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EXTENDED CONVERGENCE OF A TWO-STEP-SECANT-TYPE
METHOD UNDER A RESTRICTED CONVERGENCE DOMAIN

IOANNIS K. ARGYROS! AND SANTHOSH GEORGE?

ABSTRACT. We present a local as well as a semi-local convergence analysis of a
two-step secant-type method for solving nonlinear equations involving Banach space
valued operators. By using weakened Lipschitz and center Lipschitz conditions in
combination with a more precise domain containing the iterates, we obtain tighter
Lipschitz constants than in earlier studies. This technique lead to an extended
convergence domain, more precise information on the location of the solution and
tighter error bounds on the distances involved. These advantages are obtained under
the same computational effort, since the new constants are special cases of the old
ones used in earlier studies. The new technique can be used on other iterative
methods. The numerical examples further illustrate the theoretical results.

1. INTRODUCTION

Let F': D C By — By be a Fréchet-differentiable operator, B; and B, be Banach
spaces and D be a nonempty convex subset of B;. One of the most important problems
in mathematics and computational sciences is finding a locally unique solution z* of
the equation

(1.1) F(z) =0.

Many problems in the aforementioned disciplines can be written in a form like (1.1)
using mathematical modeling. The solution z* is sought in closed form but this can
be achieved only in special cases. This is the reason why most solution methods for
equation (1.1) are iterative. The most popular methods for generating a sequence
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approximating z* are one-step Newton or Secant-type or two step Newton or Secant-
type methods [1-18].

The study of convergence of iterative algorithms is usually centered into two cate-
gories: semi-local and local convergence analysis. The semi-local convergence is based
on the information around an initial point, to obtain conditions ensuring the conver-
gence of these algorithms, while the local convergence is based on the information
around a solution to find estimates of the computed radii of the convergence balls.
Local results are important since they provide the degree of difficulty in choosing
initial points.

In the present paper we study the local as well as the semi-local convergence of
two-step secant-type method defined for each n =0,1,2,..., A, = [z,, yn; F] by

(1.2) Tpy1 =Tn — A E (),
Yn+1 =Tp+1 — AﬁlF(an)a

where g, yo € D are initial points and [-, -; F] : D* — L(By, B) is a divided difference
of order one for F' on D satisfying

[z,y; F](x —y) = F(z) — F(y), foreach z,y € D with = # v,
and
[z, 2; F] = F'(x), foreachz € D
(if F is Fréchet differentiable on D). Notice that in the case of the secant method
Tng1 = T — [Tnor, Tn; F 7 F(25,)

or
Tpt1 = Ty — [mna Tp—1; F]_IF(%)a

we presented in [13] a convergence analysis under center Lipschitz and weak Lipschitz
conditions (see (a4) and (as)) leading to the following advantages (A) over other
approaches (using only Lipschitz conditions), (see (a4) and (cy4)).

(a) Extended convergence domain.
(b) Tighter error bounds on the distances ||z,11 — Zu||, [|zn — 2|, [|[yn — 2]
(c) At least as precise information on the location of the solution.

Our semi-local convergence analysis also improves the corresponding one in [11],
since in our article we use the center-Lipschitz condition to locate a subset Dy of
D containing the iterates. This way the Lipschitz constants are tighter than in [11],
resulting to the advantages (a)-(c). It is worth noticing that these advantages are
obtained under the same computational effort, since the new constants are tighter and
special cases of the constants in [11]. Hence, we have extended the applicability of
method (1.2). Moreover, we have provided the local convergence analysis of method
(1.2) not given in [11].

Notice that extending the semi-local convergence domain is important, especially
since the convergence domain of such methods is small in general. Tighter error
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bounds implies that fewer iterates must be computed to obtain prespecified error
tolerance.

The local, semi-local convergence analysis for method (1.2) is given in Section 2,
Section 3, respectively, whereas Section 4 contains the numerical examples.

2. LocaL CONVERGENCE

We shall define some scalar functions and parameters to be used in the local conver-
gence analysis of method (1.2). Let £y, ¢, (1, {2, 3 and ¢4 be nonnegative parameters.

