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Abstract

In this paper, a general procedure to develop some four-parametric with-memory methods to find simple
roots of nonlinear equations is proposed. The new methods are improved extensions of with derivative with-
out memory iterative methods. We used four self-accelerating parameters to boost up the convergence order
and computational efficiency of the proposed methods without using any additional function evaluations.
Numerical examples are presented to support the theoretical results of the methods. We further investigate
the dynamics of the methods in the complex plane. (©2016 All rights reserved.
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1. Introduction

Approximation of simple roots of nonlinear equations with a suitable level of accuracy has a vital im-
portance in various branches of sciences and engineering. Iterative root solvers are extensively used to find
simple roots of nonlinear equations f(x) = 0 [II, 12]. According to Traub [18], iterative root solvers can
be categorized as one-step and multi-step solvers. One-step root solvers are not fruitful due to their less
efficiency. However, multi-step root solvers are of great importance because they produce approximations of
great accuracy. Multi-step root solvers that use only information from the recent iteration are called with-
out memory root solvers and the root finding methods that use information from the recent and previous
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iteration are known as with-memory iterative root solvers. Numerous multi-step with and without memory
iterative root solvers have been developed by several researchers . Due to the conjecture of Kung and Traub
[8], an optimal multi-step without memory root solver can achieve the order of convergence at most 2™~}
requiring m functional evaluations per iteration. Among all discussed methods, multi-step with-memory
root solvers are of more significance because they significantly improve the convergence speed and compu-
tational efficiency of the without memory root solvers without using any additional functional evaluations.
Generally with-memory root solvers are constructed by using one or more free parameters or self-accelerators
in any optimal derivative free without memory root solver. Newton’s interpolating polynomials are used to
approximate these self accelerators by using information from the current and previous iterations. The first
without memory derivative free method is the well known Steffensen’s method [I7], which is a variant of
Newton’s method [11]:
Im+1 = Tm — fZ(xm)

A lot of derivative free without memory optimal root finding methods have been developed in recent years,
for example (see [3, @, [13], 15, 16, 20] 21]). Sometimes it is not possible to improve the convergence order
and the efficiency index of without memory methods without additional functional evaluations based on free
parameters [3]. Recently, several multi-step with-memory, specially two-steps and three-steps root solvers
based on without memory derivative free methods have been developed, which can be seen in [2] 4] 5] 9] 10,
12) 15, [19]. Traub [18], was the first who developed the first with-memory method by modifying the famous
Steffensen’s iterative scheme . Its iterative scheme is:

m > 0. (1.1)

Wm = Tm +pnf(xm)7
f(zm) (1.2)

-z — >0
T e wal” S

where, ¢, pg are given, p,,+1 = Wa}m)’ Ny = f(zm) + (. — ) f[Tm, W] and py, is a self-accelerator. The
convergence order of the method ((1.2)) is 2.41421. A large number of derivative free multi-step methods have
been developed by using the Traub’s method [18§] , in the first step for example (see [9, 13} 20, 21]). In
[2], Cordero et al. presented a two-parametric with-memory family of two-steps methods based on a without
memory fourth order method of Zheng et al. [2I] as follows:

_ _ v Ni(wa)
Wi = Tm + B f(Zm), Bm = Ng(a:m)’%” = TN (wy)’ m>1,
_ _ f(zm)
b = T T ) (13)
" _ _ f(ym)
m+1 = Ym

f[wma ym] + (ym - :Um)f[xm;wmaym]’

where, xg, fo,70 are given. It is proved that the with-memory method ((1.3) has R-order of convergence at
least 7 and its index of efficiency is 1.913. Lotfi et al. in [10], presented a new tri-parametric with-memory
method based on without memory two-step variant of Steffensen’s method:

Wy, = Ty + Bmf(l‘m)y m > 0,

f(xm) ( f(wnm) )
m - m - sr 7 1 + m s 1 )

I e W] \ ™ F s W] (1.4)

