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Abstract: In this paper, we introduce a new family of efficient and optimal iterative methods for
finding multiple roots of nonlinear equations with known multiplicity (m > 1). We use the weight
function approach involving one and two parameters to develop the new family. A comprehensive
convergence analysis is studied to demonstrate the optimal eighth-order convergence of the suggested
scheme. Finally, numerical and dynamical tests are presented, which validates the theoretical results
formulated in this paper and illustrates that the suggested family is efficient among the domain of
multiple root finding methods.
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1. Introduction

The problem of solving nonlinear equation is recognized to be very old in history as many
practical problems which arise are nonlinear in nature . Various one-point and multi-point methods
are presented to solve nonlinear equations or systems of nonlinear equations [1-3]. The above-cited
methods are designed for the simple root of nonlinear equations but the behavior of these methods
is not similar when dealing with multiple roots of nonlinear equations. The well known Newton’s
method with quadratic convergence for simple roots of nonlinear equations decays to first order when
dealing with multiple roots of nonlinear equations. These problems lead to minor troubles such as
greater computational cost and severe troubles such as no convergence at all. The prior knowledge of
multiplicity of roots make it simpler to manage these troubles. The strange behavior of the iterative
methods while dealing with multiple roots has been well known since 19th century in the least when
Schroder [4] developed a modification of classical Newton’s method to conserve its second order of
convergence for multiple roots. The nonlinear equations with multiple roots commonly arise from
different topics such as complex variables, fractional diffusion or image processing, applications to
economics and statistics (Lévy distributions), etc. By knowing the practical nature of multiple root
finders, various one-point and multi-point root solvers have been developed in recent past [5-18]
but most of them are not optimal as defined by Kung and Traub [19], who stated that an optimal
without memory method can achieve its convergence order at the most 2" requiring n + 1 evaluations
of functions or derivatives. As stated by Ostrowski [1], if an iterative method possess order of
convergence as O and total number of functional evaluations is n per iterative step, then the index
defined by E = O!/" is recognized as efficiency index of an iterative method.

Sharma and Sharma [17] proposed the following optimal fourth-order multiple root finder with
known multiplicity m as follows:

Yn = xn = gy > 1
Bt == Ol fi,
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A two-step sixth-order non-optimal family for multiple roots presented by Geum et al. [9] is

where ®(x,) =
given by:
Yn
Xn+1
where, r, = ¥ ;EZ:g,sn = yien

—m. f(xn)
f!(xn)

Yn — Q(”nr 5n>

,m>1,

. f(yn)
f'(yn)’

Xn

)

= "/ fUnland Q : €2 — Cis holomorphic in a neighborhood of (0,0).

The following is a special case of their family:

Yn = xn—m-]{c,(&)),nzo,m>1,
Bt =y [T 20m = 1) (= s0) — s+ 5 J{((yy)) @)

Another non-optimal family of
Geum et al. [10] is given as follows:

Yn

Wy

Xn+1

where p, = ¥/ ;EZ:% and v,

three-point sixth-order methods for multiple roots by

. f(xn)
Xy —m f/(xn>,m21,
Yn —m- G(pn) ! J{-/(();r;))/ 3)
Wy —m- Uy, ) ACT)

n K(Pn/ n/) f/(xn),

by J;((z;:)) . The weight functions G : C — C is analytic in a neighborhood

of 0 and K : C? — C is holomorphic in a neighborhood of (0,0). The following is a special case of the

family in Equation (3):
Yn = Xp—m
Wy = Yp—m-
Xpy1 = Wy —m

f(xn)
Fie) ™=
‘ [1 + Pn+ 2?7%1 +(1+ ZPn)Un] : ;((y;ﬂ)

The families in Equations (1) and (3) require four evaluations of function to produce convergence

of order six having efficiency index 63 = 1.5650 and therefore are not optimal in the sense of the

Kung-Traub conjecture [19].

