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Abstract: In the study of dynamics of physical systems an important role is played by symmetry
principles. As an example in classical physics, symmetry plays a role in quantum physics, turbulence
and similar theoretical models. We end up having to deal with an equation whose solution we desire
to be in a closed form. But obtaining a solution in such form is achieved only in special cases. Hence,
we resort to iterative schemes. There is where the novelty of our study lies, as well as our motivation
for writing it. We have a very limited literature with eighth-order convergent iteration functions that
can handle multiple zeros m > 1. Therefore, we suggest an eighth-order scheme for multiple zeros
having optimal convergence along with fast convergence and uncomplicated structure. We develop
an extensive convergence study in the main theorem that illustrates eighth-order convergence of our
scheme. Finally, the applicability and comparison was illustrated on real life problems, e.g., Van der
Waal'’s equation of state, Chemical reactor with fractional conversion, continuous stirred reactor and
multi-factor problems, etc., with existing schemes. These examples further show the superiority of
our schemes over the earlier ones.

Keywords: nonlinear equations; Kung—Traub conjecture; multiple roots; optimal iterative methods;
efficiency index

MSC: 65G99; 65H10; 656H10

1. Introduction

One of the problems of great significance and difficulty in the subject of computational
mathematics is finding the multiple zeros for f(x) (f : D C R — R a sufficiently differentiable
function in D). It is difficult to obtain the exact solution in analytic form for such problems such that
we can just say that it is almost fictitious. That is why in practice, we obtain an approximated and
efficient solution up to any specific degree of accuracy by the means of an iterative procedure.

This is one of the main reasons that researchers have been making great efforts to develop iteration
functions over the past few decades. Additionally, this accuracy also depends on some other facts such
as: the considered iterative function, structure of the considered problem, initial guess with software
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like Maple, Fortran, MATLAB, Mathematica, etc. Further, the practitioners or researchers using these
iterative schemes face many problems, like: choice of initial guess/approximation, slower convergence,
derivative is zero about the root (in the case of derivative free multipoint schemes), divergence,
oscillation, difficulty near the initial point, failure of the iterative method, etc., (for more details please
see [1-5]).

In addition, there is not a single iteration function until now which is applicable to every problem.
This is the main reason that there is an excessive amount of literature on the iteration functions for
scalar equations. Here, we are concerned with the multiple zeros of the involved function in this study.
Unfortunately, we have a small amount of literature belonging to higher-order iteration function in real
equations that can handle multiple roots. The tough calculation work and more time considerations are
the main reason behind this. Moreover, it is a more challenging task to construct an iterative procedure
for multiple zeros as compared to simple ones.

Eighth-order multi-point schemes are faster and have a better efficiency index [6-11] if compared
to fourth-order [12-21] and sixth-order [22,23] iteration functions. We mean that we can save
computational time and cost by using them and obtain the estimate root within a small number
of iterations as compared to the others. However, there are only few articles [24-27] discussing the
eighth-order convergence for multiple roots. But, we know that there is always a scope in the research
to obtain better approximation techniques with simple and compact body structure.

While keeping all these things in our mind, we not only present an eighth-order iteration scheme
having optimal convergence for obtaining the multiple solutions of scalar equation which is better
than the existing ones. Furthermore, our schemes achieve the minimum error among two consecutive
iterations, minimum residual errors, and more balanced computational order of convergence when
compared with existing ones of identical order of convergence. Moreover, we present a main theorem
which demonstrates the eighth-order convergence provided multiplicity of roots is known. A practical
exhibition of our proposed schemes to real life problems is also given.

We usually categorize schemes with local, semi-local and global converges. In local convergence,
information about the solution is used to get determine a ball containing suitable (for convergence)
initial points. In the semi-local convergence, convergence criteria are obtained using the initial
point and the function involved. Finally, in the global convergence all solutions are sought and the
ball of convergence usually coincides with the domain of the function. We are interested in local
convergence, since in this case schemes are faster, the initial point is picked from the convergence ball
and is close to the solution. However, we should mention that there is a plethora of global results,
such as [28,29], to mention a few. Global results are more expensive, but return all roots in a given
domain. The conditions (2) in our main Theorem 1 seem to be restrictive. But, they are very general
and include many well studied schemes for special choices of the free parameters involved. In fact in
Table 1, we present numerous such cases which satisfy the conditions (2) of Theorem 1. Our scheme
applies to finding roots of functions not necessity of polynomial nature (see Examples 2, 3, 6 and 8).

In the rest of the examples (used to test the convergence criteria) polynomial clipping schemes
may do better. However, we did not investigate this, since the main focus of our paper is in
scheme (1). Another benefit of our local results is that we obtain estimates on ||x,, — ¢|| not given
in the aforementioned papers, so we know in advance the number of iterations needed to obtain a
desired error tolerance.
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Table 1. Some special cases of the proposed scheme (1).

Cases H(v) G(p)
Case-1 mle—ftv-2) m{1+ 20+ (1 - 2B)% +2(8% — 26 - 2)p°] .
(a—B+2v—2) m(282u+p(2—4p?)—(3u+1)?
Case-2 = ffﬁv ( 2/52V+/g(2*4142*4l4*1 :
am+ %,
Case-3 ! m [1 +2p+ (1 —2a)p? +2(a? — 20 — 2);43]
where, a; = foi—mﬁ,uz = m<““:%+2)
a; + ILZ/ 2 2 2
Case-4 v m (2 Z+“(2—4P )~ (3u+1))
2 2—4p)—4p—1
where, a1 = — 2%, 0y = 7"1@2:{?2) S
Rt U (4+ 8y — 2b3p® + bypi®)
Cong | Where by = matpd), py = dmlaftd) by = % —2a(B—3) + 2 —2B—2,
by =3a3 —5a2(B—2) +a(f? +4B —24) + B3
—68> +8B—16
Case-6 m(v2(3a—3B+14)+v(3n—3B—16)+2) m (13 (20(4B—7)+4p> —288—9) +p?(—4a—8B+27)+21p+6)
ase- 3u(v+1)(«—p) 3+ 1) (pt2)
Case-7 m(v?(a—B+6)+v(a—p—8)+2) m (3 (—202+4ap+2p2—14p—3)+(9—4B)u*+71+2)
ase V(i) («=p) (D (u12)

In all the above cases & # f.

