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Abstract

This paper studies a new family of iterative methods for the simultaneous approximation of
polynomial zeros with known multiplicities. The methods are obtained by combining the
Wang-Zheng iteration function with an arbitrary iteration function. This approach leads to
a class of methods referred to as Wang—Zheng-type methods with correction for multiple
zeros. A local convergence analysis is developed for a wide class of iteration functions.
The analysis describes the conditions under which the proposed methods converge locally.
Several known iterative methods are examined as special cases of the general results. In
particular, the family constructed by Kyurkchiev and Andreev (1990) is included. For every
positive integer N, the N-th method of this family has convergence order 3N + 1. The main
local convergence theorem extends, complements and improves earlier results by Wang
and Wu (1987) and by Kyurkchiev and Andreev (1990).

Keywords: iterative methods; multiple polynomial zeros; accelerated convergence; local
convergence; error estimates; Wang—Zheng method

MSC: 65H04

1. Introduction

One of the classical problems in numerical analysis is the computation of polynomial
zeros. Many iterative methods have been proposed and extensively studied for the case of
simple zeros. However, the situation is significantly more difficult when multiple zeros are
involved. The construction of efficient iterative methods with high convergence order for
multiple zeros remains a challenging and less explored problem in the literature.

One approach to constructing simultaneous methods with accelerated convergence
is to combine a well-known iteration function with an arbitrary one. In this paper, we
use the Wang—Zheng-type iteration function [1] in the case of multiple zeros with known
multiplicities. This approach has been considered in several related works [2-7].

., Cs with s > 2 be all distinct
., ms, respectively, (my + ...+ ms = n). The case s = 11is

Let f € C|z] be a polynomial of degree n > 2 and let {1, ..
zeros of f with multiplicity my, ..
trivial and will not be considered.

Definition 1 (Wang—Zheng-type method with correction for multiple zeros). Let f € Clz]
be a polynomial of degree n > 2 and let

O:9CcC —-C°
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be an iteration function. Define the following iterative method:
D = 7x®)y),  k=0,1,2,..., 1)
where the iteration function T: D C C° — C® is defined by
—m 7)Y g .
Ti(x) = x; —m; Zi(x) z'ff(xl) #0, 2
X; if f(xi) =0,

Zi(x)

with

2
Cldm fi(xa) om f () f(x) mj - m;
2 flw) 2 fi(x) 2f’(xi)(<z '—ij(x)) * lz(xi_cpj(x))z)

j#i i j#i

and the domain of T is the set
D={xe2: xi #®j(x) for j #1, f'(x;) # 0 and Z;(x) # 0 whenever f(x;) #0}. (3)

The aim of this paper is to provide a complete local convergence analysis of the newly
proposed Wang—Zheng-type method with correction for multiple zeros. In Section 2, we
prove the main theorem, which establishes sufficient conditions together with a priori
and a posteriori error estimates. These estimates guarantee the Q-convergence of the
iterative process. Section 3 discusses several special cases. Corollary 1 shows that our
main result (Theorem 1) extends, supplements, and improves the result of Wang and Wu
(Theorem 2). We consider the method with corrections of well-known methods such as
Newton’s, Halley’s, and Chebyshev-like. Section 4 examines the family of Kyurkchiev and
Andreev with order of convergence 3N + 1. Furthermore, our main theorem extends and
improves the corresponding result of Kyurkchiev and Andreev (Theorem 3). Section 5 ends
this paper with some numerical experiments.

2. Main Result

Let us recall some notations. Vector space C* is endowed with a p-norm || - [|,: C° — R
defined by

1/
x|, = <i|xi|P> ' forsome 1 < p < co.
i=1
Also, define in C* a cone norm || - ||: C* — R® by
[l = (Txal,- -0l xs]),
as the real vector space R® is endowed with coordinate-wise partial ordering defined by
x Xy ifandonlyif x; <y; foreach i=1,...,s.

For the sake of brevity, we define the quantities a = a(p,my,...,ms) and b = b(p)
as follows:

1/q
1 q 1/
= ; d b=2"1, 4
a 121%5 " <j§im]> an 4

where1 < g < coisdefinedby1/p+1/9=1.
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In this section, we study the local convergence of the iteration (1) with respect to the
function of initial conditions E: C° — R defined by

x—¢
d(g)

where d: C° — R® is defined by d({) = (d1(E), ..., ds(G)) with

E(x) = (1< p <o), (5)

p

di(¢) = f]r;gl & — &l

For this purpose, we apply the general theory developed by Proinov [8,9]. Similar results
for simultaneous methods for multiple zeros can be found in [10,11].
We introduce the following denotations:

ST e AT X ek ©
B — Xi— Gi Z m; + m; 7)
Z mi i\ xi— g xi—®ix) )’
(i —8)? m;(®;(x) —¢;) mi(®i(x) — ;)
T ;(W—@Wm—Q&D+&rfMﬂ—%UDJ’ )

