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center-Lipschitz constant instead of the Lipschitz constant. This way the applicability of
(TSNM) is expanded in cases not covered before. Numerical examples are also provided in
this study.

1. Introduction
In this study we are concerned with the problem of approximating a locally unique solution x* of nonlinear 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 Y.

Many problems from computational sciences and other disciplines can be brought in a form similar to equation (1.1) using mathematical
modeling [5, 13, 18, 26, 29, 30]. The solution of these equations can rarely be found in closed form. That is why most solution methods for
these equations are iterative. In applied sciences the practice of Numerical Analysis for finding solutions x* of equation (1.1) is essentially
connected to variants of Newton’s method [1]-[46].

The basic idea of Newton’s method is linearization. Starting from an initial guess, we can have the linear approximation of F(x) in the
neighborhood of xq : F (xo + h) ~ F(xq) + F'(xg)h, and solve the resulting linear equation F(xo) + F’(xg)h = 0, leading to the recurrent
Newton method (NM)

X1 = X0 — F'(xn) " F () (1.2)

foreachn =0,1,2,---. This is Newton’s method as proposed in 1669 by [.Newton (for polynomial only) defined on the real line. It was J.
Raphson, who proposed the usage of Newton’s method for general functions. That is why the method is often called the Newton-Raphson
method. Later in 1818, Fourier proved that the method converges quadratically in a neighborhood of the root, while Cauchy (1829, 1847)
provided the multidimensional extension of Newton’s method (1.3). In 1948, L.V. Kantorovich published an important paper [26], extending
Newton’s method for functional spaces (the Newton-Kantorovich method (NKM)). Ever, since thousands of papers have been written in a
Banach space setting for the (NM) as well as Newton-type methods, and their applications. We refer the reader to the publications [5, 13] for
recent results (see also, the references therein).

The study about convergence matter of iterative procedures is usually based on two types: semilocal and local convergence analysis. The
semilocal convergence matter is, based on the information around an initial point, to give conditions ensuring the convergence of the iterative
procedure; while the local one is, based on the information around a solution, to find estimates of the radii of convergence balls.
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In order to increase the order of convergence the two step Newton method (TSNM)

Yn = xn_F/(xn)ilF(xn)
Xntl = yn_F/(yn)ilF()’n)

foreachn =0,1,2,--- has been used to approximate x* [1]-[46]. (TSNM) has convergence order four. Let U (x,r) denote an open ball with
center x € X and of radius r > 0. Let U (x, r) denote the closure of U (x,r). Let also L(X,Y) denote the space of bounded linear operators
from X into Y.

The Newton-Kantorovich theorem is a semilocal convergence result for solving nonlinear equations using (NM) or (TSNM) asserts that if
there exist xo € D, 1 > 0 and L > 0 such that

F'(x0) ™' € L(Y,X), [|F'(x0)"F'(x0)| <7 (13)
1" (x0) ™ (F"(x) = F'O0))I| < Ll|x—y| (1.4)
for each x and y in D
h=2In<1 (1.5)
and
U(xo,R) C D, (1.6)
where

then, (NM) or (TSNM) converges to x*. Error estimates on the distances can be found in [5, 6, 13], [19]-[24] and the references therein.
However, there are simple examples (see numerical examples at the end of the study) where (1.4) or (1.5) are not satisfied. In these cases the
Newton-Kantorovich theorem cannot guarantee that (NM) or (TSNM) converge although these methods may converge. This is happening
because (1.5) is only a sufficient convergence condition for (NM) or (TSNM). In the present paper we expand the applicability of (TSNM) by
weakening (1.4) or (1.5). Relevant work for (NM) or (TSNM) can be found in [1]- [24].

In particular we replace Lipschitz condition (1.4) by the center-Lipschitz condition

1" (x0) ™" (F'(x) = F' (x0)) || < Lolx—xo| (1.8)
for each x € D, (1.5) by
ho = (9+4V5)Lon < 1 (1.9)
and (1.6) by
U(xo,r) C D, (1.10)
where
2
T 1+Lon+\/(1+nLon)2f20Lon' (b
Note that

Lo<L (1.12)

holds in general and %} can be arbitrarily small (see Example 3.3).
We also have

h<1 and (94+4V5)Lo<2L=hy<1 (1.13)
and
h L
50 as 2o, (1.14)

Hence, in these cases the applicability of (TSNM) is extended under weaker hypotheses since the computation of constant Ly is less expensive
than the computation of constant L. Note also that we may have

hg<1 and (9+4V5)Log>2L=h<1 (1.15)

Therefore, in practice we shall choose the condition that is satisfied (if any).
The paper is organized as follows. In Section 2 we present the semilocal convergence of (TSNM). The numerical examples are given in
Section 3.
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2. Semilocal Convergence of (TSNM)

We need the following Ostrowski-type representations for (TSNM).

