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STUDY OF FROZEN-TYPE NEWTON-LIKE METHOD
IN A BANACH SPACE WITH DYNAMICS

BUBYEHHSA METOAY HBIOTOHA 3AMOPOXKXEHOI'O THUITY
Y BAHAXOBOMY IIPOCTOPI 3 TUHAMIKOIO

The main objective of this work is investigation of positives and negatives of the three steps iterative frozen-type Newton-
like method for solving nonlinear equations in a Banach space. We perform a local convergence analysis by Taylor
expansion and semilocal convergence by recurrence relations technique under the conditions of Kantorovich theorem for
the Newton’s method. The convergence results are examined by comparing the proposed method with the Newton method
and the fourth order Jarratt method using some test functions. We discuss the corresponding conjugacy maps for quadratic
polynomials along with the extraneous fixed points. Additionally, the theoretical and numerical results are examined by
using the dynamical analysis of a selected test function. It not only confirms the theoretical and numerical results, but also
reveals some drawbacks of the frozen-type Newton-like method.

Mera 11i€i poO0TH — BUBUCHHS IUTIOCIB Ta MiHYCiB TPHKPOKOBOTO iTepamiiHoro Merony HeloToHa 3aMOPOXKEHOTO THITY JUIS
PO3B’sA3aHHS HETiHIHHKUX PIBHAHB y OaHaxXoBOMY mpocTopi. [IpoBeseHo aHaii3 JOKaIbHOI 301)KHOCTI 3a JOTIOMOTOI0 PS/IiB
Teiinopa Ta HamiBIOKaJIbHOI 301)KHOCTI 3a JOMOMOIOI0 PEeKypPEeHTHHUX CITIBBiIHOLIEHD 3a yMOB Teopemu KaHtopoBu4a [uis
Metony HerotoHa. OTpuMaHi pe3yasTatu 301KHOCTI EPeBipeHO NUIIXOM IOPIBHIHHS 3allPOIIOHOBAHOTO METOAY 3 METOIOM
Herotona ta MetofoM [lxapparra 4eTBepTOro HOPsAKY 3 BUKOPUCTAHHSM JISIKMX TeCTOBUX (yHKLill. OOroBopeHo Biamo-
BiJJHI CHpsDKEHI BiOOpaskeHHS U KBAJAPATHYHHUX IMOJIHOMIB, a TaKOX OAATKOBI HepyxoMi Toukd. Kpim Toro, orpumani
TEOPETUYHI Ta YUCIIOBI PE3yJBTaTH IEPEBIPCHO 3a JOMOMOIOK METOJIB JTUHAMIYHOTO aHaNi3y MEBHOI TECTOBOI (YHKIII.
TuM caMUM He TUIbKHU MiATBEPIKEHO TEOPETUYHI Ta YHCIIOBI PE3yJIbTaTH, ajle i BUSBICHO JIEsKi HEIONIKH 3aIlPOTIOHOBAHOTO
Metony Hpl0TOHa 3aMOpPOXKEHOTO THITY.

1. Introduction. Convergence analysis results are the central part of a paper related to the solution
of the nonlinear equations of the form

F(z) =0. (1)

Generally, three type of convergence analysis are used for the numerical solution of nonlinear equa-
tions. First one is local convergence analysis in which we start with the assumption of the existence
of the particular solution, around this solution, there exists a neighborhood starting with any vec-
tor in this neighborhood leads to a sequence which converges to the solutions under some suitable
conditions [13, 15]. Second one is global convergence analysis, it also start with the assumption
of existence of the solution but it does not requires any local neighborhood for any initial vector to
converge to the solution. Third and last is semilocal convergence analysis, it does not requires the
knowledge of the existence of a solution, rather than demands that some conditions around the initial
vector.

Newton method is commonly used and basic method for solving the nonlinear equation (1). It is
only of order two under some conditions [1—24]. It is defined as follows:

Tpi1 = Tn — F'(z,) ' F(z,), n=0,1,2,.... ()
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The semilocal convergence of Newton method in Banach spaces was established by Kantorovich [16],
where it was supposed that the second Fréchet derivative should be bounded in some domain. The
convergence of the sequence obtained by the iterative expression was derived from the convergence
of majorizing sequences. This technique has been used by many authors in order to establish the
order of convergence of the variants of Newton methods (see, for example, [7, 23]). In [11], Rall
introduced a different technique for the semilocal convergence of these methods, which is based on
recurrence relations. Parida and Gupta in [10], Madhu in [17], Ezquerro et al. in [8] and Chun et al.
in [6] have used this idea to prove the semilocal convergence for several Newton-like method of
different orders.

The earlier study of the multistep Newton-like methods for the solution of (1) in real space and
Banach space uses the higher order derivatives, while the Newton-like methods, e.g., the proposed
method (3) involves only the first-order derivative, hence, it limits the applications of the method (3):

Yn = Tp — F/(xn)_lF(xn);
Zn = Yn — F/(xn)_lF(yn)a 3)
Tn+1 :Zn_F/(-Tn)_lF(Zn), n=0,1,2,....

