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A NEWTON-LIKE METHOD FOR SOLVING GENERALIZED
OPERATOR EQUATIONS AND VARIATIONAL INEQUALITIES

D. R. SAHU, K. K. SINGH, V. K. SINGH, AND Y. J. CHO

ABSTRACT. In this paper, we present a semilocal convergence analysis of a Newton-
like method for solving the generalized operator equations in Hilbert spaces and
also discuss the convergence analysis of the proposed algorithm under weak con-
ditions. We establish sharp generalizations of Kantorovich theory for operator
equations when the derivative is not necessarily invertible. As a simple con-
sequence of our result, we discuss the existence and uniqueness of solutions of
mixed variational inequality problems. Finally, we give numerical examples for
the equations involving single valued as well as multi-valued mappings.

1. INTRODUCTION

Let ‘H be a Hilbert space endowed with a norm || - || and an inner product (-, ),
respectively. Throughout the paper, we denote the set D a closed convex subset of
H, Dy the interior of D, B,[x] the set

{yeH:ly—zll<r},

No = NU {0} and ® the collection of all continuous, nondecreasing functions ¢ :
[0,00) — [0, 00).
Let us recall some basic definitions.

Definition 1.1. Let H be a Hilbert space. An operator T : H — H is said to be:
(1) monotone if

(Te —Ty,z—y) >0

for all z,y € H;
(2) strongly monotone if there exists k; > 0 such that

(Tx — Ty, —y) > kil|lz — y|?

for all z,y € H;
(3) Lipschitz continuous if there exists ko > 0 such that

1Tz = Tyl < k2llz -yl

for all z,y € H.
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Definition 1.2. A multi-valued operator G : H — 2™ is said to be:
(1) monotone if

(Y2 —y1,x2 — 1) >0

for all z1,x0 € H, y1 € Gz1 and ys € Gxo;
(2) mazimal monotone if it is monotone and there is no other monotone operator
whose graph contains strictly the graph G(G) of G, where graph of G is defined by

G(G)={(x,y) e HxH:2 € DG),y € Ga};
(3) strongly monotone if there exists o > 0 such that
(1.1) (y2 —y1, 22 — 1) > allzr — 22
for all x1,x9 € H, y1 € Gz and yo € Gxo.

A well-known example (see [7, 8]) of a maximal monotone operator is the sub-
gradient

O¢(x) ={z € H: d(x) — ¢(y) < (2,2 —y),Vy € H}
of a proper lower semi-continuous convex function ¢ : H — (—oo, o].

In the sequel, we regard the statements [z,y] € G, G(z) >y, —y + G(z) > 0 and
y € G(x) as synonymous. In [7], it is shown that, if G is maximal monotone, then
G is closed in the sense that

[Tm,ym] € G, lim z, =z, lim y, =y = [z,y] € G.
m—0o0 m—00

In this paper, we consider the following problem: Let F': D — H be an operator
which is Fréchet differentiable at each point of Dy and G : H — 27 be a maximal
monotone operator. Find x € H such that

(1.2) Fxz+Gx>0.

Examples of the variational inclusion (1.2) are as follows:

(1) If G = 9¢, then the problem (1.2) reduces to the following problem:
Find x € H such that

(1.3) (Fz,y —xz) > ¢(z) — ¢(y)

for all y € ‘H, which is called the mized variational inequality and has been studied
by many authors (see, for example, [4, 5, 9]).

(2) Let G = 06k, where 0d is the indicator function of a nonempty closed and
convex subset K of H defined by

I () = {

In this case, the problem (1.2) reduces to the following problem:
Find =z € K such that

0, ze€eK,;
oo, otherwise.

for all y € K, which is the classical variational inequality (see [6, 12]).



A NEWTON-LIKE METHOD FOR SOLVING OPERATOR EQUATIONS 219

For solving the operator equation (1.2), the generalized Newton method is given
by

(1.4) Fg'annH + Gxpa1 D F;nxn — Fz,

for all n > 0, where F. denotes the Fréchet derivative of F' at the point x €
Dy. The convergence of the generalized Newton method (1.4) can be found in
[1, 2, 10, 11, 13, 14, 15, 16, 17].

In [13, Theorem 2.10], the existence and uniqueness of solutions of the problem
(1.2) was discussed and the following semi-local convergence analysis of (1.4) was
given.

