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Abstract

This manuscript proposes a generalization of weak convergence and
study of fixed point in a real Hilbert space for quasi-nonexpanding maps.
In this work, we introduce a class of fixed points theorems for nonexpan-
sive mapping and generalized form of nonexpansive mapping under the
Hilbert space. In addition, we obtained under quasi nonexpansive map-
ping weak convergence with respect to Hilbert space by Mann’s Type.
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1 Introduction

A significant area of research in pure as well as applied mathematics is
fixed point theory. The Fixed-Point Theory has many applications in various
fields namely Approximation Theory, Integral Equations, Game Theory, Opti-
mization, Economics, and several others [1]. How to solve nonlinear equations
like Tx = 0 is one of the fundamental issues in mathematics. We can utilise
iterative techniques like Newton methods and its variations to solve these prob-
lems. We must therefore employ approximation techniques because the zeros of
a nonlinear equation cannot be stated in closed forms. Nowadays, we frequently
employ iterative techniques to obtain a system’s approximate solution. The
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general Newton’s method is frequently used approach. Recent advancements in
the solution system have made it possible for us to reach iterative formulae by
employing Taylor’s polynomial, quadrature formulas, and other methods. One
of the powerful and versatile solution technique for solving nonlinear equations
is Fixed point iterative method [2]. Recently many fixed-point results have been
discussed in different type of non-expansive mappings [3, 4].
Let H be any Hilbert space having convex closed subset of K which is non
empty. Now define a continuous mapping S from convex subset K to convex
subset K. A point a ∈ K known as a fixed point of continuous mapping S if
S(a) = a. Additionally, the F (S) denotes the collection of all fixed points for
S. A fixed point’s existence theorems of single-valued nonexpansive mappings
has been studied by a few authors [5]. A mapping T : B → B defined on space
B if is known as nonexpansive mapping ∥Tµ − Tζ∥≤ ∥µ − ζ∥,∀µ, ζ in space
B. A general map T : B → B defined on space B is called quasi-nonexpansive
mapping provided it has fixed point in space B and if ϑ ∈ B is fixed point of T ,
then ∥Tµ − ϑ∥≤ ∥µ − ϑ∥,∀µ ∈ B. Thus every nonexpansive mapping becomes
quasi-nonexpansive if it has a minimum one fixed point. A mapping T : B → B
described as being generalised nonexpansive if ∀µ, ϑ ∈ B and m,n, o ≥ 0, the
mapping T satisfy
∥Tµ − Tϑ∥≤ m∥µ − ϑ∥+n {∥µ− Tµ∥+∥ϑ− Tϑ∥} + o {∥µ− Tϑ∥+∥ϑ− Tµ∥}
with m+ 2n+ 2o ≤ 1 [6].
Let B be convex subset of X. For µj ∈ B, define a sequence {µ}∞n=1 such that
µn+1 = (1 − βn)µn + βnTµn, where {βn}∞n=1 is a sequence of positive number
βn ∈ [a, b] for all n ∈ N and 0 < a < b < 1. A mapping T : B → B is demiclosed
with respect to ω ∈ X if for each sequence {µn} ⊂ B and each µ ∈ X it follows
from µn ⇀ µ and limT (µn) = ω that µ ∈ B and T (µ) = ω. The set of fixed
point of T is denoted by the abbreviation F (T ) [7].

2 Preliminaries

Firstly we introduce some lemmas and definitions.
Definition 2.1 [7] Any Banach space X is called a Hilbert space if there exit
a scalar product defined on space X such that the norm defined in space X is
same as the norm defined by the relation τ = <τ, τ>1/2.
• Let l2 be the set contains the elements of the form τ = (τ1, τ2, ....) such that

∥τ∥=
∞∑
i=1

|τ2i |1/2< ∞.

