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Abstract

In this paper, we extend the concept of generalized («, 8)— nonexpansive type 1 mappings to
the multivalued setting. We establish several fundamental properties of mappings of this class
and derive fixed point existence results under suitable assumptions in Banach spaces. To ap-
proximate their common fixed points in the context of Banach spaces, we give a multivalued
variant of the M-iterative process. The convergence and stability results are establish, supported
by illustrative numerical examples. These results broaden the scope of iterative approximation
techniques and contribute to the growing theory of multi-valued nonexpansive-type mappings.
The study further includes an application to Volterra-type integral inclusions.
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1 Introduction

Fixed point theory for multivalued mappings is a foundational topic in mathematics, offering
powerful tools for solving problems in diverse scientific and engineering domains. Gérniewicz
[10] developed the topological framework of fixed point theory for multivalued mappings. Mul-
tivalued maps as effective tools in mathematical modeling and rigorous numerics were high-
lighted by Kaczynski [16]. Strong convergence results for fixed points of multivalued mappings
in Hadamard spaces were established by Salisu et al. [30]. More recently, Thangaraj et al. [40]
demonstrated applications of multivalued fixed point theory in the generation of fractals via iter-
ated function systems. The foundation of this theory lies in classical fixed point theorems, such
as those of Brouwer [8] and Banach [6], which have been extended for multivalued mappings.
Markin [18] in the Banach spaces and Nadler [20] in complete metric spaces extended the Banach
fixed-point theorem to multivalued mappings. Kakutani’s [17] theorem extends Brouwer’s result
by considering upper semicontinuous multivalued maps with compact convex values. Multival-
ued mappings connect each point in the domain to a set of points in the codomain, introducing a
higher level of complexity and depth to the analysis.

In recent years, significant progress has been made in developing efficient iterative schemes
for single-valued mappings that complement and inspire similar investigations in the multival-
ued setting. Iterative processes such as the D* [13], AG [15], F* [14], D-plus [4] and Picard-like
schemes [21] have demonstrated improved convergence and stability characteristics, while others
have addressed split fixed point problem with multiple output sets in CAT(0) spaces [28] and iter-
ative fixed-point schemes in digital metric spaces [34]. These advancements in constructing faster
and more stable iterative methods provide valuable insights that motivate the extension of such
ideas to multivalued mappings, where the analysis becomes more intricate due to the set-valued
nature of the operators.

Multivalued analogues of generalized single-valued mappings have been studied extensively:
Suzuki [39] established fixed point and convergence theorems for generalized nonexpansive map-
pings, Aoyama and Kohsaka [5] studied a—nonexpansive mappings, Pant and Shukla [24] pro-
posed iterative schemes for approximating fixed points of generalized a—nonexpansive mappings,
Abkar and Eslamian [2] extended these results to multivalued mappings, and Sadhu and Na-
hak [29] further investigated common fixed points of generalized a—nonexpansive multivalued
mappings using modified S-type iteration. Numerous authors have explored iterative methods
for approximating fixed points of multivalued mappings, employing a range of iterative schemes.
Sastry and Babu [31] established the convergence of multivalued nonexpansive mappings to fixed
points in Hilbert spaces using Mann and Ishikawa iteration methods. Building on their work, Pa-
nyanak [25] extended these results to the more general setting of uniformly convex Banach spaces.
Song [38] strengthened the study of iterative processes for multivalued mappings by introducing
a stronger requirement, known as the endpoint condition, to ensure convergence in Banach spaces.
Shahzad and Zegeye [35] then extended this framework to multivalued quasi-nonexpansive map-
pings using the projection operator Pgu = {v € Yu : ||u — v|| = d(u, Yu)}. Shaddad et al. [33]
derived fixed point results for multivalued mappings in cone metric spaces, generalizing classi-
cal metric space results. Patel et al.[26] derived fixed point theorems for distinct mappings un-
der novel rational contraction frameworks that employ altering distance functions within Hilbert
spaces. For the study of multivalued versions of well-known iterative schemes, Abdeljawad et al.
[1] investigated iterative approximation of endpoints for multivalued mappings in Banach spaces.
Noor-type iteration schemes for multivalued mappings in CAT(0) spaces were analyzed by Pathak
etal. [27].

Akutsah and Narain [3] introduced a broad class of single-valued nonexpansive mappings,
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referred to as generalized (o, 3) nonexpansive type-1 mappings, motivated by which, in this pa-
per, we investigate the class of multivalued generalized («, 8) nonexpansive type-1 mappings.
The paper is structured as follows: In Section 2, we go over the preliminaries and necessary ter-
minology. Multivalued generalized («, ) —nonexpansive type-1 mappings are defined and fixed
point results are investigated within the settings of Banach spaces in Section 3. Furthermore, a
multivalued extension of the M-iterative procedure is presented for convergence and approxima-
tion of common fixed point of three such mappings. Additionally, stability results are obtained for
these mappings and supporting numerical examples are provided to illustrate the suggested ap-
proach’s convergence behaviour. Finally, the existence of a solution to the system of Volterra-type
integral inclusion equations is shown in Section 4 using our proposed iterative process.

2 Preliminaries

For clarity and ease of reference, we first outline the notations used throughout the manuscript.

