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Abstract

We present a local convergence analysis for deformed Halley method in order to approximate a solution
of a nonlinear equation in a Banach space setting. Our methods include the Halley and other high order
methods under hypotheses up to the first Fréchet-derivative in contrast to earlier studies using hypotheses
up to the second or third Fréchet-derivative. The convergence ball and error estimates are given for these
methods. Numerical examples are also provided in this study. (©2015 All rights reserved.
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1. Introduction

Many problems in computational sciences and other disciplines can be brought in the form of
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 using mathematical modeling [2], 3] [4, [5, [LT], 14} [15].

In this study we are concerned with approximating a solution z* of the equation . In general
the solutions of can not be found in closed form, so one has to consider some iterative methods for
solving . Usually the convergence analysis of iterative methods are two types: semi-local and local
convergence analysis. The semi-local convergence analysis is, based on the information around an initial
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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. In particular, the
practice of Numerical Functional Analysis for finding solution z* of equation is essentially connected to
variants of Newton’s method. This method converges quadratically to x* if the initial guess is close enough
to the solution. Iterative methods of convergence order higher than two such as Chebyshev-Halley-type
methods [Il, B, 5, [7]-[I6] require the evaluation of the second Fréchet-derivative, which is very expensive in
general. However, there are integral equations, where the second Fréchet-derivative is diagonal by blocks and
inexpensive [I0]-[I3] or for quadratic equations the second Fréchet-derivative is constant [4, [12]. Moreover,
in some applications involving stiff systems [2], [5], [9], high order methods are usefull. That is why we
study the local convergence of deformed Halley method DHM defined for each n =0,1,2,--- by

Yn = Tn— F/(xn)_lF(xn)7
Zn = Tp+ OzF,(.iUn)_lF(Qj‘n),

Ho = 3 F @) [F o+ Ao = 2)) = F(z)]
tnit = gty Hall = SH) ™ (g — 7). (12)

where xo is an initial point, A € (0,1] and a € R are given parameters. Deformed methods have been
introduced to improve on the convergence order of Newton’s method or Newton-like methods [2, 3], 10, 1T,
141, 15 [16]. In particular, DHM was proposed in [I7] as an alternative to the famous Halley method defined
for each n =0,1,2,--- by

Yn = xn—F/(xn)_lF(xn),
L, = F'(x,) 'F"(x,)F' " xp)F ()

1 1 _
Tn+l = Yn+t iLn(I - iLn) l(yn - xn) (13)

Notice that the computation of the expensive in general second Fréchet derivative F”(x,) is required in
method but not in DHM.

The semilocal convergence analysis of DHM was given in [I7] under Lipschitz continuity conditions on
up to the second Fréchet-derivative in the special case when oo = 1 and A > 0.

The usual conditions for the semi-local convergence of these methods are (C): There exist constants

57 m, /Bl) 62 such that
(C1) There exists Ty = F'(z0)~" and ||To|| < 5;

(Ca)
IToF (o)l < m;

(C3)
|F"(z)|| < B1 for each z € D;

(Cs)
| F"(z) — F"(y)|| < Ba]lz —y||P for each z,y € D and some p € (0, 1].

The local convergence conditions are similar but zq is * in (C1) and (C2). There is a plethora of local and
semi-local convergence results under the (C) conditions [I]-[I7]. The conditions (Cs) and (C4) restrict the
applicability of these methods.

As a motivational example, let us define function f on D = [—%, %] by

wna? +2° -2, v #£0

ra={ 5
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Choose z* = 1. We have that

fl(x) = 32?Inz?+5z* — 423 4 222,
f"(z) = 6zlnz?+ 2023 — 1222 + 10z
f"(x) = 6lna?+ 60z — 24z + 22.

Notice that f”’(z) is unbounded on D. That is condition (C4) is not satisfied. Hence, the results depending
on (C4) cannot apply in this case. However, using (2.8)-(2.11]) that follow we have f'(z*) = 3 and f(z*) = 0.
That is, conditions (2.8)-(2-8) are satisfied for p = 1, Ly = L = 146.6629073, M = 101.5578008. Hence,
the results of our Theorem 2.1 that follows can apply to solve equation f(x) = 0 using DHM. Hence, the
applicability of DHM is expanded under our new conditions.

