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CONVERGENCE OF THE RELAXED NEWTON’S METHOD

ToANNIS KONSTANTINOS ARGYROS, JOSE MANUEL GUTIERREZ,
ANGEL ALBERTO MAGRENAN, AND NATALIA ROMERO

ABSTRACT. In this work we study the local and semilocal convergence of
the relaxed Newton’s method, that is Newton’s method with a relaxation
parameter 0 < A < 2. We give a Kantorovich-like theorem that can
be applied for operators defined between two Banach spaces. In fact,
we obtain the recurrent sequence that majorizes the one given by the
method and we characterize its convergence by a result that involves the
relaxation parameter \. We use a new technique that allows us on the
one hand to generalize and on the other hand to extend the applicability
of the result given initially by Kantorovich for A = 1.

1. Introduction

In many areas related to the applied sciences one confronts the problem of
solving a nonlinear equation of the form f(x) = 0. The solutions of these equa-
tions can rarely be found in closed form. That is why most solution methods
are iterative. There exist lots of iterative methods with different properties
that allow us to solve this kind of equations, but the most well-known and used
is the Newton’s method, which has the following form:

f(@n) . n>0.
f'(an)

In the beginning, this method was constructed for functions defined on the
real line, but after the seminal works of Kantorovich [16], Newton’s method
was extended to general spaces with the aim of solving functional equations in
the form

(2) F(z) =0,
where F' : X — Y is a function defined between two Banach spaces (of [18],

[27], or [28] for more details). In this way, the method could be used to solve
different kind of problems such as systems of nonlinear equations, nonlinear

(1) Tn41 = Tp —
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integral equations, ordinary and partial differential equations or variational
problems.

In this context, the known as Newton-Kantorovich method has the following
form:

(3) Tpy1 = Tp — DpF(x,), n >0,

where T',, = F'(x,)~! is the inverse of the Fréchet derivative of the nonlinear
operator F'(x) at the point x,,.

The study about convergence matter of iterative methods is usually based
on two types: semilocal and local convergence analysis. The semilocal matter
is, based on the information around an initial point, to give conditions ensuring
the convergence of the iterative method, while the local one is, based on the
information around a solution, to find estimates of the radii of convergence
balls.

In order to ensure that the method is well defined and that converges to
a solution of the equation (2), Kantorovich and other authors (see [16], [19],
[20]) give sufficient conditions on the starting point o and on the operator F.
The main convergence result for this method was given by Kantorovich in [16].
Here and in the rest of the paper, we denote

B(zo, R) = {z : ||z — x0|| < R}.

Theorem 1 (Kantorovich’s theorem). Let us assume that the operator F in-
troduced in (2) is defined and Fréchet differentiable in a ball B(xo, R). Let us
assume that the linear operator F'(xq) is invertible and conditions

(4) 1F" (20) ™" F (o) < a,

() 1" (o) M E () = F' (Il < bz —yll,  x,y € Blao, R),
hold. In addition, let us suppose,

1—+v1—-2h
h=ab<1/2, ulszR.
Then, Newton-Kantorovich method (3) is well defined and it converges to a
solution x* of (2). In addition, x* is located in B(xo,u1) an it is the unique

solution of (2) in the ball B(xo,us2), where

_1+v1-2h
= ; i
Finally, the rate of convergence is given by

o = 2all < 75 (20)*, n>0.

U2

That is, the order of convergence is quadratic.

We would like to emphasize the key role of the parameter h defined above in
Kantorovich’s theory. The previous result has been stated for values h < 1/2,
but Kantorovich theory can be applied for h < 1/2. When h = 1/2, only the
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linear convergence can be guaranteed. In addition, in this case, u; = us, and
the solution z* is located and is unique in B(zg,u1).

Our main goal in this paper is to develop a Kantorovich-like theory for a
variant of Newton’s method that it is called relaxed Newton’s method:

(6) Tpy1 = Tp — ANF'(2,) " F(2,), n>0, 0<A<2.

The main reason to consider this method is because a full Newton step may
not be suitable to ensure that convergence of the method is monotone, but
introducing the relaxing factor this problem disappears. Some questions about
the complex dynamics of this method have been considered in [14] or [17]. Note
also that method (6) is a special case of Inexact Newton’s method defined by:

(7) Tp41 = Tn — F/(zn)ilF(xn) + Yn,
where vy, is a null residual sequence in X. In particular, if
Yn = (1 - )‘)F/(wn)_lF(wn)

the Inexact Newton’s method reduces to method (6). There is a plethora of
convergence results for the Inexact Newton’s method (cf [2]-[6], [8]-[15], [17],
[18], [23], [24], [26], [29] and the references there in). Hence, the results for
Inexact Newton’s method can be specialized to provide convergence results
for method (6). However, we decided in this paper to employ a more direct
approach which leads to easier to verify sufficient convergence conditions under
simpler hypotheses.

In [8] we can find a semilocal convergence analysis of methods in the form (6)
but it is related to recurrent sequences and functional spaces.

The relevance of our study, compared with the classical Kantorovich theory,
is the inclusion of the relaxation parameter A in the set of sufficient conditions
to guarantee the semilocal convergence of (6) to a solution of (2). To be more
precise, throughout this paper we assume that the operator F' defined in (2) is
defined and Fréchet differentiable in a ball B(xg, R).

The paper is organized as follows. In Section 2 we study the local con-
vergence of the method under Lipschitz and center-Lipschitz conditions. In
Section 3 the semilocal convergence of the method is studied under only Lips-
chitz conditions and A € (0,1). The semilocal convergence of the method under
center-Lipschitz and Lipschitz conditions for A € (0, 2) is given in Section 4. We
present an extended semilocal convergence analysis for method (6) in Section
5 containing a nondifferentiable term. Finally, Section 6 is devoted to some
examples and numerical experiments to illustrate the theoretical results given
in the previous sections.

