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Abstract: This article investigates a high-order convergent multistep method for solving nonlinear
equations, with particular emphasis on the method’s local and semi-local convergence properties in
general Banach space settings. Conventional convergence analyses typically rely on Taylor series
expansions and require the computation of higher-order derivatives, which are not part of the method.
Such schemes may be costly, impractical, or nonexistent and are restricted to Euclidean spaces of finite
dimension. Other constraints of such analyses involve the absence of a priori error estimates as well
as uniqueness of the solution results. This is why, in this article, the convergence is established using
only the operators of the method in combination with the concept of generalized continuity required to
control the derivative. This is how the applicability of the method is extended. Due to its generality the
same methodology is applicable to other methods. Numerical examples are provided to support and
illustrate the theoretical findings.
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1. Introduction

Let X, Y stand for Banach spaces and D denote an open and convex subset of X. A plethora of
applications from computational sciences using mathematical modeling can be written as a nonlinear
equation of the form
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F(x) =0, (1.1)

where F is a Fréchet differentiable operator mapping D into Y. Itis desirable to find a solution x* € D of
the equation F(x) = 0 in closed form. However, this task can only be achieved in rare cases. Therefore,
researchers and practitioners have worked to develop iterative methods to generate a sequence which,
under certain conditions, converges to x*.

A popular iterative method with a convergence order of two is Newton’s [1, 10], defined by

X0 €D, Xey1 = Xg — F'(xe) ' F(x;) foreach £=0,1,2... (1.2)

Numerous methods have been developed to increase the convergence order and reduce the
computational cost.
Let us mention the following two third-order methods by Xiao and Yin [14, 15]:

Ve = Xg — sF'(xg)_lF(xg), s#0
1 1\ .,
Ze = Xp — [2—SF o)™ + (1 - 2—S)F (x¢) 1]F(xf),
and

Ve = Xg — SF'(x¢) ' F(x),
1 1 4 - 4 4 -
Ze = X — [(2 - 2—8)1 + (1 - Z—S)F e) 'F (xg)] F'(ye) ' F(xg),
where / is an identity matrix.
In addition, we consider the following fourth-order method by Sharma [11, 12, 14]:

2
Ve = Xg — §F’(x§)‘1F(x§),
9

1
Ze = Xg— = _I+4_1

2

3
F'(ye) ' F'(xe) + ZF’(xg)_lF’(y_f)] F'(x¢) ™ F(x).

Inspired by the work in [16], the local convergence of the k-step method of order 3k + p, for k > 2 and
p > 3 is defined by

Ve = Xe = F'(xg) " F(xe),

0
) =z = O(xe, ye),

& = ze = Wlxe ye) Flze).
(1.3)

k-1) _ _(k-2) (k=2)
o T _T(xf’yf)F(Zf )
and

_ S _ k=1) (k—1)
x§+1 - Zé_- - Z‘:: - T(xf?yf) F(Z&- )a

AIMS Mathematics Volume 11, Issue 4, 11387-11409.



11389

where @ is an iteration function of order k, and

1
O(x.y) = S(FO) ' FWF )™+ F™).

Taylor series expansions are used to establish the convergence of method (1.3). There are drawbacks
with this approach, however, which restrict the applicability of the method. These drawbacks
constitute the motivation for writing this article.

Motivational issues

(1) The existence of the fourth derivative is required in [16] for the local convergence analysis and
for X = Y = R¢, where £ is a natural number. However, the first derivative is only present on the
method (1.3).

Let us look at an example for D = [-1.5,1.5] and f : D — R, defined by

Lt logt+ L + 11 t#0
£t = 117 10g 2 3
0, =0,

where [, [, [; are real parameters with /; # 0 and [, + I3 = 0. It follows by these definitions
that x* = 1 € D solves the equation f(r) = 0. However, the fourth derivative of the function
f is unbounded at t = 0 € D. Hence, the results in [16] cannot assure the convergence of the
method (1.2) to x*. But, the method (1.3) converges to x*, if, say, xo = 0.95 € D, a = 3,k = 3,
and

pey) = v 5(FO! + FQ ™)),

These observations indicate that the convergence conditions in [14—16] can be switched by weaker
ones.
(I;) There is no advance knowledge on the number of iterations to reach a desired error tolerance.
(I3) There is no information about a set containing only one solution of the equation F(x) = 0.
(I3) The convergence of the method is restricted on R?, where d denotes a natural integer.
(Is) The more challenging semi-local convergence is not considered.

We have addressed issues (/;)—(/5) in this article as follows:
Novelty of the Taylor free technique

(1;)' The convergence is based only on the first derivative which appears on the method. Moreover, the
concept of generalized continuity is used to control F”’ [1-3].

(15)' The number of iterations to be carried out is known in advance.

(13)" A region is specified with only one solution of Eq (1.1).

(14)' The convergence (local and semi-local) is given on Banach spaces.

(I5)" The semi-local convergence is presented using majorizing sequences.

This is how we extend the applicability of the method (1.3). The proposed technique is very general.
Hence, it can be used to extend the applicability of other methods analogously [4-26].

Notice that the objective of this article is not to provide a way other than the Taylor series approach
for obtaining the convergence order. Instead, we address the drawbacks (/;)—(Is). However, it is worth
noting that the same convergence order is recovered using a computational order of convergence in the
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last three numerical examples. In addition, the computational and efficiency advantages of (1.3) over
other methods have been reported in [11-16]. That is why we refer the reader to these references, and
we deal with the issues (1)—(Is).