In the rest of this study, U(w, ¢) and U(w, q) stand, respectively, for the open and closed ball in X with
center w € X and of radius ¢ > 0.

The rest of the paper is organized as follows: In Section 2 we present the local convergence of these
methods. The numerical examples are given in the concluding Section 3.

2. Local convergence

In this section we present the local convergence analysis of DHM. Let Lo > 0,L > 0,M > 0,a € R, A €
(0,1] and p € [0,1] be given parameters. It is convenient for the local convergence analysis that follows to
introduce some functions and parameters.

Define functions on the interval [0, (%o)p) by

LtP
(1+p)(1— LotP)’

gt) = gl(t)JrM

an(t) =

117
 Ll|afPAptare
gB(t) - 2(1—L0tp)1+p ) (21)
G3(t) = L||afPAP IMP? — 2(1 — Lot?)1 TP,
g3(t)M
t = t + )
aalt) = 0+ T )1~ Low)

ga(t) = ga(t) -1

and parameters

o 1+p 1 1.1
= ((1 +p)L0 +L)p < (Lo)p
and
ry = (LEPA = ML +0]) 2
(1 +p)L0+L '
Suppose that
M1+« < 1. (2.2)
Then, ro is well defined and
0<ryg <ry.
We also have that
0<g(t) <1,

and
0 < g2(t) < 1 for each t € [0, 72].
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1 _
Using the definition of function gs we get that g3(0) = —2 < 0 and gg((%o)E) = %LMPMP > 0. It

1
then follows from the Intermediate Value Theorem that function gs has zeros in (0, (L%ﬁ) Denote by 73
the smallest such zero. Then, we have that

0 < g3(t) <1 for each t € [0,73). (2.3)

1
Similarly using the definition of function g4 we have that g4(0) = —1 < 0 and g4(¢t) — oo as t — ((%0)5)_

1
Hence, function g4 has zeros in (0, (L%ﬁ) Denote by r4 the smallest such zero. Define

r = min{re,r3,r4} (2.4)
Then, we have that
0<aq(t) <1, 2.5
0<galt) <1, 2.6
0<gs(t)<1 (2.7)
and
0 < ga(t) < 1 for each t € [0,r). (2.8)

Next using the preceding notation, we present the local convergence result for DHM.

Theorem 2.1. Let ' : D C X — Y be a Fréchet-differentiable operator. Suppose that there exist x* €
D, Ly>0,L>0, M>0,aeR|, A€ (0,1] and p € (0,1] such that for each x,y € D

M|1+al <1,
F(z*) =0, F'(z*)"' € L(Y, X), (2.9)
|F" () H(F" (x) — F'(z"))|| < Lollz — 2*|, (2.10)
| ()1 (F'(x) = F'(y)|| < L]z = y]]", (2.11)
|F" (@) F () || < M, (2.12)
and )

U(z*,r) C D, (2.13)
where the radius r is given by . Then, sequence {x,} generated by DHM for xzo € U(x*,r) is well
defined, remains in U(x*,r) for each n =0,1,2,--- and converges to x*. Moreover, the following estimates
hold for each n =0,1,2,--- .

lyn — 2|l < gr(llan — 2%l — 2™ < llzn — 27| <, (2.14)
lzn — 2" < g2(llzn — 2 |Dllon — 2™ < [lzn — 27, (2.15)
1
15 Hnll < g3(llzn —27[)) <1 (2.16)
and
[#n41 — 27| < galllzn — 2*|DlJon — 27| < |lzn — 27, (2.17)

where the “g“ functions are given by .
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Proof. By hypothesis 29 € U(z*,r). Using the definition of radius r and (2.9)), we get that
| F' (") Y (F'(x0) — F'(2*))| < Lollz — z*||P < Lor? < 1. (2.18)
It follows from (2.18)) and the Banach Lemma on invertible operators [14] that F'(x¢)~! € L(Y, X) and

| < 1 1
1— Lo|lx —«*|[P ~ 1 — Lorp

|F' ()" F () (2.19)

