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UNIQUE FIXED POINT THEOREMS FOR NONLINEAR
MAPPINGS IN HILBERT SPACES

WATARU TAKAHASHI

ABSTRACT. In this paper, we prove unique fixed point theorems for nonlinear
mappings in Hilbert spaces. Using these results, we prove unique fixed point
theorems for strict pseudo-contractions in Hilbert spaces. In particular, we obtain
an extension of the famous strong convergence theorem with implicit iteration
which was proved by Browder [4].

1. INTRODUCTION

Let H be a real Hilbert space and let C' be a nonempty closed convex subset of
H. A mapping U : C — H is called a widely strict pseudo-contraction [22] if there
exists r € R with » < 1 such that

|Uz — Uyl < lle = yl? + 7l = U)x — (I = U)y|%, Va,y € C.

We call such U a widely r-strict pseudo-contraction. If 0 < r < 1, then U is a strict
pseudo-contraction [5]. Furthermore, if r = 0, then U is nonezpansive. In 1967,
Browder [4] proved the famous strong convergence theorem with implicit iteration
in a Hilbert space.

Theorem 1.1 ([4]). Let H be a Hilbert space, let C' be a bounded closed convex
subset of H and let T be a nonexpansive mapping of C into C. Let u € C and
define a sequence {ya, } in C by

Yo, = Qptt + (1 — ap)Tyq,, Va, € (0,1).

Then {ya, } converges strongly to Pu as a, — 0, where P is the metric projection
of H onto F(T).

If we replace a nonexpansive mapping 7" in Theorem 1.1 by a strict pseudo-
contraction, does such a theorem hold?

In 2010, Kocourek, Takahashi and Yao [12] defined a class of nonlinear mappings
in a Hilbert space. A mapping T from C' into H is said to be generalized hybrid if
there exist real numbers « and 3 such that

a|Te = Tyl* + (1 - a)llz — Ty|* < BTz — y|* + (1 = )|z — y|?

for any z,y € C. We call such a mapping («, 3)-generalized hybrid. Kawasaki and
Takahashi [11] defined the following class of nonlinear mappings in a Hilbert space
which covers contractive mappings and generalized hybrid mappings. A mapping
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T from C into H is said to be widely generalized hybrid if there exist real numbers
a, 3,7, 90, and ¢ such that

af| Tz — Ty||* + Bllz — Tyl + v Tz — y|I> + 6]z — yl|
+max{ellz — Tz|* (lly — TylI’} <0
for any z,y € C. Motivated by Kawasaki and Takahashi [11], Takahashi, Wong
and Yao [23] introduced a more broad class of nonlinear mappings than the class of

widely generalized hybrid mappings in a Hilbert space. A mapping T : C — C' is
said to be symmetric generalized hybrid [23] if there exist «, 3,7, € R such that

(L1 alTz = Tyl* + B(lle — Ty|*+| Tz — y|*) +~llz — y|?
+8(lz = Tz|® + [ly - Tyl*) < 0

for all z,y € C. Such a mapping T is also called («, 3,7, )-symmetric generalized
hybrid. ifa =1, =9 =0andy = —1in (1.1), then the mapping 7" is nonexpansive
[19], i.e.,
[Tz =Tyl < |lz—yll, Vao,yeCl.
Ifa=2,=-1and y=0=0in (1.1), then the mapping T is nonspreading [14],
ie.,
2Tz = Ty|* < |Tx — y|* + || Ty — =|*, Vva,yeC.

Furthermore, if « =3, 5 =+ = —1and 6 = 0 in (1.1), then the mapping 7" is hybrid
[20], i.e.,

3T — Tyll? < llo — yl2 + [ T2 — ylI? + | Ty — 22, Va,y e C.

They proved the following fixed point theorem for symmetric generalized hybrid
mappings in a Hilbert space.

Theorem 1.2 ([23]). Let H be a real Hilbert space, let C' be a nonempty closed
convex subset of H and let T be an (o, 3,7, § )-symmetric generalized hybrid mapping
from C' into itself such that the conditions (1) a+28+~v>0, (2) a+8+6 >0
and (3) 6 > 0 hold. Then T has a fized point if and only if there exists z € C' such
that {T"z : n = 0,1,...} is bounded. In particular, a fized point of T is unique in
the case of a+ 25+~ > 0 on the condition (1).

Furthermore, they introduced the following class of nonlinear mappings which
contains the class of symmetric generalized hybrid mappings. A mapping T from C
into C' is called symmetric more generalized hybrid [23] if there exist o, 8,7,9,( € R
such that

(1.2) al| Tz=Ty|? + B(||lz — Tyl* + |z — y[*) + yllz — y||?
+8(lle = Tz|* + |y — Tyl*) +Cllz —y — (T = Ty)|* <0

for all z,y € C. Such a mapping T is also called («,f3,7,0,()-symmetric more
generalized hybrid. They also proved the following fixed point theorem.

Theorem 1.3 ([23]). Let H be a real Hilbert space, let C' be a nonempty closed
convez subset of H and let T be an («, 3,7, 9, ()-symmetric more generalized hybrid
mapping from C' into itself such that the conditions (1) a+25+~ >0, (2) a+ [+
d+¢>0and (3) 6+¢ >0 hold. Then T has a fized point if and only if there exists
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z € C such that {T"z:n=0,1,...} is bounded. In particular, a fived point of T is
unique in the case of a + 28 + v > 0 on the condition (1).