The rest of the article is structured as follows: The local and semi-local convergence of the
method (1.3) appear in Sections 2 and 3, respectively. The numerical problems can be found in
Section 4, and the conclusions are reported in Section 5.

2. Convergence I: Local

Some functions are introduced to study the local convergence analysis of the method (1.3).
Let A = [0, +00).

It is convenient for the presentation of the convergence analysis to introduce some abstractions:
S (A, B) denotes the set of continuous and nondecreasing functions mapping A into a set B;
the symbol (ms) stands for the minimal solution of an equation.

Suppose the following:

(H;) There exists a function gy € S(A, A) such that the equation gyo(#) — 1 = 0 has (ms) denoted by
5o € A —{0}.
Define the interval A = [0, s).

(H,) There exists a function gy € S (Ap, A) such that for h_; : Ay — A defined by

Iy (1 = yndo
1 —go(0)

hoy(t) =

b

the equation 4_1(f) — 1 = 0 has (ms) denoted by €_; € Ay — {0}.

(H3) There exists a function g € S (A, A) such that the equation hy(f) — 1 = 0 has (ms) denoted by
€ € Ag — {0}.

(H,) Foreachtre Ay, i =1,2,...,k, define the functions

g((1+ha(0))r)

a(t) = qor

go(®) + go(h-_1(0)1),
g((1+ hiy (o))
BV = Sor

go(t) + go(hi-1(1)1),
g(ho(t) + hiy (£)1)
Y@ =1or

go(ho(D)1) + go(hi1(D)1),
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fol g((1 = Ohs (D)6 1 BV ()
1 - go(hy_1(1)1) ’ E((1 — goM)(1 = go(hy—1(D)1))

. YY)

(1 = go(h_1(OD)(1 — go(hi—1(D)1))

1

= g::/(j_)l o Ja+ fo 80(Oh-1(£)d0) 10
the equations 4,(t) —1 =0, o =1,2,3,---,k have (ms) denoted by &, respectively in A, — {0}.
Define the parameter € by

hO’(t) = [

e =min{e;}, j=-1,0,1,2,...,k 2.1

and the interval A; = [0, €). Then, for each r € A,

0<go(®) < 1, 2.2)
0 < golhir (D) < 1, 2.3)
0<hir)<1. (2.4)

Next, we relate the functions gy and g to the operators on the method (1.3).
By B(x, p), B[x, p], we denote the open and closed balls in X with center x € X, and the symbol
L(X,Y) stands for the space of bounded linear operators mapping X into Y.

(Hs) There exists a point x* € D solving the equation F(x) = 0 and a linear operator M € L(X,Y),
which is invertible such that foreach u € D ,

HM_I(FI(”) - M)H < go(llu — x7)).

Define the region Dy = D N B(xy, €).
(He) |[M7(F(w2) = F'(up)|| < gl = ), and

ll(ur, uz) — x*|| < ho(Jluy — x*[Dlluy — x7||, for each uy, u; € Dy.

(H;) B[x",€] c D.

Remark 2.1. The linear operator M may or may not depend on x*. Some possible selections for M
are M = I, the identity operator or M = F'(X) for some X € D with X # x*, or M = F’(x*). Notice
that in the latter case, it follows that x* is a simple solution, which is the usual assumption in local
convergence results. However, such an assumption is not made or implied here by the conditions (Hs)
and (Hyg).

Define the set By = B(x*, €) — {x*}.

The local convergence analysis follows next.

Theorem 2.1. Suppose that the conditions (H)-(H7) hold. Then, the sequence {x¢} generated by the
method (1.3), for xo € By is well-defined in the ball B(x*, €), and it stays in B(x", €) and converges to
the solution x* of the equation F(x) = 0. Moreover, the following assertions hold fori = 1,2,...,k
and eaché =0,1,2,...:
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v = 211 < (e = Yo = 211 <l = 5l < (2.5)
lee = x°ll < | = [l = 211 < Ihe = 271, (2.6)
1 * * * *
et =l < ([ = 2| e = 0 < e = 7, @.7)
llzg” = 27N < il || xe = 27| lloee = X7 < flee = X7 (2.8)
In particular, if i = k,
* k * * * *
e = 'l = el =l < e[| = Yl = 1 < e = 11 (2.9)

Proof. Mathematical induction shall establish the existence of the sequence {x;} in the ball and the
validity of the assertions (2.5)—(2.9).
Let v € B(x", €). It follows by conditions (H,), (Hs), (2.1), and (2.2) that

M7 (/) = M) < olllr = 51D < gote) < 1. (2.10)

Then, Estimate (2.10) and the Banach lemma on linear and invertible linear operators [1,10] assure the
invertibility of F’(v) and

< (2.11)

F'(v)y M| < .
'| '| 1 = go(llv = x*[)
If v = x¢, (2.11) holds, because x, € B, and we can write by the first substep of the method (1.3),
Yo — X" = xo — x* = F'(x0) ' F(x0)
1 1 1 (2.12)
= |F'(xo)™' M] f M7 (F'(x" + 0(xo — x")) = F'(x0))d8]| (xo — x°).
0

Using (2.1), (2.4) for j = =1 (2.11) for v = xy and (Hg), we have by (2.12)

1 . ’
| W<LAu—wm—ﬁWmm—fn
— x S
Y0 T go(llxo — 1) (2.13)