Recently, Behl et al. [20] presented a multiple root finding family of iterative methods possessing

convergence order eight given as:
Yn
Zn

Xn+1

Xp — m;((zi)) ,m>1,
_ f(xn)
Yn unQ(hn)f,(xn)/ &)

f(xn)
f'(xn)’

Zn — untnG(hn/ tn)
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where the functions Q : C — C and G : C?> — C are restricted to be analytic functions in the regions

1 1
nearby (0) and (0,0), respectively, with u, = GEZ:%) " oh, = alr% and t, = (]/fg';g) ", being a,

and a; complex non-zero free parameters.
We take Case (27) for (a1 = 1, ap = 1, Gpp = 0) from the family of Behl et al. [20] and represent it
by BM given by:

_ _ f(xn)
)y
_ _ 1 2 f(xn)
Zn = Yn (m + 2h,m + 2hn(4m +2m)) f/(xn)un (6)
x
Xnt1l = Zn— (m + mt, + 3mhi + mhy, (2 + 4t, + hn)) ]j:’((x};)) Upty.
Most recently, another optimal eighth-order scheme presented by Zafar et al. [21] is given as:
f(xn)
= — >
Yn Xn mf,(xn),m_l,
x
Zn = Yn-— munH(un)JJ:/((xn)), 7)
n
x
Xpi1 = 2Zn — ntn(B1 + Bouy)P(t,)G(wy) f(xn)

f(xn)

where By,B; € R are suppose to be free parameters and weight functions H: C — C, P: C — C and

1 1
G : C — C are restricted to be analytic in the regions nearby 0 with u,, = (f (y")> "ot = (f (Z")) "

. fxn) fyn)
_ (fGza)\m
and w;, = (f(xn) ) .

From the eighth-order family of Zafar et al. [21], we consider the following special case denoted

by ZM:

f(xn)
f(xn)’

Zn = Yn — My (6ufZ —u%, + 2uy, +1)

yn - Xp —m

f(xn)
f(xn)’

Xpy41 = Zy — Muply (1 + Zun) (1 + tn)(l + 2wn)

f(xn)
f(xn)”

The class of iterative methods referred as optimal is significant as compared to non-optimal
methods due to their speed of convergence and efficiency index. Therefore, there was a need to
develop optimal eighth-order schemes for finding multiple zeros (m > 1) and simple zeros (m = 1)

®)

due to their competitive efficiencies and order of convergence [1]; in addition, fewer iterations are
needed to get desired accuracy as compared to iterative methods having order four and six given by
Sharma and Geum [9,10,17], respectively. In this paper, our main concern is to find the optimal iterative
methods for multiple root p with known multiplicity m € N of an adequately differentiable nonlinear
function f : I € R — R, where I represents an open interval. We develop an optimal eighth-order zero
finder for multiple roots with known multiplicity m > 1. The beauty of the method lies in the fact that
developed scheme is simple to implement with minimum possible number of functional evaluations.
Four evaluations of the function are needed to obtain a family of convergence order eighth having
efficiency index 81 = 1.6817.

The rest of the paper is organized as follows. In Section 2, we present the newly developed
optimal iterative family of order eight for multiple roots of nonlinear equations. The discussion of
analysis of convergence is also given in this section. In Section 3, some special cases of newly developed
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eighth-order schemes are presented. In Section 4, numerical results and comparison of the presented
schemes with existing schemes of its domain is discussed. Concluding remarks are given in Section 5.

2. Development of the Scheme and Convergence Analysis

In this section, we suggest a new family of eighth-order method with known multiplicity m > 1
of the required multiple root as follows:

Yn = Xp—m: JJ:,(()Z;))/” >0,
Zn = Yn—m-t-H(t)- ]J:’((fc’;))' 9)
_ f(xn)
Xpy1 = —m-t-L(s,u) (xn),

wheret = Zn),
f(yn)

where the function H : C — C is restricted to be analytic function in the regions nearby 0 and
weight function L : C2 — C is holomorphic in the regions nearby (0,0) and ¢,s and u are one-to-m
multiple-valued functions.

In the next theorem, it is demonstrated that the proposed scheme in Equation (9) achieves the
optimal eighth order of convergence without increasing the number of functional evaluations.

Theorem 1. Suppose x = u (say) is a multiple root having multiplicity m > 1 of an analytic function
f : C — Cin the region enclosing a multiple zero y of f(x). Which implies that the family of iterative methods
defined by Equation (9) has convergence of order eighth when the following conditions are fulfilled:

Hy=1,Hy =2,Hy = —2,H3 =36,Log = 0,L190 =1,Lo1 = 2,L11 = 4,Ly = 2. (10)

Then, the proposed scheme in Equation (9) satisfies the following error equation:

1
epi1 = m{cl(c%(n +m) — 2mcy) ((677 + 108m + 7m?)c}
—24m(9 + m)cicy + 12m2c3 + 12m?cic3)ed ) + O(e)), (11)
m-+k
where e, = x, — pand ¢ = Lm,k =1,2,3,---.

