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Abstract: The aim of this paper is the approximation of nonlinear equations using iterative methods.
We present a unified convergence analysis for some two-point type methods. This way we compare
specializations of our method using not necessarily the same convergence criteria. We consider both
semilocal and local analysis. In the first one, the hypotheses are imposed on the initial guess and in
the second on the solution. The results can be applied for smooth and nonsmooth operators.
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1. Introduction

One of the most important techniques in order to approximate nonlinear equations are iterative
methods [1-6]. In this paper, we present a unified approach for two-point Newton-type methods for
smooth and nonsmooth operators [7-10]. We will consider two types of convergence. The semilocal
convergence is where the hypotheses are imposed on the initial guess; and local convergence is where
the hypotheses are imposed on the solution. Our family includes a great variety of methods. We are
interested also in the application of these methods in practice (nonlinear systems, boundary problems
and image processing).

For a greater generality, in this study, let X and Y be two Banach spaces and D a nonempty,
open, and convexset;let F; : D C X = Yand F, : D C X — Y be continuous operators. Moreover,
we assume that the operator F; has a continuous Fréchet derivative and F, is a continuous operator
whose differentiability is not assumed. We consider the equation

F(x) = Fi(x) + B (x) = 0. )
To solve this equation, we use the two-point Newton-type methods defined by
X1 = X — Lty (R () + Fa(x) 2)

foreachk =0,1,2,.., where x_1, xg € D are the initial points, L(.,.) : D x D — £(X,Y) and £(X,Y)
is the space of bounded linear operators from X into Y. We have denoted by Ly_1 x = L(x}_1, ).

If F(x) # 0, we have that the operator F is not Fréchet differentiable. In general, to approximate
a solution of (1) in this situation, derivative-free iterative methods are used [11-14]. To obtain this
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type of iterative processes, it is common to approximate derivatives by difference divided. Remember
that, given an operator H: D C X — Y, we call [x,y; H] € £(X,Y) a first order divided differences
operator for H on the points x and y (x # y) in D if

[x,y; H](x —y) = H(x) — H(y). @)

So, to solve (1) with iterative methods given from (2), we can consider at least two different procedures.
Firstly, we have the Zincenko method [15], given by the following algorithm:

Given x_1, xg € D,
4

-1
X1 = Xk — [Fl’(xk)] F(xk), n Z 0,

where we directly eliminate the nondifferentiable part of F, i.e., F,. So, in this case, Ly_1; = F; (xk)
in (2). Secondly, we can consider an approximation of F’ by divided differences, the secant-type
methods [16,17]:

Given x_1, xo € D,

Ve =Axp+(1—A)xe_1, A€]0,1), (5)
Xep1 = X — [yr, g F] T F(x), 1 >0,

where the secant method, for A = 0, is obtained. So, in this case, Ly_1 x = [yx, xk; F] in (2). But, if we
consider a better approximation of the derivative of F, an approximation of second order, we have the
Kurchatov method [18]:

Given x_1, xg € D,
(6)

Xpa1 = % — (X1, 2%, — e, F] 'F(xy), 1 >0,

in this case, Ly_1 x = [xx_1,2xx — X;_1; F] in (2).

By using this procedure of decomposition for operator F, we see that we can also consider the
application of iterative methods that use derivatives when F is nondifferentiable. So, if we consider
decomposition of F given in (1), we can use the Newton-secant-type algorithm:

Given x_1, xg € D,

Y = )\Xk + (1 - A)xkfl/ A€ [Orl)r (7)
-1

X1 = X — (F{(x) + [y, xs F]) F(xg), n >0,

where L1, = F|(x¢) + [k, Xi; F] in (2). The other possibility, from the decomposition method, is to
consider the Newton-Kurchatov [19] algorithm:

Given x_1, xg € D,
®)

-1
X1 = xp — (Ff (xk) + [x—1, 2%, — x4_1;F]) " F(xx), n>0,

where Ly_1; = F[(xx) + [Xk_1,2x¢ — xx_1; F] in (2). Another possibility is to consider Steffensen-type
methods, that is, the methods associated to divided differences like [xy, x; + F(x¢); F].

As we can see, there are a lot of iterative methods that can be written as algorithms (2).

The main aim of this paper is to obtain a general study for the convergence, local and semilocal,
for these Newton-type of iterative methods given in (2).
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2. Convergence Analysis for Two-Point Newton-Type Methods

In this section, we present both semilocal and local convergence analysis. In the first one,
the hypotheses are imposed on the initial guess; and in the second, on the solution. The results
can be applied for smooth and nonsmooth operators.

