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Abstract. In this paper, we establish a strong convergence theorem that approx-
imates a common fixed point of two nonlinear mappings by comprehensively using
an Ishikawa iterative method, a hybrid method, and a mean-valued iterative method.
The shrinking projection method is also developed. The nonlinear mappings are a
general type that includes nonexpansive mappings and other classes of well-known
mappings. The two mappings are not assumed to be continuous or commutative.
The main theorems in this paper generate a variety of strong convergence theorems
including a type of “three-step iterative method”. An application to the variational
inequality problem is also given.
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1 Introduction

In this paper, the notation H represents a real Hilbert space with an inner
product (-, -) and the induced norm ||-||. A set of all fixed points of a mapping
T :C — H is denoted by

F(T)={ueC:Tu=u},

where C' is a nonempty subset of H. The problem of approximating fixed
points of nonlinear mappings has attracted many researchers, and many itera-
tion methods have been proposed. The following iterative procedure is called
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286 A. Kondo

Mann’s type [19]:
Tnt1 = anTp + (1 —ap) Tzy, (1.1)

for all n € N. In (1.1), 23 € C is arbitrary and a,, € [0, 1] is a parameter that
satisfies certain conditions. It is well-known that this iteration yields weak
convergence; for instance, Reich [24] demonstrated weak convergence to a fixed
point under the iteration (1.1) in a Banach space setting. In 1974, Ishikawa [7]
introduced a more general iteration than Mann’s type (1.1):

Zn = An + (1= Ap) Ty, (1.2)

Tl = @nZpn + (1 —ay) Tzp,

where x; is provided and A\,,a, € [0,1]. If A, = 1 for all n € N in (1.2),
then, Ishikawa iteration coincides with Mann’s iteration (1.1). Various conver-
gence theorems basing on the Ishikawa iteration have been studied by many
researchers; see [1,11,13].

Following mean-valued iterations by Baillon [3] as well as Shimizu and Taka-
hashi [25], Atsushiba and Takahashi considered the following iteration in their
1998’s paper [2]:

n—1ln—1

1
Tn1 = ann + (1= an) 5 > > S'T , forallneN, (1.3)
=0 k=0

where 1 € C is provided and a,, € [0,1]. They demonstrated weak convergence
to a common fixed point of nonexpansive mappings S and 7' that satisfy ST =
TS. A mapping T is nonezpansive if | Tz — Ty|| < ||z — y|| for all 2,y € C. For
successive studies of the mean-valued iterative method, see [1,6,13,14,16,17,18].

For a nonempty, closed, and convex subset D of H, we use Pp to repre-
sent a metric projection from H onto D. In 2003, Nakajo and Takahashi [21]
proved a strong convergence theorem for finding a fixed point of a nonexpansive

mapping:

Theorem 1 ( [21]). Let C be a nonempty, closed, and convex subset of H.
Let T be a nonexpansive mapping from C into itself such that F (T) # 0. Let
a €10,1) and let {a,} be a sequence of real numbers such that 0 < a, < a <1
for all n € N. Define a sequence {x,,} in C as follows:

z1 = € C given, (1.4)
Yn = anZpn + (1 —ay) Ta, € C,

Co={heC: llyn—hll < llza — Hl}
Qn=1{heC:{(xr—xy, v, —h) >0},

ZTn+1 = Po,ng,x VneN.

Then, {x,} converges strongly to a point T of F (T), where T = Ppryx.

In 2008, Takahashi, Takeuchi, and Kubota [28] established an approxima-
tion method to find a fixed point of a nonexpansive mapping by employing
metric projections on shrinking sets {C,,}. A simple version of their result is
shown as follows:
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Theorem 2 ( [28]). Let C be a nonempty, closed, and convex subset of H.
Let T' be a nonexpansive mapping from C into itself such that F (T) # 0. Let
a €10,1) and let {a,} be a sequence of real numbers such that 0 < a, < a <1
for all n € N. Define a sequence {x,,} in C as follows:

x1 =z € C given, (1.5)
C,=C,

Yn = anZp + (1 —ay) T, € C,

Cry1=1{h € Cp : |lyn — Rl < [lzn — R},

Tny1 = Po,, @ Yn €N

Then, {x,} converges strongly to a point T of F (T), where T = Pppyx.

Following (1.3), Kondo and Takahashi [18] introduced the following mean-
valued iterative procedure

1 n—1 1 n—1
n = Qpdn bnf Sl n n Tl "y 1.7
Tpa1 = AnTp + - ZZ; Tn +c - ZZ; x (1.7)

where z1 € C is provided and a,, by, ¢, € [0,1] are the coefficients of a convex
combination. In (1.7), S and T : C — C are nonlinear mappings of a more
general type than nonexpansive mappings, and ST = TS is not assumed.
Kondo and Takahashi established weak convergence to a common fixed point
of S and T. Strong convergence theorems using Halpern’s iteration together
with the mean-valued iteration was presented in another paper [17]. Very
recently, Kondo [14] combined the mean-valued iteration (1.7) with the hybrid
method (1.4) and the shrinking projection method (1.6), and he obtained strong
convergence theorems; see Corollaries 1 and 2 in this paper. Furthermore,
Kondo [13] used an Ishikawa iteration (1.2) with the mean iteration (1.7) and
derived a variety of weak convergence results.

In this paper, we comprehensively use an Ishikawa iteration (1.2), a hy-
brid method (1.4), and a mean-valued iteration (1.7) and establish a strong
convergence theorem that approximates a common fixed point of two nonlin-
ear mappings. The shrinking projection method (1.6) is also developed. The
mappings are of a general type that includes nonexpansive mappings as spe-
cial cases. Similar to Kondo [13], which derived a variety of weak convergence
results, the approach used in this paper generates many types of strong conver-
gence results. At the outset, we prepare prerequisite information in Section 2.
In Section 3, Nakajo and Takahashi’s strong convergence theorem is obtained
whereas in Section 4, Takahashi, Takeuchi and Kubota’s type strong conver-
gence is demonstrated. Our proofs do not require that the two mappings be
continuous or commutative. In Section 5, various types of strong convergence
results are derived from the main theorems presented in the previous two sec-
tions. In Section 6, an application to the variational inequality problem is
demonstrated. Section 7 provides a concise conclusion. The possibility of ex-
tension from the class of nonexpansive mappings to include more general classes
is discussed in Appendix A.