2. Construction of Higher-Order Scheme

We develop an eighth-order scheme for multiple zeros with simple and compact body design.
Therefore, we consider the new scheme in the following way:

R ()

We = Yo — pH (v) ]]:’(()JCCZ)) , 1
mx > fxo
—4p) f'(xo
where «, B are real numbers. In addition, two functions H : C -+ C and G : C — C are analytic in

1
neighborhoods of (1) and (0) for v = 1142 4 = (f(yﬂ) "k = (f(w”

~—

7

Xo41 = Wg — KU (G(V) + 1

~—

=

1
) " with p and x multi-valued

Y flxo) fyo)
function. Suppose their principal analytic branches (see [30,31]) u as a principal root given by
U = exp [ﬁ log (;Exag)}, with log (;Exa;) log‘f(y") +iArg (J{EZ ;) for - < Arg (J{E ”g) < 7.

The choice of Arg(z) for z € C agrees with that of logz to be employed later in numerical

[

experiments of section. We have in an analogous way y = ‘;gxz " .exp {1 Arg ( ;EX g)} = O(ey),
1
andx = | 73| exp g (455) | = 0o,

In Theorem 1, we illustrate that the constructed scheme (1) attains maximum eighth-order of
convergence for all o, B € R (a # B), without adopting any supplementary evaluation of function or
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its derivatives. Notice that the weight functions H and G play significant roles in the progress of the
scheme (details can be found in Theorem 1).

Theorem 1. Suppose ¢ is a solution of multiplicity m > 1 of f. Consider that function f : D C R — R
is analytic in D surrounding the required zero ¢. Then, the scheme given by (1) is of eighth-order
convergence, provided

L @ B), GO) = m, G'(0) =2m, G"(0) = H'(1)(w— B+ 2~ 4p)m,

- @)
G"(0) = («— B)*(H" (1) (a = ) = 6(8 = DH" (1)) +12m (> — 28 — 2).

H(1) =m, H'(1) = -

m—1+k
Proof. Let us consider that e, = x, — ¢ and ¢, = (m_"ﬂk)! ! fng)(

cth iteration and asymptotic error constant numbers, respectively. Now, we adopt Taylor’s series
expansions for the functions f(xy) and f’(x,) around x = &, which are given by

¢ , k=2,3,4...,8 are the error in

(m)
f(xg) = f m'@) e (1 + c1eg + c2e2 + c3ed + eyl + cse) + ceeb + crel + cged + O(e?,)) ©)
and .
f'(xo) :fm(ug) en1 <m + (m+1)creq + (m + 2)cae + (m + 3)cszed + (m + 4)cqel
(4)
(o S)cse (6t + (m-+ 7)ere + (s + 8csed +0(e) ),
respectively.
We have the following expression in view of expressions (3) and (4) from the scheme (1)
c 1 4 .
Yo—C = aleg + —3 (2mey — (m + 1)C%)€3 +3) et 4+ 0(ed), )

i=0

where 6; = 6;(m,c1,¢cy,...,cs), for example 6y = # {3711263 + (m+1)%c¢§ — m(3m + 4)C1C2} and 9 =

= [2c2e3m(2m? + 5m + 3) — 2c3cym*(2m + 3) — 2m? (c5(m + 2) — 2¢4m) — ¢ (m +1)3], etc.
Expression (5) and Taylor Series expansion leads us to

_etmymyom | (@)™ @mea— (m+D)e]) ()" e | peayiem 1
f(yo) =" (S)es { ey s + (m) 2m!c%{(3+3m
+3m* + m3)c} — 2m(2 + 3m + 2m*) ey + 4(m — 1)m>c3 + 6mPcic3 fes 6)
4
+ Y 0l + O(eg)} ,
i=0
where 9_1' = 9_1'(90, 91, 92, 93, 94)
We obtain the following expression from the expressions (3) and (6)
clee  2mcy — (m+2)c? 4
p= G 2 DA 2 S e 10l @)
m m =
which in turn leads us to
ap+1 8
Pl =14 (= p) ¥ mek +0(eD), ®)

v = =
Pp+1 k=1
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where 6; = 0;(8y,01,02,03,6,) and 7, = ye(m,a, B, c1,¢a,. .., cg), for example 1 = dyy = # [2com —
A(B+m+2)], 13 = 505 [(28* + 8B +2m* + (4B +7)m +7) ¢ + 6c3m* — 2cpcym (4B +3m +7)], ete.
Next, we set v = 1 + Q). Then, we expand the weight function H(v) as:

H(v) = H1) + H(1)Q+ 3 H' ()0 + 3 H" (1), ©)

Adopting expressions (3)—(9) and the second substep of (1), we obtain

c1(H(1) —m 5 ,
Wy —¢ = —l<(m)2)e(2, + Y Aiei? +0(ey), (10)
i=0

where A; = A;(m,c1,¢2,...,c8,4,6,H(1),H (1),H"(1),H"”(1)). For example, the first coefficient is
explicitly written as Ag = -5 [ZCZTH(T}’I —H(1)) —¢? (mz +m—H(1)(m+3)+ (a — [S)H’(l))} and
we can also write other ones in the similar way.

