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1. Introduction

An important area of applied mathematics is graph theory, which is utilized to address a
wide range of issues in computer science, geometry, algebra, social networks, optimization,
and other fields [1]. Cohen [2] introduced the competition graph and its use in ecosystems,
focusing on species competition within food webs. When two species have at least one common
prey, they are considered to be in competition in this context. Roberts et al. [3, 4] investigated
the possibility of representing all networks with isolated vertices as competition graphs. The
competition number represents the least number of such vertices. Opsut [5] studied how to
calculate a graph’s competition number. Kim and colleagues [6, 7] provided the p-competition
number and graph. Brigham et al. [8] expanded the p-competition graph to incorporate the

@-tolerance graph, enhancing its generality.
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Cho and Kim [9] investigated the competition number of a graph with one hole. Li and
Chang [10] investigated competition graphs with h holes. Factor and Merz initially proposed
the (1,2)-step competition graph for tournaments [11], and then expanded the concept to the
(1,2)-step competition graph. Kaufman [12] created the fuzzy graph, where each vertex and
edge has various degrees of membership, to account for erroneous data in real life. Numerous
scientific investigations have been conducted on fuzzy graphs [13]. Parvathi and Karunambigal
introduced intuitionistic fuzzy graphs in [14]. It is a graph composed of vertices and edges
with variable degrees of membership and non-membership. Akram and Dubek [15] introduced
interval-valued fuzzy graphs, where vertices and edges’ membership values are represented
as intervals. However, even when competition is portrayed using competition graphs, these
features are not fully realized.

Samanta and Pal [16] represented competition in a fuzzy environment more realistically,
taking into account the ambiguity of prey and species in a food chain. Samanta and Sarkar
[17, 18] proposed the generalized fuzzy competition graph and generalized fuzzy graph, where
the vertices’ membership values dictate edge membership values. Pramanik et al. [19] merged
fuzzy tolerance graphs with fuzzy ¢ tolerance competition graphs.

Smarandache [20] developed neutrosophic logic, a cohesive framework for dealing with in-
determinate and inconsistent information that extends classical and fuzzy logics. This funda-
mental discovery laid the groundwork for later discoveries in a wide range of fields, including
decision-making and graph theory. Ye [21] expanded neutrosophic logic by developing a multi-
criteria decision-making technique that leverages the correlation coefficient in a single-valued
neutrosophic environment, proving its practical applicability in challenging decision circum-
stances.Akram, Siddique, and Davvaz [22] presented new concepts in neutrosophic graphs and
studied their applications, proving the flexibility of neutrosophic logic in mathematical model-
ing. Quek et al. [23] made additional contributions to the topic by investigating graph theory
in the context of complicated neutrosophic sets, revealing neutrosophic sets’ ability to handle
increasingly complex relational data. ahin [24] presented a practical approach to neutrosophic
graph theory, highlighting its usefulness in tackling real-world situations. Huang et al. [25]
investigated regular and irregular neutrosophic graphs, applying these principles to real-world
circumstances and emphasizing their practical relevance. Mohanta et al. [26] investigated
m-polar neutrosophic graphs, expanding the use of neutrosophic graph theory in intelligent
and fuzzy systems and enlarging the scope and usefulness of neutrosophic logic in contempo-
rary computing issues. Recent advances in neutrosophic logic and graph theory have greatly
broadened the scope of decision-making and problem-solving in complicated and ambiguous
situations. Mohanta, Dey, and Pal [27] investigated several neutrosophic graph products,

stressing their potential for managing complex interactions in intelligent systems. Broumi et
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al. [28, 29] proposed interval-valued Fermatean neutrosophic graphs as a complete framework
for dealing with data with a wider range of uncertainty and indeterminacy. Their contribu-
tions to ”Collected Papers” and "Neutrosophic Sets and Systems” highlighted the theoretical
underpinnings and practical uses of these graphs, particularly in scenarios needing improved
decision-making capacities. Broumi et al. [30] extended the use of neutrosophic graph theory
by developing complicated Fermatean neutrosophic graphs that were used in decision-making
processes in management and engineering. This novel technique revealed the usefulness of
neutrosophic graphs in solving diverse choice issues. Dhouib et al. [31] solved the Minimum
Spanning Tree Problem with interval-valued Fermatean neutrosophic domains, demonstrat-
ing the usefulness of these graphs in optimizing network-related tasks. Additionally, Saeed
and Shafique [32] examined the relationship of Fermatean neutrosophic soft sets with applica-
tions to sustainable agriculture, their findings showed that neutrosophic sets can help improve
decision-making processes in agricultural sustainability. AL-Omeri et al. [ [33]- [38]] discussed
identify internet streaming services using max product of complement in neutrosophic graphs

and give some real time applications.

