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EXISTENCE AND CONVERGENCE OF FIXED POINTS FOR
A STRICT PSEUDO-CONTRACTION VIA AN ITERATIVE
SHRINKING PROJECTION TECHNIQUE

KASAMSUK UNGCHITTRAKOOL

ABSTRACT. In this paper, the existence and convergence results of a strict pseudo-
contraction in the terminology of Browder and Petryshyn [5] are obtained by
using an iterative shrinking projection technique involving some necessary and
sufficient conditions. The method permits us to obtain a strong convergence iter-
ation for finding some fixed points of a strict pseudo-contraction in the framework
of real Hilbert spaces. Moreover, the main results in the paper extend and im-
prove some results announced by Aoyama, Kohsaka and Takahashi [K. Aoyama,
F. Kohsaka, and W. Takahashi, Shrinking projection methods for firmly nonex-
pansive mappings, Nonlinear Anal. 71 (2009) €1626-e1632.]. In addition, we also
provide certain applications of the main theorems to confirm the existence of the
zeros of an inverse strongly monotone operator along with its convergent results.

1. INTRODUCTION

There are several attempts to establish an iteration method to find a fixed point
of some well-known nonlinear mappings, for instant, nonexpansive mapping. We
note that Mann'’s iterations [13] have only weak convergence even in a Hilbert space
(see e.g., [7]). Nakajo and Takahashi [18] modified the Mann iteration method
so that strong convergence is guaranteed, later well known as a hybrid projection
method. Since then, the hybrid method has received rapid developments. For the
details, the readers are referred to papers [3,4,8-12,14-16,19-21,23,25-30] and the
references cited therein. In 2008, Takahashi, Takeuchi and Kobota [25] introduced
an alternative projection method, subsequently well known as the shrinking projec-
tion method, and they showed several strong convergence theorems for a family of
nonexpansive mappings; see also [2]. In 2009, Aoyama, Kohsaka and Takahashi [1]
applied the hybrid shrinking projection method along with creating some neces-
sary and sufficient conditions to confirm the existence of a fixed point of firmly
nonexpansive mapping.

Let H be a real Hilbert space, a mapping 7' with domain D(T') and range R(T)
in H is called firmly nonexpansive if

(1.1) Tz —Ty|* < (Tx —Ty,z —y), Va,ye D(T).
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It is not hard to verify that (1.1) is equivalent to
1T = Ty||* < lo -yl = (I = T)x = (I = Ty, Va,y € D(T)
(See Remark 2.1 in Section 2).
T is said to be nonexpansive if
[Tz =Tyl < ||z —yl, Y,y € D(T).

Throughout this paper, I stands for an identity mapping. The mapping T is said
to be a strict pseudo-contraction in the terminology of Browder and Petryshyn [5]
if for all z,y € D(T') there exists v > 0 such that

(1.2) (Te = Ty,z —y) < o —y|* = lle —y - (T2~ Ty)|*.
It is obvious that (1.2) is equivalent to
(1.3) (z—y,(I =T)e— (I =T)y) 29l = T)e — (I = T)yll*, Va,y € D(T).

If we set A := (I —T) that satisfies (1.3), then A is said to be inverse strongly
monotone. For such a case, A may be called ~-inverse strongly monotone (See in
Section 4.). By setting k := 1 — 27, it is not hard to verify that (1.3) (and hence
(1.2)) is equivalent to

ITe = Tyl|? < llo — yl|? + KI(T — T) & — (I = T) g, Va,y € D(T)
(See Remark 2.2 in Section 2).

In this case, it is easy to see that the constant k € (—oo, 1). Moreover,

T is firmly nonexpansive‘ & ”y = 1‘

o [i=-1

& ’T is (—1)—strict pseudo-contraction |

1
T is nonexpansive‘ & |y = 5
& k=
= ’T is 0—strict pseudo-contraction ‘

We use F(T') to denote the set of fixed points of T' (i.e., F(T) = {x € D(T) :
Tz = x}). T is said to be a k-quasi-strict pseudo-contraction in the terminology of
Browder and Petryshyn [5] if the set of fixed points F(T) is nonempty and there
exists a constant k£ < 1 such that

| T2 —pH2 < ||z —pH2 + kljz — TmHQ, Vz € D(T) and p € F(T).

The class of strict pseudo-contractions contains the classes of nonexpansive map-
pings and firmly nonexpansive mappings. It is clear that

’ﬁrmly nonexpansive‘ = ’nonexpansive‘ = ’strict pseudo-contraction ‘

However, the following examples show that the converse is not true.
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Example 1.1. Let H be a real Hilbert space and « € (1,00). Define T, : H - H
by

Tox = —ax, Vre H.
Then, T, is a strict pseudo-contraction but not a nonexpansive mapping.