2. Local convergence of the relaxed Newton’s method

In this section we will study the local convergence of the relaxed Newton’s
method under center-Lipschitz and Lipschitz conditions. We present the fol-
lowing result.



140 I. K. ARGYROS, J. M. GUTIERREZ, A. A. MAGRENAN, AND N. ROMERO

Theorem 2. Let F: X =Y be Fréchet differentiable in the ball B(z*,R) C X.
Assume that the following conditions hold:

(i) There exists a solution x* of F(x) = 0.

(ii) There exists T = F'(z*)~ 1.

(iii) [[C[F"(z) = F'(y)]l| < bllz —yll, b>0, =,y € B(z", R).

(iv) [[P[F" () = F'(2")][| < Bllz —a*|l, B >0, x € B(z", R).

(v) p=min{R, %}, 0<A<2.

Then, the sequence given by the relazed Newton’s method (6) starting from
xo € B(x*, p), remains in B(z*, p) and converges to x*.

Proof. We need to prove the following conditions:
(I) If z € B(z*, p), then

Bllz —z*|| < Bp <1,
by the choice of p given in (v). Hence,
I1 =TF' ()| < Bllz — 2" < 1.
By the Banach Lemma on inversion of operators ([7], [16], [19]-[22]) we can

ensure that there exists the inverse operator of I'F’(z) and

!/ —1 v * 1
[ £ (z) " F' (") < T_Bllz—a|

(IT) We have the Ostrowski decomposition:
F(z)=F(z) — F(z*) = F'(z*)(z — 2*) + F'(2") (2 — z¥)
_ / [F'(5) — F'(z")] dz + F' (") (" — )

1
= / [F'(z* +t(x — 2)) — F'(z")] (x — 2")dt + F'(x*)(z" — x).
0
By taking norms in the preceding identity and using (iv) we get that
B . .
ITP@)] < Sl =2"|* + [lz - 27

We also have the following Ostrowski-type decomposition:
x* — Tpy

=a* — 2y + \DpF(z) —TpF(ay) + ThF(zy)

=2 —z, + T F(z,) + (A= 1T, F(xy,)

— T [F(z*) — F(xn) — Fl(zp) (2 —20) + (1 — N F(2y))

*

/m [F(2) — F' ()] dz + (1 — N F(zn)

-T,

-T, [/ [F'(xy + t(x* —x)) — F'(xp)] (2% — zp)dt + (1 — N)F(zy)
0
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Then, by taking norms we get in turn that:

o =zl
* b *
< 1P @) [l = anl? + (- IE ()
1 b 2 /8 2
2 P+ (=N (S - 2 o,
< T gl - ol (=) (Gl = sl 4~ )|

1 b 1— A ) .
ST Ble —an|| [(5 +8 <T)> Il :cn||+(1A)} lz* = za -

Let ansr = 2% (25218 +4) an + 1= A[). Then,

|l — zp| < an¥n.

Let v = % and ¢, = Ba,:

1
T4 1=A
€n ™
1 = 1= ).
€n+t1 Lﬁﬁ( 5 €n + |

Using an induction process, we will prove that (e,,) converges to 0. Let’s show

that €1 < €g:
1
=4+ 1=
€0 ~
= 1— A\
R ( g otll-Al)<e
or
21— 1= A])
2+ 2+ 1=

which is true by the choice of p. Supposing that €, < €,-1 Vn < k. Let’s
see that it remains valid for n = k + 1. It’s easy to see that ¢, < €,_1 and
1—€, >1—€,-1. Moreover as 0 < \ < 2, %+|1—)\| > 0, 80 €x41 < €. Clearly
from the above proof and zy € B(a*, p) it follows that x,, € B(z*,p) Vn >0
The proof is complete. O

Remark 1. Hypothesis (iv) is not additional to (iii), since (iii) always implies
(iv). We also have that
B<b

and & can be arbitrarily large. Indeed, let us consider as an example X =Y =
R, z* = 0 and define the function F' on X by
F(z) = dox — dy sin(1) + d; sin(e?2?),

where dy, di, ds are given parameters. Then, it can easily be seen that for ds
sufficiently large and d; sufficiently small, /8 can be arbitrarily large. Other
examples where § < b can be found in [7]-[9].
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If hypothesis (iv) is dropped, then the convergence radius can be defined by

2(1—11-=A))

B+1— )\|)b}'

po = min{ R,

Notice that
po < p.
The preceding inequality can be strict if 5 < b and
2(1—1]1 =X\
(1),
B+]1=X\)b
If A =1 (Newton’s method case), then p, py reduce, respectively, to
2
A .
= R _—
p min{ R, 5 T b}
and
TR . 2
pp " = min{R, AR
The radius p? was given by Argyros [6]-[9], whereas pT® was given indepen-
dently by Rheinboldt [19] and Traub [25]. Clearly we have again that

p™H < pt.

The preceding inequality is strict if 8 < b.

3. Semilocal convergence under Lipschtiz conditions

In this section our main purpose is to study the semilocal convergence of the
relaxed Newton’s method defined in (6) by means of using similar techniques
as Kantorovich did for Newton’s method. First of all, we present the following
lemma.

