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1. Introduction

The problem of solving polynomial equations ranks among the most significant in the theory and practice, not only
of applied mathematics but also of many branches of engineering sciences, physics, chemistry, computer science, control
theory, digital signal processing, bioscience, finance, and so on. Various methods for solving this challenging problem have
been developed, such as methods of search and exclusion, methods based on fixed point relations, companion matrix
methods, methods based on rational approximation, globally convergent algorithms that are applied interactively, and so
on. Iterative methods for the simultaneous approximation of zeros of algebraic polynomials based on fixed point relations
are frequently used powerful tool for solving polynomial equations; see, e.g. [1-3]. Extensive list of references related to
zero-finding methods can be found there. Important practical interest in simultaneous methods has grown with parallel
implementation of this class of methods since they run in several identical versions.

Let P(z) = z" 4+ a12" ' 4+ --- + a,—1z + a,(n > 3) be a monic polynomial of order n with (real or complex) simple
zeros, and let z;, ..., z;, be some approximations to the zeros ¢y, ..., {; of P. The aim of this paper is to present a new
iterative method for the simultaneous computation of polynomial zeros and to study its convergence properties. Defining
u(z) = f(@)/f (z) and Ac(z) = f®(2)/(k'f'(2)) (k = 2, 3...), the construction of the proposed method relies on Schréder’s
iterative method of the fourth-order

04(2) = 2 — u@2) — u(2)’A(2) — u(2)’2A2(2)*> — A3 (2))
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and the substitution of the coefficients A, and A3 by appropriate sums. In this way we derive the zero-relation

o N ll(Zi)2 P//(Zi) — u(z 22 — %) icl 1
§1 =1 u(zl) 2(1 — u(Zi)E1,i)2 P’(Z,‘) u Zl)( 1,i 2,i (l € n)v ( )
where I, := {1, ..., n}is the index set and
1
Y= =1,2).
a. J;l @ =) (q )

The zero-relation (1) is the base for the construction of simultaneous method (Section 2), whose fourth-order of convergence
is proved in Section 3 assuming that initial approximations are reasonably close to the desired zeros.

Section 4 is devoted to another important task in the theory of iterative processes concerned with the construction
of initial computationally verifiable conditions that provide the guaranteed convergence of the proposed method (18). In
this manner, the characterization of “reasonably close approximations” is precisely established. These initial conditions are
stated in the light of Smale’s “point estimation theory” (see [3-5]) in the form

)
PE™) 1 0 _
max 5 5 min |z; |
1<i<n ]_[ (Z( ) ( )) 3n _|_ ‘l ]<11<”
jem\i
and depend only on attainable data—polynomial coefficients, its degree and initial approximations z(o) e z,(lo) to the zeros.

This is of great importance in practice since these conditions are computationally verifiable.

In Section 5, we point to some advantages of the presented zero-relation and the possibility of construction of improved
methods in ordinary complex arithmetic and complex circular arithmetic. In particular, we construct two simultaneous
methods with the accelerated convergence. Their order of convergence is increased from 4 to 5 and 6 using suitable
corrections without additional calculations. In this manner, the computational efficiency of these accelerated methods is
considerably improved.

Numerical results and the comparison with several existing fourth-order methods are given in Section 6.
2. Derivation of the fourth-order method

Let f be a real or complex function and let us define

K
u(z) = j:(é)) A(z) = {(:f)g (k=2,3..)).
The first few members of Schréder’s basic sequence {¢y} of order k are given by (omitting argument z on the right side)
@) =z—u,
93(2) =z —u—A,
94(2) = z — u— UPA; — U245 — As) )
(see [6, p. 84]). Iterative function ¢4 of the fourth-order, given by (2), can be written in the form
04(2) =z — u — 1A, (1 4 2uAy) + Asu. (3)
In particular, let f = P be a monic polynomial of degree n having simple real or complex zeros ¢1, .. ., ¢, that s,
n
P@2) =] - . (4)
=1
Introduce the abbreviations:
Ari = A(z), u=u(z) = P@) , ui = u(z),
’ P'(z)

1
D@ =Y ———. D= Zi@) (k=1,2).
jemi @ =4

If two real or complex numbers w and z have moduli of the same order, that is, |w| = 0(|z]), we will write w = Oy (2).
Using the logarithmic derivation, we find from (4)

d
- logP(2) = P( ) = ZZ — (>)
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Let us rewrite (5) in the form

P(z)_P(z)Z _{
J

and find the second derivative,

P’(z) =

()Z /:)2

Using the last relation and (5), we find

2A3(2) =

P’ (2) P(z) & 1
P'(2) ; -4 P2 el CAN 0%

nog
_;z—q_(;z—g) ;@—02
-1
1 1 1 1 1 1
= + —~ + +y ———
(Z_g" j;;iz_g) (Z_g" j;;iz—g) (CZ—G)Z j;i(z_;j)z)

Let z = z; be a sufficiently close approximation to the zero ¢;, and let &; = z; — ¢;. From the last relation it follows
1/812 + 25 . (1/ei + 21,,')2 — ]/Siz — 3