Lemma 1. Let f € C|z] be a polynomial of degree n > 2 which splits in C, let {1, ..., Cs be all
distinct zeros of f with multiplicity mq, ..., ms (my +...+ms =n), and let &: 2 C C° — C*
be an iteration function. Suppose x € D is a vector such that f(x;) # 0 for some 1 < i <'s. Then,

" 2(140) — AB; — G

Ti(x) — (x; = &), )

where o; is defined by

_Xi—Gi m; 10
i T 7 (10)
and A;, B; and C; are defined by (6), (7) and (8), respectively.
Proof. Since x € D with f(x;) # 0, we get
filx) _y-omp omy mj _ mi(1+0;) 1
f(xi) ];xi_‘:j xi_Ci+j;xi_§j Xj = Gi (
From (11), we have
ffla) - m flx) M
f(xi) ]; (xi = &j)? f'(x:) +]; X — G
(. omi mj Xi —Gi m;i(1+0;)
a ( (x; — Gi)? ]; (xi —Cj)2> o) | x- G
—1—-7+ mi(l + Ui)z
-)i+a) (2
where )

m; i (xi - ‘:j)z ‘
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It follows from (11) and (12) that

L+m f'(xi)  mi f"(x;) _ mi(2+20; +0?4+ 1)

= . 14
2 fx) 2 fx) | 20+e)(m—-2) (49
Now, from (2), (14) and (11), we obtain
Ti(x) =& = x—&—m;Zi(x)™!
-1
mi(2+2(7i+0’i2+Ti) X;i — G 2
= oy — & —m — 57 +m;G;
i 1( 20 o) — &) 2mi(itop G
-1
2(1+o; 2 2T v
— o ( +¢71)+(7? ';41 +'T1 v; (15)
2(1+Uz)(xz _61)
_ (0i — pi)(oi +pi) + T —vi (i — &)
2(1+0) + (o5 —pi) (o + i)+t —vi 7
where
m; m; X — & (x; — &)?
S = G =Y ————, uy=""25; and v; = ~L—2_G;. (16
1 ]; xi CD](_X) 1 ]; (xi _q>]<x))2 l’ll mi 1 1 mi 1 ( )
Finally, taking into account that ¢; —y; = —A;, 0;+u; =B; and 7, —v; = —C;, we
obtain (9). O

Let n > 2 be a natural number, and let w: | — R be a quasi-homogeneous function
of exact degree y > 0 and m = min;<;<s m;. We define a function ¢: J, — R, by

na A(t) B(t)

) = S —ut) —na ABO) A7)
where 4 is defined in (4), and the functions A and B are defined by
_ Pw(t) ot t
A(t)_71—w(t) and B(t)_1—t+1—w(t)’ (18)
where
W(t) =t(1+w(t))/ (19)
and
Jo={te]:2(m—nt)>na A(t) B(t) and w(t) < 1}. (20)

It is easy to show that J, is an interval on R containing 0 and the function ¢ is quasi-
homogeneous of exact degree r = p + 3 on .

In the next lemma and below, we will use the definition for iteration function of first
kind, introduced by Proinov (see [8,9], Definition 9).

Lemma?2. Let f € Clz] bea polynomial of degree n > 2 that splitsin C, let {1, . . ., & be all distinct
zeros of f with multiplicity my,...,ms (my + ...+ ms = n), let m = minj<j<;m;, & € C° bea
root vector of f, and let &: 9 C C° — C° be an iteration function of first kind at a point ¢ with
control function w: | — Ry of degree y > 0and 1 < p < oo. Then, T: D C C° — C® defined
by (2) is an iteration function of first kind at a point & € C° with a control function ¢: Jo — Ry of
degree r = y + 3, where the function ¢ is defined by (17).
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Proof. To prove that T: D C C° — C® defined by (2) is an iteration function of the first
kind, we need to prove that

xeD and |T(x)—¢ll = ¢(E(x))llx—Ell, (21)

for each x € C° with E(x) € Jy.
Let f(x;) # 0. From (20), we get Jy C J and x € C° with E(x) € J. It follows that ® is
an iteration function of first kind at ¢ with control function w; we conclude that

xe? and |[|P(x) ¢ 2 w(E(x))]lx =] (22)

Here and below, we will use [6], Lemma 2.7. It follows from E(x) € J, and [6],
Lemma 2.7 that

[xi = @j(x)[ = (1 —w(E(x)))|¢; = & >0 (23)
for all j # i. Therefore, x; # ®;(x).
We again apply [6], Lemma 2.7

[xi = ¢jl = (1 - E(x))di(¢) >0, (24)

withy = ¢, « = 0 and E(x) < 1. From (10), the triangle inequality, (24) and E(x) < m/n,
we obtain

s 1 < e
ol < P T S i Fo 52" S mi-e) <

which yields 1+ ¢; # 0. From this and (11), it follows that f'(x;) # 0. It remains to prove
that Z;(x) # 0. From the calculations in Equality (15), we have

2(1 + 0'1') — AiBl' — Cl'
21+0i)(xi = &)
where 0}, A;, B; and C; are defined by (10), (6), (7) and (8), respectively. Hence, from (26),

we have to prove that 2(1 + ;) — A;B; — C; # 0. From (6), the triangle inequality, (22)-(24)
and Holder’s inequality, we obtain:

Zi(x) = (26)

A < li=di m;|®;(x) — &l
S m; j#i |xi_€j||xi_q)‘(x)|

|x; — Gilw(E(x) mi|x; —
< TG e F T L e
aE(x)*w(E(x)) _ aA(E(x))
= A—E@)1-w(E®)  1-E@) 7
Based on (7), the triangle inequality, (24), and (23), we get:
—Gil m;
B;| <
Bl < = §<m & m %@M)
|xi m; |x; — m;
< T OL ) l_; @)
(n—m)E(x) (n—m)E(x) _n—m
mA—E) T mA—mEx)) ~ m PEE):
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For (8), with the triangle inequality, (24), (23), (22) and Holder’s inequality, we obtain the
following estimate:

|x; — & |Dj(x) — gl m; m;
G| <
Gl < 2 Fi— gl

T Gl — 0, (%)
S TR e B e
(e * Tatemm) 9
S T B (TR T
oA BIE)

From Estimates (27)—(29), we get

na A(E(x)) B(E(x))

|AiB; + Ci| <Al [B;| +|Ci| < m—E() (30)
Using Estimates (25), (30) and E(x) € ]y, we get
21+ 0;) = AiBi = G| = 2(1—|oy]) — [AiBi + G
 ,monE(x) _ naA(E(x) B(E() .
5 I E)  m(-E() o
2(m —nE(x)) —na A(E(x)) B(E(x)) _
m(1—E(x)) '
which means that 2(1 4 ;) — A;B; — C; # 0and x € D.
Now, it remains to be proven that
|Ti(x) — &| < ¢(E(x)) |x; — &| forallie {1,2,...,s}. (32)

Letie€ {1,2,...,s} be fixed. If x; = §;, then T;(x) = &;, and so (32) becomes an equality.
Suppose x; # ;. From Lemma 1, we obtain

|A;B; + Ci|
T -
1) =6l = pas ey —AB —C

i||xi—¢§i|- (33)

Combining (33) with Estimates (30) and (31), we get (32). Therefore, we have that
T: D C C° — C° defined by (2) is an iteration function of first kind at point ¢ € C* with
control function ¢: Jp — R of degreer = p+3. 0O

Now, we are ready to state our main result. The presented local convergence theorem
of the first type includes both a priori and a posteriori error estimates.

Theorem 1. Let f € C|z] be a polynomial of degree n > 2 that splits in C, let &y, . ..,&s be all
distinct zeros of f with multiplicity my,...,ms (my +...+ms =n), m = minj<j<sm;, let
¢ € C° bearoot vector of f, and let ©: 2 C C° — C° be an iteration function of first kind at point
¢ with control function w: | — Ry of degree y > 0and 1 < p < co. Suppose x0) e Csisan
initial guess satisfying the following condition:

EGO)e], @(EED) <1 and G(E(x)) >0, (34)

https:/ /doi.org/10.3390/axioms15030232
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where the functions E and @ are defined by (5) and (19), the function G is defined by
G(t)=m—nt—na A(t) B(t) (35)

and the functions A and B are defined by (18). Then, the iterative method (1) is well defined and
converges to ¢ with Q-order r = y + 4 and with the following error estimates:

||x(k+1) ) < A Hx(k) —¢|, Hx(k) | = )\(rk_l)/(r—l)Hx(O) —|, (36)

|25 — ¢y < o(BE®))0@) " 1x9 ~ ¢, forall k>0, 7

where A = ¢(E(x(9))), the function ¢ is defined by (17), and the function o= | — R is defined by

BRI eI
o(t) = { 0 e (38)

Proof. To prove the main result, we will apply general local convergence theorem referring
to Picard-type iterative methods with an iteration function of the first kind of Proinov
in [9], Theorem 3. We apply [9], Theorem 3 to the operator T: D C C" — C" defined by (2).
According to Lemma 2, we have that T is an iteration function of first kind at a point { € C"
with a control function ¢: J, — R of degree r. Then, it follows from [9], Theorem 3 that
under the initial condition

Ex®)e] and ¢(E(x©)) <1, (39)

the iteration (2) is well defined and converges to ¢ with order r = y + 3 and with error
estimates (36) and (37). It is easy to see that the initial condition (39) is equivalent to (34).
This completes the proof. [

3. Wang-Zheng-Type Methods

In 1987, Wang and Wu [12] introduced some special cases of Method (1) with correcting
function ® of type

(x) = (p(x1),- -, 9(x5)),

where ¢ is some iterative function defined on a subset of C. Moreover, they assumed that
the correcting function ¢ satisfies

() & =P (Y — ), where [y <y <1, (40)

i i
fori=1,2,...,s;,k=0,1,2,....