In this paper first we have performed the local convergence analysis of the method (3) around the local
root x*, which requires fourth-order Fréchet derivative of operator F. Then we analyze the semilocal
convergence analysis using the recurrence relations technique which requires only the first-order
Fréchet derivative. In this technique, we generate a sequence of positive real numbers that guarantees
the convergence of the iterative scheme in Banach spaces, providing a suitable convergence domain.
The main advantage of this technique is that we get a result of semilocal convergence under the
same conditions of Kantorovich theorem for Newton method, which has quadratic convergence. This
allows us to apply the fourth-order convergence method for solving nonlinear equations F(z) = 0
under the same conditions that assure us the convergence of Newton method. Moreover, the semilocal
convergence analysis by recurrence relations technique is important in other aspects, especially if F’
has no third order Fréchet derivative. As a motivational example, let us define function M on
X=Y=R,D=[-1,1] by

1
t5sing—|—t5—t4, if t#0,

M(t) =
0, if t=0.

Then we have t* ~ 0.5169 and

1 1
M'(t) = 5t sin - — t3 cos -+ 51 — 4¢3,
1" 3 o 1 2 1 1 3 2
M"(t) =20t smz—8t cos;—tsm;—i—%t — 12t

1 1 1 1 1
M"(t) = 60t* sin — — 36t cos — — 9sin -~ + ~ cos — + 60t> — 24t.
t t t 1 t
It is clear that M"’(t) is not bounded on D.
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Numerical results consist of the comparative study of the efficiency of the proposed scheme with
the Newton method and Jarratt method (see [9]) by using the classical efficiency index defined by
Ostrowski in [19]. In addition, we include the comparative study of the Newton method and Jarratt
method for the solutions of a nonlinear equation and a system of nonlinear equations. One important
aspect of this study is the discussion of the extraneous fixed points and the corresponding conjugacy
maps for quadratic polynomials as well as the comparative study of the dynamical analysis of the
proposed frozen-type Newton-like method along with fourth-order Jarratt method. The basins of
attraction reveal some other defects of these types of modified frozen-type Newton-like method.

2. Local convergence analysis.

Theorem 1. Let D be a convex subset of R" and F: D — R™ be a function such that

(1) it has simple zero x* € I,

(2) Jacobian matrix F'(x*) is non singular at the zero x*,

(3) F is a fourth-order Fréchet differential in the convex set D at some neighborhood S of the
zero x*.

Then the iterative method (3) has convergence of fourth-order to the zero x*.

Proof. Let z* € I be a simple zero of a function F, e, = x,, — 2* and

Ay = (};)F’(x*)_lF(k’)(aﬁ*).
Using Taylor expansion of F' around z* and taking into account F'(xz*) = 0, we get
F(x,) = F'(z%) [en + Agei + A3€§L + O(efg)], 4)
F'(z,,) = F'(z%)[1 + 2Ase,, + 3A3e2 + 4A4e3 + O(ep)]. (5)
Now from (4) and (5), we get
Fl(z,) ' F(2,) = €, — Asel + (243 — 243)e} + O(ep).
Since y, = =, — F'(z,) " F(z,), we obtain
Yn = % + Agel + (243 — 243) e} + (443 — TAs A3 + 3A4)epy + O(eD),
Fyn) = F'(2*) | Azel — 2(A3 — Ag)el + (543 — TA3 A3 + 3As)eh—
—2(6A% — 124345 + 342 + 5434, — 245) ¢l + O(eg)] .
Next
Zn = 2433 4+ (—9A3 + TAsA3)ed + (3045 — 44A2A3 + 642 + 1042A44)€5 4 O(en)S,
F(z,) = F'(2*)|2A43€3 4+ (—9A3 + TAzAz)ed +
+2(15A4% — 224345 + 342 + 5A0A4) €D + O(eg)} .
Hence, using the proposed method (3), we have
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o1 = 443l + (—26A% + 20A345) €l + O().
Therefore,
ens1 = AA3ed + (—26A44 + 2043 43) €l + O(ef). ©)

Equation (6) confirms that the proposed method (3) converges with fourth-order to the root of (1)
locally, if there exist a fourth-order Fréchet differentiable operator in an open convex domain D.

3. Recurrence relations. Let X, Y be Banach spaces and F': D C X — Y be a nonlinear
twice Fréchet differentiable operator in an open convex domain D. Now we study the semilocal
convergence analysis for the fourth-order method (3):

Yn = Tn — TnF(xn)a
Zn = Yn — TnF(yn)7 (7)
Tnt1 = 2n — T F(2n), n=0,1,2,...,

where 7, = [F'(x,)]"! for n € N. We assume that the inverse of F’ at zg, [F'(29)]"! = 79 €
€ L(Y, X) exists at some o € D, where L(Y, X) is the set of bounded linear operators from Y
into X. In the following we assume that yg, 29 € D and

D ol < 8,

2) |l F (o)l <,

3) |F'(z) = F'(y)ll < kllz — y
in order to obtain the recurrence relations which satisfy the steps that appear in the iterative pro-
cess (7). Notice that these are the classical Kantorovich conditions [16] for the semilocal convergence
of Newton method. Let us also denote by ag = 1k and define the sequence a, 1 = a, f(an)%g(an),
where

1
1@ = am T ®
g(@) = 5 + (@ + V() + Thia)” ©)
and
2 3
h(w):g+%+%. (10)

To study the convergence of x,, defined by (7) to a solution of F'(z) = 0 in a Banach space,
we have to prove that x,, is a Cauchy sequence. To do this, we need to analyze some properties of
sequence a,, and, previously, of the real functions described in (8)—(10), respectively.