In the case when the mappings in Theorems 1.2 and 1.3 have unique fixed points,
what kind of iterations can we use to find such unique fixed points? This question
is natural.

In this paper, motivated by Theorems 1.2 and 1.3, we prove unique fixed point
theorems for symmetric generalized hybrid mappings and symmetric more gener-
alized hybrid mappings in Hilbert spaces. Using these results, we prove unique
fixed point theorems for strict pseudo-contractions in Hilbert spaces. In particular,
we obtain an extension of the famous strong convergence theorem with implicit
iteration which was proved by Browder [4].

2. PRELIMINARIES

Throughout this paper, we denote by N the set of positive integers and by R the
set of real numbers. Let H be a real Hilbert space with inner product (-, -) and norm
|| - ||, respectively. We denote the strong convergence and the weak convergence of
{zn} to z € H by z,, — x and x,, — x, respectively. Let A be a nonempty subset
of H. We denote by ¢oA the closure of the convex hull of A. In a Hilbert space, it
is known that

(2.1) laz + (1 = a)y|? = allz]* + (1 - &)lly* — a(l = a) |z -yl
for all x,y € H and « € R; see [19]. Furthermore, in a Hilbert space, we have that
(22) 20z —y,z —w) = o —wl’ +|ly — 2> = l|lz — 2[* — [ly — w|®

for all z,y,z,w € H. Let C be a nonempty subset of H and let T' be a mapping
from C into H. We denote by F(T') the set of fixed points of T. A mapping T
from C into H with F(T') # 0 is called quasi-nonexpansive if ||Tx — u| < ||z — ul|
for any x € C' and u € F(T). A nonexpansive mapping with a fixed point is quasi-
nonexpansive. It is well-known that if T': C' — H is quasi-nonexpansive and C is
closed and convex, then F(T) is closed and convex; see Itoh and Takahashi [10]. It
is not difficult to prove such a result in a Hilbert space. In fact, for proving that
F(T) is closed, take a sequence {z,} C F(T') with 2z, — z. Since C is closed, we
have z € C. Furthermore, from

Iz = Tz|| <[z = znll + |20 = T2|| < 2|2 = 2u] =0,

we have that z is a fixed point of T" and hence F(T) is closed. Let us show that
F(T) is convex. For z,y € F(T) and a € [0,1], put z = ax + (1 — a)y. Then we
have from (2.1) that

o = T2|* = flaw + (1 = a)y - T|]
= alle = T2 + (1 - @)lly — T2 — a(1 - @)z — y?
< alle = 2l + (1= a)ly = 21> - a(1 - @)l — |
= a(1 - )z — yI + (1 = a)a?z — yl — a1 - oo — y|
—a(l-a)(1-a+a— 1)y
=0.
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This implies Tz = z. Thus F(T') is convex. Let D be a nonempty closed convex
subset of H and z € H. We know that there exists a unique nearest point z € D
such that ||z — z|| = infyep ||z — y||. We denote such a correspondence by z = Ppx.
The mapping Pp is called the metric projection of H onto D. It is known that Pp
is nonexpansive and

(x — Ppx, Ppzr —u) >0

for all x € H and u € D; see [19] for more details.

Let [®° be the Banach space of bounded sequences with supremum norm. Let
be an element of (I°°)* (the dual space of [*°). Then we denote by u(f) the value
of p at f = (x1,x9,23,...) € [*°. Sometimes, we denote by p,(x,) or u,z, the
value pu(f). A linear functional p on (% is called a mean if p(e) = ||u|| = 1, where
e=(1,1,1,...). A mean pu is called a Banach limit on I*° if p,(xn41) = pn(xs).
We know that there exists a Banach limit on {*°. If 4 is a Banach limit on [°°, then
for f = (x1,22,23,...) €1,

liminf z,, < pp(zy,) < limsup z,.

n—r00 n—oo
In particular, if f = (x1,29,23,...) € [*® and x,, — a € R, then we have u(f) =
tn(xyn) = a. See [18] for the proof of existence of a Banach limit and its other
elementary properties. Using means and the Riesz theorem, we can obtain the
following result; see [16], [17] and [18].

Lemma 2.1. Let H be a Hilbert space, let {xy,} be a bounded sequence in H and
let p be a mean on [°°. Then there exists a unique point zy € co{xy, : n € N} such
that

Pn{Tn,y) = (20,y), Vye€ H.

Let H be a Hilbert space and let C' be a nonempty closed convex subset of H. A
mapping U : C' — H is called extended hybrid [8] if there exist «, 3,7 € R such that

(2.3) a(l+y)|Uz = Uyl + (1 — a1 +7)) ||z — Uyl?
< (B+a)||Uz —y|* + (1 = (B4 ay))llz — y|?
—(a=B)llz = Uz|* =~y — Uy|?

for all z,y € C. Such a mapping U is called («, 8, 7)-extended hybrid. We know
the following fixed point result for strict pseudo-contractions in a Hilbert space.

