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Abstract. The aim of this paper is to expand the applicability of a
fast iterative method in a Banach space setting. Moreover, we provide
computable radius of convergence, error bounds on the distances involved
and a proof of uniqueness of solution based on Lipschitz-type functions
not given before. Furthermore, we avoid hypotheses on high order deriva-
tives which limit the applicability of the method. Instead, we only use
hypotheses on the first derivative. The convergence order is determined
using the computational order of convergence or the approximate order of
convergence.

1. Introduction

Let FF: ® C By — B> be a continuously Fréchet-differentiable operator
between the Banach spaces By and Bz and © be a convex set. Let B(x,h) =

={y € By : ||z — y|| < h} for h > 0. Denote by B(z, h) the closure of B(z,h).
Let also £(B1, Bs) stand for the set of bounded linear operators from By to Bs.
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In this study, we consider the problem of approximating a solution x* of
nonlinear equation

(1.1) F(z) =0,

We can recall that in [16] the authors Sharma and Gupta introduced the fol-
lowing method to increasing the order of convergence of iterative methods and
given by

yn—zn_F(( ) )( )
Zn = Tn + 5(Un
R I >1F<xn>
Tng1 = Un — [2F (20) "1 = F'(2p) " F(up), ifn=0,1,2,....

where 2o € ® is an initial point. They considered the above method for solving
system of equations, when By = By = R? (i a natural number). Using Taylor
expansion and the assumptions on derivatives of order up to four on F', they
proved the order of convergence of the method (1.2) is five. But one can
clearly see that the assumptions on the higher order Fréchet derivatives of the
operator F restricts the applicability of method (1.2). For example consider
the following:

Example 1.1. Let By = By = C[0,1],D = B(2*,1) and consider the integral
equation of the mixed Hammerstein-type ([1, 2, 6, 7, 8, 9, 12]) defined by

/G 02 4+ (1) /2) dt
0

where the kernel G is the Green’s function defined on the interval [0,1] x [0, 1]

by
(1—9)t, t<s,
G(s,t) =
s(l1—t), s<t.

The solution z*(s) = 0 is the same as the solution of equation (1.1), where F’
is defined by

F(z)(s) = z(s) — /G(s,t) (:v(t)3/2 + x(t)2/2)dt
0

Then, we have that

F (2)y(s jG ( V”+xu>ﬁ
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One can see that, higher order derivatives of F' at z*(s) do not exist in this

1
example. Since F' (z*(s)) = I and H fG(snf)dtH < &, we have
0

IF @) F @) = F ol < 5 (3l = ol 4o = o)

Our goal is to weaken the assumptions in [8] and apply the method for
solving equation (1.1) in Banach spaces, so that the applicability of the method
(1.2) can be extended. The study of the local convergence is important because
it shows the degree of difficulty for choosing initial points. Notice that in the
studies using Taylor expansions and high order derivatives the choice of the
initial point is a shot in the dark. The technique introduced in this paper can
be used on other iterative methods ([1]-[17]).

The rest of the paper is structured as follows. In Section 2, we present
the local convergence analysis. We also provide a radius of convergence, com-
putable error bounds and a uniqueness result. Special cases and numerical
examples are given in the concluding Section 3.

2. Local convergence analysis

We shall base the local convergence that follows on some scalar functions
and parameters. Let wy : [0, +00) — [0, +00) be a continuous and nondecreas-
ing function with wg(0) = 0. Suppose that equation

(2.1) wo(t) =1

has zeros in (0,400). Denote by po the smallest such zero. Let w : [0, pg) —
— [0,400) be a continuous and nondecreasing function with w(0) = 0. Define
functions g1, h1, g2 and hs on [0, pg) by

Ju((1—0)t)ds
o) =

1 —’wo(t)
hl(t) = gl(t) - ]-7
1
L e —ona
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and
ha(t) = ga2(t) — 1.

We have that h1(0) = —1 < 0, ha(0) = —1/2 < 0, hi(t) — +oo0 and
ha(t) — 400 as t — py . It then follows from the intermediate value theorem
that functions h; and hg have zeros in (0, pp). Denote by 1 and 7o the smallest
such zeros, respectively.