Lemma 1. Let f(x), g(x) and h(x) be the real functions described in (8)—(10). Then:

1) f is increasing and f(x) > 1 for x € (0,0.6),

2) h and g are increasing for x € (0,0.6).

Lemma 2. Let f(x) and g(x) as before and ay € (0,b) for b = 0.2990377177778545. Then:

1) f(ao)*g(ao) <1,

2) f(ao)g(ao) <1,

3) the sequence ay, is decreasing and a, < b for n > 0.
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Proof. From the definition of functions f and g (i) follows trivially. From (i) and f(ap) > 1,
we obtain (ii). Now we prove (iii) by induction method for n > 0. Firstly, from (i) and the definition
of a;, we have a; < ag. Now, we suppose that ai < ai_1 for £ < n. Then

Anp41 = anf(an)2g(an) < an—lf(an)2g(an) < an—lf(an—1)2g(an—1) = Aap.

As f and g are increasing, f(x) > 1. Finally, for all n > 0, a,, < b, since a,, is a decreasing
sequence and ag < b.

Note that ag = b, is the value of the solution of equation f(ag)?g(ag) — 1 = 0. By using Taylor
expansion of F(yg) around xo, we get

1
20 — xo = Yo — o — T0F (Y0) = yo — xo — To/ (F'(z0 + t(yo — x0)) — F'(x0)) (o — x0) dt,
0

1
120 — @ol| < |lyo — ol + §K5Hy0 — z%.

- 1 . .
In a similar way, [|z0 — yo|| < §Hy0 — xp||. Now, by using Taylor expansion of F(zg) and (1), we

have
lz1 = oll = || = 7o (F(z0) + F(yo) + F(20)) |l =
= ||lyo — zo — To/(F'(a:) — F'(x0))dz — 1o /(F/(:E) — F'(x0))dz|| <

1 1
<Ilyo — ol| + §K5||y0 —z0* + iK/BHZO — 20| <

1
—a

ag 12
<(1+=2+=
_(+2+2a0+8

)1 =1+ han)n
Assuming that ag < 0.6 and applying assumptions (i) - (iii), we have
11 = 7oF (z1)l| < 7ol | F' (1) — F'(w0)|| <
< BK||z1 — zo| < BEn(1+ h(ag)) <
< ao(l+ h(ap)) < 1.
Next, by the Banach lemma, 7; exists and

1
Irul < i <
1—7’0KHZ’1 —:L'()H 1—a0(1+h(a0>)

70 = f(ao)[I7oll-

Note that we need ap < 0.6 in order to guaranty ag(1+h(ap)) < 1. We also note that K 7g||yo —
— x9|| < agp, so it can be deduced that z; is well defined and

1 = zol| < [I70ll [[F'(z0) + F(yo) + F(20)[| < (h(ao) + 1)[[7oF (xo)]- (11)

Again we assume that x,,, y,, 2z, € D and a,, < 0.6 for n > 1. Then the following estimations can
be proved by induction for n > 1:
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(In) M7l < flan—1)lITn-1l],
(L) [lyn = znll = I F (zn)[| < flan-1)9(an—1)[[yn-1 — zn-1;

(L) 20— gl < 5B (0))" o —

(AVn) Kll7all lyn — znll < an,

(Vo) Nlzn = 2zpall < (14 h(an—1)llyn—1 — Tn-1l|-
Let us consider n = 1. So, (I;) has been proved before.
(IT;) By using Taylor formula

xr1

Fa1) = Flyo) + ') — o) + [ (F/(@) — F'(yo))do =

Yo

1
/ /(w0 + Hyo — 70)) — F'(20)) (0 — o) dt — (F'(y0)—
0

—F'(20) + F'(20))70(F(y0) + F(20)) —

1
—70(F(y0) + F(20) / "(yo + t(z1 — yo)) — F'(yo)) dt.
0

On the other hand,

Hmﬂwum<$?

Then we have

1 h(a k
1P (@)l £ 5K + Kiihlao) + 152 + Eiphia ),

lyr = 21l = Im [ 1F () < [1f (ao)ll ol [F(z0)l] < f(ao)g(ao)llyo — zol-

(ITI;) It is clear that

21 =yl = Tl F ()]l <
1
< Bf(ao) / (F'(z1 4+ t(yr — 1)) — F'(21)) (y1 — 21) di|| <
0

< 58K f(ao)ll(yn — =1)]*.

N | =

(IV1) By using (1) and (I1;), we get

Kl flyr = =1l < K f(ao)ll7ol[f(a0)g(ao)llyo — zoll = ax.

(V1) Tt has been shown in (11) that
l21 — ol < (1 + h(ao))llyo — o[-
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By considering that the induction hypothesis of items (I,,) to (V,,) are true for a fixed n > 1,
it can be proved (I,,4+1) to (V,41) in a similar way. Note that condition a,, < 0.6, for n > 1, is
necessary for the existence of operators 7,, n > 1. The above recurrence relations for the proposed
method given in (3) allow us to establish a new semilocal convergence result for this method under
mild conditions.