J(Ym) 4

o — ) g — ) (O T (P = 1)

where xq, B0, qo, to are given D,,, = % and
" " 2

Bm _ 1 — N5 (wm) Cm _ 1 Nﬁ (wm) 1 ///(wm)’ m > 1, (15)

) anNT /. \? —77_{_
Ni(zm) 2N (wn,) 4 Ni(wy) 6°°
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where Ny(t), N5(t) and Ng(t) are fourth, fifth and sixth degree interpolating polynomials respectively
which pass through best saved points. It is demonstrated that the R-order of convergence of is at
least 7.77200 and the efficiency index is 7.77200 ~ 1.98082. Cordero and Torregrosa in [3], developed a
three-step two-parametric derivative free method by using the approximation f’(z,,) = f[zm, 2m], where
Zm = T + Vf(2,)* in the three-step iterative method of Sharma et al. [14], which is given by:

flTm, 2m]
LTI P @) + (B = 2)F (ym) Twms 2m]
(P+Q+R)f(zm)
P flum, Tm] + Qf[2ms m] + Rf [Ym, Tm]’

where P = (T — Ym) f(@m) [ (Ym), Q@ = (Ym — um) f(ym)f(um) and R = (up — Tm) f(um) f(2) with error
equation

Ym = Tm — , m>0

(1.6)

Tm+1 = Tm —

emi1 = (1 +2B)c3 — 3)(c3 — 2c3¢0 + ¢4)ed, + O(e2)). (1.7)
Obviously the error equation cannot allow to improve the convergence order of by varying the
free parameters v and 3. Thus cannot be extended to with-memory root solver.

Since, commonly only the derivative free methods can be extended to with-memory, in this work, firstly,
we design a procedure to develop some new optimal without memory derivative free root solvers which
can be extended to with-memory root solvers. Secondly, we extend a proposed without memory method to
with-memory by approximating the self-accelerating parameters which arise in the error equations of without
memory methods. This acceleration is based on the information from current and the previous iterative step.
Newton’s interpolating polynomials are used to calculate the parameters in such a way that the convergence
order and efficiency of the without memory root solvers is significantly increased from 8 to 15.5156. The
important advantage of these with-memory root solvers is that the convergence speed is accelerated without
additional functional evaluations. Let f(x) be a function defined on an interval D, where D is the smallest

interval containing m + 1 distinct nodes xg, x1,. .., Zm,. Then, the divided difference f|xg,x1,..., 2] with
mth-order is defined by f[zo] = f(xo), and flxg,x1,...,Tm| = f[xl’xz"”’m”;];{[fg’xl""’xm*l].

If p is the convergence order of an iterative method and 7 is the total number of functional evaluations
per iterative step then the index F = pl/ T is used to measure the efficiency of an iterative method and
thus called efficiency index commonly. The rest of this work is organized as follows. Section [2]is devoted to
construct three-step derivative free without memory methods extendable to with-memory methods involving
four free parameters. Section [3| provides the four-parametric with-memory methods and their R-order of
convergence by extending a without memory method given in Section [2] To support the given theory, some
numerical results are presented in Section [4 The dynamical analysis of the iterative methods is given in
Section [p] and finally, Section [6] provides the conclusions of this paper.

2. Procedure to Construct The Derivative Free Root Solvers Extendable to With-memory

The main aim of this section is to construct three-step derivative free without memory methods extend-
able to with-memory based on any optimal two-step derivative-involved method. We use weight function
approach at the second step of any optimal two-step with-derivative method followed by Newton’s method
in the third step and the first derivative arising at each step is calculated using suitable approximations.
In this way the convergence order of the proposed methods is preserved and can be increased by varying
the involved free parameters. This increase of convergence will be discussed in the next section by with-
memorization of the free parameters. We consider the following general optimal two-step method involving
first derivative of the function:

Ym = ¢1(35m)7 m > 0,
Zm = ¢2(xmaym)7

where ¢1and ¢9 are real functions such that ¢, is the well known Newton’s scheme which involves the values