• The inner product space (Rn, < ., . >) equipped with the induced norm given
by

∥τ∥=< τ, τ >1/2=

( ∞∑
i=1

|ηi|2
)1/2

such that (η1, η2, ...ηn) ∈ Rn
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Definition 2.2 [6] Let H be any Hilbert space, mapping T defined on Hilbert
space H is nonexpansive if

d(Tζ, Tϑ) ≤ d(ζ, ϑ), ∀ζ, ϑ ∈ H

Definition 2.3 [6] Let H be any Hilbert space then the mapping T on Hilbert
space H is quasi nonexpansive if

d(Tµ, ϑ) ≤ d(µ, ϑ),∀µ ∈ H,∀ϑ ∈ F (T )

such that mapping T has at least one fixed point.
Definition 2.4 [7] The Opial’s condition is crucial for understanding the demi-
closed Ness the nonlinear mappings principle as well as the geometry of spaces
and sequence convergence. Any If Space X meets the requirement of the Opial,
a sequence ζn defined on space X converges weakly to any ζ0 ∈ X then

lim
n→∞

inf∥ζn − ζ0∥< lim
n→∞

inf∥ζn − ζ∥,∀ζ ∈ X and ζ ̸= ζ0

Here if we replace the strict inequality < by the inequality ≤ then, we obtain
weak Opial’s condition.
Definition 2.5 [5] Let E ⊆ H where H is a Hilbert space and T : E → H is a
map defined from E to Hilbert space H. Then the mapping T is demiclosed at
any s ∈ H if for any corresponding sequence ζn ∈ E the mapping T follow the
condition as:

ζn → β ∈ E and Tζn → ϑ ⇒ Tβ = ϑ

An Opial’s Condition defined on reflexive Banach space X such that E is a
not empty space X closed convex subset containing a nonexpansive mapping
T : E → X then I − T is demi closed.
Lemma 2.6 [8] Assume a Hilbert space H such that E ∈ H then S : E →
CB(E) is called mapping of Condition (A) if

∥µ− ϑ∥= d(µ, Sϑ), for all µ ∈ H and ϑ ∈ F (s).

Lemma 2.7 [9] Let H be a real Hilbert space and K ∈ H such that a quasi
nonexpansive map from S : H → CB(H) with F (S) nonempty. Then, F (S) is
said to be closed and if S fullfill above Condition (A), then F (S) is said to be
convex. The mapping S is said to hybrid if

3H(Sµ, Sω)2 ≤ ∥µ− ω∥2+d(ω, Sµ)2 + d(µ, Sω)2,∀µ, ω ∈ K

Lemma 2.8 [5] Let H be a Hilbert space such that E ∈ H and S : E → E(E)
is hybrid mapping. Assume ϑn be a sequence in mapping E such that ϑn → ϑ
and lim

n→∞
∥ϑn − yn∥= 0 for sequence yn ∈ Sϑn. Then, ϑ ∈ Sϑ.
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3 Quasi Nonexpansive Mapping with Respect
to Hilbert Space

Lemma 3.1 Let X be a normed space with a convex subset C and mapping
T : C → C defined on space C be a quasi-nonexpansive mapping. Suppose that
{ζn}∞n=1 is a sequence such that ζ1 ∈ C. Then, the limit lim

n→∞
∥ζn− ζ∥ exists for

each ζ ∈ F (T ).
Proof: We have given that the mapping T is a quasi-nonexpansive mapping.
Hence, we have

∥ζn+1 − ζ∥= ∥(αnTζn + (1− αn)ζn)− ζ∥
≤ αn∥Tζn − ζ∥+(1− αn)∥ζn − ζ∥= ∥ζn − ζ∥,

For each ζ ∈ F (T ). Hence, the sequence {∥ζn − ζ∥}∞n=1 is a bounded below and
nonincreasing sequence, so from this we conclude that the limit lim

n→∞
∥ζn − ζ∥

exists for each ζ ∈ F (T ).
Lemma 3.2 Let us consider a uniformly convex Hilbert space X, 0 < b < d < 1,
β ≥ 0, tn ∈ [ b, d] and {ζn}∞n=1 and {ϑn}∞n=1 are sequences defined on Hilbert
space X such that

lim sup∥ζn∥≤ β, lim sup∥ϑn∥≤ β, and lim
n→∞

∥tnζn + (1− tn)ϑn∥= β

then the lim
n→∞

∥ζn − ϑn∥= 0.

Lemma 3.3 Let us consider uniformly convex Hilbert space X with a convex
subset C of X and T : C → C be a quasi-nonexpansive mapping. Assume that
µ1 ∈ C and {µn}∞n=1 is a sequence then the limit lim

n→∞
∥µn − Tµn∥= 0.

