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Abstract. We approximate a locally unique solution of an equation in a Banach space
setting by using a quadratically convergent Secant—type method studied in [4]-[6]. Using
our new idea of recurrent functions, we extend the applicability of this method, and also
simlify the existing sufficient convergence conditions for this method [4]-[6].

Numerical examples, where the method is compared favorably to the Secant and Newton’s
methods are also provided in this study.

1. INTRODUCTION

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

F(z) =0, (1.1)

where F' is a Fréchet—differentiable operator defined on a subset D of a Banach
space X with values in a Banach space ).

A large number of problems in applied mathematics and also in engineering
are solved by finding the solutions of certain equations. For example, dynamic
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systems are mathematically modeled by difference or differential equations,
and their solutions usually represent the states of the systems. For the sake
of simplicity, assume that a time—invariant system is driven by the equation
& = T(z), for some suitable operator T', where x is the state. Then the equi-
librium states are determined by solving equation (1.1). Similar equations are
used in the case of discrete systems. The unknowns of engineering equations
can be functions (difference, differential, and integral equations), vectors (sys-
tems of linear or nonlinear algebraic equations), or real or complex numbers
(single algebraic equations with single unknowns). Except in special cases,
the most commonly used solution methods are iterative—when starting from
one or several initial approximations a sequence is constructed that converges
to a solution of the equation. Iteration methods are also applied for solving
optimization problems. In such cases, the iteration sequences converge to an
optimal solution of the problem at hand. Since all of these methods have the
same recursive structure, they can be introduced and discussed in a general
framework.
In [4]-[6], we studied the Secant-type method (STM)

Tpy1 = Tp — A1 F(z),  (n>0)
An = [2 Tn — xn—lywn—ISF]a ($_1,.%'0 S D)

to generate a sequence {x,} converging to x*.
Here, [z,y; F] € L(X,Y) denotes a divided difference of order one at the
points (z,y) € D?, satisfying (see [4], [11]):
[z,y; F] (x —y) = F(z) — F(y), forall z#y. (1.2)
The (STM) has geometrical interpretation similar to the Secant method (SM):
Tyl = Tp — [:Un,xn_l;F]_l F(xy), x-1,20€D, (n>0)

in the scalar case [4]-[6]. The (STM) serves as an alternative to the usage of
Newton’s method (NM)

Tpyp1 =Ty — F'(2,)"F F(z,), x0€D, (n>0)

in the case of solving nondifferentiable operator equations. Note also that even
if the analytical representation of F’(z,) exists, it may be too expensive or
impossible to compute the inverse F'(x,)~! (n > 0) at each step.

The quadratic convergence of (STM) was shown in [4]-[6]. We also note
though that the efficiency indices of (STM), (SM), (NM) are v/2 = 1.414213562,
1+V5

2

= 1.618033989, and /2, respectively.
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(STM) have been used by other reseachers. Potra [12] used a three point
method and divided differences of order one as an alternative to Ulm’s method
[4] using divided differences of order two. Potra’s method is of convergence
1.839--- (STM) of order between 1.618033989 and 1.839- - or less than two
can also be found in the works of Herndndez, et al. [9], [10]. As already noted
above we studied the local as well as the semilocal convergence of (STM) in
[4]-[6] (see, also [2], [3]). Due to its importance, we use our new idea or recur-
rent functions to provide a new semilocal convergence, which is expanding the
applicability of the (STM) by on the one hand simplifying existing hypotheses
or replacing them by weaker ones.

Numerical examples where the method is compared favorably to the Secant
and Newton’s methods are also provided in this study.

2. SEMILOCAL CONVERGENCE ANALYSIS OF (NTM)

It is convenient for us to define certain numbers, parameters, and polyno-
mials.

Let a > 0, 8 > 0, and v > 0 be given constants. Define numbers d, ¢;,
i=1,---,8 by
d=1- 8~ (2.1)
do to be the minimal non—negative zero of polynomial Py given by

P(t) = B2 +3ad(1-2at)t+2a(l—-2at)t

—(1-2at)d? (2:2)
d
- = 2.
51 9 CY’ < 3)
(VIaZ+4Bd—5a)d
= 24
o2 2(Bd—4a2) (2.4)
2 d— 2—d) (2 d
8 «
84 = min{5;, i =0,1,2,3}, (2.6)
d
55 - 570[7 (27)
66 = min {50, 51, 53, (55}, (28)
Sa+\/9alidfd
= 2.
57 4 a2 _5 d ) ( 9)

58 = min {50, (51, (53, (57}, (2.10)
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and polynomials P;, P» by
P(t)=(Bd—4a*) P +5adt—d*
Pyt)=4a*t* —a (2+3d) t+d°
Consider Conditions (C;), i =1,2,3:

(€1)

0<d<1l, fd—4a®>>0, §€]0,d];
(C2)

0<d<l1l, fd—4a*=0, §€][0,d);
(C3)

0<d<l1, Bd—4a*><0, §€]0,d]

It is simple algebra to show that under Conditions (C;), the following hold

04 >0,

06 > 0,

dg > 0,

and

Py(6) <0,
P1(6) <0,
P(6) > 0,
Py(do) =0,
Py(62) =0,
P(d3) =0,

in all three cases.