By (10), we deduce at least third-order convergence, provided

H(1) = m. (11)

By using expression (11) and Ag = 0, we obtain

2 (H’(l)(ﬁ —a)+ 2m)

=0, (12)

which further yields to

H'(1) = —, . 13
)= P (13)
Hence, our scheme reaches at fourth-order of optimal convergence.
Next, by using (11) and (13) in (10), we have

(m2 —H"(1)(a — B)> + (4B + 9)m) ¢§ — 2c10m?

5 .
Wy — & = 7 e+ Y AieiB +0(ed). (14)
m i=2

We obtain the following expression by adopting the Taylor series and (14)

o—m (cf (7H”(l)(afﬁ)2+m2+(4/3+9)m) —2¢qcpm? > -
4m

m

m! (15)

From the expressions (6) and (15), we further have

2 (m2 —H"(1)(a — B)?> + (4B + 9)m) — 2cym?

K =
2m3

5 = .
2+ Y A2+ 0(ed). (16)
i=1

The « is of order e2 by (16). Hence, extending G(u) about origin (0) up to third-order terms in the
following way:

G() = G(0) + G/ (O + 5, G"(0) + 5,G" (O)1 7)
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Inserting (3)-(17) into (1), we obtain

¢1(G(0) — m) [C% (mz —H"(1)(ax — B)> + (48 + 9)m> - 2c2m2] ]

€41 — 4
o+ 2m5 [

\ (1)
+3 Lieg™ +0(e7),
i=1
where L; = L;(a, B, m,c1,¢2,...,¢5, H'(1),H"(1),G'(0),G"(0), G"(0)).
Notice, we attain convergence order at least fifth, provided
G(0) = m. (19)
We have the following expression by choosing G(0) = m and L; =0
2(G'(0) —2m) {C% (m2 —H"(1)(a — B)> + (48 + 9)m) — Zszz}
_ =0, (20)
2mb
which further yield
G'(0) = 2m. (21)
Again, we yield by inserting the value of G(0) and G’(0) into L, =0
cf | ef { m?=H" (1) (a=p)>+(4p+9)m ) ~2com?| ( G"(0)~H" (1)(a—Pp)*+(4p~2)m
,1[]< >4m27 ]( ):0, (22)
which further gives
G"(0) = H"(1)(w — p)* + (2 — 4p)m. (23)

By using the expressions (19), (21) and (23) with Lz = 0, we get

f (C%( —H"(1)(a— B)? + m*+ (4B +9)m) — 2c2m2)
12m8 (24)
x (G"(0) + (= B2(6(B — 1)H" (1) + H" (1)(B — a)) — 12m(p> ~ 2 ~2)) = 0,

which further provides

G"(0) = (a— B)*(H" (1)(« — B) — 6(B — )H"(1) ) + 12m (> — 2B - 2). (25)

The asymptotic error constant term is obtained if we insert (19), (21), (23) and (25) in (18). Then,
we have

(3 (m* — H"(1)(a — B)* + (4B +9)m) — 2com?
er+1 = 1< . D ’ > [Céll{(ﬂé - B)? (3(6/32 -8B

+15)H" (1) —2(38 — 2)(a — ﬁ)H”’(l)) - m<24,33 — 4867 + 180B + 3H" (1) (a — B)* (26)

+433) +6(28 + 1)m? +7m® } — 6cactm (4m® — H'(1)(w = B)? + (4B +2)m)

+ 12c3c1m° + 120%m3] S +0(e).

Next, we want to demonstrate that our scheme (1) has optimal eighth-order of convergence.
According to Kung-Traub conjecture [2], any iterative method without memory using # functional
evaluations has maximum convergence order 2"~!. If any method attains this maximum order of
convergence it is known as an optimal method. Hence, our scheme (1) has an optimal convergence
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(for all o, (provided a # ﬁ)) in the sense of Kung—Traub conjecture, since it uses only four
functional evaluations (i.e., f(xn), f'(xn), f(yn), and f (wn)) and attains maximum convergence
order (241 =8). O
3. Local Convergence

In order for us to provide the convergence of scheme (1), we first need to simplify it as

Xo41 = Xg — Po — ’YJJ:,((ZZ)) , (27)

where

o[ 1o ) 2

Other choices of v and y, lead to Newton’s scheme (v = 1, y, = 0), modified Newton’s scheme
(v = m, yo = 0). That is why we study the convergence of (27) instead of (1) in this section.

The following standard auxiliary results on divided differences help the local convergence analysis
of (27), see ([32] Section 2) for the next five lemmas.

Lemma 1. Consider o + 1 distinct arguments wo, wy, . .., W of a function f. Then, the divided differences
flwo, ..., wy) are

flwo] = f(wo),
wp) — f(w
f[wO/wl]:f( 0) f( 1)’
Wo — W
(28)
wo, W1, ..., We—1| — flwo, wy,..., w
f[wo,wl,...,wg]:f[ 0 1 cA l] f[ 0 1 U].
ZU() — Wy
Moreover, provided say that f is o-th differentiable, we have
@) (w
f[wo, Weyeennnn ,ZUU—] = ff('O), (29)
although some w; may be coincide.
Furthermore, f|wy, ..., wy| are symmetric with respect to wy, . . ., Wg.
Lemma 2. Let « be a zero with multiplicity m, and f has (n + 1)-th derivative. Then,
o z 1 [
f(x) = flwo] + ) flwo,wy, ..., we] [ [(x —wj) + flwo, w1, ..., we, x] | [(x —wy), (30)
i=1 ]:0 1:0
holds for all x.
Lemma 3. Assume the function f has (m + 1)-th derivative and w is a zero with multiplicity m. Then,
f(x) = fla,motimes, o, x](x — a)™ (31)
and
f(x) = fla,mtimes, g, x, x](x — &)™ 4 mfla,m7Hmes, o, x] (x — )L, (32)

The next result is due to Genocchi.
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Lemma 4. Assume f has m-th derivative continuous, then

Flwo, w1, - ., we / /f w0+2 — w4 ]’[ )ﬁ n-ige). (33)

i=1
Taylor’s representation follows.