(2.1)
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f(zm) and f'(z,,) providing the quadratic convergence of the sequence x,, and ¢, requires the previously
computed values f(x,), f'(zm) and the new value f(y,,) to give the fourth order convergence. Based on any
two-step with-derivative optimal method like , we design a general three-step without-derivative method
extendable to with-memory as follows. We use a weight function S(u,,) in the second step of and add
another real function ¢3, (Newton’s method [I1]) in the third step. The values of first derivative involved in
¢1, ¢2 and @3 are approximated by f[zm, W] + af (W), f[Ym>wn] + af (Wm) + $(Ym — W) (Ym — Tm) and
f[ym, Zm] + f[zm7 Ym, xm] (zm - ym) + f[zma Yms Tm, wm] (Zm - ym)(zm - $m) + t(zm - wm)(zm - ym)(zm - zm)
respectively, where u,,, = TWm) and the scalars p,q,s and t are freely chosen parameters. Hence, we obtain

(zm)
the following general three-step method having no derivative:

Ym = ¢1(xmawm)7wm = Tm +pf(33m)a m > 0,
Zm = P2(Tm, W, Ym), (2.2)

Tm+1 = ¢3(xma Wiy Ym, Zm)7

were ¢ is the famous Steffensen’s method [I7] employing the values f(x,,) and f(w,,), ¢2 is selected such
that it requires the previously calculated values f(z,), f(wy,) and the new value f(y.,) preserving the
fourth order convergence and ¢3 is chosen such that it uses the already computed values f(zy,), f(wm),
f(ym) and the new value f(z,,) to provide the optimal eighth order convergence.

For instance, consider the optimal fourth order two-step King’s method [7],

— f(@m)
Ym = Tm f/(l‘m)’
I fym)  f@m) + AN (ym)

" @m) Fam) + (A= 2)f (ym)”

Applying the above procedure ([2.2]) we propose the following without memory optimal eighth order modifi-
cation of (2.3) having no derivative:

m > 0,

(2.3)
AER.

Zm

=T, — f(xm) Wy = T T m
I ] + af ) O T P o) m 20
flem) + M ym) f(ym) (2.4)

#m = Ym — S(Um) f($m) + ()\ — 2)f(ym) f[yma wm] + Qf(wm) + S(ym - wm)(ym - mm),
f(zm)
Qm

ITm+1 = Zm —
where u,;, = }ngg A ER,Qn = f[yma Zm] + f[zmayma J:m](zm - ym) +f[zm7ymaxma wm] (Zm - ym)(zm
Tim) +t(2Zm — W) (Zm — Ym) (Zm — Tm), P, q, s and t are free parameters. Obviously, we can state the following
theorem by imposing the conditions on S(u,,) to achieve optimal order of convergence for ([2.4)).

Theorem 2.1. Let w € I be a simple root of a sufficiently differentiable function f : I C R — R, where
I C R is an open set and the starting point xg is close enough to . Then, the scheme (2.4) is eighth order
convergent if S(0) =1,5"(0) = —1 and |S”(0)| < oo, and possesses the following error equation:
1
emi1 =75 (c2 +9)*(1+ p61)4( — 40g°pet + 2¢°pct + " (0)¢*pet + dgeape] — 8Ageape]
1

+28"(0)geapc? — ANcApc? + 2¢3pc? + S"(0)caper — 4ci Mg + 2¢1¢% + 157 (0)¢% — 8ciAqey

+ 2615//(0)(:]62 o 4ClAC% + 26103 o 20103 + ClS//(O)Cg — 28) <2T — 2C1C4 - 2562 + 2616163 (2 5)
— 263¢1 + 2¢%cacy — deihés — 8eihges — deger Mg + 15" (0)¢ES + 26157 (0)gc3 + cz¢15”(0) ¢
+ 2e3pct 4 4qcapct + 2¢2eipc? — ANeSpet — 8hqeipc — el \g®pet + 8" (0)cpc?