Lemma 1. Let p(r) be the polynomial:

Q Py =37 —r+a,

with a,b > 0,ab < 1/2, A € (0,1) and let be ro = 0. Then, the sequence given
by Tn+1 = Ny p(ry) converges to

1—+1-2ab

) prm 12V 20
where
(10) Nap(ra) = o = ALL2L



CONVERGENCE OF THE RELAXED NEWTON’S METHOD 143

Proof. We begin by proving that (r,,) is an increasing sequence:

p(ro)
P'(ro)

Let suppose that r, > r,—1, Vn < k — 1. We shall show that r,+1 > ry,.
As p(r) >0, p'(r) <0, Vr € [0,7*], we deduce that r,41 > r,. So (ry,) is an
increasing sequence. Secondly, using an induction process we see that r* is the
upper bound of the sequence (r,,). Indeed, it’s immediate that:

rL=70— A = Xa >0 =rg.

r*—rog=1">0.
Let’s suppose that r* —r; > 0. We shall prove that the preceding inequality is
true for prove that n = k + 1:
T = rhe1 = Nap(r™) — Nap(re).
Taking into account the mean value theorem we have that:
Nap(r™) = Nap(re) = Ny, () (" —rx), £ € (1g,7").
Asr* —rp >0, if N;\ﬁp(f) > 0 the proof is ended, but:

' o pE)p"(§)
Nip)=(1-N+ /\T,(g)z :

As p(z) > 0 and p"(2) > 0, V¢ € (0,7%) and A € (0,1) then Ny (z) > 0.
Hence, (ry,) is bounded and so (r,) converges to its unique least upper bound

rg < r*. Taking limits in (10), it’s clear that p(rg) = 0, then r§ = r*. The
proof is complete. O

Using this lemma and majorizing sequences we present the following result:

Theorem 3. Let F : X — Y be an operator defined between two Banach
spaces X, Y, and Fréchet differentiable in the ball B(xo, R). Suppose that, the
following conditions are satisfied:

(i) There exists the inverse operator of F at the point xo, moreover we will
denote it by Do = F'(x) "1,

(i) [ToF (@o)] < a,a >0,

(i) 1ol (2) — F'W)| < blle — yll, b> 0, @y € Blao, R),

(iv) h=ab<1/2, and

(v) r* = 717%@ <R.

Then, the sequence defined by:

where p(r) is defined in (8), majorizes the sequence generated by the relazed
Newton’s method. Moreover sequence (x,,) converges to x* solution of F(x) = 0.
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Limit point x* is located in B(xg,r*), where r* is defined in (9) and is unique
in B(xzg, r**), where
1++v1-2h

5 .

Proof. First of all taking into account that p’(r) = br — 1 we can define the
sequence (r,,) as:

(11) =

7’0:0

12 2 —rpta
( ) rn+1:7ﬂn*>\2n 5
br, — 1

Lemma 1 ensures that the sequence (r,,) is increasing and converges to r*. We
shall show that the following conditions are satisfied for every n € N:
(1) | F'(@a) ™ F ()| < 525
(IT,) [ToF ()| < e

p'(ro) "
(1) |lznt1 — ool < Togr — 7

n > 0.

If n =0, it’s easy to see that:
(Io) 0ol [l = 1 = 5623

p'(ro)*
(ITo) [[ToF (wo)|| < a = —Ld.
(Illo) ||$1 — .Toll S )\Hl—‘oF(mo)H S \a = Th —To-
Suppose that items (I,,)-(I11,) are true for n < k — 1. We must show that
these items are true for n = k. Taking into account that Va € B(xzg,r*) C

B(zg, R) it’s clear that:
I = ToF (@) < T [F'() — F'(wo)] || < blle — zoll < br* < 1.

Consequently, by the Banach Lemma on inversion of operators:
1
F'(2) Y F (zo)|| < ———.
I#/(@) o)l €ty
We also have:

lzr — xol| <l — xp—all + -+ lor — 2ol S 7o — 10 = 1% <77,

so x € B(zg,r*). Now we consider the following Ostrowski-type decomposi-
tion:

(13)  F(wpt1)
(@rt1) = AF(z1) — F'(2) (Th41 — %) — F(2k) + F(zk)
(@rt1) — Flzw) — F'(@i) (@pr1 — z) + (1= X F (@)

_ /+ (F'(2) — F'(2x)] da + (1 — \)F )

= | [F'(zx + t(zre1 — 2n) — F'(n)] (2pr1 — zp)dt + (1= X)F(2y)

(=)
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and so:
[CoF(z41)]] < gl\wm = ap]|* + (1 = N)||ToF ().
Moreover, repeating the process:
P(ris1) = p(resa) = Ap(re) = p'(re) (resr — 72) — p(re) + p(re)
= p(rit1) = p(rr) = p'(re) (re1 = 1) + (1 = \)p(re)

/Tk+1 [p'(x) = ' (ri)] do + (1 = \)p(r&)

/m+1 b(x — ri)dx + (1 — Np(rk)

— g(rkﬂ —16)? 4+ (1= N)p(re).

Furthermore, we have that

(k) |[F' (%) F (o) < 1 1 1 p(n)

< < — .
b L=bllag —aol =~ 1=brx = p'(re)  P(rx)
(1) [ToF @)l < 5 llex =z | + (1= N [ToF (@)

b 2 p(T *1)
< §(Tk17";cl) *(1*/\)W ( |
- 2 77,7127 _ £WPUTk—1
B p’(fO) 2(b Lo A
= i (3% e (0| = B
(I1T) [|zrsr — 2xll < MTRF ()]l < MTRE (20)|[[ToF ()|
<\ p'(ro) 71’(7%) _ 7/\27(7%) = g1 — T
— A\ () p'(ro) P (rk)

Now, to obtain the uniqueness region of the solution we assume that z is a
solution located in the ball B(zg,r**), where r** is defined in (11). Then:

(14) 0=Tg[F(&—F(")]=W(&—2a"),
where W : X — X is the lineal operator defined by:

1
Wz = [/ DoF'(x* + t(& — 2¥)) dt] z, x€X.
0
As ||& — mo|| < r** and ||x* — zo| < r*, then:
1
7= wi= | [ ol + o6 - a) - Feoa
0
1
< / bllz* + t(Z — x*) — xol| dt
0

1
s/ b((1 = )ll2* — zoll + )& — aol]) dt
0
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< 9(7‘* +r) =1.
2
Again by the Banach Lemma on inversion of operators (see [22]) there exists
the inverse operator of W. Finally, taking into account (14), we deduce that
& = x*. Hence, x* is the unique solution of F(z) = 0 in the ball B(xg,r**).
The proof of the theorem is complete. O

Furthermore, we present the following corollary.