Lemma 5. Assunme f is o-times differentiable on S(wy, ), 0 > 0, and (%) is integrable from ¢ to x € S(&, ).
Then, we yield

F3) = F@) +F @8 + 3 @ =8P+ + - fO @) (x—8)

o!
+ (0‘_11)' /01 (f(ﬂ)(g—i- ”L'(x — Q)) _f(U)({:)) (x _ 6)0(1 _ T)Uild'f, (34)
fx)=f)+ (@) x—¢)+ %f”/(é)(x 24+ ﬁf(a)(g)(x _ gl
+ (}1—12)' /01 (f(a)(g +1(x—=¢)) — f(”)((j)) (x — g)a—l(l . T)"*Zdr, (35)

hold.
Set A = [0,00), B = (—00,00). Consider ¥ : A — B to be non-decreasing, and continuous function
with ¥o(0) = 0. Consider also functions by, b : A — B as

bo(t) = (m —1)! —1/ /‘PO I ]ﬂ[r[” idr,

m—1)! / /‘YO Hl ]1 Tt + by ().

Clearly by, b are non-decreasing, continuous with by(0) = b(0) = 0. Assume
b(t) — a positive real or oo as t — oo. (36)

Then b(t) = 1 has a minimal zero in (0, 00), say 0o. Let A1(t) =1 — b(t). Consider ¥ : [0, 00) — A to
be non-decreasing, continuous with ¥ (0) = 0. Define functions a, Ao and A on [0, go) as

a(t) = (m—l)!/ol---AlT(tnﬁTi(l—Tlem—[TimidTidTm,

i=1

Ao(t) = ma(t)t + bo(t) +m~a(t)ct + bo(t)cto 1,

Ao(t)
At) = —1 for ¢>0, and cg > 1.
( ) /\l(t) f = 0
By these definitions A(t) = —1 and A(t) — co with t — ¢ . Then, let ¢ be the minimal zero of A(t) = 0
in (0,00). We get
0<b(t) <1 (37)

and
0<A(H) <1 (38)

forallt € [0,0).
The conditions (H) shall be used:
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(Hy)  f:Q C R — Risdifferentiable m-times.
(Hp)  f has a zero « with known multiplicity m.
(H3) ¥o:A — Bisnon-decreasing, continuous and ¥y(0) = 0 so that each x € Q) satisfies

£ @) 7 (1 @) = £ () || < Fol(la = ).

Consider Qg = QN S(a, 0p) with gy given earlier.
(Hy) ¥ :1[0,00) — Bis non-decreasing, continuous, ¥(0) = 0 and for each x,y € Q) satisfying

F @) (£ ) = ) | < ¥y = xI)-

(Hs)  Implication (36) holds.
(He) S(a,0) CQ
(Hy) el < cllxe —af/

9 of 21

Theorem 2. Assume conditions (H), and choose xo € S(«, 0) — {«a}. Then, sequence {xs} C S(«, 0) for all

n>0,and lim x, = a.
T—00

Proof. We shall show that sequence
50‘ = Xg — KX

(39)

is non-increasing and converges to zero. Using 6, = x, — &, scheme (1) for ¢ = 0, Lemma 3 and the

following formulas:

f(x0) = h(x0)dy',
and
f'(x0) = [ho(x0)80 -+ mh(xo)]85 "

We can write

h(a)~'N
0 = ,
h(a)~-1D
where
N = ho(x0)6> + [|m — y|h(x0) — ho(x0) o]0 — mh(x0) po
and

D = hy(x9)dg + mh(xp).

In view of the definition of divided differences, we have
ho(x0)d0 = fla, a, M THTHMES 5, xg, x0] — h(xo).
Then, we obtain from (29) and (45) that
1= () ho((x0)do + mih(xo)] |

= || (mh (@) "0 (x0)00 + mih(x0) — mg(w)|

(40)

(41)

(42)

(43)

(44)

(45)

(46)
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10 of 21
We have, by Lemma 3

(47)
(48)

4 ). (49)
i=1
Substituting (46)—(49) using condition (H3), xg € S(«, 0), and the definition of o, we get

11— (mh(a)) = [0 (x0)d0 + mh(xo)] |

=] [ [ @ T -

T (m— 1) (@) (£ a4 5 mff o) f

(q"~d;)

1

Il
-

.:15

(@)
() [ @ s T - oy T
o R 1 (s TT ) — £ (T T (-
[ [ @ <+0Hn> NI
m—1 m
< (m 1)1 / / (o]l T w T Tt a)

i=1

+<m—1>/0 - xaa ol

i= i= l
< b([|dol]) < b(e) <1

(Tlm_idTi)

Il
MR

"= ’d'rl )

(50)
By a Banach result [33] and (50) then hg(xo)dp + mh(xp) # 0 and

| (mi (@)~ ho(x0)d + mh(x0)) | <~ !