Theorem 1.3. Let F' be an operator defined on a closed convex set D of a Hilbert
space H and has the Fréchet derivative at each point of Dy. Assume that G : H —
2" be a mazimal monotone operator satisfying (1.1). For some xq € Dy, assume
that the operators F and G satisfy the following conditions:

(C1) there ezists yo € H such that yo € G(zo) and ||F(zo) + yol| < S for some
p>0;

(C2) (FL x,x) > col|z||? for all x € H and for some real number co;

(C3) || Fy — Fyll < Kl|lx —yl| for all z,y € Dy and for some K > 0.

Let co + o > 0 and denote d = C(fm and h = cﬁda. Assume that h < % and
B,[zo] C Dy, where r = H—jﬁ' Then we have the following:
(1) The operator equation (1.2) has a unique solution x* in B, [zo] N D, where
_ 2
=1

(2) The sequence {x,} generated by (1.4) remains in By |xo] and converges to x*.
(3) The following error estimate holds:

. d
(15) lnsr = "] < £y

for alln > 1, where vy =1—+/1 — 2h.

In [2, 17], the authors discussed the semilocal convergence analysis of (1.4) using
all the conditions of Theorem 1.3 and the center Lipschitz condition

(1.6) 177 = Fi | < Kollz — ol

for all z,y € Dy and for some Ky > 0. In [18, 19, 20], the following general condition
is considered for the convergence of Newton-like methods

(1.7) 177 = Fyll < w(llz = yll)
for all z,y € Dy, where w € ®. It is interesting to consider the following condition:
(1.8) 1Fs = Froll < wo(llz — o))

for all z € Dy, where wy € ®. It is easy to see that (1.8) is a weaker assumption
than (1.7).

Recently, Argyros and Hilout [3] have studied the convergence analysis of

(1.9) Tt = 20 — Alwa)  (F(an) + Gla))
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using the conditions (1.7) and (1.8) for solving the operator equation
(1.10) F(x)+ G(z) =0,

where F' is Fréchet differentiable, G is continuous operator defined on Banach spaces
and A(x) is an approximation of FJ.

In the present paper, we introduce the following Newton-like method for finding
the solution of the operator equation (1.2) in Hilbert spaces.

Algorithm 1.1. Let A(z) be an approximation of F for each x € Dy. Starting
with g € Do and, after x,, € Dg is defined, we define the next iterate z,,1 as
follows:

(1.11) A(zp)xns1 + Grpi1 D A(zy)x, — Fay,
for all n > 0.

Motivated by Argyros and Hilout [3], the purpose of this paper is to prove the
semi-local convergence analysis of Algorithm 1.1 under both the conditions (1.7) and
(1.8). The results presented in this paper improve and extend the corresponding
results announced in [3, 13, 15]. As applications of our results, we discuss the
solution of the nonlinear variational inequality. By numerical example, we show the
applicability of our results.

2. CONVERGENCE ANALYSIS

Before giving our main convergence result, we establish two technical lemmas
which are useful in the sequel.

Lemma 2.1. Let ¢y, lg, H, l1, o be some nonnegative real numbers and w,wy, w1 €
®. Letn > 0. Assume that the scalar equation

(2.1) (co+a—1lp—wo(r))(n—r)+ (Hwn) +wi(r)+)r=0
has a minimum positive zero r* such that
(2.2) Hw(n) +wi(r™) +wo(r’) < eco+a—1y— 1.
Then the sequence {t,} defined by
t() = 0, t1 = 7,
2.3 Wl — w
= e s,

is nondecreasing in [n, r*| with

(2.4) th—tn1 <d" 'y

for allm > 1, where d = ((IZ (ﬁ?jﬁgggﬁf)) and it converges to its least upper bound
t*.

Proof. By the principle of induction, we show that the sequence {t¢,} remains in
[7,7*] and holds (2.4). Since 7* is the minimum positive root of (2.1), we have
t1 = n < r*. Hence our assertion holds for n = 1. Assume that our assertion holds
for some positive integer n = k. Using (2.3), we have

(Hw(tp — ti—1) + wi(ty) + 11)
(C() + o — lo — o.)o(tk))

tgr1 = tp+ (th — th—1)
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< tp+ d(tk — tk—l)
< tper Fd(tp—1 — tp—2) +d(t — tp—1)
< b +dIp 4 dy
< (L+d+---+dny
1—dF
1—a"

Hence t11 is in [n,r*]. Using (2.3), we have

(Hw(ty — tp—1) + wi(ty) + 1)

thy1 — Uk (CO Fo—lg— wo(tk)) (tk’ - tk—l)
(Hw(n) + w1 (r*) + 1)
S o+ a—To—we(r)) e~ tk-1)
< dkn.

