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Abstract

In this paper, we propose and study two iteration schemes (modified Halpern’s type and HS-iteration
schemes). Furthermore, it is proved that if two finite families of quasi-nonexpansive mappings satisfy jointly
demiclosedness principle, then under appropriate conditions on the iteration parameters, the schemes so
introduced strongly converge to the common fixed points of the mappings. Our main results improve and
generalize the results in the literature and many other existing results currently in literature.
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1. Introduction

Let F be a Banach space and D a nonempty closed convex subset of . Throughout the paper, N, —
and — will denote the set of positive integers,strong convergence and weak convergence respectively.

Let @ : D — D be a mapping of D into itself and S;,T; : D — CB(D), for i = 1,2,--- , N, be finite
families of two quasi-nonexpansive mappings of D into itself. The set of fixed points of Q will be denoted
by F(Q) = {x € D : Qv = z}. A point x is a common fixed point of S; and T;, for i = 1,2,--- | N, if
reF=n),F(S)Nn¥,F(T).

In 1965, Browder [13] established the first fixed point theorem for single-valued nonexpansive self map-
pings. More precisely, he proved that if C is a bounded closed convex subset of a Hilbert space H and T is
a nonexpansive mapping of C into itself, then T has a fixed point in C. Soon after that, both Browder [14]
and Gohde [15] simultaneously proved that the same is true if E is a uniformly convex Banach space. Kirk
[16] also proved the following theorem:
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Theorem 1.1. (x) Let E be a reflexive Banach space and let C be a nonempty bounded closed convex subset
of E which has normal structure. Let T be a nonexpansive mapping of C into itself. Then F(T) is nonempty.

After Kirk’s theorem, many fixed point theorems concerning single-valued mappings have been proved
in a Hilbert space or a Banach space (see, e.g., [2, 4, 6, 8, 8, 9, 10] and the references contained in them).
In particular, Baillon and Schoneberg [17] introduced the concept of asymptotic normal structure and
generalized Kirk’s fixed point theorem as follows:

Theorem 1.2. (xx) Let E be a reflexive Banach space and let C be a nonempty bounded closed convex subset
of E which has asymptotic normal structure. Let T be a nonexpansive mapping of C into itself. Then F(T)
18 monempty.

In the sequel, the following definitions will be needed:

Definition 1.3. Recall that a single-valued mapping @ : D — D is called nonexpansive [1] if

1Qz — Qull < [lz — yll, Ve, y € D. (1.1)

It is important to note that if F(Q) # 0 in (1.1), then we obtain a class of mapping called quasi-nonexpansive
mapping; that is, a mapping such that for all x € D and g € F(Q),

1Qz — ql| < [l —ql|.

A subset D of E is said to be a retract of E if there exists a continuous mapping @ : E — D (called
retraction) such that Qz = x for all x € E. A retraction @) from D onto E is called sunny if the following
property holds: Q(Qx + t(z + Qx)) = Qz for all z € D and t > 0 with Qz + t(x + Qz) € D. A retract of
a Hausdorff space must be a closed subset. It is well known that every closed convex subset of a uniformly
convex Banach space F is a retract of F.

It has been established [3, Theorem 13.1] that in a smooth Banach space F, a retraction ) from D onto
FE is both sunny and nonexpansive if and only if

(x —Qr,J(y—Qx) <0,Vxre D and y€E. (1.2)

Hence, there is at most one sunny nonexpansive retraction from D onto F. For example, if F is a nonempty,
closed and convex subset of a Hilbert space H, then the nearest point projection Pgr from E onto E
is the unique sunny nonexpansive retraction of E onto F. This is not true in general for all Banach
spaces, since outside Hilbert space, nearest point projections, although sunny are no longer nonexpansive.
Conversely, sunny nonexpansive retraction do sometimes play a similar role in Banach space as the nearest
point projections in Hilbert space. Thus, it becomes necessary to ask the following question:

Question 1.4. Which subsets of a Banach space does a sunny nonexpansive retraction exists? If it does
exists, how can one finds it?

It has been proved [3, Theorem 13.2] that if C' is a closed convex subset of a uniformly smooth Banach
space and 7' : C — C' is nonexpansive, then the fixed point set is a sunny retraction of C. Bruck [2,
Theorem 2] also proved that if C' is a closed convex subset of a reflexive Banach space, every bounded,
closed and convex subset of which has the fixed point property for nonexpansive mappings and T': C' — C
is nonexpansive, then its fixed point set is a nonexpansive retraction of C.

