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STRONG CONVERGENCE THEOREMS FOR A GENERAL CLASS OF
MAPPING VIA QUASI-IMPLICIT ITERATIVE SCHEMES

IMO KALU AGWU* AND DONATUS IKECHI IGBOKWE

ABSTRACT. In this paper, we introduce a novel iterative scheme called quasi-implicit itera-
tive scheme and study its stability as well as strong convergence for general class of maps in
a normed linear space. Further, we proved rate of convergence and gave a numerical example
to demonstrate that our iterative scheme is faster than semi-implicit iterative scheme and
many more other iterative schemes in this direction.
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1. INTRODUCTION

The most celebrated theorem for existence of fixed point for a self-mapping on a complete
metric space (Z,d) was initiated by Banach.

Definition 1.1. A self map I' : 7 — Z is called a contraction if for all z,y € Z, there exists
p € [0,1) such that

(1.1) d(T'z,Ty) < pd(z,y).

Dwelling on Definition 1.1 and using metric space setting, Banach, in 1922, gave the fol-
lowing well-know contraction principle.

Theorem 1.2. Let ' : Z — Z be a contraction mapping defined on a complete metric space
(Z,d). Then, I possesses a unique fized point * € Z. Furthermore, we have

(1.2) lim Mz = 2~
n—o0
with
(1.3) d(I"z,2%) < 1’” d(z,Tz).

Theorem 1.1, in the company of its direct generalizations, has been a vital tool in applica-
tions for solving nonlinear functional equations. Despite its indispensable position in real-life
applications, Banach contraction principle suffers one major drawback ( the contractive condi-
tion (1.1) requires that I' be continuous throughout Z). Motivated by this challenge, Kannan
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[3] established a fixed point theorem for which the restriction on I' (continuity condition) is
not required. To be precise, he proved the following theorem:

Theorem 1.3. Let (Z,d) be a complete metric space and ' : Z — Z a mapping with
1

p € (0, 5) such that for all v,y € Z,

(1.4) d(Tz,I'y) < pld(z,I'z) + d(y, Ty)].

Then, I' has a unique fized in Z.

Example 1.4. (see [3]) Let Z = R be the set of real numbers with the usual metric and
I' : R — R be defined by

0.if v € (—o0,2
1
—5 if r e (2,00).
Then, I satisfies (1.4) with p = 0.2. Also, I" is not continuous and Fr = {0}.

(1.5) e =

Subsequent upon Kannan’s theorem, so many interesting results respecting different classes
of contractive-type conditions that do not require the continuity of I' are now in literature, see
for example [1]. Further, in 1972, Zamfirescu [35] gave an interesting theorem which extended
both Banach’s and Kannan’s fixed point theorems, together with other similar results of this
kind, as follows:

Theorem 1.5. Let (Z,d) be a complete metric space and I' : Z — Z a mapping such
that for each pair of points x,y € Z, there exist the real numbers §,w and o satisfying

1 1
0<i<l0<w< 3 and 0 < o < 3 such that at least one of the following statements holds

z1 1 d(l'z, T'y) < dd(zx,y);
(1.6) zo : d(T'z, Ty) < wld(z,Tz) + d(y, T'y)];
zg : d(T'z,Ty) < old(z,Ty) + d(y, I'z)].

Then, I' has a unique fized point in Z.

The class of mapping defined by (1.6) has been adjudged to be the most general contractive-
like operators and has considerably attracted a lot of interest in recent times (see, for example,
(5, 191, (10, [14], [36], [14], [15], [24], [37] and the references therein).

In [30], it was shown that (1.6) implies
1 1
(1.7)  d(l'z,T'y) < hmaz{d(z,y), 5ld(z, I'z) + d(y, Ty)], 5[[d(z, Ty) + d(y, L2)]]},
and
(1.8) [Tz = Ty|| < pllz =yl + 2p[lz — Tz],

where h,p € [0,1) and x,y € Z. Note that (1.8) reduces to (1.1) if x is the fixed point of T'.
Let E be a normed space, () a nonempty, closed and convex subset of F and I' : Q — Q
a self map of ). For each x,y € E, there exist L > 0 and p € [0,1) such that

(1.9) [Tz —Tyl| < plle —yl| + Lz — Tx],

In 1995, Osilike [21] used the contractive condition defined by (1.9) to prove several gener-
alizations and extensions of most of the results contained in Rhoades [30]. Inspired by the
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results in [24], Imoru and Olatinwo [15] gave a generalisation of (1.9) as follows: For each
x,y € E, there exists a monotone increasing function ¢ : Rt — RT with ¢(0) = 0 such that

(1.10) [Tz —Tyl| < pllz =yl + ¢(l|lz — Tz]),

However, Chidume and Olaleru [1 1] proved with several examples that (1.1) remains the most
general contractive condition and includes the likes of (1.8), (1.9) and (1.10).