< g ([ = | ilwo = 2711 < 1o - x°ll <

Thus, the assertion (2.5) holds if £ = 0, and the iterate g, € B(x", €).
Then, by the second condition in (Hg), (2.1), and (2.4) for j = 0, we get

lzo = x'll = 19Cx0, y0) = 271 < hf | 0 = [0 = 271 < Il = 1L (2.14)
Hence, the assertion (2.6) holds, and the iterate z, € B(x*, €) holds. Notice also that (2.11) holds if

vV = 2.
Next, we can write by the third substep of the method (1.3), forn = 0

1
&)~ = 20— x" = F(a0) Flzo) + F' (o) Fzo) = 590, 20)F (2o). (2.15)
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We need the estimate

F'(0)™ F'(x)F'(v0)™" = F' (o)™ (F'(x0) = (o) + F'(0) ) F' (o)™
= F'(yo)™ (F'(x0) = F'(30))F' (o)™ + F'(30) ™"

Then, by the definition of the function ¢ and (2.16), the identity (2.15) gives

2V = x =20 —x" = F'(z0) ' F(z) + %[(F,(ZO)_I - F/(yO)_l)

+(F'(zo)™ = F'(xo) ™) + F' (o)™ (F'(vo) - F'(xo>)F’(yo)‘l]F(zO>.

An upper bound is needed for each term in (2.17). As in (2.13), we have

1
I 8(C1 = )llzo — x*11)dbllzo — x|
1 = gollzo — x*|)

1 *
Iz — x| <

F(z0) = F(z9) — F(x") = f; F’(x* + 0(zp — x*))d@(zo - x"),
| Feo)| = Hf F(x + 60 — 7)) = M+ M)db(zy - x°)

<(1+ f 2o(6llzo — x*INd6)llzo - x°Il,
0

I(F'20)™" = F' o) F(zo)ll = [F(z0)™ M| M~ (F'(y0) = F'(z0) |[F'(yo) ™' M1| M~ F (o)

YO+ [ o(6llzo — xllzo — 7l
= T goth1(lo — (1 — golro(xo — xDlxo — 1)’

Similarly, we get

I(F' @)™ = F'Co)™ JFo)ll= [|LF o)™ MILM ™ (' (x0) = F' oD ILF (x0)™ MM Fizo)

(o)™ M| M7 (F o) -

]
3 YO + [ go(@llzo — x*Dd6llzo — x°1)

(1= gollxo = x*I)(1 = go(ho(llxo — x*Dllxo — x*[))’
= |IF' (o)™ (F'(yo) = F'(x0))F' (yo) " F (20|

1
a1+ [ go(6llzo — x"lld6)llzo — x°|
1 = go(h-1(llxo — x*[Dllxo — x*[)
Summing up (2.18)—(2.21) and using (1.2), (2.4) for j = 1, estimate (2.17) gives:

1
ey = x°ll < ([0 = [l = 'l < g = 1L

s e

ILF (yo)™ MIIM ™ (F’ (o) — F' (xo)I[F’ (vo) " M1IM ™" F(z0)]ll

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
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So, the assertion (2.7) holds, and the iterate zgl) € B(x", €) holds. Simply exchange x, yo,zo,z(()l) for

xm,ym,zm,z,(,‘f)(a =2,3,...k),m = 1,2,..., respectively in the estimations (2.17)—(2.22) to complete
the induction for (2.8). In particular, if i = m = k,

% k
et = 'l = 1 = 211 ([ = 27|l = 71 < W = 0 (223)

Notice that by (1.2) and (2.4) for j = k, C : hi(||xo — x*||) € [0, 1). Estimate (2.24) implies

X%ms1 = XN < Cllxy — x| < C"lxg — x| < €. (2.24)
Therefore, we obtain from (2.24) that lim x,, = x, and the iterate x,,.; € B(x*, €) holds. O
m—+oco

Remark 2.2. The second condition in (Hg) can be dropped if the function ¢ is specialized. Let us
choose as an example a = 3 and ¢(x,y) = x — %(F ‘M + F ’(x)‘l)F (x). Then, by the second substep
of the method (1.3), we get in turn

1
Ze— X = xp— X = F(x) F(xe) + E(F'(xf)-1 — F'(5e) ™" )F(xe)
1
= xe — X" = F'(xe) " F(xe) - 5F'(yf)-l(F'(x,f) - F/(yf))F'(xg)—lF(xf),
leading to

— L
g~ Xl = 1 = go(llxe — x*I1) 2 (1 = go(llxe = x D1 = go(llye — x*II))

X lxg = x"I.

This estimate suggests that if

I (1 = 6)do R a1+ [ go0r)do)
1= go(0) 2(1 = go)(1 = golh-1 (D)’

ho(t) = (2.25)

the second condition in (Hg) holds.
Next, a region is determined which contains only x* as a solution of the equation F(x) = 0.

Proposition 2.1. Suppose the condition (Hs) holds in the ball B(x*, s) for some s > 0, and there exists
s = s such that

1
f go(6s)do < 1. (2.26)
0

Define the region D; = D N B[x", s]. Then, x* is the only solution of the equation F(x) = 0 in the
region D).