Due its connection with so many contractive-type mappings, several authors have studied iterative
methods for approximating fixed points of nonexpansive and quasi-nonexpansive mappings (see, e.g., [1, 3,
6, 8, 10]), etc. and the references contained therein).
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Definition 1.5. Let E be a smooth, strictly convex and reflexive Banach space and J be the normalized
duality mapping of E. Let C be a nonempty, closed and convex subset of E. A mapping T : C — C'is
said to be nonspreading (see [19, 20]) if

¢(Tx, Ty) + ¢(Ty, Tz) < ¢(Tx,y) + ¢(Tw,y),Vz,y € C,

where ¢(z,y) = ||z||?—2(x, Jy) +|y||?, Vz,y € E. Note that if F is a real Hilbert space, then J is the identity
mapping and ¢(z,y) = ||z||* — 2(z, Jy) + |y||* = ||z — y||*. They mapping T : C — C called nonspreading
with respect to Hilbert if the inequality below holds

2| Tw — Ty|]? < | Tz — y|]* + [l — Ty|%, Vary € C.

In 1953, Mann [22] introduced the following iteration scheme, which is referred to as Mann iteration
method:

Tnt1 = QnZp + (1 — ap)Txy, (1.3)

where an initial guess zg € C' is arbitrary and {ay, }nen C [0, 1] such that lim,, o oty = 0 and Y 00 | o = 00.

The Mann iteration scheme has been extensively investigated (see, e.g., [23]). In an infinitely dimensional

Hilbert spaces, the Mann iteration sequence can only guarantee weak convergence (see [24]). To achieve

strong convergence, different authors have modified the Mann iteration method (see [18]) in many ways.
In 1967, Halpern [18] studied the following iteration scheme :

Tnt1 = apu+ (1 — o) Ty, (1.4)

where {a;,}nen is a real sequence in [0, 1] satisfying some appropriate conditions. He proved strong con-
vergence of {xy, }nen to the fixed point of T', where a,, = n?, for a € (0,1), in the setting of Hilbert space.
Recently, many researchers have used (1.4) in its original form, and the modified version, in approximating
the fixed points of nonexpansive mappings and other classes of nonlinear mappings in different spaces (see
[1, 25, 26]) and the references therein).

For approximating the fixed points of Lipschitz pseudocontractive mapping 7', Ishikawa [27] introduced
the following algorithm, which is called Ishikawa iteration algorithm:

1 =x € C,
Tntl = QpTp + (1 - an)Tyn; (1'5)
Yn = (1 - /Bn)mn + 5nT$nu n>0

where {a;,} and {f,} are real sequences in (0, 1) satisfying the following conditions:

2. limy 00 B = 0;

3.3 oy =00
He showed that the sequence defined by (1.5) converges strongly to a fixed point of the mapping 7" provided
C' is a compact convex subset of a Hilbert space H.

Recently, Agarwal. O’Regan and Sahu [28] introduced the S-iteration algorithm in Banach space as
follows:

1 =€ K;
Yn = (1 - 5n)xn + BnTxnan > 1,

where {a,} and {#,} are real sequences in (0,1). They showed that the algorithm is independent of (1.3)
and (1.5) and converges faster than both (1.3) and (1.5) .
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Most recently, Naraghirad [1] introduced (1.7) as a generalization of (1.4) as follows:

1 =x € D,
Tnil = QpU + (1 - an)yn; (17)
Yn = (1 - ﬁn)Snxn + 57’le717

where {a,,} and {3,} are real sequences in (0,1). They proved strong convergence of (1.7) to Qru, where
Qr is the sunny nonexpansive retraction from F onto F.