Corollary 4. If h = 1/2 the convergence of the relaxed Newton’s method to

a root x* is also established. However, in this particular case, t** = t* = %.

That is the existence and uniqueness domain is the closed ball B(xg, %)
Once we have proven the previous semilocal convergence results we can
present the order of convergence of the method and error bounds. By the

Schréder theorem, we can obtain the convergence order of the sequence (12). As
Tnt1 = N p(rn) where N ,(ry,) and p(r) defined in (10) and (8), respectively:

Ngﬁp(x) =1-X—Ly(z)+1)=(1—X) 4+ ALy(2).
so we can ensure that:

= i1 = Nap(r™) — Nap(rn)
= Nap(r") = [Nap(r™) + N3, (") (rs = %) + O(ryy — 17)?]
- Ngﬁp(r*)(r* —7rp) + O(ry, —1%).
So linear convergence is proven, with asymptotic error constant N3 ,(r*) =
(I1—=2X). Then the speed of convergence depends on the damping factor A. This
speed is greater when X is closer to 1 (see [21]).

Following a technique introduced by Ostrowski, we are going to present
upper and lower bounds for the error.

Theorem 5. Under the assumptions of Theorem 3. Then, we have the follow-
ing error bounds for the sequence (x,) given by the relaxed Newton’s method:
e —r*) (1= A" r*(r — )™
S T*(l _ )\)n rEE T*Qn

< ™ =zl <

)

where QQ = %, r* and r** are defined in (9) and (11), respectively.
Proof. Letting a,, = r* —r, and b, = r** — r,. Then:
(1) anbn  an+ (1= N)by

= Q, — =
p(rn) " Tan+b, " an+by

)

pg1 =T —Tpr1 =7 —1rpn + A

and
b + (1 = Nan

bni1 = by,
+ an + by,
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And so, it’s clear that
(15) Gng1 _ Gn Gn + (1= XNbn
bnt1 b bp+ (1 —Nay
And so, we have the following:
an+ (L =Nbp 7" =1 + (1 =N —r) 7"+ (1 =N =1y (2 - )
b+ (1=Nan, 7™ =1+ (1 =N —1) (1= —rp(2=N)
Now letting f(z) = é:gi, and derivating:

() — —B(C — Bz) + B(A — Bx)

_BA-0)
(C — Bx)? (C — Bx)?’
In our particular case:
A-C=r"4+1=Xr"" = — (1= X)r"
=" =r")+ 1 =N —r") ==\ —1r") <0.
Then, as 0 < r, < r*:
FO) 2 () = 107).

Letting ¢, = 3, we compute the upper bound as:

4 (1= N)r**
<

dn+1 = Qn e (1 _ )\)

and setting Q = ::Jr_ﬁf_)‘))\;:, we have:

r*

1 < Qan < Q*u—1 < - < Q" qo
Taking into account, ¢, < @™qp, then:

an < qobnQ" = qo(r™ —rp)Q" = qo(r™ —mn)Q" = qo(r™ — 1" + ayn)Q"
In addition, we have [1 — ¢oQ"] an < qo(r** — r*)Q™:

T 1 qQn
On the other hand as Q < 1, as r* + r** — A\r** < r* — \r* 4+ r** we can
conclude that:

n

an<r(r —r)Q
— T***T*Qn
Let’s compute the lower bound:
r* 4+ (1 —Nr** — (2 = \)r* r*(A—=1)+ (1 = A)r**
Gn+1 = qn - ( ) - ( )*:(Jn ( 2* (* )
r —i—(l—)\)?‘ —(2—)\)7“ D
17A **7 *
o) (1N > -2 0
e —
As g, > (1 — \)"qo, then:

= dn

- )\)nHQO.

an > (1=X)"bpgo = (1 =XN)"(r"" =" +1r" —r,)q0 = (1 = N)"(r* —r" 4+ a,)qo.
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Consequently as [1 — qo(1 — A)"] an > (r™* —r*)go(1 — A)™:
T*(T** _ T*)(l _ )\)n

In = e (1=
This ends the proof. ([
On the other hand,
r* 4+ (1= N)r* 1- T*:_%A
4 (1= N)r - A
Letting A = T&% and B = #,
1— A\
A) = 22
Q) = 122,
and so: )
B
!/ )\ —
and by the way of B— A = ::jr—:: < 0, then function Q(A) is decreasing, and

consequently the greater the damping factor is the faster method converges to
the solution.
Lastly, we have the following corollary:

bn41

2
Corollary 6. If A = 1, from the equation (15) we have that 72 = (Z_Z)

and so the method has quadratic convergence (see [21]).

4. Semilocal convergence under center-Lipschitz and Lipschitz
conditions

In this section we present a different semilocal convergence analysis for the
relaxed Newton’s method based on the center-Lipschitz and Lipschitz condi-
tion. First, we need a result on a scalar sequence which will be shown to be
majorizing for {x, }. The convergence of the sequences in this section is estab-
lished for A € (0,2). Notice that in Section 3 the convergence was established
for A € (0,1).

