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Solution of the Boundary Value Problems via
Fixed Point Theorem on G-metric Space

R. Anna Thirumalai, and S. Thalapathiraj

Abstract—In this study, we demonstrate the fixed point theo-
rem for rational contractive mapping on a complete G—metric
space. Furthermore, we provide an application of a first-order
boundary value problem solution (abbreviated as FOBVP sol.)
and an example of a binary relation in a Euclidean metric space.
Additionally, we include a numerical case study to demonstrate
the effectiveness of this new approach.

Index Terms—rational contractive mapping, fixed point, G-
Cauchy sequence, complete G-metric space.

I. INTRODUCTION

HE classical Banach contraction principle [[1]] yielded

various results in 1922, one of which was the existence
of fixed points for contractive mappings. In various metric
space settings, the Banach contraction principle has been
extended and established. One of the expanded variants of
the standard metric space is characterized by a proposed
relationship between continuity, contraction and complete-
ness, as suggested by Alam and Imdad [2], [3[]. Further-
more, the fixed-point theorems of Ahmadullah et al. [4] and
Boyd-Wong [5] have been extended to nonlinear contraction
mappings. Additionally, several authors, including Senapati
and Dey [6], have developed the concept of w-distance in
relational metric spaces with arbitrary binary relations.

A new class of generalized metric spaces, known as G-
metric spaces, was first established by Mustafa and Sims
[7] in 2006 as a generalization of metric spaces. Subse-
quently, several fixed-point results on these spaces have
emerged (as seen in [8]-[12]). Ali, Imdad and Sessa [13]
demonstrated fixed-point theorems in ®-complete regular
symmetric spaces. The concept of fixed-point theorems
for nonexpansive mappings under binary relations was in-
troduced and demonstrated by Alam, George, Imdad and
Hasanuzzaman [[14]. Fixed-point theorems on ®-complete
metric spaces were proven by Javed, Arshad, Baazeem
and Nabil [15]. Faruk et al. [16] demonstrated fixed-point
theorems for generalized nonlinear contractions in a new
metric space, utilizing a locally finitely T-transitive binary
relation and auxiliary functions. The study by Samet et al.
[17] focuses on metric fixed-point results in the context of
Kannan contractions and introduces a novel concept called a-
admissible mappings. Consequently, numerous authors have
extended and refined a significant number of conclusions
in metric fixed points for these mappings (as observed, for
example, in [18[]-[21]).
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Since then, numerous mathematicians have developed gen-
eralizations of the contraction mapping principle, leading
to a wealth of fixed-point theorems in metric spaces that
continue to be explored to this day. Gopi Prasad [22] in-
vestigated fixed points in relational metric spaces of Kannan
contractive mappings. Gopi Prasad [23]] discussed fixed-point
theorems with applications to boundary value problems in
relational metric spaces. Over the years, researchers have
been exploring metric spaces to discover new perspectives
and extensions of the extensively studied boundary value
problem. Throughout several years, numerous researchers
have focused on various metric spaces (as evident in [24]—
[35]]). The objective of this study is to establish a fixed-point
theorem for rational contractive mappings in a complete G-
metric spaces.

II. PRELIMINARIES

Let us begin this article with a few fundamental defini-
tions, propositions and relevant theorems on G-metric spaces.
Mustafa and Sims introduced a new class of generalized
metric spaces, called G-metric spaces, in 2006 (see [7]).
These spaces extend the notion of standard metric spaces
(X, 9) and since then, several fixed-point theorems have been
established for them (refer to [8]—-[12]]). This paper presents
the essential definitions and results of G-metric spaces that
are relevant to the subsequent sections of the article. For
more detailed information, we recommend referring to [7].

Definition 1. 7] Let A be a non empty set and let G :
A XA XA —[0,00) be a function satisfying the following
conditions:

(1) Glw,v,0)=0ifw=v=np

(2) G(w,v,v) > 0; for all w,v € A with w # v,

3) G(w,v,v) < G(w,v, ) for all w,v,p € A with
v # o

) 6(w,v,0) = G6(m, 0,0) = G(0, V) = ..
(symmetry in all three variables),

(5) G(w,v,0) < G(w,d,9) + GV, v, 0)
for all w,v,p,9 € A (rectangle inequality).

Then the function G is called a generalized metric or
more specially, a G-metric on Aand (A,G) is called a G-
metric space.

Definition 2. [7] Let (A, G) be a G-metric space.

(i) The sequence {w,} G-convergent to w € A if and only
if lim G(wey,w,, @) =0.
T,0—>00
(ii) The sequence {w,} G-Cauchy sequence if and only if
lim G(wey,w,, we) =0.
@,0,({ =00
(A,G) is G-complete if and only if every G-Cauchy
sequence in A\ is G-convergent.

(iii)
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Definition 3. [|7] A G— metric space (A,G) is called sym-
metric if
G(w,v,v) = G(v,w,w) for all w,v € A.

In this case, N represents the set of natural numbers, Ny
represents the set of whole numbers and ¢ denotes a non-
empty binary relation (BR, in short).

Definition 4. Suppose A is a non-empty set under ¢, defined
as a subset of A x A x A. Consequently, we refer to w as
related to v if and only if (w,v,v) € & under 4.

Definition 5. A binary relation 4 on a non-empty set A is
defined such that two elements w,v € A are G-comparative
if either (w,v,v) € 4 or (v,w,w) € ¥, which can be
written as [w,v,v] € 4.

Definition 6. A binary relation 4 on a non-empty set A
and two elements w,v € A, a sequence {wy} in 4 is G
-preserving if (Wy, Wo41, Wo+1) € Y for all o € Ny.

Definition 7. A self-mapping A on a non-empty set A
induces a A-closed binary relation 9 on A if for all w,v € A
such that (w,v,v) € 9, then (Aw, Av,Av) € 9.

Definition 8. Assume that A is a non-empty set under G on
A and A is a self-mapping on A, if 4 is A-closed, then 9
is also A%-closed for all o € Ny, where A represents the
w' iteration of A.

Definition 9. A G-metric space (A,G) with a binary relation
G on A is said to be G-complete if any G-preserving G-Cauchy
sequence in A\ is G-convergent.