Lemma 2.2 ([21]). Let H be a Hilbert space and let C' be a nonempty closed convex
subset of H. Let k be a real number with 0 < k <1 and let U : C' — H be a k-strict
pseudo-contraction. Then, U is a (1,0,-k)-extended hybrid mapping and F(U) is
closed and convex. If, in addition, C' is bounded and U is of C into itself, then
F(U) is nonempty.

The following lemma was proved by Takahashi, Wong and Yao [22].

Lemma 2.3 ([22]). Let H be a Hilbert space and let C' be a nonempty closed convex
subset of H. Let a > 0 and let A,U and T be mappings of C into H such that
U=1-AandT =2a U+ (1 —2«a)l. Then, the following are equivalent:
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(a) A is an a-inverse-strongly monotone mapping, i.e.,
al|Az — Ay||? < (x —y, Az — Ay), Vaz,y € C;
(b) U is a widely (1 — 2a)-strict pseudo-contraction, i.e.,
Uz = Uy|* < [lz =yl + (1 = 20)[| (I = U)z — (I = U)yl*, Va,y € C;
(¢) U is a(1,0,2c0 — 1)-eatended hybrid mapping, i.e.,
20||Uz — Uyl* + (1 — 2a) |z — Uyl
< (2a = D|[Uz —y|* +2(1 = a) |z - y?
— (2a =1z —Uz|? - 2a =Dy - Uyl Va,yeC;
(d) T is a nonexpansive mapping.
Using Lemma 2.3, we obtain the following result.

Lemma 2.4 ([22]). Let H be a Hilbert space and let C be a nonempty closed convex
subset of H. Let k be a real number with k < 1 and let A,U and T be mappings of
C into H such that U =1 — A and T = (1 — k)U + kI. Then, the following are
equivalent:

(a) Aisa 157“ -tnverse-strongly monotone mapping;

(b) U is a widely k-strict pseudo-contraction;

(¢) U is a (1,0, —k)-extended hybrid mapping;

(d) T is a nonexpansive mapping.

The following lemma was also proved by Takahashi, Wong and Yao [21].

Lemma 2.5 ([21]). Let H be a Hilbert space and let C' be a nonempty closed convex
subset of H. Let «, 3, be real numbers and let U : C'— H be an («, 3,7 )-extended
hybrid mapping with 1+~ > 0. If x,, = z and x,, — Ux,, — 0, then z € F(U).

Using Lemmas 2.2 and 2.5, we have the following result obtained by Marino and
Xu [15]; see also [1].

Lemma 2.6 ([15]). Let H be a Hilbert space and let C' be a nonempty closed convex
subset of H. Let k be a real number with 0 < k <1 and U : C — H be a k-strict
pseudo-contraction. If x, — z and x,, — Uz, — 0, then z € F(U).

3. UNIQUE FIXED POINT THEOREMS WITHOUT BOUNDEDNESS

We first prove the following unique fixed point theorem for symmetric generalized
hybrid mappings in a Hllbert space.

Theorem 3.1. Let H be a real Hilbert space, let C be a nonempty closed convex
subset of H and let T be an (o, 8,7, )-symmetric generalized hybrid mapping from
C' into itself such that the conditions (1) a+26+~v >0, (2) <0, (3) B+~ <0,
and (4) B+ >0 hold. Then

(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {T"z} converges to u.
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Proof. Let T be an («, 3,7, d)-symmetric generalized hybrid mapping of C' into itself
satisfying four conditions (1), (2), (3) and (4). Take z € C. Replacing x by T"z
and y by 7"z in (1.1), we have that

(3.1) o T e — T 2a|? + B(| T2 — T" P2 |® + | T e — T a|?)
AT — T + ([T — T a2 4+ [Tz — T+2)2) < 0
for all n € NU {0}. From
|7 — T+ 2|2 = [T — T2 4 [T g — T2 2
+2(T"x — T g, T g — T 2g)
< | Tz — T | 4 | T e — T 2|2
+ 2| T — T ||| T e — T 22|
and (2) 8 <0, we have that
(32)  BIT"z — T 2| > BT — T af* + BT o — T2
+ 26| Tz — T ||| T e — T 22|
From (3.1) and (3.2) we have that
(3.3) (a+AIT™ e - T 2|2 1 (84 9)|T"z — Tz
+ 28| Tz — T ||| T e — T 2|
+6(|T"x — T a|? + |77 e — T 22)?) < 0.
From (4) 4 ¢ > 0 we have that
26| Tz — T ||| T e — T 22| > 20| T — T ||| T e — T 2.
From (3.3) we have that
(a+ BT e — T F2x|® + (B + Tz — Tz
= 28(|T"x — T o ||| T e — T
+ (| Tz — T || + | T e — T 22]?) < 0
and hence
(o + B)T™Ha—T™ 22 + (8 + 7)|| T — T2
+ (T — T || — || T e — T P22 |)? < 0.
Since 6 > 0 from (4), we obtain that
(3-4) (a+ AT e = T"u|® + (B + )| T — T a]* <0.

Using (1) a +28+~ > 0 and (3) f+ v < 0, we obtain that a+ 5 > —(8+ ) > 0.
Then we have from (3.4) that

(35) ||Tn+1x7Tn+2m||2 < W|’T”$T”+1$”2
«

and

(3.6) 0< —(B+7) < 1.