Different studies have shown that virtually every physical, technical or biological process,
from celestial motion to bridge design, to interaction between neurons can be modeled in the
form

(1.11) I'(t) = z.

Equation such as (1.11), which is used to solve real-life problems, may not necessarily be
directly solvable; that is, the close form solution may be impossible or practically difficult to
attain. Fortunately, (1.11) can equivalently be transformed into a fixed point problem of the
form

(1.12) I'{t) =t,

whose solution can be obtained using approximate fixed point theorem-which, among other
things, could help to disclose some vital information on the existence or existence and unique-
ness of solution of the original equation.

Let (Z,d) be a complete metric space and I' : Z — Z a selfmap of Z. We shall denote
the set of fixed points of I' by FT = {q € Z : T'q = q}. In the past few years, various
iteration schemes for which the fixed point of (1.12) could be approximately obtained have
been extensively studied, see for example, [2], [1], [10], [5], [7], [6], [37], [12], [17], [23], [19],
[(25],[21],[16],[29], [27],[29], etc. In search of iterative scheme with better convergence rate,
authors in [37] introduced a new iterative scheme called semi-implicit iterative (SII) scheme
as follows: Let E be a normed space, () a nonempty, closed and convex subset of £ and
I': Q — @ a self map of Q). The semi-implicit iterative (SII) scheme {z,}° ; is defined, for
arbitrary zg € E, by

Znt1 = (1 —ap)zy + anl'zy,
(1.13) Tn = (1 - 6n)yn + Bnrxn
Yn = (1 = ¥)zn + ¥l 'yn,

where {an}52 1, {Bn}o2 1, {m}52, C [0,1]. They showed (through numerical example) that
the scheme (1.13) so introduced converges faster than the iterative schemes studied in ([35]
and [39]).

It is worthy to mention that in application, the stability of the iterative schemes studied
above is quite invaluable. The first researcher to demonstrate this respecting the Banach con-
traction conditions is Ostrowski [26]. Afterwards, several authors have developed this subject
basically because of its indispensable position in the current trend of computer programming.
Some recent works in this direction could be seen in [6],[10],[13],[27], [28],[26], [37], [30] and
the references therein.

Inspired and motivated by these developments, in this paper, we shall introduce a new
iteration scheme and then prove that our scheme is more efficient in terms of convergence
rate than the one studied in [37]. In addition, we establish strong convergence and stability
results of our iterative scheme in the setting of an arbitrary Banach space.
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2. PRELIMINARY

The following definitions, lemmas and propositions will be needed to prove our main results.

Definition 2.1. (see [20], [30]) Let (Y, d) be a metric space and let I : Y — Y be a self-map
of Y. Let {x,}2°, C Y be a sequence generated by an iteration scheme
(2.1) ZTp+1 = g(L, ),

where zg € Y is the initial approximation and g is proper function. Suppeose {z,}72
converges to a fixed point ¢ of I'. Let {¢,}>2; C Y be an arbitrary sequence and set €, =
d(tn,g(T,t,)),n = 1,2,--- Then, the iteration scheme (2.1) is called I'-stable if and only if
lim,, o0 €, = 0 implies lim,, o0 yn = q.

Note that in practice, the sequence {t,}7°, could be obtained in the following manner: let
xo €Y. Set xp41 = g(I', zp,) and let to = xo. Now, 21 = g(I', z¢) because of rounding in the
function I', and a new value t; (approximately equal to z1) might be calculated to give t9, an
approximate value of g(I',¢;). The procedure is continued to yield the sequence {t,}5°, an
approximate sequence of {z,}7 .

Lemma 2.2. (see, e.g., [30]) Let {7,}5°, be a sequence of positive numbers such that T, —
0asn — oo. For0 <4 <1, let {w,}52, be a sequence of positive numbers satisfying
Wpt1 < 0Wp + Toy,mn =0,1,2,--- Then, w, — 0 as n — oo.