The demiclosedness principle, which was first studied by Opial [6], is one of the indispensable tools in
proving weak and strong convergence theorems for both single-valued and multivalued nonlinear mappings.
Notably, the theory of fixed points with the associated mappings satisfying demiclosedness principle due
to Opial [6] has been deeply investigated for the past forty (40) years or so, and much more intensively
recently (see, e.g, [1] and the references therein). Although some interesting results have been obtained, it
is worth mentioning that, in some cases, the mapping T of the class of nonexpansive mappings defined in
the setting of a Hilbert space H does not necessarily satisfies the demiclosedness principle due to Opial [6]
(see [1], Example 2.1 for details). Consequently, it is natural to ask:

Question 1.6. Is there any way one can obtain strong convergence theorems of Halpern’s type for such
mappings that fail to satisfy the original demiclosedness principle due to Opial in the setting of Banach
spaces?

Naraghrad [1] gave an affirmative answer to the above question using the idea of jointly demiclosedness
principle (Recall that if C' is a nonempty subset of of a Banach space E, then a pair S,T : C' — C satisfies
jointly demiclosedness principle if x,, C C' converges weakly to a point z € C and lim,—co || STy — Ty = 0,
then Sz = z and Tz = z; that is, S — T is jointly demiclosed at zero) which they introduced. More precisely,
they prove the following theorem:

Theorem 1.7. (EN) Let E be a Banach space and C a nonempty, closed and convex subset of E andv € C.
Let S,T : C — C be two quasi-nonezxpansive self mappings such that F = F(S)NF(T) # 0 is closed and
convez. Let S, T satisfies jointly demiclosedness principle on C and {zp}n>1 be the sequence defined by

x1=x € D;
Tnt+1 = QpU + (1 - an)ym (1'8)
Yn = (1 - Bn)Sl'n + BpTxp,Vn € N,
where {an tnen and {Bnltnen are real sequences in (0,1). If the following conditions hold:
1. limn, o0, = 0;

2. )07 Q= 005
3. 0 < liminf, o0 Bn(1 — By) < limsup,,_,o Bn(l — Bn) < 1.

Then, the sequence defined by (1.8) converges strongly to Qru, where Qr is the sunny nonexpansive retrac-
tion from E onto F.

Remark 1.8. Tt is remarked in [1] that if S = I, where I is the identity mapping on E, then I — T is
demiclosed at zero. Again, if S and T satisfy the demiclosedness principle due to Opial [6], then (S,T)
satisfies the jointly demiclosedness . Regrettably, the converse is not in general true as could be seen in [1,
Example 2.1].

Example 1.9. (see [1]) Let E = ¢2(N), where

’(N) = {az (01,00, - ,Un"')izHUnHQ <OO}
n=1
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1

e 5
loll = (Z Honrr?) Vo € B(N),
n=1

(Uan)zzannn)vaz(0-170-2)"' 7Un"‘),77:(771,7727"‘ 77777,) EEQ(N)

n=1

Let {yn}nenuoy C £ be a sequence defined by

Yo = (LOaOaO’O)

Y1 = (171a0a050503"')

Y2 = (170515050703"')

Y2 = (17070717070707"‘)

Yn = (On1,0m2  Onks )
where

1, if k=1,n+1
Onk =
7o, if kAL k#An+1l

Define two mappings S,T7 : F — E by

" it oy =
—Y, if y# yo,¥n >0
and
i it oy =
T(y) = oY | Y =19
Y, if y# o

Then, T does not satisfy the original demiclosedness principle but (S,7") does satisfies the jointly demi-
closedness principle (see, e.g., [1] for details).

Moltivated by these facts, we introduce and study the following iterative algorithms for finite families of
nonlinear mappings :
Let D be a nonempty subset of a real Banach space F and S;,7; : D — D, for i = 1,2,--- | N, be finite
family of two nonlinear mappings with F(7T') # (). Compute the sequence {x,},cn by the iterative schemes

x1=x € D;
Tp+l = fo\il Qp U+ (1 - sz\il an,i)ﬂyn; (19)
Yn = (1 - Zi\il 6n,z)Sﬁxn + Zfil BnTixn,ivvn e N&
and
x1=x € D;
N N
Tp+l = Z@':1 Qp U + (1 - Zi:l an,i)yn; (110)

Yn = (1 - Zf\il Bn,l)San + sz\il Bnﬂxn,iavn e N&

where {a, }nen and {8, }nen are real sequences in (0, 1) with Zf\io ap; =1= Zfio Bn,i- It is important
to note that if ¢ = 1, then (1.9) is independent of (1.7). We also note that (1.9) and (1.10) are independent.
The purpose of this paper is to establish strong convergence theorems of the iterative algorithm (1.9) and
(1.10) for finite families of two quasi-nonexpansive mappings in uniformly convex Banach space.
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2. Preliminary

For the sake of convenience, we restate the following concepts and results:
Let E be a Banach space with its dimension greater than or equal to 2. The modulus of convexity of E is
a function dg(g) : (0,2] — (0, 2] defined by

) 1
dp(e) = inf{l —[I5(@+y)ll : llz] =1 Iy =1,e = lle —yl}}.