Lemma 2.1. Suppose that sequences {x, },{yn} generated by (TSNM) are well defined for eachn =0,1,2,--- . Then, the following assertions
hold for eachn=1,2,---

—Yn1 =T+, @.1)
where
T = FOut) F Onet) Ot = Xne1) = F (1) + F (x0-1)]
= PO [ P 0w i)~ F )
X (Xnt — Y1 )dt 22)
Ty = Font)  (F'On1) = F (50-1) Gn1 = Y1) (23)
and
Yn—Xn =T3+Ty, 2.4)
where
T3 = F@1)  [F ()@ = Y1) = F () + F (1))
= Pl [ Pt 01 —0) —F ()]
X (Yn—1 —Xn)dt (2.5)
Ty = F'(x)  (F () = F' O0n1)) On1 = Xn)- (2.6)

Proof. Use (TSNM) and Taylor’s formula.
We can show the main semilocal convergence results for (TSNM).

Theorem 2.2. Let F : D — Y be Fréchet differentiable. Suppose that (1.3), (1.8)- (1.11) hold. Then, sequence {x,},{yn} generated by
(TSNM) are well defined, remain in U (xg,r) for eachn="0,1,2,--- and converge to a solution x* € U (xq,r) of equation F (x) = 0. Moreover,
the following estimates hold for eachn=1,2,---

Ly

—y. < S|lyn—1—
Hxn Yn 1” = 2(]_L0Hyn71 _XOH)[ Hyn 1 X()”
+3Hxn71 _-’COMH-xn—l _)’rhl”v 2.7)
Ly
Xp — Xp— < |1+ 5l yn_1 —x
H n n l” [ Z(I_L()”ynfl_xOH)( ” n—1 OH
+3Hxn71 _xOH)]”xnfl —yn71\|7 (2.8)
Lo
_ < Sl g —
”'xn yn” — 2(1—L0‘|Xn71 —X()H)[ Hxn 1 XO”
+31yn—1 — xo0l[][1%2 = Yn—1ll, (2.9)
and
. 1+b)b*"
[ —xa] < (LB )2 n, (2.10)
1-b
where
4L0r
= 1. 2.11
b=1>b(r) 17L0r< (2.11)
Furthermore, if there exists R > r such that
U(xo,R) €D (2.12)
and
Loy(R+7r) <2, (2.13)

then the solution x* is unique in U (xq,R).
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Proof. We have by (TSNM) for n = 0, (1.3) and (1.10) that |lyg —xo|| < 1 < r, which shows that yy € U (xo,r). Let x € U(xg, r). Then, using
the center-Lipschitz condition we get that

I (x0) ™' (F' (x) = F' (x0)) | < Lo|lx—xol| < Lor <1 (2.14)
by the choice of 7. It follows from (2.14) and Banach Lemma on invertible operators [5]-[26] that F/(x)~' € L(Y,X ) and

1 1

F'(x)"'F xo)|| < < .
1F7 ()™ F (xo0) | < 1= Lollx—xol| — 1—Lor

(2.15)

In particular (2.15) holds for x = yg. Then, by (TSNM) x; is well defined. Let us assume that x,y; € U (xg,r). Then, we have using Lemma
2.1, the center-Lipschitz condition and (2.15) that

Ty} < HF/(Yk—l)71F/(XO)HHF/(X0)71/01{[F/(xk—l“'t(yk—l —Xk-1))
—F'(x0)] + [F' (x0) = F' (1)1} (k-1 — ye—1)dt |
< Lo llyk—1 =0l + [Ixk—1 — Xo|
= 1=Lollye—1 —xoll 2
Fyr—1 =xolllllxe—1 —yr—1ll
< Lo (31 =l + 1 —ol)
2(1—Lollyx—1 —xoll)
k-1 = ye—1ll,
Il < 1F (et) ™ F o) [1F (o) ™ (F (k1) = F (1)) |
lloe—1 — yi—1l
< e —oll+ et — ol
1= Lol|ye—1 —xol|

H'xk—l — Yk—1 ”7
so, since ||xg —yg—1|| < ||t || + [|T2]], is obtained by adding the preceding two inequalities. To show (2.8) we use (2.7) and the triangle
inequality
[l = =1l < Nl = ye— 1l + Iye—1 = Xe—1 |-
As in the computation of ||I' || and |3 ||, we get in turn that

Lo
0] < (Bllxk—1 —x0ll + [[yx—1 —xoll)
2(1 = LolJxg—1 —xoll)
llxx = ye—1ll,
Lo
T4l < ——————— [l —xoll + lyk—1 —xoll]
1 —Lollxg—1 —xo|
llxx — vl

and since |yx —xx|| < |[|T'3]| +||T4]|, we obtain (2.9). It then follows from (2.9) and (2.11) that