Let rg = ﬁ and ry = m Define functions g1, g2, h; and hy on the interval
[0,70) by
0+ lo)t
Us(gr ()t + 1) + Lot
2O ="
hi(t) =gi(t) — 1
and

ha(t) = ga(t) — 1.
We have hy(r1) = 0 and for each ¢t € [0,71), 0 < ¢1(t) < 1. Moreover, h1(0) = —1 and
ha(t) — +o0 as t — 1, . Hence, function hs has zeros in the interval (0,79). Denote
by 7o the smallest such zero. Define functions gy and hy on the interval [0,ry) by

9o(t) = Loga(t) + Lga(t)
and
ho(t) = go(t) — 1.
We get that ho(t) = —1 and ho(t) — 400 as t — ry. Denote by p the smallest zero
of function hg on the interval (0,rg). Then, define functions g3 and hs on the interval

[0, p) by

_ hgi(t) + aga(t)
93(t) =
and
hs(t) = gs(t) — 1.
We obtain that h3(0) = —1 and hs(t) — +o0 as t — p~. Denote by r; the smallest
zero of function hz. Define the radius of convergence r by

(2.1) r=min{r; : i =1,2,3}.
Then, we have that for each ¢ € [0,7)
(2.2) 0 <g(t) <1

Let B(z,\) = {y € X : ||z — y|| < A} and B(z, \) be the closure of B(x,\).
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Definition 2.1. Set Dy = D N B(z*, ). The set T* = (F, z9, yo, z*) belongs to the
class K* = K*(ﬁo,& 61,62,63764), if

(a;) F: D C By — By is a Fréchet differentiable operator and |.,.; F] : D? —
L(B1,Bs) is a divided difference for F of order one on D?;
(az) there exists z* € D such that F(x*) =0 and F'(z*)~! € L(Bo, By);
(a3) there exist ¢y > 0, £ > 0 with ¢y, ¢ not both zero such that for each z,y € D
|F @) (2,9 F) — F@) < bolle — 27l + €y — 7]
(ay) there exist ¢; > 0, i = 1,2,3,4, such that for each z,y,z € Dy

IE" (%) ([, y; F) = [z, 2% F)|| <z — 2| + ally — 2],
17/ (%) 7 ([, 9 F] = [2,2% FY)|| <lalle — 2™ + Lally — 27

(as) B(z*,r) C D, where 7 is defined in (2.1).
The local convergence analysis of method (1.2) follows in the class K*.

Theorem 2.1. Suppose that T* C K* holds. Then, sequence {x,} generated for
xo,Yo € B(x*,r) — {z*} is well defined in B(x*,r), remains in B(x*,r) for each

n=20,1,2,... and converges to x*. Moreover, the following estimates hold
(2.3) [2ni1 = 2| <gi(r)lln — 27| < [l — 27| <1,

(2.4) [Yns1 = 27| ga(r)l|znsr — 27| < [Jann — 2™ <7

and

(2.5) [Zns2 — 2" < g3(r)[|zns1 — 2" < [[@nr1 — 27,

where the functions g;, 1 = 1,2,3, are defined previously. Furthermore, the solution
x* of equation F(x) =0 is unique in Dy = D N B(z*, R) for R € [r, ﬁ)

Proof. We shall use mathematical induction to show estimates (2.3)-(2.5). By hypoth-
esis xo, yo € B(z*,r) — {z*}, (2.1), (az2) and (a3), we have in turn that

(26)  [[F'(=") (Ao = F'(@)Il < Lollwo — 27| + Lllyo — 27| < (o + O)r < 1.

By (2.6) and the Banach lemma on invertible operators [1,4,5,10,15], we deduce that
Aal c L(:BQ,Bl) and

1
ATE (29 < .
o < T =2 T+ o = =)
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Hence, z1,y; are well defined by method (1.2) for n = 0. Then, using (az), (2.1), (2.2)
and (a4) we get in turn that

2y — 2*|| =[lzo — 2" — Ag F (o) ||
<|[|[AG F' () ||| F' (%)~ (Ao — [o, z*; F]) |l — 2]
Uillzo — 2| + Loflyo — 27|
1= (bollwo — || + liflyo — z*|])
(2.7) <gi(r)llzo — 27| < [lwg — 2™ <1,
lyr — &[] <|AGF (a)[[| F'(2*) " (Ao — [w1, 25 F)[]l2 — 2]
Csllzy — ol + Lallyo — 27|
1= (bollzo — || + bllyo — *|))
G|z — 2] + llwo — 27 ||) + lallyo — 27|

o — ™|

o — ]|

To — x*
ST @l A~y o
(2.8) <go(r)l|zy — 2*|| < ||z — 27| <7,
and similarly to (2.7)
. O]z — %] + Lo|lyo — o*| .
(2.9) |z — 2% < lz1 — 2%

1= (bollay — [ + Lllys — =*]])
<ga(r)l|lzr — 27|} < oy — 27
That is estimates (2.7)—(2.9) show (2.3)—(2.5), respectively for & = 0. By simply

replacing o, Yo, 1, Y1, T2, Y2 DY Tis Ys Tt 1, Ykt 1, Tht2, Yit2 i the preceding estimates,
we complete the induction for (2.3)—(2.5). Then, it follows from the estimate

lorse = 2% < cllapin — 2™ <7,

where ¢ = g3(r) € [0,1) that limy_,., z; = z*. Finally, to show the uniqueness part,
let y* € Dy with F(y*) = 0. Set E = [z*,y*; F]. Then, by (a3), we get