1
2A,(z;) = 2A; = - + X —
1

1/8,’4—217,' - 1/8i+21,i
221 i+ Sizlzi — 8,'22,'
= - : ~ =2X1;4+ On(s). 6
1+8i21,i 1,1+ M( 1) ( )
Since
-1
P(z;) 1 &
uz;) = = — + 2 = — =0 &i),
( 1) P/(Z,') <<9i 1,1) 1—{-8,'21’,' M( l)

from (6) we find
2 = Az + O (W) = Agi + 1, (7)
where c; is a constant. After elementary but tedious calculations, in a similar way we obtain

2= Azl 2A3; 4+ Oy (uy) = — 2A3; + cu;, (8)
where c; is a constant. From (7) and (8 ) we find
Ay = X1+ cju 9)
A —X
Aas = 4 (10)

where ¢} and ¢}, are constants.
By (9) and (10), it follows from (3) for z = z;

2 / 3 A%,i - 22,[ /
904(21') =2Zi— u— uiAz,i(l + 2u,-(21,,- + C1u,-)) + u; T + G U;

Dii+cu)? — Xy,
=2zi— U — uizAz,,-(l + 2u; (X1 + cjw)) + ui3<( L 121) 21 +c

N~

3
u:
=z —u; — ufAyi (14 2u; X1 ) + 31(212,,- — 350) + Ou (u})

ui>
3

3
u: u;
= z; — Ui — U Az i(1 4 2u; X1 ) + ;wi,- — D) (142021 — 3’(2%,,- — X5.0) - 2 Xy + Oy (uf),

whence

ud
0a(z) =z — u; — (1 4+ 20X ) (Ul-zAz,i - ?'(212,; — 250 | + On (). (11)
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Finally, using the development
=142 % + Oy (U
(1—111'21,,‘)2 + i l,1+ M( ;)

in (11), we obtain

2 3
uiAyz i u;

_ i 25, (el "
A= wmg? T 20 —umypr i P20 (Eh) (12)

where we have neglected the terms next to u¥, k > 4.
Differentiating (5) we find

P'(2)> — P"(2)P(z) 2”: 1

©a(zi)) ~ @4(z1) =z — U;

= _— (13)
P(2)? &z — gy
From (5) and (13) we obtain for z = z;
P 1 1 1 A u; 5= 1 P//(Zi) 1 (14)
1,i — Ui 81" i~1,i — 81" 2,i — 12 P(Zi) 8,2 .
Substituting (14) in (13) yields
~ @) = 71— uj — UI»ZAZ,,‘ u?(zij - 22,1‘)
PR = AT T e T 2/’
2 2
erui( Xy, — 2y
=2zi— U — gizAZ,i + M
2
2
Y e2P"(z) N ePz)| (1 1 1 P'(z) 1
ST apizy 2P |\ e uw?  P@z) &
e2P"(z) €’P(z) ([ 2 2 P (z;
B < YRR COY (T B
2P"(z;)  2P'(z) \ & we P(z)
=zi—¢&=z—(Z—§) =
In this way we have proved that (12) defines a zero-relation, that is,
2 i
u; P"(z;) 2 .
i =2z — Uj — —ui( X7, — 2o iel,), 15
(1 i i 2(1 _ uixl,i)z (P/(Z,') 1( 1,i 2,1) ( n) ( )

or in the form

2 (. 2
G =12 —ui— u z[i,(zl)—”i«z : )—Z—l 2)] (i € I). (16)
! zi—g

jen\i

Remark 1. The zero-relation (16) can be also derived using other methods, but the presented derivation is quite natural,
originated from the Schréder method (2) of the fourth-order.

The relation (16) is suitable for the construction of simultaneous methods for finding real or complex simple zeros of
a polynomial in complex arithmetic and the inclusion of simple zeros in circular complex interval arithmetic; see [7] for a
general approach to the construction of simultaneous methods.

Introduce the abbreviations

P@(z) 1
5q,i = : Sq,i = Z - (q =1, 2)

P(z) ' e @ —2z)"
Instead of } ;. \; and [, \; we will write sometimes > ; and [];. o '
Substituting the zeros ¢y, ..., {, by their approximations zy, ..., z, in (16), the following iterative method for the

simultaneous determination of simple zeros of the polynomial P is obtained:

2 P @) 2
Uu; (P’(Zil) - ui(su - S2J)>

2(1 — UiSL,‘)Z

Zi =2Zj — U —

: (17)



M.S. Petkovic et al. / Journal of Computational and Applied Mathematics 235 (2011) 4059-4075 4063

where
P(Zi) 1
ui = ; = —.
P(zi) 1.
Here Z; denotes the approximation in the next iteration.
Assume that initial approximations z§°>, R z,ﬁo) to the zeros ¢y, ..., ¢, of P have been found. Then the following new

iterative method is obtained from (17)
1 (m)
my2 [ P2 ) (m) (m)\2 (m)
(™) (P,(zgm>) — " ((S77)" — S ))
1

2(1 — u™s{™)*

fori=1,...,n. Here ul(m) and S;Z?) (@ = 1, 2) are related to the mth iterative step.