Lemma 2. Leta >0, 8 >0, b >0 and A € (0,2) be given parameters. Set
M=1]1-)X andvy= %. Define parameter o by
20\ — 2M~)
TN /N0 20
Suppose that for § = abAy the following conditions are true:
(17) 2MAy < A,

(16)

(18) (A =2)62 +2(2+ M) -2 <0,
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2
(19) (% —4AM — 4o+ 2a0)6® + Q(M/\ +4a+2aM)§ +4(M — a) <0,
gl

and
(20) (M 4+ a)(A —2(1 — )8 +2(M + (3 — 2a)a)d + 2(1 — a)(M — ) < 0.
Then, scalar sequence {t,} defined by

(21)
1
to=0, t1 = Aa, to =t ——— [ M\yb(t1 — ¢ 2M|(t; —t
0=0, t1 = Aa, t2 1+2(1—7bt1)[7(1 0) + 2M](t1 — to)
1
tnt2 =1Tn Ab(tpa1 —ty 2M (1 bto)|(tna1 — tn),
2= bt G gy Pt — 1) + 2 (L4 30 (s — )
is well defined, increasing, bounded from above by
Avb+2M
22 " =1+ ———| A
(22) Tl
and converges to its unique least upper bound t* which satisfies:
(23) t* € [tn,t™].
Moreover, the following estimates hold for each n=1,2,...
Avb+2M

(24) 0 < by — oy < 22 F =M n

=Ta 6 *"

Proof. We first notice that oo € (0,1) by (16) and (17) and M € (0,1) since
A€ (0,2). Let

)\b(tg — tl) + 2(’}/bt1 + 1)M

(25) @0 = 2(1 — ~bt)

Using (18) and (21) we get that

(26) bty < 1.

Moreover, by (16), (19) and (26) we deduce that

(27) 0<ay<a.

Next we shall show using induction on the integer k£ = 1,2, ... that
Ab(tgy1 — t 2M (vybty + 1

(28) 0 < 2l 2(’])_2&2)(7 4D <o

Estimate (28) is true for £ = 1 by (27). Then, using (21) for n = 1 and (27)
we obtain that
0<tz—to §o¢(t2—t1) = t3 §t2+0é(t27t1)

=t + (1 +a)(ta —t1) — (t2 — t1)

(29) )

ts <t + 1 (t2*t1)<t**.

—
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Suppose that (28) holds for each k = 1,2,...,m. Then, we get that

(30) 0 < tryo —tpsr < aF(ty —t)
and

1— ak+1
(31) teps S+ ————(t2 — ).

We must show that
Abo(ty2 —t 2M (bt + 1
(32) 0< (trt2 2(1;{) ﬁ;t (ybtx +1)
Vbtrt1)
Evidently, (32) holds, if
Ab(tet2 — th1) + 2(ybty + 1)M < 20(1 — ybtp41)
or using (30) and (31)

<a

)\b(tQ — t1>0ék + 2M’yb1_ak (tQ — tl) + 20&’yb1_1%,;+1 (t2 — t1>

l-«

(33) +2(6M + ad + M — a) < 0.
Estimate (33) motivates us to define recurrent functions f; on (0,1) by
Fr(t) = Aoty — t)t* 4+ 2MAb(ty — t1)(1 +t 4 - -+ tF71)

+ 29b(tg — t1)t(L 4+t + - t7) + 2((MAb + tyb)Aa + M —t).

We need a relationship between two consecutive function f;. Using (34) we get
that:

(35) Frr1(t) = forr(t) = fil®) + fu(t) = fu(t) + g(t)(t2 — t2)t",
where

(36) g(t) = 29bt® + Abt + (2M~ — \)b.

(34)

It follows from (17) and (36) that polynomial g has a unique positive root «
given by (16). In view of (34), estimate (33) holds if

(37) fr(a) <0.

Define function fo on (0,1) by

(38) folt) = Jim i(t).

We have from (35) and (36) that

(39) frv1(a) = fr(a).
Then, it follows from (38) and (39) that (37) holds if
(40) foo(@) 0.

By letting £ — oo and by (20) we have that (40) is true, since

M~b b
Foola) =2 M5+a5+M_a(1_7)+ﬁ(t2—t1)+%(@—t1> <0.
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The induction for (28) is complete. Hence, the sequence {t,} is increasing,
bounded from above by t** given in (22) and as such it converges to its unique
least upper bound ¢* which satisfies (23). The proof is complete. O

Remark 2. Quadratic inequalities (18)-(20) describe the smallness of a and can
be solved for a. However, we decided to leave them as uncluttered as possible,
since this representation is too long. It is simple algebra to show that in the
interesting case when A = 1 (Newton’s method) reduce to (see [6]):

(41) he =La <1/2,

where .
L= §(4b0 + 4/ bob + 8b(2) + v/ bob).

If by = b, then (41) reduces to the famous for its simplicity and clarity Newton-
Kantorovich hypothesis given in condition (iv) of Theorem 3. Notice that
(42) h<1/2= h, <1/2

but not necessarily viceversa unless if by = 0 and %* — 0 as %0 — 0. Hence,

the applicability of Newton’s method has been extended.
Let us introduce the notation for fixed N =0,1,...
ON = b(tn41 — tN).
Note that g = §. Next, we present the following weaker than Lemma 2 result

for the convergence of sequence {t,,}. The proof simply follows from the proof
of Lemma 2 by replacing 6 by dy.

