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Concerning the Convergence of a
Modified Newton-Like Method

Ioannis K. Argyros

Abstract. We provide sufficient convergence conditions for a certain Newton-like method
to a locally unique solution of a nonlinear equation in a Banach space. We assume that
the Fréchet-derivative of the operator involved satisfies in some sense uniformly continuous
conditions, which are weaker than earlier ones. We show that our results apply where earlier
ones fail. Finally, we solve a nonlinear integral equation of Uryson-type that cannot be solved
using Proposition 2 in (10].
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1. Introduction

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

F(z) =0, , (1)

where F is a Fréchet-differentiable operator defined on a convex subset D of a Banach
space E; with values in a Banach space E,. We propose the modified Newton-like
method

Tny1 =Zn— AT'F(za)  (n 20,20 € D) 2)
to generate a sequence {zn}a.>0 converging to z*. Here A € L(E,,E,), the space
of bounded linear operators from E, into E,. For A = F'(z,) we obtain the modified

Newton method, whereas for A = [z, zo; F] (divided difference of order one) we obtain
the modified Secant method. Several other choices are also possible [5, 6, 8, 9].

Let zo € D, U(zo,R) = {z € E1|||z — zo|| < R} C D, and assume that
IAT(F'(2) = F'(zo))l S w(llz ~ z0ll) (2 € U(o,r);0 < ¥ < R) (3
for some monotonically increasing function w-satisfying

limw(t)=0. ) (4)
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In the elegant paper [2] stronger conditions of the form

I1F'(21) = F(z)ll < o(lles —z2ll) (21,22 € U(so, R)) (5)
or, more generally,
IF'(z1) = F'(z2)l| S wa(r,flzs = z2ll) (21,22 € U(z0,7);0<r < R)  (6)
have been used for some monotonically increasing positive functions v and v, with
}i_r}g) v(t) =0= }1_{1(1) v (r, t) (0 €£r < R), @)
in connection with Newton’s method
Tnt1 = Zn — F'(2,)7 F(zn) (n>0,z0 € D). - (8)

Conditions of type (5) and (6) have also been studied in the special cases when v(t) = kt*
or vy(r,t) = k(r)t* for A € [0,1] in connection with (8) or more generally with Newton-
like methods of the form

Tputl = Ty — A(zn)—lF(In) (77. > O)IO €D (9)

[3 - 6]. Here for each fixed z € D, A(z) € L(E, E»).

A semilocal convergence theorem is provided here for method (2) under the weak
condition (3). In order to demonstrate the importance of condition (3), we apply our
results to solve a nonlinear integral equation of Uryson type using method (2) for A =
F'(zg). At the same time we show that corresponding results in the above-mentioned
papers do not guarantee the convergence of method (2) to a solution of equation (1)
Finally, we note that the results obtained here are in an affine invariant form, whereas
the ones in [2, 8, 10] are not. The advantages of results given in affine invariant form
over corresponding ones not in this form have been explained in [5, 7].

For example, the Newton-Kantorovich theorem guarantees the existence of a solu-
tion of equation (1) if

2||z1 — zoll || F'(zo) M|y €1 or 2|z — zol|€ < 1,
where
I1F'(z) = F'()ll < bllz =yl or  |F'(ze) " (F'(z) — F'(y))ll < €llz -yl

for all £,y € D. However, for linear operators Ly, L, € L(E,, E;) we have ||L1 L2l <
IIL1]] - || L2]|- Hence if the first inequality holds above so does the second. However, the
converse is not necessarily true (see [7: p. 2/Example 1]). Moreover, in some iterative
methods, the generated sequence is known in some subset S of all affine transforma-
tions with domain Ej. In these cases, it is reasonable to require only S-invariance for
the associated convergence theorems. This means that both the assumptions and the

statements of the theorems should remain unaltered, when F is replaced by LF for any
Les. s
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2. Convergence analysis

It is convenient to define the number

a=|[|A7 F(zo), (10)
the function ;
rV=a-r d
Sy =a=r+ [uit)d (11)
the equation
f(r)=0 (12)

and the iteration
to =0
’ (13)
Ctapr =ta+ f(ta) (n20) ) -

We need the following lemma concerning the convergence of iteration (13). A similar
result is shown in [10: p. 675]). However, our proof is slightly difference, since we make
the assumption about the existence and the uniqueness of solution r* of equation (12).

