60 (—5) 2.67 (—9) 2.00
(56) 7.09 (=2) 1.02 (=3) 2.82 (-9) 5.93 (—26) 3.00
4) 3.15 (1) 1.27 (—1) 1.65 (—2) 1.96 (—4) 2.20
(25) 3.15 (—1) 3.23 (-3) 4.59 (—10) 2.74 (—-32) 3.25
Fig. 1 The graph of fi(x) = ) _
6, 6 2 EEDEE ——
(x = D@ +x77 +4)sinx L5 2.0
=50
-100 [
Fig. 2 The graph of
4 % grap <102k
Hx) = H(x — i) on the
i=1
interval [5, 17] 3K1012
/\v/\v/\ /\
\Z 10 2 \A4 1l
—3x10'F |
-6x1912
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Table 7 Two-step methods without and with memory applied to f;

Methods g Ix; — o lx2 — | lx3 — | re (57)
a=1 xo=-1.5 yo = —0.1 po = —0.01
(12) 141t 6.36 (=3) 1.94 (—10) 2.48 (—40) 3.97
(44) 1+4¢ 6.36 (—3) 1.47 (—15) 9.48 (—103) 6.90
(12) 1/ =1 6.36 (—3) 6.15 (—10) 6.13 (—38) 3.99
(44) 1/(1 —1) 6.36 (—3) 1.47 (—15) 9.48 (—103) 6.90
a=1 xo=13 yo = —0.1 po=—0.1
(12) 1+1¢ 2.14 (—4) 5.45 (—16) 2.31 (—62) 4.00
(44) 1+¢ 2.14 (—4) 2.50 (—25) 3.98 (—171) 6.96
(12) 1/(1 —1) 2.06 (—4) 8.29 (—16) 2.19 (—61) 4.00
(44) 1/ -1 2.06 (—4) 1.80 (—25) 4.08 (—172) 6.96
Table 8 Two-step methods without and with memory applied to f>
Methods g [x1 — o [x2 — «af lx3 — o] re (57)
a=2 X0 = 1.6 Yo = —0.01 po = -5
(12) 1+t diverges
(44) 141t 4.00 (—1) 1.01 (=1) 472 (=7) 6.55
(12) 1/(1—1) 1.39 (—1) 3.18 (=2) 2.27 (=3) 1.58
(44) /(0 =1 1.39 (=1) 3.18 (-2) 5.03 (—-10) 10.50
a=238 X0 = 8.4 Yo = —0.01 pPo = -5
(12) 1+t diverges
(44) 1+¢ 4.00 (—1) 8.72 (-2) 1.43 (-9) 17.52
(12) 1/ -1 converges to 7
(44) 1/ —1) converges to 7
a=16 X0 =16.4 yo = —0.01 po=-5
(12) 1+1¢ diverges
(44) 1+41¢ 4.00 (—1) 5.93 (=3) 1.40 (—16) 7.06
(12) 1/ =1 213 (=2) 6.04 (—4) 4.49 (=7) 2.04
(44) 1/(1—1) 2.13 (-2) 6.04 (—4) 2.55 (—23) 1.26
Table 9 Two-step methods without and with memory applied to f3
Methods g0 X1 — o |x2 — | [x3 — o re (57)
o =T X0 =06 Yo = —0.05 po = —0.05
(12) 14¢ 3.48 (=3) 2.90 (—13) 1.39 (=53) 4.00
(44) 1+1¢ 3.48 (—3) 2.33 (—19) 2.61 (—132) 6.98
(12) 1/ =1 3.36 (=3) 2.61 (—13) 9.62 (—54) 4.00
(44) 1/(0 —1) 3.36 (=3) 2.06 (—19) 1.10 (—132) 6.99
oa=T1 X0 = 7 Yo = —0.05 pPo = —0.05
(12) 1+t 2.70 (—6) 1.05 (—25) 2.42 (—103) 4.00
(44) 1+41¢ 2.70 (—6) 1.54 (-39) 1.48 (—273) 7.04
(12) 1/ =1 2.70 (—6) 1.10 (=25) 3.04 (—103) 4.00
(44) 1/(1 —1) 2.70 (—6) 1.55 (-39) 1.53 (=273) 7.04
o= xX0=9 yo = —0.02 po = —0.08
(12) 14+¢ 1.81 (=1) 3.38 (—6) 4.70 (—25) 3.98
(44) 1+4¢ 1.81 (—1) 6.48 (—11) 2.79 (=73) 6.59
(12) /(1 -1 1.77 (—1) 3.39 (—6) 4.88 (—25) 3.98
(44) 1/ -1 1.77 (=1) 3.76 (—11) 6.14 (=75) 6.59
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Table 10 Two-step methods without and with memory applied to f4
Methods g |x1 — «af |x2 — of [x3 — o re (57)
a~029—il.24 xo=—-1-3i v =—0.2 po=0.2
(12) 141t 7.41 (-2) 6.62 (—8) 4.08 (—32) 4.00
(44) 1+4¢ 7.41 (-2) 1.76 (—10) 1.06 (—=70) 6.98
(12) /(1 —1) 9.10 (-2) 1.56 (=7) 1.30 (—=30) 4.00
(44) /(1 -1 9.10 (-2) 3.63 (—10) 1.65 (—68) 6.90
a~029—il.24 X0 = —i/2 yo = —0.02 po=0.2
(12) 1+1¢ 1.01 (=3) 2.24 (—15) 5.32 (—62) 4.00
(44) 1+¢ 1.01 (=3) 1.37 (=22) 2.08 (—155) 7.04
(12) 1/(1—0 1.02 (=3) 2.43 (—15) 7.65 (—62) 4.00
(44) 1/ —1) 1.02 (=3) 1.43 (=22) 2.83 (—155) 7.04
Table 11 Two-step methods without and with memory applied to fs
Methods |x1 — o [x2 — | |x3 — o |x4 — | re (57)
o =1+iv2, xo=i jp=-01 py=02
(12) 1+t 5.10 (=2) 4.07 (—6) 1.51 (=22) 4.01
(44) 1+t 5.10 (=2) 3.23 (—10) 1.43 (—67) 7.00
(12) 1/(1—1) 491 (-2) 2.60 (—6) 1.84 (=23) 4.01
(44) /(1 —1) 491 (-2) 2.68 (—10) 3.85 (—68) 7.00
a ~ 0.502 +i0.058, x0=0 yo = —0.01 po=—1
(12) 1+¢ 1.34 (1) 7.13 (—4) 8.99 (—13) 3.95
(44) 1+1 1.34 (—1) 9.60 (—8) 7.72 (—49) 6.71
(12) 1/(1—1) 6.19 (-2) 5.04 (=5) 2.10 (—17) 4.02
(44) 1/(1—1) 6.19 (=2) 8.17 (—9) 3.52 (—56) 6.90