Notation Meaning

(M, |11 Banach space

T nonempty subset of M

CB(T) set of all nonempty bounded closed subsets of M
CP(T) set of all nonempty compact subsets of M

KC(T) set of all nonempty compact convex subsets of M
P(T) set of all nonempty proximinal bounded subsets of M
v multivalued mapping

U, v, W arbitrary points of the set T’

Py projection operator

A setT C M is proximinal in a normed linear space M if for every v € M, there exists v € T
satisfying ||lu — v|| = d(u,T), d(uw,T) =inf |[u —v| :v € T.
Let P,Q € CB(T), then

H(P.Q) = maz {sup (1, Q). swp . P) |
ucP ueEQR

defines the Pompeiu-Hausdorff distance between the sets P and Q). A point g € T'is called a fixed
point of a multivalued mapping ¥ : T — CB(T) if g € ¥(g). Let ¥ : M — 2™ be a multivalued
map on a complete metric space (M, d) such that for every u,v € M, H(¥(u), ¥(v)) < 8d(u,v) for
0 € [0,1), where H is the Hausdroff distance. Then, 3g € M such that g € ¥(u). The multivalued
versions of several of the generalized single-valued mappings given in the literature are given
below.

Definition 2.1. A multivalued mapping U : T — CB(T) is said to be

(i) contraction [20] if H(Vu, ¥v) < 0 ||u —v||, forall u,v € T,0 € [0,1),
(it) nonexpansive [9] if H(Vu, ¥v) < ||lu —v||,forall u,v € T,

(iii) quasi-nonexpansive [36], if F(V) # 0 and H(VYu, ¥g) < ||u —g||, forallu € T,g € F(¥), where
F () is the set of all fixed points of the map U,
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(iv) Suzuki generalized nonexpansive [2] if for u,v € T,
1
id(u,\lfu) <|lu—v| = H(Pu, Tv) < ||lu—1v],

(v) a—nonexpansive if there exists o < 1, such that for all u,v € T,

H(Vu, Uv)* < ad(u, ¥v)* + ad(v, ¥u)® + (1 — 2a)|lu — v||?,
(vi) generalized a—nonexpansive mapping [29] if there exists ow < 1, such that for all u,v € T,
1
5l W) < Jlu— v

= H(Vu, Uv) < ad(u, Pv) + ad(v, Pu) + (1 — 2a) [|[u — v]| .
Definition 2.2. [3] A mapping ¥ : T — T defined on a nonempty closed convex subset T of a real B.S. M
is said to be generalized (v, B)—nonexpansive type-1 mapping , if there exists o, 8,m € [0,1) with o < 3
and oo + 5 < 1 such that for all u,v € T,
[P = Wof| < flu—o
= [|Pu = Wo| < allo = Pul| + B flu—=Pof| + (1 = (e + ) [lu = v]-

Definition 2.3. [22] “A B.S. M is said to have Opial property if for every weakly convergent sequence
{un} in M with weak limit v, we have

lim inf ||u, —v| < lim inf ||u, —w]|, Yw € M.” (1)
n—0o0 n—oo

3 Main Results

3.1 Multivalued generalized o, 3 nonexpansive type-1 mapping

In this section, we extend Definition 2.2 to the multivalued mappings as follows.
Definition 3.1. Let (M, ||.||) be a B.S. and T be a subset (nonempty) of M. A mapping ¥ : T — CB(T)
is said to be multivalued generalized (cv, §)—nonexpansive type-1 (MGN (a, 8)) mapping, if 3 o, 8 €
[0,1),7 € [0,1] with f < cand o + 8 < 1, such that Vu,v € T,
n
§d(\Ilu,u) < lu—||
= H(Yu, Uv) < ad(v, Yu) + Bd(u, Tv) + (1 — (o + B)) [[u — v]| . (2)

Proposition 3.1. The following assertions follow from the above definition:

(i) Every mapping satisfying condition (iv) of Definition 2.1 is an MGN (c, §) mapping.
(if) Every mapping satisfying condition (vi) of Definition 2.1 is an MGN («, [3) mapping.
(iii) Every MGN (o, 8) mapping with F(¥) # (0 is a multivalued quasi nonexpansive map.
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Proof.

(i) Ifa = =0and n = 1in (2), then the MGN («, ) mapping satisfies condition 2.1(iv).
(ii) If @« = B and n = 1in (2), then the MGN («, ) mapping satisfies the condition 2.1(vi).
(iii) Since F (V) # 0, let g € F(¥). Therefore,

gd(\lfg,g) < d(Vg,g)=0<|lu—g|, forallueT.

Since ¥ is an MGN («, ) mapping, 3 «, 8 € [0,1) such that
H(Vu, Ug) < ad(g, Yu) + fd(u, ¥g) + (1 = (a + §)) lu — g
< oH(Vg, Uu) + B ||u — gl| + Bd(g, ¥g) + (1 - (a + B)) [lu — g
= (1 —a)H(Vu, Vg) < (1 —a) u—g|

Since, a € [0, 1), it follows H (Vu, ¥g) < [[u — g||Vu € Tand g € F(V)i.e., ¥isamultivalued
quasi nonexpansive mapping.

The following example shows that the converse of above statements are not always true.

Example 3.1. Let T' = [0, 6] be a subset of R with usual norm. Define a multivalued mapping ¥ : T —
CB(T)as

_J10,3] ifu#6,
WW)%Q& ifu = 6.

Then, for the pairs (u,v) such that u = 6,v € (4, %] and u € (4,2] and v = 6, $d(u, Pu) <
lu — v, but H(Yu, ¥v) > ||u — v||, therefore the mapping ¥ does not satlsfy Suzuki generahzed
nonexpansive condition. But ¥ satisfies MGN («, 3) mapping condition for -5 g <pB<a <i 5 and
a+p < %

Example 3.2. Let T' = [0, c0) be a subset of R with usual norm. Define a multivalued mapping ¥ : T —
CB(T) as

g {08 Fuelo)\ {1} =4
0.5 ifu=1.

