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A NEW CLASS OF MULTI-STAGE SCHEMES WITH HIGHER
ORDER OF CONVERGENCE

K.MAXDI

ABSTRACT. In this note we consider a class of iteration methods for the deter-
mination of simple roots of an algebraic equation. Estimates for their order of
convergence and efficiency are derived.

1. Introduction. Let the algebraic equation

(1) f@)=a2"+ap12" '+ +ax+ag=0
have only simple roots z;, i = 1,...,n. The following method
1
k
xi—H = l‘f - n 1 ’
H(a}) —
k k Rk
(2) o bors T — Ty — D
o fa)
i=1,....,n; k=0,1,2,...; R=0,1,2,...,
where 1
Afk = - n 1 ’
k
H(zk) =) F kAR
I#£s Ts — T — 54

AV =0, j=1,...,n k=0,1,...

for the simultaneous determination of zeroes of the f is given in [1].
Let 0 < ¢ < 1, d = min;»; |x; — x;|. Under the condition

20 — 2| <ecq,i=1,2,...,n
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and
d>2c(1+q(2n —1)),

3)

n <(d —c)(d —2¢c — 2¢q) (1 - cq(d — S)C(Z(igcl)_ 20q)>)1 <1

the iterative method (2) is convergent with rate of convergence 7 = 2R + 3.
A class of multi-stage methods based on Weierstrass-Dochev’s method

: —$i_ n Y

k— Rk—1
H(xf_mﬂol_Aﬁo )
Bo#i

i=1,2,....mk=R+1,...

is considered in [2]. In the cases when the multiplicity of the roots is not known,
it is suitable to modify the calculation procedures and to consider their multipoint
analogues, because the multiple roots cause rapid growth of some quantities in a series
of one-stage methods.

For other results see [3] and [4].

2. The Method. Define the following computation procedure on the base of
the method (2):

1
k
xi—H = J)f n 1 ’
k
(5) H(x’b) B Z k_ k=1 VR,kfl
o Bo#i Yi — g Bo
J'(z;
H(at) = L1,
f(l“z)
i=1,2,....nk=R+1,...,
where
vRA-1_ _ 1
S H($k_1) _i 1 )
$ k—1 k—2 R—1,k—2
I#s Ts T I =V

Vit =0;5,t=1,2,....n

It is shown that these schemes have a superquadratic rate of convergence with
respect to the multi-stage degree.
The following theorem gives the rate of convergence of the suggested method

Theorem. Under the conditions (3) and

(6) |xg—a:i\chrj,izl,...,n;j:O,l,...,R—i—l
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the following estimate

ko
(7) laF — 2| <eq”,i=1,...,m; k=R+2,...
holds, where r is the unique positive root of the equation

(8) P2 _opRHL .9 —1=0.

Proof. We shall prove the theorem by induction on k. We shall consider the
k + 1 approximations

1
ZC?—FI_:CZ‘:'rf_xi_ 1 n 1 n 1
x_x,""le;_x _Z k k—1 vR,l<;1
i Bt T PP Bo#iTi — Ty T Vg,
1 1
L+ (zf —2) ) | = " RE1
Gogi \ &1 —@h af —aft =V
9) . !
(2 —x;) [1— - R
1+($i€—$z)z 2 kﬁo /80 REk-1
foi (@ = wgo) (af — 2 = V)
B (a¥ — a;)?
- k—1 Rk—1
n xrg, — X -V
1+ (zF — ) Bo Bo ﬁo

R,k—1
Bo#i (‘Tk — 2p,) (73 x $ﬁo vﬁo )
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The last sum can be written in the form

n

k—1 R,k—1
Lo —Lgy Vﬂo

Rk—1\
50#(3;’“—3350)( ; l’ﬁo - Vg )

-1
f/($k71 n 1
k—1 Bo
LBo — T, +( - =1 _ h—2 _ gR-Lk-2
B1

k—1
Xn: f(ajﬂo ) ﬂl#ﬁox,ﬁ’o g _
Rk—1 -
Bo#i (l’i‘c_ﬂﬁﬂo)(l’f 3350 Vgo )
—1
L 1
k—1
n T Ts, +<x T, "‘Z o l—x - Z k—1 TR 2)
Z Bo Bo  B1#B0 " Bo B ﬁﬁéﬁoxﬂo xﬂl B1 _
k— Rk—1 -
By # i (xf — xg,)(af — 33,80 -V )
n 25, _ k2 g RLk-2 -1
k—1 k—1 ,6’1 B1
(xﬁo_xﬂo ) 1- 1+(x,6’0 —.I‘go)z k—1 _ 1 k—2 VR 1,k—2 )
n B1#Bo (Jjﬁo Jjﬂl)(ajﬁo s B1 )