Proof: Let µ be fixed point of quasi-nonexpansive mapping T . Now, we
know that limit d = lim

n→∞
∥µn − µ∥= 0. is well-defined by Lemma 3.1 and

lim
n→∞

Sup∥Tµn − µ∥≤ d Since, ∥Tµn − µ∥≤ ∥µn − µ∥ for all natural numbers.

Additionally, we know that

lim
n→∞

∥αn(Tµn − µ) + (1− αn)(µn − µ)∥= lim
n→∞

∥µn+1 − µ∥= d

So, from lemma 3.2 we conclude that lim
n→∞

∥Tµn − µn∥= 0.

Theorem 3.4 Let us consider a uniformly convex Hilbert space X satisfying
Opial’s condition and C be a closed subset of Hilbert space X, and mapping
T : C → C be a quasi-non-expansive mapping with I − T demiclosed with
respect to zero. Suppose that ζ1 ∈ C Then the sequence {ζn}∞n=1 converges
weakly to some fixed point of quasi-non-expansive mapping T .
Proof: Let us consider two weakly convergent subsequences {ζ∅n

} and {ζψn
}

of sequence {ζn} which are weakly convergent to some points ζ and ϑ in C,
respectively. Since lim

n→∞
∥ζn − Tζn∥= 0 by Lemma 3.3 and I − T is demiclosed

with respect to zero such that Tζ = ζ and Tϑ = ϑ

4
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Now, put a = lim
n→∞

∥ζn−ϑ∥ by lemma 3.1. Assume that ζ ̸= ϑ and consider the

fact that ζ∅n
⇀ ζ and ζψn

⇀ ϑ then from the Opial’s condition we get

a = lim inf∥ζ∅n
− ζ∥< lim inf∥ζ∅n

− ϑ∥= b,

b = lim inf∥ζψn
− ϑ∥< lim inf∥ζψn

− ζ∥= a,

Which is a contradiction. Hence ζ = ϑ.
This shows that the above sequence {ζn}∞n=1 has exactly one weak cluster point,
from which we conclude that the sequence {ζn}∞n=1 converges weakly to some
τ ∈ C. On Repeating the above concept we conclude that Tτ = τ . Hence, the
sequence {ζn}∞n=1 converges weakly to some fixed point of T .

4 Generalized Quasi-Nonexpansive Mapping un-
der Hilbert Space

A map T : H → H defined on Hilbert space H is said to be generalized quasi
nonexpansive mapping if ∀µ, ϑ ∈ C and m,n, o ≥ 0, mapping T satisfies

∥Tµ− Tϑ∥≤ m∥µ− ϑ∥+n {∥µ− Tµ∥+∥ϑ− Tϑ∥}+ o {∥µ− Tϑ∥+∥ϑ− Tµ∥}

with m+ 2n+ 2o ≤ 1.
Theorem 4.1 Let H be a uniformly convex Hilbert space with a bounded convex
subset C of H. Mapping T be a generalized quasi nonexpansive mapping. Then,
for any small ϵ ≥ 0 there exists a small δ(ϵ) > 0 will be such that for each pair
of points ζ0, ζ1 in C with ∥Tζn − ζ1∥≤ δ(ϵ), and for any point ζ lies on the line
segment joining point ζ0 to point ζ1 with ∥Tζ − ζ∥≤ ϵ.
Proof: We have given that the point ζ lies on the line segment joining point ζ1
to point ζ2. Therefore,

ζ = (1− λ)ζ1 + λζ2, 0 ≤ λ ≤ 1.

Now, define f = b+ c. Suppose ∥ζ1 − ζ2∥≤ ϵ(1− f)/4. Then, for each ζ lies on
the line segment joining the points ζ0 to ζ1,

∥ζ − ζ1∥≤ ϵ(1− f)/4

∥Tζ − ζ∥≤ ∥Tζ − Tζ1∥+∥Tζ1 − ζ1∥+∥ζ1 − ζ∥

therefore, we get

(1− c)∥Tζ − Tζ1∥≤ α∥ζ − ζ1∥+b {∥ζ − Tζ∥+∥ζ1 − Tζ1∥}
+c {∥ζ − Tζ1∥+∥ζ1 − Tζ∥} − c∥Tζ − Tζ1∥