Definition 10. Ler (A,G) be a G-metric space, & a binary
relation on A and w € A. A self mapping A on A is called
G-continuous at w if for any G-preserving sequence {w, }
such that @, < w@, we have A(w,) < A(w). Moreover,
A is called G-continuous if it is G-continuous at each point

of A.

Definition 11. Assume that (A,G,¥) is a G—metric space
under 4, let E be a subset of A. E is said to be G-connected
if there is a path in G from w to v for every w,v € E.

III. MAIN RESULTS
Theorem 1. Let the mapping A : A — A and (A,G) be a
complete G— metric space such that
(@) A(A,9) is non-empty set;
(b) A is G-continuous;
(¢) G is A-closed;
(d) There exists p,q,t € [0,1) such that

G(Aw, Av, Aw) < pG(w, v, w)
G(w, Aw, Aw) - G(v, Av, Av)
1+ G(w, Aw, Aw)
tG(v, Aw, Aw) - G(w, Av, Av)
1+ G(w, Aw, Aw) ’
ey
forall w,v € A with (w,v,w) €4 and 0 <p+q+r <L
Then, there exists @ € A such that w € Aw.
Proof: Assume that (a) and let us take wq as arbitrary
element of A(A,9).
Formulate a sequence {w, } that is

+q

w, = A% (wg) for all o € Ny.

Because (wq, Awgy, Awy) € 4 and G is A-closed, we can
apply Theorem [I| to obtain
(Ale, AQWO, AQWO),(AQWO, A3WQ, ASWQ),

ey (A0, AT g, AT mg) € 9
so that
(Woy Wot1, TWot1) €Y for all o € Ny.

Then, the sequence {w,} is G- preserving.
By applying the contractive condition (d), we obtain

G( Wo, Wot1,Tot1) = G(Awy_1, Aw,y, Aw,)
< PG(wy—1, We, Wy )

G(wy—1, Awe—1,Aw,_1) - G(w,, Aw,, Aw,)
1+ G(wy—1,Aws—1,Aw0,—1)

G(we, Awg—1, Awe—1) - G(we-1, Ay, Aw,)
14 G(wo—1, Awy—1,Aw05-1)

< pG(wo—1, We, Wy )

G(Wo—1,We, o) * (W, Wot1; Wot1)
14+ G(we—1, s, @es)

(e, @, W) * G(Wo—1, Tot1, Tot1)

+q

+t

+4q

+t

1+ G(waflv Wo, wa)
S PG(wa—la Wey wo)

G(wa—lv We, wa) : G(w0'7 Wo+1, wo+1)

+q 1+G(wg,1,wmwg)

G(’ZUU, Weo, wo) : G(wofh Wo+1, waJrl)

e 1+G(w0—17w(77w17)

G(waawa+17wa+1) S pG(waflawaawa)
+ qG(wa—lawoawa)
G(w07w0+17w0+1) S (P + q)G(wofhwafwo’)

By induction, we have

o
G(We, Wot1, Wot1) < (p + q) G(wo, w1, ™1)

For any positive integers o, o satisfying the condition o < p,
we have
G(w,, wy, ™,)
< G(wda Wo+15 wd-‘-l) ot G(wQ—lv Wo, wg)
< ((56 + ...+ (5971)G(WQ,W1, wl)
60’
< ﬁG(w()?wlawl)? where § = p+q

Taking limit as 0,0 — oo, we get

U’lgiinoo G(we, wy, w,) = 0. 2)
To prove: {w,} is a G-Cauchy sequence.
G(we, @y, we) < G(We, Wy, W) + Gy, @y, we)
Taking limit as o, 0, — oo, we get
lim G(we,w,, we) =0. 3)

0,0,{—00

Therefore, {w,} is a G-Cauchy sequence and since (A, G) is
a complete G-metric space, there exists an element w € A.
As a result, we have

lim w, = w.
o —r00
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Since A is G-continuous, then w,11 = Aw, S Aw. is not valid if (w,v,w) € {(O7 2,0),(1,0,1), (0, 2,0)}.
Therefore, Aw = . As any given p,q,t € [0,1), we have
Hence, w is a fixed point of A.
Let w and v be two fixed points of A. Then, we obtain G(A(é,Q,§),A(1,1,1),A(§,2,§)>
(w,v,v) €Y (or) (v,,w) €Y. 2 § 3 23 23
For (w,v,v) € 9, we have < pG((i, 2, 5), (1,1,1), (2,2, 5))
G, v,v) = G(Aw, Av, Av) 6((3:2.9).8(3.2,9),44,2.))
< p6(w, v, v) +a 3 9 3 3 9 3 3 9 3
+ G(w7Aw’Aw).G(U7AU7AU) ]'+G((§72)5)’A(§72)§)’A(§72)§))
4 1+ G(w, Aw, Aw)
+tG(U7Aw,Aw) 'G(’W,AU,AU) -G (17171)3A(17131)7A(17171)>
14 G(w, Aw, Aw) L11).A(2.2,2) A(2,2, 2
SPG(W,U,U)+tG(w,'U,’U) +t{ (( ) (5 75)7 (57 75))
< (p +¥)6(, v,v) 1+6((2,2.).8(2,2.9).8(3,2,9))
< G(w,v,v) 3 3
which is a contradiction. Hence, we must have @ = wv. (;((2’27 2)’A<1’1’1)’A(1’1’1)>}
Similarly, for (v,w,w) € ¥, we have v = w. Hence, A
has a unique fixed point. ]
2 1 1 2
Corollary 1. Let the mapping A : A — A and (A, G) be a ((O »0),(1,0,1), (0, ’O))
complete G— metric space such that < pG((§ 9 §) (1,1,1) (§ 9 §))
(@) A(A,9) is non-empty set; 22 22
(b) A is G- continuous; G((%, 2, %), (0,2,0), (0, 2,0))
(¢) G is A-closed; +4q s - 3
(d) There exists p,q,t € [0,1) such that 1+ G((iv 15):(0,2,0) (0,2,0))
G(Aw, Av, Av) cef(1,1,1), (1,0,1),(2,0,2))}
< pG(w, v, )
4 8 A, A) <60, Av, Av) - 69, A9, AD) c((L 1,1),(0,2,0), (0, 2,0))
1+ G(w, Aw, Aw) +t 1+G<(%,2,%)7(0,2,0),(0,2,0))

tG(v, Aw, AD) - G(w, Av, AY) - G(I, Aw, Av)
1+ G(w, Aw, Aw)
forall w,v,9 € A with (w,v,9) €4 and 0 < p+q+r < L.
Then, there exists w € A such that w € Aw.