Math. Model. Anal., 28(2):285-307, 2023.
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2 Preliminaries

In this section, preliminary information and results are briefly presented.

Strong convergence of a sequence {z,} in a real Hilbert space H to a point
x (€ H) is denoted by x,, — =, whereas weak convergence is represented by
Ty, — . Strong convergence x,, — x is characterized by the following condition:
for any subsequence {x,,} of {z,,}, there exists a subsequence {zn,} of {zn,}
such that z,,;, — z. A closed and convex set C' in H is weakly closed, that is,
{zn,} € C and z, — z imply x € C. Maruyama et al. [20] showed that for
x,y,z € H and a,b,c € R such that a + b+ ¢ = 1, the following holds:

laz + by + cz|° (2.1)

2 2 2 2 2 2
= allz|”+ollyll” +cllzl” = ablle —ylI” = belly — 2|" — callz — z||”.

Let C' be a nonempty, closed, and convex subset of H. Following convention,
we use P¢ to denote the metric projection from H onto C, that is, ||x — Poz|| <
|lx — Al for all x € H and h € C. The metric projection is nonexpansive. The
metric projection Po from H onto C has the following properties:

(x — Pcx, Pcx —h) >0 and (2.2)
lz — Pea||* + ||Pox — h||* < o — Al (2.3)

forallz € H and h € C.
A mapping S : C — H with F (S) # (0 is said to be quasi-nonezpansive if

15z — gl < [l — 4]l (2.4)

for all z € C and g € F(S), where C' is a nonempty subset of H. According to
Itoh and Takahashi [8], the set of all fixed points of a quasi-nonexpansive map-
ping S is closed and convex. Consequently, for a quasi-nonexpansive mapping
S, the metric projection Pp(g) from H onto F'(S) can be considered.

Let S be a self-mapping defined on C such that F (S) # 0, where C is a
nonempty, closed, and convex subset of H. Let {z,} be a bounded sequence
in C, and define Z,, = 1 ) Slz, (€ C) for each n € N. Kondo [14] called a
mapping S : C — C mean-demiclosed if

Z,, ~v=uveF(9), (2.5)

where {Z,,} is a subsequence of {Z,,}. The class of mappings that we address
in this paper comprises quasi-nonexpansive and mean-demiclosed mappings.
As we prove next, that class of mappings contains nonexpansive mappings.
Therefore, the results in this paper have broad applicability. For an application
to the variational inequality problem, see Section 6 in this paper.

Claim 1. A nonexpansive mapping that has a fixed point is quasi-nonexpansive
and mean-demiclosed.

Proof. Let S : C — C be a nonexpansive mapping with F (S) # 0. Let z € C
and ¢ € F(5). Using ¢ = Sq and the hypothesis that S is nonexpansive, we
obtain

Sz —ql| = ISz — Sq|| < [lz — 4| .
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This result shows that S is quasi-nonexpansive (2.4).

Next, we prove that S : C' — C is mean-demiclosed, where C' is nonempty,
closed, and convex subset of H. Let Z, = 1 ?:_01 S!'z, (€ O), where {2,} is
a bounded sequence in C, and let {Z,,} be a subsequence of {Z,,} such that
Zn, — v for some v € H. As {Z,,,} is a sequence in C' and C is weakly closed,
we have v € C. Therefore, Sv(€ C) is defined. Our goal is to prove that

Sv=wv. As S is nonexpansive,
|5 2 = 50]|” < |80 — ]
for all n € N and [ € NU{0}. Then, it follows that
15542, — S| < (|20 — So||* +2(S'20 — Sv, Sv—v) +[|Sv - v|*.

Summing these inequalities with respect to [ from 0 to n — 1 and dividing by
n, we obtain

1 1
5"z - Su|]? < ~Jlzn - Sv||? +2(Z, — Sv, Sv—v) + ||Sv—v|]?.
As 1|57z, — Sv||? > 0, it follows that
1
0< —flan - Sv||* 4+ 2(Z, — Sv, Sv—v)+||Sv—v|>.

Note that {z,} is bounded and that Z,, — v is assumed. Replacing n with n;
and taking the limit as ¢ — oo, we obtain

0<2(w—Sv, Sv—uv)+]|Sv—uv|>,

and hence, 0 < — ||Sv — v||®. This result indicates that Sv = v. Therefore, a
nonexpansive mapping S with a fixed point is mean-demiclosed (2.5). O

The main theorems in this paper highlight quasi-nonexpansive and mean-
demiclosed mappings. Note that this class of mappings contains more general
classes of mappings than nonexpansive mappings. We refer to this point in
Appendix A.

In the following sections, we assume that two nonlinear mappings have a
common fixed point. It is known that if nonexpansive mappings are commuta-
tive and the domain of the mappings is closed, convex, and bounded, a common
fixed point exists; see Browder [4]. For more broad classes of mappings includ-
ing nonexpansive mappings, see Kondo [12] and papers cited therein.

3 Strong convergence by the hybrid method

In this section, we prove a strong convergence theorem for finding a common
fixed point of two nonlinear mappings. The mappings are assumed to be quasi-
nonexpansive and mean-demiclosed, but they are not required to be continuous
or commutative. One important example of this class of mappings is a nonex-
pansive mapping with a fixed point. The basic element of the proof has been
polished by many researchers [1,6,14, 21].

Math. Model. Anal., 28(2):285-307, 2023.



290 A. Kondo

Theorem 3. Let C' be a nonempty, closed, and convexr subset of a real Hilbert
space H. Let S and T : C — C be quasi-nonexpansive and mean-demiclosed
mappings such that F (S) N F(T) # 0. Let {z,} and {wy,} be sequences in C.
Let {an}, {bn}, and {c,} be sequences of nonnegative real numbers such that
p + by +cp =1 foralln €N,

lim a,b, >0, and lim a,c, > 0. (3.1)

n— oo n—oo

Define a sequence {x,,} in C as follows:

x1 =a € C given,
n—1 n—1

1 1
e IZ; Sz, + e ;len €C,

Cpn={heC:|lyn = hl| <[lwn — Rl },
Qn={heC:{(x—2x,, z,—h)>0},
ZTn+1 = Po,ng,x Yn € N.

