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1 Introduction

A wide range of theoretical and practical problems arise in various fields of mathematical,
economical, physical, and engineering sciences which can be formulated as a polynomial
equation of degree n with arbitrary real or complex coefficient:

f@=a"+a, 5" 4 rag=[ [e-5) = @-2) [ [ -, (1)
j=1 j=1
j#i

where ¢; - - - £, denote all the simple or complex roots of (1). Approximating all roots of
the nonlinear polynomial equation using simultaneous methods has a lot of applications in
sciences and engineering because simultaneous iterative methods are less time consuming
since they can be implemented for parallel processing as well. Further details about their
convergence properties, computational efficiency, and parallel processing may be found
in [1-25] and the references cited there in. The main objective of this paper is to develop
simultaneous methods which have a higher convergence order and are more efficient as
compared to the existing methods. A very high computational efficiency is achieved by
using two suitable corrections [26, 27] with convergence orders equal to ten and twelve
with a minimal number of function evaluations in each step.
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1.1 Construction of simultaneous methods for multiple roots
Consider two-step fourth-order Newton’s method [26] for finding multiple roots of non-

linear equation (1)

- Slxi)
Yi=Him Oy 2
=y — O.f(yi) (2)

A (K

where o is the multiplicity of exact root, say ¢, of (1). We would like to convert (2) into
a simultaneous method for extracting all the distinct as well as multiple roots of (1). We
use the third-order Dong et al. method [26] as a correction to increase the efficiency and

convergence order requiring no additional evaluation of the function:

Vi:xi—\/c?ﬁ(&ii)),

, 3)
uj=vi—o(l- %)1"”1{,((‘;)).
Suppose that the nonlinear polynomial equation (1) has # roots. Then
n n n
f@=]]w-x) and fx)=>Y ]ex-wx. (4)
i=1 j=1 j=1
j#i
This implies
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This gives
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The multiple root equation (5) can be written as
(%) o;
U‘j{/( 3= (6)
) N T L
j#i
Replacing #; by x7 in (6), we have
Fx) o
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where

x]* =u; (using (3)).

Using (7) in the first step of (2), we have

ygk) =x§k) - o :i i ) k= 0; 1’---7
) G
(k) _ (k) o ®)
Zi - y i o _Z,‘,, ) .
N0 ;} oo fyl(k))

Thus we have constructed a new simultaneous method (8) abbreviated as MNS10M for

extracting all distinct as well as multiple roots of polynomial equation (1).

1.2 Convergence analysis

In this section, the convergence analysis of a family of two-step simultaneous methods (8)
given in a form of the following theorem is presented.

Theorem 1 Let ¢3,...,¢, be simple roots of (1). Ifx(lo), ok are the initial approxima-
tions of the roots respectively and sufficiently close to the actual roots, then the order of

convergence of method (8) equals ten.

Proof Lete; =x;—¢;, €, = y;—;, and €] = z;—; be the errors in «;, y;, and z; approximations

respectively. Consider the first step of (8), which is

o}

YimH T S
N(x;) J=L (i)
J7i /

where N (x;) = }c,((x;)) Then, obviously, for distinct roots, we have

1 fa) ~ 1 1 1
N ™ f) ‘le(xi—q,)‘(x,»—a)*,:zl(xi—z,)'
j#i

Thus, for multiple roots, we have from (8)
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where x; —{,—6 [26] and E; P m”
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If it is assumed that absolute values of all errors €; (j = 1,2,3,...) are of the same order as,

say, |€j| = Ole|, then from (9) we have
€ = 0(e). (10)

From the second equation of (8), we get
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where C; = T e By (10), €/ = O(¢)” and thus
j#i

e/ = 0((e)%)* = 0(e)",

which shows that the convergence order of method (8) is ten. Hence we have proved the

theorem. O

1.3 Improvement of efficiency and convergence order
To improve the convergence order of method (8) from 10 to 12, using same function eval-

uation, we use

Z¥ =y,
Vi = f/(x/)

J
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instead ofx;‘ = Z;k in (7), i.e.,

S(x;) i
e R ——— (11)
S N - Xh Gz
j#i /
where Z;k is a fourth-order method [27]. Using (11) in the first step of (2), we have
(k) (k) i
Vi =X T T n /A
w7, )
W _ 0 o
zZi =) o B o -
N0ty T 610

Thus we have constructed a new simultaneous method (12), abbreviated as MNS12M for
extracting all multiple roots of polynomial equation (1). For multiplicity unity, we used
method (12) for determing all the distinct roots of (1), abbreviated as MNS12D.

1.4 Convergence analysis
In this section, the convergence analysis of a family of two-step simultaneous methods
(12) is given in a form of the following theorem.

Theorem 2 Let ¢1,8,...,¢, be simple roots of (1). Ifx1 ) %Xy ), x(3 ), ,xE,O) are the initial

approximations of the roots respectively and sufficiently close to the actual roots, then the
order of convergence of method (12) equals twelve.