A Banach space E is uniformly convex if and if dg(g) > 0, for all £ € (0, 2].
We recall the following:

Definition 2.1. A multivalued mapping T': D — C'B(D) is said to satisfy condition £, where p > 0, if
for each z,y € D,
d(z,Ty) < pd(z, Tx) + ||z —y|.

We say that T' satisfy condition (E) whenever T satisfies (£),) for some p > 0.

Definition 2.2. The space E has Opial condition [6] if for any sequence {z,} in E, z, converges to x
weakly,it follows that limsup,,_, ||z, — z|| < limsup,,_, ||z, — y|| for all y € E with = # y.

Examples of Banach spaces satisfying Opial conditions are Hilbert spaces and all spaces IP(1 < p < c0).
On the other hand, LP[0, 7] with 1 < p # 2 fails to satify Opial condition.

Lemma 2.3. [1] Let {s,}nen be a sequence of nonnegative real numbers satisfyingthe inequality:
Snt1 < (1= 93)8n + Ynln, V0 > 1,

where {Ynnen and {0n}nen satisfy the following conditions:

(i) {n}tnen C[0,1] and > 72 | vn = 00, or equivalently, [[721(1 —vn) = 0;
(ii) Umsup,_,., 0p, < 0 or (it) D> >7 Yndn < 00.

Then,lim,_, s, = 0.

Lemma 2.4. (see [1]) Let X be a uniformly convex Banach space and let v > 0. Then, there exists a
strictly increasing continous function g : [0,00) — [0,00) with g(0) = 0 such that |[MAz + (1 — \)y||® <
Allz(? + (1= Nllyll* = XA = Ng(llz — yll) for all 2,y € B, ={z € X : ||z <, A €[0,1].

Lemma 2.5. (see [1]) Let E be a real Banach space and J : E — 2F" be the normalized duality mapping
of E. Then,

lz +ylI* < ll2]* + 2{y, J (z + y)),Va,y € B. (2.1)

Lemma 2.6. (see [1]) Let {an}nen be a sequence of real numbers such that there exists a subsequence
{nitnen of {n}tnen such that an, < an,+1 for alli € N. Then, there exists a subsequence {my}ren such
that my, — oo and the following properties are satisfied by all (sufficiently large) k € N:

Ay, < Ampt1 - and  ag < Gyt (2.2)
In fact, mp = maxj < k:aj <a;+1.

Lemma 2.7. ( see [1]) Let C and D be nonempty subsets of a Banach space E with D C C and let
Qp : C —> D be retraction from C into D. then, Qp is sunny and nonexpansive if and only if

(z—=Qp(2),J(y—Qp(2))) <0,YVz€C and Vye D, (2.3)
where J is the normalized duality mapping of E.

Lemma 2.8. (see [6]) Let X be the Banach space which satisfies the Opial property and {x,} be a sequence
in X. Let u,v € X be such that ||z, —ul| and ||z, —v| exists. If {zn,} and {zy,;} are subsequences of {xn}
which converges to u and v respectively, then u = v.
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3. Main Results

Theorem 3.1. Let E be a Banach space and D a nonempty, closed and convex subset of E and v €
D. Let {S;}N  {TY, : D — D be finite families of two quasi-nonexpansive self mappings such that
F =N, F(S) NN, F(T) # 0 is closed and convex.. Let (S;,T;), for i = 1,2,---, N, satifies jointly
demiclosedness principle on D and {x,} be the sequence defined by

1 = x€D; (3.1)
N N
Tnp1 = Y anitt (1= ani)Tiyn; (3:2)
i=1 i=1
N N

where {ay} and {B,} are real sequences in (0,1) such that Zi]\io an; =1= Zf\io Bn.i- If the following
conditions hold:

i limy ooy =0
. Y o0 an = oo;
iii. 0 < liminf, o Bn(1 — Br) < limsup,_,o Bn(l — Bn) < 1

Then, the sequence defined in (3.1) converges strongly to Q v, where Qr is the sunny nonexpansive retaction
from E onto F.