Assume that
2n —all < llzn —qll and [Jwp, —ql| < |lzn — 4| (3.2)

forallqge F(S)NF(T) and n € N. Then, {x,} converges strongly to a point
T of F(S)NF(T), where T = Pp(synr(1)T-

Proof. Define

n—1

n—1
1 1
Zpn==3Y Sz, and W, ==Y T,

n; Z, an ”z; w

for all n € N. The sequences {Z,,} and {W,,} are in C since C is convex. Using
these notations, we can simply write as y, = anxn + bnZn + ¢, W,,. It can be
verified that

1Zn —all < llzn —ql| and [[Wy, —q| < |lw, — 4| (3.3)

for all n € Nand ¢ € F(S)NF(T). In fact, as S is quasi-nonexpansive and
q € F(9), it holds that

1 n—1 1 n—1 1 n—1
120 — all = Zslzn—qH S ’ = L5 (5t - )|
"3 "= "5
1 n—1 1 n—1
<Y l8% —all < = > llew —all = llzw —all. (3.4)
=0 =0

Similarly, ||[W,, — ¢|| < ||w, — ¢|| can be demonstrated since T is quasi-nonex-
pansive and g € F'(T'). Thus, (3.3) follows as claimed.
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Note that once x,, and y,, € C are provided, the sets C,, and @Q,, are defined
and are closed and convex in C'. We prove that

F(S)NF(T)cC,NQ, forallneN

using mathematical induction. (i) As @1 = C, it is obvious that F' (S)NF (T) C
Q1. Choose q € F'(S)N F (T) arbitrarily. It follows from (3.3) and (3.2) that

lyr — qll = llarz1 + 6121 + 1 W1 — 4| (3.5)
= [la1 (z1 — q) + b1 (Z1 — q) + e1 (W1 = g)||
<ailzr =gl + b1 l[Z1 — gl + 1 Wi — 4|
<aq|lzr — gl +brllzr — gl + 1 flwr — |
<ai |z — gl +billzr — gl + i [lzn — gl = (|21 —ql|-

This result shows that F' (S)NF (T') C Cy and hence, F'(S)NF (T) C C1NQ;.
(i) Assume that F (S)NF (T) C Cx N Qy, where k € N. From the hypothesis
F(S)NF (T) # 0, we have C,, NQy # 0. As CxNQy is a nonempty, closed, and
convex subset of C'(C H), the metric projection Pc,ng, from H onto Ckx NQy
is defined. Thus, 241 = Pc,ng,* is also defined. Furthermore, Z41, W1,
Yr+1 (€ C), Cry1, and Qi1 (C C) are defined as follows:

1

Zeer = 5

k k
1
1 _ !
lg_o S'zir1, Wiy = Pl zE—o T wrq1,

Y41 = Qkt1Th41 + Dpt1 2541 + Choop1t Wit
Crt1={h € C: [lys1 — Al < llz41 — R[}, and
Qk+1 = {h e C: <$ — T41, Thel — h> > 0}

We demonstrate that F (S) N F(T) C Cx41 N Qrt1- Let ¢ € F(S)N F(T).
From (3.3) and (3.2), it follows that

lyk+1 = all = llars12r41 + brg1 Zi1 + e Wi — 4| (3.6)

= llar+1 (Tra1 — @) + brr1 (Zry1 — @) + s Wiy — 9|

< appr [|op1 = qll + Okg1 [ Zee1 — all + crgr (Wi — 4]

< g [|Tr41 = gl + ber | 2k1 — gl + crgr [[wr1 — 4

< gt |1 = gl + b1 |[Ze1 — gl + crgr |2041 — 4]

= |lzk+1 — qll-
This result implies that ¢ € Ci11, and thus, we obtain F (S) N F (T) C Ciy1.-
Note that z44+1 = Po,ng,x and ¢ € F (S)NF (T) C Cx N Qg. Therefore, from
(2.2), it follows that (x — xgy1, k1 —¢q) > 0. This relationship implies that
q € Qr+1. Thus, we obtain F (S)NF (T) C Cry1 N Qk41 as claimed. We have
established that F' (S)NF (T) C C,,NQ,, for all n € N. Since F (S)NF (T) # 0
is assumed, C,, N Q,, # O for all n € N. Hence, the sequence {z,} is defined

inductively. Note that letting z, = w, = z, for all n € N demonstrates that
the sequences {z,} and {w,}, which satisfy (3.2), exist.

Math. Model. Anal., 28(2):285-307, 2023.
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From the definition of @, it holds that x,, = Pg,  for all n € N. Then,
[ = znl| < [l —ql| (3.7)

for all ¢ € F(S)N F(T) and n € N. Indeed, since z,, = Py, and ¢ €
F(S)NF(T) Cc Cr,NQy C Qp, the inequality (3.7) holds. From (3.7), {z,} is
bounded. From the assumption (3.2), {z,} and {w,} are also bounded.

As z, = Pg, v and zp41 = Pc,nQ,* € Qn, it holds true that

[ = 2| < [lz = zpp (3-8)

for all n € N. This result indicates that the sequence {|z —z,|} in R is
monotone increasing. As {z,} is bounded, so is {||z — z,|}. Consequently,
{|lz = zn]||} is convergent.
Next, we verify that
Ty — Yn — 0. (3.9

As z, = Pg,x and zp41 = Pc,ng, % € Qn, we have from (2.3) that
2 2 2
2 — 2oll” 4+ 20 — g1 |l” < llz — Tnaal (3.10)
for all n € N. As {||x — x|} is convergent, it follows that
Tp — Tpy1 — 0. (3.11)

Furthermore, since z,+1 = Pc,ng,z € C,, it holds that |y, — zpt1|| <
|#n — &pya]l - From (3.11), y, — @p41 — 0. This information, together with
(3.11), implies that x,, — y, — 0 as claimed.

Next, observe that

Ty —Zp, —0 and =z, —-W, —0. (3.12)

Indeed, for ¢ € F'(S) N F (T), it follows from (2.1), (3.3), and (3.2) that

||yn - (JH2 = ||anxn + ann + Can - Q||2

= [lan (2n — q) + b0 (Zn — @) + cn (W), — Q)||2

= an |z = ql* +ba [ Z0 = ql” + ca [|We — g|®

— anby || — Zn”2 = bncn | Zn — VVn”2 = Cnlyn Wy — xn”Q
< an e = I + b l12n — a2 + e n — g

= anbn [lTn — Zn”2 —bnen |1 Zn — Wn||2 — Cnly Wy — zn”Q
< ap |[wn = ql|* + bn llzn — al* + cn 2n — glf?