+28"(0)ac3pel + e28"(0)g*pe} ) e, + O(e),
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(k)
where, ¢ = %,k > 2.
Proof. The proof would be similar to those already considered in [0, [13] 15, 16, 20], using the Taylor
expansions of the function f in the mth iterative step. Hence, it is omitted. O

In the same fashion, we, now, extend the optimal fourth order iterative method of Kung and Traub [§],
which is given by:

x
b == G 20
" (2.6)
T = Y — f(Ym) 1
m m .
' (@m) (1= f(ym)/ f (2m))*
We obtain the following three-step without memory method based on ([2.6)):
=Ty — s Wy = Ty, + Tp), m >0,
I ]+ af () P )
1 f(ym)
Zm = Ym — S(um) X , (2.7)
" " " (L= fym)/f(@m))?  flYym, wm] + af (W) + 8(Ym — W) (Ym — Tm)
Tl = Zm — f(zm)
m - m 9
Qm
where, p, q, s, t, uy, and @, are same as given in (2.4]). The error equation of is:
1
emi1 =—(c2+)*(1+per)’! (quC? +2gepet + pe3et + eig”
1
+ 4qcico — cic3 + 30103 + s) ( —t 4 ci1cq + scog — c1coc3 + 3c§c1 (2.8)
+4qcher + g*eaer + Eapet + 2qc3pet + q202p6?)68m +0(e2).
In [I], Chun suggested the following fourth order two-step derivative involved method:
m = Tm — f,(xm)’ m > 0,
P am) 29
o fn)? ) |
m m .
F@m)3 = 2f (@m)2f (Ym) — f(@m) f(ym)? — %f(ym)3 f'(@m)
We suggest the following three-step without memory derivative free method based on (2.9):
= — , W =Ty, + Z 9
Ym " f[l‘mywm] + Qf(wm) " " pf( m)
f(xm)g
Zm =Ym — S (Um) X
= 2 e (ym) — £ o) m)? — 3 ) .10)
J(Ym)
Flymy wm] + af (win) + 8(Ym — win) (Ym — Tm)’
Tl =2m — f(zm)
m m Qm )
where, p, q, s, t, u,, and @Q,, are same as given in ([2.4]). The error equation of (2.10) is:
1
ems1 = (ca +9)*(1+per)’ (2q2p0? +4geapet + 2c3pet + 2¢147
1
+ 2c1qco + c1c3 — s) (t —ci1c4 — SCo + c1cocy + 2qc§cl + 2q20201 (2.11)

+ 2c3pct + 4gespel + 2q2chc%) S +O(e),).
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3. Four-Parametric With-Memory Root Solvers

In this section, we give our main contribution by extracting a with-memory method from our newly
suggested without memory method (2.4). For this, we approximate the involved parameters in such a way
that the local order of convergence is increased. It can be noted that the coefficient of €2, in (2.5) disappears

(k)
if p= ;—ll,q = —c9,8 = c1c3 and t = c1ey, where ¢; = f/(w) and ¢ = ],;TE:J%, k > 2. Therefore, to construct
with-memory method the free parameters p,q,s and t are calculated by the formulas p, = ﬁi),qn =
—;%i:)),sn = fm(),(w) and t, = fi;(f}) respectively, for n = 1,2,--- . Where f/, f”(w), f”(w) and W(w) are

the best approximations to f’(w), f”(w), f”(w) and f¥(w), since exact value of simple root is not known
and consequently the derivatives of the function cannot be computed. The approximations f, f”(w), f”(w)
and W(w) are computed by Newton’s interpolating polynomials of appropriate degrees respectively. Hence,
we replace the free parameters p,q, s and ¢ in (2.4) with self-accelerators py, g, s, and ¢, and present the
following with-memory root solver:

B f(zm) _
f(@m) + Af (ym) f(ym)
m =Ym — S(um ) 3.1
= ) ey = 2) ) s ] + @uf o) + 50l — W) — )
Loal =2m — f(zm)
m-+ m Qm 3
where u,,, and @Q,, are same as given in and
_ 1 _ Nwm) Nym) NP (zm)

