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Local convergence of a one parameter

fourth-order Jarratt-type method in Banach spaces

I.LK. ARGYROS, D. GONZALEZ, S.K. KHATTRI

Abstract. We present a local convergence analysis of a one parameter Jarratt-
type method. We use this method to approximate a solution of an equation in
a Banach space setting. The semilocal convergence of this method was recently
carried out in earlier studies under stronger hypotheses. Numerical examples
are given where earlier results such as in [Ezquerro J.A., Herndndez M.A., New
iterations of R-order four with reduced computational cost, BIT Numer. Math.
49 (2009), 325-342] cannot be used to solve equations but our results can be
applied.

Keywords: Banach space; Newton’s method; local convergence; radius of conver-
gence

Classification: 65D10, 656D99

1. Introduction

Let X, Y be Banach spaces and D be a convex open subset of X.
In this study, we are concerned with the problem of approximating a solution
x* of the nonlinear equation

(1.1) F(zx) =0,

where F : D — Y is a Fréchet-differentiable operator. Many problems can be
formulated as equations like (1.1) using Mathematical Modelling [1]-[22]. The
solutions of such equations can rarely be found in closed form. That is why most
solution methods for such equations are usually iterative. The study about con-
vergence of iterative methods is usually centered on two types: semilocal and local
convergence analysis. The semilocal convergence analysis is based on the informa-
tion around an initial point to give criteria ensuring the convergence of iterative
procedures. While the local analysis is based on the information around a solu-
tion to find estimates of the radii of convergence balls. There exist many studies
which deal with the local and the semilocal convergence analysis of Newton-like
methods such as [1]-]22].
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J.A. Ezquerro and M.A. Herndndez in [11] studied the semilocal convergence
of the R-order four method defined for each n = 0,1,2,... by

Yn = Tp — ]:I(xn)_lj:(xn)v

1
o= g+ 5 F () F )

(1'2) _ T/ —1 / !
Hy, = F'(xn)" (F'(2n) — F'(20))
Tn+1 = Yn — %(I + gH7L)71Hn(yn - xn)v «@ 7é 0

where xg is an initial point. They assumed that there exist constants (1, G2, O3,
B4 and M such that
Cy): || F/ (o) "1 F(zo)|| < B,
Ca): ||F'(zo) "' F" ()| < B2 for each z € D,
Cs): ||F'(zo) ' F"(2)|| < Bs for each z € D,
Ca)s || F'(@o) "L (F" (@) — F" ()| < Ballw —yl|  for cach a,y € D,
Cs): ||F' (zo) 1 F ()| < M.
The assumptions used in [11] were given in non-affine invariant form but we
present them here in an affine invariant form.

(
(
(
(
(

The conditions for the local convergence analysis are obtained from the pre-
ceding ones by replacing xo by *. However some of the (C) conditions may not
be satisfied even for simple scalar functions. As a motivational example, let us
define function f on D = [-1/2,5/2] by

31 22 5 . 4
(1.3 f<x>={x v 7l
, x=0.

Then, we have
" (x) = 6Ilna? + 602% — 24x + 22.

Notice that conditions (C3) or (C4) are not satisfied. Hence, the results depending
on (Cj3) or (Cy4) cannot be applied in this case.

In the present paper, we drop the conditions (Cs)—(Cy) to study the local
convergence of method (1.2). This way we expand the applicability of these
methods. The conditions used involve only the first Fréchet-derivative (see (2.8)—
(2.11)).

The rest of the paper is organized as follows. In Section 2, we present the local
convergence analysis for method (1.2). The numerical examples are given in the
concluding Section 3.

2. Local convergence analysis

We present the local convergence analysis of method (1.2) in this section.



Local convergence of fourth-order Jarratt-type method

Let Lo, L > 0, @ # 0 and M > 1 be given parameters. It is convenient for
the local convergence analysis of method (1.2) that follows to define functions on
[0,1/Lo) by

) ECNPIES ) B
2 [1-Lor 1—gs(r)r

Notice that

Suppose that

(2.1) 1<M<3.
Then, we get
3-M 1
2.2 Ty = ————— < T g =
2.2) T3¢ + L) Ll
We have that
(2.3) 0<gi(r) <1l and 0<g2(r) <1l foreach r€][0,rs).