2D — gm0 _ym

(m=0,1,...) (18)

3. The order of convergence

The following theorem states that the order of convergence of the method (18) is four.

Theorem 1. If the initial approximations z§°>, A z,ﬁo)

of convergence of the iterative method (18) is four.

are sufficiently close to the respective zeros {1, . . ., ¢, of P, then the order

Proof. Starting from the factorization P(z) = ]—[}1:1 (z —¢j) and using the logarithmic derivative, from (5) and (14) we obtain

n 1 1 n 1 1
81 = =—+ 21 82-—82,'= — =+ 2 (19)
| j:zlzf—sv e M ; A

where ¢; = z; — ¢;.
Let us introduce the notations

1 o (221' —Zj — é-j)
@z — )z —z)' YT @ - )2z — )

Using (19) and (20), we find

1 1
81— S1i = ;(1 —5 ) Gijgj), 81— 82— Soi = s (1 —& Y Hijgj)- (21)
; :

Jjem\i 4 Jjem\i

Gy =

The iterative formula (17) can be represented as

5 — g 1 . 82, — 5%,14 + S0+ (81 — S1.4)? . (22)
81, — S1.i 281,i(81,i — S1.0)
Starting from (22) and using (21) we obtain
2
81'2 ZH,'J'S]‘ — 14+ (1 — & ZGU‘EJ)
. R o £ £
b=s—Ci=e— i 1+ J# J#
(1 — 8iZGij8j) 2(1 +8,‘E1’1‘)(1 — SiZG,‘ij)
J# J#
2 2
81-3 ((Z Gijé‘j) — Z Hijé‘j + 28,‘21’,'(2 Giij) — 221,,‘ Z Gijé‘j)
. J# J#i J# J#i
= 5 .
2(1 + 81‘2171‘) (1 — & Z G,‘j&‘j)
J#
Let |e| = max;<j<n |¢j| and let the absolute values of all errors ¢; (j = 1, ..., n) be of the same order, that s, |¢;| = O(|¢]).

The quantities G; and H;; are bounded, and the denominator of the last expression is also bounded and tends to 2 when
|e| — 0. According to these facts, from the last relation we have

8| = max |gj| = O(|e|*
81 = max |gj| = O(jel").

which completes the proof of Theorem 1. O
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4. Convergence analysis—guaranteed convergence

Theorem 1 is proved by a standard technique assuming that initial approximations are “reasonably close” to the wanted
zeros, without any available data which would characterize this closeness. Such a convergence technique is rather of
theoretical interest and we will overcome this shortcoming in this section by presenting the convergence analysis of
the method (18) using the approach based on Smale’s point estimation theory [5]. This approach states computationally
verifiable initial convergence conditions that guarantee the convergence of the considered methods so that it is regarded
as an advance in the theory of iterative processes. As mentioned in Introduction, in the case of algebraic polynomials
P(z) = 2" + a;z2" ' 4+ --- 4+ a,_1z + a, it is assumed that initial conditions depend only on the polynomial coefficients
ai, ..., ay, initial approximations zgo), e 2,50) and the polynomial degree n. Certainly, this is of great importance in practice
since these conditions are computationally verifiable. More details on the point estimation theory concerning iterative
methods for the simultaneous determination of polynomial zeros can be found in [8-13], and the references cited therein.

For distinct complex numbers zq, . . ., z,, let us define

P(z) .

_ w = max |Wj|, d = min |z; — z].
[T @—2z) 1<j<n 1<ij<n

jetn\i s

W; =

The following assertion was proved in [3], where parametric notation {c; r} := {z : |z—c| < r} denotes the disk with center
¢ and radius r.

Theorem 2. Let z1, . . ., z, be distinct numbers satisfying the inequality w < c,d, ¢, < 1/(2n). Then the disks

. . (Wi . X |Wh|
D1 = 1321; y ooy Dpi= 320
1 —nc, 1 —nc,

are mutually disjoint and each of them contains one and only one zero of the polynomial P, that is

Wi .
i €1z ﬁ (l € In). (23)