Lo
— < 8 — Vi
v —xell < Lo Flle = i1l
< Bt =y || < B [|xo — ol
< by,

We also have that form=0,1,2,---

6k = Xkl < Xkt — Xk |+ km— 1 — X2 || - A (1 — x|

but
kaer 7xm+k71|| < (1 +b)||xk+mfl — Ymtk—1 H < (1 +b)b2(k+m_])777
S0,
epm =il < (1+6)EED oo P
l_b2m n
< (1 2k <1
< (1+b)b ST ="

It follows that sequence {x; } is complete in a Banach space X and as such it converges to some x* € U(xg, r) (since U (xp, r) is closed). By
letting m — oo in the preceding inequality we get (2.10). In particular the preceding inequality for k = 0 gives that sequence x,, € U (xg,r)
foreachm =0,1,2---. We also have that

e —=xoll < [lyk =kl + [l — xoll
22k

1—b
< p* 1+b)—o
< n+(1+b)5—7n
1_b2k+1 n
< =7
S 1o Tt
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That is y; € U(xg,r) foreachk=1,2,---.
In order for us to show that F (x*) = 0, we use the approximation

F(xip1) = F(oepr) —F ) — F () (v — %)
= (Fug1) = F () = F' () (g1 —xx)) — F' () 0 — X1

F'(x0) 'Flxip1) = F/(xo)_l/ol(F/(kart(ka*Xk))*F'(xk))(ka*xk)dl
+(I=F'(x0) " (F'(x) — F'(x0))) (5% — k1)

Then, we get that

IF" (x0) ™' F (x|

IN

Ly
7(||xk+1 —xol| 4 3||xx — xo0l|) lIxe4-1 — x|

+(1+Lollxx — xol) [Ix+1 — il
< 2Lor|legr — Xl + (T+ Lor) g1 — yill-

But {x;} is a complete sequence and ||xz; — yi|| = 0 as k — oo (by (2.7)). Hence, ||F’(x0) ' F(xz41)|| — 0 as k — oo. That is F(x*) =0.
Finally, to show the uniqueness part, let y* € U (xg,R) be such that F/(y*) = 0. Let M = fol F'(y* +1(x* —y*))dt. Then, we have that

1
IFo) M =F /o)l < Lo [y +o(e =) —sollds

Ly
< B ol + Iy - )
< %(r—I—R) <1.

It follows that M~ € L(Y,X). Then, in view of the identity
0=F(")—F(")=Mx"—y")
we deduce that x* = y*. The proof of the Theorem is complete.

Remark 2.3. The Newton-Kantorovich hypothesis (1.5) has been used in the literature [1]-[46], as the sufficient convergence condition for
both (NM) and the modified Newton’s method (MNM)

Zna1 =20 —F'(20) ' F(z,) foreach n=0,1,2,---.

In [6] we showed that (1.5) can be replaced by

h=2Lyn <1 (2.16)
and
U(x,r1) €D, @.17)
where
= 17\277}“. (2.18)
Note that
hg<1=hy;, h<l=h <1 (2.19)
and
h—hl —0 as % —0. (2.20)

Hence, in cases (1.5) or (1.9) are not satisfied but (2.16) is satisfied we can start with linearly convergent (MNM) until a certain iterate z,, (or
(1.5)) is satisfied, then we continue with faster (TSNM) [6].

Remark 2.4. The convergence order of (TSNM) is expected to be four. In Theorem 2.2 the error bounds are too pessimistic. That is why in
practice we shall use the computational order of convergence (COC) (see eg. [14]) defined by

A AL TR
o — 2 et 2]

The (COC) p will then be close to 4 which is the order of convergence of (TSNM).




142 Fundamental Journal of Mathematics and Applications

3. Numerical Examples

Example 3.1. LerX =Y =R, D =[0,),x9 = | and define function F on D by

F(X)ZT+01X+62, 3.1

1

where cy,cy are real parameters and i > 2 an integer. Then F'(x) = Xy c1 is not Lipschitz on D. However central Lipschitz condition
(C1) holds for Ly = 1.
Indeed, we have

IF'(x)—F'(xo)| = e/ =]

|x —xo]
- 1

i- i1
xo +...+x,

Lo\x—x0|.