= anby 20 = Zall* = bucn |1 Zn = Wall® = cnan [Wi — |

= |lzn — Q||2 — apbp |70 — Zn‘lz = bnen || Zn — Wn||2 — Cnay [|Wp — an2
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Using bncy, | Zn — Wa|*> > 0, we have

b |20 — Zn||> + ancn |2 — Wa®

< = gl* = llyn — al®

< (llen =gl + lyn = all) llzn = gll = llyn — qlll
< (lzn = qll + llyn = all) lzn — ynll -

As {x,} is bounded, according to (3.9), {y, } is also bounded. Hence, we obtain
from (3.9) and the assumption (3.1) regarding the coefficients a,, by, and ¢,
that x,, — Z, — 0 and x,, — W,, — 0 as claimed.

Our goal is to prove that @, — Z (= Pp(s)nr(r)z). Equivalently, for any
subsequence {zy,} of {x,}, there exists a subsequence {z,,} of {z,,} such
that x,;, — #. Let {z,,} be a subsequence of {z,}. As {z,,} is bounded,
there exists a subsequence {mnj} of {z,,} such that T, — v for some v € H.
From (3.12), Z,; — v and W,,;, — v. As S and T are mean-demiclosed (2.5),
it follows that v € F (S)N F (T).

We show that x,,;, — v. Using (3.7) for ¢ = v € F'(S) N F (T'), we have

|, _vH2 = [an, _fﬂH2 +2(@n, —x,  — V) + ||z — 0|
< o =vl® + 2, — 2, 2 =) + o —olf
:2Hx—v||2+2<xnj -z, —v).

From x,, — v, the right-most term tends to 0 as j — oo, that is,
2||x—v\|2—|—2<xnj -z, T —v) = 2|z — v +2(w—2z, x—v)=0.

Hence, we obtain x,, — v as claimed. Finally, we prove v( = lim;_, o0 :cnj) =

Z (= Pps)nrmx) . As T = Ppsynremz and v € F(S) N F(T), it suffices
to show that ||z —v|| < |Jz —Z||. From (3.7) for ¢ =z € F(S)N F(T), it
holds true that ||z — a,,|| < ||l# —Z| for all j € N. As z,,, — v, we obtain
le —v|| < ||z —Z||. This result indicates that v = Z. We have proved that for
any subsequence {z,,} of {z,}, there is a subsequence {w,,} of {z,,} such
that x,,; — ¥ (= v). This completes the proof. O

From Theorem 3, the following result is obtained as a direct corollary:

Corollary 1 ( [14]). Let C be a nonempty, closed, and convex subset of a real
Hilbert space H. Let S and T : C — C be quasi-nonexpansive and mean-
demiclosed mappings such that F (S) N F (T) # 0. Let a,b € (0,1) with a < b
and let {a,}, {b,}, and {c, } be sequences of real numbers such that 0 < a < a,,,
bn, ¢n <b < 1and a,+ b, +c, =1 for all n € N. Define a sequence {z,} in

Math. Model. Anal., 28(2):285-307, 2023.
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C as follows:

r1 = x € C given,

n—1 n—1
1

Yn = GnTp + by fZan—&—cn ZTlxneC
1=0 1=0

Cn={h e C:llyn —hll < llzn — R},
n=1{heC:{(x—x,, v, —h) >0},

Tn+1 = PC,aniU

for all n € N. Then, {x,} converges strongly to a point T of F'(S) N F (T,
where T = PF(S)OF(T)I'

Proof. From the assumption that 0 < a < an, bn, cn < b < 1, it holds that
lim, , anb, > a* > 0 and lim,, , a,c, > a? > 0. Letting z, = w, = z,, for
all n € N in Theorem 3, we obtain the desired result. 0O

4 Strong convergence by the shrinking projection method

In this section, we prove a strong convergence theorem for finding common
fixed points for two nonlinear mappings using the shrinking projection method
[28] together with the mean-valued iteration and the Ishikawa iteration. The
basic element of the proof has been developed by many researchers; see, for
instance, [6,14].

To prove the main theorem in this section, the condition imposed on the
mappings can be more relaxed than in the previous section. Let S be a self-
mapping defined on C such that F' (S) # 0, where C is a nonempty, closed, and
convex subset of a real Hilbert space H. Let {z,} be a bounded sequence in
C' and define Z, s 01 Sz, (€ C) for each n € N. Consider the following
property with rebpect to S:

Zpn, 2 v=v€ F(S5), (4.1)

where {Z,,,} is a subsequence of {Z,,}. Mean-demiclosed mappings (2.5) suf-
ficiently satisfy the property (4.1). According to Claim 1, nonexpansive map-
pings satisfy (4.1). It is known that more general types of mappings satisfy
(4.1); see Appendix A in this paper or Kondo [14]. In this section, we focus on
quasi-nonexpansive mappings that satisfy the property (4.1).

Theorem 4. Let C' be a nonempty, closed, and convexr subset of a real Hilbert
space H. Let S and T : C — C be quasi-nonexpansive mappings that satisfy
F(S)NF(T) # 0 and the property (4.1). Let {z,} and {w,} be sequences in
C. Let {an}, {bn}, and {c,} be sequences of nonnegative real numbers such
that an + by, + ¢, =1 for all n € N,

lim a,b, >0, and lim a,c, > 0. (4.2)

n— oo n— oo
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Let {uy,} be a sequence in H such that u, — u(€ H). Define a sequence {xy}
in C as follows:

x1 =x € C given,

C, =0C,
1 n—1 1 n—1
Yn = ApTy + bnﬁ Z Stz + cnﬁ Zlen eC,
1=0 1=0

Cry1 ={h € Cn: |lyn — hll < [lan — Al},
Tn+1 = Pcn+1 Un+1
for alln € N. Assume that
lzn =gl <llzn =gl and |lwn —ql| < ||z — 4] (4.3)

forallqge F(S)NF(T) and n € N. Then, {x,} converges strongly to a point
u of F/(S)NF(T), where u = Pp(s)nr(T)U-

Proof. We again use notations Z,, = %Z?;Ol Stz, and W,, = %27;01 Tlw,,.
From the convexity of C, {Z,,} and {W,} are in C. We have y,, = anz, +
bnZn + Wy, (€ C). Tt holds that

HZn - QH S ||Zn - QH a‘nd ”Wn - q” S Hwn - QH (44)

foralln € Nand g € F (S)NF (T). This statement (4.4) can be proved in a sim-
ilar manner to that used to prove (3.3) since S and T are quasi-nonexpansive.