4. Semilocal convergence analysis. From the Lemmas 1 and 2 and the recurrence relations
proved in the previous section, we are in position to prove the semilocal convergence result for
method (3) under mild conditions. In the previous results we have used different conditions for
parameter ag. In the following, we consider the most restrictive one in order to prove the semilocal
convergence.

Theorem 2. Let X and Y be Banach spaces and F: D C X — Y be a twice Fréchet diffe-
rentiable nonlinear operator in an open convex domain D. Let 1o = F'(x0)~! € B(Y, X) exists at
some xg € D and

() llroll < 5.

(i) [roF (x0)] <,

(i) [[F(z) = F'(y)|| < kllz — yll, @,y € D
are satisfied. Let ap = pnk, ag < 0.29903... and B(xzo,Rn) = {z € X : ||z — x9|]| < Rn} C D,
where R = 1ao + L(CLO)

2 1 — f(ao)g(ao)

(a) the solution x* and the iterates x,,, y, and z, belong to B(xg, Rn),

(b) the sequence {x,} generated by (7) is well defined furthermore with initial point xy con-
verges to a solution x* of operator F(x) = 0,

. Then the following conditions hold.:

(c) the solution x* of F(x) = 0 is unique and belong to B (aco, — Rn)NnD.

2
Kp

Proof. Firstly, let us recall that 7, exists for n > 1, since ag < 0.29903.... Moreover, we are
going to prove that y,, and z, belong to B(xg, Rn) C D. By recurrence relation (V,,), it is easy to

observe that

[0 = zoll < ll#n = 2p—1ll + 201 = Zn2l + ... + [l21 = 2o <

n—1

< (1+ h(ao)llgo — w0l S (F(a0)g(a))"

k=0

Hence

Hyn - $0|| < Hyn - ﬂan + ||xn - SUOH <

n—1

< (1+ h(a0)) (f(a0)g(a0))"llyo = oll + (14 Aao))llyo — zoll D (f(ao)g(ao))” <

k=0

1 — (f(ao)g(a))™™
1 — f(ao)g(ao)

Now, by applying recurrence relations (I,,) and (II,,), we have

< (1 + h(ap)) n < Rn.

0 = yll < 7 F ) < 5K (00)" g — 20l <
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<

ao((f(a0))*(9(a0))®)" lyo — ol-

N =

Therefore,

120 = oll < llzn = ynll + llyn — 2ol <

— (f(a0)g(ao))"*"
1 — f(ao)g(ao)

1—(fwwgmwy”*>n<}m_

<

190 — ol <

ao((F(@0))*(9(@0))?) " l1vo — ol + (1 + hao))-

DO =

1 — f(ao)g(ao)

In order to prove the convergence of the sequence x,,, let us state that

< (;ao + (1 + h(ao))

[Zn1 = @nll < (14 han))|[yn — znll <

< (14 h(an)) f(an—1)g(an-)lyn—1 — Tnal < ...

n—1

< (1+ h(an)) [H f(aj)g(aj)] o — ol (12)

J=0

by (V,,) and (II,,).
Then, from (12), we obtain

| Tnim — znl| < Hxn—l-m - wn—l-m—l” + | Tnym-1 — $n+m—2” + ”xn—&-l — | <

n+m—2 n+m—3
(1+han+m1 H fa] ( +han+m2 H fa]
n—1
+ (1 + h(an))n H flaz)g(a;),
7=0

m—1 [ n+l—-1
[Zntm — @nll < (1 + h(ao))n Z [ H f(aj)g(aj)] <

=0

m—1

< (14 h(ao))n Y (f(ao)glag)) ™"
l

I
=)

Since f and g are also increasing. Therefore, by applying the partial sum of a geometric sequence,
we have

— (f(a0)g(ao))™
1 — f(ao)g(ao)

Then we conclude that {z,} is a Cauchy sequence if f(ag)g(ag) < 1.

Ve — zall < (1 -+ hlao)) (f(ao)g(ac))" .
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In order to prove that z* is a solution of F'(z) = 0, we start with the bound of ||F’(z,,)||,
1F" (@n)Il < [1F"(zo) | + 1 (2n) — F'(0)l| <
< |F'(zo)ll + Kllzn — ol < [|F(w0)]| + K Rn, (13)
by applying hypothesis (ii) and Lemmas 1 and 2. Then, by (12), we get
1F @)l < 1F (@) ]| | F (zn)]| <
<N F (@)l < flan-1)g(an-1)llyn-1 — zn-1] <
n—1
< J1F () [H f(aj)g(aj)n] ,
j=0
and, as f and ¢ are increasing and a,, is decreasing,
IF (@) || < 1F" ()] (£ (a0)g(a0)) 0.

Since ||F’(2y,)| is bounded (see (13)) and (f(ao)g(ag))” tends to zero when n — oo, we conclude
that || F'(zy,)|| — 0. By continuity of F' in D, F(z*) = 0.