Example 1.2. Take H # {0} and let T = —I, it is not hard to verify that T is
nonexpansive but not firmly nonexpansive.

From a practical point of view, strict pseudo-contractions have more power-
ful applications than nonexpansive mappings do in solving inverse problems (see
Scherzer [22]). Therefore, it is important to develop theory of iterative methods
for strict pseudo-contractions. Within the past several decades, many authors have
been devoted to the studies on the existence and convergence of fixed points for
strict pseudo-contractions. In 1967, Browder and Petryshyn [5] introduced a con-
vex combination method to study strict pseudo-contractions in Hilbert spaces. On
the other hand, Marino and Xu [14] and Zhou [31] developed some iterative scheme
for finding a fixed point of a strict pseudo-contraction mapping.

In 2009, Aoyama, Kohsaka and Takahashi [1] provided the useful and interesting
lemma to confirm that the sequence generated by the shrinking projection method
is well defined even if the firmly nonexpansive mapping 7" has no fixed points:

Lemma 1.3 (Aoyama, Kohsaka and Takahashi [1, Lemma 4.2]). Let H be a Hilbert
space, C a nonempty closed convexr subset of H, T : C — C' a firmly nonexpansive
mapping and xo € H. Let {z,} be a sequence in C' and {C)} a sequence of closed
convex subsets of H generated by Ch1 = C' and

Tn = PCn(xO)v
Cny1=4{2€Cy: (Txy — z,xyy — Txy) > 0},

for all n € N. Then C,, is nonempty for every n € N, and consequently, {x,} is
well defined.

By using the lemma mentioned above, they proved the following theorem:

Theorem 1.4 (Aoyama, Kohsaka and Takahashi [1, Theorem 4.3]). Let H be a
Hilbert space, C' a nonempty closed convex subset of H, T : C — C a firmly nonez-
pansive mapping and o € H. Let {x,} be a sequence in C' and {Cy} a sequence of
closed convex subsets of H generated by C1 = C' and

LUn:PCn(fEQ)7
Cpnt1=1{2€C,: Txy — z,xy — Txy) > 0},

for allm € N. Then the following are equivalent:
oo
(1) N Cy is nonempty;
1

n=
(2) {zn} is bounded;
(3) F(T) is nonempty.

Motivated and inspired by the results mentioned above, in this paper, we provide

some existence theorems of a strict pseudo-contraction by the way of the shrink-
ing projection method involving some necessary and sufficient conditions. Then we
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prove a strong convergence theorem and apply its applications to confirm the exis-
tence of a firmly nonexpansive mapping, a nonexpansive mapping and the existence
of the zeros of an inverse strongly monotone operator along with its convergent
results, respectively.

Throughout the paper, we will use the notation:

(1) — for strong convergence and — for weak convergence,
(2) ww(zpn) = {z: Jz,, — x} denotes the weak w-limit set of {x,}.
2. PRELIMINARIES

In this section, some definitions and remarks are provided and some relevant
lemmas which are useful to prove in the next section are collected. Most of them
are known others are not hard to find and understand the proof.

Let H be a real Hilbert space with inner product (-,-) and norm || - || and let C
be a closed convex subset of H. For every point « € H there exists a unique nearest
point in C, denoted by Po(z), such that

le — Pox|| < Jle —yll, VyeC.

The mapping Po is called the metric projection of H onto C. It is well known that
P is a firmly nonexpansive mapping of H onto C, that is

|Pex — Poyll® < (Pex — Poy,x —y), Va,y€H.
Furthermore, for any x € H and z € C,
z=Pox & (x—2z,2—y) >0, Vyel.
Moreover, Pox is characterized by the following:
lo = yll? = 1z — Poall® + Iy - Poall®, vy e C.
It is obvious that the following identities hold:

(2.1) lz —ylI* = [lz)* = lyll* — 2(z —y,y), Va,y€H,
and
(2.2) lz =yl = llz]|* = 2(z,y) + |ylI>, Vz,ye€H.

Remark 2.1. Let H be a real Hilbert space and T be a mapping with domain
D(T') and range R(T). Then the following are equivalent:

(a) T is firmly nonexpansive (ie., ||Tx —Ty|*> < (Tx —Ty,z —v), Yo,y €
D(T); , ,
(b) Tz = Tyl <[l —ylI” = [[(l = T)x = I =T)y[", Yo,y € D(T).