Then, we verify that Py is an MGN (c, 3) map but is not a generalized o—nonexpansive mapping.

Ifue A, then[Pq,u {%} and if u = 1, then Pyu = {}. We will prove that Py is an MGN
(ar, B) map for o = 3,8 = in 1.

Case1l: Whenu=v =1,

;}d(u Pyu) = ﬁ 0=|u-—

.. MGN (a, ) condition need not be checked for this case.
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Case 2: When u,v € A, then, for all u, v such that
1
gd(w Pou) = Ve < |lu—vl,
1 1 )
ad(v,Pgu) + Bd(u, Pgv) + (1 — (a + B)||u — v|| = gd(u Pou) + Zd(u, Pygv) + —|u—v|
)

ST P Y
T3l TRl TRl

3 u —v|

~Ju—20] + 320 — o] + 5 fu—v]
:7u— _ — _
6 v 3 u v 12U (%

> Ly 20+ Sj2u — o] + 2fu 1l
_8U v 8UU 12U’U
> Sju— o]+ - v = o fu— |
—|u —v — U —v| = —|u—7
-8 12 24
1
Z *|U — ’U| = H(P@U, [P\I/U)

2

Case 3: When u = 1,v € A, then, for all u, v such that

1
ﬂd(u, Pyu) = Vi <1 -,

2
1 1 5 1 7 1 v 5
“d(v,P ~d(u, P Zu—v|= o= |+ Sl — |+ — |1 —
9 7 7T v
> = - Syl > | — | = .
=110 81)‘ 10 B H([P@'LL,[P\IJU)

Case 4: When u € A,v = 1, then, for all u, v such that

1
gd(u, Pyu) = v <|u-1|,

1 1 5 1 T 1 7 5
~d(v,P ~d(u,P “u—v| =12+ |z — —|+ —=|u—1
340, Pyu) + (e, Pyv) + olu— o] = 5|1 = 2+ o — o]+ fu— 1]

5 11 U 7
> 20— —|> %~ | = B(Pyu,Pyo).
_‘GU 120/ 2 |2~ 19| = HPwwPuv)

Py isan MGN (a, 8) map fora = £, 8 =

PN

But, For u = 1,v = 0.1, we have

1 3 9
g Pou) = g5 < 15 = lu =l
However,
13 37
U(Pyu,Pgv) = 20> 50 = ad(v, Pyu) + ad(u, Pgv) + (1 — (2a)||u — v||

—10+1|1 i|+1 11 i|

37 37 20 37 107

.. Py is not a generalized alpha nonexpansive mapping.

The next result describes the behavior of MGN («, 3) mapping through a set of fundamental in-

equalities, forming the basis for subsequent convergence and fixed point results.
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Lemma 3.1. Let (M, ||.||) be a B.S., T be a subset(nonempty) of M and ¥ : T — CB(T) be an MGN
(o, B) map. Then, for each u,v € T, 3, B,€ [0,1),n € [0,1] with < cand o + § < 1, the following

are true:

(i) HYu, Yw) < |Ju—w|,Vw € Tu;

(ii) either 3d(u, ¥u) < ||u — v|| holds true or Zd(w, Yw) < [|w —v||, Vw € Vu;

(iii) either H(Wu, Uv) < ad(v, Yu)+Bd(u, Tv)+(1—(a+p)) [|[u — v|| or H(Yw, ¥v) < ad(v, Pw)+

Bd(w, ¥v) + (1 — (a+ ) ||lw —v| ,YVw € Pu.
Proof.

(i) Givenn € [0,1], we have

gd(u7 Tu) < d(u, Yu) < ||lu—w||,forall w € Tu

Then from definition (3.1), we get

H(Vu, Yw) < ad(w, Yu) + Bd(u, Yw) + (1 — (a+ B)) |lu — w||
= fd(u, Yw) + (1 — (a + B)) [lu — w|
< Bllu—wl + Bd(w, Yw) + (1 = (o + B)) [|u — wl|
= Bd(w, Yw) + (1 — a) ||lu — w||
< Bd(w, Yu) + SH(Vu, Yw) + (1 — a) ||lu — w||
= BH(Yu,Yw) + (1 — a) ||lu — w||

= H(Yu,Yw) < H(Yu, Yw) + (1 — a) ||lu —w||.

. : 1—
which gives, H(Vu, bw) < (1-a) u—w| < ||u—w|.

(1-5)

(ii) We establish the result using a contradiction approach. Let

gd(u, Tu) > |lu— v and gd(w, Tw) > |jw— v

from (i), we obtain
< luw—=o||+ v —w| < gd(u, Yu) + gd(w, Yw)

= d(w, Yw) <

n
G- d(u, ¥u) < d(u, Yu).

Since,
d(u, Vu) < flu—w| < [ju = vl + flv—w]|
< gd(u, Yu) + gd(w, Tw) < nd(u, Pu) < d(u, Yu), for w € T,
= d(u, Yu) < d(u, Yu),a contradiction, which proves (ii).

(iii) It can be proved from (ii), by using definition of MGN (a, 3) mapping.
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O

The subsequent results provide a quantitative bound on H (¥, ¥v) in terms of d(u, Tu) and
[lu — vl|, thereby reflecting the localized contractive nature of mappings satisfying MGN («, )
condition and linking their approximate fixed point property with a continuity-like control over
the mapping’s behavior.