2.1. Local Convergence Analysis

We start the local analysis of method (2). Let vy : [0, +00) X [0, +00) — [0, +00) be a nondecreasing
continuous function. Assume that the equation

vo(t,t) =1 )

has at least one positive root ry. Let also v : [0,7g) x [0,79) — [0, +o0) be a nondecreasing continuous
function. Define function 7 on the interval [0, 79) by

o o(tt)
o(t) = = o0(t,1) 1. (10)
Assume that the equation
o(t) =0 (11)

has a minimal positive solution r. It follows that for each t € [0,7)
0<uwp(tt) <1 (12)
and
0<3(t) <1 (13)
Our analysis of method (2) will use the conditions (A):

e (a1) There exist a solution x* € D of Equation (1), and B € £(X,Y) such that B~! € £(Y, X).
e (ap) Condition (9) holds and for each x,u € D

1B (L(x,u) = B)|| < wo(llx = ||, [l = "),

where v is defined previously, and rg is given in (9).

Set Do = DN U(x*,7g).
e (a3) Foreach x,z € Dy, and any solution y € D of Equation (1)

1B (Fi(x) + F2(x) = Lz )y) | < oz =yl |l = yDllx — ],

where v is defined previously, and L(-,) : Dy x Dy — £(X,Y).
e (ag) U(x*,r) C D, whereris given in (10).
o (a5) )
o(r,r
=

 1—oy(r,7)

€[0,1).
We are able to perform our local analysis of method (2) based on the aformentioned conditions (A).

Theorem 1. Assume that the conditions (A) hold. Then, sequence xy, defined by method (2) for x_1,x¢ €
U(x*,r) — x*, is well defined in U(x*,r); remains in U(x*,r); and converges to x*. Finally, the following
estimates hold.

o(llae—1 — x|, [l — x*]])
X —x* <
N (= N e

[k =27 < [l = 27| <. (14)
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The vector x* is the only solution of Equation (1) in U (x*, 7).

Proof. We will use mathematical induction on k.
Letx,u € U(x*,r).
Using (2), (a1) and (a3), we obtain

IB=H(L(x,u) = B)|| < wo([lx = x|, [l = x*[) < wo(r,r) <1. (15)

Using the Banach lemma on invertible operators [20] and (15), we deduce that L(x,u)~! €
£(Y,X), and

1
L(x,u)"'B|| < - (16)
WG Bl = T = T =)
In particular, estimate (16) holds for x = xq, so x; is well defined by method (2) for k = 0.
Using the definition of the method (2) (for k = 0); (a1), (a3), (13), and (16) (for k = 0) that
lxg = x| = [lxo = x* = L(x-1,%0) " (x-1,%0) (Fi(%0) + Fa(x0))]|
= [[L(x-1,%0)"BI[B~" (Fi(x0) + Fa(x0) — L(x-1,%0)(x0 — x*))]|
< |IL(x-1,x0) ' B[[IB7! (Fi(x0) + Ex(x0) — L(x-1,%0) (x0 — x*))|
o(||lx_1 — x*|, [|xg — x* « "
< (H 1 H ” 0 H) ||XO—X ” < ||x0_x ” <7, (17)

1—oo(flx—1 = x|, lxo — x*])

which shows estimate (14) for k = 0 and x; € U(x*,r).
Replace xg, x1 by x;, x;;1 in the preceding estimates to complete the induction for estimate (14).
Then, from the estimate
i1 = " < pilli = X7 <7, (18)

where

o(llx—1 = x|l lxo = x*|)

= €10,1),
A (s A e DA
thus, lim; , 1 x; = x* and x; 1 € U(x*,r). Moreover, for the uniqueness part, let y* € U(x*,r) with

Fi1(y*) + F(y*) = 0. Using (a3), (45), and estimate (17), we obtain in turn that

Ixivr =y < IL(xio1,x) 7 BB (Fu(xi) + Fa(xi) — Lxi—1, %) (xi — y™)) |
o([xi—1 =yl [Ixi —y*[)

1 —oo(l[xi—1 —y*|, [|xi — y*||

plxi =yl < Hxo —y7 |, (19)

IN

=yl

IN

which shows lim;_, ; , x; = y*—but, we showed lim; ., x; = x*. Hence, we conclude that x* =
y*. O

Remark 1. o  Condition (a3) can be replaced by the stronger: for each x,y € Dy
1B~ (Fu(x) + Fa(x) = L(x) (x = )|l < o1(llx = yID)llx v,
where function vy is as v. However, for each t,t > 0
o(t,t) <oy (tt).

e Linear operator B does not necessarily depend on q, where q = x* or q = xq. It is used to determine the
invertibility of linear operator L(-, -) appearing in the method. The invertibility of B can be assured by
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an additional condition of the form ||I — B|| < 1 or in some other way. A possible choice for B is B = B(q)
or B = F{(q).
o It follows from the definition of ro and r that ro > r.