Proof. For each x,y € D(T') we notice that
1Tz —Ty|* < (Tz — Ty, —y)
&Iz = Tyl” < o = yl* = (Il = yI* = 2 (& — y, Tx = Ty) + | Tw — Ty|?)
& Tz = Tyll* < llz — ylI* = (I = )z — (I - D)yl

The proof is complete. O
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Remark 2.2. Let H be a real Hilbert space and T be a mapping with domain
D(T') and range R(T). Then the following are equivalent:

(1) T is a strict pseudo-contraction in the terminology of Browder and
Petryshyn [5] (i.e., there exists v > 0 such that (Tw — Ty, z — ) < ||z — y|*—
7||33—y—(T:L‘—Ty)H2, V.%,yED(T));

(2) (x—y,(I =T)z — (I =T)y) 2 4||(I = T)z — (I = T)y|?, Va,y € D(T);

(3) Tz = Ty|* < |z —y|* + k|(I = T)z — (I = T)y||*, Va,y € D(T) where
k:=1—2.

Proof. 1t is easy to see that (i) and (ii) are equivalent. On the other hand, for all
z,y € D(T), it follows from the identity (2.2) that

1Tz —Ty|* = |lz —y = [ =T)x - (I = T)y]|°
(2.3) =z —ylP+ I =Tz =T -T)yl|’~2(z -y, I -T)z— (I -T)y).
It follows from (ii) and joining with (2.3), we get that

(w—y,(I =T)x = (I = T)y) 2 H||(I = T)z — (I = T)y|?

& 2w -y, (I-T)e—(I-T)y) < -2y|(I = T)z — (I - Tyl

& || Te = Ty|? < |lo =yl + (1 = 29) |(I = T)x — (I = T)y|f*,

for all x,y € D(T). This shows that (ii) and (iii) are equivalent. The proof is
complete. O

Proposition 2.3 ([14, Proposition 2.1]). Assume C is a closed convex subset of a
Hilbert space H let T : C'— C be a self-mapping of C'.

(1) If T is a k-strict pseudo-contraction, then T satisfies the Lipschitz condition

14k

1—k

(2) If T is a k-strict pseudo-contraction, then I — T is demiclosed at zero, i.e.,
if {zn} is a sequence in C such that x, — z and (I — T)xz, — 0, then
(I-T)z=0.

(3) If T is a k-quasi-strict pseudo-contraction, then the set of fized point F(T)
is closed convez subset of C'.

[Tz =Tyl < lz =yl Va,yeC.

Next, we will provide some extensions of Proposition 2.3 in the sense of a k-strict
pseudo-contraction in the terminology of Browder and Petryshyn [5] (i.e., there
exists k € (—oo, 1) such that

Tz = Tyl|* < llz = ylI* + kI (I = T)a — (I = T)yl*, Va,y € O).

Proposition 2.4. Let C' be a nonempty closed convex subset of a real Hilbert space
H and T : C — C be a k-strict pseudo-contraction in the terminology of Browder
and Petryshyn [5] (i.e., k € (=00, 1)). Then the following are satisfied:

(1) T satisfies the Lipschitz condition with Lipschitz constant L = max {%, 1}.
That is
k

1
||Ta:—Ty||Smax{lﬂf,l}ux—yu, Va,y € C.
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(2) I—T is demiclosed at zero, i.e., if {x,} is a sequence in C' such that x, — z
and (I —T)x, — 0, then (I —T)z =0.

(3) If T is a k-quasi-strict pseudo-contraction in the terminology of Browder
and Petryshyn [5] (i.e., k € (—00,1)), then the set F(T) of fized points of
T is a closed convex subset of C'.

Proof. (i) We will divide the proof into two cases.
Case I. kK <0.

Notice that k <0< 2k<0&< 1+ k< 1—/4:@% < 1@max{%,1} =1,
and then
1Tz — Ty|? < |z -yl + K|(I - T)x — (T - T)y|?
<z -yl
This implies that

1+k

Tz —Ty|| < ||z —y|| = TR
I =T < o = ol = max { 1

,1}rx—yu, Va,y € C.

Case I. 0 <k < 1.
In this case, we have 1 — k£ > 0 and then

1+ k 1+ k 1+ k
k20@2k20@1+k21—k@1+kz1<:>max{14_rk,1}= +

On the other hand, we observe that
1T = Ty||* < |l =yl + k(I = T)x - (I = T) y|?
&1 Te =Tyl < o= yl” +k (o —yl* =2 (x =y, Tz = Ty) + | Tx = Ty )
& (1= k) [T = Tyl> < (1L + k) o -yl — 2k —y, T — Ty).
This implies by Cauchy-Schwarz inequality that
(1= k) [Tz = Ty|* = 2k ||z — y|| [Tz = Ty| = (L + k) = - y|I* < 0.