Proof. Since S and T are quasi-nonexpansive mappings,it follows that F is closed and convex. Set

z = Qrv.

Let ¢ € F be fixed. From Lemma 2.2, it follows that there exists a strictly increasing function ¢ : [0, 00) —
[0, 00) with ¢(0) = 0 such that the following estimates remain valid:

N N
Iy —al> = 1= Bui)(Sin — @) + S Bui(Tirn — 9)I1°
=1

=1

N N N
(1- Z Bni)llSizn — gl + Z BrillTizn — q||* - Zﬁm(l — Bui)o||Sizn — Tizn)|)

<

< 1—2@”\|xn—q||2+2ﬂmuxn—q||2 Zﬂm — B 8| Sitn — Tyn )

=l —al* - Zﬂm — Bni)$(|Sizn — Ty ) (3.4)
< an—dqlf (3.5)
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Again, from (3.1) and (3.4), we obtain

N
lews —al® = 13 anilu—g) 1—2%, Ty — o)l
=1

N

< S andlu— gl + (1= 3 )T — gl
i=1 =1
N N

< Sanidlu—al?+ 1 =3 anollyn — al?
i=1 1=1
N N

< Zan,illu —qlP+ (1= an)llen —al?
i i=1

N

< Zan,illu —qlP+ (1= and)len —al?
i=1 =1

< maz{|lu —q|? lzn — ql*}

By induction, we obtain from the last inequality that
lzns1 = all* < maz{flu — gl lz1 - q*}, ¥n € N.

It is easy to see that the sequence {||z, — q|| }nen is bounded and so is {z, }nen. Consquently, using (3.1),
the following sequences {yn }nen, {TYn}tnenN, {TTn}nen, {STn}nen are bounded. Let

0 = sup { = gl = o =l + st = Bus)oISiza = Tial) s m e N | 20 (3.7)

Then, it follows from (3.6) and (3.7) that

N
Z/an = Bui)d(|Sizn = Tizal)) < ll2n — all? = llzner —al® + Y aniM (3-8)

i=1

Next, we show that

2ns1 = all* < (1 = an)llzn — al* + QZam = q,J(Tn41—q)), 1 €N. (3.9)
=1
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From Lemma 2.3, (3.1) and (3.5), we get

N
lawss =l = I anstu=a 1—2%, Ty — o)

< 1_2047“ Hszn_QHQ‘i‘Qzanz xn+1_q)>
< 1_204111 ||yn_qn2+22anz :L'n+1_Q)>
< 1_2057“ ||$n—CI||2+QZOém xn+1_Q)>
N
< (L=an)len —al? +2 anilu—gq,J(@n1 — )
i=1
N
< (U=omd)lon —al? + 2> oni(u—q, J(@n1 — q)),i € N, (3.10)
i=1
Now, we show that z, — ¢ as n — co. To do this, we consider two possible cases. Case A. Suppose

{llzn. — q||}nen is a monotonically decreasing sequence, then there exists ng € N such that ||z, — q||* —
|l Zns1 — q||> — 0 as n — oo. Thus, from (3.8) and conditions [(i) and (iii)], we have

N
nh_{go Z B,i(1 = Bni)o([|Sizn — Tiznl]) =0 (3.11)
=1

and from the properties of ¢, we get
lim || S;xn, — Tizy| =0, (3.12)
n—o0

for each i € N. Since {z,}nen is bounded, there exists a subsequence {x,, }ren of {zp}nen such that
Zn, — p € D as k — oco. Furthermore, from (3.12), we have

lim |[Sizy, — Tixn, || = 0,7 € N. (3.13)
k—o00

Again, since for each i € N (5;,T;) is assumed to satisfy jointly demiclosedness principle, it follows from
(3.12) that p € F. Now, assume that there exists another subsequence {x,, }ren of {x,}nen such that
Tn, = q € D as i — oo with p # ¢, where ¢ € F. Then, (3.10) implies