Proof. Suppose x = p is a multiple root of f(x). We expand f(x,) and f'(x,) by Taylor’s series
expansion about x = y using Mathematica (Computer based algebra software), to get

(m)
flxy) = f ml(y) ey (1 + cren 4 c2€% + c3ed + cqel + csen, + o€l 4 crel + cged + O(e?l)) , (12)

and

(m)
Foon) = E0 et ey (m 4 1)en + ca(m +2)€2 + c3(m +3)e3 + cq(m + 4)e

m!

+cs5(m+5)ed + co(m+6)eS + c7(m +7)e’, + cg(m +8)ed + O(e),

respectively. By utilizing the above Equations (11) and (12) in the first substep of Equation (9), we obtain

cre? N (2com — c3(m+1))ed

- - + th Geekt +0(e)), (13)

Yn —H =



Mathematics 2019, 7, 672 5o0f 14

where Gy = Gi(m, c1,¢3,...,cs) are expressed in terms of m, c1, ¢, 3, .. ., cg and the two coefficients
Goand G; can be explicitly written as Gy = %{3(33#12 +c(m+1)% — cyeom(3m +4)} and Gy =
—#{c‘ll(m +1)% — 2coc2m(2m? + 5m + 3) + 2c3cym?(2m + 3) + 2m>(c3(m + 2) — 2c4m) }. By Taylor’s
expansion, we get

(Sym (2mey — (m+1)c?)(2)"e 6 _
flym) = M (e | - + R LG 0| (9
1 k=0
By using Equations (12) and (14), we get
ce 2mcy — (m +2)c?)e>
= 4 ame (m2 Jr)en + Pres + oy + Y3e; + O(eh), (15)
where ¢ = si[c3(2m? + 7m + 7) + 6c3m? — 2 3m +7 = —L[ct(6m® + 29m?
1 = gl (2m® 4+ 7m +7) + 6csm® — 2c1com(3m + 7)), 2 gt €7 (6m” + 29m” +

51m + 34) — 6cac?m(4m? + 16m + 17) + 12c1c3m?(2m + 5) + 12m2(c3(m + 3) — 2c4m))], ¢3 =
s [—24m3 (cac3 (5m + 17) — Besm) + 12c3¢3m> (10m? + 43m + 49) + 12cym> {3 (10m? + 47m + 53) —
2cym(5m + 13)} — dcpc3m(30m> + 163m? + 306m + 209) + 3 (24m* + 146m> + 355m? + 418m + 209)].

Taylor series of H(t) about 0 is given by:

Hy, H
H(t) = Ho + Hit + 7 + 28 +0(e}) (16)

where H; = HI(0) for 0 < j < 3. Inserting Equations (13)—(16) in the second substep of the scheme in
Equation (9), we get

—(1+ Hp)cie? ~ (I+Hi+m—Hy(3+ m)c3) +2(—1+ Hy)mep)ed
m m?

1
+53 [(2 +10Hy — Hy +4m + 4Hym + Zmz — H0(13 +11m + 2m2))ccl’,
2m3

+2m(—4 — 4Hy — 3m + Hy(11 4 3m)cic; — 6(—1 + Ho)m2c3)eﬂ + 256,

Zn — ]/l+

+26€5 + z7el +O(ed).
By selecting Hy = 1 and H; = 2, we obtain

(¢3(9 — Hy + m) — 2mcycp)
2m3

Zy = p+ b+ z5e) + z6e8 + zye? + 0(d), (17)
where z5 = — L {c}(125 + H3 + 84m + 7m? — 3Hy (7 + 3m) + 6m(—3Hy + 4(7 + m))cico + 12c5m? +
12c5c1m) , 2 = 57—5{1507 + 1850m + 677m? 4 46m> + 4Hz(9 + 4m) — 6H2(59 + 53m + 12m?))c; —
4m(925 + 8H; + 594m + 53m? — 3Hy(53 + 21m)cjcy +12m2(83 — 9H, + 13m)c3cz — 168m3cycs +
12m?cq1 (115 — 12H2 + 17m)c3 — 6mcq) and z; = —{12c3c3m?(36B + 13m + 11) + (37 — 168cc3m® +
4c3com (968 + 252B + 53m? + 18(14B + 5)m) + 12cym? (5 (48B + 17m + 19) — 6cqm) }.