Using mathematical induction, we can show that C,, is closed and convex as
well as that F' (S)NF (T) C C, foralln € N. (i) For n = 1, the results hold true
since Cy = C. (ii) Assume that C}, is closed and convex and F (S)NF (T) C Cy,
where k € N. As F (S)NF (T) # 0 and F (S)NF (T) C Cy, it holds that Cy, # 0.
Consequently, the metric projection Pp, exists, and xg, Zk, Wi, yi, and Clyyq
are defined as follows:

T = PCkUk ecCy C C,
k—1

k—1
1 1
Z:fE:Sl szEjTl
k A o 2k k k s Wi,

Yk = axTr + bp 2y + cx Wi € C, and
Crv1={h e Ck: |lyr — h|| < |Jzx — h||} € Cr C C.
It can be easily ascertained that Cg41 is closed and convex since Cy is closed
and convex. Let ¢ € F (S)NF (T). We demonstrate that ¢ € Cyy1. From (4.4)
and (4.3), it follows that
vk — all = llaxxk + bp Zk + cx Wi, — q||
= |lax (zx — @) + bx (Zk — q) + e (Wi — q) ||
< ag |lze — qll + 0k 12 — gqll + e Wi — 4
< ag ||zr — qll + bk ||z — qll + ek ||wr — 4|
< ag [lzk = qll + 0x lze — qll + cx l|ox — gll = [lzn — gl -
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Thus, we obtain ¢ € Ck41 as claimed. We have shown that C,, is a closed
and convex subset of C' and that F' (S)NF (T) C C), for all n € N. From the
assumption that F (S) N F (T) # (), we have C,, # ) for all n € N. Thus, the
sequence {z,} in C is inductively defined. Note that letting z, = w,, = x,, for
all n € N shows that sequences {z,} and {w,} with the condition (4.3) exist.
Define @, = Pe,u(€C,). AsC, C Cp,qy C --- C C; = C, {u,} is a
sequence in C. Since T, = Pe,u and F (S)N F(T) C Cp, it holds true that

=[] < flu—ql| (4.5)

for all g € F(S)NF(T) and n € N. This result shows that {,} is bounded.

Furthermore, since U, = Pc, u and Un41 = Po,,,u € Crpq1 C Oy, it holds that

lu =l < llu— T |

for all n € N. This result demonstrates that {||u — @y, ||} is monotone increasing.
As {u,} is bounded, so is {||u — @,||}. Thus, the sequence {||u —@,||} of real
numbers is convergent.
Observe that {@,} is convergent in C; in other words, there exists w € C
such that
Uy, — T. (4.6)

Let m,n € N with m > n. Since @,, = Pc,u and @,, = Pc, u € C,, C C,, we
have from (2.3) that

e = T * + 2 = T |* < [ =T |

As {JJu — @y} is convergent, it follows that u, — U, — 0 as m and n tend to
infinity. Equivalently, {@,} is a Cauchy sequence in C. As C'is closed in a real
Hilbert space H, it is complete. Thus, there exists u € C' such that w,, — w as
claimed. Next, we claim that {z,,} has the same limit, namely,

Ty — . (4.7

Indeed, since the metric projection P¢, is nonexpansive and u,, — « is assumed,
it holds from (4.6) that

[2n —all < lzn = 8nll + [T =l = [|Pe, un — Po,ull + [[an — 4l
< fun = ull + @ —wll =0

as claimed. Consequently, {z,} is bounded. Our goal is to demonstrate that
U =1 (= Pp(synp(ryu) since x,, — T is already proved.
We show that
Ty — Yn — 0. (4.8)

Indeed, as {z,} is convergent, x,, — ,+1 — 0. From z,11 = Po
Chpt1, it follows that ||y, — i1l < |2 — Tny1||. Thus, we obtain

1 Un+1 €

lZn = Ynl <20 — Totall + |Tn+1 — ynll < 2|20 — Ty =0
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as claimed. Since {z,} is bounded, x,, — ¥, — 0 implies that {y,} is also
bounded. Next, we claim that

Ty —Zp,—0 and z,—-W, —0. (4.9)

Choose ¢ € F (S) N F (T) arbitrarily. From (2.1), (4.4), and (4.3), it follows
that
2 2
||yn - QH = ||an1'n +bpZp + Wy — QH
= ||an (T —q) + b (Zn — q) + cn (W, — q) ||
=ap ||lzn — QHQ +bn || Zn — QHQ +cn [[Whn — Q||2

— anby || T, — Zn”2 —bucn HZn - VVn”2 — CpQnp ||Wn - anQ

2

IN

2 2 2
an |20 = ql” +bn [|2n = all” + ¢ [[wn — 4|
— anbn [|lzn — Zn||2 = bpen | Zn — Wn||2 — Cnn [[Wn — CCnllz

IN

2 2 2
an |2 = qlI” + bn [[2n — qlI” + cn [l2n — 4l
— anby ||z, — Zn||2 —bpen | Zn — VVHH2 — Cnly [|[Wy — xn”Q

= ||lzn — QH2 — anby ||T, — Zn”2 —bncn || Zn — VVn”2 — Cnly [|[W,, — xn”Q
As bycy [|Zn — W > 0, we have

anbn |0 — Zo||? + ancp |20 — Wal?
< llzn —all” = lym — al®
< (lzn = gll + llyn — all) llzn — all = lyn — qlll
< (len = qll + llyn — al) l2n — ynll -

As {z,} and {y,} are bounded, we obtain (4.9) from (4.8) and the assumption
(4.2) regarding the coefficients ay,, b,, and ¢,. From (4.7) and (4.9), we have
Z, — u and W,, — u. Since the mappings S and T satisfy the property (4.1),
we obtain w € F (S) N F (T).

