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1 Introduction

Let H be a Hilbert space. A mapping T : H — H is said to be pseudocontractive (see [1,
2]) if

1T = I < llx =yl + | (I - T)x— (I - Ty (11)

for all x,y € H and T is said to be strongly pseudocontractive if there exists k € (0,1) such
that

1T — Ty|> < llx = ylI* + k| = T)x = (1 - T)y|” (1.2)

forallx,y € H.
Let F(T):= {x € H: Tx = x} and K be a nonempty subset of H. A mapping 7': K — K is
said to be hemicontractive if F(T) # ¥ and

| 7o — x* H2 <|lx-= H2 + ||lx — Tx||?

for all x € H and x* € F(T). It is easy to see that the class of pseudocontractive mappings
with fixed points is a subclass of the class of hemicontractive mappings.

The following example, due to Rhoades [3], shows that the inclusion is proper. For any
x € [0,1], define a mapping 7' : [0,1] — [0,1] by Tx = (1 —x%)%. It is shown in [4] that T is
not Lipschitz and so T cannot be nonexpansive. A straightforward computation (see [5])
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shows that T is pseudocontractive. For the importance of fixed points of pseudocontrac-
tive mappings, the reader may refer to [1].

In the last ten years or so, numerous papers have been published on the iterative ap-
proximation of fixed points of Lipschitz strongly pseudocontractive (and, correspond-
ingly, Lipschitz strongly accretive) mappings using the Mann iteration process (see, for
example, [6]). The results which were known only in Hilbert spaces and only for Lipschitz
mappings have been extended to more general Banach spaces (see [3—5, 7-33]) and the
references cited therein).

In 1974, Ishikawa [34] introduced an iteration process which, in some sense, is more
general than Mann iteration and which converges, under this setting, to a fixed point of T'.

He proved the following theorem.

Theorem 1.1 If K is a compact convex subset of a Hilbert space H, T : K +— K is a Lips-
chitzian pseudocontractive mapping and x is any point in K, then the sequence {x,} con-
verges strongly to a fixed point of T, where x,, is defined iteratively by

Xn+l = (1 - an)xn +a, Tynr

IYn = (L= Bu)xn + BnTxy

1.3)

foreach n> 0, where {«,}, {8,} are the sequences of positive numbers satisfying the follow-
ing conditions:

(@ 0<a,<B.<L;

(b) limy—o0 B = 0;

(©) 2 =0 = 00.

In [35], Qihou extended Theorem 1.1 to a slightly more general class of Lipschitz hemi-
contractive mappings and, in [25], Reich proved, under the setting of Theorem 1.1, the
convergence of the recursion formula (1.3) to a fixed point of T, when T is a continuous
hemicontractive mapping, under an additional hypothesis that the number of fixed points
of T is finite. The iteration process (1.3) is generally referred to as the Ishikawa iteration
process in light of Ishikawa [34]. Another iteration process which has been studied exten-
sively in connection with fixed points of pseudocontractive mappings is the following.

Let K be a nonempty convex subset of E and T : K — K be a mapping.

The sequence {x,} is defined iteratively by

X1 € I(, (1 4)
KXn+l = (1 - Cn)xn +Cu Txn

for each n > 1, where {c,} is a real sequence satisfying the following conditions:

(d) 0<c,<1;

(e) limc, = 0;

(f) D02 cn=00.

The iteration process (1.4) is generally referred to as the Mann iteration process in light
of [36].

In 1995, Liu [37] introduced the iteration process with errors as follows.
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(I-a) The sequence {x,} defined by

X1 € K,
X1 = U= @), + o, Ty + (1.5)

Yn = 1- ﬂn)xn + BuTxy + vy

for each n > 1, where {«,}, { 8,} are the sequences in [0, 1] satisfying appropriate conditions
and Y |4yl < 00, Y [[vall < 00, is called the Ishikawa iteration process with errors.
(I-b) The sequence {x,} defined by

X1 € K,
(1.6)

K1 = (L= 0y)xy, + 0y Ty, + 14y,

for each n > 1, where {,} is a sequence in [0, 1] satisfying appropriate conditions and
> |lutn |l < 00, is called the Mann iteration process with errors.

While it is known that the consideration of error terms in the iterative processes (1.5),
(1.6) is an important part of the theory, it is also clear that the iterative processes with
errors introduced by Liu in (I-a) and (I-b) are unsatisfactory. The occurrence of errors is
random so the conditions imposed on the error terms in (I-a) and (I-b), which imply, in
particular, that they tend to zero as # tends to infinity, are unreasonable. In 1997, Xu [32]
introduced the following more satisfactory definitions.

