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ABSTRACT. We introduce the Jungck-multistep iteration and
show that it converges strongly to the unique common fixed point
of a pair of weakly compatible generalized contractive-like opera-
tors defined on a Banach space. As corollaries, the results show
that the Jungck-Mann, Jungck-Ishikawa and Jungck-Noor itera-
tions can also be used to approximate the common fixed points of
such maps. The results are improvements, generalizations and ex-
tensions of the work of Olatinwo and Imoru [13], Olatinwo [14-15].
Consequently, several results in literature are generalized.

KEY WORDS: iteration schemes, quasi-contractive operators,
weakly compatible maps, coincidence points, common fixed
points.

AMS Mathematics Subject Classification: 47TH10.

1. Introduction

The convergence of Picard, Mann, Ishikawa, Noor and multistep itera-
tions have been commonly used to approximate the fixed points of several
classes of single quasi-contractive operators. For example see [1-3, 7, 10, 24].

Let X be a Banach space, K, a nonempty convex subset of X and 7T :
K — K a self map of K.

Definition 1. Let zyp € K. The Picard iteration scheme {zp}32 is
defined by

(1) Znt1 =Tzp, n>0.

Definition 2. For any given ug € K, the Mann iteration scheme [8]
{un}>2y is defined by
(2) Unt1 = (1 — apn)up + anTuy,.
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where {an }5° are real sequences in [0,1) such that > ", a, = co.

Definition 3. Let g € K. The Ishikawa iteration scheme [5] {xn}o2,
is defined by

(3) Tyl = (1 — ap)zn + @ Ty,
Yn = (1 - /Bn)xn + BnT'xy,

where {an }22 ), {Bn}5% are real sequences in [0,1) such that Y ", an = 0.

Observe that if 8, = 0 for each n, then the Ishikawa iteration process (3)
reduces to the Mann iteration scheme (2).

Definition 4. Let xg € K. The Noor iteration (or three-step) scheme
[9] {zn}5 is defined by

(4) Tpt1 = 1 — an)rn + anTyn
Yn = (1 - /Bn)xn + BnTZn
Zn = (1 - Vn)xn + ’YnTxn

where {an}oo, {Bntrzo, {Mm}ny are real sequences in [0,1) such that

2 im0 On = 00.
Observe that if 7, = 0 for each n, then the Noor iteration process (4)
reduces to the Ishikawa iteration scheme (3).

Definition 5. Let g € K. The multistep iteration scheme [19] {zp}72,
s defined by

(5) Tni1 = (1= ap)zn + 0 Typ
yfl =(1- ﬁ;)mn + ﬂf'lTyffl,i =1,2,..p—2,
yot = (1 B2 Ny, + B2 Ta,,p > 2

where {0, 1220, {85 },i = 1,2,...p — 1 are real sequences in [0,1) such that
2 =0 Qtn = 00,

Observe that the multistep iteration is a generalization of the Noor,
Ishikawa and the Mann iterations. In fact, if p = 1 in (5), we have the
Mann iteration (2); if p = 2 in (5), we have the Ishikawa iteration (3) and if
p = 3, we have the Noor iterations (4).

We note that while many authors have worked on the existence of fixed
points for a pair of quasicontractive maps, e.g. see [1, 4, 6, 21-22], little is
known about the approximations of those common fixed points using the
convergence of iteration techniques. Jungck was the first to introduce an
iteration scheme, which is now called Jungck iteration scheme [6] to approx-
imate the common fixed points of what is now called Jungck contraction
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maps. Singh et al. [22] of recent introduced the Jungck-Mann iteration
procedure and discussed it’s stability for a pair of contractive maps. Olat-
inwo and Imoru [13], Olatinwo [14-15] built on that work to introduce the
Jungck-Ishikawa and Jungck-Noor iteration schemes and used their conver-
gences to approximate the coincidence points (not common fixed points)
of some pairs of generalized contractive-like operators with the assumption
that one of each of the pairs of maps is injective. However, a coincidence
point for a pair of quasicontractive maps need not be a common fixed point.
We introduce the Jungck-multistep iteration and show that its convergence
can be used to approximate the common fixed points of those pairs of qua-
sicontractive maps without assuming the injectivity of any of the operators.
Hence the iterative sequence used is a generalization of the those used in
[13-15]. The fact that the injectivity of any of the maps is not assumed in
our results and the common fixed points of those maps are approximated
and not just the coincidence points make the corollary of our results an
improvement of the results of Olatinwo [14-15], Olatinwo and Imoru [13].
Consequently, a lot of results dealing with convergence of Picard, Mann,
Ishikawa and multistep iterations for single quasicontractive operators on
Banach spaces are generalized.