Let us also define polynomial g by:
g(t) = g5(t) =2 a 4 (a+ B 6) t— (a+ B 6),
and parameter Soo := Soo(0)
2ad

P

d
Note that

Vie+B68)2+8a(a+pBd)—(a+B4)
4« ’
is the only non—negative zero of polynomial g.

(2.13)

(2.23)

(2.24)

It is then simple algebra to show under any of Conditions (C;), i = 1,2,3:

2

d—2a0 d—2a(l+tsw)o !

2 2
A ax{ozé—l—ﬂv QS O+ 530 }Ssoo-

(2.25)
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We need the following result on majorizing sequences for (STM):

Lemma 2.1. Let « > 0, 8 > 0, v > 0 be given constants, and § a non—
negative parameter. Define scalar iteration {t,} (n > —1) by

t—lzoa tOZ’Ya t1:7+57
a (tnp1 —tn) + B (tn — tn—l)Q
d—2a (tnt1 =)

(2.26)

tn+2 = tn—i—l + (tn—l—l - tn)-

Then, under Conditions (C1) or (C2) or (C3), sequence {t,} (n > —1) is
non—decreasing, bounded above by

= 2.27
T s (2.27)
and converges to its unique least upper bound
0 <" <™. (2.28)
Moreover the following estimates hold for all n > 0:
A A"
tnt =ty < 3 (tn — ta-1) < <2> s, (2.29)
and
246 (A\"
*_+ < - (= 2.
s 2 () -
where, A is given in (2.25).
Proof. We shall show using induction on the integer m:
A
tm+2 - tm—i—l < 5 (tm—‘rl - tm)u (231)
and
d—2a (tmer —7) > 0. (2.32)

Estimates (2.31), and (2.32) hold for m = 0,1, by (2.25), and (2.26). Let us
assume they hold for all £ < m, (m > 1). We then obtain:

A k
tor1 — e < <2> s, (2.33)
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and

A k
thy1 < tk+<2> o
k

IN
~
Bl
N
+
N
DO | >
~_
|
—
. >
_|_
N
| > N>
~__
Bl

k J
) e

IN
=
_|_
7N
—_

26
< T
= ’)/—1-2_)\

In view of (2.33), and (2.34), estimates (2.31), and (2.32) certainly hold if

k 2 (k—1)
« (;) 0+ p <2> 52 3
0< <2 (2.35)

— k+1
()
d—2 a0 —————5— 9§

or

k k
o (;\) o+ (;) 52 )
0< <3 (2.36)

A
It is convenient for us to set s = 5 which together with (2.35) leads to

showing:
fu(s) = (a+B68) 8 sF 142 a (1+s+s+---+s") d-d <0 (k>2). (2.37)

We have fr(0) =2ad—d <0, fr(s) > 0 for sufficiently large s > 0, and
fr(s) > 0. Hence, each fj has a unique nonnegative zero sy, by the interme-
diate value theorem.
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We need to find a relationship between two consecutive polynomials f:
fre1(s) = (a+ B6)ds* +2a((1+ s+ >+ + ) +s#15 —d
= fi(s) + (a+ B0)dsk — (a+ B0)dsk~1 + 2ask+1s (2.38)
= fi(s) +g(s) sF71 6,

where, polynomial ¢ is given in (2.22).

We must show estimate (2.36) holds for all s € [0, s]. If there exists k > 0,
such that sxy1 > ¢, then using (2.38), we get:

Fra1(ss1) = fu(se1) + 9(sks1) s 0,
or
fr(sk41) <0, (2.39)
since fry1(sp1) =0, and g(sp41) sF71 6 > 0.

We can certainly choose the last of the si’s denoted by s, (obtained from
(2.35) by letting k — oo, and given in (2.23)), to be si41. Hence, we get

Sk+1 < Sk (k>2), (2.40)

since by the intermediate value theorem applied to function fj on [0, sg+1], Sk
exists and satisfies (2.40).

Hence, sequence {s,,} is non-increasing, bounded below by zero, and as
such it converges to its unique maximum lowest bound s* satisfying s* > sc.
Then, estimate (2.37) certainly holds on [0, sg] provided that

q < Socos (241)

which holds by (2.25). That completes the induction for (2.31), (2.32), and
(2.29).

