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1 Introduction

It is well-known that finding exact solutions of nonlinear equations F'(x) = 0 is a common
problem appearing in science and engineering. This problem is difficult and we then
usually use iterative methods to approximate the solutions of F(x) = 0. Let F': D C
R™ — R™ be a nonlinear function F(z) = (Fi(x), Fa(x),..., Fy(z)) with F; : D C
R™ R, i=1,2,...,m, x = (x1,T2,...,%,) and D a nonempty open convex domain in
R™. We usually apply iterative methods of the form

Tpi1 = P(z,), n >0, (1)

starting with a given initial approximation xy of the root «, where ® is a function defined
on a closed subset €2 of R™ that maps € into itself.

The choice of a method for solving F'(z) = 0 usually depends on its efficiency, which
links the speed of convergence (order of convergence) of the method to its computational
cost. Two classic measurements of the efficiency, in the sense defined by Traub [14] and
Ostrowski [11], are the efficiency index (ET) and the computational efficiency (C'E), which
are respectively defined by

EI = p'e and CE = p'/?, (2)

where p is the local order of convergence of the method, a represents the number of the
evaluations of functions necessary to apply the method and p is the number of operations
(products and quotients) that are needed to compute each iteration of the method.

For one-point iterative methods without memory, it is known that the order of conver-
gence p is a natural number and the methods depend explicitly of the first p—1 derivatives
of the function involved in the equation. On the other hand, the computational cost in-
creases as it is necessary to calculate the successive derivatives of the function involved in
the algorithm of a method.

In this paper, we are interested in numerical methods that avoid the expensive com-
putation of the derivatives of the function F' at each step. We propose an efficient k-step
Newton-type iterative method. The main advantage of this method is that it does not
need to evaluate any high order Fréchet derivative, having the same matrix in each k-step,
in particular only one LU decomposition is required in each iteration. This type of method
appears in many applications where the authors heuristically choose a given number of
steps with frozen derivatives (see for instance this incomplete list of Refs. [5, 6, 7, 9, 10].
We study the order, the efficiency and the dynamics in order to motivate the proposed
family in sections 2 and 3. In section 4, we prove, using recurrence relations, a semilocal
convergence result and include a numerical application related to nonlinear conservative
systems.



2 Motivation

Clearly, we can improve (2) by increasing the local order of convergence with a minimum
computational cost. Following this idea, a well-known result that improves the efficiency
index and adapted to R™ states [14]:

Theorem 1 If under suitable conditions, iterative method (1) has order of convergence
p, then the iterative method defined by

ro € D,
Yn = (), (3)
Znr = Yo — [F'(@)] 7 F(ya),

has order of convergence at least p+ 1. O

Notice that using an additional evaluation of the vectorial function F' in (3), the order
of convergence of (1) has been increased in one unity.

In the previous theorem, there is a particular situation in which the order of conver-
gence increases two units. We present this situation in the following result.

Theorem 2 Let us suppose that the errors in sequences x, and y, are respectively
en =T —a and &, = Yy, —a = Bje, + Bye? + O(e3), where By, By, € £ (R™). If By =2
is a constant linear operator, then the local order of convergence of the iterative method
defined in (3) is at least 3. More precisely, if I = [F'(a)]™" ezists in a neighborhood of «,
then

Ent1 = —2 (Ag + A2B2) ei + O(Gi),

where A; = F% e ZR™),i=1,2.
Proof: We consider the Taylor’s development of F(z,) around the solution a:
F(z,) =T e, + Age? + Ased] + O(el)
where A; = Fw € Z(R™),i=1,2...s0 we have:
F'(z,) = D7 + 245e, + 343€2] + O(e2),

By assuming ¢é,, = y,, —a = Bie, + Bye? + Bze3 +O(el) we have the following Taylor’s
series:
F(y,) =T Bie, + (BiAs + By) e} + (Bi A3 + 2B1As By + Bs) €3] + Ole),)

1

and the corresponding development for the inverse operator [F'(z,)]”' over F(z,) give

us:

[F’(:pn)]_lF(yn) = Bie, + (—2A2B1 + A2Bf + B2) 631
+ ((414% - 3143) Bl + AgB% + 2A2B132 — 2142 (AQB% + Bg) + Bg) 62 + O(ei),
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then,

ent1 = Yn — [F'(20)] " Fyn) = —A2 (=2 + B1) Bae;,
+ (243 (=2 + By) Bi — A3By (=3 + B}) — 245 (=1 + By) By) €3 + O(el),

so, if By = 2 the error equation is of third order:

eny1 = —2(As+ Ay By) €2 + O(el).
If we consider the iterative process:

Xo € D, (4)
Tps1 = Tp + TnF(2,),n >0,

then, it is easy to obtain that e, ; = 2e, + O(e2). So, applying the previous theorem it
follows that the iterative process:

o € D,
Yn = Tp + T F(24), (5)
Tpt+1 = Yn — FnF(yn): n =0,

has order of convergence three. In [2], the authors prove that this iterative process (5)
seems to have simpler dynamics that if we consider the different modifications shown by
means of Newton’s method [3]. This fact tells us that, from a numerical point of view,
the implementation of this iterative process (5) is more favourable than if we consider
"k-step Newton’s method with frozen derivative”, given by Traub’s method [14]. So, we
consider (5) as the source of our study. Now, If we apply many steps frozen the derivative,
applying theorem 1 we obtain that the iterative process given by

( LU()ED,

o) = a9 4 1, P,
xff) = x%l) — FnF(a:S)),

287D 0D p(phy
o) = g FnF(a:%kfl)), n =0,

\

where T, = F'(z,)7}, x, = 29 and Tpil = 2

k> 2.

In each iteration , we only need to compute a LU decomposition since the matrix in
the k-steps is the same. Moreover, the method only use first order derivatives.

Our aim is, first of all, to analyze the competitiveness of the method in function of
k by performing a study of the efficiency and their dynamics. Finally, we establish the
conditions for completing a result of semilocal convergence that is particularly interesting
for the fact of dealing with a k-steps iterative method.

, has order of convergence k + 1, with
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3 Efficiency analysis and dynamics

In order to compare different methods, we use the efficiency index and the computational
efficiency, (2). Notice that in the proposed multi-step method, (6), we only perform a new
function evaluation in each step, so the value of ET in function of k, the steps preformed,
and n, the size problem, is:

1
EI(k,m) = (k+1)m*+km
The computational efficiency is given by the number of products and quotients that

we need for solving k linear systems with the same matrix of coefficient, by using LU
factorization, so we have:

m3 + 3km? +m
EC(k,n) = (k+1) 3

where n is the size of each system.
We compare different methods by taking values for k& from 2 to 7 and also Newton’s
method and considering problems of different sizes, m from 2 to 26.
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Figure 1: Efficiency index for K =2:7 and 2 < m < 26

In figure 1 we observe that the method defined by (6) has always better efficiency index
than Newton’s method. Specifically for small values of m the most efficient methods are
the corresponding to order four but as the system size grows clearly can be noted that the
method performs better the more steps it does, although we note that the largest increase
for the efficiency occurs for methods of third and fourth order of convergence.
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Figure 2: Computational efficiency for kK =2:7 and 2 < m < 34

In figure 2 we show the computational efficiency. As can be observed in the graphics
only for problems of size m = 2 Newton’s method has better efficiency than the multi-
step methods. However, for medium size problems 3 < m < 6 the best computational
efficiency correspond to the two steps method, that is of order three. But it is very
interesting to point out that for large problems methods with 4, 5 and 6 steps are the
most efficient.

3.1 Some dynamical pictures

We plot the attraction basins that the methods generate when they are applied to extract
radicals. The attraction basins clarify the structures of the universal Julia sets associ-
ated with the corresponding iterative methods.This allows us to observe graphically the
dynamical behavior of the rational maps.

