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Abstract

Let X be a uniformaly convex Banach space, K 6= ∅ be a closed and
convex subset of X and T : K → C(K) be a multivalued nonexpansive
mapping. It is showen that the sequence of Noor iterates converges
to an endpoint of T . The one related strong convergence result in a
complete CAT(0) space is also given. This improve, extend and unify
some recently announced result of the current literature.
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1 Introduction and preliminaries

Let T be a mapping on a subset K of a metric space (X, d), then a point p ∈ K
is called fixed point of T if Tp = p. It is important to note here that several
iteration processes having various number of steps have been employed for the
purpose of the approximation of fixed points for various classes of nonlinear
operators. The well-known Mann [14] and Ishikawa [12] iterative processes are
respectively defined as:{

x1 ∈ K,
xn+1 = (1− αn)xn + αnTxn, n ∈ N,

where αn ∈ [0, 1]. 
x1 ∈ K,
yn = (1− βn)xn + βnTxn,
xn+1 = (1− αn)xn + αnTyn, n ∈ N,

where αn, βn ∈ [0, 1].
In [15], Noor introduced a three step iterative process and studied the

approximate solution of variational inclusion in Hilbert spaces:
x1 ∈ K,
zn = (1− γn)xn + γnTxn,
yn = (1− βn)xn + βnTzn,
xn+1 = (1− αn)xn + αnTyn, n ∈ N,

where αn, βn, γn ∈ [0, 1]. This iteration process was further studied by many
researchers to approximate fixed points for various classes of nonlinear oper-
ators (see e.g., [5, 13, 26, 29]). It is observed that in many respects a three
step iterative process is better than a two and a one step iterative process in
giving numerical results under certain conditions (see, e.g., [1, 10, 11]). Thus
we conclude that studying three-step iterative processes is very important in
solving various numerical problems arising in pure and applied sciences.

Throughout this paper, N stands for the set of natural numbers and R
stands for the set of real numbers. Let (X, d) be a metric space, K be a
nonempty subset of X. For x ∈ X define;

d(x,K) = inf{d(x, y) : y ∈ K}, ( distance between x and K),

D(x,K) = sup{d(x, y) : y ∈ K}, (radius of K relative to x).

We shall denote set of all nonempty and compact subsets of K by C(K).The
Hausdorff distance on C(K) is defined as:

H(A,B) = max

{
sup
x∈A

d(x,B), sup
y∈B

d(y, A)

}
, for each A,B ∈ C(K).
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A multivalued mapping T : K → C(K) is said to be nonexpansive if

H(Tx, Ty) ≤ d(x, y), for eachx, y ∈ K.

A point p ∈ K is said to be a fixed point of T : K → C(K) if p ∈ Tp and an
endpoint (or a stationary point) of T : K → C(K) if Tp = {p}. From now on,
we will denote set of all endpoints and set of all fixed points of T by E(T ) and
F (T ) respectively. Note that, T : K → C(K) is said to satisfy the endpoint
condition [7] if E(T ) = F (T ). The theory of multivalued mappings is harder
than the corresponding theory of single valued mappings. Different iterative
procedures have been developed to approximate the fixed points of multivalued
mappings. Keep in mind, Sastry and Babu [23] proved Mann and Ishikawa
type some convergence results for multivalued nonexpansive mappings in the
framework of Hilbert spaces. Panyanak [20] extended the results of Sastry
and Babu [23] to the framework of uniformly convex Banach spaces. Actually,
Panyanak [20] proved some results using Ishikawa type iterative procedure
without the endpoint condition. Song and Wang [25] showed that without the
endpoint condition his procedure was not well-defined. They reconstructed the
procedure using the endpoint condition which made it well-defined. After this,
Shahzad and Zegeye [24] introduced two types Ishikawa iteration procedures.
Note that, their first type procedure also requires the endpoint condition.

Obviously, for any multivalued mapping T , we have E(T ) ⊆ F (T ). Thus
the concept of endpoints seems to be more difficult (but more important) than
the concept of fixed points. However, both the concepts are coincides when T
is a single-valued mapping because, in this case, E(T ) = F (T ). For existence
results of endpoints for multivalued nonexpansive mappings in the framework
of Banach spaces, we refer the reader to [22, 19, 9]. Recently, Panyanak [17]
used Ishikawa type iteration to approximate the endpoints of nonexpansive
mappings in Banach space.