(I-c) The sequence {x,} defined iteratively by

X1 € K,
Kyl = ApXy + by Ty, + Culiy, 1.7)

Y = Ay + b, Ty + C Yy

for each n > 1, where {u,}, {v,} are the bounded sequences in K and {a,}, {b,}, {c,}, {4},
{b),} and {c,,} are the sequences in [0,1] such that a,, + b, + ¢, = a4, + b,, + c,, = 1 for each
n > 1, is called the Ishikawa iteration sequence with errors in the sense of Xu.

(I-d) If, with the same notations and definitions as in (I-c), b, = ¢, = 0 for each n > 1,
then the sequence {x,} now defined by

X1 € K,
1.8)

KXpsl = ApXy + b, Ix, + Chty,

for each n > 1 is called the Mann iteration sequence with errors in the sense of Xu.

We remark that if K is bounded (as is generally the case), then the error terms u,,, v, are
arbitrary in K.

In [11], Chidume and Chika Moore proved the following theorem.

Theorem 1.2 Let K be a compact convex subset of a real Hilbert space H and T : K — K
be a continuous hemicontractive mapping. Let {a,}, {b,}, {c.}, {a,}, {b),} and {c])} be the
real sequences in [0, 1] satisfying the following conditions:

(8 an+by+cy=1=a,+b,+c,;
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(h) limb, =limb), = 0;

(i) D cu<o0;) ¢, <005

G) Y anBy=00and . a,B.b, < oo, where 8, := || Tx,, — Ty, ||

(k) 0 <&, < B, <1foreach n>1, wherea, := b, +c, and B, := b, +c,.

For arbitrary x, € K, define the sequence {x,} iteratively by

Xl = AnXy + by Ty, + Cpty,

Yn =A%y + 0, Txy + C vy

for each n > 1, where {u,} and {v,} are the arbitrary sequences in K. Then {x,} converges
strongly to a fixed point of T.

They also gave the following remark in [11].

Remark 1.1 (1) In connection with the iterative approximation of fixed points of pseudo-
contractive mappings, the following question is still open.

Does the Mann iteration process always converge for continuous pseudocontractive
mappings or for even Lipschitz pseudocontractive mappings?

(2) Let E be a Banach space and K be a nonempty compact convex subset of E. Let
T : K — K be a Lipschitz pseudocontractive mapping. Under this setting, even for E = H,
a Hilbert space, the answer to the above question is not known. There is, however, an
example [34] of a discontinuous pseudocontractive mapping 7 with a unique fixed point

for which the Mann iteration process does not always converge to the fixed point of T'.
Let H be the complex plane and K := {z € H : |z| < 1}. Define a mapping T : K — K by

i0+%)

2re f0r0§r§%,

ei(e*z?ﬂ) for % <r<l.
Then zero is the only fixed point of T'. It is shown in [20] that T is pseudocontractive and,

with ¢, = the sequence {z,} defined by

1
n+l’

20 €I<,

Zps1 = (1 - Cn)zn +Cy Tzn

for each n > 1 does not converge to zero. Since the T in this example is not continuous,
the above question remains open.

In [14], Chidume and Mutangadura provide an example of a Lipschitz pseudocontrac-
tive mapping with a unique fixed point for which the Mann iteration sequence failed to
converge and they stated that ‘This resolves a long standing open problem’ However, in
[38, 39], Rafiq provided affirmative answers to the above questions (see also [40]) and

proved the following result.

Theorem 1.3 Let K be a compact convex subset of a real Hilbert space H and T : K — K

be a continuous hemicontractive mapping. Let {a,} be a real sequence in [0,1] satisfying
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{a,} C [8,1— 8] for some § € (0,1). For arbitrary xy € K, define the sequence {x,} by
Xn = 0pXy-1 + (1 - an)Txn
foreach n > 1. Then {x,} converges strongly to a fixed point of T

The purpose of this paper is to introduce the following Mann-type implicit iteration
process associated with a family of continuous hemicontractive mappings to have a strong
convergence in the setting of Hilbert spaces.