1F'(z") " (E = F'(z")|| < lly" —a"[| < (R <1,
so E7! € £L(By,B;). Using the identity
0=F(@") - Fy") = 2"y Fla” —y7),
we conclude that x* = y*. 0

1

1 4
bo+l+01+L02 0 Lo+Lb+203+0y

}. Define parameters a; = =00’

— b — — _ b3 N T *
a2 = T 98 = U = T, and as = e Then, for xg,yo € B(z*, p), we

have by the proof of Theorem 2.1, that

Let p = min{

[2ni1 = 2| < (arljan — 27| + aallyn — 2" [lzn — 27| < [lan — 27| < p,
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[Yns1 — 27| <(asl|znr — 27| + aallzn — 27 + asllyn — 27[)) [ 2041 — 27|
Szt — 2% < p,

[2ns2 — 2" <(ar]lensa — 2™ + aallynr — 27|01 — 27|
<[lznr — =7,

[Yns2 — 27| <(asl|znir — 27 + aallzns — 27| + asllynsr — 2" (D22 — 27|
<[z — 27

and
s — 2| <(arlnss — 2 + azlynsz — *Dlznss — 2|
<(a1 + az)[[wnre — 2"
Hence, we arrive at following proposition.

Proposition 2.1. Let T* C K* with r replaced by p. Then, sequence {x,} converges
quadratically to x* provided that xo,yo € B(z*, p) — {x*}. Moreover, the solution x*

of equation F(x) =0 is unique in Dy for R € [p, ﬁ)

3. SEMI-LocAL CONVERGENCE ANALYSIS

Let Lo, L, L1, Ly >0, n > 0 and 1y > 0 be given parameters. As in Section 2, we
define a set.

Definition 3.1. Set Dy = DN B(x*, TlJrL) The set T'= T'(F, zo, yo) belongs to class
K= K(L07 L7 Lla L2> Mo, 77)7 if
(1) F: D C By — By is a Fréchet differentiable operator and [-,-; F] : D? —
L(B1,Bs) is a divided difference for F of order one on D?;
(c2) there exists g, yo € D and n > 0,1 > 0 such that Ag' € £(Ba, By), |lzo—vo| <
no and [ Ay F(zo)|| < n;
(c3) there exist Lo > 0, L > 0 such that for each z,y € D
146 ([, 33 FI = Ao) || < Lollz — @oll + Llly — yoll;
(cq) there exist L; > 0,4 = 1,2, such that for each z,y,z € Dy
146 ([, 93 F = [y, 2 F)I| < Lallz — yll + Lally — =)
(cs) B(z*,t*) C D, where t* is given in Lemma 3.1 that follows.

We need to define majorizing sequence {¢,}, {u,} by
to=0, wy=mno, t1=m, u = Li(1+ Loty + Luy),
Lot 4+ Luyg
1 — (Loty + L(uy + uo))> ’
Ly(tns1 — tn) + Lo(u, — t,,)
1 — (Loty, + L(uy + ug))

to =1, (1 +

Un+1 :tn+1 (tn+1 - tn)
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and

Ll(tn+1 — tn) + LQ(Un — tn)
1-— (Lotn—H + L(unH + UQ)>
We also need the convergence result for the aforementioned majorizing sequences.

(th - tn)-

tnye = tny1 +

Lemma 3.1. ([12, Lemma 1, Page 734]). Let o € (0,1) be the unique solution of
equation q(t) = 0, where

Q(t) = Lt?’ + Lotz + (Ll + Lz)t — (Ll + Lg)
Suppose that

Lo(t; —t L Lo+ L)t
0 < oti—to) +Lug . (Lot D)hr
1-— (Lo(tl - to) + L(u1 + Uo)) 1— LUO
Then, sequences {t,},{u,} are non-decreasing, bounded from above by t** = 2= and

converge to their unique least upper bound t* such that t* € [t;,t™]. Moreover, for
eachn = 1,2, ... the following estimates hold:

0 Sun—l—l - tn—l—l S a<tn+1 - tn);
0 Stn+2 - thrl S a<tn+1 - tn)

and
tn < U,.

Based on Definition 3.1 and Lemma 3.1, we obtain the following semi-local conver-
gence result for method (1.2).