Finally, we prove that @ (= limy, 00 Upn = liMy—y00 Tn) =T (: PF(S)QF(T)u) .
Asu e F(S)NF(T) and U = Pp(s)np(T)u, it suffices to show that [Ju — || <
|lu—1|. As @ € F(S)N F(T), from (4.5), it holds that ||u — @y, < |lu — a.
From (4.6), we obtain ||u — u|| < |Ju — @||. This result implies that @ = %. From
(4.7), we obtain z,, — (= ), which completes the proof. O

As in the previous section, the following result is derived:

Corollary 2 ( [14]). Let C be a nonempty, closed, and convex subset of a real
Hilbert space H. Let S and T : C — C' be quasi-nonexpansive mappings that
satisfy F' (S)NF (T) # 0 and the property (4.1). Let a,b € (0,1) with a < b and
let {a,}, {bn}, and {c,} be sequences of real numbers such that 0 < a < a,,
bn, ¢n <b<1anda,+b, +c, =1 for all n € N. Let {u,} be a sequence in
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H such that u, — u (€ H). Define a sequence {z,} in C as follows:

x1 = € C given,

C1=0C,
1 n—1 1 n—1
Yn = AnTy + bn; Z Sla, + cnﬁ Z Tz, € C,
1=0 1=0

Cny1={h € Cy : |yn — h|| < ||z, — h[|}, and

Tn+1 = PCn+1un+1

for all n € N. Then, {x,} converges strongly to a point u of F (S) N F (T),
where U = Pr(g)np(r)U-

Proof. The conditions lim,_, apb, > 0 and lim, , a,c, > 0 are satisfied
from the hypothesis that 0 < a < ay, by, ¢, < b < 1. Letting 2z, = w, = x,
for all n € N in Theorem 4, we obtain the desired result. O

5 Derivative results

In this section, we present a variety of strong convergence results that are
derived from Theorems 3 and 4. To save space, we only refer to Theorem 3.
First, the following result is obtained:

Theorem 5. Let C' be a nonempty, closed, and convex subset of a real Hilbert
space H. Let S and T : C — C be quasi-nonexpansive and mean-demiclosed
mappings such that F (S)NF (T) # 0. Let {\,}, {un}, and {v,} be sequences
of nonnegative real numbers such that A, + p, +vn, =1 for alln € N. Let {a,},
{bn}, and {c,} be sequences of nonnegative real numbers such that a,+b,+c, =
1 for alln € N, lim,, , anb, > 0, and lim,_, _a,c, > 0. Define a sequence
{zn} in C as follows:

x1 =2 € C given,

Zn = Wy = ATn + nSTy + vy Ty,

n—1 n—1

1 1
n = Undn bn* Sl n n Tl n€C7
Y AnTy + n; z—i—cn; w

Cpn={h e C:lyn—h| <llxn—hl},
Qn={heC:{(x—x,, x,—h)>0}, and
Tn1 = PCannl"

for all n € N. Then, {x,} converges strongly to a point T of F (S) N F(T),
where T = Pp(s)nr(1)T-

Proof. Given that z, = w, is assumed, it suffices to demonstrate that

lzn —all < llzn —qll, Vg€ F(S)NF(T), neN.
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As S and T are quasi-nonexpansive, it holds true that

[2n —dall = [An2n + pnS2n + vuTzn — ¢

[An (Tn — @) + pin (S0 — @) + v (T, — q)|

Ao lzn = gqll + pn [1S20 — gl + v | T2 — 4|

A lTn = qll + pn |0 = qll + v |20 — gl = |lzn —ql|-

<
<

Therefore, the desired result follows from Theorem 3. O

Note that there are no required conditions on the nonnegative parameters
{\n}, {tn}, and {v,} except for A, + p, + v, = 1. This theorem is based
on Ishikawa iteration (1.2), Nakajo and Takahashi’s hybrid method (1.4), and
the mean-valued iteration (1.7). Clearly, the construction of z, and w, can
be varied fairly freely. For example, the following iteration scheme sufficiently
functions to derive a strong convergence:

n—1
1
Zn = An@pn + pinTxp + vp— Z Tz, (5.1)
e
1 n—1
Wy = ATy + il STy + V) — Z Sle,,
n
1=0

n—1 n—1

1 1
n = nTn +bo— Y Sz ten= Y Tw, €C VneN.
Yy An Ty + nl:o z+cnl:0 w n

In fact, we know that if ||z, — ¢|| < ||z, — ¢|] and |Jw, — ¢|| < ||zn — ¢ for all
q € F(S)NF (T) and n € N, then a strong convergence follows from Theorem 3.
It is easy to check that the iteration (5.1) meets these conditions. Note that
in (5.1), z, (resp. wy,) is affected only by the mapping T' (resp. S) at least
directly. Furthermore, the following “three-step iterative method”is obtained:

Theorem 6. Let C' be a nonempty, closed, and convex subset of a real Hilbert
space H. Let S and T : C — C be quasi-nonexpansive and mean-demiclosed
mappings such that F (S)NF (T) # 0. Let {\,} and {v,} be sequences of real
numbers in the interval [0,1]. Let {a,}, {bn}, and {c, } be sequences of nonneg-
ative real numbers such that a, + by, +c, =1 for alln € N, lim,_, _a,b, >0,

and lim,,_, anc, > 0. Define a sequence {x,} in C as follows:

r1 =2a € C given,

Wy, = Apn + (1 — Ap) Sy,

Zn = VpWy + (1 — vp) Twh,

Yn = ApTy + bnl nz:lSlzn + cnl nz:llen eC,
"= "3

Cn={h e C: |y, —h| < |z — A},

Qn={heC:{x—zn, x,—h)>0},

Tn+1 = Po,nq, T
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for allneN. Then, {x,} converges strongly to a point T of F (S)NF (T), where
T = Pp(s)nF(T)7-

Proof. 1t suffices to demonstrate that ||z, — ¢|| < ||z, — ¢ for all ¢ € F (S)N
F(T) and n € N. To that aim, first, we verify that ||w, — ¢| < ||z, — ¢||. In
fact, as S is quasi-nonexpansive, it follows that

[wn = qll < An [len =gl + (1= An) [[Szn — 4]
< Anllen =gl + (1 =) [lzn = gl = llzn —qll-
Using this, we obtain
lzn = all = [lvnwn + (1 = vn) Twn — q||
< vn flwn =gl + (1 = vn) [[Twn — q||

< v fJwp — gl + (1 = v) lwn — 4|
= ”wn - QH < H$n - QH

since T is quasi-nonexpansive and ¢ € F' (T'). This completes the proof. O

For the “three-step iterative method”, see Noor [22], Phuengrattana and
Suantai [23], and Chugh et al. [5]. Clearly, the “four-step iterative method” and
other more general iterations are derived from Theorems 3 and 4. For other
types of variations, see Kondo [13].