Rk—1
Boi (xf—x,go)(azf’ 3350 -V )

k Rk—1
= ($ﬁ01 40) % ( ﬁo_ﬂck) l(xk_xg - Vg )~

Z n k—2 v]ﬁ%le
Z 1
#*

BoFi ) Tp — Tp,
B1

x
1+ (.Tg_l — X,
k—1 k—1 R—1,k—2
’ Bo (xﬁo - xﬁl)(xﬂo ,6'1 V,Bl )

k—2 R—1,k—2
Lo — X, v,6'1
<y =

R—1,k—2
B1#Bo (mﬂo mﬁl)(mﬂo ,6'1 v,6'1 )

It should be noted that the sum in the numerator in the last expression is
similar to the initial sum with the only difference that R is replaced by R — 1. Using
that dependency recursively we get successively
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n k—1 Rk—1
Lo — L, vﬁo

RE—1y
ﬂoyéz(xk_xﬁo)( xf — g - Vg, )

k Rk—1
zn: (3350 ! —xg,)* (25, — xf) "M (af — 33,30 -V )~ «
n k—2 R—1,k—2
BoFi Io — T, V,Bl
1+ (wﬁo — ) Z =1 k—1 C L2
o0 (@ | — wp) (s, — gt = Vg )
k—2 k—1 k=1 _ k=2 R—1,k—2\_
zn: (l’ﬁl - $ﬂ1)2(33,6’1 T3y )~ (l‘ﬁ T, — Vﬁl )7t «
n g, — _ g3 gR2h3
ﬂl?éﬂol 4 (xﬁl - x,ﬁﬁ) Z B2 B2

k—2 k—2 k-3 R—2,k—3
B2#B1 (x,ﬁﬁ B xﬁ2)(mﬂ1 — g, Vﬂ2 )

(10)  x---x
k—R k—(R—1)\_1, k—(R-1) k_R Lk—Ry_
" (xﬁR 1~ LBr- 1)2(%63*1 ~ Thr_s ) 1( Lpr_s “T8r1 T VBra ) '
g % = T o "
R—17PR—2 k—R R~ B
].+ ($18R 1 $,8R,1) Z k—R k RR k— (R+1)
ﬁR#ﬁR—l('x,ﬁ’R 1 xﬁR)(xﬁR R )
k—(R+1)
zn: )
-R k—R k—(R+1)y"

k
BR#BR-1 (mﬂR,l - mﬁR)(m,@R L YBg )

Let us estimate from above the absolute value of the items in (10). We first
show that the estimates,

(11) VPR <2¢q, s=1,...,n p=0,1,...
hold. The proof can be done by induction on p. When p = 0, the inequalities (11) are
satisfied since VO¥ = 0 for s = 1,...,n. Let us assume that V7 1A=l < 2¢q, s =
1,...,n. Then we obtain for V¥ s=1,...,n
vm,k — J’J; — Ts
s b x, - 1

D D D=

1 m—1,k—1
t£s s — Ty Vi
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It follows from the last equality and (7) that
cq

n 1 1
1_CQZt7és <|I§It| + ‘Ik I ‘ |vm 1,k— 1>

Vik| <

From

|a; —a:t 1|>\x5—xt\—|x8—x8\—|xt—xt |>d 2¢q,
(12)
2% — 2| > d — cq

we finally obtain

cq cq
Vih| < < :
1—cg(n—1) (55 + 75 L 2¢q(n —1)
(7% + 7im) d—2¢(1 1 q)

and for the validity of the inequality |V7*| < 2cq, the following conditions are sufficient:

2¢q(n—1) \ 7! 2¢q(n — 1)
(1_ d—20(1—|—q)> =% 1= d—2¢(1+q)

These two conditions are satisfied if d > 2¢(1 4+ ¢(2n — 1)). Now we are able to

estimate the sums in (10). In view of (7), (11) and (12) for an arbitrary item in (10),
we obtain

1

0 —1 s,p—1 - Ix — xiﬂ -V -
o bl — o = VT ) Az;é:u (@i — o) (@ -2 Vf\il’pfz)|
1
AL (R ) plcms. S R i
A p
1 3cq =4
(d—c)(d—2¢—2cq)(1 —cqg(n—1) )

(d—c)(d—2c—2cq)

It follows from the last inequality, (7),(9),(10) and (3) that
k2 =112 rPk=R\2 L k—(R+1)
i =il < (eq) (ea™ ) (e ) e ()

rFmR=1(142r 4. 2r B+ (CQnA)RJrl < TR (2 2r BT

=cq > g )
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since ¢nA < 1, according to the assumptions. From (8) we finally obtain

pk—R—1,R+2 1

|xi - xz‘ <cq =cq

Thus the theorem is proved. O

Let us note that the change of the one-stage method (2), results in a lower speed
of convergence and at the same time, the existence of multiple roots ensures that the
scheme (5) has a better stability than the one-stage iteration.

The values obtained for » = r(R) are given in the following table

R r

0 2.4142...
1 2.831...

2 2.9476. ..
8  2.99993...
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