Motivated by the above facts in this paper, we first introduce a Noor iter-
ation process for nonexpansive multivalued mappings in Banach spaces:

x1 ∈ K,
zn = (1− γn)xn + γnun,
yn = (1− βn)xn + βnvn,
xn+1 = (1− αn)xn + αnwn, n ∈ N,

(1)

where un ∈ Txn such that ||xn − un|| = D(xn, Txn), vn ∈ Tzn such that
||zn − vn|| = D(zn, T zn) and wn ∈ Tyn such that ||yn − wn|| = D(yn, T yn).

The results we obtain are the generalizations and improvement of [17], [18]
and references therein.

Definition 1.1. ([6]). A Banach space X is said to be uniformly convex if
for each ε ∈ (0, 2], there is a σ > 0 such that for every x, y ∈ X,
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||x|| ≤ 1
||y|| ≤ 1
||x− y|| > ε

 =⇒1
2
||x+ y|| ≤ (1− σ).

Definition 1.2. ([16]). A Banach space X is said to have Opial’s property
if for each sequence {xn} in X which weakly converges to x ∈ X and for every
y ∈ X, it follows the following

lim sup
n→∞

||xn − x|| < lim sup
n→∞

||xn − y||.

Examples of Banach spaces satisfying this condition are Hilbert spaces and all
lp spaces (1 < p <∞).

Definition 1.3. ([17]). A mapping T : K → C(K) is said to satisfy
condition (J) if there is a nondecreasing function ϕ : [0,∞) → [0,∞) with
ϕ(0) = 0, ϕ(t) > 0 for t ∈ (0,∞) such that

D(x, Tx) ≥ ϕ(d(x,E(T )))

for each x ∈ K.

Definition 1.4. ([17]). A mapping T : K → C(K) is said to be semi-
compact if for every sequence {xn} in K such that

lim
n→∞

D(xn, Txn) = 0,

there is a subsequence {xni
} of {xn} such that limi→∞ xni

= z for some z ∈ K.
We see that, if K is compact then every multivalued mapping T : K → C(K)
is semi-compact.

Definition 1.5. A sequence {xn} in X is called Fejer-monotone with respect
to K if

||xn+1 − k|| ≤ ||xn − k||

for each k ∈ K and n ∈ N.

The following important lemma is due to Xu [28].

Lemma 1.6. A Banach space X is uniformly convex if and only if for any
number l > 0 there is a strictly increasing and continuous function g : [0,∞)→
[0,∞) with g(0) = 0 such that;

||αx+ (1− α)y||2 ≤ α||x||2 + (1− α)||y||2 − α(1− α)g
(
||x− y||

)
,

for each x, y ∈ X with ||x|| ≤ l, ||y|| ≤ l and α ∈ [0, 1].
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The following lemma can be found in [17].

Lemma 1.7. For a multivalued map T : K → C(K) the following are hold.

(i) d(x, Tx) = 0 ⇐⇒ x ∈ F (T ).

(ii) D(x, Tx) = 0 ⇐⇒ x ∈ E(T ).

(iii) If T is nonexpansive then the mapping f : K → R defined by f(x) =
D(x, Tx) is continuous.

Lemma 1.8. ([21]). Let K 6= ∅ be a closed and convex subset of a uniformly
convex Banach space and T : K → C(K) be a multivalued nonexpansive map-
ping. Then the following is true:

{xn} ⊆ K, xn ⇀ x, D(xn, Txn)→ 0 =⇒ x ∈ E(T ).

The following fact is needed which can be found in [2].

Proposition 1.9. Let K 6= ∅ closed and convex subset of a Banach space.
Let {xn} be a Fejer-monotone with respect to K. Then {xn} converges (strongly)
to the point of K if and only if limn→∞ d(xn, K) = 0.

2 Main results

We open this section with the following crucial lemma.

Lemma 2.1. Let X be a uniformly convex Banach space, K 6= ∅ be a
closed and convex subset of X. Assume that T : K → C(K) be a multivalued
nonexpansive mapping with E(T ) 6= ∅. Let {xn} be the sequence of Noor
iterates defined by (1) with αn, βn, γn ∈ [a, b] ⊂ (0, 1). Then limn→∞ ||xn − p||
exists for every p ∈ E(T ).