Theorem 2 (Wang and Wu [12]). Suppose x(0) € C° is an initial uess satisfying the
following condition:
[0 6@
0) _
IES Clleo < mm{ 2 (T 2DAE) | (41)

where 6(¢) = min;; |¢; — ;| and A(Z) = max;,;[§; — & Let the iterative process (1)
satisfy (40). Then, it converges ¢ with the error estimates

n?(n —m)
2m—-1)(n—1)

14— gl < a(p) MES@ Y g4 forall k>0, 42)

https:/ /doi.org/10.3390/axioms15030232


https://doi.org/10.3390/axioms15030232

Axioms 2026, 15, 232

8 of 19

where the function hy is defined on [0,1] by

64 (t+10)¢

hy(t) = 13(3—t)2 . (43)

Here, we present a corollary to Theorem 1 for Iterative Method (1).

Corollary 1. Let f € Clz] be a polynomial of degree n > 2 that splits in C, let &1,...,Cs be
all distinct zeros of f with multiplicity my, ..., ms (my + ...+ ms = n), m = ming<;<g m;, let
¢ € C° be a root vector of f, let &: 9 C C° — C° be an iteration function of first kind at a point {
with control function w: | — Ry of degree y > 0, and let

1 1
o €] and w<2n) <1 (44)

Suppose x(0) € C* is an initial guess satisfying the following condition:

0 _ 4(8)
[ = Cllee = 2= (45)

Then, the iterative method (1) is well defined and converges to ¢ with Q-order v = y + 4 and with
the estimates

Hﬁﬂn—gﬂjAﬁHﬂm—CW Hgm_gujAM4Wqugm_gw (46)

[0 =gl < @) ASE@) ¥0 ~ ¢ l% forall k>0, (47)
where .
A=¢(M) (48)
and the function ¢ is defined on | based on (17) for p = oo.

Proof. We prove that the initial conditions in (34) required in Theorem 1 are satisfied.
From (5) and (45), we obtain

x(O) — é‘
d(g)

IO gl _ 1
- 5(¢) — 2n

E(x() =

[e0)

Together with the first condition in (44), this immediately implies the first condition of (34).
For p = oo, the function @ reduces to w(t) = t(1 4+ w(t)).
Since w is increasing, the second condition in (44) yields

w(E(x©)) < w(21n> = 2111<1+w<21n)> < % <1,

which establishes the second condition of (34). Let #7 be defined by

q—w<;). (49)

Again, based on the second condition in (44), we obtain the estimates

1 7 1
— ) = <
A(Zn) 2n(2n—1-1n) — 4n(n—-1) and

p(IV_ 1 . 111
2n) 2n—1 2n—1-95y ~2n—1 2n—-2

https:/ /doi.org/10.3390/axioms15030232
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Since the function G is decreasing for n > 2 and 1 < m < n/2, it follows that

GE) 2 6(5,) =mg (i -1)4(5)5(5)
ol (G ) s

Hence, the third condition of (34) is satisfied. An application of Theorem 1 shows that the

v

iterative method (1) is well defined and converges to ¢ with Q-order » = u + 4. The cor-
responding error bounds are given in (46). Finally, the a posteriori estimate (47) follows
directly from (37), together with the bound E(x¥)) < E(x(0) < A O

Remark 1. We shall prove that Corollary 1 is an improvement of the result of Wang and Wu's
Theorem 2. Let a vector x(©) € C¥ satisfy the initial condition (41) of Theorem 2. Therefore, x(0)
satisfies Condition (45). Then, it follows from Corollary 1 that Iterative Method (1) is well defined
and converges to ¢ with Q-order v = y + 4 and with the estimate in (47). We have the following
estimatesforn > 2,1 <m <n/2and 0 <75 <1

A= ¢<1) n(%ﬂ)A(%)B(%

) 2m—1—n(z—1)A(%)B(%)
_ (n—m)(4n—2—n)y
 2m(2m—1)2n—-1)2n—1—5n)2 - (n—m)(4n —2—1n)y (50)

4" mn2 54 — 425 + 7y2
Using this, and from (47) with § = w (zi) and y = 0, then v = 4, so we have

n

[Eaa

IN

(2n)°A8(8) 73 |20 — |4 < 8nPA A(E)o(&) 7 [x® — |14,

18n (6 —1)y 4k x4
< ?-mA(gw(@ | x o[

Now, we use the following inequality

Bn  (6-my _ _ ni(n—m)  64(3+10)y
m 54 —42np+74y%2 — m(2m—1)(n—1) " 13(3—1n)2 ’

(52)

completing the proof that (42) is satisfied.

Let us show the improvement in error estimates in more explicit form. Figure 1 shows a
graphical representation of the error estimate functions computed for n = 10 and m = 2,...5.
The red curve corresponds to the estimate from Corollary 1, given by 8n3A. The blue curves represent
the error estimate from Theorem 2

n%(n —m)
m(2m —1)(n—1)

hl(f).

This graphical comparison clearly demonstrates the improvement.

https:/ /doi.org/10.3390/axioms15030232
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3
i
w

wf-
— Corollary 1

sl
r — Wang-Wu

20+ m=2

0.2 0.4 0.6 0.8 1.0

Figure 1. Graph of error estimates.

