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ABSTRACT

We provide a semilocal convergence analysis for Newton—type methods to approximate a
locally unique solution of a nonlinear equation in a Banach space setting. The Fréchet—
derivative of the operator involved is not necessarily continuous invertible. This way
we extend the applicability of Newton—type methods [I]-[12].

We also provide weaker sufficient convergence conditions, and finer error bound on the
distances involved (under the same computational cost) than [I]-[I2], in some intersting
cases. Numerical examples are also provided in this study.
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RESUMEN

Ofrecemos un anélisis de convergencia semilocal de los métodos de Newton type para
aproximar una solucién local tnica de una ecuacién no lineal en un entorno de un
espacio de Banach. L derivada de Fréchet del operador en cuestién no es necesariamente
invertible continua. De esta manera ampliamos la aplicabilidad de los métodos del tipo
Newton [1]-[12].

También proporcionamos condiciones suficientes mas dbiles de convergencia, y una cota
de error més fina de las distancias involucradas que [I]-[12] (en el mismo coste com-
putacional), en algunos casos interesantes. también presentamos ejemplos numéricos.

Keywords: Newton—type methods, Banach space, small divisors, non—invertible operators, semilo-
cal convergence, Newton—Kantorovich—type hypothesis.
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1 Introduction

In this study we are concerned with the problem of approximating a locally unique solution x* of
equation

F(x) =0, (1.1)

where, F is a Fréchet—differentiable operator defined on a convex subset D of a Banach space X
with values in a Banach space ).

A large number of problems in applied mathematics and also in engineering are solved by find-
ing the solutions of certain equations. For example, dynamic systems are mathematically modeled
by difference or differential equations, and their solutions usually represent the states of the sys-
tems. For the sake of simplicity, assume that a time—invariant system is driven by the equation
x = T(x), for some suitable operator T, where x is the state. Then the equilibrium states are deter-
mined by solving equation (II]). Similar equations are used in the case of discrete systems. The
unknowns of engineering equations can be functions (difference, differential, and integral equa-
tions), vectors (systems of linear or nonlinear algebraic equations), or real or complex numbers
(single algebraic equations with single unknowns). Except in special cases, the most commonly
used solution methods are iterative—when starting from one or several initial approximations a
sequence is constructed that converges to a solution of the equation. Iteration methods are also
applied for solving optimization problems. In such cases, the iteration sequences converge to an
optimal solution of the problem at hand. Since all of these methods have the same recursive struc-
ture, they can be introduced and discussed in a general framework.
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The most popular method for generating a sequence {x,,} (n > 0), approximating x* is un-
doubtedly Newton’s method:

Xni1 =xn —F(x0) 7' Flxn) (n>0), (xo €D). (1.2)

There is an extensive literature on local as well as semilocal convergence results for Newton’s
method [1]-[12].

However, there many problems for which Newton’s method is not applicable in its original
form. A case of interest occurs when the derivative is not continuously invertible, as for instance,
dealing with problems involving small divisors, or other important examples [4], [6]-[10]. Several
Newton-type methods have addressed this problem [I]-[12]. Moret in [I0] unified a large class of
such Newton—type methods, where, at each step, the inverse of the derivative, is replaced by a
linear operator, which is obtained recursively from the previous one.

Two iterative schemes were provided in [I0]:

Scheme 1. Let the following be given: a Banach space Z, an operator valued mapping B : D —
E(Xay)v Xo € ]D)7 8—1 € E(Z»y)7 R—] € ‘c(ZvX)

For n >0, let N, € L(Z,Z), and set:

Sn = On-—1 Nn +B(Xn) Rnfh
Rn = Rnf1 + Rnf1 NT‘L)

Xn+1 = Xn + Rn An»
A, being a possible approximate solution of

Sn An = 7F(Xn)'

That is A,, satisfies an equation of type
Sn An = —(F(xn) + 1),
for a suitable null sequence {r,} C ).
Moret [I0] provided a semilocal convergence analysis for Newton’s method under general

conditions on the mapping B, the starting guesses x¢, S_1, R_1, the operators N, and the
sequence {rn}.