Using the definition of functions g, and h4, we get that
1-
he(0)=—-1<0 and hy(r) — +o0 as r— o
0
It follows from the intermediate value theorem that function h4 has zeros in the
interval (0,1/Lo). Denote by r4 the smallest such root. Then, we have that

(2.4) 0<ga(r) <1l foreach 7€ (0,ry).
Moreover, we have that

(2.5) h5(0)=—-1<0 and hs(r) — 400 as r—r,.
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Hence, function hs has zeros in the interval (0,7r4). Denote by r5 the smallest
such zero. Then, we have that

(2.6) 0<gs(r)<1 foreach re(0,75).
Define
(2.7) r* = min(rg, r5).

Notice that functions g;, i = 1,2,...,5 are increasing.

Denote by U(q, p) and U(q, p) the open and closed balls in X of center ¢ € X
and radius p > 0, respectively.
Next, we present the local convergence analysis of method (1.2).

Theorem 2.1. Let F : D C X — Y be a Fréchet differentiable operator.
Suppose that there exist x* € D and Lo > 0 such that for each x € D

(2.8) F*)=0, F(z*)'eL(Y,X),
(2.9) |7@) 7 (F (@) = 7)) < Lolle = a7

Moreover, suppose that there exist parameters L > 0 and M € [1,3) such that
for allz € Dy :=DNU(xz*,1/Ly)

(2.10) |7 F @) - Fa) - P @ - )| < 5l -2,
(2.11) H]—"(m*)_l]:'(x)H <M,
(2.12) U(z*,r*) C D

hold, where the convergence radius r* is defined in equation (2.7). Then, sequence
{xn} generated by method (1.2) for o € U(a*,r*) is well defined, remains in
U(z*,r*) for each n = 0,1,2,... and converges to x*. Moreover, the following
estimates hold for each n =0,1,2,...

(2.13) lyn — 2" < g1(|zn — 2" Dl — 27| <llan — 2| <77,
(2.14) lzn — 2| < gallan — 2 zn — 27| <[lwn — 2],
3
(2.15) Sl < gsllzn — 2" [llzn — 2| <1,
(2.16) [ent1 — 2"l < gs|zn — 2" [Dllwn — 27| <[lzn — 27,

where the “g” functions are defined previously. Furthermore, for T € [r*,2/Ly),
the limit point x* is the only solution of equation F(x) = 0 in Dy := U(z*,T)ND.

ProoF: Using (2.9), the definition of r* and the hypothesis xg € U(z*,r*), we
get that

217)  ||F @) F @) - F@)|| < Lolleo — a7 < Lor” < 1.
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It follows from (2.17) and the Banach lemma on invertible operators [4], [6], [11]
that

F'(20) ' € L(Y,X) and

(2.18) 1

| @0y # (@)

Hence, yo and zy are well defined. We have from the first sub-step in method
(1.2) for n = 0 that

yo —a* =z — x* — F'(w0) " F(x0)
= F'(z0) ' [=F(20) + F'(x0) (w0 — )]
= —F'(x0) P F(a*)F (2*) " HF (x0) — Fla*) — F'(x0)(zo — )]

lyo — o1l < | (0) 71 (@")| |7 (@) 7 F (o) = Fla®) = F (o) wo — 2]

Lilzo — 2*|®
~ 2(1 = Loflwo — a*|)

= g1(lzo — 2" |)llwo — ™[] <llwo — 2™} <77,

which shows (2.13) and yo € U(x*,r*). Consequently, from the second substep in
method (1.2) for n = 0, we obtain that

* * 1 — *
20 — @l <llyo — " + —Hf’(wo) LF(a*)

/ F(a*) L F (a* + t(xo — %)) (w0 — x*) dt

Lo — 2*||” Mlzo — z*|
~ 201 = Loflwo —a*[l) ~ 3(1 — Lollwo — =)
= ga2(lzo — 2¥[)l|lwo — 2*[| <llwo — 2| <77,

which shows (2.14) for n = 0 and zg € U(z*,r*).

Next we need an estimate of || Hp||. We have by (2.4), (2.9), (2.13) and (2.18)
that

/\

= o] §Hf'<x SF

|[F @) F o) = Fiao))|

| /\

|l e @

I (7@ o) - 7@
+|# @) F @) - Fa)|)

3Lo(llz0 — «*|| +[lzo — ™)
T 2(1 = Lollwo —2])
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< 3Lo(L + g2(zo — 2" [))[lxo — 27|
- 2(1 = Lol|wo — =)

= g3([wo — 2" |Dllzo — 27| = gallzo — 27[) <1,

which shows (2.15) for n = 0. It follows that (1 + 3/2H,) ™! exists and

3 -1
I+°H
(r+3m)

Hence, x; is well defined. Then, using the last substep in method (1.2) for n = 0,
(2.13) and (2.19) that