< . (51)
1=B(lIéll) ~1-p(e)
Moreover, using (45), (47), (48) and (Hy), we have in turn that

[y hatsagen]| = ] [7--- [ #) [£ (a+ o[ )
—f<m>(a+501“[rl)}]m‘[ m—igr)

m—1) H/ / f(m) (tx+(5oHTl)
_ fm (a +50111'1‘H H E(Tfﬂdﬂ‘)

1 1 m—1 m
<(m—1)!/ / ‘Y0<H<50|| [[]w(1—m) )H "idrd,)
0 0 i=1 i=1

=a([|do]l) < a(e) <1. (52)
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Furthermore, we have
[1(@)~ (o) | = [|@) " (1(x0) — 2|
- H (m—1) 1f<m>(a)*1(m—1)(h(x )—h(zx))”
vt o o ) ] e

i=1
< (m—1)(m —1)! / /T0<|50|11_[71>ﬁ(m’d1'> (53)
Using (50)—(53), we obtain that
[o1]] < dlldoll < lldoll <o (54)
where d = A(|é]) € [0,1), s0 x1 € S(a, 0). By simply replacing xo, x1 by x¢, X511, we get
[xg41 —al| < dfxo —af <o, (55)
0 limy, 00 Xp = wand xy41 € S(a,0). O

Concerning the uniqueness of the solution a, we have

Proposition 1. Suppose that conditions (H) and

m 2 m—1
s [ Folle=sil) o =" ar <1 56
1

forall sy, t,sp with0 < sp <t <sp < ¢forsomed > ¢ hold. Then, the zero « is unique in Q1 = QU S(«, 0).

Proof. Assume that a* € )y solves equation f(x) = 0 with « # a*. Without loss of generality, assume
a < o*. We have

£ = @) = oy [ A 0 = 0 &

Using (H3) and (55), we get in turn that

H“(lxm“ ) /f’") Wt — )"
| (“—“)f(’")(w)) [ - 7] - oy

m

m
<—— | (|t - ™t < 1,
<@ —m/a oIt = al)lle” — "t <

-1
S0 (Wm’x)mf(m)(oc)> f;* FUM () (a* — t)"~dt is invertible, i.e., [ fO(t)(a* —t)"'dt exists. O

4. Numerical Examples

Two numerical experiments demonstrate the local convergence results are given below:

Example 1. Consider Q) = |5, 2| and a function f [32] on Q), is given as
p 2 2 8

flx) = (x2 —1)% (58)
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We consider the case & = 1, and m = 2. We obtain by using (58)

fla) =0,
f(x) = 5x* — 513,
f(@) =0,
F(x) = 20x% — gx%
and
ey =2

We are looking for L so that ¥ (||x — y||) = L||x — y||. By (58), we get
15 15
1F"() = £l = [[206 = v =20 + 2 g
15
20[(x =) (4% + 2+ 7) H + 5 IVE =3l

(20” 24 xy + H+ x —

IN

IN

2 ||f+f||)

We obtain for each x,y € Q)

1 1 V3 V3
AR SVIEE At
V2 <Vx+ 1 <Ve
1 1 1
Ve S Vit Vi s V2

and o
AN B

By using (62) and (63) in (61), we get

1760 = £ < (1354 20 =yl

We obtain by adopting (60)—(64) in (Hg)

where L = 11.224264 and

G

'@ (@ - )| < Llx -yl ¥ xyeQ

F@7 () - W) || < 2 (1854 5o ) Ik -yl < Ll -y,

12 of 21

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)
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Similarly, we find an upper bound in the form of ¥o(||x — y||) < Lollx —y|| for ||f"(x)

In view of (58), we have

17(e) = £ ()| = 2022 = 22V — 2008 + Eﬁu

gon x—a)(x2 + xa + o H+ ‘\/E—IH
< (2on fxata H+2M)le—wl‘
Then, we get for all x € O)
1+i§ﬁ+\/&§£+1
V5 V2
f+1<\f+f<f\+6\f

v2 1 V2
V243 T Vrt+va T V2+1

and

1
1132 + xa + 2| < Z9
Furthermore, we obtain by using (68) and (69) in (67),

1! 1! 15
If" () = £ (@)l] < (95+m)||x—au.

We have by using (60) and (68) in (Hj)

where Ly = 7.951471 and

F1@7 (0 @) £ 555+ Jxae

|

@7 (@) = @) < Lollx =yl ¥ xeq.

Ylx =l < Lollx — all

13 of 21

— (@]l

(67)

(68)

(69)

(70)

(71)

(72)

Therefore, we get by(t) = #5Lot, b(t) = BLot, A(t) = 1—b(t) = 1 — BLot, a(t) = LLt. For Cy =

C =1, we obtain

1 7
Ao(t) = gLi’z + ELOt

and
2(L* +7Lot)

M) === 13Lyt

The values of parameters are
00 = 0.116089 and ¢ = 0.0555717.

Example 2. Consider function f on () = R as follows:

with

(73)

(74)
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We show a = 0 is a zero of f with m = 2. By (73) and (74), we have f(x) =0, f'(x) = G(x),

e ) 14xsinZ, x #0,
f (x)_{ 1, x = 0.

Hence, we get f'(«) = 0and f"(a) = 1. Hence, we conclude m = 2. For all x,y € Q), we can obtain that

@ (7@ = )| = [wsin T —ysin | < -l 76)

Then, we have that ¥o(t) = Lot, ¥(t) = Lt, where Ly = L = 1. The values of parameters are

f1@7 (@) = @) = |xsin Z|| < flx = al 75)

and

00 = 0.923077 and o = 0.430703.

Some Special Studies

Next, we specialize functions H and G. The resulting choices satisfy the conditions of Theorem 1.
The parameters « and f§ are arbitrary but o # B.

5. Numerical Experimentation

We specialize & and f to conduct specific numerical calculations. More precisely, we use case-1 for
(lX =1 8= —%), case-2 for (x =0, p = —2) and case-7 for (x = 0, p = —2) in scheme (1), known by
PM1, PM2 and PM3, respectively. We choose four real life problems having multiple and simple zeros
and two standard academic problems with multiple zeros and can be found in examples (3)—(8).