Moreover g, zg are well defined by first and second substep of DHM for n = 0. Using the first substep
of DHM for n = 0, we get that

yo—z*t = x0—2* — F'(20) L F(x0)
— [F/ .:EO lF/ / F/
X[F'(z* + 0(xo — 2*)) — F'(x0)](zo — 2*)d0). (2.20)

Then, by the definition of function gy, - - and , we obtain that

o=l < IF (o) F @)l / Plo
[F’(:c + 0(xo — 2™ F’(mo)]dﬁHon — ¥
Hooe g
(1+p)(1 = Lollzo — =*[])
< allleo 5" Dllzo —°|

< ok — 2| <7y

which shows (2.14) for n = 0 and yo € U(z*,r). Similarly, using the second substep of DHM for n = 0, we
get that
20— % =x0 — 2% — F'(x0) " F(20) + (14 @) F'(20) " F(x). (2.21)

Then, by (2.5), (2.12)), (2.19), (2.21) the definition of function go and (2.14) (for n = 0), we obtain for
F(xo) = [ F'(a* + 0(xo — 2*))(z0 — 2*)df

lzo —2*|| < llwo — 2 — F'(x0) ™' F(xo)

IF (o) F )] / F/(2*) " F (2" + 0(z0 — 2*))d0)|
X0 — 2

11+ o|M ]
= Lollzo — 2]
= go(llzo — 2*|))lz0 — 2°| < ||z — 2*]| < -

which shows (2.15)) for n = 0 and 2o € U(z*,r). We have by the definition of A and (2.14]), (2.15])(for n = 0)
that

< ga(llzo —2™[) + [z — 27|

70 — & + Mzo — 20} | < |1 = Alllzo — 27| + [Alll20 — 2 < (11 = A + \Dr <,
which shows that zo + A(z0 — z¢) € U(a*,r) and Hy is well defined. We need an estimate on ||Hyp||. Using
the definition of Hy, g3, (2.19) and (2.11)) we get in turn that

1
I

JHoll = 2|A|IIF'(Q«“o) F @) | 1F (@) THE (" + M=o — @) — F'(wo)]|

L LAPllzo — ol ”
= 2\ 1— Lolzo — z*[]P
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la[P LI (|| F" (o)~ F! (%) || F (%) 1 F (o) [|)P
B 2(1 = Lo|lzo — x*||P)

la|P LIXP~E MP||zg — 2*||P
= 2(1 = Lollwg — x*||P)HP

= g3([|lwo —2™[]) <1,
which shows (2.16) for n = 0. Hence, we have
1

(7 — 5 Ho)

Then, using the last substep of DHM for n = 0, we get

x st Lo
lze = 2"l < lyo = 2™ || + 15 Hollll(Z = 5 Ho) ™ llyo — ol

g3(||zo — 7))
1 — g3(|lxo — )

IN

g1(llzo — 2" [)llwo — 27| +

| F (o) T (| (27) T F (o) |

g3([Jxzo — z*||)
1 —g3(||zo — 2*]|)

IN

g1(llwo — 2|0 — 27| +

M||zo — x*||
1 — Lo|lxzo — z*||

= galllwo — =" Dllzwo — 27| < llwo — 27| <,

1< )
1= g3(llwo — 2*|])

which shows (2.17)) for n = 0. By simply replacing xo, yo, 20, 1 by Tk, Yk, 2k, Tx+1 in the preceding estimates
we arrive at estimates (2.14)-(2.17)). Finally using the estimate ||xgi1 — x*|| < [|zx — || < r, we deduce

that z11 € U(x*,r) and limg 00 2 = ™.

O

Remark 2.2. (a) Condition (2.10]) can be dropped, since this condition follows from (A3). Notice, however

that
Lo <L

holds in general and LLO can be arbitrarily large [2]-[6].
(b) In view of condition (2.10]) and the estimate

|F' (") F (@) = |F' (@) [F(x) = F'(a)] + 1|
< L4 [|F' (@) TN E (@) = F'(2)]]
< 1+ Lollz — ™|,
condition (2.12]) can be dropped and M can be replaced by

M(t) = 1+ Lot?.