Let K be a closed convex subset of a real normed space H and T;: K — K, i=1,2,...,k

be a family of mappings. Then we define the sequence {x,} in the following way:

X0 € K,
(1.9)

k .
Xn = 0pXy-1 + 25:1 B Tixy

for each n > 1, where a,,, B € [0,1],i = 1,2,...,k, are such that a,, + Zle Bi =1and some

appropriate conditions hold.

2 Main results

In the sequel, we will use following results.

Lemma 2.1 [29] Suppose that {p,}, {0,} are two sequences of nonnegative numbers such
that, for some real number Ny > 1,

Pni1l = Pn + 0y

or all n > Ny. Then we have the following:
g
(1) IfY 0, < 00, then lim p,, exists.

(2) If> 0, <00 and {p,} has a subsequence converging to zero, then lim p, = 0.

Lemma 2.2 [31] Forall x,y € H and X € [0,1], the following well-known identity holds:
J@ =2+ 29" = @= 22l + Alyl> = 20 = )l = 11

Now, we prove our main results.

Lemma 2.3 Let H be a Hilbert space. Then, for all x,x; € H,i=1,2,...,k,

k

2 k
2 [ 2 [ 2
= alx|| +§ B llxi| —E af’ ||l — x|l
i=1

i=1

k
ox + Z B'x;
i=1

k
=Y BB i -1, (21)
ij=1
i

where o, i € [0,1],i=1,2,...,k, and o + Zf;lﬂi =1.

Page5of 11
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Proof Foranywx; € H,i=1,2,...,k, it can be easily seen that

k 2k k
D x| =l +2)  Refxi, ;). (2.2)
i=1 i=1 ij=1
i)

Consider the following:

2 2

k
ox + E B'x;
i=1

k k
(1 - Zﬂi)x + Zﬂixi
i1 i1

2

k
2+ Blxi—x)
i=1

k k
2 .
=l + > Bl x> +2 ) B Re(x; - x,x)

i=1 i=1
k
+2) " BB Re(x; — %3 — ). (2.3)
ij=1
iz
Foralli,j=1,2,...,k, we have
2Re(x; —x,x) = [l 1> — [l — 21> = [1]1%, (2.4)
and
2Re(x; — %,5; — &) = —[la; — 21> + [l — xl|* + [l — x> (2.5)

Substituting (2.4) and (2.5) in (2.3), we get

2

k
ox + E B'x;
i=1

k k k
=allxl®+ Y Blal =Y BB x—xl* = B (1= B) I — ]I
i=1 ij=1 i=1
i

k
+ Y BB (Il — %01 + 1y — x)1%)

ij=1
i
k k k k
_ 2 a2 Qi lars A (12 1- J ) il anl2
=alxl®+ Yy Bl BB llxi — ] B ) Bllx: —
i=1 ij=1 i=1 j=1
i#
k k k
2 i 2 i j 2 i 2
=allxl®+ Y Bl =Y BB lx—l* =Y apllx— ).
i=1 ij=1 i=1
i

This completes the proof. d
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Remark 2.1 Lemma 2.2 is now the special case of our result.

Theorem 2.1 Let K be a compact convex subset of a real Hilbert space H and T; : K — K,
i=1,2,...,k beafamily of continuous hemicontractive mappings. Let a,, B., € [0,1] be such
that o, + Zf;l Bi =1 and satisfying {a,}, B, C [8,1— 8] for some § € (0,1),i=1,2,...,k.

Then, for arbitrary xo € K, the sequence {x,} defined by (1.9) converges strongly to a com-
mon fixed point in ﬂle F(T)) #0.

Proof Letx* € ﬂfﬂ F(T;). Using the fact that 7}, i = 1,2,..., k are hemicontractive, we ob-
tain

| T =2 ||* < o0 =2 |* + Il — Tl (2.6)

With the help of (1.9), Lemma 2.3 and (2.6), we obtain the following estimates:

2

oo | -

k
i *
QpXp-1 + E B Tix, —x
i=1

2

k
oy (x,,_l - x*) + Z ﬁ,i(Tixn - x*)
i=1

k k
= o[ =%+ Y B Tt = =Y B llcr — Tl
o i1

k
- Bl Tixy — Ty, |1
an n J
ij=1
i

k k
< e =+ D B T =2 |* =D 0Bl = Tinal®. (27)
i=1 i=1

Substituting (2.6) in (2.7), we get
| -]

k k
< s =)+ D7 B =P+ D Bl — T
i=1 i=1

k
= uBillxns — Tl (2.8)