Let us observe that, if ag € (0,0.29903...), — Rn > 0. So, we are going to prove the

2
Kp
. . 2 . .
uniqueness of z* in B(azo, K—B — Rn) N D. Let us assume that y* is the another solution of

2
F(x)=0in B <x0, KB Rn) N D. Then, in order to prove that y* = x*, and taking into account

the Taylor expansion

1
0= F(y") - Fa*) = / Fl(a* 4ty — ) di(y" — 2°),
0

1
it is necessary to show that the operator P = / F'(x*+t(y* —x*)) dt is invertible. So, by applying
0

hypothesis (iii), we have

I = 7P| = [[7o(F"(z0) — P)|| =

1
— |l [ (P ot - 2) ) | <
0
1
§Kﬁ/H(az*+t(y*—x*))—ondtS

1
/ (1 = B)la* — zo| + tlly* — zol) dt <
0
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Table 1. Efficiency indices for Newton, Jarratt and proposed methods

m | Newton method (2) | Jarratt method (14) | Proposed method (3)
2 1.1220 1.1487 1.1487
3 1.0595 1.0682 1.0801
4 1.0353 1.0393 1.0508
5 1.0234 1.0255 1.0353
6 1.0166 1.0179 1.0260
7 1.0125 1.0133 1.0200
8 1.0097 1.0102 1.0159
< 1K5(R77+2—R77> =1
2 Kg

Therefore, by the Banach lemma, the integral operator P is invertible and, hence, y* = =*.

5. Numerical results. In this section, we consider the situation X = Y = R™ to study the
efficiency of iterative method (3). Notice that we have proved in Theorem 2 of previous section,
that the method (3) has a fourth-order of convergence. Nevertheless, it is not the only advantage
of the scheme: the number of evaluations of the nonlinear function F' and its associated Jacobian
matrix are also lower than the respective one of known methods. The most used tool to compare the
efficiency of different iterative methods is the efficiency index, defined by Ostrowski as EI = p'/?,
where p is the order of convergence and d is the total number of functional evaluations per iteration.
The efficiency index of proposed frozen-type Newton-like method (3) is EIPM = 41/(m*+3m) e
compare it in Table 1 with not only the index of classical Newton method, EIN = 2!/ (m2+m), but
also with fourth-order Jarratt method, E1J = 41/ (2m2+m), whose iterative expression is given by

Yn = Tp — 2/3F/(a:n)*lF(acn),
(14)
Tni1 = Tn — [6F (yn) — 2F ()] "' [BF (yn) + F' ()| F'(wn) " F (an),

where n =0,1,2,....

In Table 1, the efficiency indices for systems of size m < 8 can be observed. We remark that the
best efficiency index is the one of method (3). In a similar way, the same conclusion can be reached
for higher sizes of the system.

Examplel. Let X = R, D = (—1,1) and F: D — R be an operator defined by

F(z)=¢"—1 VxeD.
Then its Fréchet derivative ' (z) at any point 2 € D is given by
F'(z) = €”.
We have computed the numerical results with the help of MATLAB 2007 and the stopping criterion
used for the computation is |7,,+1 — 2*| + | f(zn+1)| < 10714, The initial approximation is 0.1 and
approximate solution is 0. The numerical solution of Example 1 by 2nd order Newton method (2),
4th order Jarratt method (14) and proposed frozen-type Newton-like method (3) are given in Table 2.

Numerical results in Table 2 reveals that the proposed method (3) is converging to the root 0 in much
better way in comparison to the other methods.
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Table 2. Comparison of the different methods for Example 1

Method N x f(z)
1 0.1000000 0.10517091807565
2 0.00483741803596 0.00484913723185
Newton method (2) 3 | 1.168146299657721e-005 | 1.168153122521609¢-005
4 | 6.822793885920731e-011 | 6.822786779991930e-011
5 | 7.106394304750309¢e-017 0.00000000
1 0.1000000 0.10517091807565
Jarratt method (14) 2 | 4.469864996595185e-006 | 4.469874986368083¢e-006
3 | 8.853103661407222e-017 0.00000000
1 0.1000000 0.10517091807565
Proposed method (3) | 2 | 4.270663384022157e-005 | 4.270754578139524e-005
3 | 5.636437603011429¢-017 0.00000000
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Example2. Let X = R, D = (—2,2) and F': D — R be an operator defined by
Fz)=2%-1 VzeD.
Then F' is Fréchet differentiable and its Fréchet derivative F /(az) at any point z € D is given by
F'(z) = 32°.

We have computed the numerical results with the help of MATLAB 2007 and the stopping criterion
used for the computation is |z,41 — 2*| + |f(2n41)] < 107, The initial approximation is —2.0
and the approximate solution is 1.0. The numerical solution of Example 2 by 2nd order Newton
method (2), 4th order Jarratt method (14) and proposed method (3) are given in Table 3. Numerical
results in Table 3 reveals that the proposed method (3) is converging to the root 1.0 in much better
way in comparison to the others starting with the point —2.0.

Example3. Let D = X =Y = R2. Consider an operator F': R? — R? defined by
F(z,y) = (-2* +1/3,—y* +1/3) V(z,y) € R*.

The starting vector is [0.1,0.1] and approximate solution is [0.57735,0.57735]. The numerical
solution of Example 3 by 2nd order Newton method (2), 4th order Jarratt method (14) and proposed
method (3) are shown in Table 4. Numerical results show that the proposed method (3) is converging
to the root much faster in comparison to the other method.