S Tt
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Putting A = (%ZY))%, we have that for any n,m € N with n > m,

T2 — T 2| < || T™e — T | + [T e = T 2e| 4+ | T e — T
<Nz — Tx|| + X"z — Tx|| + - + N7z — T
<[z — Tl + AN |z — Tl + - + A" o — Taf| + ...
=Nz —Tx|(L+ A+ + A" 40
1
DY

Thus the sequence {T"x} is a Cauchy sequence. Since C' is complete, the sequence
{T"x} converges. Let T"x — u. We have from (1.1) that for every z,u € C,

(3.7) al|T" e — Tul* + BTz — Tul|® + | T" o — ul]?)
AT —ul)? + 5(| T — T a||® + |lu — Twl?) <0
for all n € NU{0}. Since T"x — u, we have that
allu = Tull? + B(||u = Tul* + [|u — ul|?)
+llu—ul® +6(u —ul|? + lu = Tul*) <0

= \"||x — Tx||

and hence
(a+B+06)|u—Tul*> <0.

From a«+ >0 and 6 > —f > 0, we have that a + 8 4+ d > 0. Thus we have that
|u — Tul|?> < 0 and hence Tu = u. Let p; and py be fixed points of T. Then we
have that

a|Tpr — Tpa|® + B(lp1 — Tp2|* + | Tp1 — p2||®) +7llp1 — pal?
+6(|lp1 — Tp1||* + llp2 — Tp2||*) < 0

and hence (o + 28 +7)|p1 — p2/|? < 0. We have from a + 23 + v > 0 that p; = po.
Therefore a fixed point of 1" is unique. This completes the proof. O

Using Theorem 3.1, we prove the following fixed point theorem.

Theorem 3.2. Let H be a real Hilbert space, let C be a nonempty closed convex
subset of H and let T be an (a, 3,7, 9, C)-symmetric more generalized hybrid map-
ping from C into itself such that the conditions (1) a+ 28+~ >0, (2) B8 < ¢, (3)
B+~<0, and (4) 5+ 6 >0 hold. Then

(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {T"z} converges to u.

Proof. Since T : C — C' is an (a, 3,7, 96, ()-symmetric more generalized hybrid
mapping, there exist a, 3,7, 6, € R satisfying (1.2). We also have that

(3.8) |z —y—(Tz — Ty)|* = |l — T=||*> + |y — Ty|?

— Nz =Ty|* = lly — Tx|* + |z — y|* + || Tz — Tyl
for all x,y € C. Thus we obtain from (1.2) that
(3.9) (a+OITz —Tyll> + (8= )(lz — Tyl + | Tz — y[|*)
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+(y+ Qe = yl* + (0 +¢)(Ilz = Tzl* + |ly — Tyl*) < 0.

The conditions (a« +¢) +2(8—¢) +(y+¢) > 0and 8 — ¢ < 0 in Theorem 3.1
are equivalent to (1) a4+ 28+~ > 0 and (2) 8 < (, respectively. Furthermore,
the conditions (5 — () + (y+¢) < 0 and (5 —¢)+ (0§ + ) > 0 in Theorem 3.1
are equivalent to (3) 8+~ < 0 and (4) 5+ J > 0, respectively. Thus we have the
desired result from Theorem 3.1. U

The following is an extension of Theorem 3.2.

Theorem 3.3. Let H be a real Hilbert space, let C be a nonempty closed convex
subset of H and let T be an («a, 3,7,9,()-symmetric more generalized hybrid map-
ping from C' into itself which satisfies the conditions (1) a + 25 +~v > 0, (2) there
exists A € [0,1) such that (a + AN +(¢—8>0,(3) 5+~ <0and (4) B+ >0.
Then

(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {(A + (1 — \)T)"z} converges to u.

Proof. Let A € [0,1)N{A: (a+ B)A+ (- > 0} and define S = (1 — \)T + Al
Since C' is convex, S is a mapping from C into itself. Since A # 1, we obtain that
F(S) = F(T). Moreover, from T = 1.5 — ﬁ] and (2.1), we have that

1 A 1 A 2
“ <1AS$_1Ax>_<1ASy_1Ay>
1 A 2 1 A 2
+h I_<1>\Sy_1Ay> +5'<1Asx_1/\x>_y
+ 5[z —y?
1 A 2 1 A 2
+6 x—(l_ASaz—l_)\:c> —i—d‘y—(l_)\Sy—l_)\y)‘
1 A 1 A 2
ref (e (258 250) ) - (o (- 123))
1 A 2
=a ﬁ(Sl‘—Sy)—l_)\(x—y)
1 A 2
+,6H1_A<x—8y>—1_A<x—y>
e8] (se—p - 2@y +1le -
1 AWrT YTy =y
1 2 1 2
A S P
1A TR Ty

g
1—X

(0%
= ﬁIISl‘—SyIIQJr lz — SylI?
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A
# oI o+ (~ 2529 0] bl

1—A
5+ BA 5+ BA
+ m”w — Sz|* + m”y — Syl|?
+ al
+é_APKw—&0—@—SwW§0

Therefore S is an (ﬁ, %, —ﬁ(a +28) + v, (‘if’f\; , %)—symmetric more gen-

eralized hybrid mapping. Furthermore, we obtain that
« 203

A T-x 1-x

C+ad B Ma+@)+C—B

(a+28)+y=a+28+7>0,

(1—-X2 1-X (1—X)2 20,
B B+vy—ANa+28+7~
= 1@t ISA <0
B o+ BA B+46
= > 0.
xtaoayr T aoap 2l
Therefore by Theorem 3.2 we obtain the desired result. O

4. UNIQUE FIXED POINT THEOREMS WITH BOUNDEDNESS

In this section, we first obtain a unique fixed point theorem with boundedness
for symmetric generalized hybrid mappings in a Hilbert space.