Similar results were given for scheme 2.
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There are two type of problems common to both schemes: the convergence may be too slow,

and the schemes may not even be applicable. For example in both schemes a condition of the form:

| Ty~ TRy <1 (13)
is required, where,

T =F(x0) (Scheme 1) (1.4)
or

T = B(xo) (Scheme 2). (1.5)

There are simple numerical examples to show that condition (3] is violated.

Let scalar function F given by:

T 5 1
F(x) = 28 X T @ 5% (1.6)

and choose xg = 0.

Then F/(xo) = 0, which shows that ([3]) is violated for 7 = B(xo) = F'(x0). Hence, Schemes
1 and 2 cannot be used to approximate x*. In particular, the classical Newton—Moser method [4],
[6]-[10], obtained from Scheme 1, by setting Z =Y, B=F, S 1 =Zy, Ny =Zy — F/(xn) Ru_1,
and 1, =0 (n > 0) cannot be used.

To address these problems, we consider the Newton—type methods of the form (NTM):
Xn1 =Xn — (F/(xn) = A) 7" F(xn) (1.7)

or more generally (NLM):
Xn+1 =Xn — (C(Xn) - -A)_] F(Xn)y (18)

where, C(x) € L(X,)) is an approximation of F/(x), (x € D), and A a given linear operator.

In the case of function F given in ([6) (NTM) can be used to approximate x*, if A is an
invertible operator.

Methods (7)), and (L8]) can be combined into one, even more general (GNTM):
Xn+41 :Xn_A(Xn)il F(Xn)> (19)

where, A(x) € L(X,)), (x € D).
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Note that if:

AX) =F'(x) — A (1.10)

or

A(x) = Clx) — A, (1.11)

we obtain ([L.7), and (L8], respectively.

Sufficient conditions for semilocal convergence of (GNTM), and estimates on the distances
Il Xnt1 —%n ||, || xn — x* || have been given by several authors [I]-[6], [11], [12].

However, in the special case of (LI0) (or (ILIT)), we can do better by a direct approach. That
is, we can provide (under the same computational cost) weaker sufficient convergence conditions,

and finer error estimates on || Xn41 —Xn ||, || xn —x* || (n > 0).

2 Semilocal convergence analysis of (GNTM)

Let Lo >0,L>0,n1>0,a>0,c>1, be given constants.

Set: 1
(Ln+2a), =51
CLO

b=

Nl o

We need the following result on majorizing sequences for (GNTM):

Lemma 2.1. Assume:

1

1, — 2.1
cell, 2, (2.1)
and
1N (1—
nclezllizca) (2.2)
c| Lo+ ¢ L
°T T2
Then, scalar sequence {tn} (n > 0) given by
L{thy1 —ta)+2a
th =0. t1 = t =1 t —t 2.
0 , 1=, n+2 n+1 + 200 -1, tn+1) ( n+1 n) ( 3)
18 non—decreasing, bounded by
—1
e = & (2.4)

CLO’
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and converges to its unique least upper bound t*, satisfying:

0<tr < % <t (2.5)

Moreover the following estimates hold for all m > 0:

thez —tns1 b (thpr —ta) <D 1. (2.6)

Proof. We shall show using induction on the integer k:

L(tey1 —t)+2a

tret — i) < b (et — te), 2.7
20— Lo trey) (terr —t) < b (b — ) (2.7)

0<tkiz2—tky1 =

and
tkr1 < 7o. (2-8)

Estimates [27)), and (28] hold for k = 0, by the initial conditions. Assume (27), and (2.8])
hold for all m < k. Then, we have:

b (tierr —tx)
b (b (te —tie—1)) =b? (tie —tey) <+
bk+1 n

0 <tryz2—trg

IN AN IA

and
t +b*n

te_1 + b T n+bkqy
ty+b'n+---+bkn

1 — pk+1! n
= n<i=<v by @D, and 22),

1—-b
which complete the induction for (27), and (2.J]).

tit

IN AN A

Finally, sequence {t,} is non—decreasing, and bounded above by t**, and as such it converges

to its unique least upper bound t*.

That completes the proof of Lemma [2.1] O

We shall show the following semilocal convergence theorem for (GNTM) in the special case,
when A is given by (LI0).