Solving this quadratic inequality, we obtain

1+ k 1+k
72 =Tyl < {55 eyl =max { {5 E el Ve ec
The proofs of (ii) and (iii) are the same as Marino and Xu [14, Proposition
2.1]. O

Lemma 2.5 ([24, Theorem 7.1.8]). Let K be a bounded closed convex subset of
a Hilbert space H and A : K — H a continuous monotone mapping. Then there
exists an element ug € K such that (v — ug, Aug) > 0 for all v € K.

3. MAIN RESULTS

In this section, motivated by Aoyama, Kohsaka and Takahashi [1] (see also, Mat-
sushita and Takahashi [17]), we discuss the existence of fixed point of a strict pseudo-
contraction in the terminology of Browder and Petryshyn [5] (i.e., k € (—o0, 1)) by
using the shrinking projection technique playing as the tool to guarantee the exis-
tence of fixed point of this mapping.
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Lemma 3.1. Let H be a real Hilbert space and T be a k-strict pseudo-contraction
in the terminology of Browder and Petryshyn [5] (i.e., k € (—o0,1)) with domain
D(T) and range R(T). Then for all x,y € D(T) the following inequalities hold and
are equivalent:

2 2%
(1) |z = Tz|* + ly — Ty|* < 1_k<w—y,(I—T)w>—1_k<ﬂf—y,y—Ty>
2Tz —y,y—Ty);
2
2) |z = Tz|* + ly — Ty|* < 1_k<w—y,(I—T)w>—1_k<w—y,(I—T)y>

2 2
(3) o = Tl 4y Tyl* € —r (o= Ty, (I - Ta) — —— (T~ . (1~ T)y)
1+k

(4 Nl =Tl 4y = Tyl < (2~ T, (1 = The) — (T2 =, (T =Ty
+
By — (TP
Proof. Firstly, we will show that (2) holds. It follows from the identity (2.2) and
the inverse strongly monotone of (I — T')(See Remark 2.2) that
lz = Tal* + ly = Ty|* = (I = T)& — (I = T)y||* + 2 (z — T,y — Ty)
2
1—-k

2
= -y (- T)) -

+2(x—Tx,y—Ty).

< (—y, (I -T)x— I -T)y) +2(x — Tx,y — Ty)

(3.1)

Tp ey -1y

So, we obtain (2). Next, we observe that

2
2
:_1_k<55_3/,(I—T)y>+2<:c—y,y—Ty)+2<y—Tm,y—Ty)
2
(3.2) —[Q—HJ (z—y,y—Ty) —2(Tz —y,y — Ty)
2k
=1 nw—yy-Ty - 2Tz —y,y —Ty).

Substituting (3.2) in (3.1), we get (1) and hence (1) and (2) are equivalent. Next,
we will show that (4) is true. Let us consider

(Te—Ty,(I-T)x— (I -T)y) =(Te—Ty,(I —=T)z) — Tz —Ty,(I - T)y)
=Tz —Ty,(I-T)z)
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(3-3) ~(Tz—y)+ (y—Ty), (I —T)y)
=Tz —-Ty,(I-T)z)
— (T —y,(I =T)y) —lly = Tyl
Adding and subtracting with x for the first term of the last line of (3.3), we have
(Tx—Ty,(I-T)x)=Ter—z+z—Ty,(I —T)x)
=Tz —z,(I-T)x)+ (x—Ty,(I —T)x)
(3.4) = |z —Tz|> + (z — Ty, (I - T)z).
Replacing (3.4) in (3.3), we obtain
(T = Ty, (I = T — (I - T)y) = —|lz — Ta|]* + (& — Ty, (I - T)z)
(3.5) —(Tx =y, (I = T)y) —lly - Ty|I*.
On the other hand, we observe that
(Te =Ty, (I —-T)x— (I —T)y)
=@—y-[(I-Tx-(I-T)y,I-T)z-(I-Ty)
= (o —y,(I-T)e— (I -T)y)— (I =Tz — (I - T)y|?

(3.6) > LN Ty - (TP - Ty - (- Th P

1—-k—-2
=
1+

T2
Substituting (3.5) in (3.6), we have that

]Hu—ﬂx—u—TmH

(I = T)z — (I = T)yll*.