N
Ip—all> <@ —an)lp—qll> +2)_ omilu—q,J(p—q)) (3.14)
=1
Similarly,
lg—pl* < (1—an)llg— pH2+2Zam (u—q,J(q—p)) (3.15)
=1

Adding (3.14) and (3.15), we obtain
lp = all < llg — I,
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which is a contradiction. Hence, p = q.
Using the above information and Lemma 2.5, we get

limsup(u — ¢, J(¥p1 — q)) = lim (u—q, J(@p, 41 — q))
n—oo k—o0
= (u—q,J(p—2q))
< 0 (3.16)

Hence, putting 6, = (u — ¢, J(Tnt1 — q)), T = Zfil Qn iy Sn = ||Zn — q||?, then it follows from (3.10), (3.16)
and Lemma 2.1 that lim,,, ||z, — ¢|| = 0, which is the desired result.

Case B. If {||zn, — ¢||}nen is not monotonically decreasing sequence, then there exists a nondecreasing
sequence {n;};en of {n},en such that

[2n; = qll < [lzn; 41— qll (3.17)
Thus, by Lemma 2.4, there exists a nondecreasing sequence {z,, }jen such that
mj — 00, [|zn; — gl < [|zm;+1 —qll and  [lz; — ql| < [[@m;41 — 4l (3.18)

By substituting m; for n in (3.8), using the first part of the last inequality, we get

N N
D By il = By )S1STm; = Ty ) < Nwm, — ql* = [lzm; 41— ql* + D cm, M
i=1 i=1
N
< > am,iM,Vj € N. (3.19)
i=1
Thus, by conditions [(i) and (iii)]and the properties of ¢, we get
im ||Sjzm; — Tizm,|| = 0,7 € N. (3.20)
J—o0
Using similar argument as in Case A, it is easy to show that
limsup(u — g, J (Bns1 — @) = 1 (= g,J(zm 1 — )
n—00 J—00
<0 (3.21)
Again, substituting m; for n in (3.10), we have
N
2,41 = al® < (1= amy)llwm; — gl +2 ) am,i(u — ¢, T (@m 41— 0). (3:22)
i=1
Using the last inequality with au,;; € (0,1), we obtain
N
0 < [lm; = gql* = [2m, —al* <2 amil(u = ¢, T (@my41 — @) = [|l2m; — all]-
i=1
Hence, from (3.21), we have
Hm ||z, —¢q| = 0. (3.23)
Jj—o0
Also, from (3.22) and (3.23), we have
lim (7,1 — gl = 0. (3.24)
j—o0

Finally, from (3.24) and the second part of the inequalities in (3.18), for all j € N, we have z; — ¢ as
j — oo0.Thus, we have z,, — q as n — oo as desired. This completes the proof. This completes the
proof. O
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Theorem 3.2. Let E be a Banach space and D a nonempty, closed and convex subset of E and v €
D. Let {S;}Y, ATi}Y, : D — D be finite families of two quasi-nonexpansive self mappings such that
F =n,F(S)n ﬁ{vle(T) # 0 is closed and convex.. Let (S;,T;), for i = 1,2,--- | N, satifies jointly
demiclosedness principle on D and {x,} be the sequence defined by

r1 = zweD; (3.25)
N N
Tpt+1 = Z Qp iU+ (1 - Z an,i)yn; (326)
i=1 i=1
N N
Un = (1= Bni)Sitn+ Y BniTian,Vn € N (3.27)
— —

where {a,} and {B,} are real sequences in (0,1) such that N jan; = 1 = SN Bai. If the following
conditions hold:

. Y 0 an = o0;
iii. 0 < liminf, o Bn(1 — Br) < limsup, o Bn(l — Bn) < 1

Then, the sequence defined in (3.1) converges strongly to Q v, where Qr is the sunny nonexpansive retaction
from E onto F.

Proof. Since S and T are quasi-nonexpansive mappings,it follows that F is closed and convex. Set

z = Qrv.