Theorem 4.1. Let H be a real Hilbert space, let C' be a nonempty bounded closed
convex subset of H and let T be an (o, 3,7, d )-symmetric generalized hybrid mapping
from C into itself such that the conditions (1) a+28+v >0, (2) a+ 8+ >0
and (3) 0 > 0 hold. Then

(i) T has a unique fized point u in C;
(i) for every z € C, a subsequence {T™z} of {T"z} converges to u.
In particular, if 8+~ <0, then {T"z} for all z € C' converges to u.

Proof. Since C' is bounded, {T"z : n = 0,1,...} is bounded for all z € C. For an
(a, 8,7, 0)-symmetric generalized hybrid mapping T' of C' into itself, we have that

a|Te — T 2| + B(|le = T 2|? + | T2 — T"z2|%) + v|la — T"z|?
+0(|x — Tx|)? + |77z — T 2)?) < 0

for all n € NU {0} and = € C. Since {T"z} is bounded, we can apply a Banach
limit z to both sides of the inequality. Since pu,||Tx — T"2||? = pn|| Tz — T 2|2
and pip ||z — T"2||? = pnljz — T 2|2, we have that

(+ B)pnl Tz = T"2|*+(8 + 7l — T2
+ (||l — Tal|? + pal| Tz = T 2|?) < 0.
Furthermore, since

ol Tz — T™2|* = || T2 — x||? + 2un(Tx — x,2 — T"2) + pn||z — T™2||%,
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we have that
(a+ B+ 0)|Tx — 2|® + 2(a + B)un (T — z,0 — T"z)
+ (@ + 28+ Ypnllz = T2|* + 6pa | T2 = T 2|2 < 0.

From (3) § > 0, we have that
(4.1) (a4 B+ 0Tz —z||® + 2(a + B pn(Tx — x,2 — T"2)

+ (@ + 28 +)pnllz — T"2|* < 0.
There exists p € H from Lemma 2.1 such that

pn(y, T"2) = (y, p)
for all y € H. From (4.1) we have that
(a+ B +0)|Tx —z|® + 2(a + B)(Tz —x,2 —p)

+ (@ + 28+ Y)pnllz — T"2|* < 0.

Since C' is closed and convex, we have that
peco{T"z:neN} CC.

Putting x = p, we have from (4.1) that
(42) (a+B+0)Tp—pl* + (a+ 28 +~)palp — T"z|* < 0.

We have from (2) a+ 8+ 6 > 0 and (1) o + 28+ > 0 that | Tp — p|* = 0 and
pnllp — T™z||? = 0. This implies that p is a fixed point of T. Furthermore, from

liminf ||p — T"2||? < pallp — T"2||> < limsup ||p — T"z||?,
n—o0 n—o00

we have that a subsequence {T"z} of {T™z} converges to p.
Let p1 and po be fixed points of T. Then we have that

o[ Tpr — Tpsl” + B(|lp1 — Tp2l” + | Tpr — p2|1*) + llp1 — p2|®
+6(|lp1 — Tp1|* + llp2 — Tp2|*) < 0

and hence (o + 28 +7)|lp1 — p2/|? < 0. We have from a + 23 + v > 0 that p; = po.
Therefore a fixed point of T" is unique. In particular, if 8+« < 0, then we have
that a + 8 > —(8 4+ ) > 0. We also have from (1.1) that
allTz —pl* + Bz — pI* + 1Tz = plI*) + Iz — plI* + 6]z — T=||* < 0.
Since § > 0, we have that
a| Tz = pl* + Bz = pl> + |1 Tz = pl*) + 4= = p|* <0
and hence
(@+ ATz —=p|* < =(B+)llz —p[*

From oo+ 8 > —(8 + ) > 0, we have that
Bty

a+

Since 0 < _ETJFZ% < 1, the sequence {T™z} for all z € C converges to p. This

completes the proof. O

1Tz = pl* < Iz = pl*.
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Using Theorem 4.1, we prove the following fixed point theorem.

Theorem 4.2. Let H be a real Hilbert space, let C' be a nonempty bounded closed
convex subset of H and let T be an (a, 83,7, 9, ()-symmetric more generalized hybrid
mapping from C into itself such that the conditions (1) a+28+~ >0, (2) a+ 5+
d+(¢>0and (3) 6+ ¢ >0 hold. Then

(i) T has a unique fized point u in C;
(ii) for every z € C, a subsequence {T™z} of {T"z} converges to u.

In particular, if B+ v <0, then {T"z} for all z € C' converges to u.
Proof. As in the proof of Theorem 3.2, we have that
(43)  (a+OITz =Tyl + (8- Q)(lle — Tyl + Tz — y|[2)
+(r+ Ol = yl? + @ + (e = Tz|* + ly — Tyl*) < 0.