Lemma 3. Suppose that (17) and (18)-(20) hold with oy replacing § for dn
fixed N =0,1,.... Moreover, suppose that

1
O<ti <ta< - <tny1 < —.
~vb

Then, scalar sequence {t,}, given in (21) is well defined, increasing, bounded
from above by

th =t + ! (t t )

N Zin-r N — i
for N =1,2,... and converges to its unique least upper bound t} satisfying

tner <ty < U5
Moreover, the following estimates hold for each n =0,1,...
0<tNin —tNtn—1 <" tnir —tn).

Remark 3. If N = 0, Lemma 3 reduces to Lemma 2. Clearly Lemma 3 is
weaker than Lemma 2.

Next, we present the semilocal convergence of relaxed Newton’s method us-
ing a center-Lipschitz and a Lipschitz condition as well as {t,,} as the majorizing
sequence for {z,}.
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Theorem 7. Let F': Q C X — Y be Fréchet-differentiable. Suppose that there
exist zg € Q, B> 0,b >0, a > 0, A # 0 such that there exists F'(xo)~", in
addition
| (o)~ F(20)|| < a,
| (o) ™ (F" (x) — F'(wo))|| < Bllz — woll, Vo €€,

1F" (20) ™ (F" () = F' ()| < bllz — g, Yo,y € Q,

B(.To, ﬁ*) - Q
and hypothesis of Lemma 2 or Lemma 3 hold. Then, sequence {x,} generated
by the relaved Newton’s method is well defined, remains in B(xo,t*) for each
n=0,1,... and converges to a solution x* € B(xq,t*) of equation F(x) = 0.
Moreover, the following estimates hold for each n =0,1,...
||:En+1 - xn” S tn-i—l - tn
and
len — 2™ <t — t7,

where sequence {t,} is given in (21). Furthermore, if there exists R > t* such
that

B(zo,t*) € D
and

B(t"+ R) < 2,
then, the solution x* is unique in B(zo, R).

Proof. The proof follows in an analogous way as the proof of Theorem 3 but
we use the Ostrowski decomposition

Fl(mo)_lF(an,-l)
(43) FﬂwﬂAWﬂwﬂmH%»zwmm%H%m

+a*ba+ﬁuwﬂﬁ@m—ﬁwm@mrﬂw

instead of (13). For the estimates on upper bounds on the norms
1F" () =" F (o)

and the uniqueness part we use the more precise and cheaper center-Lipschitz
condition instead of the Lispchitz condition. O

Remark 4. Note that the definition of t2 (see (21)) is justified from the Os-
troswki representation (43) for n = 0, since then the center-Lipschitz (and not
the Lipschitz) condition is used to obtain the estimate on

1
1P @) [ PG + s = 0)) = P(ao)) ] < Gl a0l < 5 (010
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instead of
1
_ b
[ F'(20) 1H/ [F' (20 + t(x1 — 20)) — F'(20)] dt[| < S llzr = ao?.
0

We complete this section with another result for the relaxed Newton’s meth-
od with simpler convergence conditions than in Theorem 7.

Theorem 8. Let F': Q C X — Y be Fréchet-differentiable. Suppose that there
exist 19 € Q, >0, b >0, a >0, X\ € (0,2) such that there exists F'(xo)~ !,
in addition
| (o) ™ F (20)|| < a,
1" (o) " (F' () — F'(w0))|| < Bllx — woll, Yo € Q,
[F" (o) T (F' (x) — F'(y)Il < bllz —yll, Yo,y € Q.

Moreover, suppose that

hy = Aabmax{\,v(1 + M)} < =(1 — M)?,

|~

and

B(xg,s*) CQ,
where M and v are given in Lemma 2 and
1—M—+/(1—M)2 -2
= ~ ,
o =bmax{\,v(1+ M)}.
Then, sequence {x,} generated by the relazed Newton’s method is well defined,
remains in B(xg, s*) for all n > 0 and converges to a solution x* € B(xg, s*)

of equation F(x) = 0. Moreover the equation F(x) =0, has a unique solution
z* €S, where

*

_ [ Blao.s)NQ if hy=3(1-M)>,
(44) S{ E(xg,s**)ﬂfz if i; <2§(1 — M)?,

and
v  1—=M+ /(1 —M)?—-2h
s = .
o

Furthermore, the following estimates hold for each n=0,1,...

(45) Hanrl - xn” S Sn+1 — Sn
and
(46) |z — %] < 8% = sp,
where magorizing sequence {sy} is defined by
50 =0, Sya1 = 5+ f(sn)7
9(sn)

where

F(t) = th —(1— M)t +)a
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and
g(t) =1 — ~bt.

Proof. Tt follows easily from 20Xa < (1 — M)? that the function f(t) has two
positive roots s* and s**, s* < s** and s, < s,+1, so that the sequence {s,}
converges to s*. As in Theorem 7 we obtain F’(z,)~! € L(Y, X),

1 1 1 1
| < < < <
1= Bllan —xoll — 1= PBsn — 1—byspy = g(sn)

[F" ()~ F ()

and
H:C’I’%Fl 7:CnH
< [ |Zn — Tn_ 1|+(M7b||xn—x0|+M)} 2n — Zn_i]|
(o
] G B {CME ) [CHEp Y
g
- (5 n — Sn— 1 +M7b(sn75n71)5n71)
+ g(sn) (M(sn — $n—-1) — 9($n—1)(8n — Sn—1) + f(8n-1))
1 T,
= 1-M — — M~b— B s
9(sn) (2 sn = ( )sn +Aa— (o b —b)sn—1(s8n — sn 1))
fsn) = Sn+1 — Sn

Hence, we have for any n

||1'n+1 - :Cn” S Sn+1 — Sn,

IF (20) " (F (@ s1) — F'(20)) ]| < Bllmsr —woll < Bsnar < Ybsmsr < ybs™ < 1
and

|z — 2ol < sn < 8™
It follows that: x, € B(xg,s*), sequence {x,} is complete in a Banach space