We apply the k-step methods with different orders of convergence: 3, 4, 5, 6 and 7,
to obtain the three roots of the polynomial p(z) = 2* — 1, and we paint their attraction
basins. We consider a square containing the roots and we choose these points as initial
guesses. In all the cases, we use a tolerance 10™* and a maximum of 80 iterations. We
assign a color to each attraction basin of the roots. If we do not obtain the desired
tolerance with the fixed iterations, we do not continue and we decide that the iterative
method starting at each initial guess does not converge to any root and assign black
color to those points. As we observe in the following figures, the iterative functions have
three forward invariant Fatou components which are super-attracting where the iterates
converge to the corresponding roots. In the next section we present conditions to ensure
convergence, in particular we find some balls included in the Fatou components.



Figure 3: Julia and Fatou components for orders 3, 4 and 5.



Figure 4: Julia and Fatou components for orders 6 and 7.

4 Semilocal convergence

Let us assume that Ty = F’(z0)~" exists for some 2y € D and the following conditions
are satisfied:

(C1) Tl < B and |[ToF (zo)]| <
(C)  [[F'(z) = F'(y)|l < Kl =y, =,y € D.

Taking into account these previous conditions we obtain the following result:
Lemma 3 Suppose that there exits R, with R € R, such as B(xg, Rn) C Q and
BK Rn < 1, then for each x,, € B(xg, Rn), Ty, = F'(z,)" exits and

s
T < ————-
1—BKRn
Proof:
In order to get the existence of I',, we write:
11 = Lol (wn)|| < IToll[lF” (o) — F'(xn)|| < BK Ry <1,

so, by Banach’s lemma [8], the result is satisfied.

Notice that, if we denote 8 = 1—5‘;—’(&77 obviously Br > 8.



4.1 Recurrence relations
We will first analyze the case n = 0 for different values of j. From now, we denote 7y = 7.
In first place, for j = 1, we have
25" = ol < Lo F (zo)| <m0 < R, (7)
if 1 < R. So, 2" € B(xo, Rn).

Now by considering the following Taylor expansion
(1)
0

F(z{") = F(xo) + F'(x0)(zl" — z) + / ' [F'(2) — F'(z)]dz

o

we get

To[F () — Fay)] = (I - /0 Lol (20 + (2 — 20)) — F'(0)]dr (2 — z0).

Then, for j = 2, by taking norms in the previous expression, using (C3) and denoting
ao = BrKny one has:

2 1 1 1 1
lo” = woll = [To[F(2”) = Fa)]]| < (1+ [Toll 5Kl = oll) 5" — ol

Qa
< (1+5)m < Ry,

if (14 %) < R. So, ;1:(()2) € B(xo, Rn). Moreover, it follows
2 1 2 1 aop
lo? = 26" = lla” = woll + o — 23]l < 2+ ).

Now, for bounding F' (mé2)) we consider the following Taylor’s development:
@)
2 1 1 2 1 o 1
Flay’) = Faog)) + F'(ag)) (@ —23”) + / L [F'() = F(ag))dz
Lo

= Fay”) + [F'(ag” = F'(eo)l (o = 20”) + F'(wo) (a5 — g
/0 [F(ag” + 7o = ") = F ()l (e = g”),

= [F'(«§") = F'(wo)) (2§ — 2) + / (F'(zl + (@) —2l) — F(a)dr (@l - 2"),

where we have used that F(:L‘él)) —I—F’(:po)(m(()2) —x(()l)) = 0. Now, we have the corresponding
bounds:

K
2 1 2 1
IF @) < Kl = aollleg” — 2| + S 1l — 2”1

1 2 2 1
= K(lal? ~ ol + 3 lle8? o} ||>||x< )|

Q
< K(Ry+ (L+ D)o — 2| = (R+ 1+ D) Kmollaf” — ("], (8)



then, for j = 3, by denoting My = ag(R+ 1 + %), we obtain

Qo (1 a
lg” = 26”1l < Tl E @G < (R+1+ Paollay” — gl = Mol — (|
3 3 2 2 2 1 ag
leg” = woll < Il —a” | + Il — o]l < Mylleg?” — | + (1 + F)mo

< (Mo(2 + 2)+1+ 2)770<Rn,

if M0(2+ 5 2 +1+ E < R. In this case, z3) € B(xo, Rn).
Now, with a similar reasoning that in (8) and if M, < 1, we have
1
3 2 3 2 3 2
IF @) < K(lleg? = woll + 5 lleg” — 25" Dll” — 6|
1 ag