1.1. Motiwation

(1) To broaden graph theory by including fermatean neutrosophic graph, which covers
membership, indeterminacy, and non membership.

(2) To develop powerful tools for modeling complicated real-world issues that go beyond
the capability of classical binary logic.

(3) The inspiration for this study derives from the desire to better capture and evaluate

dynamic interactions in such systems, where classical graph theory falls short.

1.2. Nowelty

(1) The paper extends the notion of fermatean neutrosophic graphs to extended fermatean
neutrosophic competition graphs, increasing the scope of fermatean neutrosophic graph
theory.

(2) It defines and examines the minimal graph and competition number for generalized
fermatean neutrosophic competition graphs, yielding novel theoretical insights and
characteristics.

(3) The research presents a matrix form of generalized fermatean neutrosophic competition
graphs that makes them easier to compute and see.

(4) The paper describes a practical application of generalized fermatean neutrosophic com-
petition graphs in the context of technology firms, illustrating the relevance of the

suggested ideas in capturing real-world contests and interactions.
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1.3. Structure of the article

The research begins with an overview of fermatean neutrosophic digraphs(FNDG) and the
reason behind expanding graph theory to include fermatean neutrosophic graph(FNG).
Section 2 covers the fundamental terminology and preliminary information required. Sec-
tion 3 present generalized fermatean neutrosophic graph(GFNG), fermatean neutrosophic di-
graphs, generalized fermatean neutrosophic digraphs, fermatean neutrosophic competition
graph(FNCG), generalized fermatean neutrosophic competition graph(GFNCG), minimal
graph and competition number for generalized fermatean neutrosophic competition graphs,
along with their features.

Section 4 presents the matrix form of GNCGs, followed by an appropriate example to demon-
strate its use. section 5 discusses a practical application of the explored theoretical prin-
ciples, demonstrating the importance and value of generalized fermatean neutrosophic di-
graphs(GFNDGQ) in solving real-world problems.

Summarizes the findings and makes recommendations for future study in fermatean neutro-
sophic graph(FNG) theory.

2. Basic Definitions

This part provides the essential components required for understanding the article.

Definition 2.1. Let X represent a universal set. A Fermatean Neutrosophic relation on X is

a mapping ¢ = (xu xe xo) : X X X = [0, 1] where x, («r, k9, xe (cr k9, x¢ (1, k9 € [0, 1].

Definition 2.2. Let X be a universal set. Let G = (g, 9) be FNG, where ¢ is a fermatean
neutrosophic set on X and 9 is a fermatean neutrosophic relation on X. The pair fulfills the
following requirements

O (i, k) < min {xu (), xv (K}

Oe (kr, k) = max {xe (), xe (K}

Oc iy, k) = max {xc (), xo (K}

0 < & (k, k9 + 63§(Kr, Ks) + 03 (i, ko) < 2 for all x, ks € X where 6, : X X X = [0,1],0¢:
v ¢

X x X= [0, 1] andd, : X x X - [0, 1] represents the degree of membership, indeterminacy-
membership, and non-membership of 9, respectively. Here, the Fermatean Neutrosophic edge

set of G is represented by 93, while the Fermatean Neutrosophic vertex set of G is represented

by g.

Example 2.3. Consider the FNG G = (g,9) where edge set of G is represented by
9, and vertex set of G is represented by g defined by ¢ = {ki, k2 k3} and edges ¥ =

{(k1, k2, (i1, x3), (2, k3)} as in figure 1.
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(0.7, 0.5, 0.6)

Fu

(0.7, 0.6, 0.6) (0.8, 0.6, 0.5)

Ko (0.8, 0.6, 0.5) A
(0.8, 0.6, 0.5) (0.9, 0.4, 0.5)

FNG.PNG
Figure 1. FNG .