The conditions (1) a + 28+~ > 0 and (2) a+ 8+ J + ( > 0 are equivalent to
(a+)+2(—¢)+(y+¢) >0and (o +¢)+ (B—C()+ (0 +¢) > 0, respectively.
Furthermore, since (3) 6 + ¢ > 0 holds, we have the desired result from Theorem
4.1. Furthermore, since 8 + v < 0 is equivalent to (5 — () + (v + ¢) < 0, we have
that {T"z} for all z € C' converges to u. U

The following theorem is an extension of Theorem 4.2.

Theorem 4.3. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be an («, 3,7, 6, ()-symmetric more generalized hybrid
mapping from C into itself which satisfies the conditions (1) a+ 25+~ > 0, (2)
a+B+35+¢ >0 and (3) there exists A € [0,1) such that (o + B)N+ 5+ > 0.
Then

(i) T has a unique fized point u in C;

(ii) for every z € C, a subsequence {(A + (1 —X)T)"z} of {(A]+ (1 —N)T)"z}

converges to u.

In particular, if B+ ~v <0, then {(A\ + (1 — X\)T)"z} for all z € C' converges to u.

Proof. Let A € [0,1) N {X: (a+ B)A+(+n > 0} and define S = (1 — \)T +
Al. Since C is convex, S is a mapping from C into itself. Since C is bounded,
{8"z : n = 0,1,...} is bounded for any z € C. Since A # 1, we obtain that
F(S) = F(T). Moreover, as in the proof of Theorem 3.3, we have that S is an

(%, %, —ﬁ(a +26) + 7, gtﬁi} , (Clt%\Z )—symmetric more generalized hybrid

mapping. Furthermore, we obtain that

« 203
1_/\4—1_)\—1_)\(a+26)+”y—a+2ﬁ+’y>0,
a B 0+ BA C+ax  a+B+d0+(¢

T W B W G B VR C R |l GRS\ DR

o+ BA C+a>\7(a+6)>\+5+C>O
D A (R A (P VR
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Therefore by Theorem 4.2 we obtain the desired result. Furthermore, if 5+ v <0,
then

A A
ﬁ*ﬁ(a+25)+7=5+7*ﬁ(a+ﬁ)

A
< -
<B+y+ 1_)\(5+’Y)
<0.
Thus {(AM + (1 —X)T)"z} for all z € C converges to a unique fixed point v of 7. [
For the case f + 0 = 0 in Theorem 4.3, we have the following theorem.

Theorem 4.4. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be an (o, B,7,—f,()-symmetric more generalized
hybrid mapping from C into itself, i.e., there exist a, 5,7, € R such that

(4.4) al| Tz=Ty|? + B(||lz — Tyl* + |z — y[*) + yllz — y||?
—B(llz = Tx|* + |y = Tyl*) +Cllz —y — (Tz = Ty)||* < 0

for all z,y € C. Furthermore, suppose that T satisfies the following conditions: (1)
a+2p+v >0, (2) a+¢ > 0 and (3) there exists A € [0, 1) such that (a+B)A—F+( >
0. Then

(i) T has a unique fized point u in C;
(ii) for every z € C, a subsequence {(A+ (1 —N)T)"z} of {M + (1 —NT)"z}
converges to u.

In particular, if B+ v <0, then {(A + (1 — \)T)"z} for all z € C converges to u.

5. APPLICATIONS

Using Theorem 3.1, we can first prove the following fixed point theorem.

Theorem 5.1. Let H be a real Hilbert space, let C' be a nonempty closed convex
subset of H and let T : C' — C be a contractive mapping, i.e., there exists a real
number r with 0 < r <1 such that

(5.1) [Tz = Tyl < rllz -y

for all x,y € C. Then the following hold:

(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {T"z} converges to w.

Proof. We have from (5.1) that
T2 = Ty|* —r?llz —y|I* <0

for all z,y € C. This implies that T is (1,0, —r2, 0)-symmetric generalized hybrid.
For «, 8, and § in Theorem 3.1, we have that

a+284+~7=1-r2>0,8=0<0, f+~y=—r? <0and S+ =0>0.

From Theorem 3.1, we have the desired result. U
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Let H be a real Hilbert space and let C' be a nonempty subset of H. Then
U:C — H is called a contractively strict pseudo-contraction if there exist s € [0,1)
and r € R with 0 < r < 1 such that

|Uz = Uyl2 < slle — gl + (L = U)z — (I - Uy, Va,yeC.
Using Theorem 3.3, we prove the following unique fixed point theorem.
Theorem 5.2. Let H be a real Hilbert space, let C' be a nonempty closed convex

subset of H and let U be a contractively strict pseudo-contraction from C into itself,
i.e., there exist s € [0,1) and r € R with 0 <r < 1 such that

(5.2) Uz — Uy|* < sllz = y|> +7|(I = U)x — (I = U)yl?, Va,ycC.
Then the following hold:
(i) U has a unique fixed point u in C;

(ii) for every z € C, the sequence {(A + (1 — N\)U)"z} converges to u, where
r<A<l.