(2.22)

(2.23)
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(c) The convergence ball of radius r1 was given by us in [2, [3, 5] for Newton’s method under conditions
(2.10) and (2.11)). Estimate 7 < r; shows that the convergence ball of higher than two DHM methods
are smaller than the convergence ball DHM. The convergence ball given by Rheinboldt [15] for Newton’s

method is 5
rR = 37[1 <7 (fOI‘p: 1) (224)

if Ly < L and %‘ — % as % — 0. Hence, we do not expect r to be larger than r; no matter how we
choose Lo, L, M and c.

(d) The local results can be used for projection methods such as Arnoldi’s method, the generalized
minimum residual method (GMREM), the generalized conjugate method(GCM) for combined New-
ton/finite projection methods and in connection to the mesh independence principle in order to develop
the cheapest and most efficient mesh refinement strategy [2]- [5], [14} 15].

(e) The results can also be used to solve equations where the operator F” satisfies the autonomous differ-
ential equation [2]- [5], [14} 15]:
F'(z) = T(F()),

where T is a known continuous operator. Since F'(z*) = T'(F(x*)) = T(0), F"(z*) = F'(«*)T'(F(z*)) =
T(0)T'(0), we can apply the results without actually knowing the solution z*. Let as an example
F(z) = e® — 1. Then, we can choose T'(z) =z + 1 and z* = 0.

(f) We can compute the computational order of convergence (COC) defined by

o (L=l (el
|2 — 2*|| |2n—1 — 2*||
or the approximate computational order of convergence
|Tni1 — 20| |20 — Zn—1]|
& =1In < In{ —M—
n —zntl )/ \Tlom1 = 2mal )
since the bounds given in Theorem [2.1] may be very pessimistic.
g e restriction A € (0, 1] can be dropped, 1 . 1s replaced by
Th iction A € (0,1 be d d, if (2.13)) i laced b

Uy =U@* (N +|1=A)r)C D (2.25)

for A € R. Indeed, we will then have
[2n + Myn —zn) = 2" < [Alllzn — 27| + 11 = Mllyn — 27

< (A1 =A)r
= Tn + AMyn — zp) € Ur.
3. Numerical Examples

We present numerical examples where we compute the radii of the convergence balls.

Example 3.1. Let X =Y = R. Define function F' on D = [1, 3] by
5 - g (3.1)

Then, z* = 9, F/(a*)™' = 2,Lp =1 < L = 2,p = 0.5,a = —0.6585, A = 1 and M = 2(v/3 — 1),
r1 = 0.6547, ro = 0.4629, r3 = 0.1882, r4 = 0.0215 and r = 0.0215.
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Example 3.2. Let X =Y = R3, D = U(0,1) and B(x) = F"(z) for each x € D. Define F on D for
v=(z,y,2)T by

. e—1
F(U) = (6 -1, TyQ + Y, Z)T' (32)

Then, the Fréchet-derivative is given by

e’ 0 0
F'lv)=1]1 0 (e—=1y+1 0
0 0 1

Notice that x* = (0,0,0), F'(z*) = F'(2*)"! = diag{1,1,1}, Lo =e—-1 < L =M =¢,p=1,a =
—0.8161, A = 0.5. The values of r1 = 0.3249, ro = 0.1625, r3 = 0.1679, r4 = 0.0819 and r = 0.0819.

Example 3.3. Let X =Y =C [0, 1], the space of continuous functions defined on [0, 1] and be equipped
with the max norm. Let D = U(0,1) and B(x) = F"(x) for each 2 € D. Define function F on D by

1
F(e)(x) = p(z) - 5 /O 0p(6)?db. (3.3)

We have that .
F(o(&))(x) = &(x) — 15/ 00 (0)%€(0)df, for each ¢ € D.
0

Then, we get that p =1, 2* =0, Ly = 7.5, L = 15, = —0.9412, A = 0.5 and M = M(t) = 1 + 7.5¢. The
values of r; = 0.0667, ro = 0.0333, r3 = 0.0135, r4 = 0.0065 and r = 0.0065.

Example 3.4. Returning back to the motivational example at the introduction of this study, we have
p=1, Ly == L = 146.6629073, M = 101.5578008, a = —0.9951, A = 0.5. The values of r; = 0.0045, ro =
0.0023, r3 = 0.0001, r4 = 0.00001 and r = 0.00001.
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