Lemma 2.3. (see, e.g, [37]) Let {wn}22, and {op}22, be two non-negative real sequences

satisfying the following inequality
wp < (1 - )\n)wn + On,
such that A, € (0,1) for alln > ng,> o> g Ap = 00 and o, = 0(Ay). Then limy, o0 wy =0.

Definition 2.4. (see, e.g, [37]) Let {c,}52; and {d,}52; be real convergent sequences with
limit ¢ and d respectively. Then, ¢, is faster than d,, if
) Cn—C|
dw =gl =0

Definition 2.5. (see, e.g, [37]) Let {u,}2, and {v,}22, be two fixed point iterations that
converge to the same fixed point ¢ on a nonlinear space Z such that the error estimates
|un, —q| < ¢, and |v, —gq| < d,, are available such that {c,}22; and {d,,}°2 ; are two sequences
of positive integers that converge to zero. If ¢, converges faster than d,, then we say that u,
converges faster to ¢ than v,,.

3. CONVERGENCE RESULTS

In this section, we introduce a new iterative scheme which we shall call quasi-implicit
iterative scheme. Let (X, |.||) be a normed linear space, Z be a nonempty closed convex
subset of X and I' : Z — Z be a self map of Z. Pick an arbitrary element zy € Z and define
the sequence {z,}2°, iteratively as follows:

Znt1 = (1= 8p)8p + 0nL'sy
(1 — )Tty + v Il'sy
(1 —an)lry + oIty
(1 - Bn)zn + 571]:‘7'717

(3.1)

Sn
tn
Tn
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where {6, }5% 0, { T }o2o, {an}oly and {Bn 22, are sequences in [0, 1] with {d,}72, satisfying
Yoo On = 0.

Remark 3.1. Note that:
(1) If B8, =01in (3.1), we have
Znt1 = (1 = p) sy + 6,L'sy,
(3.2) Sp = (1 —v)tn + sy
tn = (1 —ap)lzy + @Ity
(2) If o, = B, = 0in (3.1), we obtain
Znt1 = (1 = p)sp + 6,1'sy,
(3.3) sp = (1 =)ty + sy,
th =1z,
(3) If 6, =1 and o, = B, =0 in (3.1), we get
Zn+1 = Fnsn

t, =Tz,

Theorem 3.2. Let D be a nonempty convex and closed subset of an arbitrary Banach space
E and ' : D — D be a mapping satisfying the inequality

(3.5) [Ts = Tr|| < plfs — 7],

where 0 < p < 1. Pick a point zo € D, then the sequence {z,}22 defined by (3.1) converges
to the fized point of T provided Yo7 4 6, = 00.

Proof. Theorem 1.1 above guarantees that I" has a unique fixed point in D (say ¢). Using
(3.1) and (3.5), we estimate as follows:

lzne1 —qll < (1 =0n)llzn — qll + 0nl|Tsn — 4l
(3.6) < (1= 0n)llzn = gl + Onpllsn — ql|.
Since from (3.1) and (3.5)

sn—qll < (1—=%)ITtn — gl + ¥l Tsn — 4l
< (L =y)plltn —all + mellsn — all,
it follows that
(1 —7n)p
3.7 — < —It,, —ql|.
(3.7) [sn —qll < T Itn — 4l

Again, from (3.1) and (3.5), we obtain

Ity —qll < (1 —an)|Trn — ql| + anl|Ttn — g
< (1—Oén)PH7“n—CI||+’YnPth_q”’
1—ay)p
(3.8) < Qzeary

1 —app
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Furthermore, using (3.1) and (3.5), we get

lrn —all < (1= Bn)llzn = qll + BullTrn — qf
< (L=B8n)llzn —qll + Bupllrs — 4l
(1 B Bn)
3.9 < ——llzn —q|-
(39) < S -l
Set
on _ (L= m)p
€n 1 —vnp
so that
1-— 1-—
(3.10) T ks 1)/ S el RN
€n L —vmp T —np
(3.10) implies that
(3.11) In <.
€n
By setting
@:(1_04@/0 L:L*:(l_ﬁn)
€r l—app ' & 1—[0up’