We consider several existing schemes of order six and eight (optimal). Firstly, we compare our
schemes with a sixth-order iteration functions given by Geum et al. [23], in particular, choose 5YD,
defined as

f(xo) 1,

m >

yU:xU_mf/(xU)l -

Uy —2) 2ugy— 1)1 f(xs)

ual)(Sugz)} F(xs) (77)
m[ (e —2) (2ugy — 1) ]f(xg)

(Gt =2) (e + v, = 1) | f'(x)’

1 1
where u, = (jﬁg Z;) " and v, = (J}(E‘;‘;)) " . We denote this scheme by (GM) for computational work.

In addition, we demonstrate the same with an optimal eighth-order iteration function developed
by Behl et al. [26], which is given by

wazxa—m[g

Xo+1 = Xo —

—x —m f(xo)
Yo = Xo f/(xa),
_ f(x0) 1+ Bugs
e =vo = mie i) |5 a1 7

Xgil = Wo — ugvgjjjl((z‘;)) [%m{(ZUU +1)(4(B% — 6 + 6)ud + (10 — 4B)u% + 4ug +1) + 1}]

1 1
where u, = (;gz;) " and v, = (J;((Z;Z)) ) ". We shall call this scheme (BM). This (BM) scheme is

called by (78) in [26] and claimed to be the best scheme among all other family members.
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Moreover, a comparison is given with optimal eighth-order iterative schemes constructed in [27].
Consider the specializations

f(xc)

ygzngmf/(xa),

f(xe) (79)

We = Yo — mug(6u§, —u2 4 2u, + 1)

f(xe)’
2wy + 1
Xgi1 = We — Mg (14 21y ) (14 vy) ( EZZPO ) ]J(c/((?;o))
g
and
—x—m f(xs)
yl7 o f’(x()—),
B 1—5u2 +8ud\ f(x)
wa—ya—mua< T 2u, )f’ o)’ (80)
_ _ Bws +1 f(x0)
Xgi1 = Wg — Mg (14 2ug) (14 vy) (AZPO(l T w0)> o)’
1 1 1
with u, = ngg) " v, = (f}((;’(‘:))) " we = (J}((fg))) ", with Ay = Py = 1. Both the schemes (79)

and (80) are standing as (FM1) and (FM2), respectively.
Consider in contrast with another family of eighth-order schemes presented by Behl et al. [24].
We choose the following expression

f(x0)

]/17 = Xg — mf/(Xg),

f(xc)

We = Xg — My (14 2u,) F(x0)’ (81)
e Moo (M (s (8vg +6) +9u2 + 20, +1) \ f(xy)
o =TT T, 4u, +1 f(x0)
and
f(xc)
T )
We = Yo — Mg (14 2u,) ]J:/((’;‘T)) ) (82)
o
Xyl — w, — % (4u3—u2—2u4—2v4—1) flxo)
o T—w, 47 fxo)
1 1 1
where 1, = (;g‘;g) " vy = (J}((z;);’))) "Wy = ({(((7;]:))) " . We denote these schemes (81) and (82) by

(RM1) and (RM2), respectively.

In Tables 2 and 3, we report our findings using many significant digits (minimum
5000 significant digits) in order to minimize the errors. Due to the limited paper space, we depicted the
value up to specific number of significant digits. We adopted Mathematica 11 with multiple precision
arithmetic for calculating the required values. In the Tables 2 and 3, a(4b) stands for a x 10(+0),

Example 3. Chemical reactor with fractional conversion
We assume the expression (see [34]), given by

X 04(1—x)
filx) = T 5log (0.4 — 0.5x> +4.45977, (83)
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Here, x serve as a fractional conversion of particular species B in the chemical reactor. If we yield either
x < 0orx > 1 then these values have no physical description. Therefore, x is bounded in [0, 1] and our needed
zero of (83) is { = 0.7573962462537538794596413. In addition, the function fi is not defined for x € [0.8,1]
that is very near to the required zero. Moreover, some other properties that related to f1 are discussed in details
in [34] that make the solution more tough. We have to be very careful while choosing the initial approximation for
this function because the derivative tends to zero for x € [0,0.5] and an infeasible zero for x = 1.098. Keeping all
these problems in our mind, we assume xy = 0.76 as the starting point for f7.

On the basis of obtained results in Tables 2 and 3, we conclude that our scheme (PM2) has the minimum
error difference between two iterations and residual error among all the other mentioned schemes in the case of
Example 3.

Example 4. Continuous stirred tank reactor (CSTR)

Here, we assume an isothermal continuous stirred tank reactor (CSTR) problem. Let us consider that
components My and My stand for feed rates to the reactors Ay and Ay — Ay, respectively. Then, we obtain the
following reaction scheme in the reactor (for more details see [35]):

M+ Mp; = By
Bi+M; = C
Ci1+Mp; — Dy
CGi+M— E

Douglas [36] studied the above model, when he was designing a simple model for feedback control systems.
He converted the above model in to the following mathematical expression:

2.98(x +2.25)
R =1 4
€1 (x + 1.45)(x + 2.85)2(x + 4.35) ' (®4)

with Re, as the gain of proportional controller. The expression (84) is balanced for the negative real values of
values of Rc,. In particular, by choosing Rc, = 0, we yield

fo(x) = x* +11.50x> + 47.49x2 4 83.06325x + 51.23266875. (85)

the zeros of function f, are known as the poles of the open-loop transfer function. The function f, has 4 zeros
¢ = —1.45,—2.85, —2.85, —4.35. But, our desired ones is { = —2.85 with multiplicity m = 2. We assume
xg = —2.7 as the starting point for f5.