Lemma 3.2. Let T be a subset (nonempty) of a B.S. (M, ||.||) and ¥ : T — CB(T) be an MGN («, 3)
mapping, then

(2—(a® +87))

H(Vu,Vv) < 5
Wt =TT

d(u, Tu) + ||u — || forall u,v € T.

Proof. For uw € T, since, Yu is proximinal, there exists a point w € Yu satisfying |[w — u|| =
d(u, Yu). Alsoasn € [0,1], 2d(u, Yu) < d(u,¥u) . Since, ¥ is an MGN (a, 3) mapping, so by
definition
H(Vu, Vw) < ad(w, Yu) + fd(u, Pw) + (1 — (a+ ) [[u — w||,
= fd(u, Yw) + (1 = (a + f)) [[u — w]|
< fd(u, Pu) + FH(Yu, Yw) + (1 = (@ + ) lu = w],

which on using ||w — u|| = d(u, Yu) gives,

H(Vu, Vw) < flu—w|[ + SH(Vu, Yw) + (1 = (a + B)) [lu — w]|
= BH(\I/uvqu) + (1 - Oé) ||u - U)” )
which gives

(1-a)
1-7)

H(Yu, Yw) < lu —w]|.

From Lemma 3.1, we get Vu, v € T, either

(i) H(Yu,Pv) < ad(v, ¥u) + Bd(u, Tv) + (1 — (e + B)) ||lu — v||, or
(i) H(Yw,v) < ad(v, Yw) + Bd(w, ¥v) + (1 — (a+ B)) |Jw — v]| .

If (i) holds, then
H(Vu, ¥v) < ad(v, Pu) + Sd(u, Tv) + (1 — (a4 8)) |lu — ||
< ad(v,u) + ad(u, Yu) + Bd(u, Vu) + SH(Vu, o)
(1= (a+8)[lu—vl
= (a+ B)d(u, Yu) + SH(Vu, Yv) + (1 = §) [lu — ||

(a+5)

= H(Vu, Tv) < =)

d(u, Tu) + |Ju — v]|..
If (ii) holds, we obtain

H(Yw, ¥v) < ad(v, Vw) + Bd(w, ¥v) + (1 — (a+ 8)) ||w — v .
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Also,

H(Yu, ¥v) < H(Vu, Yw) + H(Yw, Tv)

(1-a)

< (1=3) lu — w|| + ad(v, Yw) + Bd(w, ¥v) + (1 — (a + B)) |Jw — v||

< 8 : g; lu —w|| + allv —ul| + ad(u, Tu) + aH (Pu, Yw) + B ||w — u]

+ Ba(u, Yu) + BH(Vu, ¥v) + (1 = (o + B)) lw — ull + (1 = (a+ B)) lu — ]|
(1—-a)

< g v~ vl + aH(¥u, Bw) + BH(Vu, ¥o) + (1 - ) fw = u]

+ (1 =P) [lu=vl|+ (a+5) lu—wl.

= H(Tu, Tv) < ((1 —) +(1—-a)+ (a+P)) lu—w|| + aH(Yu, Yw) + SH(Tu, Tv)

(1-5)
+ (1= [lu— vl
< (2(_1a—_ﬁ)ﬂ2) Ju = wll+ aC =5 = wl + BP0, 00) + (1= §) -~ o]
_ W [ —wl| + BH (Tu, ¥v) + (1 — B) |lu — v]|

(2—(a®+5%)

= H(Tu, Tv) < 3
(1-5)

d(u, Tu) + |Ju —v]|.

O

The next result shows that for MGN («, #) maps, proximity to a fixed point ensures continuity-
like control over the images of neighboring points, a property essential in the study of iterative
convergence.

Lemma 3.3. Suppose ¥ : T — CB(T) be an MGN («, 3) map, where T'(# () is a subset of a B.S.
(M, ||I) - Then, ¥ w,v,w €T

3—-28-a?

d(u, ¥v) < (W

), wu) + |lu o]
Proof. By Lemma 3.1, we have for all u,v € T'and w € Yu, either
case (i) H(Yu, ¥v) < ad(v, Yu) + Bd(u, ¥v) + (1 — (a+ B)) |lu — ] ,
case (ii) H(Tw, ¥v) < ad(v, Pw) + fd(w, Tv) + (1 — (o + B)) [Jw — v|| .
If first case holds true, then we get,

d(u, ¥v) < d(u, Vu) + H(Du, Uv)
< d(u, W) + ad(v, u) + Bd(u, To) + (1 — (a + B)) Ju — o

which gives,

—_

d(u, ¥v) < 1ii(;d(u, Tu) + [Ju— .

1105



S.Yadav & B.Chamola Malaysian J. Math. Sci. 20(3): 1097-1119(2026) 1097 - 1119

If second holds true, and let w’ € Yube s.t. [|w' — u| = d(u, Tu).

Applying Lemma 3.1 (i) & (iii), it follows that
d(u, ¥v) < d(u, Yu) + H(Vu, V') + H(Yw', Uv)

< d(u, Tu) + iig ' — ul| + H(Tw', Uv)

< (1 + 1f—g)d(u, Yu) + ad(v, ¥Z') + Bd(w’, Tv) + (1 — (a + B)) [|w’ — |

< (1 + 1 i g)d(u, D) + ad(v, Tu) + oH(Tu, Tw') + Bjw’ — || + Bd(u, Tv)
+ (1= (a+8)) v —ul + (L= (e +B)) [lu— vl

d(u, Vu) + ad(v, Yu) + a(l —_i— g

: ) e = ull + 8w —u]
+ Bd(u, W0) + (1= (a+ B)) | — ull + (1 = (a + B)) u— o],

which gives

)d(u,qfu) + =]

O

The following theorem extends the classical demiclosed principle to MGN («, §) maps, estab-
lishing that weak limits of approximate fixed point sequences coincide with true fixed points and
thus form a fundamental link between weak convergence and fixed point existence.