1

~ 1—=gsllzo — 2*|) w0 — 2*||

(2.19) ‘

o gs(lwo — 2*Dllwo — & (lyo — =[] +[lz0 — 2*[])
2 1—g3(|zo — z*[D[lxo — 2*|
L L zo — 2*]|)(1 + g1(|wo — =*
<= _ +|a|93(|\ 0o — 2 |)( *gl(ll 0= )
2 [1-Loflzo — 2| 1= g3(lzo — x*[|)]|zo — 2]
= g5(lzo — =" [D[lzo — 2|

= c||lzo — || < ¥,

ler — 2" <llyo — y"[l +

o — |

where ¢ = g5(||zg —2*]|) € [0,1), which shows (2.16) for n = 0 and 21 € U(a*,r*).
By simply replacing yo, 20, 1 by Yk, 2k, Tr+1 in the preceding estimates we arrive
at (2.13)—(2.16). In particular, we have that since function g5 is increasing,

2 — 2*|| < gs(llz1 — 2" |)llzr — 2| < g5([[wo — 2¥|])[|z1 — 27|
(2.20) .
= cflzy — 27|

and by induction for ||z — 2*|| < c||zr—1 — *]|

k1 =" < gs(llew — 2" Dllex = 27| < gs(|zn—1 — ™[z — 27|
(2.21) < gs(llzo — a™[)Jay, — 2™ = cllay, — 27|

< o — 2],

50 limg_, 4 oo 7, = o* and zp 41 € U(x*, 7).

Finally, to show the uniqueness part, let y* € D; be such that F(y*) = 0. Set
Q= fol F'(x* + 0(y* — x*)) df. Then, using (2.9), we get that

[Pt @-Fe) <t [ o —yia< <1
0

Hence, Q! € L(Y,X). Then, by the identity 0 = F(z*) — F(y*) = Q(z* — y*),
we deduce z* = y*. O
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It turns out that we can use another approach. Indeed, define functions g5 and
hs on the interval [0, r4) by

I 3la| MLo(1 — Lor + Lr/2 + M/3)
(222) 900 =50 |V T 2a = o2 —03L0(1 = Lor + Lr/2 + M/3)r
and
(2.23) hs(r) =gs5(r) — 1.

Then, we also have that
h5(0)=—-1<0 and hs(r) — +oo as r—r).
Denote by 75 the smallest such zero. Set
(2.24) R* = min{rs,75}.
Next, we present a second local convergence result for method (1.2). ([

Theorem 2.2. Let F : D C X — Y be a Fréchet differentiable operator. Sup-
pose that there exist x* € D and Ly > 0 such that for each x € D

F(z*)=0, F'(z*)7'eL(Y,X),
|7@) 7 (F (@) = F@)| < Lolle =7
Moreover, suppose that there exist parameters L > 0 and M € [0,3) such that
for allz € Do =D NU(x*,1/Lo)
|7 @) @)~ Far) - Faye - )| < Sle - o)
|7 @)1 @) < m

and

U(x*,R*)CD
hold, where the convergence radius R* is defined in (2.24). Then, sequence {z,}
generated by method (1.2) for xg € U(z*, R*) is well defined, remains in U (z*, R*)

for each n = 0,1,2,... and converges to x*. Moreover, the following estimates
hold for eachn=0,1,2,...

lyn — 2| < g1(|zn — 2" llzn — 2" <ll2n — 2| < RY,

20 = 21| < gallzn — a* )20 — *|| <l — 2",
3
SIHR| < gs(lan — 2 [)]zn — 27| <1,
2

ent1 — 2"l < Gs(lzn — 2" Dlan — 2" <[len — 27|,
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where function gy is given in (2.22). Furthermore, for T € [R*,2/L,), the limit
point z* is the only solution of equation F(x) =0 in Dy :=U(z*,T) N D.

Proor: It follows exactly as in Theorem 2.1 until the computation of the upper
bound on ||z; — 2*|| where we use the estimate

Iy = woll = Hf’(acorlf(xo)H

< H]—"(Jc ) F (o ) F (2 + t(zo — ) (z0 — 2¥) dt

Mlzo — 27|
- 1—L0||]}0—l‘*|| 1—LOR*

instead of

llyo = @oll <llyo — @[ + [0 — 27|
< (14 g1(lzo — 2 [)l|lwo — 2|
used in the proof of Theorem 2.1. This change leads to
la| M g3(lzo — =*|))l|zo — =*||*
2 (1 =Lollwo — x*[)(1 = g3(lzo — z*[])[[xo — 2*]))
=Gs(lzo — 2™[)) [0 — 2| = collwo — =™|| < R,

1 — 2| <[lyo — =™ +

where ¢ = g5(||zo — 2*||) € [0,1), instead of the old estimate. The rest of the
proof follows as in Theorem 2.1. O

Remarks 2.3. 1. In view of (2.9) and the estimate
sl ey -t
§1+HJ’E’ )N F(x H
<1+ Lolle — =7,

condition (2.11) can be dropped and M can be replaced by M(r) = 1+ Lor or
simply by M(r) = M = 2, since r € [0,1/Lo).