In what follows we suppose that the following condition

1

cd, ¢, = , 24
w <G n 3n+ 1 (24)
is satisfied. Since ¢, = 1/(3n + 1) < 1/(2n), the assertions of Theorem 2 hold.
Starting from (23) we obtain
el = Iz — Gl < —— Wil < ——d = d (25)
gl=lz— ¢l < —|W;| < = = ,
' ' ' 1—nc, ' 1—nc, 2n+1 Vi
where y, = 1/(2n + 1). Then
G-l = -7l — g — gl > d d= -2 4 (26)
zZi — & zi—z|—lzi—¢| >d— = .
Gl lE gl =g =g 2n+1 2n+ 1
According to (25) and (26) we estimate
1 m—1D2n+1)
PR EDY < o (27)
je\i |zi - le n
and
1 n—1)2n+1 n—1 n+1
Tt eZl > 1— ]l Zal > 1— g bt n-l_ntl_, (28)
2n+1) 2nd 2n 2n
Starting from (20) and taking into account (26), we estimate
& n—1)|e; n—1 n—1 a
Zcijgjfz |&;] <(2n)|21|<(2n)3/n:2d:gn (29)
jeln\i jel\i |zi — &jllzi — 7] 2n+ld 2n+1 d n
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and
|8j| 1 1
jgi v jgi 1zi — ¢illzi =zl \ |z — &1 |zi — 7]
(n—1)lgj| <2n—|— 1, 1)
— 2 -
7@ 2nd d
5 (n;l)zyn<2n2+1 +1> _ (n—;)gz;ﬂ) _ %
2n+1d n n
where
n—1 n—1)4n+1
a, = and b, = w
2n 4n?

Let us introduce
820 — 8% + Soi 4 (81 — S1.)?

T.=1+
‘ 281(81.; — S1.0)

Using (21), we find

2
& (&'(Z Gl]8_]> + & ZHUSJ -2 Z Gu%)

J# J# J#

=1+,

J#

2(1 4+ &i21)) (1 — & Z Gij&‘j)
where

2
& <8,' (Z G,’jé‘j) + &; Z Hjjgj — 2 Z Gij&“j)
f— J# J#i J#i
;=

214 &iX1) (1 —&iy Giﬁj)

J#
Then the iterative formula (22) can be rewritten in the form

2i=zi—C=2z—Ti(81;—S1.)" "

Here C; denotes the iterative correction which deals with the sums depending on the approximations z1, ...

Let

Vn (Vnarzl + VYabn + 2an>
n = .

20, (1 — ypay)
According to (25), (29) and (30) we estimate

1— Ei Z G,‘j&‘j

jelp\i

>1— el Y [Gyllgl > 1— yad

=1—ya, =
Jje\i d

and

j#

2
|8i|<|€f| (Z |G,~]~||aj|> + leil 2 Hylleil +2 ) IGUIISJI)
ji J#

[ti] <

2 |1 + 81'21,1'| 1-— Ei ZGijaj

J#

2
Vnd()’nd : Z—S + Ynd - Z—E + 2%)

< = ({n,
20‘n(‘l - ynan) !

an n—1 20
— 1—-— 1 > —
2n(2n+1) = 21

4065

9211'

(33)

(34)
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where the denominator of t; is bounded according to (33). Under condition (24) we obtain

n@n*+n—9)
Gn = < 0.09.
2(n+1)R2n+1)@n2+n+1)

Starting from (31) we find

ITil < 1+1t] <1+ qn, (35)
ITi| > 1— 1t > 1— gn. (36)

The following lemma is concerned with some necessary bounds and estimates.

Lemma 1. Let the inequality (24) hold. Then
(i) 1Zi—zil = |G| < 1.5|Wj|;

(if) Wil < 0.3/Wil;

(iii) w < ¢,d, ¢, = 1/(3n + 1).

Proof. For distinct points zy, ..., z,, we use the Lagrangian interpolation to obtain the following representation of the
polynomial P:

_|s W T -2 ___P@
P(z)_|: Z_Zj+1}]1](z z), W= TR (37)

—
I keln\j

Putting z = Z; in (37), we obtain

P(z,)_<z—+1+z

! J#

D

Hence, after dividing by ]_[je,n\i(ii — Z;), we find

- PG R W w; 3 —z
Wi:#:(z z,)(—+1+§ ! >||(1+’—J) (38)
[T G -2 Zi — z; po Zi — zj ie\i Zi — zj

jelp\i

In our consideration we will also use the identity (see [14])

1
81— E 39
( 1,i A Z —Z) _ ( )
jeIn\i J jeIp\i Zi

Using (24) and the definition of the minimal distance d we obtain

(31— su)wi| = 1+ Z <140 -Den, (40)
j€ln \1 4
and
W.
[CREENTESEDS Wil =1 (41)
jeI\i |Zi - Z]l

Starting from the iterative formula (32) we find
2i—zi=—C=—Ti(1; — S1.) "
By (35) and (41) we estimate

. IT;| Wi A+ag)Wil Ay
2 —zi] = |G| = L < : = Wil < And, (42)
(01 —S1.oWil 1—(m—1c, ¢

where we put

(1+gn)cn

hp= ——— 21
1—(—1)c,
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The sequence A, /c, has a complicated form and we used symbolic computation in the programming package Mathematica
to find its upper bound,

A
= 15 forn>3.
Cn

Therefore, we have proved
|G| < 1.5]Wj. (43)

According to (42), we obtain

1Zi — zj| = |z — 7| — |Zi — zi] > (1 — Ap)d (44)
and
Zi — 2j| = |zi — 71| — 12i — zil — |Zj — 75| > (1 — 2A,)d. (45)

The inequality (45) gives

N d 1
d> (1—2A,d, thatis, = < . (46)
d 1-—2A,
We note that A,, < 0.14 if (24) holds.
Starting from the iterative formula (32), by (31) and (39) we find
Wi 81i — S1.)W; 1 W;