i=1
Also, we have
k

i
OpXp-1 + E B, Tix, — Tixy
i=1

2
”xn - Ttxn” =

=} %1 — Tiu|*. (2.9)
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Substituting (2.9) in (2.8), we get
2 k . k .
“xn - x* || <oy “xn—l - x* “2 + Z ﬂ;l “xﬂ - x* “2 - Z an(l - Oln)ﬁil ”xn—l - Tixn ”2’
i=1 i=1
which implies that
2 2 : i
ot =2 |” < otwa =% 7 = D (1= ) Bl — T,
i=1
Thus, from the condition {a,}, B, C [§,1 - 8] for some § € (0,1),i=1,2,...,k, we obtain
2 2 3
o0 =" < [t =" |7 = 80 =8) D llan1 — Tiows | (2.10)
i=1
for all fixed points x* € ﬂle F(T;). Moreover, we have
k

818> nt — Toxall* < [0y — 2| = [ — "
i=1

2

’

and thus, foralli=1,2,...,k,

oo oo
80-8) 3 Ijr = Tel* < 3l =2 = =)

j=1 J=1
= %o —2*|
Hence, forall i =1,2,...,k, we obtain
oo
> "l - Tigl* < 00 (2.11)

j=1
foreachi=1,2,...,k, which implies that
lim ||x,-1 — Tix,|l =0
n—00
foreachi=1,2,...,k. From (2.9), it further implies that
lim ||x, — Tix,| = 0.
n— o0

By the compactness of K, this immediately implies that there is a subsequence {x,} of {x,}
which converges to a common fixed point of ﬂf;l F(T;), say y*. Since (2.10) holds for all
fixed points of ﬂle F(T;), we have

k
o0 =) < s =57 = 5= 8) D" Bt — Tiwa 2

i=1
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and, in view of (2.11) and Lemma 2.1, we conclude that ||x, — y*|| — 0 as n — o0, that is,

x, — y* as n — 00. This completes the proof. g

Theorem 2.2 Let H, K, T;, i=1,2,...,k, be as in Theorem 2.1 and a,, B. € [0,1] be such
that a, + Y| B. =1 and satisfying {a,,}, B C [8,1 - 8] for some § € (0,1),i=1,2,...,k.

If Py : H — K is the projection operator of H onto K, then the sequence {x,} defined
iteratively by

k
Xn = PK (anxn—l + Z ﬁ;f, szn)
i=1

for each n > 0 converges strongly to a common fixed point in ﬂf;l F(T;) #9.

Proof The mapping Pk is nonexpansive (see [2]) and K is a Chebyshev subset of H and so
Py is a single-valued mapping. Hence, we have the following estimate:

2

i=1

k
||xn —x* ||2 = ||Px (ay,xn_l + Z ﬂfl Tixn> — Pyx*

2

k

i *

QpXp-1 + E B Tixy —x
i=1

IA

2

k
= ot (wpm —2%) + Z ﬁ,i(Tixn - x")
i1

k
L BN T
i=1

k
=Yl =) By llxnr = T,

i=1

which implies that

k
o0 =2 * < s =% * = D0 = ) Bl — T
i=1

The set K U T(K) is compact and so the sequence {||x, — Tix,||} is bounded. The rest of
the argument follows exactly as in the proof of Theorem 2.1. This completes the proof. [J

Theorem 2.3 Let K be a compact convex subset of a real Hilbert space H and T; : K — K,
i=1,2,...,k, be a family of Lipschitz hemicontractive mappings. Let o, Bl € [0,1] be such
that a, + Y| Bt =1 and satisfying {a,,}, Bi. C [8,1 - 8] for some § € (0,1),i=1,2,...,k.

Then, for arbitrary xo € K, the sequence {x,} defined by (1.9) converges strongly to a com-
mon fixed point in ﬂleF(Ti) #9.

Theorem 2.4 Let H, K, T;,i=1,2,...,k, be as in Theorem 2.3 and a,, B., € [0,1] be such
that o, + Zle Bl =1 and satisfying {a,}, B. C [8,1~ 8] for some § € (0,1),i=1,2,...,k.
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If Py : H — K is the projection operator of H onto K, then the sequence {x,} defined
iteratively by
k
Xp =P\ otpXp1 + Z ,B;lq Tix,

i=1

for each n > 1 converges strongly to a common fixed point in ﬂfle F(T;) #9.

Example For k = 2, we can choose the following control parameters: «;, = i— L BL= i

. . (n+2)2’
and ,331 =3 + W
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