Theorem 3.1. Consider T'(# 0) to be a closed convex subset of a uniformly convex Banach space (UICBS)
(M, ||.1) satisfying (1), {un} be a sequence in M and ¥ : T — CB(T) be an MGN («, B) mapping. If
the sequence {u,, } is weakly convergent to some point u € T and lirg inf d(u,, Su,) =0, then u € Yu, or

equivalentely (I — V) is demiclosed at zero.

Proof. For every n € N, 3w,, € ¥u such that ||u,, — wy,| = d(u,, Yu), since v € T and Pu is closed
and bounded. Then, by Lemma 3.2,

[t — wa|| = d(un, Yu) < d(tp, Yu,) + H(Pu,, Tu)
(2— (0 +5%)

< d(un, Yu,) + 1 5)2

A(tp, Tuy) + |Jun — ul| .

Taking limit infimum on both sides and employing the condition that
lim inf d(uy,, Yu,) = 0, we get
n—o0
lim inf ||u, — wy,|| <lim inf ||u, —ul||, Yn € N. (3)
n—o0 n—oo
Using the hypothesis that {u, } converges weakly to u and the Banach space M satisfies (1), for
any n € N, if w,, # u, we get,

lim inf ||u, — u| < lm inf |Ju, —w,| ,
n—oo n—oo

which contradicts (3), Thus, we have w,, = u,Vn € N.
Also, since, w,, € Yu, we have u € Yu, which shows that, the operator (I — ¥) has demiclosedness
property at zero. O
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3.2 Convergence Results

We give a variant of M-iterative process in this section for finding common fixed points of three
MGN (o, ) mappings within the framework of Banach space.

In 2018, Ullah & Arshad [41] defined M-iterative process as: Let T'(# () be a subset of a B.S.
(M,].|) and ¥ : T — T be a mapping, the sequence {z,,} defined as below is known as M-
iteration scheme.
xg € C,
zn = (1 — an)xn + a,Va,
Yn = Yz, (4)
Tn4+1 = Yy,

In 2021, Ullah et. al. [42] gave a multivalued version of M-iteration process:

Let ¥ : T — CB(T) be a multivalued mapping defined on a subset T'(# @) of a B.S. (M, |.||), the
multivalued version of M-iteration process is given by the sequence {z,,} defined as:

xg € C,
Zn = (1 - an)xn + aply,
Yn = Wn,
Tn+1 = Un,

(5)

where u,, € ¥z, w, € ¥z, and v,, € Yy,
Now, we extend the M-iterative process for three MGN («, 5) maps.

Let T(# 0) be a subset of a BS. (M, ||.||) and ¥, ¥y, V3 : T — CB(T) be three MGN (a, 3)
mappings, the sequence {z,, } defined as follows:

o € C,
zn = (1 — o)z + apuy,, where u, € Uya,
Yn = Wp € \IISZTH
Tn+1 = Un S \IIQyna

The following lemmas will be used in the subsequent results.

Lemma 3.4. [32] “Let o, be a sequence of real numbers in a UCBS (M, ||.||) such that 0 < p < a,
g < 1foralln € N. Consider two sequences {uy,} and {v,} in M with hm 1 SUp lon | < K, hm 1 SUp [ ||

k and limsup ||apun 4+ (1 — an)vn|| < k for some k > 0.Then, ztfollows that hm llwn — vn|| =0."
n—roo

INIA

The following lemma establishes the asymptotic regularity of the sequence (6) generated by
mappings W1, ¥y, U3 satisfying condition(3.1) with respect to the common fixed point set.

Lemma 3.5. Let ¥y, ¥,, W3 : T — CB(T) be defined on a compact convex subset T'(# () of a UCBS

(M, ||.\), satisfying (3.1) such that F(V1) N F(¥2) N F(V3) # 0 and ¥,g = {g} (i = 1,2,3)V g €

F(U1)NF(Uo)NF(V3). Let {uy, } be the sequence given by (6), then, lim ||z, — g|| existsVg € F(¥1)N
n—oo

F(W,) N F(Ws).
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Proof. Since, U1, o, U3 satisfy (3.1) and g € F(¥1)NF(¥2)NF(¥3), by Proposition 3.1, we have,
H(U120,V18) < |20 — gl , H(Y2yn, ¥2g) < |y, — gl and H(V3z,, ¥3g) < ||z, — g

Now,
Izn — gl = (1 = an)@, +onun — gl
< (1—ap) |z — gl +on |un — g
< (1—an) ||zn — gl +anH(Vi2,, ¥1g)
< (1 —ap) ||lzn — gl v |l2n — gl = ||2n — g||
= ”Zn - g” S ||xn - g” .