≤ α∥ζ − ζ1∥+b {∥ζ − Tζ∥+∥ζ1 − Tζ1∥}
+c {∥ζ − Tζ1∥+∥ζ1 − Tζ1∥}

≤ (a+ c)∥ζ − ζ1∥+b∥ζ − Tζ∥+(b+ 2c)∥ζ1 − Tζ1∥
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hence,

∥Tζ − ζ∥≤ ∥Tζ − Tζ1∥+∥Tζ1 − ζ1∥+∥ζ1 − ζ∥

≤
(
1 +

a+ c

1− c

)
∥ζ − ζ1∥+

b

1− c
∥ζ − Tζ∥

+

(
1 +

b+ 2c

1− c

)
∥ζ1 − Tζ1∥

and

∥Tζ − ζ∥≤ 1 + a

1− b− c
∥ζ − ζ1∥+

1 + b+ c

1− b− c
∥ζ2 − Tζ1∥≤

ϵ

2
+

2

1− f
δ(ϵ) ≤ ϵ

if δ(ϵ) < (1− f)ϵ/4.
Therefore, we consider only that couple of points ζ1, ζ2 which satisfying the
condition ∥ζ1 − ζ2∥≥ (1− f)ϵ/4.
Let d0 = diam(C). Then, for λ < ϵ 1−f4d0

, ∥ζ − ζ1∥= λ∥ζ2 − ζ1∥< ϵ(1− f)/4 and

by the argument, ∥Tζ − ζ∥< ϵ. Hence, we must consider only λ ≥ ϵ(1−f)
4d0

. If
1 − λ < ϵ(1 − f)/4d0, then ∥ζ − ζ2∥= (1 − λ)∥ζ2 − ζ1∥< (1 − f)/4d0. And,
applying the same argument with ζ2 replacing ζ1, again we get ∥Tζ − ζ∥< ϵ.
Therefor we get

λ ∈
[
ϵ(1− f)

4d0

]
.

set y = Tζ. Then

∥y − ζ1∥≤ ∥Tζ − Tζ2∥+∥Tζ1 − ζ1∥

and

∥Tζ − Tζ1∥≤ α∥ζ − ζ1∥+b[∥ζ − ζ1∥+∥ζ1 − Tζ∥+∥ζ1 − Tζ1∥]
+c[∥ζ − ζ1∥+∥ζ1 − Tζ1∥+∥ζ1 − Tζ∥].

thus,

(1− b− c)∥Tζ − ζ1∥≤ (a+ b+ c)∥ζ − ζ1∥+(1 + b+ c)∥ζ1 − Tζ1∥,

and

∥Tζ − ζ1∥≤ ∥ζ − ζ1∥+2(1− f)−1∥ζ1 − Tζ2∥≤ λ∥ζ1 − ζ2∥+2δ(ϵ)/(1− f).

similarly,

∥Tζ − ζ2∥≤ (1− λ)∥ζ1 − ζ2∥+2δ(ϵ)/(1− f)

set

z0 = λ−1∥ζ1 − ζ2∥−1(y − ζ1),

z1 = (1− λ)−1∥ζ1 − ζ2∥−1(ζ2 − y).

6
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then

∥z0∥≤ 1 +
64d0δ(ϵ)

ϵ2(1− f)3
.

similarly

∥z1∥≤ 1 +
64d0δ(ϵ)

ϵ2(1− f)3
.

but we know that

∥λz0 + (1− λ)z1∥= 1.

and H is a Uniformly convex Hilbert space. Hence, if we choose positive δ(ϵ) as
small as possible then, we have ∥z0 − z1∥< ϵ/d0. Thus,

∥y − ζ∥= ∥((1− λ)(y − ζ1)− λ(ζ − y) = λ(1− λ)∥ζ1 − ζ2∥∥z0 − z1∥< ϵ)∥.

Hence, for any small ϵ > 0 there exists a small δ(ϵ) > 0 such that for each pair
of points ζ0, ζ1 in C with ∥Tζn − ζ1∥≤ δ(ϵ), and for any point ζ lies on the line
segment joining point ζ1 to point ζ2 with ∥Tζ − ζ∥≤ ϵ.