Definition 2.4. The cardinality of FNS y is denoted as |x| = (|x|v |xls |x|c ). The total
membership values are represented by | x|, indeterminacy values are represented by |x|¢ and

non membership values are represented by |x|.

Definition 2.5. The height of an FNS y = (X, xu, xs x¢) is defined as h (y) =
(supsexxv (1), infrexxe @), infiexxe ) = (hr (), ha ()

-

- ( -_
Definition 2.6. If G= ¢, 9 is defined as FNDG if
@ xv:g~10,1],xe: ¢~ 1[0 1] and x, : g - [0, 1] it denotes the degree of membership,

indeterminacy and non membership respectively, such that 0 <,x3 + A= 2V, €g.
Gi) 6,:9-1[0,1],06:9 > [0,1] and &, : 9 - [0, 1] it denotes the degree of membership,

indeterminacy and non membership of edge respectively.

6u (e, 1) = min{x, (c,), x, ()}
) (KI,K) > max{XL(KI),XL(K>}
E r s &§ r & s
¢ (i, 1c0) = max {x (), x ()}
0< 233(%,1{ )+63(;<,1<' )+<(f53 K,k ) <2

v r s § r s ¢ r s

Lo

Example 2.7. The graph in Figure 2 is represented by the notation G = ¢, , with

vertices ¢ = {k1, k2, k3, ka} and edges 9 = {(x,5), (i, 13), (ky k2, (K )
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0‘7: 008; 0-6
| K3 ) (0.5,0.8,0.8) (0.5:_, 0.6, 0.8)
: : 3
(0.5,0.8,0.7)1 (0.4,0.8,0.7)
i (0.5, 0.6, 0.6) K2
FIG1.PNG (0.6,0.5,0.4) (0.5,0.3,0.6)

Figure 2. FNDG .

Definition 2.8. The Fermatean Neutrosophic out-neighborhood of a vertex «,in a directed

Fermatean Neutrosophlc ora hG = (g, x,0) 1 1s aFNSF " (k) = X, 5 )( . where
X+ = {KSI(SU(K ) > 0,06, K )>O ¢ (i, « )>0} and x*+ +Ur )ié"lf(ékefmedby

(Ks)-é (K K)

)(* X+ [O 1] defined by Xs: (ks) =0 (K K ) and y* : X* - [0, 1] defined by

wr Srr Kr
X {Ks) - 6§ (K K )
Crr

Uskr

Definition 2.9. The Fermatean Neutrosophic in-neighborhood of a vertex x, in a directed

Fermatean Neutrogophic gra hG =@ x,0)isa ENSF = (k) = X, X, where
X— = {Ks|bu (K K )>O 65& K )>O oc (e, 1 B )>O} and X TR )is(lf(ﬁ(efmedby

" (k) = by (K K ) X~ L X o [O 1] defined by X (ko = 6§(1<s,1<r) and y— :X* -

Crer Kr
[0 11 defined by X (ngS ¢ (K K )
Q’Cr

3. Generalized fermatean neutrosophic competition graph

Definition 3.1. A GFNG G = (g, 9) where 9 € ¢ X gis examined if certain functions exist
xvig—10,1], xe: g - [0,1] and x. : g - [0, 1].

o9 —1[0,1],6¢: 9> 1[0,1] and 6¢ : 9 - [0, 1].

E,:98,-[0,1],E¢: 8¢ [0, 1] and E¢ : 9, - [0, 1],

such that 0 < )53 (i) + X; () + )(3§(1cr) =2Vk,€¢(r=1,2..,n and

v (icr, k) = Ey (xu (1), xv ()

¢ (icr, k) = Eg (xe (), xe (k9)

¢ (icr, k) = E¢ (x¢ (1), x¢ (ko)

where

9y = {(xy (), xv (k9) © 0y (ky, k9 = O}
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e = {(xe (), xe (o) * 0¢ (i, k) = O}
¢ = {0re (), xe (i) 8¢ (i, k) = O}
andy, (), xe () and . (x,) denotes the degree of membership, indeterminacy and non
membership of vertex respectively and 6, (i, ks , O¢ (i, k) and O (i, k) denotes the degree

of membership, indeterminacy and non membership of edges respectively.