Proof. Suppose that there exists w € D; solving the equation F(x) = 0 and not satisfying w # x*.
Define the linear operator 7 = fol F ’(x* + 0w — x*))d@. Then, it follows from the condition (Hs)
and (2.26) that

1 1
HM“(T1 - M)H < fo go(6Clw — x°11)d6 < fo 20(05)d0 < 1.
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So, the linear operator 7' is invertible. Finally, from the identity
w—x* =T (Fw) - F(x")) = T7'(0) =
we deduce that w = x*. O

Remark 2.3. Under all the conditions (H,)—(H7), we can set s = € in the Proposition (2.1).
3. Convergence II: Semi-local

The items x*, g9, and g are replaced by xo, fy, and f, respectively. However, the calculations and
formulas remain essentially the same.
Suppose the following:

(C1) There exists a function fy € S (A, A) such that the equation fy(f) — 1 = 0 has (ms) denoted by R
in the interval A — {0}. Define the interval A, = [0, Ry).
(C,) There exists a function f € S(A,, A) and a non-negative sequence {y}. Define the sequences for
( D = =0, somea( b >0, forsome j=0,1,...,k,and ¢ =0,1,2,... by

_ e —aéf”)
- h(ag) + ol ™),

e [

( (=D a(—Z)))dg(aé—l) _a(—Z))’

((1-0) ¢ ¢
pe= (1 [ Al + ofet - o)t - ) + 4
@ = e 3.1)
1 w,
D _ 0 ¢
a, ' =a;+ —(1 + o JHes
1 { 1 . 1 .\ We
4¢ = 5 - - - ’
2[1-filge ™) 1= fola ) (1= folag )2
a(j) _ a(j—l) =2 _ (k)

& T e * qete, a§+l af
1
pen = [0 -0 — a2l - i 2)
+ (14 fola D)l - o)
and

-0 _ a(—2) + bf”
41 T e+ (2)
fo(af+1

Sequence (1.3) can also be written in a condensed form. for i € {1,2,...,k}. Define the
sequence {y,} fory_, =0, y_4 —a andeachz— 1,2,...,k, £€=0,1,2,..., by

a

Yest = a?. (3.2)

AIMS Mathematics Volume 11, Issue 4, 11387-11409.
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)
: £
{ye}, {Zg)}, i=0,1,2,..,&6=1,2,...,1in Theorem 3.1. But first, a general convergence condition
is presented.

(C3) There exist R € [0, Ry), such that for each j = -2,-1,0,...,k,and ¢ =0, 1,2,...,

The sequence {a;"} for j = -2,-1,0,...,k, & =0,1,2,...1s shown to majorize the sequence {x;},

P < 1, Aol < andal? <R
;D} is nondecreasing and bounded for above
by R. Hence, there exists a* € [0, R] such that flim o

This condition and (1.3) imply that the sequence {«

¢ = . Itis known that the limit point o
—+00

is the unique least upper bound of the sequence {ag‘)}. The functions fy and f and connect to the
operators on the method (1.3).

(C4) There exist an initial point xo € D and a linear operator M € L(X,Y) which are invertible such
that for each u € D,

7 (P = M) < fottu = ol

Notice that if # = x, this condition gives by (C,) that ||M~'(F’(xo) — M)|| < f5(0) < 1. Thus, the

operator F’(xo) is invertible, and we can set a;' = ||[F’(xo)™' F(xo)|l and D, = D N B(xo, Ro)
(Cs) LLBM_I(F'(M) — F'@)| < £z = 1) for each s, uy € Dy and [z, = il < o
(Ce) Blxo,] € D.

Remark 3.1. As in Remark (2.1) possible choices for M = I or M = F'(X) for some X € D are an
auxiliary point or some other choice. The semi-local convergence analysis follows next.

Theorem 3.1. Suppose that the conditions (Cy) — (Ce) hold. Then, the sequence {x} generated by the
method (1.3) is well-defined in B(xy, @"), and it stays in B(xy,a") and converges to a solution x* €
Blxo, @] of the equation F(x) = 0. Moreover, the following assertions hold for each é =0,1,2,...:

X" = xell < @ — a. (3.3)

Proof. The formulas and calculations remain the same as in the local case by the (H) conditions;
functions gy and g are replaced by the (C) conditions and functions f, and f, respectively. The
following assertions are shown using induction:

lye = xell <@g - a?, (3:4)
llze = yell < af — ag", (3.5)
(@) (-1 O] (-1
| - ¢ < @ - e, (3.6)
foreachn = 0,1,2,...and i = 1,2,3,...,k. By the choice of a(g_z), ag_l) and the first substep of the
method 1.3 we have [lyo — xoll = IF'(x0)""F(xo)ll < a}” —al? < a*. So, Assertion (3.4), holds

if n = 0 and the iterate yy € B(xy, @) holds. If we subtract the first from the second substep of the
method (1.3), and use the second condition in (Cs), we get
llzo = yoll < xo = ay’ —ay ' <.

Thus, the assertion (3.5) holds if & = 0 and the iterate zy € B(xy, @*). We need some estimates:

AIMS Mathematics Volume 11, Issue 4, 11387-11409.
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By the first substep of the method (1.3) we can write in turn
F(ym) = F(ym) - F(xm) - F,(ym)(ym - xm)
1
= f [F/(xm + 9()’m - xm)) - F’(xm)]dg(.Ym = Xm),
0

SO,
1
[ £ < [ (015 = st =5
1
=D _ ,(=2) =D _ =) =
< [ A(olas” - sl ~ i) =
F(zw) = F(zm) = F(ym) + F(m)

1

= j(: F/(Ym + H(Zm - )’m))(Zm - ym) + F(ym)’

but

fl M_I(F'(ym + 6(z,, — ym)) - M+ M)d@(zm - Ym)
0

1+f
0

( (
(1 f fod ) + 0@ - a,h))do)@) — al").
0

IA

Fo(llym = Xoll + Bllzi = yuull)dO)zs = Yol

—_

IA
+

Thus, we get
e <

Then, we similarly have from the ith step of the method (1.3)

— . o
& = 2] = ooy PG| < il = 0 — i

and

m

s 42~ s < 2 -k e -7 <
where we also used
1 / - / ’ ’ - ’ _
Bt 3n) = 5[ FOm) ™ (/i) = FGm)F' )™+ F (i) ™)
! ’ - 4 ’ ’ - , _
= 5 [FOu) ™ (F/ ) = F ) F ()™ + F ()]