VG V6 3 3
Proof: It follows from the fact that @) implies (1). ™ 6< P54 V243 + t\/i 13

G 3.3
. G<(§,2, 5)7 (1707 1)7 (1707 1))}

Example 1. Let the binary relation be deﬁned on the interval Therefore, the map A does not possess a fixed point in A .

A =105, ¥¢= {(anao) (0,3,0),(3,1,%),(1,1,1), Then, for all w,v € A, the triplet (w,v,w) € ¥ satisfies
(1,2,1),(2,2,2),(2,2,2),(2,5,2),(2,3,2),(3,3,3), our contraction condition. Similarly, the G-continuity of A is
(3,3,3), (3,4, 3), (4,4,4),(4,3,4), (5,5, 9) easily verifiable.

and Eucli dean metric Gy: defined by Thus, by satisfying all of the conditions of the above
' Theorem [I| A possesses a unique fixed point at (0,0,0).
G((@1, w2,3) (U1, V2, 1), (01, 02, 5)) Theorem 2. Let A : A — A be a mapping and (A,G) be a

= \/(wl —v1)? + (w2 — v2)? + (w3 — v3)? complete G—metric space such that

then A is a complete G-metric space. Define the function (@) A(A,9) is non-empty set;
A: A — A as follows (b) A is G-continuous;
' (©) G is A-closed;
(@1,0,3) if w3 > w1 > w2 (d) There exists p,q,t € [0,1) such that

A(wy, we, w3) =
( ) (0,202,0)  if ws < w1 < wo

G(Aw, Av, Av) < pG(w, v, v)

We notice that
+q [G(w, Aw, Aw) + G(v, Av, AU)}

G(Aw, Av, Aw) < pG(w,v, @)
G(w, Aw, Aw) - G(v, Av, Av) + t[G(w, Av, Av) + G(v, Aw, Aw)}
1+ G(w, Aw, Aw) &)

G(v, Aw, Aw) - G(w, Av, Av) forall w,v € A with (w,v,v) €4 and 0 <p+q+r <1
1+ G(w, Aw, Aw) Then, A has a fixed point.
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Proof: Assume that (a) and let us take wy as arbitrary
element of A(A,9).

Formulate a sequence {w,} that is
wy = AN (wg) for all o € Ny.

Because (wo, Awpy, Awy) € 4 and G is A-closed, we can
apply Theorem |l| to obtain

(Ale, AZZUO, A2WQ)7 (AQWO, ASWO, A3WO),
ey (A%, AT g, AT my) € 9

so that
(o Wot1, Wot1) €Y for all o € Ny.

Then, the sequence {w,} is G- preserving.
By applying the contractive condition (d), we obtain
G(We, Wot1, Wot1) = G(Awy—1, Awy, Aw,)
< pG(wo—1, Te, @o)
+4q [G(wc,_l, Awy_1,Aws_1) + G(ws, Aw,, Awg)]
+ t[G(wU, Awy_1,Awy_1) + G(we-1, Aw,, Awa)]

G(wWs, Wot1, Wot1) < PE(wWo—1, W, @We)
+ q[G(@o—1, To, o) + G(To, Tot1, Tot1))
+ t[G(wU, W, W) + G(wWo_1, Woi1, wg_H)}
< pG(wU—lv Wo, wo) =+ qG(wO'—la We, wa)

+ qG(wU7 Wo+1, wo+1) + 'CG(WU, Wo+1» wa+1)

(1 —q- t)G(woawo+1a wa+1) < (P + q)G(wa—la Wo, wo)

+
G(wU) Wo+1, wo+l) S (1iqit> G(wa—la Weo, wa)
By induction, we have
p+aq

g
G(wa’;w0'+17wa+1) é ( > G(WO,Wl,Wl)

1—q-t
for all o € Ny. For any positive integers o, o satisfying the
condition o < o, we have
G(we, Wy, Wp)
< G(Wo, Wot1, Wot1) + oo + G(wWo—1, Wy, @,)
< (6" 4+ .+ 5971)G(w0,w1, w1)

6(7
G(wo, w1, w1), where § = Pra

<

1-9 l—q—rt
Taking limit as o, 0 — oo, we get
lim G(wg,w,, w,) = 0. (6)

g,0—00

To prove: {wy} is a G-Cauchy sequence.
G(wfﬂ Wo, w() < G(wdv Wo, w@) + G(wéﬂ Wo, w()
Taking limit as o, 0, — 00, we get

(7

lim G(w,,w,, we) =0.
0,0,{—0
Therefore, {wy} is a G-Cauchy sequence and since (\,G) is
a complete G-metric space, there exists an element w € A.
As a result, we have

lim w, = w.
o—>00

Since A is G- continuous, then
G
Wer1 = Aw, — Aw.

Therefore, Aw = w.
Hence, w is a fixed point of A. ]

Theorem 3. If A(A) is G*-connected in addition to the
conditions of Theorem [2] then there exists a unique fixed
point of A.

Proof: Suppose w and p are fixed points of the function
A and belong to the set 7 (A) then for all o € Ny, we have

(®)

Given our assumption, there is a finite length path | (denoted
by ko, K1, ...., k1) in the G such that it connects w to L.

A°w=w, A%u=pu.