—|lz = Tz|* + (@ = Ty, (I = T)a) = (T — y,(I = T)y) — lly — Tyl
2

By simple calculation, (3.7) can be written in the form

(3.7) > - (I =Tz — (I -T)y|*

lz = Tz|* + lly = Tyl* < (v = Ty, (I = T)z) — (Tx — y,(I = T)y)
(38) F B =y — (- TP,

This shows that (4) is true. Next, we will show that (3) is true. Let us look at the
last term of (3.8), we get

1+k
I =T)a = (1= T)y|?
14+ k
(39) = (o= Tal’ = 2(z = Ta,y — Ty) + lly — Ty’
14+ k

1+k
= Sl = Tal — (14 K) (& = Ty — Ty) + = |ly = Tyl
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Replacing (3.8) with (3.9), we obtain
|z = T|* + |ly — Tyl|* < (z = Ty, (I = T)z) — Tz —y,(I - T)y)

1+k
+— |z —Tz|* - (1+ k) (z — Ta,y — Ty)
1+k
+ = lly = Tyll”
)

(1= 255) (1o = Tl + by = T0lF) < 0 = P (1= 7)) = (T =0, (1 = 1)

—(1+k)(x—Tz,y—Ty)

IN =

(455) (b 7ol o~ T12) < G0~ Ty, D) — (7 0.1

—(14+k){(x—Tz,y —Ty)

|}
2 2
= Ta|* + lly = Tyl < T (o = Ty, (I = T)a) = = Tz —y.(I = T)y)
14k
—21_k(a;—Tx,y—Ty>.

This shows that (3) is true and hence (3) and (4) are equivalent. Next, we will show
that (2) and (3) are equivalent. For this fact, let us consider the three terms on the
right side of (2)

1_k<x_y,(I—T)x>—ﬁk<x—y,(I—T)y>+2<$—T$’?/—T?J>

zlik<x—Ty,(I—T)x>+$<Ty—y>(I—T)$>
—131{;<x—Tx,(I—T)y>—%<T$—ya(—7—T)y>
+2(x—Tx,y—Ty)
zlik<x—Ty,(I—T)x>—%(Tx—y:(I_T)m
i _%_ﬁ (x —Tz,y —Ty)
_12k<$ Ty, (I T)x>—fk(Tx—y,(I—T)y>
—211L:(x Tx,y—Ty)

The proof is complete. =

Lemma 3.2. Let H be a real Hilbert space and T be a k-strict pseudo-contraction
in the terminology of Browder and Petryshyn [5] (i.e., k € (—o0, 1)) with domain
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D(T) and range R(T). If there exists u € D(T) such that (x — u,u — Tu) > 0 and

(Trx —u,u —Tu) >0 for some x € D(T), then the following inequalities hold:
(3.10)

|z — Tz
( ) T if kE[O,l);
1_k<x—u,( ~Ta), orif (z—Tx,u—Tu) <0;
2
1_k(x—u,(I—T)x>
< 9 , if (x —Tx,u—Tu)>0and k €[0,1);

(x —Tu,(I —T)x)

1-k

2
1_k<x—Tu,(I—T)x), if (x—Tz,u—Tu)>0andke[-1,0);
(x —Tu,(I —T)x), if ke (—o0,—1],

Proof. If k € [0,1), then k < 1 <& 0 < 1 — k and note that 0 < 2k, so we have
% >0< —Ika < 0, thus by using Lemma 3.1 (1), we obtain

lz = Tz|* < [l = Ta||* + [Ju — Tul®
2k
1-k

< o u (I~ T)a) -
(3.11) —2(Tz —u,u — Tu)
2
<
—1—-k
If (x — Tx,u — Tu) <0, then by using Lemma 3.1 (2), we obtain

(x —u,u — Tu)

(x —u,(I =T)x).

lz = T < |lo = Ta|* + [Ju — Tul|*

1_k(az—u,(I—T)u>

Before the proof in the next case, let us consider the following.

S0<1+Ek<2.
ke[-1,1)e -1<k<1

1 1
1>-k>-12>1-k>0 < ——.
= 1> > = 2> > <=>2_1_k
Therefore, we have 2% >1+k >0 and then
1+ k&
(3.12) —zﬁgo whenever k € [-1,1).

If (t —Tx,u—Tu) > 0 and k € [0,1), then it follows from (3.12) and Lemma
3.1 (3) that

|z = Tz|* < |lz — Tal|* + |lu — Tull”
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2 2
< _ _ _ _ _
_1_k(x Tu, (I —T)z) 1_k(Ta; u, (I —T)u)
1+k
—21_k<x—Tw,u—Tu>
2
(3.13) < T % (x —Tu,(I —T)z).