Proof Lete; =x;— i, €] = y;—¢;,and €/’ = z;— {; be the errors in x;, y;, and z; approximations
respectively. Consider the first step of (12), which is
o;

Yi=Xi— ’

ZI 1 (x,—Z*

where N(x;) = ;((xx’))

obviously, for distinct roots, we have
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Thus, for multiple roots, we have from (6)

Ui
Yi=%i— ’
(i~ gl Z/ L (- C/ Z} L (xz—Z*
Oj
— =% —C;
gi i—Ci— Z oixi-Z *xﬁrf/)
(i~ {z ] 1 (i~ {/ xt Z)
’ (o Oi€; 0;.€;
€, =€ =€ —

=€ —

_JZ ) i 4

a,+21 Gl+6121 j( B oi+ €3 GiE
/ (o0 — {} x,—Z) I (xi=¢j) xl—Z) j#i



Shams et al. Advances in Difference Equations (2021) 2021:495

where Z* -gi= e [27] and G; = W Thus
2> G e
6{ Jj#i 13
! a,+elZ,1Ge (13)
i

If it is assumed that absolute values of all errors ¢; (j = 1,2,3,...) are of the same order as,

say, |€j| = Ole|, then from (13) we have
€/ = 0(e)®. (14)

From the second equation of (12), we have

Oj
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If it is assumed that absolute values of all errors €; (j = 1,2,3,...) are of the same order as,

say, |€j| = Ole|, then we have

L H;
- ()(L) - (@)D
Y \oi+ (€)2Q0 HY) v

J#i
Z;‘:lHi
where D; = +Z" By (14), €] = = O(€)® and thus
i

¢/ = 0((e)°)* = 0(e)"2,

which shows that the convergence order of method (12) is twelve. Hence we have proved
the theorem. 0
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Table 1 Number of operations (real arithmetic)

Methods ASm M, Dm

New method (8) 19m? + O(m) 12m? + O(m) 2m? +0(m)
Petkovic method (PJ10D) 22m? + O(m) 18m?% + O(m) 2m? + 0O(m)
New method (12) 18m? + O(m) 10m? + O(m) 2m? + 0O(m)

2 Computational analysis

Here we compare the computational efficiency and convergence behavior of the Petkovic
et al. [28] method (abbreviated as PJM10D) and the new simultaneous iterative methods
(8) and (12). As presented in [28], the efficiency of an iterative method can be estimated
using the efficiency index given by

EF(n) = k’%, (15)

where D is the computational cost and r is the order of convergence of the iterative method.
The number of addition and subtraction, multiplications, and divisions per iteration for
all n roots of a given polynomial of degree m is denoted by AS,,, M,,, and D,,. The com-
putational cost can be approximated as

D = D(m) = wyAS,y + WM,y + wyD,y, (16)
and thus (15) becomes

I
EF(m) -

- . (17)
WasASy + WM, + waD,y,
Applying (17) and by data given in Table 1, we calculate the percentage ratio p((8), (X))
and p((12), (X)) [28] given by
p((8),(X)) = EF®) 1) x 100 (in percent) (18)
’ EF(X) P ’

EF(12)
EF(X)

p((12), (X)) = ( - 1) x 100 (in percent), (19)

where X is the Petkovic method PJM10D. These ratios are graphically displayed in Fig. 1(a),
(b), (¢). It is evident from Fig. 1(a), (b), (c) that the new methods (8) and (12) are more
efficient as compared to the Petkovic method PJM10D.

We also calculate the CPU execution time, as all the calculations are done using Maple 18
on (Processor Intel(R) Core(TM) i3-3110m CPU@2.4 GHz with 64-bit operating system.
We observe that CPU times of the methods MMS10M and MNS12M are less than those
of PJM10D, showing the dominant efficiency of our methods (8) and (12) as compared to
them.

3 Numerical results

Here some numerical examples are considered in order to demonstrate the performance
of our family of two-step tenth-order simultaneous methods, namely MNS10M (8) and
MNS12M (12). We compare our family of methods with the Petkovic et al. [28] method of
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Figure 1 (a)-(c) show percentage computational efficiency of simultaneous methods MNST10M, MNS12M,

and PJ10D, respectively

convergence of order ten for finding all distinct roots of (1) (abbreviated as PJM10D). All

the computations are performed using Maple 15 with 64 digits floating point arithmetic.
We take €= 1073 as a tolerance and use the following stopping criteria for estimating the

roots:

(k+1)) | <€,

(i) e= [f(xl
where e; represents the absolute error of function values in (i)
Numerical test examples from [10, 28, 29] are provided in Tables 2, 3, and 4. In all tables,
CO represents the convergence order, n represents the number of iterations, and CPU
represents execution time in seconds. All calculations are done using Maple 15 on (Pro-
cessor Intel(R) Core(TM) i3-3110m CPU@2.4 GHz with 4 GB (3.89 GB USABLE)) with
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Table 2 Residual errors of simultaneous methods PJIM10D, MNS10D and MNS12D for finding all the
distinct roots of polynomial equation used in Example 1