6 Application to the variational inequality problem

In this section, we present an application of a main result of this paper to
the variational inequality problem. For detailed discussion about the following
concepts and preliminary results, see Takahashi [26]. Let C' be a nonempty,
closed, and convex subset of a real Hilbert space H. A mapping A: C — H
is called K-Lipschitz continuous if there exists K > 0 such that ||Az — Ay|| <
K ||z —y| for all x,y € C. A mapping A : C — H is called monotone if

0< (z—y, Az — Ay) (6.1)
for all z,y € C. A mapping A : C — H is called strongly monotone if
0<(x—y, Az — Ay) (6.2)

for z,y € C such that  # y. A mapping A : C — H is called a-inverse
strongly monotone if there exists o > 0 such that

allAz — Ay|® < (z —y, Az — Ay) (6.3)

for all z,y € C. A mapping A : C — H is called n-strongly monotone if there
exists n > 0 such that

nlz—yl® < (@ -y, Av— Ay) (6.4)
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for all z,y € C. Concerning these classes of mappings, the following hold:

(A) An a-inverse strongly monotone mapping A : C' — H is monotone and
(1/«)-Lipschitz continuous,

(B) An n-strongly monotone mapping A : C — H is strongly monotone,

(C) If a mapping A is K-Lipschitz continuous and 7-strongly monotone,
then A is (77/ K 2)—inverse strongly monotone.

From (C), the class of a-inverse strongly monotone mappings is more general
than Lipschitz continuous and strongly monotone mappings. In the following
theorem (Theorem 7), we assume that a mapping A is an a-inverse strongly
monotone.

A set of solutions to the variational inequality problem is denoted by

VIC,A)={2eC:{y—z, Az) >0forally € C}. (6.5)

It is well-known that the variational inequality directly connects with optimiza-
tion problems. For an illustration, suppose that the domain of the mapping A
is the whole space H. Then, it is easy to verify that the set (6.5) of solution
to the variational inequality problem coincides with the null point set of A,
that is, VI (H,A) = A~'0. If H = R and we interpret A as a derivative f’
of a real-valued function f defined on R, then VI (R, f’) is the set of points
x € R that satisfies f'(x) = 0. In such a case, the assumption that A (= f) is
strongly monotone seems to be a bit strong.

The following facts are crucial to apply the fixed point theory to variational
inequality problems:

(a) Let A: C — H be an a-inverse strongly monotone mapping. Then, for
A €10,2a], I — AA is a nonexpansive mapping from C into H, where [ is the
identity mapping defined on C,

(b) Let A: C — H be an n-strongly monotone and K-Lipschitz continuous
mapping. Then, for A € (O7 %), I — M\A is a contraction mapping from C' into
H, in other words, there exists r € (0,1) such that ||(I — AA)z — (I — AA) y|| <
r|z — vyl for all z,y € C.

(c) It holds true that VI (C, A) = F (Pc (I — AA)) for all A > 0, where Po

is the metric projection from H onto C.

From (a) and (c), if C' is nonempty, closed, convex, and bounded subset
of H, then the set VI (C,A) is nonempty, closed, and convex in C. In the
case of (b), the set VI (C,A) has only one element and well-known Picard
iteration is effective to approximate the unique element of VI (C, A). For case
(b), see Yamada [32] and a recent contribution by Truong et al. [31]. In the
next theorem, following Takahashi and Toyoda [29], we deal with the case (a).

Theorem 7. Let C' be a nonempty, closed, and convexr subset of a real Hilbert
space H. Let S : C — C be a nonexpansive mapping and let A : C — H be
an a-inverse strongly monotone mapping. Suppose that F (S)NVI (C, A) # 0.
Let XA € (0,2a] and define T = Pc (I —AA). Let {\.}, {sn}, and {v,} be
sequences of nonnegative real numbers such that A\, + pn +vy, = 1 for alln € N.
Let {ay}, {bn}, and {c,} be sequences of nonnegative real numbers such that

Math. Model. Anal., 28(2):285-307, 2023.



302 A. Kondo

an+by,+c, =1 foralln € N, lim
a sequence {x,} in C as follows:

nosoonbn >0, and lim,, . _a,c, > 0. Define

x1 = € C given,

Zn = Wy = ApTn + nSTy + vy Txy,

1 n—1 1 n—1
Yn = ApTy + bnﬁ ; Stz + Cn; ; T'w, € C,

Cn={h €C:|lyn —hl| < |lzn —n|},
Qn={heC:{(x—xn,, vo,—h) >0},

ZTnt1 = Po,nQ.T

for alln € N. Then, {x,} converges strongly to a point T of F (S)NVI(C,A),
where T = PF(S)OVI(C,A)x'

Proof. From Claim 1, a nonexpansive mapping with a fixed point is quasi-
nonexpansive and mean-demiclosed. From (a), T : C — C is nonexpansive.
From (c), F'(T) = VI(C,A). Thus, we can apply Theorem 5 and obtain the
desired result. 0O

This theorem demonstrates how to approximate a common element of a
fixed point problem and a variational inequality problem.

7 Concluding remarks

In this paper, strong convergence theorems for finding common fixed points
of two nonlinear mappings are proved. The methods are based on the itera-
tive procedures introduced by Ishikawa, Nakajo and Takahashi, and Takahashi,
Takeuchi, and Kubota, as well as the mean-valued method. Although two map-
pings are not assumed to be continuous nor commutative, they are required to
be quasi-nonexpansive and mean-demiclosed. In addition to the nonexpansive
mappings, the broad classes of mappings introduced in Appendix A are spe-
cial cases of this class of mappings. Thus, the main theorems in this paper
are applicable to those classes of mappings. As shown in Section 5, the main
theorems in this paper can potentially yield many iteration procedures for ap-
proximating common fixed points of nonlinear mappings, which is one of the
highlights of this paper. An application to the variational inequality problem
is provided in Section 6. As a final remark, all results in this paper can be
extended to any finite number of mappings.
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Appendix A

Quasi-nonexpansive and mean-demiclosed mappings

As mentioned in Sections 2 and 4, the class of quasi-nonexpansive and mean-
demiclosed mappings includes more general types of mappings beyond nonex-
pansive mappings when they have fixed points. In this section, such classes of
general types of mappings are introduced to show the wide range of applicabil-
ity of the theorems demonstrated in this paper.