It follows simultaneously that (3.11) holds together, so we can conclude in this case
that

(x —u,(I —T)zx)

1—-k

9 _
o —Taf? < 15
1-k
If (x —Tx,u—Tu) > 0 and k € [—1,0), then by employing (3.12) and Lemma
3.1 (3), we obtain (3.13).
Finally, if & € (—o0, —1], then by the virtue of Lemma 3.1 (4), we obtain

(x —Tu,(I —T)zx).

lz = Tz|* < |l — Tel|* + [Ju — Tul®
<(x—Tu,(I-T)x) — (Tx —u,(I —T)u)

1+ Ek
+—— =Tz~ (I~ T)ul®

<(x—Tu,(I—-T)x).
This completes the proof. Il

Every iteration process generated by the shrinking projection method for a k-
strict pseudo-contraction 7" in the terminology of Browder and Petryshyn [5] (i.e.,
k € (—o00,1)) is well defined even if T is fixed point free.

Lemma 3.3. Let H be a Hilbert space, C a nonempty closed conver subset of
H, T :C — C a k-strict pseudo-contraction in the terminology of Browder and
Petryshyn [5] (i.e., k € (—00,1)) and zo € H. Let {x,} be a sequence in C' and
{C} a sequence of closed convex subsets of H generated by C1 = C and

In = Pc'n ($0),

(3.14)
Cn+1 =42z C Cn

2
|zn — Txn”2 < max {1—/6’ 1} (Tn — 2,2y — Tay) }
for all m € N. Then C,, is nonempty for every n € N, and consequently, {x,} is
well defined.

Proof. Clearly, C] is nonempty. Suppose that C, is nonempty for some n € N.
Since C, C Cp—1 C ... C C1, we have C1,Cs,...,C), are nonempty and hence
{z1,z9,...,2,} is well define. Put r = max {||z;||, |Tzi|| : i =1,2,...,n} and B, =
{z € H : ||z|| < r}. Obviously C' N B, is a nonempty bounded closed convex subset
of H. Let I denote the identity mapping on C. Since I — T is continuous and
monotone, it follows from Lemma 2.5 that there exists u € C'N B, such that

(y —u,(I =T)u) >0, VYyeCnB,.
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In particular, we have

(3.15) (xi —u,(I —=T)uy >0 and (Tx;—u,(I —T)u) >0,
forevery i =1,2,...,n.
Case 1. max ﬁ,l}:lf—k.
Noticethatmax{ﬁ,l}:ﬁﬁlgﬁﬁl—k§2<:>—1§k<:>k€

[—1,1), it follows from (3.15) and Lemma 3.2 that

s — T
2 T if kel0,1);
1_k<xz—u,( ~ Tz, orif (x; — Tai,u—Tu) <O0;
2
< 1_k<xi—U>(I_T)$i>
= 9 , if (x; —Taj,u—Tu) >0and k €0,1);
% (xi — Tu, (I = T)xy)
2
1ik<xi—Tu,(I—T)azi>, if (v; —Txij,u—Tu)>0and k € [-1,0),

for every i = 1,2,...,n. This shows that u VTu € Cj41.

Case II. max{l% 1} =1.

=le FH<le2<l-ksk<-leke
3.15) and Lemma 3.2 that

I
(—o0, —1], it follows from

5
Notice that max {%k’ 1
(

s — Tagl|” < (i — T, (I = T)ay),
for every ¢ = 1,2,...,n. This shows that Tu € Cj41.

By Case I and Case II, we can conclude that vV Tu € C,11. By induction on n,
we obtain the desired result. O

The following theorem provides some necessary and sufficient conditions to con-
firm the existence of a fixed point of a k-strict pseudo-contraction in the terminology
of Browder and Petryshyn [5] (i.e., k € (—o0,1)) in Hilbert spaces.

Theorem 3.4. Let all the assumptions be as in Lemma 3.3. Then the following
are equivalent:

oo
(1) N C, is nonempty;
n=1
(2) {zn} is bounded;
(3) F(T) is nonempty.
o0
Proof. [(1)=(2)] Let u € (] Cy, it follows from the nonexpansiveness of P, that
n=1
[ = ull = [P, z0 — Po,ull < [lzo = ul| -

This shows that {x,} is bounded.
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[(2)=-(3)] Suppose that {z,} is bounded, we observe that
0 < [[ens1 = zal* = |2n+1 — Po,aol?
(3.16) < enss — zoll® = [P, 0 — 2ol
= [[@nt1 = zol|* = l&n — o] *.
This shows that {||z, — z¢||} is non-decreasing and then with the boundedness of

{zy}, we have li_>m ||z — xo|| exists. By using (3.16), we obtain
n o

|Zps1 —xnl| >0 as n — oo.

Since z,11 € Cphy1, we have
2
(3.17) ||&pn — T2p||* < max {1/{’ 1} (xn — Tpt1, I = T)xp) -0 as n— 0.

Since {z,,} is bounded, the reflexivity of H allows a subsequence {zy, } of {z,} such
that x,, = p € C as i — co. By using (3.17) and the demicloseness of (I —T'), we
obtain p — Tp = 0 that is p € F(T') # @.