2. Preliminaries
Let X be a Banach space, Y be an arbitrary set and 5,7 : Y — X such
that T(Y) C S(Y'). Then we have the following definitions.

Definition 6 (21). For any z, € Y, there exists a sequence {xp}22y €Y
such that Sxpy1 = Tx,. The Jungck iteration is defined as the sequence
{Sz,}22, such that

(6) Stpi1=Txn, n>0.

This procedure becomes Picard iteration when Y = X and S = Iy where I
1s the identity map on X.

Similarly, the Jungck contraction maps are the maps S, T satisfying
(7) d(Tz,Ty) <k d(Sx,Sy), 0<k<1 forall z,y €Y.

If Y = X and S = I, then maps satisfying (7) become the well known
contraction maps.

Definition 7 (22). For any given u, € Y, the Jungck-Mann iteration
scheme {Sup}02  is defined by

(8) Stnt1 = (1 — ap)Suy, + anTuy,

where {on, }5° are real sequences in [0,1) such that >~ 7 4 oy = 00.
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Definition 8 (15). Let x, € Y. The Jungck-Ishikawa iteration scheme
{Sx, 00, is defined by

(9) Stpi1 = (1 — an)Sxn + anTyn

where {an }22 ), {Bn}52 are real sequences in [0, 1) such that Y ;" ; a, = co.

Definition 9 (15). Let z, € Y. The Jungck-Noor iteration (or three-step)
scheme {Sxy,}02  is defined by

(10) Stpt1 = (1 — apn)STp + anTyn
Syn = (1 = Bn)Sxn + BnTzn
Szp = (1 —vn)Szy + v Txy,

where {an 15, {Bn}oy and {n}22, are real sequences in [0,1) such that
Yool O = 0.

Definition 10. Let z, € Y. The Jungck-multistep iteration scheme
{Sx, 00 is defined by

(11) St = (1 —ay)Sz, + o, Tyl
Sy, = (1= B1)Szn + BTyt i =1,2,..p = 2,
Sybt = (L= B0 ) Sy + B Tawn,p > 2

where {an}5%, {85}, i=1,2,...,p—1 are real sequences in [0,1) such that
Do O = 0.

Observe that that the Jungck-multistep iteration is a generalization of the
Jungck-Noor, Jungck-Ishikawa and the Jungck-Mann iterations. In fact, if
p = 11in (11), we have the Jungck-Mann iteration (8); if p = 2 in (11), we
have the Jungck-Ishikawa iteration (9) and if p = 3, we have the Jungck-Noor
iterations (10).

Observe that if X = Y and S = I, then the Jungck-multistep (11),
Jungck-Noor (10), Jungck-Ishikawa (9) and the Jungck-Mann (8) iterations
respectively become the multistep (5), Noor (4), Ishikawa (3) and the Mann
(2) iterative procedures.

One of the most general contractive-like operators which has been studied
by several authors is the Zamfirescu operators. Suppose X is a Banach space.
The map T : X — X is called a Zamfirescu operator if

z— Tl +[ly — Tyl
2 Y
|z = Tyl + dlly — Tz }

12)  |Te-Ty| < hmax{ux—yu,”

2
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where 0 < h < 1, see [24]. It is known that the operators satisfying (12)
are generalizations of Kannan maps [7] and Chatterjea maps [3]. Zamfirescu
[24] proved that the Zamfirescu operator has a unique fixed point which can
be approximated by Picard iteration (1). Berinde [2] showed that Ishikawa
iteration can be used to approximate the fixed point of a Zamfirescu operator
when X is a Banach space while it was shown by the first author [10] that
if X is generalised to a complete metrizable locally convex space (which
includes Banach spaces), the Mann iteration can be used to approximate the
fixed point of a Zamfirescu operator. Several researchers have studied the
convergence rate of these iterations with respect to the Zamfirescu operators.
For example, it has been shown that the Picard iteration (1) converges faster
than the Mann iteration (2) when dealing with the Zamfirescu operators.
For example, see [20]. It is still a subject of research as to conditions under
which the Mann iteration will converge faster than the Ishikawa or vice-versa
when dealing with the Zamfirescu operators.