Again, we use the Taylor’s expansion for Equation (17) to get:

3 m—1
cg’ (9—Hyp+m)—2mcqcy > " <27m <Cl (9—H2+m3)—2mc1 2 ) P[])

e = oo O ) m

m! 3(m3m!)

+ L lim_ Hyel ™ +0(e),

€n
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where pg = ¢}(125 + Hz + 84m + 7m? — 3Hy(7 + 3m))c] — 6m(—3H2 + 4(7 + m))cicp + 12m>c3 +
12c3¢1m?). With the help of Equations (12) and (18), we have

c2(9 — Hy +m) — 2mcy
o= AOZH LI 2N 5 4 pied + pach + pach + O, 9

where
1
01 = _@{cﬁ(% + Hj + 4m? 4 54m — 6Hy (3 + m) — 12m(9 — Ho + m)cycp + 12m%c3},

1
P2 = 573899 +1002m + 313m? 4 18m> + 4Hj3(8 + 3m) — 6H, (43 + 33m + 6m?))ci—

12m (167 + 2Hz + 87m + 6m* — Hy(33 + 10m)cicy + 24m? (26 — 3Hy + 3m)cica+
12m?(c5(35 — 4H, + 3m) — 6mcy)

and p3 = — 5[ 4257 — 7270m — 4455m? — 101m® — 48m* — 10H3(37 + 30m + 6m*) + 30H, (60 +
75m + 31m? + 4m3)c; + 10m (1454 + 60H; + 1548m + 21Hzm + 454m? + 24m® — 18H, (25 + 18m +
3m?)cicy — 30m?(234 + 3H; + 118m + 8m? — 2H2(24 + 7m)c3cz — 60m?cy (141 + 2Hz + 67m +
4m? — 2Hy(15 + 4m)c3 + 2(—17 + 2Hy — 2m)mey) — 120m3(—25 + 3Hp — 2m)cacs + 2mes} +
(55075 ) (102047 + 180H3 + 204435m + 187055m? + 81525m> + 14738m* + 600m> + 40H3 (389 + 498m +
214m? + 30m3) — 45H, (1223 + 2030m + 1353m? + 394m3 + 40m*)) — 30m (13629 + 22190m + 12915m? +
2746m> + 120m* + 16 H3(83 + 64m + 12m?) — 6Hy(1015 + 1209m + 470m? + 56m3)) + 120m> (2063 +
2088m + 589m? + 30m> + H3(88 + 30m) — 18 Hy + (36 + 25m + 4m?)) + 80m? (2323 + 2348m + 635m> +
30m3 + 4H3(28 + 9m) — 3H,(259 + 173m + 26m?)) — 2m (303 + 4H3 + 149m + 10m? — 9H, (7 + 2m)) —
720m3((393 + 6 H3 + 178m + 10m? — Hy (87 +22m))] + (—42 + 5Hy — 5m)mcs) +20m3((—473 — 8Hz —
195m — 10m? + 12H, (9 + 2m) ) cacs + 6m(65 — 8H2 + 5m)cp + 3m (71 — 9H2 + 5m)cygmc.

Since it is obvious from Equation (15) that u possess order e;, the expansion of weight function
L¢(s,u) by Taylor’s series is possible in the regions nearby origin given as follows:

2

S
L(S, M) = Lo + SLlO + LlLOl +sulqi1 + ELzo (19)

where L;j = 1,17 BZ;;; -L(s,u) 00)° By using Equations (12)—(19) in the proposed scheme in Equation (9),
we have
ent1 = Maey + Mse, + Myey, + Mse;, + Mee + Mye, + O(e, 20
n+1 = Maey + Maey + Mayey, + Msey, + Meey, + Myey + (en)r (20)

where the coefficients M;(2 < i < 7) depend generally on m and the parameters L; ;. To obtain at least
fifth-order convergence, we have to choose Lypg = 0, L1p = 1 and get

((—2 + L()])C%((—9 + Hy — m)c% + 2mcz)
Cnt1 = 2m*

e5 + MgeS, + Myel, + O(ed).