Method CO n CPU & e e3 ey es e e7 eg eg e10 e e

PIMIOD 10 3 1234 1.7e-4 86e-5 34e-5 25e4 12e-3 24e4 35e4 12e-5 1139e-0 209.0e-0 88e-4 28e-4
MNS10D 10 3 0.656 1.8e-36 5.8e-39 5.0e-41 1.6e-22 1.1e-21 7.5e-45 8.8e-30 7.3e-46 3.5e-4 1.6e-3  19e-33 3.6e-59
MNS12D 12 3 0563 1.4e-60 2.2e-62 0.0 0.0 3.0e-63 1.0e-62 2.2e-62 0.0 9.2e-62 1.2e-58 1.0e-59 1.4e-59

Table 3 Residual errors of simultaneous methods PJIM10D, MNS10D, MNST10M, MNS12D and
MNS12M for finding all the distinct as well as multiple roots of polynomial equation used in

Example 2

Method CO n CPU ¢ e e3 ey es e e7 eg
PJM10D 10 2 059 1.2e-1 3.0e-2 2.7e-1 79e-2 1.8e-1 3.le-2 1.2e-1 8.2e-3
MNS10D 10 2 025 56e-62 39-59 00 53e-58 12e-62 20e-58 1.8e-63  4.2e-59
MNSTOM 10 2 065 9.7e-115 39e-174 00 1.0e-113  14e-120 1.7e-114 6.7e-193 10e-113
MNS12D 12 2 0343 42e-64 12e-65 00 0.0 1.3e-71 1.7e-64  3.1e-67 00
MNS12M 12 2 0282 1.1e-113 5.0e-177 00 23e-121 6.7e-125 6.6e-114 6.5e-197 54e-121

Table 4 Residual errors of simultaneous methods PJM10D, MNS10D, MNS10M, MNS12D and
MNS12M for finding all the distinct as well as multiple roots of nonlinear equation used in Example 3

Method CcO n CPU e e e3 ey
PJM10D 10 2 0.125 9.3e-3 2.6e-4 1.2e-3 9.3e-3
MNS10D 10 2 0.079 1.0e-9 0.0 0.0 1.0e-9
MNSTOM 10 2 0.068 0.0 0.0 0.0 0.0
MNS12D 12 2 0.078 1.0e-9 0.0 0.0 1.0e-9
MNS12M 12 2 0.093 0.0 0.0 0.0 0.0

64-bit operating system. For multiplicity unity in MNS10M and MNS12M, we get the nu-
merical results for distinct roots, i.e., MNS10D and MNS12D respectively. We observed
that numerical results of the methods MNS10D, MNS10M, MNS12D, and MNS12M are
comparable with those of the PJM10D method but have a lower number of iterations.

Example 1 Consider

fx) =™ — (2 + 5i)x' — (1 - 100)x™ + (12 - 25)x° — 30x° — x* + (2 + 5i)%°

+ (1 -10d)x% — (12 — 254)x + 30,

with exact roots
==+1, =&, =—+ —, =4 =2,
81,2 $34 =i 56 5 ) {78 ) 5 $o=2i

&0 = 34, C11,12 =1 £ 20

The initial approximations have been taken as

(0) , (0) . (0) , (0) ,
x1 = 1.3 +0.2i, Xy =—-1.3+0.2i, x3=-0.3-1.2i x4 =-0.3+1.2i,

(0) . (0) . (0) , (0) .
x5=0.5+0.5] x¢=0.5-0.50, x7=-0.5+0.5i, xg = —0.5-0.5i,

(0) , (0) . (0) , (0) ,
X9 = -0.2 + 2.21, X10 = 0.2 + 2.3[, X11 = 1.3+ 2.21, X12 = 1.3 -2.2i.

Page9of 11
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Example 2 Consider
) = (x+ 1) x + 2% (6 — 20 +2)* (8 + 1) (6 — 2P (x + 2 - i),
with exact roots
&1=-1, $=-2, {3a=1%£4, {56 = i, {7=2, lg=—2+1.

The initial approximations have been taken as

(0) . (0) . (0) . (0) .
x1 =-1.3+0.2i, Xy =-2.2-0.3i, x3=13+1.2i x4 =0.7-1.2i,

) . (0) . 0) . ) .
x5=-0.2+0.8i, xe=0.2-1.3i x7=2.2-0.3i, xg=-22+0.7i.

Example 3 Consider

f(x) — (ex(x—l)(x—2)(x—3) _ 1)4,

with exact roots

61=0, fa=1, {3=2, {a=3.
The initial approximations have been taken as

0 0 0
x1=0.1, gcz) =0.9, (x)g =138, (x)4 =2.9,

3.1 Results and discussion
From Tables 2—4 and from Fig. 1(a)—(c), we conclude that
+ Our methods MNS10D and MNS12D are more efficient as compared to PJM10D in
terms of the number of iterations and CPU time.
+ Our methods MNS10M and MNS12M are applicable for multiple as well as distinct
roots, whereas PJM10D is applicable for distinct roots only.

4 Conclusion

We have developed here two simultaneous two-step methods of order ten and twelve,
namely MNS10D, MNS10M, MNS12D, and MNS12M for determination of all the dis-
tinct as well as multiple roots of nonlinear polynomial equation (1). From Tables 1-4, we
observed that our methods are very effective and more efficient as compared to the exist-
ing method PJM10D [28].
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