3.1. Some Special Cases of Wang—Zheng-Type Methods

This subsection is devoted to several particular cases obtained by choosing specific
correction functions. We focus on three classical choices: Newton’s method, Halley’s
method, and the Chebyshev-like method.

3.1.1. Wang-Zheng-Type with Newton’s Correction (WZN Method)

Let us consider the Wang-Zheng-type method (1) with Newton's iteration function
defined by ®(x) = (P1(x),..., Ds(x)) with

f(xi)
D;(x) = x; —m; .
1( ) 1 lf/(xi)
Kyncheva et al. [13] proved that Newton'’s iteration function is an iteration function of the
first kind at a point ¢ € C° with control function w of order i = 1, defined by
wity=B=mE g 0.™) (53)
m — nt "nl’
Corollary 2. Let f € C[z] be a polynomial of degree n > 2 that splits in C, let {1, ..., s be all
distinct zeros of f with multiplicity my, ..., ms (my +...+ms =n), and let § € C° be a root
vector of f. Suppose x\0) € C* is an initial guess satisfying (45). Then, the Wang—Zheng-type
method with Newton'’s correction is well defined and converges to ¢ with Q-order r = 5 and with
the following error estimates:

1\

0 - gl = () Ik gl 64
N

159 el = (37) IO ¢l 65

x5 = ¢ oo < 4n%6(8) H|x M — & 1% forall k> 0. (56)

Proof. For Function w defined by (53), we have

1 1 n—m

https:/ /doi.org/10.3390/axioms15030232
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therefore, (44) is satisfied. Based on Corollary 1, we determine that the Wang—Zheng-type
method with Newton’s correction is well defined and converges to ¢ with Q-order r = 5. It
follows from (50), (49) and (53) that

M (n—1)2(4n> —3n +1) 1
A=< —,
Ay T 16m° —44n* 45913 —43n2 —3 " 4n
where
M o= (n—m)*(4(2m — 1)n® — 4mn + m + n)
and
Ay = 20@2m—1)m(2n —1)((4m — 2)n® — 2mn + m)?

—(n—1)(n—m)(4@2m —1)n* + (1 — 4m)n +m).

Also, we have (2n)" "1\ < 4n3. Now, the estimates of Corollary 2 follow from those of
Corollary 1. O

3.1.2. Wang—Zheng-Type with Halley’s Correction (WZH Method)

Let us consider the Wang—Zheng-type method (1) with Halley’s iteration function
defined by ®(x) = (P1(x),..., Ds(x)) with

) (mitl 1) f)\
o) =x= s (2 pt )

Kyncheva et al. [13] proved that the Halley iteration function is an iteration function of the
first kind at Point ¢ € C° with Control Function w of order y = 2 defined by

n(n —m)t

T 2m(1— ) (m —nt) — n(n — m)2

on | =

2m
O'n+m+\/(n—m)(3n—m)>‘ (58)

Corollary 3. Let f € C[z] be a polynomial of degree n > 2 that splits in C, let {1, ..., s be all
distinct zeros of f with multiplicity my,...,ms (my+ ...+ ms = n), and let { € C° be a root
vector of f. Suppose x\0) € C* is an initial guess satisfying (45). Then, the Wang—Zheng-type
method with Halley’s correction is well defined and converges to ¢ with Q-order v = 6 and with the
following error estimates:

1\
0 -l < (555 ) I =l 59)
6k -1
(k L) @
159 -l = (5o ) KO -2l (©0)
et ¢ o < $ nt5(@) 3~ forall k20 )

Proof. For Function w defined by (58), we have

i6] and w 1) L _n—m<1
2n o2n )  8m?n—4m2 —4Admn+3m—n = Z
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therefore, (44) is satisfied. Based on Corollary 1, we obtain that the Wang—Zheng-type
method with Halley’s correction is well defined and converges to ¢ with Q-order r = 6. It
follows from (50), (49) and (58) that

A3 (n —1)2(12n% — 11n + 3) 1
A=< <,
Ay = 144n5 —372n% + 41913 — 253n2 + 81n — 11~ 12n
where
Ay = (m—n)*(m+n(4Z —1) —22)
and
Ay = 2(2n—1)Z(m —n)(m?(8n — 4) — dmn + m + n)

+(m —n)*(m*(8n — 4) — dmn +m +n) +2m(2m — 1)(2n — 1)3Z2

Also, we have (2n) 1A < % n*. Now, the estimates of Corollary 3 follow from those of
Corollary 1. O

3.1.3. Wang—Zheng-Type with Chebyshev-like Correction (WZCh Method)

Let us consider the Wang—Zheng-type method (1) with the Chebyshev-like iteration
function defined by ®(x) = (®1(x),..., Ds(x)) with

(x =x-_m.f(xi) f(xi) i
@i(x) = xi = migy LS (”ff(xi),-%xz-xf-)'

Proinov and Cholakov [14] proved that the Chebyshev-like operator is an iteration function
of the first kind at Point ¢ € C° with Control Function w of order u = 2 defined by