Theorem 3.1. Suppose T' C K and conditions of Lemma 3.1 hold. Then, sequences
{z,} and {y,} generated by method (1.2), starting at xo,yo € D are well defined in
B(zo,t*), remain in B(xg,t*) for each n = 0,1,2,... and converges to the unique

solution x* of equation F(x) =0 in D, = DN B (t*, L01+L).

Proof. 1t follows from the corresponding proof in [12, Theorem 1, Page 735 but see
also the remark that follows. O

Remark 3.1. The semi-local convergence of method (1.2) was also established in [12]
but there is a major difference effecting the convergence domain, error bounds on the
distances ||z,4+1 — Ty, [|[yn — T»|| and the uniqueness domain. Indeed, the condition
used in [12] instead of (¢y4) is

(ch) 145 ([, y: F] = [w,v; F])|| < Mille — ul| + Ma|ly — v] for each z,y,u,v € D

and some M; > 0 and M, > 0.

But (c4) is weaker than (¢4) even, if Dy = D. Therefore, Ly < M; and Ly < My, hold
in general (see [1,4,5]). The iterates remain in Dy which is a more accurate location
than D, since Dy C D leading to tighter Lipschitz constants and the advantages (A).
Define sequences {t,}, {u,} as {t,}, {un}, respectively but with M; replacing L; and
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M, replacing Ls. Then, assuming that the rest of the hypotheses of Theorem 3.1 hold
with these changes, a simple inductive argument shows that

0 Sun+1 - tn+1 S ﬂ'n—i—l - En—&—l S a‘(fn-l—l - En)a
0 Stn+2 - tn+1 S 571—4—2 - 2?n—l-l S 6‘(&1—4—1 - 2?n)a
tn <tn,
and
t* <t* = lim t,,
n—oo
where & € (0, 1) is the unique solution of equation ¢(t) = 0, with
q(t) = Lt* + Lot® + (M + My)t — (M, + My).
Notice that
q_(Oé) :LCtg + L0C(2 + (Ml + MQ)C( — (Ml + Mg)
=q(a) + [(M1 — L1) + (Mz — Ly)|(a — 1) <0,
since ¢(a) =0, a € (0,1), Ly < M; and Ly < Ms,. Therefore, we have o« < . Hence,
we justified the claim made in the introduction (see also the numerical examples).

4. NUMERICAL EXAMPLES

We present the following examples to test the convergence criteria. Define the
divided difference by

[z, y; F] = /01 F'(tz+ (1 —1)y)dr.

Ezample 4.1. Let By = By = C0, 1] be the space of continuous functions defined in
0, 1] equipped with the max norm. Let D = {z € C[0,1] : ||z|| < 1}. Define F on D
by [1,13]:

1 /1
Fa)(s) =a(s) = f(5) = 5 [ Gls.012(®) dt, weCl0,1), s € [0.1]

0
where f € C[0,1] is a given function and the kernel G is the Green’s function

1—s)t, t<s,
G(S’t):{ 2(1—2), s <t.

Notice that nonlinear integral equation F'(z)(s) = 0 is of Chandrasekhar type [1,4,5,
10]. Then F'(x) is a linear operator given for each = € D, by

(P (2)(0)](s) = v(s) — 2 / Gls a(®2(t) dt, v e 0,1, s e 0,1].

If we choose zo(s) = f(s) = s, then we obtain [|F(z)|| < 4.
Choose z_; = 2s, we see [13] that L; = 0.08125..., Ly = 0.040625..., L =
0.0359375..., Ly = 0.071875..., t; = n = 0.0298507 and u; = n; = 1. Notice
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: Lo(t1—to)+Lu (Lo+L)t
that hypothesis 0 < 1_(L0(‘111t0)0+L(U10+u0)) <a<l-— #uol

guarantee the convergence of the Secant method (1.2) from Theorem 2.1.

is satisfied. So, we can

Example 4.2. Let By = By = R3, D = B(0,1), 2* = (0,0,0)” and define F on D by
e—1

T
F(z) = F(x1, 20, 23) = (611 -1, To? +x2,x3> )

For the points u = (uy, us, u3)T, the Fréchet derivative is given by

et 0 0
F'luy= 0 (e=1us+1 0
0 0 1

Using the norm of the maximum of the rows and (a3)-(as) and since F'(z*) =

diag(1,1,1), we can define parameters for method (1.2) by £, =0, {y = £ = ly = 5=,
1

l3 = <, {4 = <51, Then, the radius of convergence using (2.1) is given by r = 0.2607.
Local results were not given in [12] but if they were, £y = £ = %, 0, =0, ly = s
then /3 = {4 = 5. Therefore, by (2.1) with /4 replacing £4, we get 7 = 0.2340.
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