IN

Example 3.2. We consider the integral equations
b
u(s) = f(s)+ 7 / Gs,Nu(t)* /a1, neN, 3.2)
a

Here, f is a given continuous function satisfying f(s) > 0,s € [a,b], T is a real number, and the kernel G is continuous and positive in
[a,b] x [a,b].
For example, when G(s,t) is the Green kernel, the corresponding integral equation is equivalent to the boundary value problem
W= o (33)
u(a) = fla),u(b) = f(b). (3.4)

These type of problems have been considered in [5], [9]-[13], [18]-[22].
Equation of the form (3.2) generalize equations of the form

b
u(s) = / G(s, 1 ult)"dt 3.5)
a
studied in [5], [13], [20]. Instead of (3.2) we can try to solve the equation F (u) = 0 where
F:Q CCla,b] — Cla,b],Q = {u € Cla,b] : u(s) > 0,s € [a,b]},

and
b
F(u)(s) =u(s) = f(s) — T/ G(s.‘t)u(t)lﬂ/”dt.

a

The norm we consider is the max-norm.
The derivative F' is given by

F'(u)v(s) = v(s) — t(1+ %) /bG(s,t)u(t)l/”v(t)dt, veQ.

First of all, we notice that F' does not satisfy a Lipschitz-type condition in Q. Let us consider, for instance, [a,b] = [0,1],G(s,t) = 1 and
¥(t) = 0. Then F'(y)v(s) = v(s) and

1 b
I1#(6) = F' ) = [el(1+ ) [ ate) V.
a
If F' were a Lipschitz function, then
IF(x) = F' )|l < Lillx =],
or, equivalently, the inequality

1
/ x(1)'/"dt < L, max x(s), 3.6)
0 x€(0,1]

would hold for all x € Q and for a constant Ly. But this is not true. Consider, for example, the functions

t
Xj(f): ;a JZ 17 re [0?1]

If these are substituted into (3.6)

1 Ly  1im -
_— < s <L,(14+1/n), ¥Vj>1.
T S 2(L+1/n), Vj

This inequality is not true when j — co.
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Therefore, condition (3.6) is not satisfied in this case. However, condition (1.8) holds. To show this, let xo(t) = f(t) and Y = ming|, ) f(s), 0t >
0. Then forv € Q,

IF'(x) = F'(xo)v]| = [z](1+—~ maXI/ (5,0) (x(0) " = £ () /")l |

i’l s€la,b

IN

1
14— G
7101+ ,) max Gis.1)

G(
where Go(5,1) = g gy IVl- Hence,

IF' ()~ F o)l = 'Tﬁﬁl/f max [ G0l

Lo|lx—xoll,

IA

where Ly = ‘T%t;//"")N and N = maxc|4 | f G(s,t)dr.

Example 3.3. Ler X = D(F) = R,xy = 0, and define function F on D(F) by
F(x) = dox+d) +dy sine®™, 3.7

where d;,i = 0,1,2,3 are given parameters. Then, it can easily be seen that for d3 sufficiently large and d, sufficiently small, I‘TO can be
arbitrarily small.

Example 34. LerX =Y =R, xg=1,D=U(xo,1 —p) for p € (0, ) and define F on D by
F(x)=x>—p. (3.8)
Then, using (1.3), (1.4), (1.8) and (3.8) we obtain that
1—
n= TP,L0:3—p<L:2(2—p).

Hence, there is no guarantee that (TSNM) converges to x* in these cases. Then, by (1.5) and (1.9) we get that h > 1 and hy > 1 for each
p € (0, %) However, using (2.16) we get that

hy <1 foreach p€[0.418861170,0.5).

Note that we have that [6]
Hzn+1 —zull < qllzn — 201 H foreach n=1,2,--,
where g =1—+/1—hy.
Let us choose p = 0.48. Then, we have that Ly = 2.52,L = 3.04,1 = 0.17333---  h; = 0.8735999 .- and q = 0.644472221. Using the
estimates

IF'(en) ™ (F' @) =F'ODI < IF"(aw) ™ F' (zo)l

x|[F(z0) ' (F'(x) = F'(3))|
L

= 1—L0\|21\7—Z0\|Hx*y‘|
< —E ey
- 1-Lyn
L
= ﬁ“x*)’”
and
IF'(zn) ' (F'(x) = F' o)l < IF'(aw) ™' F'(20)
x||F'(z0) ™" (F'(x) = F'(20))
< ekl
~ 1—Lollav — 20|
< -zl
- 1—Lor;
L
= MHX—ZOH
Therefore, we can set
L= L and Ly = Lo .
[ VI=hy

we then have L = 8.550668013 and Ly = 7.088053748. Hence, estimates (1.5) and (1.9) hold, respectively, if

h=2Lng" <1
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and

ho = (9+4V5)Long" < 1.

These inequalities are satisfied, respectively for N = 3 and N = 8, since they become

and

7 =0.793459449 < 1

ho = 0.656097755 < 1.

Hence, we must choose xo = z3 (under (1.5)) or xg = zg (under (1.9)).
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