2 2
then for j = 4, it holds

Oyl — 2@ < (R+1+ ) Knollal® — 22|l, (9)

4

3 2
128 — 2P| < NI PP < (R+ 1+ D)aglal® — 2| = My||zl) — 22

4
1
< M2||2§? — 2§ < 28 — 2

and

4 4 3 3 2 1 3
8" — ol < |28 — 2| + 128 = @0l < M2l — 2| + 2§ — o]
a
< MF(2+ 2)77+(M0(2+ 2)+1+ 2))77
< (Mo + MZ)(2 + 2)+1+ 2]77<Rn,

f(M0+M2)(2+ )+1+—<R So, zi € B(xo, Rn).

2 2

This previous study leads us to state an inductive procedure and then we can obtain
the following result.

Lemma 4 The following conditions are verified for 3 < j <k
: ; i—1 i—21 (2 1 1
i) Nl =g VN < M2l — | < Jlaf - )|

i) e — || < [(Mo+ M2+ ...+ MI)(2+ ) + 1+ Ly < R,

2 2

iii) ||F(xg >H<K<R+1+4>Hx — i,

if (Mo+M2+ ...+ M2+ 2y 114+ L <R

2 2
10



O

Noxzv) we a(m)alyze the method for n = 1. By remembering the notation we have that
0 k

r1 =z =y and then, by the precedent results, we have already established that:
0 k—1 k—1 k—2
ot = f ) < Mollef™ — a7 (10)

1230 — ol < [(Mo + M2 + ...+ M*2) 2+ 22) + 14 Dy < Ry,

2) 2

Then, if (Mo + Mg + ...+ M"2)(2+ %) + 1+ % < R, it follows that z; € B(zo, Rn).
To continue, for j = 1, we consider

(0)
Zy
P = PG+ Pl )6 =l [ 106 - Pl

=ﬂﬁ”5+wuﬁ%—F@M@P—ﬁ“h+p@mwtm$%
1

+/ [F’(x(()k—l) + 7—(1750) _ {L'[()k_l))) F/( )]dT( . Qf[()k 1))
0

= [F' (@) = Fl(ao)] (2l — i)

1
k-1 0 1 k—1 0 k—1
+/Wwé>mm9—%M—F% Ndr (" —z§),
0

then, by taking norms and using (C5), we have

k
k—1) 0 k—1
IF@) < Kllag™" = zolllla” — 2™ + 5[l — 5|1
k—1 0 k—1 0 k—1
< Kl — ol + gl — O Plat? — 28]

k
< (R4 14 2Kyl — 2V, (11)

4

and consequently by denoting 7, = MF~1(2 + % )no one has:

1 0 k—1
laf? = 2| < D) < BrKmo(R+1+ )2 =)
0 (k—1 —
= Moo — " V|| < Mg ag? — g
_ a
< My 2+ o = m < Bip, (12)

11



and also can be written:

1 0 0
) — zof| < 2 — 2| + 12 — ]

(ZM) )1+ 2 2

[ig)ees

if (Zk 1MJ> (2+9) +1+% < R. So, we obtain: a1 € Bz, Rn).

< M§~ 1(2+ )10 + o

Mo < Rna

Following the previous process, we have

Faf!) = Plon) + P = o))+ [ 1) - P

then, we get
Dy[F(afV) — F(21)] = (I - / Ty[F' (21 + 7(2{" — 21)) = F'(1)]dr) (2l — 1),

So, for j = 2, by noting that xgo)

expression, we obtain

= x1, applying (C3) and taking norms in the previous

2 1 1 1 1
|z — 2| = |0 [F) — Fa)]] < 1+ ||F1||§K||I§ D |
~ 1 a
<1 +BR§K771)771 =(1+ ?1)7717

denoting a; = Brkny, and from (12) we also get

2 1 2 0 1 0 ay ai
ot =iVl < flaf? = o+ 2 = oV < (L m < 2+ 5 )m.