Thus (2.4) holds for n = k + 1. Therefore, {t,} defined by (2.3) is in [n,r*] and
holds the estimate (2.4). By the definitions of w, wp, wy and (2.3), it follows that
tn < tp41 for all n > 0. Hence the sequence {t,} is nondecreasing, bounded above
and as such it converges to its unique least upper bound t* for some t* € [n,r*].
This completes the proof. Il

Lemma 2.2 ([7, 8, 13, 17]). Let S be a bounded linear operator from H into H and
G be a mazximal monotone operator from H into 27 satisfying (1.1). Assume that

(i) (S(z),z) > col|z||? for all z € H and for some real number co;
(ii) co+ a > 0.

Then, for any b € H, there exists a unique z € H satisfying the generalized equation
Sz+Gz20b.
Now, we ready to present the semilocal convergence analysis of (1.11).

Theorem 2.3. Let F' be an operator defined on a closed convex subset D of a Hilbert
space H with values in H such that F' is continuously Fréchet differentiable at each
point of Dy and G be a mazimal monotone operator from H into 2" satisfying (1.1).
Let A(z) be an approzimation of F..,x € Dy. For some xg € Dy, assume that the
operators F, G, F.. and A(x) satzsfy (C1) and (1.7) with w € ® and the following
conditions:

(C4) (A(zo )(a:), x) > col|lz||? for all x € H and for some real number cy;

) [JA(z) — A(zo)|| < wo(||z —x0l]) + 1o for all x € Dy, for somely > 0 and for

some wy € ®;

(C6) ||FL. — A(z)|| < wi(||lz — xol|) + lu for all x € Dy, for somely > 0 and for
some wy € ®;

(C7) the function w satisfies w(ts) < h(t)w(s) for all t € [0,1] and s € [0,00),
where h is a continuous, positive and nondecreasing function defined on [0, 1].
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Let H = fol h(t)dt and n = Coia. Assume that the scalar equation defined by
(2.1) has a minimum positive zero r* such that (2.2) is satisfied. Let Bp«[xo] C Dyg.
Then we have the following:

(1) The sequence {x,} generated by (1.11) is well defined, remains in By« [xo]
and converges to a solution * € By«[xg] of (1.2). Moreover, the following error

estimates hold:

(25) ||$n - $nle <tn— tnfly
(26) Hxn - .%'(]” <tn

and

(2.7) |z — 2*|| <t —tp,

where {t,} is a sequence generated by (2.3) and t* is the limit of sequence {t,}.
(2) Further, if

(2.8) Hw(r*) + w1 (r*) + wo(r*) < co +a—lp — 11,
then the solution of (1.2) is unique in By=[xo].
Proof. (1) It follows from Lemma 2.1 that the sequence {t,} defined by (2.3) is non-
decreasing in [n, r*] and converges to some t* € [n, r*]. By the principle of induction,
we show that the sequence {z,} is well defined in B,+[xo] and the conditions (2.5)—
(2.6) hold for all n > 1. It follows from the condition (C4) and Lemma 2.2 that the
first iterate x; in (1.11) is defined uniquely. Using (1.1) and (1.11), we have

allor —aol* < (=Awo)(21 — z0) = F(wo) — yo, 1 — 20)

< —(A(zo)(z1 — 20), x1 — wo) + (—F(20) — Yo, 21 — @0)-

Using (C1) and (C4), we have

|1 — 2ol < =n=t —to<r.

co+«
Hence x1 € By+[xo] and (2.5)—(2.6) hold for n = 1. Assume that vector zj given by
(1.11) is well defined in By« [z¢] and (2.5)-(2.6) hold for some positive integer n = k.
Note that

[A(zr) — A(zo) || < wolllzk — zoll) + lo < wo(tk) + lo-
Therefore, we have
(Alwo)e — Afa)w, ) < | Alar) — Alo)l 2] < (wo(t) + o) o]
for all x € H, which implies that
(Azp)z,2) > (co — lo — woltr))l]?

for all z € H. Hence it follows from Lemma 2.2 that the vector x4 given by (1.11)
is well defined in ‘H. Using (1.1), (1.7), (1.11) and (C6)—(C7), we have

allzpsr — zx)?
< (—A(xr) (@1 — xg) — Flag) + Alwg-1)(@r — 2p—1) + F(Tg-1), o1 — Tg)
= (—Alzr)(Trt1 — k), Tpp1 — k)