Theorem 2.1. Let F : D C X — Y be a Fréchet—differentiable operator, and let A(x) € L(X,))
be given by (ILI0). Assume that there exist an open conver subset D of X, xo € D, a bounded
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inverse A(xo)™' of A(xo), and constants Ly > 0, L > 0, a > 0, and n > 0, such that for all
x,y € D:

| Alxo) ™" Flxo) [[<m, (2.9)
I Alxo)™" TF/(x) =F(wI IS L [ x—y |, (2.10)
I Alxo) ™! [F'(x) — A(X)] [|I< a, (2.11)
| Alxo) ™" TA(X) — Alxo)l [< Lo [ x—xo I, (2.12)
U(xop,t*) = {x €EX, || x—x0 [|[<t}CD, (2.13)

and
the hypotheses of Lemmal2.1] hold.

Then, sequence {xn} (M > 0) generated by (GNTM) is well defined, remains in U(xq,t*) for
allm >0, and converges to a solution x* of equation F(x) =0 in U(xo, t*).

Moreover, the following estimates hold for alln > 0:
|| Xn+1 — Xn HS tn—H _t‘rb (2'14)

and
| xn —x* [|< t° —tn, (2.15)

where, sequence {tn} (M >0), and t* are given in Lemma[2]]

Furthermore, the solution x* of equation (I1l) is unique in U(xo,t*) provided that:

L
(2+(1+L0> t"+a<l1. (2.16)

Proof. We shall show using induction on m > 0:

| Xm+1 = Xm |< tmy1 — tm, (2.17)
and
U(Xmap1, t* —tmae1) € U(xm, t* —tm). (2.18)
For every z € U(xy,t* — t1),
[ z—xo | [z=x1 [+ [ x1 —xo |

<
< =t +t =t —to,
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implies z € U(xo, t* — to). We also have

%1 —xo [|=[| Alxo) ™" Flxo) [Sn=1t1 —to.
That is (ZI7), and (2I8]) hold for m = 0.

Given they hold for n < m, then:

m+1
[xmir—=xo |l < > llxi—xi1]
i=1
m+1
< ) (ti—tig) =tmir —to =tmy1,

i=1
and
H Xm + 0 (Xm41 —Xm) — X0 ” tm + 0 (tmg1 —tm)
.t*

VARV

)

for all © € (0,1).

Using (28], [212)), the induction hypotheses, we get:

| Alxo) ™" [A(xmi1) = Ax)] || < Lo || Xme1 —xo ||
< Lo (tm+1 —to) (2.19)
< Lotmpr < 1.

It follows from (ZI9), and the Banach lemma on invertible operators [4], that A(xm 1)
exists, and

| Alxms1) " Alxo) € (1 =L tmyr) (2.20)
Using (L3]), we obtain the approximation:
Xm42 = Xm41 = —AXmi1 )7] F(xm+1)

= —Axme1)"" Alxo) Alxo)™!

1 (2.21)
(J [F/(Xer] +6(mexm+1))*F/(Xm)] (Xm+1 *Xm) do+
0

(F' () — Alxm)) (s —xm))

Using (Z10)-(212), T7) 220), and (Z21]), and the induction hypotheses, we obtain in turn:
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Ixmez =xmrt | < (1=Lo tme1) ™" (5 [ xmar —xm [I> +a | xmi1 —xm | )

(2.22)

< (1—Lo tms1)™! (tmy1 —tm) + Cl) (tms1 —tm)

= tm+2 —tmtr,

which shows (2I7) for all m > 0.

Thus, for every z € U(Xm42,t* — tms2), we have:

| z—xms1 || [ z=%ms2 | + | Xm+2 = Xm1 ||

<
< tr— tm+2 Ftmi2z —tmir = tr— tm+1)

which shows (28] for all m > 0.

Lemma 2] implies that sequence {t,} is Cauchy. Moreover, it follows from 2I7) and (ZI8)
that {xn,} (n > 0) is also a Cauchy sequence in a Banach space X, and as such it converges to some
x* € U(xp,t*) (since U(xo,t*) is a closed set).