On the other hand, from (10) we have

|2t? — ol = |Jat? — 2 + |21 — a0

(1+ )m + (ZM]> +1+2 no < R,

(13)

12



i (14 5 + | (242 MJ) (24 %)+ 1+ %| 5 < R. Then, 2 € B(xo, Rn).

Now, bounding F(x(() ), we have
k
2 1 2 1 2 1
IF@)) < Kllat? = afllaf? = ai7 ) + 2t — 27|
1 1 2 1 2 1
SKmd>—mH+4u9—memP—x9H

< Km(R+1+° )H =], (14)

then, for j = 3, by writing M; = a;(R + 1+ %) it follows:
ot — "]

2§ — 2 || = [ITy[F(af >u<mm+1+4 —
a
< Myflaf? — oVl < M2+ Fm < 2+ FIm
so, we have
|28 — @ol| = 25 — 2P| + |28 — o]
aq
< M,;(2 1 M 1 <R
< 1(+2)m+(+ )+ (Z ) ++2no ,

if My(2+ Dyny + (1+ D)y, + [(Z’“ 2MJ) (24 9%)+1+ “—20] mo < R. Then, ¥ €
B(x()? Rn)
Then, we can establish the following result by means an inductive procedure.

Lemma 5 The following conditions are verified for 3 < j <k:

, j i—1 2 (2 2 1
i) 2t =2V < M7y — ) < e - o)
- (4) i l
it) ||y —$0||§[<ZM) +1+ m + (ZM) +1+2 o
iii) ||F(«f >H<me+1+4Mx :#1w
O
As a consequence of these previous lemmas, we define the following scalar sequences:
= /BRKT/na n > 07
anan(3+1+%), n>0, (15)
M Mk 1(2 + an2—1 )nn—la n Z ]-7

13



in order to set the recurrence relations for the sequences {:ng )}, defined from the iterative
process (6).

Lemma 6 Then following conditions are verified for n € N:
(i) |l — 2N <y

(it) o =D < 2+

and for 3 < j < k

(iii) |z | < M2l — 2| < 2P — 2|

(w) |z —x0\|<[<z ) )+1+2 ’7"+i (iMj>(2+2)+1+2

(v) [IF@D)] < Kna(R )l — 2070

4

Moreover, 2 € B(zo, Rn), for 1 < j <k and n € N, if the following conditions are
verified:

a) {an}, {M,}and {n,} are decreasing scalar sequences,
b) MFL2+ %) <1,
My — M§ 1
c) —(2+ )+1+ a— < R.
_ _ 0
1 — My 2 201 - M} 2+5)
Proof: For obtaining these conditions we follow an induction process, so from previous
reasonings we assume that the results are true for n — 1.

In order to prove (i), let us remember that ) = xfl )1, then by the construction of
the method (6) we have:

& — @) <||T,, ||||F<x’“1>||<5RKnn (R+1+ "4 Jz® | =z
= M, |2, — 29| < MEY2? - i’lu
< MEY 2+ a"2 1)77n_1 ="y,

so the result holds for n. Now from second step and following the induction we have;
1
23 = 2P| = |TalF(2})) = Flza)]ll < (1+ IIFnII§KIIiE§f) — @) [J) =

~ 1 an,
< (14 BrsKnu)n. = 1+ -

2 5 )

14




and then,

@ @n
2 = Dl = Nl = 2l + ) = 2] < (U )+ 10 < (24 )0,

o (u) holds. Ttems (7i)-(v) can easily be deduced, again, from previous reasonings by

the induction process.
Obviously z = :vfzk_)l

2, using (iv), we have:

so, from (iv) and following the induction ) eB (xo, Rn). For

Qn Qn
o = woll < llaf? = eIl + ol = woll < (L ym + %y = woll < (14 5

Ti

Notice that we can bound this inequality in the same way that the corresponding for
3 < j <k, that is:

|25 — o] < (ZMZ) )+1+
< (ZM1> +1+

M

n—1
T+ Y

1=0
Zm

<ZM’> +1+2

-MO—M " B aoi

< |Eo 29 1 (M’“Q —)
__1_M0<+2>+ +2}; 02+ ) m
Mo — M} 1

< |20 0 (9 1 < Ry.
__1—M0<+2>++2}1 ag, "o = 1

— M2+ 30)

where we have taken into account thatM; < My, a; < ag, and 1; = M (2 + H )i,

Vi € N, so it holds that 2% € B(x,, Rp),Vj € N.
O

4.2 Main result

Now we are obtaining a semilocal convergence result for iterative processes given in (6).
In principle, we must demand the indicated condition in Lemma 1 and conditions a), b)
and c¢) in Lemma 6, without forgetting the existence of R. However, to continue, we are
going to see that we can change these conditions and obtain new simpler ones. First, we
analyze the scalar sequences given in (15).