Table 12 Methods without and with memory applied to f> for random initial values and g (f) =

1+t
Methods [x1 — | [x2 — o [x3 — o re (57) o
xo =3.5
(12), yo = —=1072, pp =0.1 diverges
(44), 70 =—10"2, pp=0.1  500(—1)  3.71(=1) 1.05 (—5) 3.55 4
(55) 7.80 (=2) 1.25 (—2) 233 (-4) 2.39 4
(56) 2.23 (—1) 1.72 (=2) 1.28 (—=5) 2.58 4
xo=4.5
(12), yo = —=1072, py = 0.1 diverges
(44), yo = —1072, po = 0.1 1.50 (0) 1.16 (—2) 1.68 (—13) 4.94 4
(55) 223 (1) 1.68 (—1) 1.81 (—2) 0.99 5
(56) 2.59 (—1) 2.57 (-2) 3.58 (—5) 2.65 5
xp=25.5
(12), yo = —1072, poy =0.1 diverges
(44), o = —1072, py = 0.1 4.50 (0) 258 (~1) 591 (=5) 2.88 10
(55) div.
(56) 2.97 (—1) 4.15 (-2) 1.30 (—4) 2.79 6
xp =6.5
(12), yo = —=1072, poy =0.1 diverges
(44), o = —1072, py =0.1 4.50 (0) 273 (=) 1.72 (—4) 3.76 11
(55) 3.18 (1) 6.71 (=2) 3.39 (—3) 1.84 8
(56) 3.36 (—1) 7.09 (—2) 5.73 (—4) 3.08 7
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related to steady-state heat flow, electrostatic potential and fluid flow. For
example, two-dimensional system

X . y .
5 =2 5 5 h ) i =-1 5 5 h )
u(x, y) +y+x2+y2 +cosxsinhy, wv(x,y) +x+x2+y2 +sinxcosh y

related to complex potentials u and v, can be transformed to the analytic
function f4(z) = u(x, y) +iv(x, y) = z +sinz + é — 142 (z =x+iy) whose
zeros can be determined by the proposed methods.

We have used the computational software package Mathematica with
multiple-precision arithmetic. The errors |xx — «| of approximations to the
zeros are given in Tables 2-12, where A(—h) denotes A x 107", These tables
include the values of the computational order of convergence r. calculated by
the formula [8]

_ og| fl)/f =)l

log | f(xk—1)/f(xx-2)”
taking into consideration the last three approximations in the iterative process.

It is evident from Tables 2-12 that approximations to the roots possess great
accuracy when the proposed methods with memory are applied. Results of the
third iteration in Tables 7, 8, 9, 10, 11 and 12 and fourth iteration in Tables 2—6
are given only for demonstration of convergence speed of the tested methods
and in most cases they are not required for practical problems at present. From
Tables 3, 8 and 12 we observe that all tested methods work with efforts (even
the basic fourth-order method (11) diverges in three cases) when they are
applied to the polynomial f, of Wilkinson’s type [14], which is, actually, a well-
known fact from practice. We also notice that the values of the computational
order of convergence r. somewhat differ from the theoretical ones for the
methods with memory. This fact is not strange having in mind that formula
(57) for r. is derived for the methods without memory when r, usually fits very
well the theoretical order.

(57)

c

Acknowledgement 1 would like to express my gratitude to anonymous referee for helpful
suggestions and valuable remarks.
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