H(—F(xr) + F,,_ (xp — 2p-1) + F(@p_1), Tpp1 — o)
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H—Fy, (g — 2p-1) + A(zp—1) (2% — Tr—1), Thp1 — Tk)

< —(co —lo — wotr)||wrs1 — zx])?
H|F(zk) — Fag—1) — Fp, (2r — zp—1) || 2kgr — 2|
+Fy,, — Alx—)lllze — zp1llllze1 — o
< —(co —lo — wo(tr))||whs1 — i )?
/ Iy, tter—ap) — Fopo Mzn — zp-all|wps1 — 2l dt
HIEy, = Alwe—D)llzr — ze—1lll|lzhe — il
< —(co —lo — wotr))||Thsr — i )?

1
+/ h(t)w(llzr — zp—1lDlve — zp—1l|[|ok1 — zl|dt
0

+Hwillze = 2oll) + l)l|zk — wp—1lll|zrr1 — 2kl

which gives that

k1 — @]
1
< H — T N I
< (00+oz—lo—wo(tk))( w(llzr = zp—1ll) + wr(llzr — zoll) + 1)
X[z — Tp—1]|
1
< Huw(ty — tp— te) + 1) (te — te
S T a—lo—wor) Helle = teon) +wilte) + ) = ti-)
< Tgy1 — tk.

Note

[@k41 — @oll < |@ha1 — zpll + - + 21 = zol| <ty <™
Thus k41 € Br+[xo], (2.5) and (2.6) hold for all n = k + 1. By induction principle,
the sequence {x,} remains in B,«[zg] and (2.5)—(2.6) hold. Note that the sequence
{tn} majorizes the sequence {z,}. Hence the sequence {z,} is a Cauchy sequence
and hence converges to some x* € By«[zg]. Further, we observe that

[Zman = 2ol < [[@min — gl + -+ ll2ngr — 2|
(29) < tm—l—n - tm—i—n—l +---+ tn—i—l —1n

= tmin — tn.
Letting limit as m — oo in (2.9), we get (2.7).
Now, we show that z* is a solution of (1.2). Write
Yn = —Alzn)(@ns1 — zn) — F(n).

Then, by (1.11), we have y, € G(zp+1). Now, we can write

[ym + F(")|
[A(@n)(Znt1 = 2n) + F(2n) = F(2")]]
[A(zn) — A(zo)[[[[#nt1 — 2all + [[A(zo) [ 2041 — all

IN
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/ 1F et —avy = Frollllzn — [l + | Fpy |l — 27|
< (wor™) + Aol + 1) |#n41 = 2]l + (™) + | Fpy D20 — 27
— 0
oo. Hence y, — —F(z*) as n — oo. By the definition of G, we have
—F(x*) € G(z*). Therefore, x* is a solution of (1.2).

(2) Suppose that (2.8) holds. To prove the uniqueness of z*, let y* be another
solution of (1.2) in B«[xg]. It is easy to see that

(A(zn)a,z) > (co — wo(tn) — lo)[|z]*

for all n > 1 and x € H. Since —F(y*) € G(y*), it follows from (1.1), (1.7), (1.11)
and (C6)—(C7) that

ally* = znpa®

< (=P + Alwn) (Tng1 — o0) + F(20),y" — Tns1)
< (CA@) (Y = 1) + A(zn) (Y — 20) + F(2n) = F(Y"),¥" — Zny1)
= (—A@n) (Y — Tn41), Y — Tng1) + (A(zn) (Y — 2n) + F(20)
—F"),y" — 2ny1)
= —(A@n) (" — Tnt1), ¥ — Tpt1) + (A(zn) (¥" — 20)
—F, (Y —2n),¥" — Tpt1)
+</ - :cn+t(y —xn))(y* - xn)dt>y* - mn+1>
< —(co = lo — wolta) Iy = Zns1l” + (wi(llan — zoll) + 1)

X[ly* = zalllly” — zneall + Hollly™ = zalDlly”™ = 2nlllly”™ — zngall;

which gives

1y = @nga]

1 *
(210) < s (el — al) e — o)+ 1)

x[ly* = znl|

Now, we prove, by induction, that
1
co+ a—lyp— wo(r*))

holds for all n > 0. Using (2.8), we see that (2.11) holds for n = 0. Assume that
(2.11) holds for some positive integer n = k. Using (2.8), we note that