In a similar way,
[yn = gll = lwn —gll < H(Vs20, Usg) < ||z — g

= [lyn — gl < llzn — gl -
Proceeding as above, we get

[2nt1 = gl = [lon — gll < H(Vayn, V2g) < |lyn — &l < llzn — &l

= |zn — gl <llzn — gl

Thus, ||z,, — g|| is bounded and non-increasing, and so lim ||z, —g|| exists for g € F(¥;) N
n— oo

F(Uy) N F(T3). O

The lemma given below refines the preceding result by proving the pointwise asymptotic reg-
ularity of the sequence (6), ensuring that each iterate approaches an approximate fixed point of
the mappings ¥;(i = 1, 2, 3).

Lemma 3.6. Let M, T,¥,(i = 1,2,3) be as stated in Lemma 3.5 and {x,,} be the sequence given by the
M-iteration process (6), then we have

lim d(x,, V1z,) = lim d(z,, Yoz,) = lim d(z,, Usz,) =0.
n—00 n—00 n—r00

Proof. Since, ¥1, Uy, U5 are MGN («, f) mappings and g € F(¥1) N F(¥2) N F(¥3), by Proposi-
tion 3.1(iii), we have H(U12,, U1g) < ||z, — gl , H(P2yn, ¥28) < |y, — g|| and H(V5z,, U3g) <
|z — g||. From which it follows that ILm lzn, — g|| exists using Lemma 3.5. Let us assume that

Tim |z, — gl =k 7)
Since,
|un —gll < H(V12, V1g) < Iz, — g]f
vn —gll < H(Vayn, ¥ag) < [lyn — gl < 20 —gll < |2n — gl
and
|wn — gll < H(V32n, U3g) < ||z — gl < |20 — g,

So, lim sup ||uy, — g|| < k,lim sup |jv, —g|| < k and lim sup [Jw, —g|| < k (8)

n— oo n— 00 n— o0
Now, since

znt1 —gll = llvn — gll,
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it follows that
k < lim inf |lv, —g|, 9)
n—oo

From (8) & (9) .
Jim o, — gl = k. (10)

Now,

k= lim |v, — gl < H(Y2yn, ¥28) < |lyn — 8|l < |20 — gl
n—oo

< (1 — Oén) ||-73n - g|| +ap ||Un - gH
<k.

As a result, we obtain
lim (1 — o) |z, — gl +am |lun — gl =k. (11)

n—0o0

Therefore, by (7), (10), (11) and Lemma 3.4, we have
lim ||z, —un| =0
n—oo
i.e., lim d(z,,¥iz,) =0.

n— oo

Similarly, we get
lim d(x,, Yox,) = lim d(z,, ¥32,) = 0.

n—oo n—0o0

O

The following theorem connects the established asymptotic regularity of the iterative pro-
cess(6) with its convergence behavior, ensuring that every subsequential limit of the generated
sequence is a common fixed point of the mappings.

Theorem 3.2. Let M, T, ¥,;(i = 1,2, 3) be as described in Lemma 3.5 and {x,, } be the sequence generated
by the iterative process (6). If for any convergent subsequence {x,,} of {x,} converges to g, then g €
F(¥q)NF(¥e) NF(V3).

Proof. Let lim ||x,, —g|| = 0. Then from Lemma 3.3 and Lemma 3.6, we have
n—00

d(g,¥1g) < Hg — Tn; [l + d(l‘m,\lllg)

3—-28—a?
<llg—anll + (W>d($nw Vizy,) + |lg — 2n,
3-28—a?
=2|lg — 2|l + (W)d(ﬂfnm‘l’ﬂm)-

Taking limit n — oo on both sides it gives, lim d(g, ¥1g) =0,i.e, g € F(¥;). Similarly, it can be
n— oo
shown that g € F(¥5) and g € F'(V3). Hence, we get g € F(¥1) N F(¥y) N F(T3).

O

We now prove the strong convergence of the sequence given by the iteration scheme (6) to a
common fixed point of three MGN (¢, §) maps.
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Theorem 3.3. Let M,T,V,(i = 1,2,3) be as defined in Lemma 3.5. Then the sequence {x, } generated by
the iterative process (6) converges strongly to a common fixed point of U1, Wy and V3.

Proof. Given the compactness of T, a subsequence {z,,} C {z,} exists which converges strongly
toapointg € T ie, 1Lm lzn; — gl = 0. By Theorem 3.2, we get g € F(¥q) N F(¥y) N F(T3),

and hence by Lemma 3.5, lim |z, — g|| exists and it must be same as lim |z, — g .
n— o0 n—oQ

oo lim ||z, — gl =0.
n—roo
Thus, the sequence {z,, } converges strongly to g € F(¥1) N F(¥y) N F(¥3). O

Now, on putting ¥; = ¥y = ¥3 = ¥ in Theorem 3.3 and considering ¥ to be a single-valued
mapping the following result of [41] is obtained.

Corollary 3.1. [41] “Let T'(# 0) be a compact convex subset of a UCBS (M, ||.||) and ¥ : T — T be a
Suzuki generalized nonexpansive mapping with F(¥) # (. For arbitrarily chosen xo € C, let the sequence
{xy,} be generated by (4), then {x,,} converges strongly to a fixed point of U.”

Also, by taking ¥; = ¥y = W3 = VU in our proposed iterative process (6) and using Theorem
3.3, we get the following result of [42].

Corollary 3.2. [42] “Let ¥ : T — CB(T) be an MGN («, 3) mapping defined on a compact convex
subset T'(# ) of a UCBS (M, ||.||). Assume that F (V) # Qand Vg = {g} for each g € F(¥). Let {x,}
be the sequence generated by (5), then {x,,} converges strongly to a fixed point of U.”

Next, we present an example to substantiate the preceding results.