Let C be a nonempty subset of a real Hilbert space H. A mapping S : C' —
H is called

(1) nonezpansive if ||Sx — Sy|| < ||z — y| for all z,y € C,

(ii) nonspreading [10] if

2||Sz — Syll* < & — Syll”* + ISz — yII”

for all z,y € C.

It is well-known that nonexpansive mappings have a direct link with opti-
mization problems; see Section 6. In Section 2, we have already shown that
a nonexpansive mapping with a fixed point is quasi-nonexpansive and mean-
demiclosed (Claim 1). Nonspreading mappings were also introduced because
they are required by optimization problems; see Kohsaka and Takahashi [10].
Summing the inequalities in (i) and (ii), a concept of the following class of
mappings is obtained. A mapping S : C — H is called

(iii) hybrid [27] if

3|1Sz = SylI* < llz = yI* + llz — SylI* + 1Sz — y|*

for all z,y € C.

It is also known that the class of firmly nonexpansive mappings is a spe-
cial case of (i)—(iii). These types of mappings are unified by the concept of
generalized hybrid mappings. A mapping S : C — H is

(iv) generalized hybrid [9] if there exist «, 8 € R such that

a|[Sz = Syll* + (1 = ) lz = Syl|* < 8|Sz —y|* + (1= B) ]z - y|*

for all z,y € C. If @« = 1 and B = 0, then a generalized hybrid mapping is
nonexpansive, and therefore, the class of generalized hybrid mappings includes
nonexpansive mappings. If « = 2 and 5 = 1, a generalized hybrid mapping
is nonspreading. A generalized hybrid mapping with o = 3/2 and 8 = 1/2 is
hybrid. Here, generalized hybrid mappings are further extended. A mapping
S :C — H is said to be
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(v) normally generalized hybrid [30] if there exist «, 3,7, € R such that
a+pB+v+d>0and

al[Sz — Sy|* + B llw = Sy|* + 1Sz —y|* + 5 |l= = y|* <0

for all z,y € C, where a4 8 > 0, or o+ > 0. A normally generalized hybrid
mapping with a + 8 =1 and v+ § = —1 is generalized hybrid, and hence, the
class of normally generalized hybrid mappings contains all types of mappings
(i)—(iv) as special cases.

The following types of mappings are generalizations of generalized and nor-
mally generalized hybrid mappings. A mapping S : C' — C is called

(vi) 2-generalized hybrid [20] if there exist aq, g, 51, P2 € R such that

on |22 — Sy||* + a2 Sz — Syl* + (1 — a1 — az) |lz — Syl (A1)
2
< B[S —y||” + B2 1Sz —yl* + (1= B1 = Ba) |z — y]?

for all z,y € C,
(vii) normally 2-generalized hybrid [15] if there exist ay, By, a1, 81, a2, B2 €
R such that 212:0 (4 B81) >0, as + a1 + a9 > 0, and

s ||S%z — S’y”2 + o ||Sz — Sy||* + ag ||z — Syl (A.2)
+ 82 |82 —y||* + B 1Sz — y[I* + Bo |z — ylI* <0

for all z,y € C. Clearly, if oy = 81 =0 in (A.1), the mapping S is generalized
hybrid. The class of normally 2-generalized hybrid mappings contains all types
of mappings introduced here. Indeed, if as + a1 +ag =1 and By + 51 + By =
—1, then a normally 2-generalized hybrid mapping is 2-generalized hybrid. If
ag = B9 = 0, then it is normally generalized hybrid. It is known that normally
2-generalized hybrid mappings are quasi-nonexpansive and mean-demiclosed if
they have fixed points.

Claim 2 ( [15]). Let S : C — C be a normally 2-generalized hybrid map-
ping with F (S) # 0, where C is a nonempty subset of H. Then, S is quasi-
nonexrpansive.

Claim 3 ( [16]). Let S : C — C be a normally 2-generalized hybrid mapping
with F (S) # 0, where C is a nonempty, closed, and conver subset of H. Then,
S is mean-demiclosed.

For proofs of Claims 2 and 3, see also Kondo [11] and [14], respectively. As
a normally 2-generalized hybrid mapping is mean-demiclosed, it satisfies the
property (4.1), which is required for Theorem 4. As all classes of mappings
(i)—(vi) are special cases of normally 2-generalized hybrid mappings, they are
within the class of mappings targeted in this paper.

To provide an illustration, two examples of normally 2-generalized hybrid
mappings are presented below; these examples are also provided in Kondo [11].
Let ag = a, B3 = —f with 0 < 8 < « and let all the other coefficients be 0 in
(A.2). Then, we have

aHS2x—SyH2 §6||Szx—y||2. (A.3)



Strong Convergence Using Ishikawa and Hybrid Methods 307

Ezample 1. [11]. Let H = C' =R, and define S : R — R as follows:

Sy — 0, ifz</a,
Y7 VB, ifr>

We verify that the mapping S satisfies (A.3). In fact, from the hypothesis
B < «, it holds that S?z = 0 for all € R. Thus,

(A.3) <= a(Sy)® < By* < |Sy| < \/glyl : (A4)

(i) If y < \/a, then |Sy| = 0. Consequently, (A.4) holds. (ii) Assume that
y > y/a. Then, the LHS of (A.4) is |Sy| = /3. The RHS is greater than

\/g\/& = /B. Therefore, (A.4) holds true. This result indicates that S is
normally 2-generalized hybrid. [J

Ezample 2. [11]. Set C = H and let Py be the metric projection from H onto
the unit sphere U. Define S : H — H as follows:

Pye, i \[5 <]l

0, if [lz] < \/g

Since 8 < a, S?z = 0 for all x € H. Consequently,

St =

(43) > 153 < /2 ol (45)

If ly|| < v/a/B, then ||Sy|| = 0, which means that (A.5) holds. If ||y|| > /a/83,
then the LHS of (A.5) is LHS = ||Pyy| = 1. The RHS is greater than

\/g\/% = 1. Thus, (A.5) holds true. O

As the mappings in Examples 1 and 2 are normally 2-generalized hybrid with
fixed points, they are quasi-nonexpansive and mean-demiclosed. Hence, they
are in the class of mappings addressed in this paper although they are not
continuous.
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