The self-accelerators are calculated recursively using available information in the current and previous
iterations. Hence, we use Newton’s interpolation method to approximate the derivatives of f, where
Ny(zm), N5(wm), Ne(ym) and N7(z,,) are Newton’s interpolation polynomials of degree four, five, six and
seven respectively defined by:

Ny(t) = Na(t; Zms 2m—1, Ym—1, Wn—1, Zm—2),

) = NS(t; Wiy Ty Bm—1sYm—1, Wm—1, Zm—2)a

Ng t) = Nﬁ(t;ym7wm7$ma Zm—1,Ym—1, Wm—1, Zm—Q)a

N7 (t) = N7(t; Zms Ymy Wins Tims Zm—1s Ym—1 Win—1s Zm—2)s
for any m > 2. We will now prove that the with-memory method has convergence order 15.51560 by
applying the Herzberger’s matrix method [6] provided that self-accelerators given in are used.

Theorem 3.1. Let xg be an initial approrimation sufficiently close to the root w of the function f(x). If
the parameters pp, Gn, Sn and t, are recursively computed by the forms given in (3.2)), then the convergence

R-order of (3.1) is at least 15.51560 with the efficiency index 15.515607 ~ 1.98468.

Proof. To determine the R-order of convergence, we use the Herzberger’s matrix method. It can be seen that
the spectral radius of a matrix A®) = (hij)(1 < 4,7 < 's) associated with a with-memory one-step s—point
method xp = ¢(xg_1,Tp_2,...,Tk_s) is the lower bound of the its order of convergence. The elements of
this matrix are given by:
h1,; = number of function evaluations required at point x,_; 7 =1,2,...,s,
hij—1=1fori=2,3,...,s,
h; j = 0. otherwise.

On the other hand, the spectral radius of product of the matrices Ay, As,..., As, is the lower bound of
order of an s—step method ¢ = ¢1 0 ¢ 0 -+ 0 s, where the matrices A, correspond to the iteration steps
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¢r,1 <r <s. From the relations (3.1)) and (3.2), we construct the corresponding matrices as follows:

)

9

)

100 00O0O0O
01 00O0O0O0OQO
001 0O0O0O0OQ 0
0001 O0O0O0O0

000O01O0O0OQO0

00 0O0O0O1QO00O0

000 O0O0OO0OT1QO0

1 1 1 1 1 1 1 0]

100 00O0O0O0
01 00O0O0OO0ODQ O
001 0O00O0O0O
0001 00O0O0OQO0

00 0O01O0O00O0

000 O0O0OT1TO0O0

00 0O0O0OO0OT1F@O0

3 (Wimy Ty Zm—1, Ym—1 Wim—1, Tm—1, Zm—2, Ym—2)

1 1 1 1 1 1 0 0]

10 00 0O0O0O
010000O0O0O
001 0O0O0O0O© 0
0001 0O0O0O0

000O01O0TO0O0

000 0O0OT1TO0O0

0 00O0O0OO0OT1QO0

¢4 (xma Zm—1Ym—1, Wm—1,Tm—1, Tm—2, Ym—2, wmfZ)

1 1 1 1 1 0 0 O]

10 00 0O0O0O
01 00O0O0O0O©O
001 0O0O0O0O© 0
00 01O00O0O0O0

0 00O01O0O0O0

00 0O0O0O1QO00O0

0 00O0O0OO0OT1QO0

—)Alz

Zm, =2 (yma Wmy Tms Bm—15Ym—1, Wm—1, Tm—1, zm—2)

—>A2:

Ym

— Ag =

Wy =

—>A4:

Hence, we obtain

8 8 8 8 8 0 0 O]

4 44 4 4000

2222 2000
11111000
100 00O0O0O0
01 00O0O0O0O0
001 0O00O0O0O
0001O0O0O0OQO0

AW = Ay Ay Az - Ay
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The eigen values of A®) are {0,0,0,0,0,0,15.51560977, —.515609770} . Therefore, the lower bound of the
R-order of convergence of the method (3.1)) is the spectral radius of matrix A®), which is p(A®)) = 15.51560.
O]

Remark 3.2. It can be seen that, we have obtained the R-order 15.51560, which gives the highest efficiency
index 1.98468 for the presented with-memory method (3.1J).