(€))

As a consequence of the mapping being A-closed, it satisfies
both the properties of G-completeness and G-continuity

(A%, A%Kip1, A%Kip1) €Y, foralli (0< i <1—1)
(10)

Ko = w, K = i and [/ﬁi,mﬂ} €Y

By applying the contractive condition (d), we obtain
G(Aglﬁi, AaliH_l, AUKZH_l)
< PG(AT ki, AT R, AT R )

+q {G(A”lm, A%k, A%K;)
+G(AT R, ARy, Agffz‘-&-l):l
+t |:G(AJ_1/€7;+17 A%k, A%Ky)
+G(A Ry, ARy, Aaﬁi_t'_l):l

G(A%ki, A%Fig1, A%Riq1)
< PG(AT My, AT R, AT )

+q {G(A"lm, A%k, A%Ky)
+G(AT  Rig1, A%Kig1, Agﬁi-&-l):l
+t |:G(A0_1K7;+17 A%k, A%K;)
+G(A Ty, A%k, Aa/‘@i+1):|

G(Aa,‘@i, Aalﬂ+1, Aalﬁii+1)
< pG(Aa_llii, Ao_llii+1, AU_IFLZ'Jrl)

+9q {G(Ag_lﬁu AT MR, A ki)

—1 —1 —1
+GAT Ry, AT i1, AT Kig)

-1
A% Rip1, A7Riq, Aaﬂi+1):|
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G(A%ki, A%Fiy1, A7Kit1)

< PG(AT iy, AT 1, AT R )
q |:G(A01/€1', Agillii_;,_l, Agillﬁi_;,_l)
71/%4-1, AU*IMH)

+
+G(AT R, A%y, Agfiiﬂ)]

-1 -1
Rit+1, A° /’ii+1)

G(AUFLZ‘, AUIiH,l, Aglﬁli+1)

S pG(Aﬁlei7 Aafl

-1
Ri4+1, A° Hz‘+1)

—+ q |:G(AU_1I<L7;, Aa_lliiJrh Ag_llﬁH,l)
+G(A%;, A%Kir1, A%Kit1)

(
t{G( ki, A%Kit1, ATKit1)
+ G( “ir1, A7 i)

(1—9—1)G(A%Ki, A%Rip1, A%Kiy1)

< (p +q+ t)G(AU_ll*ii, Ag_ll{H_l, Aa_lﬁli_;,_l)

G(Aaﬁi, Aalﬁi+1, Aglﬂurl)
= (%)G(Aﬁl%A”_lffiﬂaﬁa_lfﬂﬂ)

We introduce the notation G = G(A% ki, A%Kiy1, AKiy1).
From this definition, we can deduce the following results:

G@g(’w) i | foreachi (0<i<l—1) (11)

1—q-—t
p+rg+r G
1—q—t) °!

By induction, we have
2
pt+qg+tr o
1— q —r o—2

prate)’y
1—q—t c—3

G',

K
(o2

IN

IN

IN

< (p+q+t> G
1—q—t

G < <p+q+t> 6

1—q—t

so that
(12)

Taking limit as 0 — oo in the above inequality, we have

lim G =0 foreachi (0< i <Il—1) (13)
o— 00

From the definition of rectangular inequality in (11, we
obtain
G(w,v,v) = G(A%ko, A%k, A%Ky)

§G2+G(1,+....+Gf;1%0asaﬁoo.

Hence, A has a unique fixed point. ]
Corollary 2. Let A : A — A be a mapping and (A, G) be a
complete G—metric space such that

(@) A(A,9) is non-empty set;

(b) A is G-continuous;

(©) G is A-closed;

(d) There exists p,q,t € [0,1) such that

G(Aw, Av, AY)
< pG(w, v, )
e [G(w, Aw, Aw) + (v, Av, Av) + G, AV, M)]

Y [G(m Av, AD) + G(v, Aw, AY) + G(¥, Aw, AU)}
(14)

Sorall w,v,9 € A with (w,v,9) €4 and 0 < p+q+t < 1.
Then, A has a fixed point.

Proof: Assume that (a) and let us take wy as arbitrary
element of A(A,9).
Formulate a sequence {w, } that is

wy = AN (wg) for all o € Ny.

Because (wg, Awy, Awg) € ¢ and G is A-closed, we can
apply Theorem [I] to obtain

(A1w07 AQWQ, A2w0)7 (A2w07 ASWO, Agwo)v
(A%, Ay, AT og0) € @

so that
(Wey Wot1, Wot1) €Y for all o € Ny.

Then, the sequence {w,} is G- preserving.
By applying the contractive condition (d), we obtain

G(We, Wot1, Wot1) = G(Aw,_1, Aw,, Aw,)

< pG(wy—1, We, Do)
+q [G(wg_l, Awy_1,Aw,_1) + 2G(w,, Aw,, Awg)]
+ t[?G(wo, Awy_1,Aws—1) + G(we-1, Aw,, Awg)]

G(Wo, Wot1, Wot1) < PG&(Wo—1, W, We)
+ q[G(@o—1, o, @) + 26(W0, Tot1, Tot1)]
+t[26(wo, To, Wo) + G(To—1, Dot 1, Tot1)]
< pG(wo—1, We, @Wo) + 4G(We—1, We, W)

+ QCIG(WU’ Wo+15 wo’-‘rl) + tG(waa Wo+1, wo’—i—l)

(1 - 2q - t)G(wa'vwa'+la wa‘+1)
S (p + q)G(wo'—17wo'awU)

p+q

—— |G o—1,WWoy, Wo
1—2q—t) (@1, %5, )

G(waa wo’-‘rl?wo'—‘rl) S (
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By induction, we have
p+q
1—2q—r¢

for all o € Ny. For any positive integers o, o satisfying the
condition o < p, we have

g
G(w07w0+17w0+1) S ( ) G(w07wlawl)

G(we, @o, W)
< G(Ws, Wot1, Wot1) + oo + G(wWo—1, Wy, @,)
S ((50 + ...+ 5971)(;(@0,’@1,@1)

0 G(wo, @1, ™1), where § = Pta

IN

1-9 1—-2q—1¢
Taking limit as o, p — oo, we get
lim G(wg,w,, w,) = 0. (15)

g,0—00

To prove: {w,} is a G-Cauchy sequence.
G(wtﬂ w.Qv wC) S G(wav wQa wl_)) + G(w.97 w.{ﬁ wC)
Taking limit as o, o, { — 0o, we get

(16)

li G =0.
o0 S0 T )

Therefore, {w, } is a G-Cauchy sequence and since (A, G) is
a complete G-metric space, there exists an element w € A.
As a result, we have

lim w, = w.

T—r 00

Since A is G- continuous, then
G
Wer1 = Aw, = Aw.

Therefore, Aw = w.
Hence, w is a fixed point of A.
| ]

Corollary 3. If A(A) is G*-connected in addition to the
conditions of Corollary [2] then there exists a unique fixed
point of A.