and following similar approach as in (3.10), we obtain

*
(3.12) In < p.
en
and
*k
(3.13) In <1-B,(1-p) <L

6** -

n
Putting (3.7), (3.8) and (3.9) into (3.6) and simplifying, using (3.11), (3.12) and (3.13), we
get
lzn1 —all < (1= 62)plzn — all + 62p° [z — dl|
(3.14) = [1=du(1=p)lllzn — 4l
By repeating similar process as in (3.14) for ||z, — ql|, [|zn-1 — ¢l|; |zn—2—4qll, - - s |2n-n — 4|,

substituting the results successively at the right hand side of (3.14) and simplifying, we obtain

n

(315) lensr—al < AL -00~ p)lllzo — alln=0,1,-

=0
Now, since 0 < p < 1,6, € [0.1] and Y 7 0, = 00, we have

n

PP = 6.1 = p)] = 0.

=0
In view of the above information, we obtain from (3.15) that z, — ¢ as n — oo. Hence,
{zn}52, converges strongly to g. O
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The corollary below is a consequence of Theorem 3.1.
Corollary 3.3. Let D be a nonempty convex and closed subset of an arbitrary Banach space
E and ' : D — D be a mapping satisfying the inequality
(3.16) [Ts =Tl < plls — ],
where 0 < p < 1. Pick a point zg € D, then

(a) (3.2) converges strongly to the fixed point of T';
(b) (3.3) converges strongly to the fixed point of T';
(c) (3.4) converges strongly to the fized point of T'.

4. STABILITY RESULTS
In this section, we show that the quasi-implicit iterative scheme defined by (3.1) is I'-stable.
Theorem 4.1. Let E be a an arbitrary Banach space and I' : E — E be a self map of £
with a fixed point satisfying the inequality
(4.1) [Ts = Tr|l < plls — 7|l
for each s,r € E. where 0 < p < 1. Pick a point zo € D, then the sequence {z,}°, defined
by (3.1) with 0 < § < 6,0 <y <Y, 0 < B < By, and 0 < a < v, is I'-stable.
Proof. Let {wn}72 o, {un}olo: {vn}olo: {Un}oe be arbitrary sequences, where
Up = Ynl'yn + (1 - 'Yn)run
(4.2) up = apluy + (1 — ap)Twy,
Define
(4.3) &n = [[yn+1 — (1 = dn)vn — dnTvn |

and suppose &, — 0 as n — oo. Using (5.1), we show that y,, — ¢ as n—o0.
Now, from (4.3), we get

[ynt1 —all < Nynt1 — (L = 6n)vn — dnTvn|l + [[(1 = Sn)vn + 6pl'vn — 4|
= &+ ||(1=8,)vn + 6nTv, — 4|

En + (1= 0n)|lvn — gl + 0nl|Tvn — ¢

(4.4) &n + (1 = 6n)llvn — qll + Snpllvn — 4l

Also, from (4.2), we obtain

<
<

lvn —all < WwlTvn —qll + (1 = v) [[Tun — g
< pllvn —all + (1 = v)pllun — 4|l
(1 - ’Yn)p
4.5 < —u, —q||.
(1.5 =L~
Furthermore, since
|un —qll < anl|Tun — gl + (1 = o) |[Twyn, — ¢
< wpllun — gl + (1 — an)pllwn — 4|
1—
(4.6) < ann —q||

1 —app
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and
lwn —qll < BullTwn — qll + (1 = Ba)llyn — 4l
S /Banwn - QH + (1 - 6n)||yn - QH
(1 B /Bn)
4.7 < —yn —qll,
(47) ol =l

it follows from (4.4) and (4.5) that
e —al < gt (1o (UZ202) (Umondy (U=fudy), gy

L= np L—anp /\1—=PBpp
s (G2 2000) (C ol (U, g

(3.11), (3.12), (3.13) and (4.6) imply

lyns1 —all < &+ (1 =601y — all + 6np”lyn — 4l
(4.9) = [1=6.1= )’ lyn — all + &n-

From our assumption that &, — 0 as n — oo, Lemma 2.1 and (4.9), we conclude that
Yn — q AS N — 0.