To develop a special case of (3.1), we choose S(u,,) in such a way that the following conditions are
satisfied:
S0)=1, S'(0)=-1, 5"(0) < .

—

For example we choose S(u;,) =1 — uy, in (3.1), where, u,, = L (yrm

Flon) " Now, we can define a particular with
memory method as follows:

FWM:
Ym =m = flzm, wigl“:l()]nf(wm) wm = T+ o (Tm),m 2 2
PN A ES V2
e " f(@m) + (A =2)f(ym) (3.3)
% f(ym)
Flymy wm] + @ f (W) + 0 (Ym — W) (Ym — Tm)’
Tm+1l =2Zm — M
Om
where @), is same as given in and
-1 N (wr,) N (ym) NI (zm)
P W) T ANy T 6 T T ad .

4. Numerical Results

In this section, numerical examples are taken from [10] to test the proposed with-memory root solver
(FWM) in comparison with the with-memory family of methods of Kung and Traub [8] and with-memory
method of Lotfi et al. [10] (1.4). Kung and Traub [§] presented the iterative method @, (f) (r = —1,0,...,n)
as follows:

ko = Po(f)(@k) = zk, Yr,—1 = L1 (f)(zk) = ok + 0 f(zk), k=0,
Yer = @ (f)(x) = P(0), r=1,...,n, forn>0, (4.1)

Tht1 = Yk = Pu(f)(21),

where xq is an initial approximation and n is an arbitrary natural number. The free parameter, 7 is calcu-
lated by Newton’s interpolation polynomial of third degree and P, (t) is the rth degree inverse interpolating
polynomial such that P.(f(ykm)) = Ykm, m = —1,0,...,r — 1. All numerical computations are performed
using the programming package Maplel6 with multiple-precision arithmetic by applying 3000 fixed floating
point arithmetic. For the comparison, we have taken the following test functions:

fi(x)
fo(x) = et cos(z)-1 sin(mz) + zlog(zsin(z) + 1), 2o = 0.6, w =0,

fa(@) = e T2 4gin(ra)e” tres@ 1 4 g g0 = 1.3, wa 155031

v 3 sin(z) + log(z% + 1), o = 0.35, w =0,

Tables display the behavior of the approximate values for the test functions, where A(—d) denotes
A x 10~ For all the compared with-memory methods, we have considered py = so = to = 0.01,q0 =
0.1. From the obtained results it is evident that the proposed with-memory method has very fast
convergence behavior than the with-memory method of Kung and Traub [§] and Lotfi et al. [10] (1.4]).
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Table 1: Results of With-memory Method (1.4), Bo = no = (o = —0.1

Functions |f(z1)|  |f(22)| |f (3)] |f (24)]
fi(z) 0.2(=3)  0.32(—=21) 0.11(—155) 0.44(—1196)
fo(x) 0.58(—4) 0.24(—27)  0.12(—206) 0.98(—1592)
fs(x) 0.45(—2) 0.41(—17) 0.10(—129) 0.10(—1007)

Table 2: Results of With-Memory Method for , n=37 =0.1
Functions  |f(z1)|  [f(22)] |f(xs3)] |f(z4)|
Fi(2) 0.45(—6) 0.16(—51) 0.87(—435) 0.95(—3683)
fz(:l:) 0.37(—1) 0.67(—13) 0.13(—110) 0.23(—939)
fg(x) 0.79(—3) 0.16(—33) 0.21(—291) 0.34(—2477)

Table 3: Results of Proposed With-memory Method (FWM)