Proof: 1t follows from the fact that Corollary |3| implies
Corollary [ |

Example 2. Let the binary relation be defined on the interval

A=[0,5, ¢ =1(0,0,0),(0,3,0),(3,1,3),(1,1,1),
(1a%al),(%a27%)7(2a272)7(2a%a )7(%a373)7(3a3»3)7
(33533)7(5747%)7(4a474)7(43%a4>7(%757%)

and Euclidean metric Gs; defined by

G((whwz,wg), (v1,v2,v3), (V1, U27U3))

= /(@1 — v1)? + (@2 — 12)? + (w3 — v3)?

then A is a complete G- metric space.

Define the function A : A — A as follows
(@1,0,3) if w3 > w1 > w2

A(wy, s, w3) =
(w1, w2, @3) {(07w2,0)

if ws < < wo
We notice that
G(Aw, Av, Av) < pG(w, v,v)

+q [G(w, Aw, Aw) + G(v, Av, Av)}

+t [G(w, Av, Av) +tG(v, Aw, Aw)}

is not valid if (w,v,w) € {(O7 2,0),(1,0,1), (1,0, 1)}
As any given p,q,t € [0,1), we have

G(A(%, 2, %),A(l, 1,1), A(1, 1, 1))
< pG((%, 2, %), (1,1,1), (1,1, 1))
fe(Gadiatadiagad)
+ G((1, 1,1),A(1,1,1),A(1,1, 1)) }

+t{G((1, 1,1), A(g,Q, g),A(;Q, ;))

IR

G((o, 2,0),(1,0,1), (1,0, 1))

< pG((%, 2, g), (1L,1,1),(1,1,1))
+ q{c((‘; 2, g), (0,2,0),(0,2,0))
+6((1,1,1),(1,0,1), (1,0, 1))}
+ t{G((l, 1,1),(0,2,0),(0,2,0))
3

+ G<(§, 2, g), (1,0,1), (1,0, 1)>}

6 3
\/6<p§+q

V242 3vV2+2V3
+v

2 2
Therefore, the map A does not possess a fixed point in A .
Then, for all w,v € A, the triplet (w,v,w) € ¥ satisfies
our contraction condition. Similarly, the G-continuity and
A(A)is G*-connected of A is easily verifiable.

Thus, by satisfying all of the conditions of the above
Theorem [2| and 3| A possesses a unique fixed point at
(0,0,0).

IV. AN APPLICATION

In order to apply our main findings, an example of the
FOBVP sol. that incorporates a binary relation is given to
illustrate its application. The problem is expressed as:

@'(0) =§(0,w()); 0 € . =[0,A];@w(0) = w(A). (17)
Assuming A > 0, the function § : A X% — ¢ is continuous.

Definition 12. A function \ € w'(A) is referred to as a
lower solution of if the following holds true:

@(0) < w(A)

N(0) <§(0,\(0)), 0¢€A.
Definition 13. A function A € w!(A) is referred to as a
upper solution of if the following holds true:

=(0) > w(A)

N(0) > §(6,\(0)), 6 € A.

(18)

19)

Volume 53, Issue 4: December 2023



TAENG International Journal of Applied Mathematics, 53:4, IJAM 53 4 22

Theorem 4. Given the FOBVP of (17), there exists a

constant w > 0 that is applicable to all w,v € A such
that w < v

0 < [(a+0)f(0,v) +pv] = [(a+0)f(0, ) + peo]
<plfv - @)] +a[f(Aw - =) + {(Av—v)]  (20)
+ t[f(Aw — v) + f(Av — )]
Then, A has a unique solution.

Proof: The equation can be seen as a result of a

FOBVP
tf (w(0),0v7(0)) + g’ (8) + pw(0) = tf (w(6), v (9))
+ qf (@ (0), @7 (0)) +pw(9> @1)

where, 0 € T =1[0,A] and w(0) = w(A).
The integral equation is equivalent to the equation, as
derived from the above problem.

=(0) = /OA 6(0. ) [e§(2(0)., 07 (0)) e
+ /0 %006, [af((60), =7 (6)) + pe=(8) | e

where

ep(A+%70) )
eq(%_e)

GO,2) =4 ———  f0<H<x<A
e~ —1
et(%—@)
S f0<f<x<A
emv —1

we can define a mapping A : AN(A) — M(A) and binary
relation using the following expression

w(0) = /O : a(8, ) [tf(w(e),va(a))]w
A
+ [ a0 ai((0).7(0) + pm(6)] 0

= {(w,v,v) € MA) x A(A) x A(A)
w(0) < wv(B) for all 6 € A}

(i) G(ww,v,v) = 2 sup ‘w(@) - v(@)‘ is the sup G—metric
0 €A
with \(A) and the complete G—metric space is w,v,v €
A(A) and hence (A(A),G) is G-complete.
(ii) By choosing a sequence {w,} that is G-preserving such
that w, S, w, for all 8 € A, then
wo(0) <w1(f) < ... <wy(0) <wei1 < ...

and convergent to w(0) which implies w,(0) < v(0) for
all 6 € Ao € Ny, which implies [wa,v,v} € ¥ for all
o € Np.

Hence, G-continuous.

(iii) Consider a lower solution o € \'(A) of (T8), then

tf (w(0),07(0)) + qw' (0) + po(6)
= tf (w(0),v7(0)) + af(w(0), @’ (0)) + po(0)
for all 0 € A.
Multiplying by ¢P9+99+%0 e have

(@49 < [4i((0), 7 (6)) +p(6)]el> o7

+ t[f(w(@),v”(@)} e(PHIHD0 v/ g A

it follows that
w(0)e®PFIHI0 < (0)

+ /09 t[f(w(%), UU(%)):| e(PHat)sy, ;.