where the coefficients M;(6 < i < 7) depend generally on m and the parameters L;;. To obtain
eighth-order convergence, we are restricted to choosing the values of parameters given by:

Hy =—-2,H3 =36,Loo =0,L10 =1,Lon =2,Lp0 =2,L11 =4 (21)

This leads us to the following error equation:

il = o7 [c1(3(11 4 m) — 2mco) (677 4 108m + 7m?*)c} — 24m(9 4+ m)c3cy

+12m2c3 + 12m%cic3)]ed + O(e)). (22)
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The above error equation (Equation (22)) confirms that the presented scheme in Equation (9)
achieves optimal order of convergence eight by utilizing only four functional evaluations (using

f(xn), f'(xn), f(yn) and f(z,)) per iteration. [
3. Special Cases of Weight Functions

From Theorem 1, several choices of weight functions can be obtained. We have considered
the following:

Case 1: The polynomial form of the weight function satisfying the conditions in Equation (10) can be
represented as:

H(t) = 1+2t—+6t°
L(s,u) = s+2u+4su+s’ (23)

The particular iterative method related to Equation (23) is given by:

SM-1:
= X, —1m- f(xn) "
Yn = n f’(xn)’ ZO,
= f(xn)
2= ypmme b (LH 2 E 4 60) G,
= f(xn)
Tnt1 = Z"_m't'(5+52+2u+45u)'f/(Xn)
wheret = [ f(yn) _m f(zn) _m f(zn)
et Fea)” = V)™ T\ 7o) (24)

Case 2: The second suggested form of the weight functions in which H(t) is constructed using
rational weight function satisfying the conditions in Equation (10) is given by:

1+8t+11£
H(#) 146t
L(s,u) = s+2u+4su+s’ (25)

The corresponding iterative method in Equation (25) can be presented as:

SM-2:
I (CO
Yn = Xn ) >0,
— 1+8t+11£2 f(x,)
R T
Yntl = Zn_m‘t‘(S+Sz+2u+4su)']£((§n))
wheret = o fn) o [ fGEa) o f(z)
here t f(xn)' f(yn)/ f(xn) (26)

Case 3: The third suggested form of the weight function in which H(t) is constructed using
trigonometric weight satisfying the conditions in Equation (10) is given by:

5+ 18t
5+ 8t —11¢2
L(s,u) = s+2u+4su+s> (27)

H(t) =
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The corresponding iterative method obtained using Equation (27) is given by:

SM-3:
_ m. L)
e
_ 5418t f(xy)
o yn_m't'(5+8t—11t2)f’( n)’
Xy41 = zZy—m-t- (s+s +2u + 4su) - ]J:((x))
where t = o) o wlf(za) ] f(zn)
here ¢ Flxm)” Flom)’ Flon)” (28)

4. Numerical Tests

In this section, we show the performance of the presented iterative family in Equation (9) by
carrying out some numerical tests and comparing the results with existing method for multiple roots.
All numerical computations were performed in Maple 16 programming package using 1000 significant
digits of precision. When y was not exact, we preferred to take the accurate value which has larger
number of significant digits rather than the assigned precision. The test functions along with their
roots y and multiplicity m are listed in Table 1 [22]. The proposed methods SM-1 (Equation (24)), SM-2
(Equation (26)) and SM-3 (Equation (28)) are compared with the methods of Geum et al. given in
Equations (2) and (4) denoted by GKM-1 and GKM-2 and with method of Bhel given in Equation (6)
denoted by BM and Zafar et al. method given in Equation (8) denoted by ZM. In Tables 1-8, the error
in first three iterations with reference to the sought zeros (|x, — y|) is considered for different methods.
The notation E(—i) can be considered as E x 10~. The test function along with their initial estimates
xp and computational order of convergence (COC) is also included in these tables, which is computed
by the following expression [23]:

log | (x41 — )/ (X — )|
COC ~ .
log | (xx — p)/ (x—1 — 1)

Table 1. Test functions.