(211)  ly" = zppall < ( (Hw(r") +wi(r) +1))lly* — @

1Y" = @ppall < lly* —anll <--- < ly" = @oll <™.
It follows from (2.10) that

1
Co + o — wo(tl) — l())

1y* = zrpall < ( (Ho(r®) +wi () + W)lly" — zpgall
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Hence (2.11) holds for n = k + 1. Thus (2.11) holds for all n > 0. It follows from

(2.11) that lim z, = y*. Therefore, since we already proved that lim z, = z*, we
n—oo n—oo

have z* = y*. This completes the proof. O

Remark 2.4. Theorem 2.3 is an improvement of Theorem 1.3 in the following
sense:

(1) In Theorem 2.3, the w-type condition (1.7) is used, which is a generalization
of the Lipschitz condition (C3) of Theorem 1.3.

(2) In Algorithm 1.1, F is not involved.

(3) The w-type center condition (C5) is used, which is a generalization of the
center Lipsschitz condition (1.6).

(4) For the convergence of sequence {z,, }, majorant theory is adopted. This pro-
vides the domain for existence and uniqueness of solution of the operator equation
(1.2).

For A(z) = F. in Theorem 2.3, we have the following result.

Theorem 2.5. Let F' be an operator defined on a closed conver subset D of a Hilbert
space H with values in H such that F' is continuously Fréchet differentiable at each
point of Dy and G be a maximal monotone operator from H into H satisfying (1.1).
For any zo € D, assume that the operators F, G and F), satisfy (C1)—(C2), (C7),
(1.7) and (1.8) with w,wy € ®. Let n = Cof_a and assume that the scalar equation
defined by

(co+a—lo—wo(r))(n—r)+ Hrw(n) =0
See Theorem 2.3 has a minimum positive zero r* such that
Hw(n) 4 wo(r*) <co+a—1

is satisfied. Suppose that B,-[xo] C D. Then we have the following:

(1) The sequence {x,} generated by (1.4) is well defined, remains in By~[zo] and
converges to a solution * € Bp«[xg] of (1.2). The error estimates (2.5)—(2.7) hold,
where {t,} is a sequence generated by

Hw(ty —tp—1)(tn — tn—1)
(Co + o — lo — wo(tn))

to =0, t1=mn, tht1 = Tp+

and t* is the limit of the sequence {t,}.
(2) Further, if Hw(r*) +wo(r*) < co+a—Ilo, then the solution of (1.2) is unique
in Bpx[xg)].

Proof. For A(z) = F,, in Theorem 2.3, we can take w(t) = 0 for all ¢ € [0, 00) and
1 = 0. Hence the condition (C6) satisfies trivially. Note that the conditions (C5)
and (C6) reduce to (C2) and (1.8), respectively. Hence all the conditions of Theorem
2.3 are satisfied. Thus the remaning portion follows from Theorem 2.3. U

In the special case, when A(z) = F), w(t) = Kt, wo(t) = Kot, wi1(t) = 0 and
lo =11 = 0, we have the following result which follows from Theorem 2.5.

Corollary 2.6. Let F be an operator defined on a closed conver subset D of a
Hilbert space H with values in H such that F is continuously Fréchet differentiable
at each point of Dy and G be a maximal monotone operator from H into H satisfying
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(1.1). For any xo € D, assume that the operators F, G and F. satisfy (C1)—(C3)
and (1.6). Letn = B and assume that the scalar equation defined by

cot+a

1
(co+a—Kor)(n—r)+ iKrn =0
has a minimum positive zero r* such that
1
§K7]+KOT* <co+a

is satisfied. Suppose that By-[xo] C D. Then we have the following:

(1) The sequence {x,} generated by (1.4) is well defined, remains in By«|xo] and
converges to a solution x* € By«[xg] of (1.2). The error estimates (2.5)—(2.7) hold,
where {t,} is a sequence generated by

K(t, —tn1)?
2(00 + o — Kotn)

(2.12) to=0, t1=m, thy1 = tp+

and t* is the limit of the sequence {ty}.
(2) Further, if (%K—I—Ko) r* < ¢o + «, then the solution of(1.2) is unique in
Br* [.%0]

Now, we discuss the existence and uniqueness of solutions of the mixed variational
inequality problem given by (1.3). The following result follows from Corollary 2.6.