By letting m — oo in ([2.22]), we obtain F(x*) = 0. Furthermore estimate (2.15) is obtained
from (ZI4)) by using standard majorization techniques [I], [4]. Finally to show that x* is the unique
solution of equation (LI in U(xo,t*), as in Z2I) and Z2J), we get in turn for y* € U(xo, t*),
with F(y*) = 0, the estimation:

|| Y — Xmp1 || < || -’41(Xm)71 Al(xo) ||
(L | Axo) ™" (F/(xm + 0 (y* —xm)) — F'(xm)) || dO

T Alxo) T F'( —fumnnn) Iy —xm |

Xm)
L * 2 *
3 1y —xm P +a [ y* = xm | (2.23)
L

IN

(] - I—O tm-H)_]
< (Lo tmer)! u*tm)+a) Iy —xm |

L
-t (S -t +a) I —xn

IN
[\

A

ly* —xm |

by 2.20).

It follows by (223)) that lim x,, =y”*. But we showed lim x,, = x*. Hence, we deduce
m— oo m— o0

X" =y*.
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That completes the proof of Theorem 211 O

Note that t* can be replaced by t** given by (2:4]) in the uniqueness hypothesis provided that
U(xo,t**) C D, or in all hypotheses of the theorem.

3 Applications

Remark 3.1. According to [])], [6], [12], the sufficient convergence condition becomes

(1—a)?

< — .
NS —>71 (3.1)
and the majorizing iteration {vy} is given by:
L
3 Vi —(1=a) vagr +1
vo=0, Vi=T1, Vny2=Vny1+ (m>0). (3.2)
1— ]—O Vn+1
In view of (Z2), and (31)), our condition is weaker, if:
1—a)? -1 (1—
( 2La) <(c J(cha)_ (3.3)
c (Lo + L)
2
LetlLo=p L, forpe[0,1].
Then (Z3) holds, if:
_q)? _ _
(1—a) <(c 1) (1—ca) (3.4)
2 clp+ c—1 |
P
If p is close enough to zero, and e.g. ¢ =2, we have (3.4)) holds provided:
(T—a)?<2(1-2a)
or
ae(0,vV2-1).
As example, set p=.1, c =2, a =3, then condition (34) becomes:
245 < .333 (3.5)

Hence, forn € (.245, .333), our results can apply, where as the ones in [J], [6], [IZ] cannot

guarantee convergence, since (3.1l) is violated.
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Concerning the error estimates, if:

(L—2Lo)n+2(a+1)
T—Lom

1T—-m)+Ln<1+4+2aq, (3.6)

then, we have
vo=1to, vi=t, wva=t2, t3-t2<vi—vy.

An inductive argument shows:
th <van (N 23),

tn+1 —th < Vn41 —Vn (TL > 2),

=t <V —v, (n>2),

and
™ <V,
Estimates (3.8) holds, for example, let
Lo =.00005, L =.0001, n=.8 a=.000T
to obtain
400496017 < 1.0002.
Note also that (23), and (1) also hold, since:
n < 4999,
and
N < 4999.00005,
respectively.

Hence, the claims made in the introduction of this study are now justified.

In practice, on will test (23), (1), (34), and then use the combination of the best results.

Let return back to the numerical examples in the introduction of this study.

Example 3.1. Let D = [—4, 4], and choose ¢ =2, and a = .2. Then, we have:

5 5
LO—L—ﬁ, T]—a, (37)
and (23) becomes:
15625 < 1.28.

Hence, the conclusions of Theorem[2.1 apply to solve equation F(x) = 0.
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Example 3.2. Define the scalar function F by F(x) = co x + ¢1 + ¢c2 sine® *, xg = 0, where cy,

i=1,2,3 are given parameters. Then it can easily be seen that for c3 large and cy sufficiently

L
small, T can be arbitrarily large. That is (Z2) may be satisfied but not (31).
0

We provide two examples, where Ly < L.

Example 3.3. Let X =Y = C[0, 1] be the space of real-valued continuous functions defined on the
interval [0, 1] with norm

[ x [|l= Jmax, Ix(s)].