Suppose that equation

has zeros in (0,r2). Denote by py the smallest such zero. Let v : [0, p2) —
— [0, +00) be a continuous and nondecreasing function. Define functions g3
and hg on the interval [0, p2) by

1

(wolg2(®)t) +wo(t)) [ v(6t)as

(1 —wo(t)) (1 — wo (92(t)t))

and hg(t) = g3(t) — 1. We get h3(0) = —1 < 0 and h3(t) — 400 as t — ps .
Denote by r3 the smallest zero of function hs on (0, p2).

g3(t) = g1(t) +

Suppose that equation

(2.3) wo (gs(t)t) =1
has zeros in (0,73). Denote by ps the smallest such zero. Define functions g4
and h4 on [0,p) by
bfw((l —0)g3(t)t) gs(t) ( 0(t) + wo (g2(t) t)) OfU(993 (t)t)dOgs(t)
90 = T @m0y T (= wele0) (I —w)
(’wo (92()t) + wo (g3 (t)t)) iU(QQS(t)t)dagrs(t)
(1 —wo(g2(t)t)) (1 — wo (gs(t)t))

and hy(t) = g4(t) — 1, where p = min{pz, ps}. We obtain hy(0) = —1 < 0 and
h4(t) = +00 as t = p. Denote by r4 the smallest zero of function hy on (0,7).
Define the radius of convergence r by

+

+

(2.4) r=min{r;}, i=1,23,4.
Then, we have that for each ¢ € [0,r)

(2.5) 0<gt) <1,
(2.6) 0 <wo(t) <1, 0 <wo(ga(t)t) <1
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and
(2.7) 0 < wo(gs(t)t) < 1.

Next, we provide the local convergence analysis of method (1.2) based on
the following set of conditions which is known as condition (A):

(a1) F:D C By — By is a continuously Fréchet-differentiable operator.
(az) There exists #* such that F(z*) = 0 and F' (z*)~! € L(Ba, By).

(a3) |F (x*)~ (F'(z) — F'(z*))|| < wo(]jz — 2*||) for each = € D, where wy
and pg are given previously. Set Do = D [ B(z*, po)-

’

(as) |F'(z*)" Y (F'(z) — F'(y))|| < w(||z —y|)) for each z,y € Dy, where w is
given previously.

(as) HF,(x*)_lF/(.T))H < v([|lz — a*|)) for each € Dy, where v is given
previously.

(ag) B(z*,r) C D, where r is defined by Eq. (2.4).

Theorem 2.1. Suppose that the conditions (A) hold. Then, sequence {x,}
generated for xg € B(x*,r) — {x*} by method (1.2) is well defined in B(z*,r)
for each m = 0,1,2,..., remains in B(z*,r) and converges to x*. Moreover,
the following error bounds hold

(2.8)  Myn — 2" < grllzn — 2" Dllwn — 27| < [l — 27| <7,
(2.9) zn — 2| < g2(lzn — 2" [lzn — 2| < fl2n — 2™,
(2.10) lun — 2% < ga(lzn — 2" |Dl|lzn — 2% < [|zn — 27|
and

(2.11) [2n+1 — 2| < galllzn — 2"z — 27| < [lzn — 27|

where the functions g; = 1,2,3,4 are defined previously. Furthermore, if there
exists R > r, such that

1
(2.12) wo(OR)dA < 1,
/

then the point x* is the only solution of equation F(x) =0 in®, = D (| B(z*, R).
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Proof. We shall show using mathematical induction that sequence {zj} con-
verges to {x*} so that estimates (2.8) — (2.11) hold. By hypothesis
xo € B(z*,r) — {z*}, (2.4), (2.5), (a2) and (a3), we have that

(2.13) IF ()™ (F (wo) = F' (%)) | < wo([lzo — 27|]) < wo(r) < 1.

Tt follows from (2.13) and the Banach Lemma on invertible operators [2, 6, 12,
15] that F (I )7 € ;C(BQ,Bl) and

|| !
= T wo(fzo — 2

(2.14) IF (20) T F (a¥)

We also have that yy and zg are well defined by the first and second sub step
of method (1.2). Using the first sub step of method (1.2) for n = 0 and (a2),
we can write

(2.15) Yo — % =10 — a* — F(x0) ' F(x0).
Then, by (2.4), (2.5) (for i = 1),(a4), (2.14) and (2.15), we get in turn that

lyo —a*ll < IF (wo) " F' (2")]]

0/ (2" + 0(zo — %)) —

—F/(xo))(xo — 2*)df

1

0fw((l = 0)llwo — =) lzo — x*(|df

1 —wo(l[zo — 2*[])