Test Functions Exact Root u Multiplicity m

fi(x) = (cos(%Z*) + 2% — 7r)5 2.03472489... 5
z(x) (e* xe 20) 2.842438953... 2

= (Inx++/(x*+1) 1.222813963... 9
f (x) = (cosx — x)3 0.7390851332... 3
f5(x) = ((x = )3 1)50 2.0 50
fo(x) = (¥ +4x2 —10)6 1.365230013... 6
fr(x) = (8xe™™ —2x —3)8 —1.7903531791... 8

Table 2. Comparison of different methods for multiple roots.

fl(x), xXp = 2.5
GKM-1 GKM-2 SM-1 SM-2 SM-3 M BM

vy —u|  683(—4)  111(=3)  2.15(—4)  1.87(—4)  203(—4) = 1.52(—4)  1.84(—4)
o —u| 342(—14) 253(—18) 2.37(—29) 353(—30) 125(—29) 9.69(—31)  2.89(—30)
|3 —p| 2.13(—55) 3.58(—106) 5.28(—229) 5.71(—236) 253(—231) 2.56(—240) 1.05(—236)

cOocC 4.00 6.00 8.00 8.00 8.00 8.00 8.00
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Table 3. Comparison of different methods for multiple roots.

fz(x), x0 = 3.0
GKM-1 GKM-2 SM-1 SM-2 SM-3 M BM

vy —p|  118(=7)  527(—6)  233(=7)  121(=7)  190(-7)  140(=7) = 1.16(-7)
v —p|  262(—37) 1.15(=32) 1.30(—53) 221(—56) 1.99(—54)  1.30(—55)  1.57(—56)
|z —p| 3.07(—221) 1.25(—192) 1.19(—423) 2.67(—446) 2.87(—430) 7.37(—440) 1.73(—447)

CcOocC 6.00 6.00 8.00 8.00 8.00 8.00 8.00

Table 4. Comparison of different methods for multiple roots.

f3 (x), x0 = 3.0
GKM-1 GKM-2 SM-1 SM-2 SM-3 /M BM

|x1 —p| 550(—1)  429(—2)  181(-2)  175(—2) 179(-2) D* D
lvo—p| 399(-7) 877(—10) 2.82(—15) 9.58(—16) 2.04(—15) D D
|3 —p| 113(=27) 751(—56) 206(—117) 821(—122) 649(—-119) D D

D

COC 4.00 6.00 8.00 8.00 8.00 D

* D stands for divergence.

Table 5. Comparison of different methods for multiple roots.

fa(x),xo = 1.0
GKM-1 GKM-2 SM-1 SM-2 SM-3 M BM
lxp—p| 277(—4)  255(=5)  678(—8)  545(-8)  629(—8)  490(—8)  5.15(—8)
o —pu| 328(—14) 6.83(—36) 7.95(—60) 855(—61) 3.83(—60)  4.06(—61)  4.91(—61)
lx3—p| 586(—49) 251(—213) 2.82(—475) 3.11(—483) 7.18(—478) 8.99(—486) 3.36(—485)

CcocC 3.50 6.00 8.00 8.00 8.00 7.99 7.99

Table 6. Comparison of different methods for multiple roots.

f5(x),x0 =21
GKM-1 GKM-2 SM-1 SM-2 SM-3 ™M BM
|[x;1 —u|  7.68(=5) 1.12(-5) 7.58(-7) 4.85(-7) 6.52(-7) 4.77(-7) 4.65(-7)
|xp —p| 349(—17) 533(—29) 3.70(—47) 4.10(—49) 8.82(—48)  5.66(—49)  2.72(—49)
|xz —p|  1.46(—66) 6.11(—169) 1.19(—369) 1.06(—385) 9.93(—375) 2.22(—384) 3.79(—387)

cOocC 3.99 6.00 8.00 8.00 8.00 7.99 7.99

Table 7. Comparison of different methods for multiple roots.

f6(x), X0 = 3.0
GKM-1 GKM-2 SM-1 SM-2 SM-3 M BM
[x; —u| 5.44(-2) 1.01(—1) 5.40(-2) 5.30(—2) 5.36(—2) 4.36(—2) 5.39(-2)
[xp —u| 7.40(-7) 5.37(-7) 1.10(-10) 4.72(—-11) 8.60(—11) 1.36(—11) 4.92(—-11)
|x3 —p| 3.54(—26) 1.86(—38) 528(—80) 243(—83) 5.76(—81) 1.80(—87) 3.14(—83)

COC 3.97 5.96 8.00 7.98 7.97 7.97 7.97

Table 8. Comparison of different methods for multiple roots.