Let © € [0,1] be a given parameter. Consider the ”Cubic” integral equation:

1
u%g+Auu)J<u&ﬂuunu+yu)—e:o. (3.8)
0
Here the kernel q(s,t) is a continuous function of two variables defined on [0,1] x [0,1]; the pa-
rameter A is a real number called the ”albedo” for scattering; y(s) is a given continuous function
defined on [0,1] and x(s) is the unknown function sought in C[0,1]. Equations of the form (33)
arise in the kinetic theory of gasses [4], [5]. For simplicity, we choose uo(s) =0, y(s) =1, and
M&ﬂz;&;JﬁaHsemJLthe@ﬂ,MMs+t#0.HmﬁdD:meJ—GLam
define the operator F on D by:

1

3(s) +Ax(s) J q(s,t)x(t)dt+y(s) — 0, (3.9)
0

F(x(s)) = 3000 X

for all s € [0,1], then every zero of F satisfies equation (F38).

We have the estimates:

max |Jidt| =In2.
0<s<1 s+t

Therefore, if we set a=' =|| A(uo)~" ||, then it follows from hypotheses of Theorem [Z1\:
F(uo(s)) =0,

n=a (A In2+1-0),
3—-0

2—-0
:2 —1 1 2 _ = —1 2 1 2 -— ).
L a ' (JA|In2+ 1000) and Lo=a ' (2A]In2+ 1000)

It follows from Theorem [Z]] that if condition (Z2) holds, then problem (Z8) has a unique so-
lution near wy. This assumption can be weaker than the one given before The Newton—Kantorovich

hypothesis (311), since Lo < L for all © € [0, 1].

For
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condition (2.2) becomes:
111188124 < .2232048%6.

Hence, the conclusions of Theorem[21] apply to solve equation (39).

Example 3.4. Consider the following nonlinear boundary value problem [{]]

u”:—u3—yu2
u(0)=0, u(l)=T1.

It is well known that this problem can be formulated as the integral equation
1
wls) =s+ | Qlst) (1 (t) +y wfe)) dt
0

where, Q is the Green function:

We observe that :
1
| 1l =

Let X =Y =C[0, 1], with norm

| x [l= Jmax, Ix(s)l.

Then problem (310) is in the form (I1l), where, F : D — Y is defined as

1
[F(x)] (s) = x(s) — s —j Qls, 1) (3 (1) +v x2(1) dt.
0

It is easy to verify that the Fréchet derivative of F is defined in the form

1
[PWWHQZV@%i[QBJ)BX%ﬂ+2YXM)Wﬂdt

0

(3.10)

If we set up(s) = s, and D = U(up,R), then since || wo ||= 1, it is easy to verify that

U(up,R) C U(0,R+1). It follows that 2 v <5, then

3 lluol? 42y Juoll _3+2v

—F <

F’ —1 < —

o P +v luo | _ T+v

<
| Fluo) || < 2 Y,
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| Fluo) ™" Fluo) || <

On the other hand, for x,y € D, we have

1
[(F(x) = F(y)vl (s) = —J Qls,t) (3 x*(t) =3 y?(t) +2 v (x(t) —y(t))) v(t) dt.

Consequently,

I[x=yll @y+3(x[+]ylD))

I P60 —Fy) | < ;
_ lx=vll 2y+6R+6 Juoll
- 8
Y+6R+3
= YEERES oy,
- Pl | < X @y +3 (%] + o)
- 8
_ lx—wol 2y+3R+6 o)
2vy+3R+6
=PI
Therefore, conditions of Theorem[2.1 hold with
_ 1+vy L:y+6R+3 L :2y+3R+6
n 5_2Y) 4 ) 0 8 .

Note also that Ly < L.

Conclusion

We provided a semilocal convergence analysis for (GNTM) method in order to approximate a lo-
cally unique solution of an equation in a Banach space, when the derivative of the operator involved

is not continuously invertible.

We provided an analysis with the following advantages over the work in [I]-[12] weaker suf-
ficient convergence conditions, and larger convergence domain. Note that these advantages are
obtained under the same computational cost as in [I]-[I2]. Numerical examples further validating

our results are also provided in this study.
Received: September 2009. Revised: October 2009.
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