5 Weak Convergence of Quasi-Nonexpansive Map-
ping with Respect to Hilbert Space by Mann’s
Type

In 1953, Mann[11] created the standard Mann’s iteration technique. Since
Mann’s iterative approach for creating fixed points for nonexpansive mapping
has been thoroughly studied by other authors. The typical Mann’s iterative
procedure produces the sequence {ϑn} as follows:

ϑ1 = ϑ ∈ K

ϑn+1 = (1− ζn)ϑn + ζnTϑn, ∀ n ≥ 1

Where < ζn > is a sequence lies in 0 to 1. Mann’s Type weak convergence
theorem for quasi-nonexpansive mapping.
For quasi-nonexpansive mapping in Hilbert space, we provide a weak conver-
gence theorem of mann’s kind [11] in this section. Before demonstrating this,
we address several common findings, such as:
Lemma 5.1 Let T be quasi-nonexpansive map defined from closed convex sub-
set C of Hilbert space H to C. Then, I − T is demiclosed.
Proof: We have given that T : C → C be a quasi nonexpansive mapping
defined on Hilbert space H. Then, for any real γ, δ ∈ R we have

γ∥Tζ − Tϑ∥2+(1− γ)∥ζ − Tϑ∥2≤ δ∥Tζ − ϑ∥2+(1− δ)∥ζ − ϑ∥2 (5.1)

7
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for all ζ, ϑ ∈ C.
Now, suppose ζn ⇀ r and ϑn ⇀ Tζn → 0. Let us consider

γ∥Tζn − Tr∥2+(1− γ)∥ζn − Tr∥2≤ δ∥Tζn − r∥2+(1− δ)∥ζn − r∥2 (5.2)

from these inequalities, we have

γ∥Tζn − ζn + ζn − Tr∥2+(1− γ)∥ζn − Tr∥2≤ δ∥Tζn − ζn + ζn − r∥2+(1− δ)∥ζn − r∥2

and hence

γ(∥Tζn − ζn∥2+∥ζn − Tr∥2+2⟨Tζn − ζn, ζn − Tr⟩) + (1− γ)∥ζn − Tr∥2

≤ δ(∥Tζn − ζn∥2+∥ζn − r∥2+2⟨Tζn − ζn, ζn − Tr⟩) + (1− δ)∥ζn − r∥2

now, we apply a Hilbert limit µ on both the sides of the above inequality, then
we have

γµn(∥Tζn − ζn∥2+∥ζn − Tr∥2+2⟨Tζn − ζn, ζn − Tr⟩) + (1− γ)µn∥ζn − Tr∥2

≤ δµn(∥Tζn − ζn∥2+∥ζn − r∥2+2⟨Tζn − ζn, ζn − Tr⟩) + (1− δ)µn∥ζn − r∥2

and hence

γµn∥ζn − Tr∥2+(1− γ)µn∥ζn − Tr∥2≤ δµn∥ζn − r∥2+(1− δ)µn∥ζn − r∥2

so, we have

µn∥ζn − Tr∥2≤ µn∥ζn − r∥2

since,

µn∥ζn − r∥2+µn∥ζn − r + r − Tr∥2≤ µn∥ζn − r∥2

therefore, finally we get

µn∥ζn − r∥2+µn∥r − Tr∥2+2µn⟨ζn − r, r − Tr⟩ ≤ µn∥ζn − r∥2

so, we from all these we get µn∥r− Tr∥2≤ 0 and ∥r− Tr∥2≤ 0. Which implies,
Tr = r. Therefore, I − T is demiclosed.

Theorem 5.2 Let T be quasi-nonexpansive map defined from closed convex
subset C of Hilbert space H to C with at least one fixed point i.e. F (T ) =
{ρ ∈ C : Tρ = ρ} and F (T ) ̸= ∅. Let G be a metric protection of Hilbert space
H onto F (T ) and {xn} be a real number sequence lies between 0 and 1 such
that lim

n→∞
inf xn(1− xn) > 0. Let ⟨xn⟩ generates a sequence ⟨ρn⟩ such that

ρn+1 = xnρn + (1− xn)Tρn, n = 1, 2, 3. . . .., ρ1 = ρ ∈ C

then the sequence ⟨ρn⟩ converges weakly to a member ϑ of F (T ) such that
ϑ = lim

n→∞
Gρn.