2.2. Semilocal Convergence Analysis

For the semilocal case, we also define some functions and parameters. Let wy : [0, +00) X
[0, +00) — [0, +0) be a continuous and nondecreasing function.
Assume that the equation
wo(t,t) =1, (20)

has one smallest positive root that we denote by pg. Let w : [0, 09) % [0,00) % [0,00) — [0, +0) be
a nondecreasing continuous function. Moreover, for 7,7 > 0, define parameters C; and C; by

C1 — w(ﬁfqlo)
1-— wo(O, 17) !
w(0, ;. 71)

G = — Az
1—wo(1, 1)

w(t, L)
;

and function C : [0, pg) — [0, +o0) by C(t) = T Assume that the equation

—— = +C+)y—t=0 (21)
has one smallest positive root that we denote by p.

The semilocal convergence analysis of method (2) will be based on conditions (H):

e (hl) There exists x_1,xy € D, and B € £(X,Y) such that B! € £(Y, X).
(h2) Condition (20) holds, and for each x € D

IB7H(L(z,x) = B)|| < wo(llz = xoll, x = xoll),

where wy is defined previously and py is given in (20).

Set D1 = D (N U(xo, po)-
e (h3)ForL(:,-): Dy x Dy — £(X,Y),and each x,y,z € Dy

IB7Y(Fi(y) — Fi(x) + B2(y) — Ba(x) = L(z,x)(y — x))|
< w(llz = xoll, [ly = xoll, llx — xolDly — x|,

where w is defined previously.
e (h4) U(xo,p) C D and condition (21) holds for p, where ||x; — x¢|| < 77 and ||x_1 — xo|| < 7.
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Then, using the hypotheses (H), we obtain the estimates:
w([|x—1 = xoll, [[*1 — xoll, [Ix0 — xoll) [l¢1 — xol|
Xy — X = Cq||x1 — xo]],
|| 2 lH = ].—ZUO(HX()—X()”,”xl—X()H) l|| 1 OH
[x2 —x0ll < [lx2 — x| + [lx1 = xo| < (14 Cy)lx1 — xo]
1-C?
1
S 1-g <
w(||xg — xol|, [|x2 — x0l|, ||x1 — x
||X3*XQH < (H 0 OH H 2 OH H 1 OH)szfle
T —wo(l|lx1 = xol, [lx2 — xol|)
w(0, =, 1)
< —— - xall =Gl - x|,
1-— w0(77/ 17C1)
[xs = xol < [lxs —x2fl + [|x2 — x1[[ + [|x1 — x0]
< Glflxa = x1l| + Cillxg — xol| + [|x1 — xo|
S (C2C1+C1+1)||X1—XQ”,
w(||x1 — xol], [|x3 — x0l|, ||x2 — x
||X4—X3H < (” 1 OH H 3 OH H 2 0||)||X3—JC2||
1 —wo(|[x2 — xol, [|lx3 — xoll)
< Clp)llxs — x2f| < C(p)Calxz — 21|
< Clp)CClxr — xol,
(22)
similarly fori = 3,4, ...
Ixip1 —xill < Clo)llxi = xiall < C(p) ?[|x3 — xa],
[xi1 —xoll < llxipr — xill + o 4 [|xa — x5 + [Jx3 — xo|
< Cp)llxi = xi—1ll + .. + C(p)[[x5 — x2]
+(C2Cy + Cp + 1) [Jx1 — xo|
< Cp)"?|lxz — x2ll + . + C(p) |3 — x2|
+(CoC1 4+ Cp + 1) [|x1 — xo|
1-C(p)"!
< (F—F G0+ G+ 1)[[x — x|
(=& )|
C1Cy
< (—=—+C+1)y<p, (23)
T=ci) Jsp
lxivj—xill < llxij— xipjall + %1 — Xigjall + - + i1 — x|
< (C()T 2+ 4+ Clp) Pz — x2|
21—-C(p)!
< Clp)y 22— s — xp
(oY 2=y I =l
21 -C(p) !
< Clp) *——E—CyCy|x1 — x0|
1-Clp)
. .1 —C(p)?
< cpy = ey, (04

1—C(p)
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It follows from (23) that x; € U(xo,p); and from (24) that sequence x; is complete in a Banach
space X. In particular, it converges to some x* € U(xg, p). By letting i — +o0 in the estimate