Functions | f(21)| | (@2)] |f (23)] | (z4)]
fi(@) 0.18(—=7) 0.15(—58) 0.45(—905)  0.53(—9180)
fo() 0.11(—=2)  0.14(—22) 0.69(—356)  0.65(—5434)
f3(z) 0.18(—4)  0.13(—43) 0.58(—702)  0.20(—3998)

5. Dynamical Behavior

To visualize the stability of iterative methods, we analyze the dynamical properties of rational functions
associated to these methods. We present the comparison of the dynamical planes of discussed iterative
methods in this section. For this, we associate a rational function obtained by applying the proposed
with-memory method and Kung-Traub Method with-memory [8] to a complex function in the
complex plane. Two different approaches of dynamical planes are obtained on Matlab R2013a software
as follows: By taking a rectangle [—2,2] x [—2,2] of the complex plane, we define a mesh of 1000 x 1000
initial approximations. The starting point is in the basin of attraction of a root to which the sequence of
the iterative method converges with an error approximation lower than 10~° and at most 30 iterations.
In the first technique this initial point is assigned with a specific color which is already selected for the
corresponding root. If the sequence of the iterative method converges in less number of iterations then
the color will be more intense and if it is not converging to any of the roots after maximum number of 30
iterations, then initial point is marked with dark blue color. For the second technique, maximum number
of iterations are 25 with an error estimation lower than 107> and each initial guess is assigned with a
color depending upon to the number of iterations for the iterative method to converge to any of the root
of the given function. In this technique we use colormap 'Hot’. The color of the initial point will be
more intense if the sequence of the iterative method converges in less number of iterations and if it is
not converging to any of the roots after maximum number of 25 iterations, then initial point is assigned
with black color. The proposed with-memory method (2.3)) and Kung-Traub Method with-memory [§]
are applied to the following complex functions: p;(z) = 2% — 1, with roots 1.0, —0.5000 + 0.866051,
—0.5000—0.866051, pa(z) = 2°—1, with roots 1.0, 0.3090+0.951051, —0.8090+0.587781, —0.8090—0.587781,
0.30902 — 0.951051 and p3(z) = 26 — 125 4 2O 4 _ 364098 4 5ill 2 4 i-ll; 4 3 _ 35 with the solutions
—1.0068 + 2.0047¢,0.0281 + 0.9963¢,0.0279 — 1.5225¢,1.0235 — 0.95564, 0.9557 — 0.0105¢, —0.5284 — 0.5125:.

Dynamical planes of the with-memory methods and for n = 3 and By = 0.01 applied to the
functions pi(z), p2(2),p3(z) are shown in the Figures Two types of attraction basins are given in all
the figures. Color maps for both types are provided with each figure which show the root to which an initial
guess converges and the number of iterations in which the convergence occurs. From the appearance of
darker region shown in the Figures we conclude that, the iterative method consumes less number
of iterations in comparison with (4.1). As a conclusion, the proposed with-memory method is highly
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efficient than the with-memory family of Kung and Traub (4.1) (KT).

Figure 3: Dynamical Planes for (4.1)) for n = 3 and 8o = 0.01 on pa.
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Figure 6: Dynamical Planes for (3.3]) for po = —0.01, go = 0.01, s9 = 0.01, and o = 0.01 on ps.

6. Conclusions

In this paper, we have designed a procedure to develop without memory optimal iterative methods
extendable to with-memory methods. Some examples are given for this design. We also extend a proposed
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three-step without memory optimal eighth-order method to an efficient with-memory method. To achieve
an efficient method with low computational load, we proposed a with-memory method including three
steps involving four accelerators. It haslbeen shown that the new method in Section [3| possesses very high
computational efficiency index 15.5156011% 1.98468 which is even higher than many of the developed with-
memory methods in the literature, e.g. 73 = 1.913, of two-step with-memory method using two accelerators
discussed in [2]. Finally numerical results and dynamical behavior are presented which illustrate that the
proposed with-memory iterative method have good enough behavior for finding roots of nonlinear functions.
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