Let g € F be fixed. From Lemma 2.2, it follows that there exists a strictly increasing function ¢ : [0,00) —
[0,00) with ¢(0) = 0 such that the following estimates remain valid:

N N
Iy —al> = 1= Bui)(Sin — @) + S Bui(Tirn — 9)I1
=1

=1

N N N
(1- Z Bui)llSizn — gl + Z BrillTizn — q||* - Zﬁm(l — Bui)o||Sizn — Tizn)|)

<

< 1—2@”\|xn—q||2+2ﬂmuxn—q||2 Zﬂm — Bni) 8| Sizn — Tyn )

=l —all* - Zﬂm — B (| Sitn — Tyzn|)) (3.28)
< len —ql? (3.29)
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Again, from (3.27) and (3.28), we obtain
N
|zns1 —ql? = ||Zan,i(u_ 1_Zanl ]
i=1
N
< Zan,i”u - q”2 +(1- Zan,i)uyn - qH2
i=1 i=1
N N
< Z%z’”u —al’+ (1= ang)llen —al?
‘ i=1
_Zﬁnz = Bni)o(||Sizn — Tiznl|)] (3.30)

N
< Zan,z-nu —qI*+ (1= ani)llzn —af?
=1 =1
< maz{|lu—q|? ||z, — ql’}
By induction, we obtain from the last inequality that

|zns1 = ql|* < maz{fu - q||, |21 — ql|*},¥n € N.

Clearly, the sequence {||zy, — ¢||}nen is bounded and so is {xy, }nen. Consquently, using (3.27), the following

sequences {Yn tnen, {TYn}nen, {T%n}nen, {STnnen are bounded. Let

M= sup{nu — a2 = 20 — all? + Bua(l — Bu)é(lISizn — Tura]) s m € N} >0

Then, it follows from (3.30) and (3.7) that

N

Zﬁnz an (H‘S’Zl'n_nl‘nn) < Hxn_QHQ - Hxn+1 —q||2+20zm-M

i=1
Next, we show that

N

||33n+1_qH (1—Oém)|!90n—Q||2+22am —qyJ(SCn+1—C])>,iEN-

=1

From Lemma 2.3, (3.27) and (3.29), we get

N
|20 —ql* = ||Zo‘n,i(u 1_2047” yn —a)|1?

< 1_Zanz ||yn_qn2+22anz $n+l_Q)>
S 1_Zanz Hxn_Q|’2+2Zanz xn+1_Q)>
< (1= oo — al 423 sl — g, (s )

=1

N
< (=omd)lzn —al? +2) oni(u—q, J (@1 — q)),i € N,
=1

(3.31)

(3.32)

(3.33)

(3.34)
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Now, we show that z,, — ¢ as n — oo. To do this, we consider two possible cases. Case A. Suppose
{|lzn — q||}nen is a monotonically decreasing sequence, then there exists ng € N such that ||z, — q||*> —
|lzns1 — ql|*> = 0 as n — co. Thus, from (3.32) and conditions [(i) and (iii)], we have

N
lim 2_; Bri(1 = Bni)d([|Sitn — Tiznl|) = 0 (3.35)
and from the properties of ¢, we get
lim |[Sjz, — Tiz,| =0, (3.36)
n—o0

for each i € N. Since {z,}nen is bounded, there exists a subsequence {x,, }ren of {zp}nen such that
ZTn, —p € D as k — oco. Furthermore, from (3.36), we have

lim ||Sizyn, — Tixn, || = 0,7 € N. (3.37)
k—o00
Again, since for each i € N (S5;,T;) is assumed to satisfy jointly demiclosedness principle, it follows from

(3.36) that p € F. Now, assume that there exists another subsequence {xy, }ren of {x,}nen such that
ZTp, = q € D as i — oo with p # ¢, where ¢ € F. Then, (3.34) implies

N
Ip—qll> < (1 —an)lp—ql> +2)_ omilu—q,J(p—q)) (3.38)
=1
Similarly,
N
lg—pI* < (1= an)llg—plI* + 2> anilu—q,J(q¢ - p)) (3.39)
=1

Adding (3.38) and (3.39), we obtain
lp —qll < lla = »ll,

which is a contradiction. Hence, p = q.
Using the above information and Lemma 2.5, we get

limsup(u — ¢, J(Zp1 — q)) = lim (u—q, J(@p, 41 — q))
n—oo k—o0
= (u—q,J(p—2q))
< 0 (3.40)

Hence, putting 6, = (u — q, J(Tnt1 — q)), T = Zfil Qn iy Sn = ||Tn — q||?, then it follows from (3.34), (3.40)
and Lemma 2.1 that lim,,, ||z, — ¢|| = 0, which is the desired result.