_ i =_(1,1 1,1) 1=_ 1+Z J ] (47)

Zi—z T; 14+ ¢ P
To prove (ii) we use (47) and derive:

W; W; 1 Wi Wi
—— 1+ Y = 1+ — ) 414>
Zi — Zj jetmi Zi — z; 1+ ¢ jelni Zi — zj jetmi Zi — Zj
- 1+t '
Hence, by (24), (34), (36), (42) and (44) we estimate
(n—1)cnd (n—1)cpd
dd'& ,\C)d +q"( + (r; Ac)d>
+1+ Z
—Zi jely \1 1—qn
(n—1)cphn (n—=Tcn
e +CI(1+"H:>
< - . (48)
— Un

Using the bounds (42) and (45) we find

n—1
Zi—z Zi—z A
(1222 < (e 22 < (e 22 ) )
it Zi — zj jelp\i |Zi — Zj| 1—2A,

Starting from (38) and taking into account the inequalities (42), (48) and (49) we obtain
jeh\i 4
(n—1cnin (n—T)cn
s +qn(1+ =+ )

n—1
A A
< 2wy 14+ — = falWil,
e 1—gq, 1—2x,

Wil < 12 — zl

Wi W;
s t1+ ) :
a-a s A
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where we put

(n—Dcnn —Den
n] ; + qn<1 + (n]_)\)nc ) n—1

Cn 1—4qn 1—2x,

Using the programming package Mathematica we found that f;, < 0.3 for every n > 3. Hence,

Wil < fal Wil < 0.3|Wil. (50)
Since fy < 0.3 and A, < 0.14, it follows = zx < 0.42 < 1. Now we have by (46) and (50)
W < faw < fucad < fn cpd < cyd,
1— 2,

which proves (iii) of Lemma 1. O

To state the main result concerning the guaranteed convergence of the simultaneous methods (18), we first present a
general theorem which can be applied to a wide class of simultaneous methods of the form

Z™MD =z — (2™, ..., z™) (iel; m=0,1,...), (51)

where z( .. r(l ) are some distinct approximations to the simple zeros ¢, ..., ¢, respectively, obtained in the mth

1terat1ve step by the methods (51). As before, for simplicity, we will omit sometimes the iteration index m and denote
quantities in the latter (m + 1)th iteration by (“hat”).

Let £2(¢;) be a reasonably close neighborhood of the zero ¢; (i € I,,) and let us assume that the corrections C; appearing
n (51) can be represented as a ratio

P(z .
Ci(Z1, ey Z,—,) = % (l S In), (52)

where the function (z4, ..., z,) — Fi(z1, ..., z,) satisfies the following conditions for each i € I;:

10 Fi(;l’ ceey {n) # Oa
2°Fi(z1,...,2zy) #0 forany (z,...,2,) € $21(51) X -+ x £2(&n);
3° Fi(z4, ..., zy) is continuous in C".

Define a real function t — g(t) over the open interval (0, 1) by

1
1+2t, O0<t<—
gt) = 1 1 2
— - <t<l1.
1-—t 2
The following theorem, involving corrections C; and the function g, plays the key role in the convergence analysis of iterative
methods of the form (51).

Theorem 3. Let the iterative method (51) have the correction term of the form (52) for which the conditions 1°-3° are satisfied,

and let z(o) (0) be distinct initial approximations to the zeros of P. If there exists a real number 8 € (0, 1) such that the
followmg two inequalltles

(i) ‘Ci(m+1)| < Ci(m)| (m=0,1,...),

(i) 2" -2 > g(ﬂ)()d‘”\ + \Cf“)) (i#], ijeh),

hold, then the iterative method (51) is convergent.

See [15] for the proof.
According to (32), (51) and (52), in the case of the considered method (18) (written in the form (32)) the corrections C;
are given by
P(z;)

G =T S1.1)” _—,
i 1(11 11) F(Z],...,Z)
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where

(81 — S1.OW; [ 1@ — z)
J# .
Fi(z1,...,zy,) = T (iel). (53)
1
Now, we give the main result concerning the initial conditions that guarantee the convergence of the simultaneous
method (18).

Theorem 4. If the initial condition

d©

w® <
3n+1

holds, then the iterative method (18) is convergent.
Proof. According to the assertion (iii) of Lemma 1, the following implication
1

W< cyd =W < cpd, Cp=
n n n 3n+1

is valid. In a similar way, we can prove by induction that the condition (54) implies the inequality w™ < ¢,d™ for each
m = 1,2, .... Therefore, all assertions of Lemma 1 are valid for each m = 1, 2, ... if the initial condition (54) holds. In
particular, the inequalities

(W ™| < 03w ™| (55)
and

1™ = 2™ — 2™ < 15w ™| (56)

arevalidforieI,andm =0, 1, ....
From the iterative formula (32) we observe that the corrections Ci(m) are given by

-1
cm — g (5%7) _ Sgtw;)) ’ (57)

where the abbreviations C{™, T{™, 8", S{" are related to the mth iterative step.