So, we have
[ Cons v | < et yma||pa P

Thus, the assertion (3.6) holds, and the iterate 7/, € B(xo, @*) holds.
We can also write by the first substep of the method (1.3)

AIMS Mathematics Volume 11, Issue 4, 11387-11409.
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F(-xm+1) = F(xm+l) - F(xm) - F/(xm)(ym - xm)
= F(xm+1) - F(xm) - F,(xm)(xm+l - xm) + F,(xm)(xm+l - ym)

_ fol |F" (% + 0t = X)) = F' (o) | d0(Xi01 = )

+ (F/(Xm) -M+ M)(Xm+1 = Ym)>

leading to the following expressions:

M7 F G

' < by, 3.7)

et = Sl < [ F o) DMUMD F G

bwet oy

S .- 1 +1°
1 _ f()(air:f;) m+ m
and

yms1 = Xoll < [yms1 = Xms1ll + 1Xme1 — Xoll

=D (=2) (=2)
<a, ,—a +a

m+1 m+1
The induction for the assertions (3.4)—(3.6) is completed, and all iterates of the method (1.3) belong
in B(xp, a"). It also follows that the sequence {x,,} is Cauchy in the Banach space X, and as such, it
converges to some x* € B[x, @], which is a closed set. Moreover, by letting m — oo in (3.7), we
deduce that F(x*) = 0, where we also used the continuity of the operator F. Furthermore, by the
triangular inequality foro =0, 1,2, ...

(=2) *
—a, <a.

-2 0
||xm+a' - xm” < Ao — Q- (38)

Finally, by letting o — +o0 in (3.8), we show (3.3). O

Remark 3.2. As in Remark 2.2, we can determine the sequence {x;} if the function is chosen as

O(xe.ye) = Xe = H(F' ()™ + F'(x) ™ ) F(xp).
Then, we have by subtracting the first from the second substep of the method (1.3) in turn that

Ze — Ve = 0(xe, ye) — Xe + F'(xe) ™ F(xg)

1 1
= S(F'@e)  F e )Fxe) = =5 (F/ ()™ = F'(3e) ™! F(xe)

2
1
= =5 P00 (F/ () = F'00))F ()™ F(xe)

1 ’ =1( 7/ ’
= 5F 0™ (F'(xe) = F'00)) 0 = xe),
N
e = yell < 3]0 M7 (7 xe) = ) = el

_ laf(a;] —a;z) 3.9

S T e
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Next, a region is determined containing only one solution of the equation F(x) = 0.

Proposition 3.1. Suppose that there exists a solution wg € B(xo,R;) of the equation F(x) = 0 some
Ry > 0 of the equation F(x) = 0, and there exists R, > R, such that

1
f £((1=OR, +6R,)do < 1. (3.10)
0

Define the region D, = D N B[xy, R, ].
Then, wy is the only solution of the equation F(x) = 0 in the region Dy.

Proof. Suppose that there exists w, € Dy solving the equation F(x) = 0 and satisfying w, # wy. Define
the linear operator T, = fol F’'(wy + 8(w, — wy))d6. Using the condition (Cy4) and (3.10), we get

1
M1, - m)| < fo S0 = 0liwa = xoll + Ollwa = xoll)d6

< fol fo((1= )R, + 0R)d6 < 1.
Hence, the linear operator 75 is invertible. Finally, from the identity
F(wy) = F(wy) = Ta(wy —wy) =0,
we deduce that w, = wy. m|
Remark 3.3. (i) The limit point & can be replaced in the condition (C¢) by the parameter R, given

in (Cy).
(ii) If all the conditions (C,)—(Cg) hold, then we can set w, = x* and Ry = a” in the Proposition 3.1.

4. Numerical examples

In this section, we choose the following three methods:

2
Ve = Xg = §F’(x§)_1F(X§),
T = Xg— %[3F ‘o) '+ F ’(x;)‘l]F(xg), 4.1)

3 1
Xesl = 26— [EF'()’f)_l - EF/(xf)_l]F(Zf);
2 ’ -1
Y§ = )C§ — §F (.X'é:) F(X§:),
1
Ze = Xe — §[3F’(y§)_1F'(x§)F'(y§)_l + 5F’(x§)‘l]F(x§), 4.2)
3

1
Xeel = Z¢ — [EF'(yg)_l - EF'(Xg)_]]F(Zg);
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}’5 = .X'é: - F’(X§)_1F(X§),
1 1
2 =%~ [5F 00+ 5F () [P, 4.3)

1 ’ —1 ’ -1 1 ’ -1
Xer1 = Ze — [EF ()’5) F'(xo)F @f) + EF (Xg) ]F(Zg)-

We refer to the above methods (4.1)—(4.3) as Cases (I)—(III), respectively, in the numerical results.

Moreover, we evaluate the computational significance of Cases (I)—(III), as theoretically proved in
the previous section. We consider a total of five nonlinear problems, of which the first two demonstrate
LAC (local acceleration convergence), whereas the remaining examples demonstrate SLAC (semi-
local acceleration convergence). The radii of convergence for local convergence are given in Tables 1
and 2. On the other hand, Tables 4 and 5 present the results for semi-local convergence. Furthermore,
we determine the coefficient of convergence (COC) [10] using the following equations:

[xre 1 —2x. |

_ (e =2l _
9= —ln T forr=1,2,..., “4.4)
[ltr—1 =]l

or approximated coefficient of convergence (ACOC) [5, 18] by:
1n ||x'r+l_x‘r”

ﬁ* — ”xT_.XT—l” fOI' T= 2, 3, . (4_5)

1 llxe=xcqll °
”x‘rfl _x772”

Table 1. Radii for Example (4.1).