Example 3.3. Let M = R, T = [0,00) and U1, Vo, U3 : T — CB(T) be three multivalued mappings
defined by

Then, Uy, ¥y, U5 are MGN (o, 8) mappings satisfying the conditions of Theorem 3.3, so the
sequence {z,, } defined by the iterative scheme (6) converges strongly to their common fixed point
g=0.

Fig.1 shows the convergence rate of the iterative sequence {x,, } generated by above three mappings
Wy, Wy, W3 for parameter o, = 0.1 : 0.1 : 0.9 on taking different initial values x¢ = 1, 20, 50, 100.
It can also be observed from Fig. 1 that when the parameters are set very near to zero, the iterative
sequence takes more steps to converge.
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Figure 1: Convergence rate of the sequence x,, for parameter a,, = 0.1 : 0.1 : 0.9 for different initial values xo (Example 3.3).

3.3 Stability Result

Stability of iterative schemes is essential for achieving reliable, accurate, and convergent re-

sults which is critical in applications ranging from computational mathematics to engineering
and scientific modeling where fixed-point methods are often utilized. Harder [11] defined stabil-
ity of iterative schemes for single valued maps in metric spaces. The concept of stability of fixed
point iterative procedures has been widely studied, beginning with early results by Harder and
Hicks [12] and further developed by Berinde [7], among many others. Singh and Chadha [37],
utilizing Nadler’s theorem [20], generalized Ostrowski’s theorem [23] to apply to multivalued
contractions, and proposed the following definition of stability for iterative methods involving
multivalued mappings in metric spaces.
Let M be a metric space and ¥ : M — CL(M) be a multivalued mapping. Consider the initial
point uy € M and define the Picard iteration by w,+1 € f(¥,u,). Let {u,} be a sequence con-
verging to a fixed point g of the mapping ¥ and consider an arbitrary sequence {a,,} C M. Define
€n = H(an+1, f(¥,ay,)). The iteration f(¥, ay,) is said to possess ¥ — stablility whenever

lim ¢, =0 = lim a, =g.
n—oo n— oo
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The following lemma given by Berinde [7] shall be used in the subsequent result.

Lemma 3.7. “If § is a real number such that 0 < 6 < 1and {e,} ~_, is a sequence of positive numbers such

that lim e, = 0, then for any sequence of positive numbers {t,} -, satisfying t,11, < dt, + €,, n =
n—oo
0,1,2,...,wehave, lim ¢, =0."

n—oo

Next, we prove that the iterative scheme (6) exhibits ¥;— stablity for a contraction map.

Theorem 3.4. Let T'(# () be a closed convex subset ofa UCBS (M, ||.||). Let ¥; : M — P(T)(i = 1,2,3)
be three multivalued contraction mappings with 6 € (0,1). Let {u,,} be a sequence generated by (6) where

3
oy € (0,1), then lim ||u,, — g|| exists Vg € (| F(¥;). Then the iterative process (6) is U;—stable.

1=

Proof. Nadler’s generalization [20] of Banach contraction principle ensures that the mappings
U;(i = 1,2,3) have a common fixed point. We will show that u,, converges to some common
fixed point of ¥;(i = 1, 2, 3). From the iterative process (6)
|[wn — gl = (1 = o )un + nun — g||

< I = an)llun — gl + an|lun — gl|

<1 = an)lfun — gll + and(un, ¥1g)

<X = an)lfun —gl| + o H(V1un, V1g)

< |11 = an)lun — gl| + anb||un — gl|,

= [lwn — gl < (1 = an(l = 0))[fun —gll;

o — gl| = [lwn — g|| < d(wn, ¥39) < H(Yswn, Vsg) < 0w, — g|
<01 — an(l = 0))[|lun —gl|-
Also,
[un+1 — gl = [lvn — gl < d(vn, Y2g) < H(V2v,, Yag) < 0||vn — g|
|tni1 —gl| < 6*(1 = an(l = 0))[|un —g]|- (12)

By repeating the above process, we get

lun+1 — gll < 6°(1 = an(1 = 0))llun — gl

Therefore, we obtain

n

lluns1 —gll < 6D TT(1 = an(1 = 0))luo —gll-
k=0

Since, 0 € (0,1), a, € (0,1) and (1 —ax(1 —0) < 1fork =0,1,2, ...,
Also since, (1 —u) < e™“, Yu € (0, 1), it follows that

[[uns1 — gf| < 62 em (20 2ico by — g,

which shows that {u,, } converges to the common fixed point of ¥;(i = 1,2, 3).
Let a,, be any arbitrary sequence in M generated by (6) and the iterative process be given by
ant1 = f(¥;,a,). Sete, = H(any1, f(Vi,a,)(i =1,2,3) forn =0,1,2...,
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To prove that lim ¢, =0 = lim a, = g. Suppose that lim, €, = 0, on using (6) and (12)
n—oo n—oo
we get

ant1 = gll < llansr = f(Wi, an)l| + (1 (Vi; an) — gl
< H(aps1, f(¥i,a0)) +0°(1 = an(1l = 0))llan — gl]
= e+ 02(1 = an(1 - 0))[lan —gl|,

which on using Lemma 3.7 gives lim a,, = g. Conversely, let lim a, = g we get,
n— 00 n—oo

€n = H(ant1, f(¥i,an))
< H(an+1,8) + H(g, f(Vi, an))
lan+1 —gll +[1f(¥i, an) — gl
<lant1 —gll +6*(1 — an(1 = 0))lan — |

IN

which tends to 0 as n — oo i.e. lim €, = 0. Hence, the iterative process (6) is stable with respect
n—oo

to vi(i = 1,2,3). O

An illustrative example is now provided to support the results discussed above.