We will prove that the 1terat1ve process (18) is well defined in each iteration if we show that the function Fi(z4, ..., z,) =
P(z;)/C; appearing in (53) does not vanish. In view of (35) and (41) and the definition of the minimal distance, we get from
(54)

1,i 1,i Ijg i “j >1—(n—1)cn

T; 1+4qy

|Fi(z1, ..., zp)| = d" 1> 06d"">0

Hence, Fi(z1, . . ., z,) does not vanish.
The next step in our proof is to prove that the sequences {|C,.(m) |} (i € I) are monotonically decreasing. Omitting the
iteration index for simplicity, we obtain by using (31), (40), (43), (50) and (57)

(61, — S1,.O)W;

G| < 1.5|Wj| < 1.5 0.3|Wj| = 0.45|Wj| = 0.45|T;(8;,; — -
i

vz

Hence, by (36) and (40), we arrive at
1+ (n - 1)Cn

= 045G |-

G| <0.45———"|Cy|.
1— an
It is easy to estimate
1 n—1)c
M < 1.35,
1-— qn
so that

|G| < 0.45 - 1.35|C;| < 0.61|C;].
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In this way we find that the constant 8, which appears in Theorem 3, is equal to 8 = 0.61. Therefore, we have proved
the inequality |C"™""| < 0.61|C/™| foreachi=1,...,nandm =0, 1, ....

The quantity g(8) occurring in (ii) of Theorem 3 is equal to g(0.61) = 1/(1 — 0.61) < 2.57. Using this fact we finally
have to prove the disjunctivity of the inclusion disks

S1= {250); g(0-61)IC{0)|}, LS5 = {zrgo);g(o‘61)|cr50)|}

(assertion (ii) of Theorem 3). In regard to (56) we have |Ci(0)| < 1.5w©@ foralli = 1, ..., n. Choosing the index p € I, so
that

IV = max 1,
<i<n
we obtain
© o _ | o< n+1. 0 © © ©
d9 > @n+ Hw® > ﬁ(3n+ DIC| > m(m |+1G71) > 20.6D (1G4 1G1)
since

3n+1
s > 3.33 > 2.57 > g(0.61)

for all n > 3. This means that
2” — 2% > d® > g(0.61)(1C7| + 1C”1) = rad S; + rads;.

Hence, according to a simple geometric construction, it follows that the inclusion disks Sy, ..., S, are disjoint, which
completes the proof of Theorem 4. O

Combining Theorems 1 and 4, we state the following theorem.

Theorem 5. If the initial approximations 250), ey Z,SO)

with the order of convergence four.

satisfy the initial condition (54), then the iterative method (18) converges

5. Acceleration of convergence and other modifications

The significant advantages of the zero-relation (16) and the iterative method (18) result from the following nice
properties.

(1) The method (18) has a suitable structure which allows significant acceleration of convergence with negligible number
of additional basic operations. Obviously, the computational efficiency of these accelerated methods is significantly
increased.

(2) Using convenient transformations, the iterative formula (18) can be modified to the form suitable for finding multiple
zeros of polynomials,

Miui(1 — Wi+ Ui I;/((ZZI')) —uf (S5 — Misz,i)>

Zi = Zi — Milli —

iel,={1,...,v},v<n),
~ 2
2(] — uiSLi)
where w1, ..., u, are the multiplicities of multiple zeros ¢, ... ¢, and
Sq,iz Z—Jq (q=172)
jemi (@ — 7))
(3) The zero-relation (16) is convenient for the construction of interval methods for the simultaneous inclusion of

polynomial zeros in complex circular arithmetic. For example, if Zy, ..., Z, are disks which contain the polynomial
zeros, then the following inclusion method of the fourth-order is obtained

2

R 2 P’ (z) 1 1

Zi=2z — U — ' — — Ui - ] (i€,
2( )2 P'(z) .;;i zi —Z; jgi (Zi _ Zj)z

1
1-— Ui Z ' 217—21
jep\i
where z; is the center of the disk Z;. Recall that the crucial advantage of inclusion methods consists of automatic
determination of the upper error bounds given by radii of produced disks that contain the wanted zeros in each iteration.
Moreover, using the approach presented in [ 16], the convergence of the above inclusion method can be increased to five
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and six without additional numerical operations. Let us emphasize that the interval arithmetic, as a powerful device
in controlling rounding errors and the inclusion of exact results, becomes a composite part of new modern computer
arithmetics; see [17].

The corresponding methods of the form (18) based on the properties (2) and (3) will be investigated in detail in the
forthcoming research, together with detailed convergence properties of the accelerated methods mentioned in point (1).
In this paper, we discuss the convergence speed of accelerated methods in short, including two numerical examples. Note
that many simultaneous methods, including Weierstrass-Dochev’s method [ 18,19] (also known as Durand-Kerner’s method
[20,21])

R P(z)
Zi=z————=2z—W, 58
R e (58)
Jje\i
do not possess the properties (1) and (2). Furthermore, the complex interval variant of Weierstrass—-Dochev’s method has a
low computational efficiency; see [7, Ch. 6].