We now consider the following conditions. X is a Banach space and Y a
nonempty set such that 7(Y) C S(Y) and S,7:Y — X. For z,y € Y and
h e (0,1):

Sz —Tz| + |[Sy — Tyl
5 )
Sz — Tyl + ||Sy — T|| }
5 ;

(13) |Tx—Ty| < hmax{llec ~ sy,

| |Sz — Tx| + ||Sy — Tyl

(4) | Te—Ty| < hmax{HSw _ 5y ! |

1Sz = Tyll, |5y - vall},

(15) |Tx — Ty|| <6||Sx — Sy||+ L||Sx —Tx|, L>0, 0<d§<1,

8|Sz — Syl + o(I[Sz — Tx|)

16 Ty —Ty| <
U)o =Tyl < = M 6w - 7ol

0<dé<1, M=>0.

(17) Tz =Tyl < 6]|Sz = Syl + ¢([[Sz = Tz[)), 0<6<1.
where ¢ : Ry — R, is a monotone increasing sequence with ¢(0) = 0.

Remark 1. Observe that if X =Y and S = I, (13) is the same as the
Zamfirescu operator (12) already studied by several authors; (14) becomes
the operator studied by Rhoades [18]; while (15) becomes the operator in-
troduced by Osilike [16]. Operators satisfying (16) and (17) were introduced
by Olatinwo [15].
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A comparison of the four maps show the following.

Proposition 1. (13) = (14) = (15) = (16) = (17) but the converses
are not true.
IISm*TyIIJQrIISy*TwH <

Proof. (13) = (14): This follows immediately since
max{||Sz — Ty|, ||Sy — Tz||}. (14) = (15): We consider each of the possi-
bilities.

Case 1: Suppose [|[Tz—Ty|| < h||Sz—Ty|| < h||Sz—Tz|+h|Tz—Ty|
and consequently, ||[Tz — Ty|| < %HS(E Tz||. Setting L = 1% 5 completes
the proof.

Case 2: Suppose

- 2

h||Sx —Tx|| +||Sy — S+ Sx —Tx + Tz — Tyl
2

h h
h||Sx — Tx| + §||Sy — Sz|| + —HTx — Tyll.

IN

IN

After Computing we have ||Tx — Ty|| < 5% ||Sy — Sz|| + 2 |Sz — T=|.
Setting § = —h and L = completes the proof.
Case 3: ||Tz — Ty| < hHSy Tx| < hl|Sy — Sz| + h|| Sz — Tx||.
(15) = (16): Suppose M = 0 and ¢(t) = Lt in (16), we have (15).
(16) = (17): This follows from the fact that | Tz—Ty|| < 5||Sx;fgy@fﬁ<ﬂ§§fx”>

< 6[|Sz — Syl + ¢([| Sz — Txl)

We need the following definition.

Definition 11 (1). A point z € X is called a coincident point of a pair
of self maps S, T if there exists a point w (called a point of coincidence)
i X such that w = Sz = Tx. Self-maps S and T are said to be weakly
compatible if they commute at their coincidence points, that is, if S = Tx
for some x € X, then STx =TSx.

Olatinwo and Imoru [13] proved that the Jungck-Mann and Jungck-Ishikawa
converge to the coincident point of S, T defined by (13) when S is an
injective operator. It was shown in [14] that the Jungck-Ishikawa iteration
converges to the coincidence point of S, T" defined by (17) when S is an injec-
tive operator while the same convergence result was proved for Jungck-Noor
when S, T are defined by (16) [15]. (We note that the maps satisfying
(14) and of course (15)-(17) need not have a coincidence point [22]). We
rather prove the convergence of multi-step iteration to the unique common
fized point of S, T defined by (17), without assuming that S is injective,
provided the coincident point exist for .S, T
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3. Main results

The following Lemma is well known.

Lemma 1. Let {a,} be a sequence of nonnegative numbers such that
ant1 < (1 = Ap)an for any n, where A, € [0,1) and > A, = 0o. Then
{an} converges to zero.