The results obtained from Tables 2 and 3 conclude that all the schemes behave similarly to each other in
terms of the difference between two iterations, residual error and computational order of convergence in the
Example 4.

Example 5. Van der Waals equation of state

ai I’lz
P—O—? (V —nay) = nRT
describes the nature of a real gas comprising two gases, namely nq and «y, when we introduce the ideal gas
equations. For calculating the volume V of gases, we need the solution of the preceding expression in terms of the

remaining constants
PV® — (nayP + nRT)V? + a1n®V — aaon® = 0.

For choosing the particular values of gases a1 and wy, we can easily obtain the values for n, P and T. Then,

we yield
fa(x) = x® — 5.22x2 4+ 9.0825x — 5.2675.
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The function f3 has 3 zeros and among them ¢ = 1.75 is a multiple zero of multiplicity and m = 2 and
¢ = 1.72 is a simple zero. We choose the starting guess xo = 0.76 for the required zero ¢ = 1.75 in f3.

We conclude on the basis of obtained results in Tables 2 and 3 that our scheme’s PM1 and PM?2 have the
minimum error difference between two iterations and residual error among all the other mentioned schemes for
the Example 5.

Example 6. Multi-factor problem

The unwanted RF disruption that occurs in high power microwave equipment which is working under
vacuum conditions is called multi-factor [37]. For instance, multi-factor can be found inside the parallel plate
wave guide. An electric field exists with an electric potential difference that originates from the movement of
electrons between two sheets or plates. We can find an interesting case when we are studying trajectories of the
electrons that reach the plate having a zero of multiplicity m = 2. The mathematical formation of the trajectory
of an electron between two parallel sheets that have some air gap is given by

_ Ey . Ep
y(t) = yo+ |vo+ e s sin(wtg +a)| (t—ty) + e 3 (cos(a)t + ) — cos(wty + zx)) (86)
where m and e are the mass and charge of the electron at rest, Eq sin(wt + «) is the RF electric field between
plates and yo and vg are the position and velocity of the electron at time ty. By choosing some particular values
in (86), we have:

falx) = x+ cos(x) = 7 (87)

with the zero { = T of multiplicity 3. For the function fy, we assume the initial guess as xo = 1.6.

On the basis of the results obtained in Tables 2 and 3, we conclude that our methods RM1 and RM?2 have
the minimum error difference between two iterations and residual error among all the other mentioned schemes
in the case of Example 6.

Example 7. Now, we study a polynomial equation [3], describes as follows:

fo(x) = ((x =1)* =)™ (88)
Function f5 having ¢ = 2 a multiple zero of multiplicity m = 100. We choose the starting point xo = 2.1
for f5.
From Tables 2 and 3, we deduced that the minimum error difference between two iterations and residual
errors among all the other mentioned schemes belongs to our scheme PM3 in the case of Example 7.

Example 8. Finally, we introduced the function

fo(x) = (1—\/1—x2+x+cos (%))3 (89)
Function fg having a multiple zero ¢ = —0.7285840464448267167123331 of multiplicity m = 3. We
assume xog = —0.6 as starting guess for fe.
We conclude on the basis of obtained results in Tables 2 and 3 that our scheme PM2 has the minimum
error difference between two iterations and residual error among all the other mentioned schemes in the case of
Example 7.
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Table 2. Errors between iterations (|x, 11 — X |) among different iteration functions.