15



Lemma 7 If condition b) in Lemma 6 is verified then, the scalar sequences {ay},{M,}
and {n,}, are decreasing.

Proof:
First of all by condition of b) in Lemma 6, we have n; = M~ (2 + %)ny < no, then
a1 < ag and M; < My. Now, by an inductive procedure hypothesis is obtained. 0

In relation to the existence of R, if we observe the condition ¢) in Lemma 6, we can
consider a value of R given by

My — MF 1
R= |20 209 B0y 1 B —
1—M0 2 2 1_Mé€fl(2+ 20)

(16)

note that both M and ay also depend on the value R.
Then already we are able to obtain the result of semilocal convergence for given iter-
ative processes in (6).

Theorem 8 Let F: D C R™ — R™ be a nonlinear function defined on a non-empty
open convex domain D. Suppose that conditions (C1)—(Cs) are satisfied. If there ezists a
positive real value R given by (16), with M§_1(2+“7°) <1, BKRn < 1 and B(xy, Rn) C D,
then the iterative process given by (6), starting at xo, is well-defined and converges to a
solution x* de F(x) = 0. Moreover, the solution x* and the iterates x,, belong to B(xg, R)
and x* is unique in B(xg, R).

Proof:
The iterative process is well defined as we have proved in the precedent results. :
k

Now for obtaining that {x, } is a Cauchy sequence, first, remembering that z,, 11 = ! ,
we establish the following inequality and then we use the previous lemmas :

k—1 k—1
i =@l < Y 2™ = 2Dl =Y el ™ =2l + |l — 2|
i=0 i=1

k—1
<D M7z ? =P+l 20
=1

< (14 M+ M2+ .+ M) 2?) — D] + (]2 — 20

1_Mk;—1
< T ]\04 2 — =) + (|2 — 2]

- 0
1— ME! a 1— Mk a
<= 0 (o4 Ty g < |0 (240 N 1]y,
< 1_MO(+2)77 + 1 < 1_M0(+2)+ 7

16



and then we have, for m > 1:

_ 1 — Mk a
nem = ull £ 3 s = onsictl < Y | T3 2+ 204 1]

=1 =1
1M
| 1—-M,

Qo

2

24+ —)+1

| I |
[
EX
i

1— MF ap - ag. 1t
< 094 20y 4 [M’HQ —}
_[1_M0<+2>+]; 02+ ) m

So, by using that Mg—*(2+ %) < 1 we have that {z,} is a Cauchy sequence and converge
to * in the Banach space R™. By setting n = 0 we get:

Ly ] MET 2+ %) — (ME 2+ )

1— My, 2 1— M2+ %)

o — 0] < [

Then, if m — 400 we have 2* € B(xg, R). Moreover x* is a solution of F'(x) = 0 since

" () | < [1F" (o) | + [[F () — F' (o) |
< || F" (o)l + K Rnp.

Then, F'(x,) is bounded and, using that

Ap—1

k _
IDwF(a) | = ITallllF @)l < Mi7H 2+ =

)7771—1 =1n

T, F(,)]| — 0 by taking n — +oo and || F(z,)|| < [|F (2,)||||[TnF ()], by the continu-
ity of F' we get F(z*) = 0. O

4.3 Application.

In this paper we shall consider the special case of a nonlinear conservative system described
by the equation

d*x(t
20 4 o) =0 a7)
with the boundary conditions
z(0) = z(1) =0, (18)

in which the damping force is zero and there is consequently no dissipation of energy.
Extensive discussions with applications to a variety of physical problems, can be found in
the classical references [1] and [13].
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We study the existence of a unique solution for a special case of a nonlinear conservative
system described by the equation (17). In order to study the application of iterative
methods (6) for the numerical solution of differential equation problems, we illustrate the
theory for the case of particular second-order ordinary differential equation (17) subject
to the boundary conditions (18).