f7(x),x0 = —-1.2
GKM-1 GKM-2 SM-1 SM-2 SM-3 M BM

|1 —p|  265(—3) 215(—3)  438(—4)  424(—4)  432(—4)  341(—4)  426(—4)
o —p|  7.24(—12) 9.63(—17) 4.44(—27) 111(=27) 3.11(=27) 3.58(—28)  1.14(—27)
vz —p| 4.05(—46) 7.81(—97) 497(—211) 2.55(—216) 228(—212) 527(—220) 3.06(—216)

cocC 4.00 6.00 8.00 8.00 8.00 7.99 7.99
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It is observed that the performance of the new method SM-2 is the same as BM for the function f;
and better than ZM for the function f,. The newly developed schemes SM-1, SM-2 and SM-3 are not
only convergent but also their speed of convergence is better than GKM-1 and GKM-2 while ZM and
BM show divergence for the function f3. For functions fy4, f5, f¢ and f7, the newly developed schemes
SM-1, SM-2 and SM-3 are comparable with ZM and BM. Hence, we conclude that the proposed family
is comparable and robust among existing methods for multiple roots.

5. Dynamical Analysis

For the sake of stability comparison, we plot the dynamical planes corresponding to each scheme
(SM-1, SM-2, SM-3, BM and ZM) for the nonlinear functions f, f2, f3, f4, f5, f6, f7 by using the procedure
described in [24]. We draw a mesh of 400 x 400 points such that each point of the mesh is an
initial-approximation of the required root of corresponding nonlinear function. The point is orange if
the sequence of iteration method converges to the multiple root (with tolerance 10~3) in fewer than 80
iterations and the point is black if the sequence does not converges to the multiple root. The multiple
zero is represented by a white star in the figures. Figures 1-14 show that the basin of attraction drawn
in orange is of the multiple zero only (i.e., a set of initial guesses converging to the multiple roots fills
all the plotted regions of the complex plane). In general, convergence to other zeros or divergence
can appear (referred to as strange stationary points). SM-1 has wider regions of convergence for f; as
compared to ZM and BM in Figures 1 and 2; SM-1 and SM-3 have wider regions of convergence for
f» as compared to ZM and BM in Figures 3 and 4. The convergence region of SM-2 for functionsfs,
fa and fg is comparable with ZM and BM, as shown in Figures 5-8, 11 and 12. For function f5 in
Figures 9 and 10, the convergence region of SM-3 is better than ZM and BM. For function f7, SM-1 and
SM-3 have better convergence regions than ZM and BM, as shown in Figures 13 and 14. Figures 1-14
show that the region in orange is comparable or bigger for the presented methods SM-1, SM-2 and
SM-3 than the regions obtained by schemes BM and ZM, which confirms the fast convergence and
stability of the proposed schemes.

3 s
Refz) Rel)

Figure 1. Basins of attraction of SM1 (Left), SM2 (Middle) and SM3 (Right) for f1(x).

Figure 2. Basins of attraction of BM (Left) and ZM (Right) for f1(x).
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Figure 3. Basins of attraction of SM1 (Left), SM2 (Middle) and SM3 (Right) for f>(x).

Figure 6. Basins of attraction of BM (Left) and ZM (Right) for f3(x).
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Figure 7. Basins of attraction of SM1 (Left), SM2 (Middle) and SM3 (Right) for fy(x).
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Figure 12. Basins of attraction of BM (Left) and ZM (Right) for f4(x).
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Figure 13. Basins of attraction of SM1 (Left), SM2 (Middle) and SM3 (Right) for f7(x).

05 1 18 2

Figure 14. Basins of attraction of BM (Left) and ZM (Right) for f7(x).
6. Conclusions

In this paper, we present a new family of optimal eighth-order schemes to find multiple roots of
nonlinear equations. An extensive convergence analysis is done, which verifies that the new family
is optimal eighth-order convergent. The presented family required four functional evaluations to
get optimal eighth-order convergence, having efficiency index 81 = 1.6817, which is higher than the
efficiency index of the methods for multiple roots and of the families of Geum et al. [9,10]. Finally,
numerical and dynamical tests confirmed the theoretical results and showed that the three members
SM-1, SM-2 and SM-3 of the new family are better than existing methods for multiple roots. Hence,
the proposed family is efficient among the domain of multiple root finding methods.
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