Conversely, let y, — q as n — oo. We will now prove that £, — 0 as n — oco. Indeed, from
(4.3), we have

En = |lyn+1 —q—[(1 = dn)vn + dnl'vn — gl

< yntr — all + [(1 = 0n)vn + dnlvn — 4

< Myntr = all + (1= 6n)llon — gl + 6nl|Tvn — 4
(4.10) < |y =gl + (1 = 6n)llvn = gll + npllvn — ql|-
Using (4.5), (4.6), (4.7) and simplifying via (3.11), (3.12) and (3.13), we get
(4.11) & < Nynsr —all + 11 = 0.(1 = p)1P%]|-yn — gl
Since, y, — q as n — oo, it follows from (4.11) that &, — 0 as n — co. Consequently, the
quasi-implicit iterative scheme defined by (3.1) is I'-stable. O

The corollary below follows directly from Theorem 4.1.

Corollary 4.2. Let E be a an arbitrary Banach space and I' : E — E be a self map of B
with a fixed point satisfying the inequality

(4.12) IDs = Trl| < plls — |

for each s,r € E. where 0 < p < 1. Pick a point zo € D, then the sequence {z,}°, defined
by (3.2), (3.3) and (3.4) with 0 < 6 < 9,0 <y <y, and 0 < a < a, is I'-stable.

5. RATE OF CONVERGENCE

In this section, we will show that the quasi-implicit iterative scheme (3.1) converges faster
than semi-implicit iterative scheme (which in turn is faster than implicit Mann iterative
scheme, implicit Ishikawa iterative scheme and implicit S-iterative scheme, see [37] for details)
for general class of contractive mappings.
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TABLE 1. Comparison of the convergent rate of SII and QII: I'z = g

n | SEMI-IMPLICIT SCHEME (SII) | QUASI-IMPLICIT SCHEME (QIT)
1 1.000000 1.000000
2 0.305556 0.111111
3 0.093364 0.012346
4 0.028528 0.001372
5 0.008717 0.000152
6 0.002663 0.000017
7 0.000814 0.000002
8 0.000249 0.000000
9 0.000076 0.000000
10 0.000023 0.000000
12 0.000007 0.000000
13 0.000002 0.000000
14 0.000001 0.000000
15 0.000000 0.000000
Theorem 5.1. Let D be a nonempty, closed and convex subset of normed linear space (E, ||, ||)
and ' : D — D be a self map of D with satisfying the inequality
(5.1) [Ts —Tr|| < plls — |l

for each s,r € E. where 0 < p < 1. Pick a point z9 € D. Let {z,}72, be a sequence

defined by (3.1) with {30122 0, {110} 0 {00} 00 (B} € [0,1] such that S 6, = o0 and
0 <9; <6,Vn € N. Then {z,}72 converges faster to q than the iterative scheme (1.13).

Proof. From (3.15), and the assumption ¢ < ¢; < §,, for some ¢ > 0, for all n € N, we get

n
lznsr —all < POV — 601~ p)lllz0 —
£=0
(5.2) = pUTIL =51 = p)]llz0 —qll.
Similarly, in (Bosede et al [37], Theorem 3.1), the authors proved that the iterative scheme
(1.13) is of the form
n
(5.3) loner —all <TI0 —8e(1 = p)lIz0 —all
=0

Now, since § < dp < 1 for § > 0 and for all n € N, then from (5.3), we have

n

lznsr —al < It —de(2 = p)lllz0 - gl

(5.4) = [1=0(1-p)]llz0 — qll-
Put
A = P61 = p)]llz0 — gl
wn = [1=0(1-p)]llz0 — 4l
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and define
A
0, = —
wn
_ P - 601 - p)]llzo — al
[1—=06(1 = p)lllz0 — 4l
— pQ(n—‘,-l)7
Then, 6, — 0 as n — oo since p € [0,1). Thus, the sequence {z,}5°, defined (3.1) converges
faster than the semi-implicit iterative scheme defined by (1.13). O

Now, we show the validity of the above proof with the following example.
1
Example 5.2. (see [2]) Let E = [0,1] and I' : E — E be defined by 'z = 5% # 0. Taking

1
On =Yn = ap = P =1— — for n > 2, the comparison of the convergence of semi-implicit
n

iterative (SII) scheme and quasi-implicit iterative (QII) scheme to the fixed point ¢ = 0 are
as given (with the initial point x = 1) above.

CONCLUSION

Using the above numerical example, it is observed that quasi-implicit iteration (QII) has
faster convergence rate than semi-implicit iteration (SII), which in turn has been proven in
[37] to be faster in convergence than implicit Mann iteration, implicit Ishikawa iteration and
implicit S-iteration.
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