Theorem 2.7. Let F be an operator defined on a closed convexr subset D of a
Hilbert space H with values in H such that F' is continuously Fréchet differentiable
at each point of Dy and ¢ : H — (—o00, 00| be a proper lower semi-continuous convex
function. Let G = 3¢ be the subgradient of ¢. For any xg € D, assume that the
operators F, G and F., satisfy (C1)—(C3), (1.1) and (1.6). Letn = cOia and assume
that the scalar equation defined by

1
(co+a—Kor)(n—r)+ §Krn =0
has a minimum positive zero r* such that
1
§K77+Kgr* <o+«

is satisfied. Suppose that By«[x9] C D. Then we have the following:
(1) The sequence {x,} generated by

(2.13) F;n (Tnt1) + 00(Tnt1) > ng«n () — F(an)

is well defined, remains in By«[xg] and converges to a solution x* € By«[xg] of the
variational inequality given by (1.3). The error estimates (2.5)—(2.7) hold, where
{tn} is a sequence generated by (2.12) and t* is the limit of the sequence {t,,} defined
by (2.12).

(2) Further, if (3K + Ko) r* < co + «, then the solution of (1.3) is unique in
BT* [1‘0] .
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3. NUMERICAL EXAMPLES
In this section, we provide some numerical examples.
Example 3.1. Let H = D = R and consider the problem of finding the zero of
(3.1) 2>+ 3z +1=0.

For F(x) = 2?2 +x+1, G(z) = 2x and A(x) = F! = 22+ 1, the equation (3.5) can be
modeled as the problem (1.2). Since G is single-valued, we express the generalized
Newton iterates (1.11) in the form

A(zn)(nt1) + G(Tnt1) = Azn) (20) — F(20),
which can we written as in the following form:
(3.2) (3 4+ 220)Tni1 = x> — 1.
For x¢p = 0, we get
B=co=1 a=2, w(t)=wo(t)=2t, h(t)=t, wi(t) =0, lp =101 =0
1
5

(
for all ¢ > 0, which gives that n = % and H =
(2.1) reduces to

In this case, the scalar equation

(3.3) 61> —10r +3 = 0.

The minimum positive root r* of the scalar equation (3.3) is given by r* = %ﬁ.

Since G%ﬁ < 3, the condition (2.2) is satisfied. Thus all the conditions of Theorem
2.3 are satisfied. Hence Theorem 2.3 guarantees that the sequence {z,} generated
by (3.2) converges to a unique solution z* € By«[xo] of (3.5). The error estimates
are given by (2.5)—(2.7), where the scalar sequence {t,} is given by

1
(3.4) to=0, t1= g, tn+1 = tn +

The convergence analysis of (3.2) and the difference rate of the sequence {¢,} is
given in Table 1.

Tn tnt1 — tn

0 0.333333333333333
-0.333333333333333 0.047619047619048
-0.380952380952381 0.001013171225937
-0.381965552178318 0.000000459071693
-0.381966011250011 0.000000000000094
-0.381966011250105 0
-0.381966011250105 0

O ULk W N~ O3S

TABLE 1. The convergence of (3.2)
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Example 3.2. Let H = D = R and consider the problem of finding the zero of
(3.5) F(z)+G(z) >0,

where F(z) = 2% + 3z, G(z) = dg(z), g(x) = |z| and A(z) = F.. = 2z + 3 for all
x € R. Recall that dg(x) is the set defined by

dg9(x) = {z € R: g(x) — g(y) > 2(x —y),Vy € R},

A straightforward computation gives

-1, x <0
G(z)=0g(x) =¢ [-1,1], ==0;
1, x> 0.

In this case, the generalized Newton iterates (2.13) can be written in the following
form:

(3.6) 22nTps1 + G(Tpy1) D 22,
For g = 0, choose yo = 0 and
B=1,c0=3, a=0, w(t)=wy(t) =2t

(,U1(t) =0, h‘(t) =t, lo=10 =0,

which gives that n = % and H = % In this case, the scalar equation (2.1) reduces

to the scalar equation given in (3.3). As in Example 3.1, the minimum positive
root 7* of the scalar equation (3.3) is given by r* = %ﬁ. Since %ﬁ < 3, the
condition (2.2) is satisfied. Thus all the conditions of Corollary 2.6 are satisfied.
Hence Corollary 2.6 guarantees that the sequence {x,} generated by (3.6) converges
to a unique solution z* € By«[zg] of (3.5). The error estimates are given by (2.5)—
(2.7), where the scalar sequence {t,} is given by (3.4). Using the definition of G
and (3.6), we can also verify that {z,} converges to 0. Indeed, z,, = 0 for all n > 1.
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