For simplicity, let us omit the iteration index m. Beside the vector of current approximations z(" = (zgl), e z,ﬁl)) =
(z1, ..., zn), we will also consider the following improved approximations z¥ = (zl(k) ey z,g,k)) (k = 2, 3), where

@ P(z) , L

z" =z —u=2z— (Newton’s approximations),
P'(z)

3) P(z) , L
z7 =zi—h =z — = (Halley’s approximations).

J 1 ] 1 p P(z)P" (z))

(zj) — e

The Newton and Halley approximations occur in the classic iterative methods

P(Zj) 1
—— =z — — (Newton’s method, order 2),
P'(z) 81,
A P(z; 28+
Zi=z;—hj=2z— % =2z — — =Y (Halley’s method, order 3).
. (z))P" (z}) 282. — 58,
P'(z) — PTEn) 1,j 2

Zi =2 — U =2 —

We emphasize that superscript indices now indicate the type of approximations and they should be strongly distinguished
from the iteration index.
Let us define the sums

1
Sqi), = —— (=12, k=1,2,3),
ar jgi (2~ ")’

where the index k points to the type of approximations zj(k) (k =1, 2, 3). Then from the zero-relation (16) we construct the
following iterative method:

/(. 2
uf[% - ui((sl,i)k - (527")k>:|

Zi=2z — U — (k=1,2,3). (59)
- 2(1 - u(51),)°
(1

For k = 1 (the use of current approximations z; * = z;) the method (59) reduces to the fourth-order method without
corrections (18). For k = 2 and k = 3 the iterative formula (59) defines two new simultaneous methods with corrections
having accelerated convergence. The order of convergence of the method (59) is given in the following theorem.

Theorem 6. Ifthe initial approximations zgo), e, z,(,O) are sufficiently close to the respective zeros ¢4, . . ., ¢, of P, then the order

of convergence of the iterative method (59)isk + 3 (k = 1, 2, 3).

The proof is similar to that given in [10] and we omit it.
Let us note that the acceleration of convergence of the method (59) from 4 to 5 and 6 is attained using already calculated
quantities. Therefore, computational efficiency of the accelerated methods (59) (for k = 2, 3) is considerably increased.

6. Numerical results

To demonstrate the convergence properties of the new methods (18) and (59), we have applied these methods to a
number of polynomial equations. For comparison purpose, beside the new methods (18) and (59) we have also tested the
following simultaneous methods of the fourth-order.
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Modified Ehrlich’s method [22]:

R 1 P(z)
Zi=zi—4— = ui:P’ . (ME)
W T X T @)
jet\i
Halley-like method [23]:
" 2681
Zi =2Zj — 2 L 5 - (HM)
287; — 82— S2.1 — SY;
Ostrowski-like method [24]:
R 1
Zi = Zj — . (OM)
V81 — 82— Sai
Modified Bérsch-Supan method [25]:
R Wi P(z)
b= o Wi= (MBS)
- Z zfz'ﬁer l_[ (Zi _Zj)
jeln\i =4 jelp\i
Kyurkchiev’s method [26] (see, also, [27]):
5 Wi (KM)
zZ=2— W W
1+ Y Z—+w Yy —
T @A
Double Weierstrass-Dochev’s method [18,19]:
P(z A P(y;
[T @—2z) [T G-y
Jjem\i Jjel\i

Let us note that the method (DWD) is obtained by applying Weierstrass-Dochev’s method (58) applied two times.
Considered as a two-point method, the method (DWD) has the order four. This artificial composition is made for comparison
with the presented fourth-order methods.

In our numerical experiments, we have often used the fact that all zeros of a polynomial P(z) = apz" + a1z" '+ --- +
ay—1z + a, (ag, a, #~ 0) lie inside the annulus {z € C : r < |z| < R}, where r and R are calculated as

1/k

, R = 2 max
1<k<n

1 1/k
r = — min
2 1<k<n

an

ao

(60)

an—k

(see [28, Theorem 6.4b, Corollary 6.4k]). The measure of approximations produced in the iterative process is given by the
norm

1/2
n
oM — (Z |zj<m) - ;j|2) (m=0,1,...).
j=1

Example 1. The new method (18), the new methods with Newton’s corrections (59)—N-cor (order 5) and Halley’s
corrections (59)—H-cor (order 6), and the listed methods (ME), (HM), (OM), (MBS), (KM) and (DWD) were applied for the
simultaneous approximation to the zeros of the polynomial
P(z) = 29 — 32" + 1227 — 362! 4 268z"° — 804z'* + 2784z'® — 8352z'2 4 34710z"!
—104130z" + 3246962° — 974088z% + 62097227 — 18629162° — 22705927°
+6811776z% — 283039512 4+ 84911853z° — 25704900z + 77 114 700.