Method (1.3) So €1 & € 6 €
o=1 1 0.5819 0.3827 0.2329 0.1946 - 0.1946
o=2 2 0.5819 0.3827 0.2329 0.1946 0.1524 0.1524

Table 2. Radii for Example (4.2).

Method (1.3) S0 €1 & € 6 €
o=1 0.07407 0.03704 0.01991 0.01587 - 0.01587
o=2 0.07407 0.03704 0.01991 0.01587 0.01472 0.01472

Various stopping criteria are available for iterative methods. However, the most commonly used
criteria in the literature are either Criterion ||x.,; — x;|| < A, and Criterion ||[F(x,)|| < A. In this study,
both criteria are employed to achieve higher accuracy. This choice is motivated by the observation that
there are cases in which Criterion ||x.,; — x;|| < A, is satisfied while Criterion ||F(x;)|| < A is not, and
vice versa. Furthermore, we set A = 1072!° to minimize round-off errors and obtain more accurate
numerical solutions.

All numerical calculations were carried out using Mathematica 11 with multiple-precision
arithmetic. The use of multiple-precision arithmetic minimizes round-off errors and enhances
computational reliability. The computational results were obtained on a personal computer with the
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following hardware and software specifications: an Intel® Core™ 17-4790 CPU operating at 3.60
GHz, manufactured by HP, equipped with 8.00 GB of RAM (7.89 GB usable), and running a 64-bit
Windows 10 Enterprise operating system (version 22H2) on an x64-based processor.

4.1. Examples for LAC

In order to highlight the theoretical concepts of local convergence introduced earlier in Section 2,
we consider two examples, denoted by (4.1) and (4.2). These examples are carefully selected to
demonstrate the applicability of Method (1.3). Moreover, the radii of convergence ensure the
confirmed convergence of the method. It is almost impossible to choose an initial guess close to the
desired root without knowledge of the radii of convergence. In this way, these examples provide a
deeper understanding of the local convergence behavior of the Method (1.3) and also confirm the
theoretical results discussed earlier.

Example 4.1. Let k = 3 and D = U(0, 1). Define the mapping F on R* for s = (s1, 52, 53)7

e—1

2

T
F(s) = ( s% + 51, e?—1, s3) . 4.6)

Then, the Jacobian of the mapping H is defined by

(e—=Ds;+1 0 0
F'(s) = 0 e 0f.
0 0 1

Notice that x* = (0,0,0)7 solves the equation H(h) = 0, and H'(x*) = I. Let us choose M = I. By
plugging the values of F' in the conditions (Hs) and (Hg) hold, we see that they are validated if we
choose the following values:

go(t) =(e— 1)t and g(t) = eﬁt,
In Table 1, we present radii for Example (4.1).

Example 4.2. Let X =Y = C[0, 1], and let the space of continuous functions defined on [0, 1] be and
equipped with the max norm. Let D = U(0, 1). Define function F on D by

1
F(p)(x) = o(x) =9 fo xtg(r)dr, 4.7)
so that we have 1
F'(@(®))(x) = &) - 27 f xtp(1)*é(T)d, for each € € D. (4.8)
0

Then, for x* = 0 € [0, 1] solves the equation (4.7). The conditions (Hs) and (Hg) are validated if we
choose the following values:
go(t) = 13.5¢t and g(t) = 27t.

Table 2 suggests the radii of convergence for Example (4.2).
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4.2. Examples for SLAC

In order to illustrate the applicability of semi-local convergence, we chose three different
problems. The first two are well-known: the Hammerstein integral equation and nutrient diffusion in a
biological substrate from applied science. Detailed information is provided in Examples (4.3)
and (4.4). We transformed these two examples into nonlinear systems of orders 10 X 10
and 169 x 169, respectively. Finally, we considered an academic exercise involving algebraic and
exponential functions, with more information provided in (4.5). In this Example (4.5), we obtained
another larger nonlinear system of order 175 X 175, which allows us to demonstrate the applicability
of the methods, namely Case-I, Case-II, and Case-III on large systems of nonlinear equations.
Moreover, Cases (I)—(IlI) are compared with the sixth-order family of iterative methods developed by
Cordero et al. [26], from which method (M), denoted by (CMp), is selected. A further comparison is
carried out with sixth-order family proposed by Behl et al. [28], in which we considered
Expression (23) with g = —%, denoted by (BM). Finally, we also compared the mentioned method
with the efficient Jarratt-like method introduced by Sharma [27], specifically Method (18), referred to
as (S Mg). Moroever, algorithmic description of case-III for nonlinear system in the Table 3.

Table 3. Algorithmic description of Case-III for nonlinear systems.

Input: Initial guess xo, tolerance A < 1072!°, maximum iterations Npay

Step 1: Initialize

seté =0.

Step 2: First Substep (Newton-like Step)

Compute F(x,) and the Jacobian matrix F”(x,), then calculate the first substep
Ve = X¢ — 2F'(x) ' F(x)

Step 3: Second Substep (Correction Step)

Compute a second intermediate point using a correction function
ze = x¢ — H3F () + (x| Fxe)

Step 4: Third Substep (Final Update)

Compute the new iterate

Yewr =26 = [3F' ()™ = 1F () |F(ze)

using a combination of previous substeps.