Proof. Since T is multivalued nonexpansive, so for any p ∈ E(T ) and
n ∈ N, we have

||zn − p|| ≤ (1− γn)||xn − p||+ γn||un − p||
≤ (1− γn)||xn − p||+ γnd(un, Tp)

≤ (1− γn)||xn − p||+ γnH(Txn, Tp)

≤ ||xn − p||,

and

||yn − p|| ≤ (1− βn)||xn − p||+ βn||vn − p||
≤ (1− βn)||xn − p||+ βnd(vn, Tp)

≤ (1− βn)||xn − p||+ βnH(Tzn, Tp)

≤ (1− βn)||xn − p||+ βn||zn − p||.
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Thus

||xn+1 − p|| ≤ (1− αn)||xn − p||+ αn||wn − p||
≤ (1− αn)||xn − p||+ αnd(wn, Tp)

≤ (1− αn)||xn − p||+ αnH(Tyn, Tp)

≤ (1− αn)||xn − p||+ αn||yn − p||
≤ ||xn − p||.

Hence
{
||xn−p||

}
is a nonincreasing sequence, which implies limn→∞ ||xn−p||

exists for all p ∈ E(T ).

First we approximate endpoints of the mapping T through weak conver-
gence of the sequence {xn} generated by (1).

Theorem 2.2. Let X be a uniformly convex Banach space with Opial prop-
erty, K 6= ∅ be a closed and convex subset of K. Assume that T : K → C(K)
be a multivalued nonexpansive mapping with E(T ) 6= ∅. If {xn} is the se-
quence of Noor iterates defined by (1) with αn, βn, γn ∈ [a, b] ⊂ (0, 1), then the
sequence {xn} converges weakly to an element of E(T ).

Proof. Fix p ∈ E(T ). Since X is uniformly convex, by Lemma 1.6,
there exists a strictly increasing continuous function g : [0,∞) → [0,∞) with
g(0) = 0 such that

||zn − p||2 = ||(1− γn)xn + γnun − p||2

≤ (1− γn)||xn − p||2 + γn||un − p||2 − γn(1− γn)g(||xn − un||)
≤ (1− γn)||xn − p||2 + γnH

2(Txn, Tp)− γn(1− γn)g(||xn − un||)
≤ (1− γn)||xn − p||2 + γn||xn − p||2 − γn(1− γn)g(||xn − un||)
≤ ||xn − p||2 − γn(1− γn)g(||xn − un||)

and

||yn − p||2 = ||(1− βn)xn + βnvn − p||2

≤ (1− βn)||xn − p||2 + βn||vn − p||2 − βn(1− βn)g(||xn − vn||)
≤ (1− βn)||xn − p||2 + βnH

2(Tzn, Tp)− βn(1− βn)g(||xn − vn||)
≤ (1− βn)||xn − p||2 + βn||zn − p||2 − βn(1− βn)g(||xn − vn||)
≤ (1− βn)||xn − p||) + βn||zn − p||2

≤ ||xn − p||2 − βnγn(1− γn)g(||xn − un||).
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Thus

||xn+1 − p||2 = ||(1− αn)xn + αnwn − p||2

≤ (1− αn)||xn − p||2 + αn||vn − p||2 − αn(1− αn)g(||xn − wn||)
≤ (1− αn)||xn − p||2 + αnH

2(Tyn, Tp)− αn(1− αn)g(||xn − wn||)
≤ (1− αn)||xn − p||2 + αn||yn − p||2 − αn(1− αn)g(||xn − wn||)
≤ (1− αn)||xn − p||2 + αn||yn − p||2

≤ ||xn − p||2 − αnβnγn(1− γn)g(||xn − un||).

This implies that

∞∑
n=1

a3(1− b)g(||xn − un|| ≤
∞∑
n=1

αnβnγn(1− γn)g(||xn − un||) <∞. (2)

Thus limn→∞ g(||xn− un||) = 0. But g is strictly increasing and continuous so
limn→∞ ||xn − un|| = 0 and so;

lim
n→∞

D(xn, Txn) = lim
n→∞

||xn − un|| = 0. (3)

Now to prove that {xn} converges weakly to the element of E(T ). For this,
we need to prove that {xn} has a unique weak subsequential limit in E(T ).
For this purpose, we assume that there are subsequences {xnj

} and {xnk
} of

{xn} such that xnj
⇀ u and xnk

⇀ v. By (3), limj→∞D(xnj
, Txnj

) = 0. By
Lemma 1.8, u ∈ E(T ). Similarly, it can be shown that v ∈ E(T ). Next, we
prove u = v. Contrary suppose u 6= v, then by Lemma 2.1 together with Opial
property, we have

lim
n→∞

||xn − u|| = lim
j→∞
||xnj

− u||

< lim
j→∞
||xnj

− v||

= lim
n→∞

||xn − v||

= lim
k→∞
||xnk

− v||

< lim
k→∞
||xnk

− u||

= lim
n→∞

||xn − u||.