(n—m)?(1—2t) + m(n —m)(1—t) 2
(1—2t)(m —nt)?

m
w(t) = on = [O, ;) (62)
Corollary 4. Let f € C[z] be a polynomial of degree n > 2 that splits in C, let {1, ..., s be all
distinct zeros of f with multiplicity my,...,ms (my+ ...+ ms = n), and let & € C° be a root
vector of f. Suppose x\0) € C* is an initial guess satisfying (45). Then, the Wang—Zheng-type
method with Chebyshev-like correction is well defined and converges to ¢ with Q-order r = 6 and
with the following error estimates:

1\%
||x(k+1) _ g H =< (4?1) ||x(k) _ g ||, (63)
ok—1
(k) LY 7z
I -z = (5] IO -gl, (64)
[x® D) — &l < 8nts(E) 4| x® — &3, forall k > 0. (65)

Proof. For Function w defined by (62), we have

(1 ) _ (n=m)(m+2(n—1)n) <1

2n 2n2(n —1)(2m —1)2

1
— €] and w o

2n
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Therefore, condition (44) is satisfied. Therefore, it follows from Corollary 1 that the Wang-
Zheng-type method with Chebyshev-like correction is well defined and converges to ¢
with Q-order r = 6. It follows from (50), (49) and (62) that

(n—1)(2n* —2n+1)(8n® — 6n> +2n — 1) 1

A
64n’ — 176n°® + 236n° — 212n* +132n3 — 56n% +17n —3 ~ 4n

Also, we have (2n) "'\ < 8n*. Now, the estimates of Corollary 4 follow from those of
Corollary 1. O

4. Kyurkchiev and Andreev Family

In 1990, Kyurkchiev and Andreev [15] constructed a family of iterative methods.
For every given positive integer N, the N-method of this family has the order of convergence
3N+ 1.

Definition 2 (Kyurkchiev and Andreev [15]). Let f € C|[z] be a polynomial of degree n > 2.

Define a sequence (T(N))"I\‘;ZO of iteration functions TN): Dy € € — C* as follows:

o TO(x)=x

o T s the Wang—Zheng iteration function for multiple zeros with correction TIN=1) for
N>1

Theorem 3 (Kyurkchiev and Andreev [15]). Let f € C[z] be a polynomial of degree n > 2 that
splits in C, let 1, ..., Gs be all distinct zeros of f with multiplicities my, ..., ms, and let N > 1.
Let 0 < h < 1and ¢ > 0 be such that

1. 6—4ch>0;

) 2chn < 1

" (6—4ch)? — 6—ch’

3. 4dchn < 6 —ch;

4ch o—ch 1
3,2
4o (2+(5—ch)5—ch—2dm (6 — 4ch)

3 S]‘/

where 6 =min; . ;|{; —&j|.  Suppose x©) € C° is an initial approximation satisfying the
following condition:
Ix© = & o < ch, (66)

where ¢ = (&1,...,Cs). Then, the N-th Kyurkchiev-Andreev iterative method is well defined and
converges to ¢ with Q-order r = 3N + 1 and error estimate

1x® = & [l < chBENFVE for all k> 0. (67)

Definition 3. We define a sequence (¢n)N_ of functions recursively by setting ¢o(t) = 1 and

n(n—m)An(t) Bn(t)

PN = S =0t —n (= m) A () B (D) (68)
where the functions Ay and By are defined by
_ E2en(t) ot t
Pn(t) = (14PN (1)). (70)

Let R be the smallest positive solution of ¢;(t) = 1. It can easily be proven that for
every integer N > 1:

https:/ /doi.org/10.3390/axioms15030232


https://doi.org/10.3390/axioms15030232

Axioms 2026, 15, 232

14 of 19

* ¢y is quasi-homogeneous of exact degree ; = 3N on [0, R] and ¢n(R) = 1;

o ¢n(t) < @(t)N forevery t € [0, R] (see Lemma 4.3 from [16]);

o T js an iteration function of first kind at & with control function w: [0,R] = R4
defined by w(t) = ¢n_1(t) (this statement follows from Lemma 2).

Corollary 5. Let f € C[z] be a polynomial of degree n > 2 that splits in C, let {1, ..., s be all
distinct zeros of f with multiplicity my,...,ms (my + ...+ ms = n), let § € C° be a root vector
of f, and let N > 1. Suppose that x°) € C is an initial guess satisfying the following condition:

G(E(x'9)) >0, (71)
where Function E is defined by (5) and Function G is defined by
G(t) =m(m—nt) —n(n—m)A(t) B(t) (72)

and Functions A and B are defined by
12
T

AlH) and B(t) = t<1+1>. 73)

Then, the N-th Kyurkchiev—Andreev iterative method is well defined and converges to ¢ with
Q-order r = 3N + 1 and error estimates

0D — g S ANCNI ) g a8 g || 2 ABNHDSD/ON) O ) (7)

forall k > 0 with A = ¢(E(x(0)) defined by

n(n—m)A(t) B(t)

PO = Sl —nt) —n(n—m) A B )

Proof. The statement follows from Theorem 1 for the Kyurkchiev—Andreev iterative
method with control function w: [0, R] — R defined by w(t) = ¢n_1(t) and the inequal-

ity pn(t) < p(HN. O

Let 0 < h < 1be a given number. Solving the equation ¢(t) = h? in the interval (0, R),
we can reformulate Corollary 5 in the following equivalent form.