Example 3.4. Let M=R, T = [0,00) and U1, Vs, U3 : T — CB(T) be three multivalued mappings
defined by

Ui(uw)={ [0,%] welo0,1], Uo(u) ={ [0,%2%] wel0,1] and

2

\113(u):{ [0, "ﬂ u e [0,1]

Then, ¥y, ¥y, U3 are MGN (a, 5) mappings satisfying the conditions of Theorem 3.3, so the
sequence {u, } given by the iterative scheme (6) converges strongly to their common fixed point
g=0.

Influence of parameter «,, on the convergence of sequence u,, generated by the above three map-
pings U, ¥q, U3, for different initial values uy can be observed from Fig.2. It shows that the iter-
ative method (6) is stable irrespective of the selection of parameter «,, and initial value u,.

Convergence of sequence a,, for different initial values ay (cv, = ;25) Convergence of sequence a,, for different initial values ay (o, = o)
1 1
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Convergence of sequence a,, for different initial values ag (o, = 5 5,71) Convergence of sequence a, for different initial values ay (v, = 0.75)
1r 1
—@— a = 0.1, iterations = 13 —e— ag = 0.1, iterations = 7
09} @ ay = 0.2, iterations = 15 0.9 @ g = 0.2, iterations = 8

0.8 0.8

0.7 0.7

o
=

—o— ay = 0.9, iterations =
ay = 1.0, iterations = 18

o
o

ap = 1.0, iterations = 9

Value ol sequence a,
IS)
2

Value of sequence a,
IS)
o

04 04
0.3 0.3
0.2 0.2
0.1 0.1
0 i 0 g
0 2 4 6 8 10 12 14 16 18 1 2 3 4 5 6 7 8 9
Tteration number Tteration number
n
Q) an = 52— d) o, = 0.75
( ) n {S/ﬁ+1 ( ) n

Figure 2: Influence of parameter «,, on the convergence of sequence w,, for different initial values uo (Example 3.4).

4 Application

The concept of Volterra-type integral inclusion extends the classical theory of integral equa-
tions to include set-valued functions which finds applications across diverse scientific and engi-
neering disciplines due to their ability to model systems exhibiting memory, feedback, and non-
local interactions.

We will use Theorem 3.3 to establish the existence of a solution for the following system of Volterra-
type integral inclusion equations

q
uo) € o)+ [ Wilgdu)di q¢ ot i=1,23 (13)
where W; : [a,b] X [a,b] x R= KC(T)and g : [a,b] — Ris a continous function.

Let the space of all continous real valued functions on [a, b] be denoted by M = C([a, b], R) . Define
the distance function d(u,t) = supge(q.5 |u(q) — t(q)|, Vu € M. Then, (M, d) is a metric space.

Theorem 4.1. Consider the equation (13) under the assumptions:

(i) Wi :[a,b] x [a,b] x R = KC(T) and g : [a,b] — R are a continous function,W is compact and
convex,

(it) forall s,t € M, m;, (q,7) € W;, (q,7), there exists t; (q,7) € W; (q,7), such that
|miu(q7j) - tiu (q,])| < |U - ,U‘/i = ]-7 27 3.

Consequently, a solution u(q) € M exists for the system of integral equations (13).
Proof. Define the multivalued mappings U1, ¥2, ¥3 : C([a,b],R) — CP(C([a,b],R)) by

ulg) = { e M:seg(q) +/q Wila.dsu(i) djs g€ [ab), i = 1,2,3}. (14)

then wu is a solution of system of equations (13) if and only if it is a common fixed point of the
multivalued mappings ¥, Uy, 5.
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Assuming that W, = W;(q, j,u(j)) for each ¢, j € [a,b], then W;, : [a,b] X [a,b] — KC(T), there
exists a continous single valued function m;, : [a,b] X [a,b] — R, so that m;, € W, according to

Micheal selection theorem [19]. Consequently, g(q) + [ m;, (q,5) dj € Vi(q), which implies ¥, u
is nonempty and hence is compact.
Now, by assumption (ii), for ¢ = 1, 2, 3, there exists ¢;, (¢, j) € W;, (g, j), such that

‘miu(Q7j) - ttu(qaj)| < ‘U - U| 4 € [avb]'
Let us define the multivalued operator by
q .
t(Q)Zg(q)Jr/ ti(0:5)d € 9(q / Wilg,j,v(@) &, q € [a,b], i=1,2,3
Then,
d(s,t) < supgefa,) | ulq) —

< SUPg€a,b]

/mzqudj l9(a) + /zv<q,j>dﬂ\

<[ mi, (q,7) —ti,(¢,5) | supge(a,b) / dj

a

< |u—v| =d(u,v).

If we interchange the roles of v and v, we obtain H(¥,;u, U;v) < d(u,v), which implies that ¥, (i =
1,2, 3) are nonexpansive and hence MGN («, 5) mappings. It follows from Theorem 3.3 that the
system of integral equations (13) has a solution obtained through the iterative process (6).

5 Conclusion

To approximate common fixed points of three MGN (¢, ) mappings in the setting of Banach
spaces, we first introduce an extended M-iterative approach. The convergence and stability of the
iterative scheme (6) are demonstrated with appropriate assumptions. Our results generalize some
of the existing results in the literature. To illustrate the convergence and stability of the proposed
approach, several numerical examples are presented.
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