Which is a contradiction. So, u = v. Hence proved.

We are now all set to go for our first strong convergence theorem.

Theorem 2.3. Let X be a uniformly convex Banach space, K 6= ∅ closed
and convex subset of X. Let T : K → C(K) be a multivalued nonexpansive
map with E(T ) 6= ∅. Let {xn} be the sequence of Noor iterates defined by (1)
with αn, βn, γn ∈ [a, b] ⊂ (0, 1). If T is semi-compact, then {xn} converges
strongly to an element of E(T ).
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Proof. In view of (2),

∞∑
n=1

αnβnγn(1− γn)g(||xn − un||) <∞.

This implies that, limn→∞ g(||xn − un||) = 0. But g is strictly increasing and
continuous, it follows that limn→∞ ||xn − un|| = 0. Therefore,

lim
n→∞

D(xn, Txn) = lim
i→∞
||xn − un|| = 0.

On the other hand, T is semicompact, we may choose by passing through a
subsequence, that limi→∞ xni

= z for some z ∈ K. Need to show z ∈ E(T )
and xn → z. Using Lemma 1.7 part (iii),

D(z, Tz) = lim
i→∞

D(xni
, Txni

) = 0.

It follows from lemma 1.7 part (ii), that z ∈ E(T ) . It is remaining to show
that xn → z. By Lemma 2.1, limn→∞ ||xn − p|| exists for each p ∈ E(T ). This
implies that {xn} converges strongly to an element of E(T ).

We now prove our strong convergence theorem using Condition (J).

Theorem 2.4. Let X be a uniformly convex Banach space, K 6= ∅ closed
and convex subset of X. Let T : K → C(K) be a multivalued nonexpansive
map with E(T ) 6= ∅. Let {xn} be the sequence of Noor iterates defined by
(1) with αn, βn, γn ∈ [a, b] ⊂ (0, 1). If T is satisfy condition (J), then {xn}
converges strongly to an element of E(T ).

Proof. Since T satisfies condition (J), so we get limn→∞ d(xn, E(T )) = 0.
Closedness of E(T ) follows from the nonexpansiveness of T . By Lemma 2.1,
we have {xn} is Fejer-monotone with respect to E(T ). It now follows from
Proposition 1.9, {xn} converges strongly to an element of E(T ).

3 CAT(0) Spaces

Let [0, t] be a closed interval in R and x, y be two points in a metric space
(X, d). A geodesic joining x to y is a map c : [0, t] → X such that c(0) = x,
c(t) = y and d(c(a), c(b)) = |a− b| for all a, b ∈ [0, t]. The image of c is called a
geodesic segment joining x and y which when unique is denoted by [x, y]. The
space (X, d) is said to be a geodesic space if every two points in X are joined
by a geodesic, and X is said to be uniquely geodesic if for each x, y ∈ X there
is exactly one geodesic joining them. A subset K of X is said to be convex if
every pair of points x, y ∈ K can be joined by a geodesic in X and the image
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of every such geodesic is contained in K. For x, y ∈ X and α ∈ [0, 1] we denote
the point z ∈ [x, y] such that d(x, z) = αd(x, y) by (1− α)x⊕ αy.

A geodesic triangle ∆(p, q, r) in a geodesic space (X, d) consists of three
points p, q, r in X and a choice of three geodesic segments [p, q], [q, r], [r, p]
joining them. A comparison triangle for geodesic triangle ∆(p, q, r) in X is
a triangle ∆(p, q, r) in the Euclidean plane R2 such that dR2(p, q) = d(p, q),
dR2(q, r) = d(q, r) and dR2(r, p) = d(r, p). A point s ∈ [p, q] is called compar-
ison point for s ∈ [p, q] if d(p, s) = dR2(p, s). Comparison points on [p, r] and
[r, p] are defined in the same way.