Corollary 6. Let f € C[z] be a polynomial of degree n > 2 that splits in C, let {1, ..., s be all
distinct zeros of f with multiplicity my, ..., ms (my + ...+ ms = n), let € C° be a root vector
of f, and let N > 1. Suppose x\0) € C? is an initial guess satisfying the following condition:

Gu(E(x*)) >0, (76)
where Function E is defined by (5), Function Gy, is defined by
Gp(t) = 21m(m —nt) — (1 +h3)n (n —m) A(t) B(t) (77)

and Functions A and B are defined by (73). Then, the N-th Kyurkchiev-Andreev iterative method
is well defined and converges to  with Q-order r = 3N + 1 and error estimate

xEFD — g | < BNONFDT ) g ) — g < pONFD1 0 gy (79

forallk > 0.
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Proof. Let R;, be the solution of ¢(t) = h® in the interval (0, R); then, R, < R. From
Corollary 5, we have that the N-th Kyurkchiev—Andreev iterative method is well defined
and converges to & with Error Estimate (74). Then, using A = ¢(E(x(9))) < ¢(R;,) = I3, we
obtain Error Estimate (78). O

Remark 2. We show that Corollary 6 is an improvement of the result of Kyurkchiev and Andreev
(Theorem 3). If we summarize the first three conditions of Theorem 3, we have

o 0
D > — =2.
O<C<h(l+4n) forn>3 and O<c<10h forn=2

The last condition is equivalent to

4ch 6—ch 1 2¢3(8 + ch)n?
3.2
c’n <2+(5—ch>(5 = 1. (79

<
—ch—2chn (6 —4ch)® (6 —4ch)3(6 —ch(2n+1)) —

Therefore, ¢ should be such that

) 1) )
0<c< mln{h(1+4n)'1()}z'xl}’

where X is the solution of Inequality (79). Suppose that a vector ) € C* satisfies (66). From
)
0<c< m,wehave

O e _ ok 1
ST S e Sitan

Since Gy, is decreasing, we have

Gu(E(x)) > Gh<1+14n> = %h3(4m ~1)

12h3m — 5h% +12m — 5 N 43m —h3 +4m —1 N 20M3m — 33 —12m — 3
64m(4n — 1) 32m(4n —1)2 64m(4n +1)

> 0.

Therefore, x() € C° satisfies (76). Then, the N-th Kyurkchiev—Andreev iterative method is well
defined and converges to ¢ with Q-order v = 3N + 1 and Error Estimate (78). From the second
estimate in (78) and (66), we get the estimate (67), which completes the proof.

5. Numerical Experiments

In this section, we present some numerical experiments. Let f € C[z] be a poly-
nomial of degree n > 2 with s > 2 distinct zeros ¢ = {{j,...,{s} with multiplicity
mg = {my,..., ms}, respectively, (my +...+ms =n). In this paper, we study the lo-
cal convergence of the Wang—Zheng-type methods for multiple zeros. We also derive the
corresponding a priori and a posteriori error estimates. In the case of simple zeros, results
of this kind can be reformulated as semilocal convergence theorems with computationally
verifiable initial conditions and explicit error bounds (see [17]). However, in the more
general case of multiple zeros, such transformation theorems are not available at present.
For this reason, in the numerical examples below, we use a standard stopping criterion

€ = max |f(xz(k))| <1071, (80)

1<i<s
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The first polynomial is
fi(z) =27 — 828 + 2527 — 3420 4 642* — 762° 4 822 4 48z — 32
with root-vector ¢ = {—1,2,1+i,1 — i} with multiplicity ms = {1,3,2,2}, respectively.
In [18], Petkovi¢ and Milosevié¢ choose the following initial guess
x© = {-1.1402i,21-0.2i, 0.8 +12i,09 —1.2i}. (81)
The second polynomial is
foz) = 2z'°—(8—3i)z" + (28 — 24i)z'® — (58 — 86i)z'% + (81 — 190i)z! — (86 — 287i)z!°

+(82 — 278i)z° — (68 — 72i)z® + (20 + 320i)z” + (104 — 692i)z° — (312 — 760i)z°
+ (464 — 384i)z* — (320 4 256i)z> — (128 — 576i)z* + (384 — 384i)z — 256

with root-vector { = {—1,2,1+1i,1 —i,i, —2i} with multiplicity mg = {2,3,2,2,3,3},
respectively. The initial guess

x© = {-11+402i,22 —0.1i,09 +1.1;,08 —1.1;,0.1 +1.2/,02 —1.9i}  (82)

was taken from Milosevi¢ etc. [19]. Also, we consider the following polynomials with
a second type initial guess; namely, Aberth’s initial approximation x(?) € C® (see [20])
given by

33 3

0 a .
xl(, ) — —n—;O +roexp (i6y), 6, = S(Zv— 2), v=1,...,s. (83)

Here, we use a rather rough choice for the radius ry = 10.