18 of 21

f(x) ¢ GM BM FM1 FM2 RM1 RM2 PM1 PM2 PM3
1 18(-10) 51(=12) 51(=11) 7.7(=11) 8.0(-12) 14(-11) 94(—13) 13(—14) 8.4(-13)
) 2 17(=53) 12(-81) 16(-72) 59(-71) 14(-79) 9.4(-78) 58(—88) 43(—105) 7.8(—89)
1(X
3 1.3(—311) 1.5(—638) 1.5 (—564) 7.3 (—552) 1.2(—621) 4.7 (—607) 1.3 (—689) 7.4 (—829) 4.0 (—697)
o 6.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
1 95(=3) 20(=2) 20(=2) 20(=2) 27(-4) 27(-4) 20(=2) 20(=2) 2.0(-2)
) 2 81(-16) 42(-18) 52(—18) 52(—18) 9.1(—14) 9.1(—14) 42(-18) 4.2(-18) 4.2(-18)
2(X
3 39(—94) 3.1(—143) 1.9(—142) 1.7(—142) 3.4(—42) 3.4(—42) 3.0(—143) 3.0 (—143) 3.0 (—143)
o 59929 7.9858 7.9846 7.9847 3.0005 3.0005 7.9861 7.9862 7.9862
1 39(—4) 26(—4) 39(—4) 41(-4) 26(-4) 27(-4) 29(=5) 33(=5) 43(-5)
) 2 1.0(—14) 36(—19) 52(-17) 9.8(=17) 14(-19) 1.1(-18) 1.1(=27) 24(-27) 1.2(—25)
3(X
3 39(—78) 6.1(—138) 5.9 (—120) 1.2 (—117) 1.0 (—141) 6.1 (—134) 3.3 (—207) 7.5 (—207) 5.3 (—190)
o 59975 7.9977 7.9945 7.9941 8.0026 7.9971 7.9996 7.9995 7.9996
1 25(—6) 43(—6) 43(—6) 43(—6) 14(-10) 14(-10) 43(—6) 43(—6) 43(—6)
A 2 15(—18) 14(—30) 14(—30) 1.4(—30) 3.8(—52) 3.8(—52) 1.4(—30) 1.4(—30) 1.4(—30)
4(X
3 3.7(=55) 5.9(—153) 5.9 (—153) 5.9 (—153) 5.3 (—260) 5.3 (—260) 5.9 (—=153) 5.9 (—153) 5.9 (—153)
o 3.0000 5.0000 5.0000 5.000 5.0000 5.0000 5.0000 5.0000 5.0000
1 20(=7) 95(-8) 48(=7) 65(=7) 63(=8) 19(=7) 23(-8) 15(—8) 29(-8)
() 2 1.8(—41) 1.6(=55) 57(—49) 8.4(—48) 42(—57) 8.0(-53) 26(=59) 1.7(=15) 7.0(—60)
5(X
3 1.0(—245) 1.3(—437) 2.2(—384) 6.6(—375) 5.9 (—169) 9.6 (—416) 3.2 (—454) 1.9 (—118) 7.5 (—473)
o 6.0000 8.0000 8.0000 8.0000 2.2745 8.0000 8.0000 14.862 8.0000
1 35(=6) 17(=7) 24(=7) 24(=7) 93(=8) 97(-8) 12(-7) 11(-7) 12(-7)
) 2 12(-32) 44(=53) 20(=51) 25(=51) 3.0(=55) 5.8(—55) 12(—54) 2.6(—55) 1.0(—54)
6(X
3 1.8(—191) 9.4 (—418) 5.3 (—404) 3.6 (—403) 3.1 (—435) 1.0 (—432) 8.7 (—431) 2.8 (—436) 4.0 (—431)
o 6.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
Table 3. Contrast on the ground of residual errors (i.e., | f(xg)|).
g
f(x) - GM BM FM1 FM2 RM1 RM2 PM1 PM2 PM3
1 14 (-8) 41(-10)  41(-9) 6.1(—9) 64(—10)  1.1(-9) 75(=11)  10(-12)  67(-11)
fi(x) 2 14(=51)  99(=80)  13(=70)  47(—69)  11(-77)  75(-76)  A47(-86)  34(—103)  62(—87)
3 10(—309) 12(—636) 12(=562) 58(=550) 9.7(—620) 3.8(—605)  1.0(—687) 59(—827)  3.5(—695)
1 1.9 (—4) 8.0 (—4) 8.5 (—4) 8.5 (—4) 1.5(=7) 1.5(=7) 8.0 (—4) 8.0 (—4) 8.0 (—4)
fo(x) 2 14(=30)  37(-35)  57(=35)  56(-35)  17(=26)  17(-26)  37(-35  37(-35)  3.7(-35)
3 32(—187)  20(—285) 73(—284) 63(—284) 25(—83)  25(—83)  19(—285  19(—285) 1.9 (—285)
1 46(-9) 2.0 (-9) 46(-9) 5.1(-9) 2.0(-9) 23 (-9) 25(=11)  32(=11)  56(—11)
f3(x) 2 32(-30)  40(-39)  80(=35)  29(-34)  59(—40)  34(-38)  33(=56)  17(-55)  45(-52)
3 46(—157)  11(=276)  1.1(—240) 43(—236) 3.1(—284) 12(—268) 3.3(—415 17(—410) 8.4 (—381)
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Table 3. Cont.

f(x) - GM BM FM1 FM2 RM1 RM2 PM1 PM2 PM3

1 2.6 (—18) 13 (~17) 13 (~17) 13(~17) 47 (-31) 4.7 (-31) 13 (~17) 13 (~17) 13(~17)
fa(x) 2 6.2 (—55) 5.0 (=91) 5.0 (—91) 5.0 (—91) 9.1(—156)  9.1(—156) 5.0 (—91) 5.0 (—91) 5.0 (=91)

3 84(—165) 3.5(—458)  35(—458)  35(—458) 24(—779) 24(—779) 3.5(—458)  3.5(—458) 3.5 (—458)

1 11(—622)  22(—655)  44(-585) 53(=572) 39(—673) 3.1(—626) 13(=709)  37(=736)  1.6(—706)
f5(x) 2 9.7(—4027) 14(—5431) 12(—4777) 87(—4661) 11.(—5590) 9.1(—5163) 6.7(—5376) 5.3 (—1429) 1.2 (—5868)

3 54 (—24451) 4.1(—43,641) 2.7 (—38,318) 5.1(—37,371) 1.1(—16,775) 7.8 (—41,455) 6.1 (—41,287) 5.9 (—11,726) 1.1 (—47,165)

1 1.1 (—6) 1.3 (—20) 3.5 (—20) 3.7 (—20) 2.1 (-21) 2.3 (-21) 48(—21) 3.5 (—21) 42(-21)
fo(x) 2 43 (—96) 22(—157)  21(—152)  42(-152)  67(—164) 51(—163) 43(-162) 47(-164) 29(-162)

3 15(=572)  21(—1251) 3.8(-1210) 1.2(—1207) 7.5(—1304) 2.5(—1296) 1.7(—1290) 5.4(—1307) 1.6 (—1291)

6. Conclusions

We developed a new 8th-order iteration function having optimal eight-order convergence
for multiple zeros of a univariate function with faster convergence and simple and compact body
structure. The present scheme is based on weight functions that play a fruitful role in the establishment
of 8th-order convergence. In addition, we presented local convergence analysis showing 8th-order
of convergence. Each member of our scheme is optimal as stated in the conjecture by Kung-Traub.
Moreover, we can obtain several new specializations by adopting weight functions in the suggested
scheme (1). Minimum residual errors, minimum errors among two consecutive iterations and balanced
p were identified with our schemes while comparing to the existing ones on real problems like
continuous stirred tank reactor, chemical conversion, multi factor problem, Vander Waal’s equation of
state, etc. Based on the obtained results, we deduce that our schemes are more efficient and useful
than the earlier ones.
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