IB~H(Fi(x;) 4+ Fa(x;)) || = [I1B"1(Fi(x;) + Fa(x;) — Fi(xi—1) — Fa(xi-1) — Li—pi—1(x; — xi1)) |

w(|lxi—2 — xoll, [1xi = xoll, llxi—1 = xolDllxi = xi—1ll _ _w(p,p.p)
1 —wo(||xi—1 — xoll, [[xi — xol|) ~ 1—wo(p,p)

we obtain F; (x*) + F,(x*) = 0. The uniqueness part is omitted as analogous to the one in the local

IN

Hxi - xi—lH/

convergence case.
Hence, we can present our semilocal convergence result associated to the method (2).

Theorem 2. Assume that the conditions (H) hold. Then, sequence xy, defined by the method (2) for x_1,x9 € D,
is well defined in U(xo, p); remains in U (xo, p); and converges to a solution x* € U(xy, p) of Equation (1).
On the other hand, the vector x* is the only solution of Equation (1) in U (x, p).

The same comments given in the previous remark hold.

3. Numerical Experiment

Consider the nondifferentiable system of equations

3x2xy + x5 — 1+ | —1|3/2 =0,

(25)
3/2 _ .

x4+ x5 — 1+ |2

We therefore have an operator F : R> — R? such that F = F; + F,, as in (1), with F, F : R? — R?,
k= (Fllr Flz)/ k= (le, Fzz), being

Fl(x1,x2) = 3x3x2 + x5 — 1 and F3(x1,x2) = x7 + 1125 — 1,

F}(x1,x2) = |v1 — 1% and B (x1,12) = |x*/?,
where the operator F; is continuously Fréchet-differentiable and F, is continuous but is a Fréchet
nondifferentiable operator.
For u = (u1,u}), v = (v1,02)T € R%, we consider the divided difference of first order defined by
[u,v; F] = ([u,v; F}ij)%jzl € L(R?,R?), where

Fi(“l/uZ/-H/UWl)_Fi(u1/02/'--rvm)
[w,v;Fl;; = U —n
0, if uy = 0q,

, if up # vy,

Fi(ul,uz,...,vm) —Fi(ul,vz,...,vm)
[w,v;Fl, = Uy — 03
0, if Up = 09,

, i up # vy,

fori=1,2.

The iterative processes given by (1) allow us to consider direct iterative processes, such as
(5) and (6); as well as iterative processes that use the decomposition method, such as (7) and (8).
In this experiment, for the nondifferentiable system (25), we check that the application of the iterative
processes that use the decomposition method have better behavior than the direct methods.
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To carry out this study, we will consider as an approximate solution of system (25):
x* = (0.9383410452297656, 0.3312445136375143) ,

the starting points x_; = (5,5) and xg = (1,0), and use a tolerance ||xn+1 — Xn|| < 10716, In these
conditions, in Tables 1 and 2 we can see the results of the application of the direct iterative processes,
the secant-type, and Kurchatov methods. Whereas in Tables 3 and 4 we can see the results of the
application of the iterative processes that use the decomposition method, Newton-secant-type and
Newton-Kuchatov methods. Observing the results obtained, it is evident that the best behavior of the
iterative processes is given by (2) using the decomposition method.

Table 1. ||x* — xn || for secant-type methods (5) and different values of the parameter A.

A=0

A=05

A =099

NGk W N - X

3.18484 x 101
5.21264 x 1072
3.66108 x 1073
2.59348 x 104
1.30031 x 10~°
442187 x 10710
1.11022 x 1015

2.965 x 107!
4.13083 x 102
2.35344 x 103
7.2935 x 107>
1.24012 x 107
6.07747 x 10712
1.11022 x 1016

454388 x 1072
3.74494 x 103
2.94716 x 107>
3.69966 x 10~
2.10942 x 1015

Table 3. ||x* — xp || for Newton-secant-type methods (7) and different values of the parameter A.

Table 2. Kurchatov method (6).

X" — xall

NGk W - X

299754 x 101
1.07269 x 1071
4.20963 x 1072
8.37098 x 1073
2.78931 x 104
9.0784 x 10~8
29826 x 10~ 11

A=0

A=05

A =0.99

(o BN le G I N S e R

2.3538 x 107!

348717 x 101
1.47537 x 101
3.4371 x 1072

3.08399 x 1073
4.63665 x 107>
4.05776 x 108
2.96929 x 10~13

1.00278 x 1071
2.88094 x 102
1.90518 x 103
8.39107 x 10~°
4.78016 x 10~?
7.38298 x 1015

4.29554 x 102
253626 x 1073
9.06208 x 10
1.9925 x 1010

Table 4. Newton-Kurchatov method (8).