2. Condition (2.10) can be replaced by the popular but stronger condition

|7@)(F @) - )| <Tle =yl for cach 2,y € D,

3. The results obtained here can be used for operators F satisfying autonomous
differential equations [2], [6], [15], [17] of the form
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where P is a continuous operator. Then, since F'(z*) = P(F(z*)) = P(0), we can
apply the results without actually knowing z*. For example, let F(x) = ¢* — 1.
Then, we can choose: P(z) =z + 1.

4. The local results obtained here can be used for projection methods such
as the Arnoldi’s method, the generalized minimum residual method (GMRES),
the generalized conjugate method (GCR) for combined Newton/finite projection
methods and in connection to the mesh independence principle can be used to de-
velop the cheapest and most efficient mesh refinement strategies [2], [6], [15], [17].

5. The parameter r 4 — given in (2.2) — was shown by us to be the convergence
radius of Newton’s method [2], [6]

(2.25) Tpy1 = Tp — F(xn) ' F(x,) foreach n=0,1,2,...

under the conditions (2.8)—(2.9). It follows from (2.4) that the convergence radius
r of the third order method (1.2) cannot be larger than the convergence radius
r.4 of the second order Newton’s method (2.25). In our earlier studies, we used
Ta = FQJJ As already noted in [2], [4], [6] r4 is at least as large as the
convergence ball given by Rheinboldt [21]

| v

TR =

|

3
In particular, for Ly < L we have that rg < 74 and

TR 1 LO
— — — as — — 0.
T A 3 L

That is our convergence ball 7 4 is at most three times larger than Rheinboldt’s.

The same value for rr was also given by Traub [22]. Notice also that T4 < 74,
since L < L.

3. Numerical examples

We present some numerical examples in this section.

Example 3.1. Returning back to the motivational example, we get Lo = L =
L = 96.662907, M = 1.0631 and « = 1. Then, using (2.7) and (2.24), we obtain

r* =0.002116..., R* =0.002026...

Example 3.2. Let X =Y = R™ ! for integer m > 2, X and Y are equipped
with the max-norm ||x|| = maxj<ij<m—1||2;||. The corresponding matrix norm is

1<i<m—1

m—1
A = max > ]
j=1

297
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for A = (aij)1<i,j<m—1. On the interval [0, 1], we consider the following two point
boundary value problem

v+ 02 =0
(3.1) {u(o) =(1) =0,

see [2], [6]. To discretize the above equation, we divide the interval [0, 1] into
m equal parts with length of each part h = 1/m and coordinate of each point
r; =1h withi=0,1,2,...,m. A second-order finite difference discretization of
equation (3.1) results in the following set of nonlinear equations

vii1 +h?v? — 20+ v =0
(3.2)  F(v):= _ ! o
for i=1,2,...,(m—1) and from (3.1) wvg=v, =0
where v = [v1, v, ... ,v(m_l)]T. For the above system-of-nonlinear-equations, we

provide the Fréchet derivative

2
! 0 0 0 0
m
2’1)2
1 — —2 1 0 0 0
" 2
v
Fv)=1| o0 1 =-21 0 0
2 TTL—.
0 0 0 0 1 b
L m .
Let m = 101 and we choose @ = 1.0. To solve the nonlinear system (3.2)

by method (1.2), we implemented the algorithm in MatLab. Performance of
method (1.2) is reported in Table 1.

n | llzn — $n—1||2 H]:(x)Hg

0 10.122106. ..
1| 1.035814... 1,738051-10!
2 18,099007-10"t 2,012154-1072
311,507597-1071 5,264710-107°

4 15,063846-10"* 1,91-10"™
51 1,25-10713 1,1-107

TABLE 1. Solving (3.1) by method (1.2) for 2o = [1,1.09,...,10]T.

Figure 1 plots our numerical solution.



[6]
[7]
(8]
[9]
[10]
[11]
[12]

[13]

Local convergence of fourth-order Jarratt-type method

FIGURE 1. Solution of the boundary value problem (3.1).
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