Proof. In Theorem 3.3, we have that (1) a+28+vy=1—5> 0, (2) (a+5)A+(—F =
A—r>0forAe[0,1) withr <A<1,(3)8+~y=—-r<0and (4) 4+ =0. Thus
we have desired result from Theorem 3.3. O

Using Theorem 3.1, we have the following theorem for strict pseudo-contractions
in a Hilbert space.

Theorem 5.3. Let H be a real Hilbert space, let C' be a nonempty closed convex
subset of H and let T be a strict pseudo-contraction from C into itself, i.e., there
exists r € R with 0 <r < 1 such that

(5.3) |ITw = Ty|* < ||lz —yl* +r|(I = T)z — (I = T)yl>, Va,yeC.
Let u e C and s € (0,1) with r < s < 1. Define a mapping U : C — C as follows:
Ur=su+(1—-s)Tz, VzeC.
Then U has a unique fixed point z in C'. Furthermore, define a mapping S : C — C
as follows:
Sz=rz+(1—r)(su+(1-s)Tz), VzeCl.
Then, for all x € C, the sequence {S"x} converges to a unique fixed point z.
Proof. From (5.3), we have that for any z,y € C,
(5.4) 1Tz = Tyl|* = o = yl|* = rllz —y = (Tw = Ty)|* < 0.
For uw € C and s € (0, 1), define a mapping S : C — C as follows:
Sex=rz+(1—r)(su+(1-s)Tz), VoeC.
Since Sz =rx + s(1 — r)u+ (1 — r)(1 — s)Tz, we have that for any x € C,
Sz — Sy r(x—y)

T =Ty = A Sa—s  G=r{—s)

and

B Sz — Sy r(z —y)
x_y_(Tx_Ty)_a:—y—<(1_T)(1_5)_(1—7‘)(1—5)>
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_ T Np—y - 55y
(l+ufwxl—@>( Va0
Thus we have from (5.4) that

1Sz — Sy||* 2z — yl? 2r

Q=P (1—s? " T=rPi—sp  (A=rpRa—sp 575
2 2
et f1e NP TSz =Syl
lz— g (“*u—wx1—$>’ T e e
or (14 r ) L (z —y, Sz — Sy) <0
" < —n-s)aA-na—sc s2r=2m=0b
Then we have that
1 r2
m”sx - S@/HQ + (1— 7,)2(1 — 8)2 |z — yH2
2
—Hx—mﬁ—r(r+a_wil_$)|m—yw
T r(l—r)
2 (==~ o) e 0 <0
and hence
1 ) r2 ,
I R A
2
—nx—mﬁ—r<r+u_w;1_ﬁ)|u—yw
- G_SM(x—y,Sm—Sw <0.

Since 2(x — y, Sz — Sy) = ||z — Sy|*> + ||y — Sz|* — (||l& — Sz||* + ||y — Sy||?) and
2

2
(1—M%1—$2_1_T<L+U—4M1—$>

_ 7’2(1_7) 2r
—<1—r>2<1—s>2‘1”“<”<1—r><1—s>>
r 1—s+7%(1+s)

1-r)(1-s2 (A-r1-s)"
we have that

1

m”sl’ — SyH? _ m(nx . Sy”Q + ”y B Sl’H2)
r? 1—s+7%(1+s)
" ((1 —r)(1-952 (1-r)(1-s) > |l = yl|?

taona—ap o= Szl +ly = sulf) 0.
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For this inequality, we apply Theorem 3.1. We first obtain that
1 2rs r? 1—s+7r%(1+s)

(1-r)(1—-5)2 (1—7)(1-—s)? + (1—r)(1—s)2 B (1—r)(1—2s)
1—2rs+72—(1—35)2—r}1-s%

(I=7)(1—s)?
s(I=r)(2—s(1+1))
= T aona—sz U

Furthermore, we have that —m < 0. From r < s, we also have that

3 rs r? _1—3+r2(1+3)
T-ni—s2 T a-ni—s2 (-ni-s ="

Finally, we have that

rs rs

Ao s A-n1_s)p
Thus S has a unique fixed point z in C' from Theorem 3.1. Since z is a fixed point
of S, we have z =rz+ (1 —7r)(su+ (1 — s)Tz). From 1 —r # 0, we have that

z=su+ (1—s)Tz.

=0.

From Theorem 3.1, we also have that for all x € C, {S™x} converges strongly to a
unique fixed point z. This completes the proof. O

Using Theorem 4.1, we can prove the following fixed point theorems.

Theorem 5.4. Let H be a real Hilbert space, let C be a nonempty bounded closed
conver subset of H and let T : C — C be contractively nonspreading, i.e., there
exists a real number s with 0 < s < % such that

(5.5) 1Tz — Ty|* < s{l|ITz —y|* + |Ty — =[*}
for all x,y € C. Then

(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {T"z} converges to u.

Proof. From (5.5) we have that
1Tz = Ty|* = s(lle = Ty||* + | Tz — y[*) < 0

for all z,y € C. That is, T is a (1, —s, 0, 0)-symmetric generalized hybrid mapping.
For a, B, and § in Theorem 4.1, we also have that

a+284+7v=1-2s>0,a0a+8+dd=1-s5s>0and d=02>0.