The zeros of this polynomial are £1 =+ 2i, &2, 4i, £3 £ 2i, £2 =+ 3i, £3i, 3. Initial approximations were taken to give
0 —
e’ =0.69.
The errors e™ of approximations in the first three iterations are given in Table 1, where A(—h) means A x 107"
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Table 1
The errors of approximations in the first three iterations,
Example 1.
Methods e e® e®
New (18) 4.39(—-3) 151(—11) 8.98(—45)
(ME) 5.03(—3) 297(—11) 4.01(—44)
(HM) 4.32(-3) 1.37(—11) 5.19(—45)
(OM) 1.58(—3) 1.40(—13) 6.24(—54)
(MBS) 3.16(—3) 7.05(—12) 2.90(—47)
(KM) 3.47(-3) 1.06(—11) 1.01(—45)
(DWD) 1.08(—2) 1.58(—9) 7.15(—37)
(59)-N-cor 1.96(—3) 4.85(—15) 4.15(-72)
(59)-H-cor 493(—4) 429(—-21) 1.59(—122)
Table 2
The errors of approximations in the first three iterations,
Example 2.
Methods e e® e®
New (18) 2.09(—1) 1.02(—4) 6.59(—18)
(ME) 2.06(—1) 121(—4) 3.10(—17)
(HM) 230(—1) 1.65(—4) 9.61(—17)
(OM) Diverges - -
(MBS) 1.27(—1) 1.69(—5) 6.82(—21)
(KM) 1.25(—1) 1.73(-5) 1.83(—20)
(DWD) 351(—1) 1.13(-3) 2.60(—13)
(59)—N-cor 1.30(—1) 443(—-6) 2.21(-27)
(59)—H-cor 8.89(—2) 1.53(—8) 4.16(—49)

Example 2. In order to find the zeros of the polynomial

P(z) = z2%° 4+ 122" 4 802" + 360z + 13562'® + 4512z"° + 13440z" + 35520z'3 + 849762'?
+192192z'" + 416 000z'° + 574 080z° — 15302428 — 3283968z’ — 8 048 640z°
— 15452 160z° — 20317 184z* — 15925 248z> — 38010 880z% — 68 812 800z — 73 728 000
we applied the same methods as in Example 1. The zeros of this polynomial are 1 +1i, 1+ 3i, 2 £ 2i, 2, +2i, —1+£1i, -1+
3i, —2 &£ 2i, —3 £ i, —3 =+ 3i. The initial approximations were selected to give e©® = 1.59. The entries of the errors of

approximations produced in the first three iterations are given in Table 2. The worse results compared with Example 1 are
the consequence of crude initial approximations.

Example 3. The new method (18) was applied for finding the zeros of the monic polynomial P of degree 20 given by

P(x) = x*° 4 (0.887 — 0.342i)x'® + (—0.569 + 0.909i)x'® 4+ (0.109 + 0.855i)x"”

+(0.294 — 0.651i)x' + (—0.087 4 0.948i)x"> + (—0.732 + 0.921i)x'
+(0.801 — 0.5731)x"> 4 (0.506 — 0.713i)x'? + (—0.670 + 0.841i)x"!
+ (—0.369 — 0.682i)x'° + (0.177 — 0.946i)x° + (—0.115 4+ 0.577i)x®
+(0.174 — 0.956i)x” + (—0.018 — 0.438i)x® + (0.738 + 0.645i)x°
+ (—0.655 — 0.618i)x* + (0.123 — 0.088i)x> + (0.773 + 0.965i)x*
+ (—0.757 4+ 0.109i)x + 0.223 — 0.439i.

The coefficients a, € C (except the leading unit coefficient) were chosen by the random generator as Re(ay) =

random(x), Im(ay) = random(x), where random(x) € (—1, 1) and the random numbers are truncated up to three decimal
digits.

Using (60) we find that all zeros of the above polynomial lie in the annulus {x : r = 0.3155 < |z| < 2.0711 = R}. We
could start with initial approximations equidistantly spaced on the circle with radius rqg € (0.3155, 2.0711), but we wanted
to test the new method (18) in the case of very far initial approximations. For this reason, we chose initial approximations
on the circle |z| = 10, determined in the following way:

ZSO) = r() EXp(ieu), 1: \% _15 91) - <2V - _> (U - 1 20)
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Fig. 1. The flow of the iterative process (18).

(the so-called Aberth’s approximations; see [29]). We terminated the iterative process when the stopping criterion

max |P(z™)| <7 =101
1<i<20

was satisfied.

The behavior of the iterative method (18) for the given polynomial is illustratively displayed in Fig. 1. The stopping
criterion was satisfied after 23 iterations. At the beginning, the method converges linearly but almost straightforwardly

toward the exact zeros, showing in several final iterations the fourth-order convergence. One can observe that
approximations are radially distributed toward the aimed zeros.

According to the results shown in Tables 1 and 2 and a number of tested polynomials, we can conclude that the new

method (18) is competitive with the existing simultaneous methods of the same order. However, its modification (59) with
Newton’s and Halley’s corrections gives considerably better results.
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