Lemma. Assume that equation (12) has a unique solution r* € [0, R], and that
f(R) £ 0. Then iteration {t,}n>0 generated by (13) is monotonically increasing and
converges to r*.

Proof. The function g(t) =t + f(t) is clearly increasing on [0,7*] and f(t) > 0 for
t € [0,7*]. So, if tx € [0,7"] for some k, we get
te <tk + f(te) =t and tepr =tk + f(te) 7 4+ f(r*) =",
This proves the lemma by induction B
We can now show the main semilocal convergence theorem for method (2).

Theorem. Assume that F is Fréchet-differentiable with (3) and (4), and let f
be defined by (11). Suppose that equation (12) has a unique solution r* € [0, R] and
f(R) < 0. Then equation (1) has a solution z* € U(zo,r*); this solution is unique in
U(zo, R). Moreover, method (2) generates a sequence {Zn}n>o which converges to z*.
Furthermore, the error bounds

|zn+1 = Znll S tnt1 ~ta (14)
lz* = zall < 7* = tn (15)
hold for alln > 0.

Proof. We first show estimate (14) using induction on the integer n. For n = 0,
(2) and (10) give ||z) — zol| < @ = t; — to, which shows (14) in this case. Suppose (14)
holds for n = 0,1,...,k — 1, this implies, in particular, that

lzk = zoll < llzx — zk-all + ... + [lz1 = zol|
S(te—thor)+ ... +(th —to)
=1tk —to
=t

<r*,
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Using the approximation

F(zr) = F(zi) — F(zk-1) — A(zk — Tk-1)

te | (16)
= / [F (Ik—l + t(l‘k - tk—l)) - A] (:L‘k - Ik_l)dt,
0
hypothesis (3), (13), and the induction hypothesis, we obtain in turn
lzksr — zill = [|A7 Fzy)|
1
= / A™? [F'(Ik_l +t(zk — l'k—l)) - A] (zx — :l:k_l)dt”
0
1
< / ”A_l [F'(:l:k_l +t(:1:k - -Tk—l)) - A] . ”:l:k - :Iik_1||dl
0
1
< / w(”:ck_l +t(zk — Th-1) — .1:0”)||:z:k — zp_ || dt
0
1
< / w((l - t)”:l:k_] — zo|| + ti|zk — 2:0”)||:z:;c — Tk || dt (17)
0

5/ w((1 = t)tk—y + t)(te — thmy ) dt

=/‘~ w(t)dt
= f(ts)

= tgp1 — tx.

Hence, estimate (14) is true for all n > 0. Moreover, estimate (15) follows from (14) by
using standard majorization techniques 5, 8, 10].

To show uniqueness, let us assume that y € U(zo, R) with F(y) = 0. Using (2), (3)
and the approximation

Tkp1 — Y =z —y" — A_lF(xk)
= A7 [A(zk - y*) - (F(zx) - F())] (18)

= —‘A_l [/0 (F'(y + t(zx — y)) - A) (zx — y.)dt, Yer |

we get as in (17)

1
lzk+1 —y*|| < / w((1 = t)llzo ~ yll + tllze — zoll)lzx — yl| dt. (19)
0

If y € U(zo,r*), then |lzo — y*|| < r* and (19) gives

lekss = ol € w(r*)lzs — y*Il < w(r* )+ e, (20)
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If y € U(zo,R) and r* # R, then ||y — zof| = pR (0 < p < 1), and (19) can give
R k+1
1
loksr —oll < (r / w(t)dt) R (21)

It follows from the Lemma and (11) that 0 < w(t) < 1 for ¢t € [0, R]. Hence it follows
from (20) and (21) that limg—, =4 = y. That completes the proof of the theorem

Remark 1. It was explained in (2], why sometimes it is useful to pass from the
function w to the function

w(r) = sup {w(u) + w(v): u+v=r}. (22)

Consider the function

f(r) =6—r+/orﬂ')(t)dt (r € [0,R])

where @ = ;33— and o(r) = Ta—w(r) (r € [0,R)), the equation

1+ w(a)
ftry=0
and the iteration
to=0

tat1 = /; " w(t)dt — w(a)t, +a (n >0).

Replace f by f in the above theorem. Then it can easily be seen by following the proof
of the theorem that the conclusions obtained there hold in this setting also.