Initially, we transform the problem (17)—(18) into a finite dimensional problem. For
this, we approximate the second derivative by a standard numerical formula.

For the direct numerical solution of problem (17)—-(18), we introduce the points t; = jh,
7 =0,1,...,m+ 1, where h = mLH and m is an appropriate integer. A scheme is then
designed for the determination of numbers z;, it is hoped, approximate the values z(¢;)
of the true solution at the points ¢;. A standard approximation for the second derivative

at these points is
x~,1—2x-+x-+1 .
af ~ h; T i=1,2,...,m.
A natural way to obtain such a scheme is to demand that the z; satisfy at each interior
mesh point ¢; the difference equation

xj—l — 21']‘ —f- l'j_|_1 + h2¢<$3) = 0 (19)
Since xg and x,, 1 are determined by the boundary conditions, the unknowns are x1, s, . . . , Tp,.
A further discussion is simplified by the use of matrix and vector notation. Introducing
the vectors
I ¢($1)
T2 P(z2)
X = , Uy =
T (Tm)
and the matrix
-2 1 0 0
1 -2 1 0
A — 0o 1 =2 0 ,
0O 0 O -2
the system of equations, arising from demanding that (19) holds for j = 1,2,...,m, can

be written compactly in the form
F(x) = Ax + h*v, = 0, (20)

which is a function from R™ into R™.

If the function ¢(z) is not linear in x, we cannot hope to solve system (20) by algebraic
methods. Some iterative procedures must be resorted to. Then, we analyze iterative
methods (6) for this purpose.
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Now, we consider a particular case of (17), for example, we choose the following
polynomial

o(x(s)) = 3+ x(s) + 22(s)* + x(s)". (21)
According to the above-mentioned, vy = (3 +xy + 223 + 23,3 + 19 + 223 + 23, ...,3 +
Ty + 222 + 22)T, where x = (21,79, ...,7,)". In addition, the first derivative of the

function F' defined in (20) is given by
F'(x) = A+ h*D(dy),

where dy = (1 + 4xy + 323, 1 + 4ag + 323, ..., 1 + 4z, + 322)T and D(dy) = diag{l +
4y + 322, 1 + 4o + 323, ..., 1 + 4, + 322 }.

Usually these systems are solved by Newton’s method, however we show that the
application of the proposed iterative methods (6) is more favorable to apply the classical
Newton method. To do this, we consider a combination of indexes considered previously,
the efficiency index and the computational efficiency index. Note that, if we consider a
particular problem, we can calculate the operational cost required to evaluate F' and F'.
So, we consider another measure of the efficiency of an iterative process which takes into
account both the operational cost of the functional evaluations that are required and the
operational cost of doing an step of the algorithm. Notice that when the operator F' is
known both operational costs can be computed.

Thus, we define the measure of the efficiency of an iterative process applied to an
operator F' given as follows

E(method(ﬁ), F) = (k + 1)1/(#4—0)’

where the operational cost of the functional evaluations and the operational cost of doing
an step of the algorithm are denoted by © and o, respectively. In this case the number of
operations related to evaluate F'(x,) and F'(z,) are 3m + 1 and 7m — 1, respectively. As
each iteration of the iterative methods (6) require (m? + 3km? + m)/3 operations, then,
we obtain:

E(method(6)7 F) — (k + 1) 3(3m+1+k(7m—13))+m3+3km2+m'

To continue, we are going to apply the more efficient iterative process of (6) to ap-
proximate a solution of the nonlinear system (20). In order to ensure the convergence of
iterative process of (6), we will apply the result of semilocal convergence studied in the
previous section. So, it is necessary firstly that the operator F' is Lipschitz. To prove
this, we will apply the Mean Value Theorem. Then, we consider

F'(X)yz= (y1,Y2,- -, Ym) F"(X) (21, 22, - - -, Zm),
where y = (y1, 2, ..., ym)? and z = (21, 22, ..., 2m)7, so that

F'(x)yz = b* (44 621)y121, (4 + 622)y222, - -, (4 4 62 YmZm) " -
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As
|F"(x)|| = sup [|F"(x)y zl], (22)

lyl[=1
lzll=1

(4 + 6.7)1)y121

(4 4 6x2)y222

17" (x)y z]| < h* < h*(4+6lx[Dyl=[,

(4 + 621 Ymzm

we observe that ||[F”(x)|| is not bounded in general, since the function x(¢) = 4 + 6t is
increasing.