(2.16) g1(lxo — " |llxo — 27| < flwo — 27| <1,
which shows (2.8) for n = 0 and yo € B(z*,r). By (2.4),(2.5) (for i = 2) and
(2.16), we have in turn that
o=l < |50 -2+ 3o - <
1 * *
< 5 +ai(llzo — 2D flwo — 2™ =
(2.17) = ga(llzo — a™[)lJxo — ™[] < o — 2™ <,
which shows (2.9) for n = 0 and zp € B(z*,r). In view of (2.6),(2.13),(2.14)
(for 29 = ), we get that F' (29)~! € L(Ba, B1) and
1

L —wo(l[z0 —a*|]) —
1

1 —wo(g2(||zo — z*|])[|wo — z*||”

IF (z0) " F ("] <

(2.18)




Ball convergence of a fifth order method 347

We also have that ug and x; are well defined by the third and fourth sub step
of method (1.2) for n = 0. We can also write by the third sub step of method
(1.2) for n = 0.

wp —x* = wo—a* — F (x0)  F(wo) + (F (z0) ™t — F (20)~ )F(aso) =
(2.19) = yo— "+ F (20) L (F (20) 71 = F (w0) ™) F (20) " F (o).

Moreover, we can write
1
(2.20) F(z9) = F(zo /F z* 4 0(xg — x*))df(zg — z*),
0
so by (as) and (2.20), we get
1
(2.21) IF (%) F (0)] / (0llz0 — *|))d6l|o — °].
0

Using (2.4), (2.5) (for i = 3), (2.14),(2.16), (2.17), (2.18) and (2.21), we obtain
in turn that

luo ="l < galllzo — ")z — 2° +

1 F o) F @) | (I (@) 7 (F (20) = F' (@) | +
I F @) (F (o) = F(@)]) %
XIF (20) 7 F @) || F (@) Plao)| <
[(Mmlm—xﬂm—wﬂ%Hmmm—wH)

(1 —wo(llzo — 1))

IN

X

1
Jv(@llzo — 2*|)df
0

@—w«mmm—xwmm—wﬂn4_

X

+91([lwo — $*|)] lzo — 2™ =
(2.22) = g3(lleo — 2"[Dllwo — 2™ < flwo — 2™ <,

which shows (2.10) for n = 0 and ug € B(z*,r). Furthermore, from (2.4), (2.5)
(for i = 4), (2.14) (for up = xo), (2.16), (2.18) and (2.22) and the last sub step
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of method (1.2) for n = 0, we get in turn that

’

0) "LE(ug) + (F' (20) ™ — F'(x0) ™") F(uo) +
+(F( 0) ! F(Uo) ) (uo)|| <
luo — 2* — F'(uo) " F(uo) || + | F' (z0) "' F (z*)]| x

(

[l — 2] o — 2" — F'(u

<
< (IF @) (F (o) = F' (@) | +

HIF @) (F z0) = F @) ) I (20) L F ()| x
X|[F'(2*) " F (o) | +
1 F (zo) 7 F @)l (I @) 7 (F (z0) = F () | +
HIF @) (F (o) = F (@) ) I1F (o) F' ()]
X|[F' (2%) " P (o) <
[ (1= 0)lfua —°[) a0 — a* 48

< ° +

1= wo(luo — @*1)
. (wolllzo — 2 ) + wo (g2(llzo = " )20 — 2*11))
(1= wolg2lwo = 2* il = 2*1)) (1 = wol 2o — 1))

X

x| v(0||lug — z*||)dO||uo — =*|| +

o—__

+ (o g2 (llz0 — 21z — 2 ) +

o (gs(leo — @ )l — 2°[)) x

1
X X

1= wo(ga(llzo — * o — 2*1))

1
X X

1= wo (gs (w0 — 2+ )z — 2]))

/N

/

x [ v(lluo = 27 [)db|up — =] <

o _

< galllzo — 27 |Dllwo — 27| < flwo — 27| <1,

which shows (2.11) for n = 0 and 27 € B(z*,r). The induction for (2.8)—(2.11)
is completed by simply replacing xo, yo, 20, 4o and z1 by zg, Yk, 2k, ur and Tgi11
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in the preceding estimates, respectively. Then, from the estimate
(2.23) [@r1 — 2| < cllay — 2™ <,

where ¢ = ga(||zo — 2*||) € [0,1), we deduce that lim =z, = z* and x4y €
k——+oco

1
€ B(z*,r). Finally, let y* € D; with F(y*) = 0 and define Q = [ F’ (z* +
0
+6(y* — 2*))d6. Using (a3) and (2.12), we get that