Case B. If {||zn — ¢||}nen is not monotonically decreasing sequence, then there exists a nondecreasing
sequence {n;};en of {n},en such that

[2n; = qll < [lzn;+1 —qll (3.41)
Thus, by Lemma 2.4, there exists a nondecreasing sequence {z,, }jen such that
mj — 00, [|zn; — gl < [|zm;+1 —qll and  [lz; — ql| < [[#m;41 — 4l (3.42)
By substituting m; for n in (3.32), using the first part of the last inequality, we get
N N
Z/ij,i(l - /Bm],l>¢(HS$m] - Tx"“j”) < ”xm] - qH2 - mej-i-l - qH2 + Zamj,iM
i=1 i=1

N
> am, M, ¥j € N. (3.43)

=1

IN
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Thus, by conditions [(i) and (iii)]and the properties of ¢, we get

im ||Sjzm; — Tizm,| = 0,7 € N. (3.44)
j—00

Using similar argument as in Case A, it is easy to show that

lim Sllp<u - q, J($n+1 - q)> - hm <'LL - 4q, J(l'm].+1 - q)>
n—00 J—00
<0 (3.45)

Again, substituting m; for n in (3.34), we have

N
2,1 = all® < (1= m, ) lem, —all® +2 am,i{u— 4, I (@m; 41— 0))- (3.46)
i=1

Using the last inequality with ay,,; € (0,1), we obtain

N
0 < [[em, —all® = |2m, —all* <2 am,il{u— ¢, J(@m; 11— @) = |2m,; — all-

i=1
Hence, from (3.45), we have
Hm |7, — ¢ = 0. (3.47)
Jj—o0
Also, from (3.46) and (3.47), we have
lim ;41 — g = 0. (3.48)
j—o0

Finally, from (3.48) and the second part of the inequalities in (3.42), for all j € N, we have z; — ¢ as
j — o00.Thus, we have x, — g as n — oo as desired. This completes the proof. This completes the
proof. O

Corollary 3.3. Let E be a Banach space and D a nonempty, closed and convex subset of E andv € D. Let
Si:D—D,i=1,2,--- N, be a finite family of nonspreading mapping and T; : D — D, i =1,2,--- | N,
be a finite family of nonexrpansive mapping such that F = ﬁf\LlF(Si) NNN,F(T) # 0 is closed and convez.
Let (S;,T;), i =1,2,--- | N, satisfies jointly demiclosedness principle on D and {x,} be the sequence defined
by

r1 = x€D; (3.49)
N N
Tnp1 = Y aniut (1= ani)Tiyn; (3.50)
i=1 i=1
N N
i=1 i=1

where {a,} and {B,} are real sequences in (0,1). If the conditions of Theorem 3.1 holds, then, the sequence
defined in (3.52) converges strongly to Qrv, where Qr is the sunny nonexpansive retaction from E onto F.

Corollary 3.4. Let E be a Banach space and D a nonempty, closed and convex subset of E andv € D. Let
S:D— D,i=1,2,---,N, be a finite family of nonspreading mapping andT; : D — D, i=1,2,--- ' N,
be a finite family of nonexpansive mapping such that F = NN F(S;)) NNN,F(T) # 0 is closed and convex.
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Let (S;,T;), i =1,2,--- , N, satisfies jointly demiclosedness principle on D and {x,} be the sequence defined
by

r1 = z€D; (3.52)
N N
Tn+1 = Z Qp iU+ (1 - Z an,i)y'rﬁ (3.53)
i=1 i=1
N N
Un = (1= Bni)Sitn+ Y Bulitn,¥n €N (3.54)
i=1 i=1

where {an} and {B,} are real sequences in (0,1). If the conditions of Theorem 3.1 holds, then, the sequence
defined in (?7) converges strongly to Qrv, where Qr is the sunny nonexpansive retaction from E onto F.

In conclusion, we make the following remarks:

Remark 3.5. 1. We propose two iteration schemes and establish strong convergence results of the schemes
to the common fixed points for finite family of two quasi-nonexpansive mappings. Our main results
generalise the results in [1] from single mapping to finite family of mappings.

2. Corollary 3.3 and Corollary 3.4 provide a partial answers to the open Question 1.1 raised in [1] in a
more general setting.
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