Moreover, sequence {t,} is increasing, bounded above by t**, and as such
it converges to its unique least upper bound ¢*. Finally, estimate (2.30) fol-
lows from (2.29) by using standard majorization techniques [4], [11]. That
completes the proof of Lemma 2.1. O

We can show the main semilocal convergence result for (STM).

Theorem 2.2. Let F' be a nonlinear operator defined on a subset D of a
Banach space X with values in a Banach space ).

Assume:

F has divided differences [x,y; F] and [z,y,z; F| on Dy C D; there exist
points x_1, xo in Dy, such that Ag = [2xg — x_1,2_1; F| is invertible on Dy;

for all z,y € Dp = 2 y — x € Dy; (2.42)
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there exist constants o, 3, 7y, such that

I A5 ([, F] = [u,0; F]) < a < [z—ull+ly—vl ) (2.43)
145" (lys 2, y; Fl = 2y — 2, 2,4, F)) < B ||z —y | (2.44)
for all x,y,u,v € Dy;
|20 — 21 [[< 7 (2.45)
any one of the following Conditions (C1), (C2), (C3) hold such that:
I Aal F(zg) |6 <6, (2.46)
where, § is 64 or 0g or dg, respectively; and
Ul(zo,t*)={z € X, |2 —x ||<t*} C Dy. (2.47)

Then, sequence {xn} (n > 0) generated by (STM) is well defined, remains in

Ul(wo,t*) for all n > 0, and converges to a solution z* of equation F(x) = 0
in U(xo,t*). Moreover, the following estimates hold for all n > 0:

|| Tn+1l — Tn ”S tht1 — Lo, (248)

and

| zp — 2 [|[< t* — tp, (2.49)
where, sequence {t,} (n > 0) is given in (2.26). Furthermore, if Dy is a
convex set, and

2a(v+2t) <1, (2.50)

then x* is the unique solution of equation (1.1) in U(zo,t*).

Proof. We shall show (2.48) holds for all k. Using (2.26), (2.34), (2.42), (2.45),
and (2.46), we deduce x_1, 21 € U(xo,t*). Let us assume (2.48) holds for all
n < k, and zp € U(xo,t*). In view of (2.43), (2.44), and the induction
hypotheses, we obtain in turn:

I A5H (A1 = Ao)] |

= | Aal <[2 xg— x_1,2-1; F] — [0, x_1; F] + [0, 2_1; F]
—[@o, wo; F] + w0, w03 F] — w41, %03 F] + [k, 203 F]
[Tkt 1, Ths Fl + [@pg1, 20 F) = 22041 — 2, 83 F) ) |

_ 2.51
= 1AM (220 — 21,21, 30; F] — [mo, 21, 0; F]) (w0 — x_1) (2:51)

+([z0, 203 F| = [zh41, 203 F]) + ([Thy1, 203 F| — [Thsr, 2as F)
+([Tht1, o3 F) = 20441 — 2 s F) ) |

By + oll| @hg1r —mo | + | @6 — o || + || 2pgr — 2 |])
By +2a(try—7) <1 (by (2.32)).

INIA
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It follows from (2.51), and the Banach lemma on invertible operators [4], [11]
that A,;il exists, and

| A Aol

IN

-1
(1-57 = all o = I+ Lo o0 | + [ onn - ) (252
< (d—2a(tprr —v)~ L
We can also obtain in turn:
I A ([, 2 F] = Ap) |

=\ Ag*( [wks1, 25 F] — (g, 215 F] + [28, 285 F)

sz F) [ 2 ) — (2 — xkl,xkl;FQ u
_ 2.53
1 45 ((faws, 05 ] - fon, 2 ) (253)
+([wg, Tp—1, 2ps F] — 208 — Tp—1, Th—1, 13 F) (21 — $k1)) [
<a || @pr —xp || +6 || 2k — xp-1 |2
<o (tgppr — i) + B (e — te—1)?
Using (STM), (2.26), (2.52), and (2.53), we get:

| Zhyo — Trgr ||

=[l (A;.}1 Ao) (Ag" F(zp1)) ||

<[ Aty Ao Il Agt (Farga) — Flaw) — Ak (w1 — ) | (2.54)
< Aly Ao L AGY (kg os F = Ag) || 1| 2gr — ||

< tgyo =ttt

which together with
k41
> mig — i |
i=0
k+1
< Z(tiJrl —t;) <t

=0

IN

| Trr2 — 2o ||
(2.55)

complete the induction. Hence, sequence {z,} (n > 0) is Cauchy in a Banach
space X, and as such it converges to some z* € U(xo,t*) (since U(zo,t*) is
a closed set). By letting & — oo in (2.55), we obtain F'(z*) = 0. Estimate
(2.49) follows from (2.48) by using standard majorization techniques [4], [11].
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Finally to show uniqueness, let y* € U(zo,t*) be a solution of equation
F(y*) = 0. Define linear operator M by:

1
M :/ [v*+ 0 (2" —y*),y* + 0 (x* — y*); F] db. (2.56)
0
We have in turn by (2.43), and (2.50):
I 45 (4o~ M) |
<o [ (N2 -0 -y
0

+lza—y =0 (x*—y*) || ) dO

(2.57)

zo — y* || + || mo — 2*

§O‘<|$0—$1 ||—i-||:L‘0—y*||+H Y H2” I

Hafo—x*y+|yx0—y*u>
2

+ o —z_1 ||+ | w0 —y* || +
<2a(y+2t5) <1

It follows by (2.57), and the Banach lemma on invertible operators, that M
is invertible. In view of the identity

F(z*) = F(y*) =M (2" —y"), (2.58)
we deduce x* = y*. That completes the proof of Theorem 2.2. O
Remark 2.3. (a) Delicate condition (2.42) is automatically satisfied if

Dy = D = X. Otherwise, as shown in [4]-[6] simply replace Dy by
Dy = Ulzo, 3t%).

(b) The sufficient convergence conditions given in [5] are clearly more com-
plicated than the ones in Theorem 2.2, where the conditions in [4], [6]
require, e.g., 2 8 v? < 1 compared to 3 2 < 1 (here).

3. APPLICATIONS

Application 3.1. Let us define quadratic polynomial operator on X by
Pz)=Ba*+ L x+w, (3.1)

where, B is a bilinear operator on L(X x X,Y), L € L(X,)), and w is a fized
element in X; see, [1], [7], [8].

Define divided difference |x,y; P] satisfying (1.2) by
P2y—z)—Px)=2[2y—z,z;P] (y—=x), foralxz,yeD, (z#£vy). (3.2)
It can then easily be seen that (STM) coincides with (NM), and is given by
Tyl = Tp — (2 Bxy + L) P(x,). (3.3)
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Let us provide a numerical example for equation P(z) = 0 to show that
(STM) is faster than (SM).

Example 3.2. Let ¥ =Y =R, Dy = D = (.4,1.5), and define polynomial P
on Dy by

P(x) =2 -6z +5. (3.4)
Then (STM) becomes (NM) (3.3), and is given by
2 -5
Tntl = mv (3.5)

whereas the (SM) is:

Tp—1 Ty — D
Tpo1+ Ty —6
Choose z_1 = .6, and g = .7. Then, we have the results:

Tn41 =

Comparison table
n (STM)=(NM) (SM)
1 .980434783 96875
2 .999905228 997835498
3 .999999998 99998323
4 1=z~ 99999991
5 1

Another example is suggested involving Chandrasekhar quadratic integral
equations appearing in radiative transfer [1], [4], [7], [11].

Example 3.3. Let X = ) = C[0,1] be the space of real-valued continuous

functions defined on the interval [0, 1] with norm

@ l= max [a(s)]

Let 6 € [0, 1] be a given parameter. Consider the ”Cubic” integral equation:

u(s) = Au(s) /0 o(s, 1) u(t) dt + y(s) — 0. (3.7)

Here the kernel ¢(s,t) is a continuous function of two variables defined on
[0,1] x [0, 1]; the parameter A is a real number called the ”albedo” for scat-
tering; y(s) is a given continuous function defined on [0,1] and z(s) is the
unknown function sought in C[0,1]. Equations of the form (3.7) arise in the
kinetic theory of gasses [6]. For simplicity, we choose ug(s) = y(s) = 1, and
q(s,t) = SLH for all s € [0,1], and ¢ € [0,1], with s +¢ # 0. If we let

D = U(up,1 — 0), and define the operator P on D by

1
P(x)(s) = —z(s) + Az(s) /0 q(s,t)z(t) dt +y(s) — 6, (3.8)
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for all s € [0, 1], then every zero of P satisfies equation (3.7).
Finally, we suggest an example involving a more general nonlinear equation.

Example 3.4. Let G(z,t,2(t)) be a continuous function of its arguments,
which is sufficiently many times differentiable with respect to z. It can easily
be seen that if operator F' is given by

1
F(x(s)) = z(s) —/0 G(s,t,z(t)) dt,

then, the divided difference A,, appearing in (STM) can be defined by
G(s,t,2xp(t) — xp_1(t)) — G(s,t, zpn_1(t))

2 (@n(t) — 2n-1(1))
provided that if for ¢ = t,,, we get x,(t) = x,—1(t), then, the above function

equals G'(s,tm,xn(tm)). Note that this way A,(s,t) is continuous for all
t €[0,1].

An(s,t) =

CONCLUSION

Using our new idea of recurrent functions, we provided a semilocal conver-
gence analysis for (STM) in order to approximate a locally unique solution of
an equation in a Banach space, and extend the applicability of this method.
Numerical examples further validating the results are also provided in this
study, where the (STM) is compared favorably to the Secant and Newton’s
methods.
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