Example 4. Consider the boundary problem

" +3z2’ =0, x(0)=0,

Wetake tg =0 <1 <la<il3<...<tp_1 <tp,=2 ti41=ti+h, h=

x1 = x(t1), x2 = x(t2), x3 = x(t3),...,

. Here z¢g = z(ty) = 0,
1.

EIS

Tp—1 = x(tp—1) and z, = z(t,)
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Table 3. Comparison of the different methods for Example 2

Method N x f(zx)

1 —-2.0000000 -9.0000000

2 | -1.25000000000000 —2.95312500000000

3 | -0.62000000000000 -1.23832800000000

4 | 0.45381893860562 —0.90653525030627

5 | 1.92104897791877 6.08949519579644
Newton method (2) 6 | 1.37102304993910 1.57711779001700

7 | 1.09134823246687 0.29984045141206

8 | 1.00743271644716 0.02246429578528

9 | 1.00005470281893 | 1.641174341520113e-004

10 | 1.00000000299218 | 8.976540177840775e-009

11 1.0000000000 0.00000000

1 —-2.0000000 -9.0000000

2 | -0.53409090909091 —-1.15235108705860

3 | 3.58636394131284 45.12783567736838
Jarratt method (14) 4 | 1.60490771004722 3.13380694233384

5 | 1.02464061498428 0.07575828546674

6 | 1.00000023207008 | 6.962104164287553e-007

7 1.0000000000 0.00000000

1 —-2.0000000 -9.0000000

2 | —0.83625920116901 —1.58482068849867
Proposed method (3) 3 | 0.84307872254916 —0.40075504502418

4 | 0.84307872254916 0.01634336199084

5 | 1.00000000335886 | 1.007659089502511e-008

6 1.0000000000 0.00000000

We discretize the above problem by using the central difference schemes for the first and second

order derivatives, 1.e.,

y Tio1 — 2T + T

T, = % , t=1,2,3,...,n—1,
@zgi%%%i,i:LZ&”wn—L
mzfﬁ%;f# i=1,2,3,....n—1

Thus we get an (n — 1) x (n — 1) nonlinear system

4(ri—1 — 25 + 1) + 3h($?+1 —x} 1) =0,

i=1,2,3,....n—1.

(15)
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Table 4. Comparison of the different methods for Example 3

Method N z Yy flx,y) g(z,y)

1 | 0.1000000 | 0.1000000 0.323333 0.323333

2| 1.71667 | 1.71667 -2.61361 -2.61361

3 | 0.955421 | 0.955421 -0.579495 -0.579495
Newton method (2) 4 | 0.652154 | 0.652154 -0.091971 -0.091971

51 058164 | 0.58164 -0.00497212 -0.00497212

6 | 0.577366 | 0.577366 | —0.000018269 —0.000018269

7 | 057735 | 0.57735 | —2.50303 x 10719 | —2.50303 x 1010

8 | 0.57735 | 0.57735 0.00000000 0.00000000

1 | 0.1000000 | 0.1000000 0.323333 0.323333

2 | 0955421 | 0.955421 -0.579495 -0.579495
Jarratt method (14) | 3 | 0.58164 | 0.58164 -0.00497212 -0.00497212

4 | 057735 | 0.57735 | —2.50303x10~10 | —2.50303 x 10~1°

51 057735 | 0.57735 0.00000000 0.00000000

1 | 0.1000000 | 0.1000000 0.323333 0.323333
Proposed method (3) 2 | 0.348886 | 0.348886 0.211612 0.211612

3 | 0.577366 | 0.577366 -0.000018269 ~0.000018269

4 | 0.57735 | 0.57735 0.00000000 0.00000000

Table 5. Solution of Example 4 by proposed method

N T T2

1 0.7642513878376436 0.9813462685344896

2 0.7321437776456221 0.9820633448941537

3 0.7321436796857499 0.9820632479169275

N f(x1,22) g(w1,72)

1 -0.2625450310300572 0.038075035451129

2 | —1.481897515809294x10~% | —6.708611455241709x10~7
3 | —2.220446049250313x 1016 0.000000

Next, we solve the above problem for n = 3 by the proposed method using the initial approximations
xo = [0.1,0.1]. The solution of the problem is shown in Table 5 with x = [x1,23] and F =
= [f, g]. We use the numerical iterations up to 3 and solution comes out to be [0.7321436796857499,
0.9820632479169275).

6. Corresponding conjugacy maps for quadratic polynomials. In this section, we have
discussed the rational map R(z) arising from various methods applied to a generic polynomial with
simple roots.
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Theorem 3 (Newton method). For a rational map R(z) arising from Newton method applied

to P(z) = (z —a)(z —b), a # b, R(z) is conjugate via the Mobius transformation given by
M(z)=(z—a)/(z—D) to

S(2) = MoRoM~1(z) = M(R(Zb - a>)

z—1
S(z) = 22

Theorem 4 (Jarratt method [9]). For a rational map R(z) arising from Jarratt method (14)
applied to P(z) = (z —a)(z —b), a # b, R(z) is conjugate via the Mobius transformation given by
M(z) =(z—a)/(z—D0) to

S(z) = 2*M(2),

where M (z) = 1.

Theorem 5 (proposed Newton-like method). For a rational map R(z) arising from proposed
Newton-like method (3) applied to P(z) = (z —a)(z —b), a # b, R(z) is conjugate via the Mobius
transformation given by M(z) = (z — a)/(z — b) to

S(z) = z*M(2),

where M(z) = (4 + 14z + 1422 + 623 + 24) /(1 + 62 + 1422 + 1423 + 42%).