Step 5: Convergence Check
1241 = Xl < 10721 and [|F (x,)]| < 107210

then stop and return x*.

Step 6: Iteration
Seté =&+ 1, if k < Ny, go back to Step 2;

otherwise, terminate with failure.
(Similarly, we can write for Case—I and Case-II.)

AIMS Mathematics Volume 11, Issue 4, 11387-11409.



11403

Example 4.3. Hammerstein integral equation:

Here, we investigate a classical problem in applied science, specifically the Hammerstein integral
equation, as presented in [10, pp. 19 and 20]. The primary objective is to evaluate and compare the
efficiency, accuracy, and practical applicability of the proposed methods for semi-local convergence.
The following formulation of the Hammerstein integral equation is employed as a benchmark problem
for this comparative analysis:

1 1
x(s) =1+ 5 f G(s, t)x(t)’dt,
0
where x € C[0,1] s,t € [0, 1], and the kernel G is

s )= (1 =9)t,t<s,
D=V s <t

By applying the Gauss-Legendre quadrature formula, the original equation is transformed into an
equivalent finite-dimensional problem as follows:

1 10
fo gndt = > wig(t)),
j=1

where the abscissas t; and the associated weights w; are computed using the Gauss-Legendre
quadrature formula with j = 10. The x; denote the numerical approximation of x(t;) at the quadrature
nodes t;, fori = 1,2,...,10. Consequently, the integral equation is reduced to a system of nonlinear
algebraic equations, as given below:

10
Sxi-5- ) apx}=0, i=12,.,10,
j=1
where

aij

_ lej(l — ti),j <1,
- le’,‘(l —lj),i <]

The values of abscissas t; and associated weights w; are given in Expressions (4.9) and (4.10):

(t1,tata, ... 110)" =(0.01304...,0.06746...,0.1602...,0.2833 ...,04255...,

T 4.9)
0.5744...,0.7166...,0.8397...,0.9325...,0.9869... )
and
Wi W, ... wio) =(0.03333...,0.07472...,0.1095 ...,0.1346....,0.1477 ...,
(4.10)
0.1477...,0.1346...,0.1095...,0.07472 ...,0.03333 ... )T,
respectively.

Table 4 presents the computational order of convergence (COC), CPU execution time, residual
errors, and the differences between successive iterates for Example (4.3). The iterative procedure
converges to the root, which is represented by the following column vector:

x* =(1.001...,1.006...,1.014...,1.021...,1.026...,1.026...,1.021...,1.014...,1.006...,1.0013...)T
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In addition, we adopt the following initial approximation,

10 times

for the computational results.

Table 4. Computational results of Example (4.3).

Cases IF )l llxs — X3l & U CPU
timing

Case-1 1.1 x 1072 2.4 % 10727 3 4.9995 0.326663
Case-II 1.0x 10737 2.2 x 107376 3 5.9995 0.434044
Case-III 6.7 x 107272 1.4 x 107272 3 4.9784 0.495059
CM; 4.9 x 107408 1.1 x 107408 3 5.9999 0.383456
BMj, 6.6 x 107377 1.4 % 107377 3 5.9995 0.399138
S Mg 1.1x10736 2.3 x 107364 3 5.9995 0.583254

(& : stands for the number of iterations to reach the desired accuracy.)

Example 4.4. Nutrient diffusion in a biological substrate:

Nutrient diffusion is essential in biological systems [17], affecting cellular metabolism, tissue
engineering, and microbial growth. Mathematical models of nutrient diffusion enable the prediction
of nutrient availability, the optimization of bioreactor performance, and the advancement of medical
applications, including drug delivery. In this study, we examine a two-dimensional biological
substrate that functions as a growth medium for microorganisms. QOur aim is to investigate how
nutrients diffuse and are distributed within this medium, as these processes are critical for the
organism’s development and survival. The corresponding mathematical formulation is presented
below.

_(92u + _62u (xy) +luiy)l, forQ=1{Gxy) eR*:xyel0,1])
=Uu u or = .
o " ay? > ¥ > Yl >y >y > L1y,
wx0) =2 —x+1, wukxl)=2, 0<x<l,

u@©,y)=2y>-y+1, u(l,y)=2, 0<y<l.

Let u(x,y) denote the nutrient concentration at location (x,y) in the substrate. The equation models
nutrient diffusion, with u(x,y)* + |u(x,y)| representing interactions with biochemical processes.

Boundary conditions define nutrient behavior at the substrate edges. Lateral boundaries (x = 0 and
x = 1) reflect initial concentrations or continuous supply, while top and bottom (y = 0) and (y = 1))
capture uptake by roots or microorganisms [17].

Solving the model reveals nutrient distribution and its effects on organism growth and health. As
an example, the equation is solved for a small system using a blockwise finite difference method on a
computational mesh:

h=
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along the mesh points (x;,y;) provides as x; = ih, i =0,...,n+ 1, andy; = jk, j=0,...,m+ 1. In this
way, we obtain the following discrete form:

(X, ¥ ) + tyy (35, Y ) = (2, ¥ ) + (e, y ).
This discretized formulation enables the numerical computation of u(x,y) using IMs. We use the
preceding finite differences fori=1,...,n,and j=1,...,m

u(xi1,y;) = 2ux;, y;) + u@i1,y;)  u(x,yjo1) — 2u(x,y;) + u(x,yj-1)
h? i k?
= u(xi,y))’ + luCxi, y )l

in order to obtain the following nonlinear system of equations:

A2+ 1 1 5
3
- Uj (Wi je1 + Ui jo1) — Ui j + Uim1 ;) + h (M,-,j + |Mi,j|) =0,

e

where u(x;,y;) = u; j. We select the parameter values

h
A= i=j=123..14

which results in a nonlinear system of dimension 169x169. All three methods, namely Case—I, Case—II,
and Case-III , converge to the following approximate solution:

§=(0.9210...,0.9075...,0.9047...,0.9154...,0.9413...,0.9833...,1.042...,1.119...,
1.213...,1.326...,1.458...,1.612...,1.790...,0.9075...,0.9149...,0.9266...,0.9466...,
09774...,1.021...,1.078...,1.150...,1.239...,1.344...,1469...,1.616...,1.790...,
0.9047...,0.9266...,0.9491...,09762...,1.011...,1.055...,1.111...,1.180...,1.263 ...,
1.363...,1.482...,1.623...,1.793...,09154...,0.9466...,0.9762...,1.008...,1.045...,
1.089...,1.143...,1.209...,1.288...,1.382...,1.496...,1.632...,1.797...,0.9413 ...,
09774...,1.011...,1.045...,1.083...,1.126...,1.178...,1.240...,1.314...,1.404...,
1.512...,1.642...,1.802...,0.9833...,1.021...,1.055...,1.089...,1.126...,1.168...,
1.217...,1.275...,1.344...,1.428 ...,1.530...,1.654...,1.808...,1.042...,1.078...,
1.111...,1.143...,1.178...,1.217...,1.262...,1.315...,1.379...,1.456...,1.552. ..,
1.669...,1.815...,1.119...,1.150...,1.180...,1.209...,1.240...,1.275...,1.315. ..,
1.362...,1.420...,1.491...,1.578...,1.687...,1.824...,1.213...,1.239...,1.263...,
1.288...,1.314...,1.344...,1.379...,1420...,1.470...,1.533...,1.610...,1.709...,
1.836...,1.326...,1.344...,1.363...,1.382...,1.404...,1.428...,1.456...,1491...,
1.533...,1.585...,1.652...,1.738...,1.850...,1.458...,1.469...,1.482...,1.49...,
1.512...,1.530...,1.552...,1.578...,1.610...,1.652...,1.705...,1.775...,1.870...,
1.612...,1.616...,1.623...,1.632...,1.642...,1.654...,1.669...,1.687...,1.709...,
1.738...,1.775...,1.826...,1.897...,1.790...,1.790...,1.793 ..., 1.797...,1.802. . .,

1.808...,1.815...,1.824...,1.836...,1.850...,1.870...,1.897...,1.937...)T,
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corresponding to the following starting point

169 times
—_——

xo= (1,1, D"

Table 5 presents the coefficient of convergence (COC), CPU time, residual errors, the values of 9,
and the differences in errors between successive iterations for Example (4.4), as computed using three
iterative methods.

Table 5. Numerical results for Example 4.4.

Cases I1F(x3)ll llxs = sl & ¥ CPU
timing

Case-1 7.5%x 107144 53 x 10714 4 5.0019 112.344
Case—II 7.9 x 10727 5.5%x1072% 3 6.0027 100.122
Case-III 2.2x 107160 1.2 x 10715 4 4.9586 355.113
CM; 1.3 x 1072 9.0 x 1072 4 5.9986 495.015
BM; 1.2 x 10729 8.2x 10724 3 6.0023 289.251
S Mg 1.7 x 107204 1.2 x 107293 4 5.9996 1203.60

Example 4.5. Finally, we consider an academic exercise involving algebraic and exponential
functions, which is given below:

F(X) = Z |x; - exp(-x»)]. 4.11)

i#j

From the expression (4.11), a large nonlinear system of order 175 X 175, (with n equal to 175)
is obtained which enables the demonstration of the applicability of the methods, namely Case—lI,
Case—lIl, and Case—lIll on large-scale systems of nonlinear equations. We choose the following
starting point

175 times
6 6 6 6\
X0=\7T7s 7T~ T~
7110’ 10" 10 10

for the desired solution

175 times

& =(0.5671...,0.5671...,0.5671...,---,0.5671...)".

Table 6 depicts the coefficient of convergence (COC), CPU time, residual errors, the values of 9, and
the differences in errors between successive iterations for Example (4.5), as computed using three
iterative methods.
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Table 6. Computational results of Example (4.5).

Cases IFCe3)l llxs = x3l| & 0 CPU
timing

Case-1 3.7%x 10727 1.4 x 10727 3 5.1032 485.153
Case-II 2.8 x 10759 1.0 x 1073 3 6.0800 674.066
Case-III 1.1x 10747 4.1 x 10749 3 6.0836 684.648
CMs 1.6 x 107434 5.9 x107%7 3 6.0000 586.542
BM;, 4.0 x 107481 1.5 x 107483 3 6.0000 463.841
S M 5.2 x 10748 1.9 x 10740 3 6.0000 899.972

5. Conclusions

Taylor series expansions have been widely used in the literature to establish the convergence order
of iterative methods [4—18]. However, such expansions require assumptions on high order derivatives
which are not on the methods and are costly or may not even exist. Here, the applicability of such
methods is limited to solve equations where the operator is sufficiently many times differentiable.
However, these methods may converge even if such high order derivatives do not exist. Moreover,
the Taylor series approach does not provide isolation of the solution or computable error distances.
That is why we introduce a Taylor series free technique where the convergence is established using the
operators on the method and in more general setting than the Euclidean space. Additionally, a priori
error distances are provided, which are computable as well as solution isolation results. The error
distances are controlled by the generalized continuity of F’. The same approach can we used on other
methods [1-15, 17, 18]. This is the focus of future research.
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