(224) |F (@) (Q - F ()] < /w0(9||y* —2*)db < /wo(aR)de <1,

so, Q7' € L(By, By). Then, from the identity
(2.25) Qy*—z")=F(y")— F(z") =0,
we conclude that z* = y*. |

Remark 2.1. (a) In the case when wo(t) = Lot,w(t) = Lt and Dy = D,
the radius r4 = 2&3% was obtained by Argyros in [2] as the convergence
radius for Newton’s method under condition (a;)-(as) and (ag). Notice that
the convergence radius for Newton’s method given independently by Rheinboldt
[15] and Traub [17] is given by

2.26 2

( . ) TR = 3L <Trp

As an example, let us consider the function F(z) = e* — 1. Then z* = 0. Set
© = B(0,1). Then, we have that Lo = e —1 < L = ¢, so rpr = 0.24252961 <
<ra=0.324947231.

Moreover, the new error bounds [2] are

L

[n — ]|

lener =o'l < T =2,

whereas the old ones [5, 7]

L
<< — — "2
|[€nt1 — ¥ < 1 T lzn — x|

Clearly, the new error bounds are more precise, if Ly < L. Clearly, the radius
of convergence of method (1.2) given by r cannot be larger than r4.

(b) The local results can be used for projection methods such as Arnoldi’s
method, the generalized minimum residual method(GMREM), the generalized
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conjugate method(GCM) for combined Newton/finite projection methods and
in connection to the mesh independence principle in order to develop the cheap-
est and most efficient mesh refinement strategy [2]-[6].

(¢) The results can be also used to solve equations where the operator F '
satisfies the autonomous differential equation [2]-[6]:

’

F (z) = P(F(z)),

where P : By — By is a known continuous operator. Since F' (z*) = P(F(z*)) =
= P(0), we can apply the results without actually knowing the solution z*. As
an example let F(z) = e* — 1. Then, we can choose P(z) = 4+ 1 and z* = 0.

(d) It is worth noticing that method (1.2) is not changing if we use the new
instead of the old conditions [16]. Moreover, for the error bounds in practice
we can use the computational order of convergence (COC)

I lznsa=a]
£ = MEnraizerll
[@ns1i—a*]

= foreachn=1,2,...
In =

or the approximate computational order of convergence (ACOC)

|#nt2—znia|

R Py
F=—F7r—"— foreachn=0,1,2,...
hl ||wn+1fa:””

Hzn_ﬁnfl ”

(e) In view of (a3) and the estimate

/

IF (@) F(@)| = |F (@) (F (@) = F'(2%)) + 1]
< 14 |F (@) 7HE (2) = F (29)] < 1+ wo(fla - 2*]))
condition (as) can be dropped and can be replaced by
v(t) =14 wp(t)

v(t) =1+ wo(po),

since ¢ € [0, po).

3. Numerical examples

We present two numerical examples in this section.
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Example 3.1. Let B = B, =R? D = U(0, 1), s* = (0,0,0)”. Define function
F on D for s = (s1, s2,3)T by

s 6_12 T
F(s):(el—l,—2 32+32,33> .

Then, the Fréchet-derivative is given by

) e’ 0 0
Fs)=]0 (e—1)sa+1 0
0 0 1

Then, we can choose wy(t) = Lot, w(t) = e%t,v(t) = eTIO,LO =e — 1. Then,
ry = 0.3827, ro = 0.3827, r3 = 0.1234, r4 = 0.1029 and hence r = 0.1029 is
concluded from (2.4). Also we can check that conditions given in (2.5)-(2.7)
are satisfied. Hence the radius of convergence r is given by r = 0.1029.

Example 3.2. Again coming back to the motivational Example 1.1, we can
choose (see also Remark 2.1(e) for function v) wo(t) = w(t) = §(3vt+1¢) and
v(t) = 14+ wo(rp), ro = 4.7354. Then, r; = 2.6303, ro = 2.6303, r3 = 0.4491,
r4 = 0.3152 and hence r = 0.3152 is concluded from (2.4). Also we can
check that conditions given in (2.5)—(2.7) are satisfied. Hence the radius of
convergence 7 is given by r = 0.3152.

4. Conclusions

In this paper we have studied the local convergence of an efficient fifth order
method by assuming only conditions on the first derivative of the operator. We
also provided computable radius of convergence, error bounds on the distances
involved and a uniqueness of the solution result based on Lipschitz-type func-
tions not given before. Numerical examples are computed to give computable
radius of convergence.
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