Thus,

w(O)s/OA

A
w(g)e(p+q+r)0 < /
0

0
w(s), w? (x w () | ePHITxy 5
+ [ [ai( o, (09) + el [y
As w(0) < w(A),
@(0)e® I+ < H(A)ePHate)

<w(0)+ /OA t[f(w(%),v“(%))} e(prate)zy,

b [ 060,27 09) 4 pto e

e(P+q+t);{

(p+a-+v)

gt (e, v () |
A e(p+q+t)%
+ /O e(pta+r) _ 1

(p+a+r)se
it o o

A ¢ 1
+/0 et 1

[a(2(:0), 7 () + peo(30) | e

(A (), 7 (29)) + pw () | 0«

+ /0 et[f(w(%), UU(%))] o (PHa+D)32y, 5

+ /09 {qf(W(%),w”(%)) —i—pw(%)}e(wqﬂ),{w%

A
w()ePHIIY < /0 R

so that,

A
o,
0
A
o,
0
A
o),
0
A
o), &
0
A
A
0

ep("_)l {(w(%),uff(%))}z/}%
(a0 =7 () + b
o 1r[f<w<%>,v0<z>>]w%
eq (>0
(2(20), 57 (54)) + peo(2) |«
(x)w“(z))}«/»:
((:0), %7 () + peo () |«

ep%@
<
0 1

+/0
o)
o
s
s

ep%@

eq(% 9)

e"‘(" 9)

t(% 9)

r(% 9)
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ep(% 9)
e PO —

@ (30,07 () | ¢

0

' / :q:;’_el (07 )|
+/o o i, 07 00|

— (Aw)(6)

that is (w(0), Aw(0), Aw(0)) € ¥ for any 6 € A, this means
that \(A,G) # ¢.
(iv) For any (w,v,v) € 9, that is w(0) < v(0)

tf(@(0),07(0)) + af (= (0), w7 (0)) + pw
< tf(@(6),v7(0)) + f(U(e) 7(0)) +pe(9)
and G(6, ) > 0 for (6,) € A x A,

A
(Aw)(@):/o 6(0, 3¢ (= (3¢), 07 () | 3¢
A
+ [ 6059 af(=(00). =7 () + pem(o)
A
g/o 6(0, 3¢ (= (3¢), 07 () [ 3¢
A
+ [ a9 (000,07 () + e

= (Av)(0) for all 8 € A,

which implies that (Aw, Av, Av) € 9, that is G is A closed.
(v) For all (w,v,v) €Y,

G(Aw, Av, Av) =2 sup |(Aw)(f) —
0 e A

(Aw)()

(Av)(9)]

=2 sup (Av)(0) —
0 e A

< esupA/A G(&%)t{f(w(%),v”( ))}zp%
€ 0 A
w2 [ 600,59 [af(=(00), = () + pem(oa) e
A
~2 sup. /O a (6, %)t[f(w(%),w(%))}w%
A
~2 sup [ 60,50 [ai(0(62). 07 () + po) [0

< 2 sup

G(Aw, Av, Av)

/ ® G(8, 5)p> [v(%) - w(x)}w

0 e AJo

A
/ a(6, )
0 AJO

+ 2 sup

02| (v(0), 07 () = ((30), =7 () | 3¢

A
+2 sup / G(0, 5)
0 €A

e [(w(%),qﬂ(%)) - (w(%),v”(%))}q/)%

A
gpQG(wmm)/ G(0, 3)1pse
0

A

+q{(wAwAw+GvAvAv G(#

/OA
][ a0

+v |:(’UA’£UAW +GwAUAU

A
G(Aw, Av, Av) < pQG(w,U,U)/ G(60, »)x
0

%

A
+q2G(w,Aw7Aw)/ G(0, 3) s
0

A
+q2G(U,AU,AU)/ G(0, »)s
0

A
—|—t2G(U,Aw,Aw)/ G(0, )
0

A
—|—t2G(w,Av,Av)/ G(0, )
0

G(Aw, Av, Av)

< p2G(w, v, v)

sup

4 L)
P

0

1

sup —
geanc 0 _

+ 2G(v, Aw, Aw

~— =

sup
et

i |
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G(Aw, Av,Av)
< pa(w. 0, U);) (e 1) A= () -A (b))
|

ple? —1 t
1 = /0 t[sin(w(t)) — sin(v(t))]ds
+ ¢%6(w, Aw, Aw) ——— (79 — 1 t

q ) ( ) + / t sin(w(t))ds — A(w (1))

0

+ 9%G(v, Av, Av)ﬁ (e—q(? - 1) + /0 t sin(v(t))ds — A(v(t))

1 +A(u(b) / ¢ sin(w())ds
+ v%G(w, Av, Av)m (e_te = 1) 0

+ A(w(t) — /Ott sin(v(t))ds‘

+ t%G(v, A, Aw)% (e*t(’ - 1)

(e — )A(w(t)) - A(U(t))‘ < ‘sin(w(t)) — sin(v(t))

(A, Av, Av) < pG(w, v, ) + sin(w (1)) — A= (1))

+ sin(v(t)) — A(v(t))
+ q [G(w7 va Aw) + G(U7 AU? A’U)} + A(’U(t)) — sm(w(t))
n t[c(w, Av, Av) + G(v, Aw, Aw)} + A(w(t) — sin(v(t))’

for all w,v € A. As a result of Theorem [2| and [3| as stated
above, it follows that all necessary conditions have been
fulfilled. Thus, /A possesses a unique fixed point. ]

‘A(w(t)) - A(U(t))‘ < )sm(w(t)) - sz’n(v(t))’

+ |sin(w (1)) - A(w(t))‘
V. NUMERICAL EXAMPLE

~—

. . . + [sin(v(t)) — A(v(t )‘

To illustrate the importance of the obtained results, we
provide a numerical example in this section. + A(v(t)) _ sin(w(t))’
+ )|

Example 3. Consider the following FOBVP:

y'(t) + 9(t) = sin(t), 0 <t <2m, n(0) =n(27). (22)

We define S as the set of all continuous real-valued functions |A(w(t)) B A(U(t)) ’ = p}w(t) B U(t)’
on the closed interval [0,2x], i.e., 8 = C([0, 27],R). Define +qlo(t) = A(w(t))]
G:SxSxS—[0,00] by +qlv(t) — A(v(V)]
G(w,v,v) =2 sup |w(t) —v(t)]. (23) +r|w(t) = Av(t))]
te[0.2m] +t|v(t) — A(w(t))]
Clearly, (S,G) is a complete G—metric space.
Define a mapping A :' S — S by 2 8[2)112) | |A(w(t) — A(v(b)]
te|0,27
t
A(5() = /0 t sin(f(t))ds — (t) + sin(t).  (24) < 2tes[10{12>ﬂ]p|W(t) —u(Y)]
Assuming that the following conditions holds: +2 tes[loll;r] q‘”‘_j(t) - A(w(t))|
1. §(t) is continuous. n 2{:{})112) ]q|v(t) CA@)]
2 Jsnt(0) —sino(0)] < (9 - o) 2. o9~ 00
€(0,2m
3. [sin(@(t) — A(w(1)| < aw=(t) - A(=(1))] + 2t s[(1)112) ]t‘v(t) — A(w())]
€(0,2m
4. |sin(w(t)) — A(v(V)]| < t|m(t) — Av(b)|
Consider, G(Aw, Av, Av) < pG(w, v, v)
A(w(t))—A(v(t))‘ +q [G(w, Aw, Aw) + G(v, Av, Av)}