[(3)=(1)] Suppose that F(T) # @. We will show that F(T) C C, for every
n € N. If p € F(T), then we have (I —T)p = 0. Let us replace u in the proof of
Lemma 3.3 with p, it is not difficult to see that all inequalities are satisfied. This

implies that p € C), for all n € N. Therefore F(T) C () Cp, # &. O
n=1

(o9}
Theorem 3.5. Let all the assumptions be as in Lemma 3.4. Then, if (| C, # @
n=1
(& {zn} is bounded < F(T) # @), then the sequence {x,} generated by (3.14)
converges strongly to some points of C and its strong limit point is a member of

F(T), that is, le Ty = Pppywo € F(T).

[e.e]
Proof. If () Cp, # &, then Theorem 3.4 ensures that {z,} is bounded and
=1

n

lim ||z, — x| exists. Thus, there exists {z,,} C {x,} such that z,, = p € C as
— 00

i — oo. By using (3.17) and the demicloseness of (I —T'), we obtain p —Tp = 0
that is p € F(T'). Since Pg(pyzo € F(T) C Cyp, we observe that

(3.18) s = @]l = | Pe, 20 = woll < || Prcryzo = w0l

for every n € N. Since || - ||? is weakly lower semicontinuous and {||z, — xol|} is
convergent, it follows from (3.18) that

. . 2
llp — onHZ < liminf ||x,, — m()H2 = lim ||z, — m()H2 < HPF ™o — on .
(T)
71— 00 n—oo

Taking into account p € F(T), we obtain p = Pp(yzo. This implies that z, —
Pp(ryro and ||zn, — 2ol| — || Pr(r)To — wol|. Consequently, from (2.1), we obtain
2 2
20 = Prcrywol|” = [lzn = 20 = (Preryzo = 20) |
2
= [lzn — @0l|* = || Pr¢ryo — 0|

-2 <.Tn — PF(T)JZ(), PF(T)QZ() — a;0> — 0.
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This completes the proof. O

4. DEDUCED THEOREMS AND APPLICATIONS

In this section, some deduced theorems and applications of the main theorem are
provided in order to guarantee the existence of fixed points of a firmly nonexpansive
mapping, a nonexpansive mapping and the existence of the zeros of an inverse
strongly monotone operator. Moreover, we also have the methods that can be used
to find fixed points and zero points of the mappings mentioned above.

In particular case, if we set k = —1 in the p;evious section, then T is reduced to

a firmly nonexpansive mapping and ﬁ =1 = 1, so we have for any n € N,

1-k
< (Txy — 2,y — Tay) >0,

@y — Tan||* < max{ 1} (xn — 2, (I = T)an) = (xn — 2z, (I = T)y,)

then we obtain the following corollaries:
Every iteration process generated by the shrinking projection method for a firmly
nonexpansive mapping 7" is well defined even if T is fixed point free.

Corollary 4.1 (Aoyama, Kohsaka, Takahashi [1, Lemma 4.2]). Let H be a Hilbert
space, C a nonempty closed convex subset of H, T : C — C a firmly nonexpansive
mapping and xo € H. Let {x,} be a sequence in C and {Cy,} a sequence of closed
conver subsets of H generated by Chy = C' and

mn = Pcn(x0)7
Cny1=4{2€C,: (Txy — z,xy, — Txy) > 0},

for all n € N. Then C,, is nonempty for every n € N, and consequently, {x,} is
well defined.

Corollary 4.2 (Aoyama, Kohsaka, Takahashi [1, Theorem 4.3]). Let H be a Hilbert
space, C' a nonempty closed convex subset of H, T : C' — C' a firmly nonexpansive
mapping and xg € H. Let {x,} be a sequence in C and {Cy} a sequence of closed
convex subsets of H generated by C1 = C and

Tn = PCn(.%'(]),
Cpy1=1{2€Cy: (Txy — 2,2y — Txy,) > 0},

for alln € N. Then the following are equivalent:

o
(1) N C, is nonempty;
n=1
(2) {zn} is bounded;
(3) F(T) is nonempty.

In particular case, if we set k = 0 in the previous section, then T is reduced to a

nonexpansive mapping and ﬁ = 1%(0) = 2, so we have for any n € N,

1—Fk’

then we obtain the following corollaries:

|2n — Tan|* < max{ 1} (tn — 2, (I = T)an) = 2 (@ — 2, (I — T)xy)
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Every iteration process generated by the shrinking projection method for a non-
expansive mapping T is well defined even if T is fixed point free.