8
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Proof: : Let ζ ∈ F (T ) and T be a quasi-nonexpansive mapping defined on
Hilbert space H. Then, we have

∥ρn+1 − ζ∥2= ∥xρn + (1− xn)Tρn − ζ∥2≤ xn∥ρn − ζ∥2+(1− xn)∥Tρn − ζ∥2

≤ xn∥ρn − ζ∥2+(1− xn)∥ρn − ζ∥2= ∥ρn − ζ∥2

For all natural numbers. Hence, the limit lim
n→∞

∥ρn − ζ∥2 exists. So, we can say

that the sequence {ρn} is bounded.
we also have

∥ρn+1 − ζ∥2= ∥xnρn + (1− xn)Tρn − ζ∥2

= xn∥ρn − ζ∥2+(1− xn)∥Tρn − ζ∥2−xn(1− xn)∥Tρn − ρn∥2

≤ xn∥ρn − ζ∥2+(1− xn)∥ρn − ζ∥2−xn(1− xn)∥Tρn − ρn∥2

= ∥ρn − ζ∥2−xn(1− xn)∥Tρn − ρn∥2

so, we have

xn(1− xn)∥Tρn − ρn∥2≤ ∥ρn − ζ∥2−∥ρn+1 − ζ∥2

since the limit lim
n→∞

∥ρn − ζ∥2 exists and lim inf
n→∞

xn(1 − xn) > 0, we have

∥Tρn − ρn∥2→ 0. The above defined sequence {ρn} is bounded. Hence, there
exists a subsequence {ρni

} of sequence {ρn} such that ρni
→ v. By lemma 5.1,

we obtained a fixed point ϑ ∈ F (T ). Similarly, let us assume that {ρni
} and{

ρnj

}
are the two sub sequences of sequence {ρn} such that ρni → ϑ1andρnj →

ϑ2. Now, for proving the given theorem we must show that ϑ1 = ϑ2. we know
ϑ1, ϑ2 ∈ F (T ) and hence, the limits lim

n→∞
∥ρn − ϑ1∥2 and lim

n→∞
∥ρn − ϑ2∥2 are

exist.
now, Put

α = lim
n→∞

(∥ρn − ϑ1∥2−∥ρn − ϑ2∥2), for all positive integers.

∥ρn − ϑ1∥2−∥ρn − ϑ2∥2= 2⟨ρn, ϑ2 − ϑ1⟩+ ∥ϑ1∥2−∥ϑ2∥2

such that ρni ⇀ ϑ1 and ρnj ⇀ ϑ2 then, we get

α = 2⟨ϑ2, ϑ2 − ϑ1⟩+ ∥ϑ1∥2−∥ϑ2∥2 (5.3)

and

α = 2⟨ϑ2, ϑ2 − ϑ1⟩+ ∥ϑ1∥2−∥ϑ2∥2 (5.4)

Now, by combining these two equations, we obtain 0 = 2⟨ϑ2 −ϑ1, ϑ2 −ϑ1⟩ and
hence ∥ϑ2 − ϑ1∥2= 0. So, we get ϑ2 = ϑ1. This implies that the sequence {ρn}
converges weakly to an fixed point ϑ of F (T ).

9
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Since ∥ρn+1 − ζ∥2≤ ∥ρn − ζ∥ for all ζ ∈ F (T ) and n ∈ N and we already see
that the sequence {Gxn} firmly converges to a fixed point g of F (T ). From the
property of g we have

⟨xn −Gxn, Gxn − y⟩ ≥ 0

for all fixed points y ∈ F (T ) and n ∈ N . Since the sequence ρn converges to ϑ
and the sequence Gxn converges to g. So, we can say that

⟨ϑ− g, g − y⟩ ≥ 0

for all y ∈ F (T ). Putting y = ϑ, we get g = ϑ. This means ϑ = lim
n→∞

Gρn.

Therefore, the sequence ⟨ρn⟩ converges weakly to a member ϑ of F (T ) such that
ϑ = lim

n→∞
Gρn.

Conclusion

This article’s objective is to give a common approach for talking about the fixed
point of generalized quasi-nonexpansive mapping and quasi-nonexpansive map-
ping with respect to Hilbert space. The research piece concludes by presenting
a novel approach to examining the fixed-point theorems for quasi-nonexpansive
mapping and its generalized form about Hilbert space.
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