X and as such it converges to some x* € B(xg,s*) (since B(xg,s*) is a closed
set). We also have that

1E (o)™ Fwn)ll < (5 (50 = $u-1) + M(ybsa +1)) (50 = 50-1)
< (Slsn = s0-1) + MO3bs™ + 1)) (50 = 50-1) =0,

as n — 00, so that F(z*) = 0. Estimate (46) follows from (45) by using
standard majorizing techniques (see [6], [7]). Finally, for the uniqueness part
see the more general proof of Theorem 9 in Section 5. The proof of the theorem
is complete. ([

Remark 5. The following two conditions are true.
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(a) Hypothesis hy < (1 — M)? for 0 < X < 1 reduces to

max{\,y(2-A)} 1

hl =ab N\ S 2
which is not weaker than h = ab < 1/2. However, hypothesis h =
ab < 1/2 cannot be used as the sufficient convergence condition for the
relaxed Newton’s method for A\ € (1,2). In practice we shall test all
the “h” hypotheses introduced in this study to see if any of them is

satisfied.

(b) Results analogous to Lemma 3 can now follow by exchanging sequence

{tn} by {Sn}

1
2

5. Extended semilocal convergence

In this section we present a semilocal convergence result to solve a nonlinear
equation of the form:

(47) F(z) + G(x) =0,

where F' is defined in the introduction and G : Q — Y is continuous. Then,

the relaxed Newton’s method for generating a sequence approximating z* is
defined by:

(48) Tpy1 = Tp — ANF'(2,) " (F(2) + G(z)), n > 0.

Clearly if G = 0 on 2, then method (48) reduces to method (6). In this
paper we used three different techniques for our semilocal convergence results.
However, for the method (48) we shall only use the technique of Theorem 9.
For brevity, we leave the analysis of the other two techniques to the motivated
reader.

Theorem 9. Let F : Q C X — Y be Fréchet-differentiable and G : Q@ — Y
be continuous. Suppose that there exist xo € Q, 8 >0,b>0,a >0, K >0,
A € (0,2) such that there exists F'(x0)~ !, in addition

[1F" (20) =" (F(w0) + G(xo
[ (20) ™ (F' () — F (o)
[F" (o) (F' (x) — F'(y)
[F"(z0) " (G(z) — G(y)

| <a,

I < Bllz — zol|, Yx € Q,
| <blle—yll, Va,y € Q,
| < Kllz—yl, Yo,y €.

— — — —

Moreover, suppose
w=M+IK <1,

ha = Aabmax{\, v(1 + M)} < 1/2(1 — p)?,

and

B(.To, S*) g Q,
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where M and v are given in Lemma 2 and

1 ST
B o
o =bmax{\,v(1+ M)}.

S

Then the sequence {x,} generated by the relazed Newton’s method (48) is well
defined, remains in B(xg,s*) for all n > 0 and converges to a solution x* €

B(zg, s*) of equation F(x)+G(x) = 0. Moreover, the equation F(x)+G(x) =0
has a unique solution x* € S, where

g [ Blao.s)NQ if ha=3(1—p?
= B(Z'O,S**)HQ if hy < %(1*@2,

S**_ 1*/144“ V (17/1’)272}7’2
p .

Furthermore, the following estimates hold for each n=0,1,...

(49)

and

(50) Hanrl - :an < Snt1 — Sn
and
(51) lzn — 2| < 8% — sn,

where magjorizing sequence {s,} is defined by

5020, Sya1 = 5+ f(sn)7
g(Sn)
where
")
fit) = §t —(1—=pwit+ Aa
and

g(t) =1 — ~bt.

Proof. Using (48) we introduce as in Theorem 7 the Ostrowski decomposition
to obtain

Fl(wo)_l(F(xn-i-l) + G(wn-i-l))

= Fao) ™ [ s = 20) = @) (s = )

+(1— i) (I + F'(0) "' (F'(x) — F'(20)) (Tnt1 — )

+ F/(wo)il(G(xn-i-l) — G(zn)).
Then, following the proof of Theorem 8, we obtain in turn that

Zn+1 — @all

1 b
9(5n) ?Hwn = Tp-1|| + MAyb||lzn — zol| + 1| |20 — Tn—1]|
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1
< (S sn = snr)? o+ Moybsoor + 1) (50— 501)

g(sn) \2
o (Gloa s Mo = s s —50-1)
- (g5 = smt) = F0m1)
— g(in) (%8,2, — (1= p)sy +Xa— (0 — Mryb —~vb)sp_1(sy — Snil))
fow)
glsn) o

The rest follows as in Theorem 8 until
o
1" (o) (F(an) + Gl < (Glsn — snoa)? + Maybs® + 1) (50— 501) =+ 0

as n — oo. Hence, F(z*) 4+ G(z*) = 0. Finally, in order for us to show the
uniqueness part, let us assume that F(y*) + G(y*) = 0 for some y* € Q. Using
(48) we obtain the identity

y* — 2 = F'(10) "'\ / F/(y" + t(n — 57)) — F'(@a)] (n — y7)dt
+ (1= ) (I + F'(20) " (F'(2n) — F'(x0))) (@0 — )
+ AF(20) " (Glzn) — Gly")).
Then, for n =0 we get
ly* =21l < (Sly* = woll + 1) ly* = o]l = (&),

where § = |ly* —xo||. We have that |[y*—zo| < [ly* —z1 |+ /2120 < p(§)+Aa.
That if f(£) > 0. Hence, y* € B(xo, s*). Using induction we shall show that

ly* — 2k] < 8" = sp, n>0.