Corollary 4.3. Let H be a Hilbert space, C' a nonempty closed convex subset of H,
T :C — C a nonexpansive mapping and xo € H. Let {z,} be a sequence in C' and
{Cy} a sequence of closed convex subsets of H generated by C1 = C and

T = PCn(JUO),

(4.1) B | )
Crupr = {z €Cy: |z —Tz|> <2z — 2 (I—T)a:)},

for all m € N. Then C,, is nonempty for every n € N, and consequently, {x,} is

well defined.

Corollary 4.4. Let all the assumptions be as in Lemma 4.8 for all n € N. Then
the following are equivalent:

(1) N Cy is nonempty;
n=1

(2) {zn} is bounded;

(3) F(T) is nonempty.

oo
Corollary 4.5. Let all the assumptions be as in Lemma 4.3. Then, if () C, # &

n=1
(& {x,} is bounded < F(T) # &), then the sequence {x,} generated by (4.1)
converges strongly to some points of C' and its strong limit point is a member of
F(T), that is li_)rn Ty = Pprywo € F(T).
n o0

Recall that a mapping A is said to be monotone, if (x —y, Az — Ay) > 0 for
all x,y € H and inverse strongly monotone if there exists a real number v > 0
such that (x —y, Ar — Ay) > ~||Az — Ay||? for all z,y € H. For the second case,
A is said to be y-inverse strongly monotone. It follows immediately that if A is
~-inverse strongly monotone, then A is monotone and Lipschitz continuous, that
is, ||[Az — Ayl < %Hx —g||. Tt is well known (see, e.g., [6]) that if A is monotone,
then the solutions of the equation Ax = 0 correspond to the equilibrium points
of some evolution systems. Therefore, it is important to focus on finding the zero
point of monotone mappings. The pseudo-contractive mapping and strictly pseudo-
contractive mapping are strongly related to the monotone mapping and inverse
strongly monotone mapping, respectively. It is well known that

(i) A is y-inverse strongly monotone
< T := (I —A) a k-strict pseudo-contraction in the terminology of Brow-
der and Petryshyn [5] where k := 1 — 2+.
Indeed, for (i), we notice that the following equality always holds in a real Hilbert
space
(4.2)
I(1 = Az — (I = Ay = ||z —ylI* + Az — Ay[|* = 2 {z — y, Az — Ay), Va,y € H,

then by the virtue of (4.2) we obtain
(x =y, Av — Ay) > 7] Av — Ay|* & -2 (x —y, Az — Ay) < —29||Az — Ay|®
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& (I = Az — (I = Ayl* <l = ylI* + (1 = 27)]| Az — Ay
& ||Te = Tyll* <l —ylI* + k(I = T)a — (I = Tyl
(where T := (I — A) and k :=1— 2v).

Every iteration process generated by the shrinking projection method for a y-inverse
strongly monotone A is well defined even if A has no zeros.

Corollary 4.6. Let H be a Hilbert space and A : H — H be a y-inverse strongly
monotone. Let xg € H, C1 = C and {x,} be a sequence generated by

xr1 = P01$07

(43) Cn+1 = {Z € Cn

1

HAaan2 < max {, 1} (X — 2z, Azyp) } ,
v

Tpn41 = PCn+1x07

for all m € N. Then C,, is nonempty for every n € N, and consequently, {x,} is
well defined.

Proof. Let T := (I — A). Then T is a k-strict pseudo-contraction in the terminology

of Browder and Petryshyn [5] and % = ﬁ = 2. where k := (1 —27) €
(—00,1). Hence, applying Theorem 3.3, we have the desired result. O

The following corollary provides some necessary and sufficient conditions to con-
firm the existence of a zeros of a y-inverse strongly monotone in Hilbert spaces.

Corollary 4.7. Let all the assumptions be as in Lemma 4.6 for all n € N. Then
the following are equivalent:

(1) N Cy is nonempty;
n=1

(2) {xn} is bounded;

(3) A=Y(0) is nonempty.

Proof. Let T := (I — A). Then T is a k-strict pseudo-contraction in the terminology
of Browder and Petryshyn [5] and % = ﬁ where k := 1 — 2, it is not difficult

to show that F(T) = A~1(0). Hence, applying Theorem 3.4, we have the desired
result. O

o0
Corollary 4.8. Let all the assumptions be as in Lemma 4.6. Then, if (| C, # &
n=1
(& {xn} is bounded < A~1(0) # @), then the sequence {x,} generated by (4.3)
converges strongly to some points of H and its strong limit point is a member of

A~Y(0), that is le T = Py-1(0)x0 € A1(0).
Proof. Let T := (I—A) and by applying Theorem 3.5, we have the desired result. [
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