[l — %l

=W N =R

6.1659 x 101
4.75269 x 1073
6.29174 x 10~°
3.37027 x 1077
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Remark 2. In the above example, we have selected the initial Quess in a region where the operator is not smooth.
The methods can be applied to systems where the operator is not smooth at the solution.
For instance, for the system:

X2 —1]+x,—1=0,
(26)

x1—|—x%—1:0,

the solution is (1,1). If we take as initial guess (0.5,0.5), the Steffensen method gives as errors 3.12 x 1072,
548 x 1074, 1.92 x 1077, 2.15 x 1014, we observe its second order.

4. Boundary Value Problem: Discretization via the Multiple Shooting Method
We will use the multiple shooting method for the discretization of boundary problems of the type
y'() = fley®),y(®),  y@) =«  yb) =8 (27)

Thus, we should find the solution of the following nonlinear system of equations F(s) = 0, where
F:RN — RN and

Fi(so,s1,---,5n-1) = s1—Y (t1;50)

Fx(so,81,--+,8N-1) = 82—y (t2;50,51)
Fn-1(s0,51,---,5N-1) = sN-1—Y (EN-1,50,51,---,5N—2)

Fn(s0,51,---,58-1) = B —y(tN;S0,51,5N—2,5N-1)-

for a discretization of [4, b] with N subintervals,
TNj, T=b—a,  j=0,1,...,N.
We consider the secant-type method
Given y_1, yo € D,
Zn = Anyn + (1 = An)yn—1, An €10,1), (28)
Ynt1 = Yn = Zn Y F) F(yn), n>0,

where A, is such that ||z, — x,|| < Tol for a given tolerance, and Newton’s method

Given yo € D,
1 (29)
Yn+1=Yn— F(yn) F(yn), n=>0.

We perform a numerical comparison between both methods. As we can see, in the multiple
shooting method, the iterative schemes are used as black boxes.



Mathematics 2019, 7, 701

For the initial slope 5) = (s,s%,...,5%_;), we propose

o _ P—a _ y(tN)_y(tO)’

0 = b—a tn — fo
o0 = Yy —y(tiso)
! IN—t ’
0 yin) —y(tysos1)
2 tn—t ’

y(tn) — y(tN=1;50,51,---,SN—2)

IN —IN—1

We analyze this particular example ([21], p. 554):

We take T = 2.5 and N = 4 subintervals.
This problem admits the solution:

where

s = v/(0) = 0.3713363932677645

T-sinh(7-y(t)),

0, y(1)=1

and sn(-,-) and en(-, -) are the Jacobi elliptic functions.

Newton’s method (29),

n FGu)lleo Ny(t) —ynllo 11y () = yalleo
0 10° 1071 100
1 107! 1071 1071
2 1072 102 1072
3 107 1074 1074
4 1077 1077 1077
5 1071 1071 10~ 14

Secant-type method (28),

s sn(tt,1 —52/4)

2 .
y(t) = T arg sinh <2 on (Tt 1—s2/4)

n FG)lleo Nyt —yallo 1V (®) =yl IF (yn) = [y %05 Fllloo
0 10° 1071 100 10~
1 1071 1071 1071 1076
2 1072 1072 1072 1077
3 10 1074 1074 10~
4 1077 1077 1077 10~
5 1071 1071 1014 10-°

10 of 12
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The methods using Jacobians obtain their order of convergence. However, in this example, the
computation of the derivatives involves the approximation of a more complicated problem. For this
reason, the methods free of derivatives are preferred, see [21]. Of course, we need to compute a good
approximation to the Jacobian, this is the motivation of our parameters A,. For more similar examples
and conclusions, we refer [22].

Remark 3. In many cases, when we manipulate an image, some random noise appears. This noise makes the
later steps of processing the image difficult and inaccurate.
Let f: Q) — R be a noise signal or image.

Introducing the variable w:
Vu

VIV

the Total-Variation model is equivalent to the nonlinear and nondifferentiable system:

—-V-w+A(u—f) = 0,

wy/|Vul>?=Vu = 0.

This system should be discretized using finite differences and the associated nonlinear system of equations
can be approximated by our family (see [23] for more details).

5. Conclusions

This paper was devoted to the analysis of a general family of two-point Newton-type methods
for smooth and nonsmooth operators. We have considered two types of convergence—semilocal
and local. The family includes a great number of methods. We have applied the schemes to several
interesting problems, in particular to nonsmooth nonlinear systems, boundary problems, and image
denoising models.
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