For each example and each of the considered methods, we present the smallest nonneg-
ative integer k that satisfies the stopping criterion (80) for a prescribed accuracy ¢ < 10715,
Table 1 shows the obtained computational results for the polynomial f; using two types of
initial guesses. For example, when the initial approximation proposed by Petkovi'c et al. (81)
is used, the Wang—Zheng-type with Halley-like correction method computes all roots of
the polynomial with a guaranteed accuracy of 3.97454934 x 10~% at the second iteration.
The corresponding results for Polynomial f, are given in Table 2.

Table 1. Numerical results for polynomial f;.

Initial Guess Method Order k &k
Petkovi¢ etc. (81) W-Z with Newton 5 2 1.09606424 x 10~30
Petkovié etc. (81) W-Z with Halley 6 2 3.97454934 x 10~
Petkovi¢ etc. (81) W-Z with Chebyshev-like 6 2 1.96609737 x 10~17
Petkovic etc. (81) K-A family (N = 1) 4 2 6.48816377 x 10718
Petkovi¢ etc. (81)  K-A family (N = 10) 31 1 6.75082870 x 10~

Aberth'’s (rg = 10) (83) W-Z with Newton 5 10 1.55176859 x 1011
Aberth'’s (rg = 10) (83) W-Z with Halley 6 11 1.06114644 x 10~ 1
Aberth’s (rg = 10) (83) W-Z with Chebyshev-like 6 13 8.19970743 x 1012
Aberth'’s (ry = 10) (83) K-A family (N = 1) 4 11 3.31841920 x 10~ 1
Aberth’s (rg = 10) (83) K-A family (N = 10) 31 10 6.69961607 x 10712
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Table 2. Numerical results for polynomial f,.

Initial Guess Method Order k &k
Milogevié etc. (82) W-Z with Newton 5 2 5.66824533 x 10~
Milogevié etc. (82) W-Z with Halley 6 2 1.24036431 x 1038
Milosevi¢ etc. (82) W-Z with Chebyshev-like 6 2 4.01861869 x 1016
Milogevi¢ etc. (82) K-A family (N = 1) 4 2 5.01208078 x 10~ 15
Milogevi¢ etc. (82) K-A family (N = 10) 31 1 2.02033778 x 10731

Aberth’s (rg = 10) (83) W-Z with Newton 5 14 1.06257588 x 1011
Aberth’s (ry = 10) (83) W-Z with Halley 6 13 296942022 x 10~ 1
Aberth’s (rg = 10) (83) W-Z with Chebyshev-like 6 13 7.54981387 x 10~ 11
Aberth’s (rg = 10) (83) K-A family (N = 1) 4 12 1.14786427 x 10~ 1
Aberth’s (rg = 10) (83) K-A family (N = 10) 31 10 1.75140850 x 10~ 1

The trajectories of approximations for the Wang—Zheng-type with Chebyshev-like
correction are presented in Figure 2. All initial guesses are presented with blue points, and
roots of f, are preented with red points.

&
T

_1ok

Figure 2. Trajectories of approximations of polynomial roots for polynomial f, for Wang—-Zheng-type
method with Chebyshev-like correction.

Remark 3. It is natural to consider the case when the multiplicities are unknown. In this
situation, the methods can be applied by assuming unit multiplicities for all polynomial zeros,
ie, mg={1,1,...,1}. Let us consider the Wang—Zheng-type (1) as a method with unknown
multiplicities. We use the same test polynomials with Aberth’s initial approximation (83) with
ro = 10. Again, we apply Stopping Criterion (80). The obtained results are very similar to those
obtained in the case of known multiplicities. For example, for the Wang—Zheng-type method with
Newton correction, the stopping criterion (80) is satisfied at the 21st iteration. The obtained accuracy
is 3.670709830 x 101, Figure 3 shows the trajectories of the approximations. Although the initial
approximations are different, for each zero, the number of approximations that converge to it is equal
to the multiplicity of that zero.
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References

Figure 3. Trajectories of approximations of polynomial roots for polynomial f, for Wang-Zheng-type
method with Newton correction with unknown multiplicities.

6. Conclusions

This paper presents a new family of simultaneous iterative methods with correction
for the approximation of polynomial zeros with known multiplicities. The methods are
constructed by combining the fourth-order Wang-Zheng iteration function with an arbitrary
iteration function. A complete local convergence analysis is provided for a broad class of
iteration functions. The obtained local convergence results improve earlier results from to
Wang and Wu [12] and Kyurkchiev and Andreev [15] in several directions.

It is worth noting that a similar local convergence theorem can also be obtained in the
case of simple zeros. Moreover, by applying the general convergence theory developed
by Proinov [17], it is possible to derive a semilocal convergence theorem with computer-
verifiable initial conditions. Such results are of practical importance. This direction provides
a natural extension of the present work and will be considered in future studies.
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