- | /O‘t sin(w(t))ds — f(t) + sin(t) +t[6(w, Av, Av) + 6(v, A, Aw)|

This leads us to the conclusion that all axioms of Theorem

t
_ / t sin(v(t))ds + f(t) — sin(t) [2| and B] are validated and as a result, the FOBVP sol. 22)
0 has a unique.
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The validity of our approach can be demonstrated by

Fixed Point Iteration for Convergence Behavior

utilizing the iteration method to confirm that the exact 119 1A I I
solution of Equation 22) is indeed xz(t) = t. Y
1181y
Tni1(t) = Az, (1)) g Y
¢ R \
= / t sin(zy,(t))ds — z,(t) + sin(x,(t)) (25) o ‘\
0 .g 1.16 \
8 \
The examples are presented in Table [I| [} and [IV} g Y
showcasing the convergence of the sequence (25) towards the 1 \
exact solutions of 0.25,1.13, —0.85 and —0.98, as depicted ' ‘\
in Fig. [I| Figl2] Fig[3)and Fig. || respectively. 113 *-=-=-=- e T
Let us consider the initial solution as xzo(t) = 0 to o o5 1 15 2 25 3 a5 4

commence the iterative process.

Itration Values

Figure 2. The graph shows that Eq. (Z3) converges to exact solution 1.13.

Table I
FOR t = 0.25, THE EXACT SOLUTION IS z(0.25) = 0.25
Table 1T
n zpt1(t =0.25)  Approximate Solution  Absolute Error FOR ¢ = —0.85, THE EXACT SOLUTION IS z(—0.85) = —0.85
0 t=0.25 0.000000 2.5 x 1071
21 ) n  xpt1(t =—0.85)  Approximate Solution Absolute Error
1 z2(t = 0.25) 0.250767 7.67 x 1074 4
0 z1(t = —0.85) -0.849479 5.21 x 107%.
2 x3(t = 0.25) 0.250487 4.87 x 10~4 s
1 z2(t = —0.85) -0.853717 —3.717 x 10
3 z4(t = 0.25) 0.250488 4.88 x 10~4 _3
2 z3(t = —0.85) -0.853713 —3.713 x 10
4 z5(t=0.25) 0.250488 4.88 x 104
3 z4(t = —0.85) -0.853713 —3.713 x 1073
4 z5(t =—0.85) -0.853713 —3.713 x 1073
03 Fixed Point Iteration for Convergence Behavior
Fixed Point Iteration for Convergence Behavior
025 ittt SRR vl
- A
! \
g 0, ll -0.8505
= w \
f% l, é -0.851 \
2015 ] 3 08515 '
£ ¢ B
£ / 2 \
S / T -0852 \
g o1 7 £ \
< P S 08525
& \
/ < 0853 \
005 [ \
! -0.8535 A 1
! = mm — === *
-0.854 1
0 0.5 1 1.5 2 2.5 3 35 4
Itration Values 0 05 | 15 2 25 3 35 4

Figure 1. The graph shows that Eq. (23) converges to exact solution 0.25.

FOR ¢ = 1.13, THE EXACT SOLUTION IS z(1.13) = 1.13

Table II

Itration Values

Figure 3. The graph shows that Eq. (23] converges to exact solution —0.85.

Table IV

FOR ¢t = —0.98, THE EXACT SOLUTION IS z(—0.98) = —0.98

n  xp41(t =1.13) Approximate Solution  Absolute Error n  zp4+1(t = —0.98)  Approximate Solution  Absolute Error
0 z1(t =1.13) 1.195133 6.5133 x 1072, 0 z1(t = —0.98) -0.977125 2.875 x 1073,
1 w2 (t = 1.13) 1.130777 7.77 x 1074 1 xo(t = —0.98) -0.976037 3.963 x 1073
2 as(t=1.13) 1.130849 8.49 x 10~4 2 as(t=—0.98) -0.976039 3.961 x 10~3
3 z4(t=1.13) 1.130848 8.50 x 10—4 3 ayu(t=—0.98) -0.976039 3.961 x 10~3
4 z5(t = 1.13) 1.130848 8.50 x 104 4 z5(t = —0.98) -0.976039 3.961 x 1073
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Fixed Point Iteration for Convergence Behavior
Ko mmm e ————k——— — = *
/

'

-0.976

-0.9762 !

-0.9764 /

-0.9766 !

Approximate Selutions

09768 !

a7t/

0 0.5 1 1.5 2 25 3 3.5 4
Itration Values

Figure 4. The graph shows that Eq. 23) converges to exact solution —0.98.

Example 4. Consider the following FOBVP:

9y’ (t) +9(t) = cos(t), 0 <t <2m, y(0) =y(27). (26)

We define S as the set of all continuous real-valued functions
on the closed interval [0,27], i.e., S = C([0, 27],R). Define
G:S xS x8—[0,00] by

G(w,v,v) =2 sup |w(t) —v(t)]. 27
te[0,2m7)
Clearly, (S,G) is a complete G—metric space.
Define a mapping A : S — S by
t
A(5(0) = / £ cos(f(8))ds — () + cos().  (28)
0

Assuming that the following conditions holds:
1. f(t) is continuous.