The preceding estimate is true for k& = 0, since y* € B(wo, s*). Let ||y* —zx| <
s* — si. Then, we have in turn that

ly™ — x|
. [JH . |+ M| |+ n| ly” |
= g(sk) 5 Y T Tk — Xo m Yy T
1 0 .o o
< - |Z * * _ b * 22 :|
< [Z5° 4+ us* = (0= Mb)si(s™ = s¢) = 25t — pusi
! [s* Aa — (0 — M~b)si(s* ) 72 }
= — — — — Sk) — =S5 — US
9(sn) Y0)Sk k 5 5k USE
=S5 —s — | (s — s S S — a4 — =S85 — 1S
k g(sk) k)9\Sk 9 %k HSp

ooy [0 = M)sis” — )]
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1 o
=8 —sp— —— [—si — (1= p)sg + Aa+ (6 — M~yb—~b)sk(s* — sg)
g(sk) 12

< 8" — Skt
That is, we have that limy_, xx = y*. But, we showed limy_,o zp = x*.
Hence, we deduce that z* = y*. The proof of the theorem is complete. Il

6. Numerical examples and applications

Example 1. Extended semilocal convergence. Consider the following
nonlinear integral equation of mixed Hammerstein type

B
(m)MﬁZf@%ﬁA<ﬂ&ﬂdﬂﬂ—f@f+ﬂﬂﬂ—f@ﬁtSGMJ%
where z, f € C[A, B], «, 8 € R and the kernel G is the Green function

(B—s)(t—A) <
G(s,t>={ iy ST
—B-a o SSt

To simplify the analysis we choose A = 0, B =1, « = 8 = 1/2 and
f(s) = 0. To solve (52), we transform it into a finite dimensional problem by
using a process of discretization. For this, we approximate the integral that
appears in (52) by the Gauss-Legendre formula

1 8
/ h(t)dt ~ " wh(t:),
0 i=1

where the nodes t; and the weights w; are known.
If we denote the approximation of x(t;) by z; (i = 1,2,...,8), then (52) is
equivalent to the following nonlinear system of equations

8
1 .
j=1

where
wjt]—(l — tz) lfj S i,
Qi =
w;t; (1

System (53) is now written as F(x) + G(x) = 0 where
1 1
Fx)=x-— §Avx, G(x) = §wa F:R® — RS
where
X = (x1,20,...,28)7, A= (aij)?,jzl, ve = (22,23, ... 22)T,
Wx = (|:L'1|, |1'2|7 ceey |z8|)T'
Moreover, F'(x) = I — AD(x), where D(x) = diag{x1, z2,...,7s}.
Choosing as starting point xo = (1,1,...,1)T and the max-norm, we obtain

a=1.13821---,b==0.140636---, £k = 0.070318 - - -. If we take for instance
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A = 0.9 it follows p = M + Ak = 0.535159--- < 1 and hy = 0.0400186- - -.
In consequence, by Theorem 9, the relaxed Newton’s method with A = 0.9
converges to the trivial solution x* = (0,0,...,0)T of system (53). The exis-
tence of the solution is guaranteed in B(xg, 1.36529---) and the uniqueness in
B(xo,11.8558 - -).

Moreover, in Table 1 we can establish the following estimates of the error
||[xn — x*|| that show in the following table.

TABLE 1. Estimates of the error ||x, — x*| applying the re-
laxed Newton’s method with A = 0.9 and A = 1 (Newton’s
method), to solve system (53)

A=0.9, |xon—x"|| A=1, [xa—x*|
3.409021--- x 10~ | 2.270807--- x 10~ 1
6.788876--- x 1072 || 2.332819--- x 1072
1.240100--- x 10~2 || 2.069182--- x 1073
2.221346--- x 103 || 1.803860--- x 1074
3.964426--- x 10~* | 1.570110--- x 1075
7.0706150 - - - x 107> || 1.366465--- x 106
1.2609058 - - x 1075 || 1.189218--- x 10—~
2.2485316---x 1076 || 1.034962--- x 10~

0 O Ui W3

Example 2. Semilocal convergence under center-Lipschitz and Lips-
chitz conditions. In the following example, we consider the real function

(54) 2% —0.49 = 0.

We take the starting point zp = 1 and we consider the domain = B(x, 1).
In this case, we obtain

(55) a=0.17,
(56) b=3.02,
(57) B =2.51
and

v =0.831126--- .

Notice that Kantorovich hypothesis A < 0.5 is not satisfied. Now, taking A =
0.99, we obtain that for 4; = 0.160253 - - -, hypotheses of Lemma 3 hold. Hence,
conditions of convergence for the relaxed Newton’s method given in Theorem
7 are satisfied. So, relaxed Newton’s method starting form zy € B(zg,1)
converges to the solution of (54).



160 I. K. ARGYROS, J. M. GUTIERREZ, A. A. MAGRENAN, AND N. ROMERO
Example 3. Local convergence. Let X =Y = R3 D = U(0,1), 2* =
(0,0,0) and define function F on D by

(58) F(z,y,2) = (" = Ly* +y.2).

We have that for u = (z,y, 2)

e’ 0 0
(59) F'(u) = 0 2y+1 O
0 0 1

Using the norm of the maximum of the rows and (58)—(59) we see that since
F'(z*) = diag{1, 1,1}, we can define parameters

(60) b=ce,

(61) B=2

and

(62) p = min{1, 20 =1 = AD b

e+ (241 -2
Then for each 0 < A < 2, the relaxed Newton’s method (6) starting form
xo € B(z*,p). Notice that the radii of this ball is greater or equal than the
one only using Lipschitz condition.
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