Theorem 6 (Newton-like method). For a rational map R(z) arising from any Newton-like
method of order p applied to P(z) = (z —a)(z — b), a # b, R(z) is conjugate via the Mobius
transformation given by M(z) = (z —a)/(z — b) to

S(z) = 2PM(z),

where M (z) is either unity or a rational function and p is the order of the Newton-like method.

7. Extraneous fixed points. The Newton-like iterative methods discussed in earlier sections can
be written in the fixed-point iteration form as

f/(xny

Clearly, the root * of f(x) = 0 is a fixed point of the method. However, the points £ # z* at
which Ef(£) = 0 are also fixed points of the method as, with E¢(§) = 0, second term on right-hand
side of (15) vanishes. These points are called extraneous fixed points (see [24]). In this section,
we have discussed the extraneous fixed points of some Newton-like method for the polynomial

23— 1.
f'(zn)

Tnt1 = Tn — Ep(zp) =0,1,2,....

Theorem 7. Newton method given by x,11 = xn — ,n=20,1,2,..., has no extraneous

fixed points.
Proof. For Newton method, we have E¢(x,) = 1. Hence, it has no extraneous fixed point.
Theorem 8. Jarratt method [9] given by equation (14) has 6 extraneous fixed points.
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Proof. For Jarratt method (14), Ef(z,,) given by the equation (1 + 723 + 1925)/(2 + 1423 +
+ 112%). In this equation numerator is of degree 6 and hence, Jarratt method has 6 extraneous fixed
points

z = —0.5983578868038158646404450602561 — 0.12932136746874947783068606644557,
z = —0.5983578868038158646404450602561 + 0.12932136746874947783068606644557,
z = 0.1871833539218283973810430511561 + 0.58285381426125280603316428367713,
z = 0.1871833539218283973810430511561 — 0.5828538142612528060331642836771¢,
z = 0.4111745328819874672594020091000 — 0.4535324467925033282024782172316¢,

z = 0.4111745328819874672594020091000 + 0.4535324467925033282024782172316%.

These fixed points are repelling (the magnitude of the derivative at these points are greater than 1).

Theorem 9. There are 27 extraneous fixed points for the proposed frozen-type Newton-like
method (3).
Proof. For the proposed Newton-like method (3) we have Ef(x,) given by the equation

—(1/(15943232%0))(—1 — 1823 + 1825 + 14342% + 900212
—383762%° — 2149521 + 8724622 4 56186122* 4 10027542°7).

In this equation numerator is of degree 27 and hence, proposed Newton-like method (3) has 27
extraneous fixed points:

z = —0.817521886913956291382533799779,

z = —0.709816021821800370519780121431 — 0.30397387682908948767515309867 37,
z = —0.709816021821800370519780121431 + 0.30397387682908948767515309867 317,
z = —0.48909766002136655288123896330,

z = —0.45537054547975304662985690711 — 0.01694655852238461177201778938%,

z = —0.45537054547975304662985690711 + 0.01694655852238461177201778938%,

z = —0.327728143334710450688745469971 — 0.567641795325934006419800381417%,
z = —0.327728143334710450688745469971 + 0.5676417953259340064198003814177,
z = —0.316119935047690763754218947392 — 0.45603702477472012507611694804 31,
z = —0.316119935047690763754218947392 + 0.45603702477472012507611694804 31,
z = —0.236879680997335665242581064393 — 0.501786406781346974501530338165%,

z = —0.236879680997335665242581064393 + 0.501786406781346974501530338165%,
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z = 0.091658911490066742981618441188 — 0.7667056453254333235116209272401,
z = 0.091658911490066742981618441188 + 0.766705645325433323511620927240¢,
z = 0.21300912255277176994946657842 — 0.40283573978183552090630445168s,
z = 0.21300912255277176994946657842 + 0.402835739781835520906304451684,
z = 0.24236142292698127668039032869 — 0.385889181259450909134286662291,
z = 0.24236142292698127668039032869 + 0.385889181259450909134286662291,

z = 0.24454883001068327644061948165 — 0.423570998510028064132160109877,

z = 0.24454883001068327644061948165 + 0.4235709985100280641321601098773,

z = 0.408760943456978145691266899889 — 0.7079947222172751862394536604641,
z = 0.408760943456978145691266899889 + 0.7079947222172751862394536604641,
z = 0.552999616045026428996800011785 — 0.045749382006626849425413390123¢,
z = 0.552999616045026428996800011785 + 0.045749382006626849425413390123¢,
z = 0.618157110331733627538161680243 — 0.4627317684963438358364678285671,
z = 0.618157110331733627538161680243 + 0.4627317684963438358364678285671,
z = 0.655456286669420901377490939942.

These fixed points are repelling (the magnitude of the derivative at these points are greater than 1).

Remark. Similarly we may calculate the extraneous fixed points for other Newton-like method.
These fixed points are repelling (the derivative at these points has its magnitude > 1). These fixed
points can be seen in the basin of attractions plot for Example 2 (2% — 1), Fig. 2 (see dynamics of
methods in Subsection 8.2).