The following result is a consequence of the contraction mapping principle [4, 7).

Proposition. Let
6=sup ||I-AT'F'(z)] < 1
z€Dy

where Dy = U(zo,71) Q,D and ry = ﬁ. Then equation (1) has a unique solution z*
in U(zo,7m1). Moreover, iteration {T,}n>0 generated by (2) is well defined, remains in
U(zo,m1) for all n > 0 and converges to z*. Furthermore, the error bounds

o 0"a

lley = zoll = +—

0
n—2°|| € ——=|lzn — Za_y|l <
lzn = 2%l < 75 lZn = 2n-ill < 75
hold for alln > 1.

To compare our results with the ones obtained in [10: Proposition 2] or in [2:
Theorem 1], we set A = F'(zo), and assume that (6) holds for v (r,t) = k(r)t for some
non-decreasing function k on [0, R]. As in (2, 10] define the function

x(r)=a+ b/ (r = t)k(t)dt —r (23)
0 .
where
b= ||F'(zo)™"| (24)
and the equation ) ‘
x(r) =0. ' (25)°

We now provide a favorable example for our theorem.
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Example. Let E, = E;, = D = C = C|0, 1], the space of continuous functions on
[0, 1] equipped with the sup-norm. Consider the nonlinear integral equation of Uryson
type given by

F(z)(t) = z(¢) —/0 p(t,s,z(s)) ds. (26)

Let o = 0 and A = F'(0). Suppose p(t,s,u) = pi(t)p2(s)ps(v) with two continuous
functions pi, p2 and p; € C?. Setting

1 1
v=[m(ds  wd 8= [ m(omlas (27)
0 0
using formulas (23), (25) - (29) in (1: p. 278], (10), and (24), we get the function
k(r)=lpillc -7 Sup llp5 ()i (28)
and the constants .
7 0
2O o (29)
p5(0)
_ ’YPs(O)
b=1+—2 57(0) lpallc (30)
provided that
- 6p3(0) < 1. (31)
Choose
()= e Pals) = BVETT, f= oo () =
P —(s+1) s+l’ P2 ’A 20(2\/5_1)7 pP3 =

Then by (27) we get v = 23(2v2 — 1) and § = f1n2. Condition (31) becomes
6p4(0) = Bln2 = 5686421 < 1,
which is true. Moreover, by (28) - (30) and the above values we get

_2B(2v2-1) 28(2v2 - 1)
—————— = .0027389 d b=14_—"—""——==1.002
=30 -fm2) _ = .002738 an + 30 = An2) 1.0027389
and k(r) = e". By (23) and the above values we get

x(7) = .1106029¢" — 1.1106029r — .0045736.

It is simple calculus to show that E[r(§11+r1 x(r) = .1060293 > 0, x is increasing on

[2.306712, +o0) and decreasing on [0, 2. 306712] Proposition 2 in [10: .p. 674] fails to
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apply since x(r) has no zero in the interval [0, R] and x(R) > 0 for all R € [0, +00).
However, our theorem applies.

Indeed, by setting )
| w(r) = 7o, (32)

using (11) and the above values we get f(r) = 5%1'2 — r + a. The hypothesis of our
theorem is now satisfied if we set

r* = .0027395 and R =19.942632.

Hence, according to our theorem iteration (2) converges to a solution z* € U(0,r*) of
equation F(z)(t) = 0 where F' is given by (26). Moreover, z* is the unique solution of
the same equation in U(0, R). Furthermore, estimates (14) and (15) hold in this case
foralln > 0.

_ Remark 2. Using the choices of the w-functions given in the example we see that
" k(r) = 75 < k(r) for r € [0, R] and by (11) and (23) we get

f(r)<x(r) forallrel0,R)

If x(R) <0, then f(R) < 0 also. That means that whenever Proposition 2 in [10: p.
674] applies so does our theorem. The converse is not true as we showed in the above
example.

Remark 3. Assume that the k-functions in Remark 2 are constants (Lipschitz)
denoted by k and k, respectively. The Newton-Kantorovich conditions in this case
become

h=k-n< and h=k-n<

N =
N =

Since in general k < k if the second inequality is satisfied so does the first one. However,
the converse is not true in general. That means that our conditions are weaker than
the corresponding ones in Theorems 1 - 3 and 4 (1.XVIII) of (8].
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