Definition 3.1. A geodesic triangle ∆(p, q, r) in (X, d) is said to satisfy the
CAT(0) inequality if for any v, w ∈ ∆(p, q, r) and for their comparison points
v, w ∈ ∆(p, q, r) one has

d(v, w) = dR2(v, w).

A geodesic space X is said to be a CAT(0) space if all of its geodesic
triangles satisfy the CAT(0) inequality. For other equivalent definition and
basic properties of CAT(0) spaces, we refer the reader to standard texts, such
as [4, 3]. It is well known that every CAT(0) space is uniquely geodesic. Notice
also that pre-Hilbert spaces, R-trees, Euclidean buildings are the examples of
CAT(0) spaces.

The existence of endpoints for multivalued nonexpansive mappings in the
setting of CAT(0) spaces was studied in [19]. In this section, we will approxi-
mate endpoints of nonexpansive mappings through strong convergence.

Now we define iteration process (1) in the language of CAT(0) spaces as:
x1 ∈ K,
zn = (1− γn)xn ⊕ γnun,
yn = (1− βn)xn ⊕ βnvn,
xn+1 = (1− αn)xn ⊕ αnwn, n ∈ N,

(4)

where un ∈ Txn such that d(xn, un) = D(xn, Txn), vn ∈ Tzn such that
d(zn, vn) = D(zn, T zn) and wn ∈ Tyn such that d(yn, wn) = D(yn, T yn).

The following facts can be found in [8].

Lemma 3.2. Let X be a CAT(0) space.

(i) For all x, y ∈ X and λ ∈ [0, 1], there exists unique point z ∈ [a, b] such
that

d(x, z) ≤ λd(x, y) and d(x, z) ≤ (1− λ)d(x, y).

(ii) For x, y, z ∈ X and λ ∈ [0, 1], we have

d((1− λ)x⊕ λy, z) ≤ (1− λ)d(x, z) + λd(y, z).
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(iii) For x, y, z ∈ X and λ ∈ [0, 1], we have

d((1− λ)x⊕ λy, z)2 ≤ (1− λ)d(x, z)2 + λd(y, z)2 − λ(1− λ)d(x, y)2.

The following lemma will be used in the next strong convergence theorem.

Lemma 3.3. Let X be a complete CAT(0) space, K 6= ∅ be a closed and
convex subset of X. Assume that T : K → C(K) be a multivalued nonexpansive
mapping with E(T ) 6= ∅. Let {xn} be the sequence of Noor iterates defined by
(4) with αn, βn, γn ∈ [a, b] ⊂ (0, 1). Then limn→∞ d(xn, p) exists for every
p ∈ E(T ).

Proof. Let p ∈ E(T ) and n ∈ N, we have

d(zn, p) = d((1− γn)xn ⊕ γnun, p)
≤ (1− γn)d(xn, p) + γnd(un, p)

≤ (1− γn)d(xn, p) + γnH(Txn, Tp)

≤ (1− γn)d(xn, p) + γnd(xn, p)

≤ d(xn, p),

and

d(yn, p) = d((1− βn)xn ⊕ βnvn, p)
≤ (1− βn)d(xn, p) + βnd(vn, p)

≤ (1− βn)d(xn, p) + βnH(Tzn, Tp)

≤ (1− βn)d(xn, p) + βnd(zn, p).

Hence

d(xn+1, p) = d((1− αn)xn ⊕ αnwn, p)

≤ (1− αn)d(xn, p) + αnd(wn, p)

≤ (1− αn)d(xn, p)) + αnH(Tyn, Tp)

≤ d(xn, p) + d(yn, p)

≤ d(xn, p).

Hence {d(xn, p)} is decreasing and bounded below. Thus limn→∞ d(xn, p) exists
for each p ∈ E(T ).

Now we are in the position to prove the following strong convergence the-
orem in the setting of CAT(0) spaces.
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Theorem 3.4. Let X be a complete CAT(0) space, K 6= ∅ be a closed and
convex subset of X and T : K → C(K) be a multivalued nonexpansive map
with E(T ) 6= ∅. Let {xn} be the sequence of Noor iterates defined by (4) with
αn, βn, γn ∈ [a, b] ⊂ (0, 1). If T is semi-compact, then {xn} converges strongly
to an element of E(T ).