From Theorem 4.1, we have the desired result. Furthermore, since g +v = —s < 0,
we have that for every z € C, the sequence {T"z} converges to u. O

Theorem 5.5. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T : C — C' be contractively hybrid, i.e., there exists a
real number s with 0 < s < % such that

(5.6) 1T = Ty|* < s{l| Tz — y|* + | Ty —|* + |l — yII*}
for all x,y € C. Then
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(i) T has a unique fized point u in C;
(ii) for every z € C, the sequence {T"z} converges to u.

Proof. From (5.6) we have that
1Tz = Ty|* = s(|la — Tyll* + | Tz — y|I*) = sllz —y|> <0
for all z,y € C. Thus T is a (1, —s, —s,0)-symmetric generalized hybrid mapping.
For «, 8, and § in Theorem 4.1, we also have that
a+284+v=1-3s>0,a+p8+0=1—s>0and § =0 > 0.
From Theorem 4.1, we have the desired result. Furthermore, since S+~ = —2s < 0,

we have that for every z € C, the sequence {T"z} converges to u. g

Using Theorem 4.1, we obtain an extension of Theorem 1.1 which was proved by
Browder [4].

Theorem 5.6. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be a strict pseudo-contraction from C into itself, i.e.,
there exists r € R with 0 < r < 1 such that

(5.7) 1Tz = Ty|* < |l =yl +7|(I - T)e — (I = T)yl?, Vaz,yeC.
Let u € C and sy, € (0,1) for all n € N. Define a mapping Uy, : C — C as follows:
Upx = spu+ (1 —s,)Tz, YreC, neN.

Then the following hold:

(i) U, has a unique fized point z, in C;

(ii) #f sp — 0, then the sequence {2} converges to Pp(ryu, where Ppry is the

metric projection of H onto F(T).
Proof. We first note from Lemma 2.2 that F(7T) is nonempty, closed and convex.
Then there exists the metric projection Pg(7) of H onto F(T'). For the proof of (i),
see [23]. However, for the sake of completeness, we give the proof as in the proof of
Theorem 5.3. For u € C' and s, € (0,1) for all n € N, define a mapping S,, : C — C
as follows:
Spx=rz+ (1 —7)(spu+ (1 —s,)Tx), VreCl.
As in the proof of Theorem 5.3, from (5.7) we have that
sl
(1 —7)(1—sp)?

TSnp

(I —7)(1 — sp)?

S — Spyll* — (lz = Suyll* + lly — Snzll*)

+< 72 B 1—Sn+r2(1+8n)> T
(T =7)(1 —sp)? (1—7)(1—sp)
TSp, ) )
-5 -5 <0.
e le = Sl +lly = SwlP) <
For this mapping S,, we apply Theorem 4.1. We first have that
1 2rsn r’ 1—s,+ 72(1 + Sn)

(1—r)(1=s,)2 (1—7)(1—sp)? + 1-r)(1=s,)2  (1=7)(1—sp)
_ Sn(1=71)(2—=sp,(147))

(1 —=7)(1—sp)?

> 0.
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Furthermore, we have that

1 TSp TS B 1
A= —5)2 (-n0-s) A=nl-s)? OA=nd=sp "
TR

Thus S, has a unique fixed point z, in C' from Theorem 4.1. Since z, is a fixed
point of Sy, we have z, = rz, + (1 — r)(spu + (1 — s,)T2y). From 1 —r # 0, we
have that

Zn = Spu+ (1 — s)Tzp = Upzy,.

To show that {z,} converges strongly to uy = Prryu, we may show that each
subsequence {zp,} of {z,} has a subsequence {z,,;} of {zy,} such that z,,; — uog.
To show this, put v; = z,,. Without loss of generality, we may assume that {v;}
converges weakly to v € C. Let us show v € F(T). From s, — 0, we get that
zp — Tz, — 0. In fact, from

zn = Upzn = (1 — sp)T2n + spu,
we get
2n — T2y = sp(u—Tzy).
Since {T'z,} is bounded, from s,, — 0 we obtain that z, — Tz, — 0. Since v; =

Zn;, — v, from Lemma 2.6 we get v = Twv. Using v € F(T), we show that {v;}
converges strongly to ug = Pp(ryu. Since v; is a fixed point of Uy, we get

v; = (1 — sp,)T0; + Sp,u

and hence

(5.8) Sn; Vi + (1 — sp,) (vi — Tv;) = sp,u.
From wuy € F(T) we also have that

(5.9) Sn;up + (1 — sp, ) (ug — Tug) = sp,up.

Setting A = I — T, where I is the identity mapping, from (5.8) and (5.9) we obtain
that

Sn,; (Vi — w0, v; — up) + (1 — sp,; ) (Av; — Aug, v; — uo)
= Sp, (u — ug, v; — up).

We know from Lemma 2.4 that

<A’Ui — AUO,’UZ' — u0> Z 9 " HAUz — A’LLU||2.

Thus we get that
Sn, ||vi — U0”2 < Sp,; (U — up, v; — up).
Then we obtain that
v — uo||? < (u — ug, v — ug)
= (u — ug,v; — V) + (u — ug, v — ug).
From up = Pp(ryu and v € F(T'), we get that

{(u — ug,v —up) <0.
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Using this inequality, we obtain that

||vi — uoH2 < {u — up,v; — v).

From v; — v, we get that v; — ug. O
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