2. |cos(w(t)) — cos(v(t))] < plw(t) — v(b)]
3. |cos(w(t)) — A(w(t))| < q|w(t) — A(w(t))|

4. |cos(w(t)) — A(v(t))’ <tlw(t) — A(v(t))]

Consider,

‘A(w(t))—ﬁ(v(f))‘
— ‘ /0t t cos(w(t))ds — §(t) + cos(t)
— /Ott cos(v(t))ds + f(t) — 003(0‘

A (®)-a ()|
- | /0 " eos(w()) — cos(v(1)]ds
+ [ eosta©)is - a(=(0)
+ /Ott cos(v(®))ds — A(v(8))
+ Av(t) — /O tt cos(w(t))ds
+ A(w(t) —/0 tcos(v(t))ds’

‘A(w(t)) - A(v(t))‘ < ‘cos(w(t)) — cos(v(t))
+ cos(w(t)) — A(w(t))

+ cos(v(t)) — A(v(t))
+ A(v(t)) — cos(w(t))
+ A(w(t) — cos(v(t))‘

A=) = A@©)] < |eos(=(8) — cos(u(t)
+ |eos(m(t)) — A(w(t))’
cos(v(t)) — A(v(t ’

~—

+ )
+]A@w) —cos(w(t))‘
+ |A(w=(t) — cos(v(t))‘

A () ~ A@©)] < plw®) - ()
+qlw(t) — A(w(t))|
+qlo(t) — A(v(b))]
+t|@(t) — A(v(t)|
+t|u(t) — Aw(t)|

2 sup }A(w(t))—A(U(t)H

te[0,27]
<2 sup plw(t) —ov(t)|
te[0,2m7)

+2 sup qlw(t) — Aw(t))]
te[0,2m7)

+2 sup q|v(t) — A(U(t))|
te[0,2m7)

+2 sup t|w(t) — Av(t)|
te[0,2m7)

+2 sup tlu(t) — A(w(t))|
te[0,27)

G(Aw, Av, Av) < pG(w, v,v)
+4q [G(w, Aw, Aw) + G(v, Av, Av)}
+t [G(w, Av, Av) + G(v, Aw, Aw)}

This leads us to the conclusion that all axioms of Theorem
2] and 3| are validated and as a result, the FOBVP sol. (26))
has a unique.

The validity of our approach can be demonstrated by
utilizing the iteration method to confirm that the exact
solution of Equation 26) is indeed x(t) = t.

Tni1(t) = Az, (1))
= /0 t cos(zn(t))ds — xp,(t) + cos(z, (1)) (29)

The examples are presented in Table [V} V]| [VII| and [VIT]]
showcasing the convergence of the sequence (29) towards the
exact solutions of 1.11,0.10, —0.75 and 0.58, as depicted in
Fig. 3] Figld] Figl7] and Fig. [8 respectively.

Let us consider the initial solution as xo(t) = 0 to
commence the iterative process.
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Table V

FOR ¢t = 1.11, THE EXACT SOLUTION IS z(1.11) = 1.11

Table VII

FOR t = —0.75, THE EXACT SOLUTION IS z(—0.75) = —0.75

n  zp41(t =1.11)  Approximate Solution Absolute Error n xpy1(t =—0.75)  Approximate Solution Absolute Error
0 z1(t =1.11) 1.256637 1.46637 x 1071, 0 z1(t = —0.75) -0.751398 —1.398 x 1073.
1 xa(t = 1.11) 1.107490 2.510 x 1073 1 x2(t = —0.75) -0.748877 1.123 x 103
2 z3(t =1.11) 1.107656 2.344 x 1073 2 z3(t = —0.75) -0.748880 1.120 x 1073
3 z4(t = 1.11) 1.107656 2.344 x 1073 3 z4(t = —0.75) -0.748880 1.120 x 1073
4 z5(t=1.11) 1.107656 2.344 x 1073 4 z5(t=—0.75) -0.748880 1.120 x 103
Fixed Point Iteration for Convergence Behavior Fixed Point Iteration for Convergence Behavior
1264 -0.7485 ‘ : : ‘ T ‘ ‘
\
1241y Fmmmm e mmm ke — ok
\ 0. ]
r22f 3 !
w \ @0
S \ § -0.7495 !
S 12 E !
5 \ 5 /
w \ w
2118 \ £ o075 I’
£ \ £
g 1.16 \ g !
g \ g -07505 !
< \ Z I’
1.14 \ ,
\ -0.751
1.12 \ 1 !
/
¥- - - == *——— = = — — = =% *
1.1 -0.7515
0 05 1 1.5 2 25 3 35 4 0 05 1 15 2 25 3 35 4

Itration Values

Figure 5. The graph shows that Eq. (29) converges to exact solution 1.11.

Table VI

FOR t = 0.10, THE EXACT SOLUTION IS z(0.10) = 0.10

Itration Values

Figure 7. The graph shows that Eq. (29) converges to exact solution —0.75.

Table VIII

FOR t = 0.58, THE EXACT SOLUTION IS z(0.58) = 0.58

n xpt1(t =1.10)  Approximate Solution Absolute Error n  Tp41(t =0.58)  Approximate Solution  Absolute Error
0 z1(t = 0.10) 0.065823 3.4177 x 1072, 0 z1(t = 0.58) 0.581159 1.159 x 1073,
1 z2(t = 0.10) 0.104099 4.099 x 103 1 x2(t = 0.58) 0.580512 5.12 x 10~4
2 z3(t = 0.10) 0.104057 4.057 x 10~3 2 z3(t = 0.58) 0.580512 5.12 x 10~4
3 x4(t = 0.10) 0.104057 4.057 x 1073 3 x4(t = 0.58) 0.580512 5.12 x 104
4 z5(t = 0.10) 0.104057 4.057 x 103 4 z5(t = 0.58) 0.580512 5.12 x 10~4
Fixed Point Iteration for Convergence Behavior Fixed Point Iteration for Convergence Behavior
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Figure 6. The graph shows that Eq. (29) converges to exact solution 0.10.
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Itration Values

Figure 8. The graph shows that Eq. (29) converges to exact solution 0.58.
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VI. CONCLUSION

The present study has demonstrated the fixed-point the-
orem for rational contractive mapping on G-metric space.
Additionally, it has shown the application of a FOBVP sol.
and presented an example of a binary relation in a Euclidean
metric space. Subsequently, we proposed a simple FOBVP

sol.,

employing the fixed point technique in G-metric space.

To achieve this, we utilized an iterative method based on the
fixed point approach, resulting in an approximate solution
for Equations (22) and (26). The validity of this approach is
confirmed by the numerical results.
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