Theorem 1. Let X be a Banach space and S, T :' Y — X for an ar-
bitrary set Y such that (17) holds and T(Y) C S(Y). Assume S and T
have a coincidence point z such that Tz = Sz = p. For any x, € Y, the
Jungck-multistep iteration (11) {Sx,}°, converges to p.

Further, if Y = X and S,T commute at p (i.e. S and T are weakly
compatible), then p is the unique common fized point of S, T.

Proof. In view of (11) and (17) coupled with the fact that Tz = Sz = p,
we have

(18) [Szns1 —pl < (1 —an) Sz — pll + an|| T2 — Ty111H
(1 = an)[|Szn — pl|
+ an[0]1Sz — Syl + @Sz — Tz)]
(1= an)[[Szn = pl| + danllp — Sy |l
An application of (11) and (17) give
(19) 1Sy —pll < (1= B)ISzs — pll + 8o Tz = Ty |
< (1= Ba)l1Szy —pll
+ 80115z — Syl + (|| Sz — Tz))].

Substituting (19) in (18), we have
(20)  [ISzns1 =l < (1= an)l[Szn — pll + dan(1l = ;)| Szp — pll

+ 0% 8|Sy — o

=(1-01-0dan— 60‘7157%)”5%71 -l

+ %o, | Syp — pll-
Similarly, an application of (11) and (17) give
(21) 1Syz —pll < (1= B)|San — pll + 0531 Sys — pll-
Substituting (21) in (20) we have
(22)  [[S@nt1 —pll < (1= (1~ 8)an — danfy)||Sn — pl|

T Banh(1 - B2)]1Szn — p

+ 8% an B, 5211 Sy — pl

=1-(1=68an—(1- 5)5anﬁi - 526%6}15%)
* ||Szn = pl| + anfnBilSyn — pll-

<
<
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Similarly, an application of (11) and (17) give

(23) 1Sy = pll < (1= B Sz = pll + 65:11Syn — pll.

Substituting (23) in (22) we have

(24) |Szpg1 —pll < (1= (1 =d)an — (1 - 5)50571/8% - 620%@%@%)
X [|Szn = pll + PonBiBr(1 — B2)Szn — pl|
+ 8 an B35 85 | Sy — 2
= (1= (1 =8)an — (1= 8)danf), — (1= 8)6°an B
— 8B BaB)) 1Sz — pll
+ 6 B BRB)1Syn — pll
< (1= (1= 0)an — 8°anBrBaB2)) | San — pl|
+6% BB B3) | Sy — pll-

Continuing the above process we have

(25) || Szni1 —pll < (1= (1= 8)an — 6" 2a,8L6282...8572))(|Sz, — pl|

+ 8 a8 B8 B D)ISyr Tt —

< (1= (1= 8)an — 8" 2888585 2)) || Szn — p
+ 8" a6 By (A = B HISza —
+ BTz — Ty

< (1= (1=0)an — 6" 2a,B8aBn.- By ))[Szn — p
+ 8 L an By BB By (1 = B Szn — pl]
+ 685 Szn — pll]

< (1—(1—0)an — 6" 20,81 3203...852)
+ 0 an B BB By D) I1Szn — p

< (1= (1= 8)an)||Szn — pll.

Hence by Lemma 1 Sz, — p. Next we show that p is unique. Suppose there
exists another point of coincidence p*. Then there is an z* € X such that
Tz* = Sz* = p*. Hence, from (17) we have

lp ="l = Tz = T="|| < 0[Sz — S2"|| + ¢([|Sz = T=])) = éllp — p"||

Since § < 1, then p = p* and so p is unique.

Since S, T are weakly compatible, then T'Sz = STz and so Tp = Sp.
Hence p is a coincidence point of S, T" and since the coincidence point is
unique, then p = p* and hence Sp = Tp = p and therefore p is the unique
common fixed point of S, T" and the proof is complete. |
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Remark 2. Weaker versions of Theorem 1 are the results in [14-15] where
S is assumed injective and the convergence is not to the common fixed point
but to the coincidence point of S, T. Furthermore, the Jungck-multistep
iteration used in Theorem 1 is more general than the Jungck-Ishikawa and
the Jungck-Noor iteration used in [14-15].