To solve the last difficulty a common alternative is to locate a solution of equation
(20) in a domain and look for a bound for ||F”(x)|| there (see [4]). For this, taking into
account that the solution of (17)—(18) with ¢(z(s)) defined in (21) is a solution of the
following Fredholm integral equation (see [12])

ﬂ$=—AG@wwW»% (23)

where the kernel G is the Green function in [0, 1] x [0, 1].
Then, we can locate a solution z*(s) in some domain since

2" ()1 = é (3 + [l ()l + 2l (s)[I* + [l="(s)[IP) <0,

where § = max ] fol |G(s,t)] dt, so that ||z*(s)| € [0, p1]U[p2, +00], where p; = 0.5301 . ..
and po = 1.4291... are the two positive real roots of the scalar equation t — %(3 +1t+
262 +13) = 0.

Now, we are going to consider the convergence of iterative process (6) to a solution
x*(s) such that ||z*(s)|| € [0, p1]. For this, we can consider the domain

0= {ia(s) € (01 [a(o)] < 2. s

since p; < % < pa.

In view of what the domain 2 is for equation (17), we then consider (20) with F': A C
R™ — R™and A = {x € R™; ||x|| < 2}.

If we choose m = 24 and the starting point x¢ = (0,0,...,0)T, we see that conditions
of the semilocal convergence theorem 8 are satisfied for the optimal iterative process of
(6). In first place, we obtain:

8
IF"(Oll < gy = K. B=111694..., 7 =04136... and Kpy=00591. ...
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Figure 5: Efficiency of the iterative processes (6) depending on the number of steps k.

Once set m = 24, we find the most efficient iterative process (6). The Figure 5
represents the efficiency of the iterative processes (6) depending on the number of steps
k. As you can be easily seen, the optimal situation appears for k = 5.

Then, in this situation we obtain that there exists R = 1.5533.... such that the
conditions of Theorem 8 are verified and iterative process (6) converges to the solution
x* = (x1,2%,...,25)" shown in Table 1 after 4 iterations with a tolerance 1072°. Observe
that ||x*|| = 0.472604... < 2.

In Table 2 we show the errors ||x* — x,||, using the stopping criterion ||x, — Xn-1]| <
1072°, and the sequence {||F(xy)||}. Notice that the vector shown in Table 1 is a good
approximation of the solution of system (20)—(21) with m = 24, since ||F(x*)|| < 2.98 x
10-110

* N * N *

x; i x; { x;
0.069481... | 9 | 0.434146... | 17 | 0.408742...
0.134035... | 10 | 0.453321 ... | 18 | 0.37724...
0.193514... | 11 | 0.466164 ... | 19 | 0.339794 ...
0.247751 ... | 12| 0.472604 ... | 20 | 0.296571...
0.296571... | 13 | 0.472604 ... | 21 | 0.247751...
0.339794 ... | 14 | 0.466164 ... | 22 | 0.193514...
0.377240... | 15| 0.453321... | 23 | 0.134035...
0.408742... | 16 | 0.434146... | 24 | 0.0694813 . ..

O~ O Tl W N .

Table 1: Numerical solution x* of (20) with ¢(x) defined in (21).
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n | [[x" = Xall [ £ (xn) |

0 6.95x 1072 | 2.35 x 1072
1| 413 x107° 1.38 x 10~°
21 8.02x 1072 | 2.74 x 1072
315.34 x 1078 | 1.77 x 10780
4 0 2.98 x 107110

Table 2: Absolute errors and || F(x,)]|.
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