8. Dynamics of methods. In numerical and theoretical sections, we have seen the advantages
of the fourth-order frozen-type Newton-like method. Now we have disclosed some defects of the
fourth order frozen-type Newton-like method by the study of the dynamical analysis of the functions
F(z) = (¢ —1) and 23 — 1. For these purpose we have plotted the basins of attraction of above two
examples by using different iterative methods. The dynamics of the function by iterative methods
usually help us to study the important information about the convergence, divergence and stability of
the methods. The basic definitions and dynamical concepts of function can be found in [1, 4].

8.1. For Example 1. We have taken a square R x R = [-5.0,5.0] x [—5.0,5.0] of 500 x
x 500 points to study the dynamics of function F'(z) = (e* — 1). If with every starting point zy in
the above squares numerical iterative methods generate a sequence that converges to a zero z* of the
function with a tolerance —|F(2,)| < 5 x 1072 and a maximum of 21 iterations, then we say that
zo will lie in the basin of attraction of this zero and we assign a fixed color to this point zg, i.e., 2
would be the part of the basin if both the above criterion are satisfied. We have described the basins
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Fig. 1. Basin of attraction for ¢® — 1 by Newton method (a), Jarratt method (b) and proposed method (c).

70077100 200 300 400 500 600 700 0T 100 200 300 400

(@) ®) (©

Fig. 2. Basin of attraction for f» = 2 — 1 by Newton 2nd order method (a), Jarratt 4th order method (b), proposed
4th order method (c).

of attraction for 2nd order Newton method (2), 4th order Jarratt method (14) and 4th order proposed
frozen-type Newton-like method (3) for finding complex roots of above mentioned function in Fig. 1.

1. The basins of attraction for all the iterative methods contains fractal Julia set and basin of
Newton method looks almost similar to that of proposed method.

2. The Fatou set with basins of attraction of the Jarratt method is larger in comparison to the
other methods shown in blue color.

3. Again the Fatou set with bigger orbits of proposed method in comparison to the other is
showing the faster convergence of the proposed method to the roots.

4. Julia set with blue color shows the chaotic behavior and instability in the case of Newton
method and proposed frozen-type Newton-like method.

8.2. For Example 2. We have also considered Example 2 for the illustrations of the dynamics of
the iterative methods under the same previous conditions. We have plotted the fractal patterns graph
of the Example 2 (F(z) = 23 — 1) for the different iterative methods with a fixed different color to
each root of the basins of attraction.

Following points may be concluded by the study of the basins of attraction for 2nd order Newton
method (2), 4th order Jarratt method (14) and 4th order proposed frozen-type Newton-like method (3)
in Fig. 2.
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Fig. 3. Dynamics of the proposed method with 03 (a), 06 (b), 09 (c), 15 (d), and 21 (e) iterations for fo = 23 — 1.

1. We can see the extraneous fixed points for the Newton-like methods in the basins of attraction
plot of Example 2 (2> — 1) (see Fig. 2). These fixed points are repelling (the derivative at these
points has its magnitude > 1). Clearly there is no extraneous fixed point for Newton method. Again
there are 6 extraneous fixed points for Jarratt 4th order method and 27 extraneous fixed points for
proposed 4th order frozen-type Newton-like method.

2. The basins in the 4th order proposed frozen method contains a lot of black area with black
points which shows some defects of the method.

8.3. Effect of stop criterion on the dynamics of the proposed method. To study the effect of the
stopping criterion such that the tolerance |F(z,)| < 5 x 1072 and maximum number of iterations,
we have potted the fractal patterns graph for the proposed method with a fixed value of tolerance,
e.g., |F(zn)| < 5 x 1072 and variable value of iterations in the Fig. 3. We can observe from this
figure the following.

1. In the proposed method with only three iterations, very few number of starting points are
fulfilling the tolerance and hence the Fatou set with the basin having the colored region is very small
and the Juia set with non converging area having the black region is very large (Fig. 3(a)).

2. As the number of iterations increases Fatou set with the basin get increases and the Juia set
with non converging area decreases.

3. It happen because of the fact that with increasing number of iterations large number of starting
points pass the stopping criterion and become the part of the basin.
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4. Thus we conclude that the tolerance —|F(z,)| < 5 x 1072 and number of iterations both are
affecting the dynamics of the proposed method.

9. Compliance with ethical standards. Author M. K. Singh declares that he has no conflict
of interest. This article does not contain any studies with animals performed by any of the authors.
This article does not contain any studies with human participants or animals performed by any of the
authors.

10. Conclusion. We have discussed a three-steps 4th order frozen-type Newton-like method
for solving nonlinear equation in Banach space. We have performed the local and semilocal conver-
gence analysis for the method. Local convergence analysis demand the fourth-order differentiability
while the semilocal convergence analysis need only the second-order derivative using the recurrence
relations technique under the same conditions of Kantorovich theorem for Newton method. We have
studied about the extraneous fixed points and they are repulsive. Theoretical results are checked by
the numerical examples and numerical results are examined with the basins for some selected exam-
ples. Theoretical and numerical results show about the faster convergence and ease of not calculating
the inverse of the Jacobian of the proposed method at each step, but dynamical analysis divulge some
internal hidden defects of frozen-type Newton-like method.
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