It is already shown in [1] and [12] that if S(Y) or T(Y) is a complete
subspace of X, then maps satisfying the generalized Zamfirescu operators
(13) has a unique coincidence point. Hence we have the following results.

Theorem 2. Let X be a Banach space and S,T : X — X such that
|Tz — Ty| < hmax{||Sz — Sy, HSﬂc—Tﬂf/‘H42-||5y—TyH7 ||51»‘—TyH-5H5y—TxII} and
T(X) C S(X). Assume S and T are weakly compatible. For any x, € X, the
Jungck-multistep iteration (11) {Sx,}>2, converges to the unique common

fized point of S, T.

Since the Jungck-Noor, Jungck-Ishikawa and Jungck-Mann iterations are
special cases of Jungck-multistep iteration, then we have the following con-
sequences.

Corollary 1. Let X be a Banach space and S, T : X — X such that
Tz — Tyl| < hmax{||Sz — Sy||, 1S2=LeHSv=Tyl ISe=Tyl+ISy=Tally 4,q
T(X) C S(X). Assume S and T are weakly compatible. For any x, € X,
the Jungck-Noor iteration (10) {Szn}22, converges to the unique common
fixed point of S, T.

Corollary 2. Let X be a Banach space and S,T : X — X such that
|Tz — Ty| < hmax{||Sz — Sy, HSﬂv—TﬂEIIJQrIISy—TyH7 IISw—TyH-QH\Sy—TwII} and
T(X) C S(X). Assume S and T are weakly compatible. For any x, € X,
the Jungck-Ishikawa iteration (9) {Sx,}o | converges to the unique common

fized point of S, T.

Remark 3. (i) A weaker version of Corollary 1 is the main result of [13]
where the convergence is to the coincidence point of S, T and S is assumed
injective.

(73) If S = I; in Corollary 1, then we have the main result of [2].

Corollary 3. Let X be a Banach space and S,T : X — X such that
|Tz — Ty|| < h maz{||Sz — Sy|| ||593—T$H-25-HS3J—T:L/H HSm—TyII—QHISy—TrII} and
T(X) C S(X). Assume S and T are weakly compatible. For any x, € X,
the Jungck-Mann iteration (8) {Sx,}5°, converges to the unique common
fized point of S, T.

Remark 4. If S = I;, Theorem 3.3 gives the result of [10].
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It is already shown in [1] and [2] that if S(Y) or T'(Y) is a complete sub-
space of X, then maps satisfying the operators (14) has a unique coincidence
point. Hence we have the following results.

Theorem 3. Let X be a Banach space space and S, T : X — X such that
Sx—T Sy—T,

|T2—Ty|| < hmax{||Sz—Sy|, =TT S0 Ty||||Sy—Tal|} and

T(X)CS(X). Assume S and T are weakly compatible. For any z, € X, the

Jungck-multistep iteration (11) {Sxzy,}02, converges to the unique common
fized point of S, T.

Since the Jungck-Noor, Jungck-Ishikawa and Jungck-Mann iterations are
special cases of Jungck-multistep iteration, then we have the following con-
sequences.

Corollary 4. Let X be a Banach space and S, T : X — X such that
Sx—T Sy—T

|72 —Ty| < hmax{]|Sz—Sy||, BB IS0 Ty, ||Sy—Tx|} and

T(X) C S(X). Assume S and T are weakly compatible. For any z, € X,

the Jungck-Noor iteration (10) {Szp}>2, converges to the unique common

fixed point of S, T.

Corollary 5. Let X be a Banach space and S,T : X — X such that
| T2 ~Ty|| < hmax{||Se—Sy|, BT |50~y ||Sy—Te|} and
T(X) C S(X). Assume S and T are weakly compatible. For any x, € X, the

Jungck-Ishikawa iteration (2.4) {Sx,}5°, converges to the unique common
fized point of S, T.

Corollary 6. Let X be a Banach S?CLC@ and S, T : X — X such that
17 = Ty|| < h max{| sz — sy|, =P, 52— Ty, 1Sy — Ta|}
and T(X) C S(X). Assume S and T are weak;ly compatible. For any
zo € X, the Jungck-Mann iteration (8) {Szp}02, converges to the unique
common fixed point of S, T.
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