Proof. Fix p ∈ E(T ). By using Lemma 3.2, we have

d2(zn, p) = d2((1− γn)xn ⊕ γnun, p)
≤ (1− γn)d2(xn, p) + γnd

2(un, p)− γn(1− γn)d2(xn, un)

≤ (1− γn)d2(xn, p) + γnH
2(Txn, Tp)− γn(1− γn)d2(xn, un)

≤ (1− γn)d2(xn, p) + d2(xn, p)− γn(1− γn)d2(xn, un)

≤ d2(xn, p)− γn(1− γn)d2(xn, un),

and

d2(yn, p) = d2((1− βn)xn ⊕ βnvn, p)
≤ (1− βn)d2(xn, p) + βnd

2(vn, p)− βn(1− βn)d2(xn, vn)

≤ (1− βn)d2(xn, p) + βnH
2(Tzn, Tp)− βn(1− βn)d2(xn, vn)

≤ (1− βn)d2(xn, p) + d2(xn, p)− βn(1− βn)d2(xn, vn)

≤ (1− βn)d2(xn, p) + βnd
2(zn, p)

≤ d2(xn, p)− βnγn(1− γn)d2(xn, vn),

d2(xn+1, p) = d2((1− αn)xn ⊕ αnwn, p)

≤ (1− αn)d2(xn, p) + αnd
2(wn, p)− αn(1− αn)d2(xn, wn)

≤ (1− αn)d2(xn, p) + αnH
2(Tyn, Tp)− αn(1− αn)d2(xn, wn)

≤ (1− αn)d2(xn, p) + αnd
2(xn, p)

≤ d2(xn, p)− αnβnγn(1− γn)d2(xn, un).

This implies that

∞∑
n=1

αnβnγn(1− γn)d2(xn, un) <∞.

This implies that, limn→∞ d(xn, un) = 0. Therefore,

lim
n→∞

D(xn, Txn) = lim
n→∞

d(xn, un) = 0.

Since T is semi-compact, we may choose, by passing through, a subsequence,
that limi→∞ xni

= z for some z ∈ K. We show that, z ∈ E(T ) and xn → z.
Using Lemma 1.7 part (iii),

D(z, Tz) = lim
i→∞

D(xni
, Txni

) = 0.
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It follows from Lemma 1.7 part (ii), that z ∈ E(T ). By Lemma 3.3, limn→∞ d(xn, p)
exists for each p ∈ E(T ). This implies that {xn} converges strongly to an ele-
ment of E(T ).

4 Example

Example 4.1. Let X = R and K = [1, 2] with absolute valued norm. Define
a multivalued mapping T : K → C(K) by Tx = [1, x] for each x ∈ K. Clearly
T is semi-compact and nonexpansive with E(T ) = {1}. We show that T
satisfying condition (J). For this we define a nondecreasing map;

ϕ : [0,∞)→ [0,∞) by ϕ(t) = t ∀ t ∈ [0,∞).

We need to show that D(x, Tx) ≥ ϕ(d(x,E(T ))) for each x ∈ K.

For any x ∈ K = [1, 2], we have

ϕ(d(x,E(T ))) = ϕ(d(x, {1})
= ϕ(|x− 1|)
= |x− 1|
= sup{|x− y| : y ∈ [1, x]}
= D(x, [1, x])

= D(x, Tx).

Hence T satisfies condition (J). By our strong convergence theorems, sequence
of Noor iterates will strongly converge to 1.

5 Conclusions

The extension of the linear version of fixed point and endpoints results to non-
linear domains has its own importance. To achieve the objective of replacing a
linear domain with a nonlinear one, Takahashi [27] introduced the notion of a
convex metric space and studied fixed point results of nonexpansive mappings
in this framework. This initiated the study of different convexity structures
on a metric space. Panyanak [19] extended an existence results of endpoints
for multi-valued nonexpansive mappings from a linear version to a nonlinear
version. Here we extended a convergence results of endpoints for multi-valued
nonexpansive mappings from a linear version to a nonlinear version. The con-
vergence results using Noor iteration process for nonexpansive mappings in
the setting of CAT(0) spaces was proved by Pathak et al. [18]. However we
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cant directly apply any result of Pathak et al. [18] on Example 4.1 because in
Example 4.1, T does not satisfy the endpoint condition.
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Methods in Applied Mathematics (NAMAM) group number RG-DES-2017-
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