- - -
Definition 3.2. AGFNG G = ¢, 9 where 9 C ¢ X g¢is examined if certain functions
exist
xvig—1[0,1], xe:¢—[0,1] and x. : g - [0, 1].

> — -
S0 8 »[0,1],6¢: 9 »[0,1] and 6.: & - [0, 1.
Ey:9,- 10,11, Ee: 9~ [0,1] and E 2 8, - [0, 1,
such that 0 < )(3 (k) + )(3 (kD +x3 (k) =2Vx, €¢(r=1,2,..,n) and
3

o (1<,,1<<) E, (x, (x,), )(L(K))
5 &) =E (¢ ),y

@@ﬁ_ngxxw%
¢ S r ¢ S

where

Sy = {(w (), xv (k) * 6y (ky, k9 = O}

95 = {(xe (), xe (k9) @ 0e iy, k9 = O}
= {(xc (), xe (ko) 6 (icr, k) = O}

and)(u (), xe(c,) and x(x,) denotes the degree of membership, indeterminacy and non

membership of vertex respectively and o, (K ), 6 (k) and o (c,x’) denotes the degree
s & r s ¢ r s

of membership, indeterminacy and non membership of edges respectively.

( 5=
Example 3.3. The graph in Figure 3 is represented by the notation Q = g , with
vertices g = {ki, k2, k3, ka} and edges 9 = {(c,x), (K K) (K K) (<, X )}
1 2

( 5o
Definition 3.4. A GFNG G = o is defined_as GFNDG.The out-neighbourhopd F ( )
of a vertex x, € g is denoted as F (i) = {xs, (6, (K K 7)), 6§(K K ”), O¢ (K )/, x )

S r

- ( 5
Example 3.5. The graph in Figure 4 is represented by the notation G= ¢, , with ver-

tices g = {k1, k2, k3, ka} and edges 9 = {(5, 1), (q, 1), ey, k2, (K32, (K 26 3}
F (1) = {(i», (0.7,0.8,0.6)), (k3, (0.9, 0.5, 0.6)), (4, (0.6,0.6, 0.7)}
F (1) = {(k3,(0.9,0.8,0.7))} F (k3) = { (x4, (0.9,0.6,0.7)} F(ks) = @

- < - (-

—y
Definition 3.6. If (; = g 9 " is defined as GFNDG. The GFNCGC G of G= ¢ 9

is GFNG that has the same vertex set ¢ and contains a fermatean neutrosophic edge between
x1 and «2 iff F (k1) n F (x2) /= @. Furthermore, there exist sets
n 0)

2= Nk, €8 ,2,= RO x £¢,2 7 Rk £¢ and functions E; ©a; X2, =
[0,1],E2: 20 X 22 = [0, 1], E3 : a3 X a3 = [0, 1] for each(ky, ko) € 9 where
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{0.9,0.5, 0.6) (0.4, 0.6, 0.5)
w K3
(0.7,0.6,0.9)
(0.9, 0.6, 0.6) | VBTG5
i (0.8, 0.7, 0.8) Kz
FIG2.PNG (0.7, 0.6, 0.5) (0.8, 0.7, 0.8)
Figure 3. GFNDG .
0.5,0.6,0.7
( Ky ) (0.9, 0.6, 0.7) (0.3, Ef’ 0.4)
(0.6, 0.6, 0.7) (0.9, 0.5, 0.6)
+ (0.9,08,0.7)
r
- (0.7,0.8, 0.6) K2
FIG3.PNG BSaa 28 (0.7, 0.8, 0.6)

Figure 4. FNDG.

Oy (k1, k) = E Rv, NU
6, (i, k) =E (Nf Ns‘

5g(K1,K2) E NS‘
Nv = min {6, (i, KYVK EFG)nF ()}

NY = min {6, (1<1—1<§) VK3€F(K)HF(K2>}
xfz max {6 (ﬁ) Vi EF(K)nF(KQ)}
Rf —max{6§(K1K) VKzEF(K)ﬂF(K )}
xs = max {6, (<, ),V €EF (k) nF )}
N —max{ég(Kl_K;)) Vi, €F () nF ()}

K2
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- -
Example 3.7. The graph in Figure 4 is represented GFNDG G = ¢, 9 , with vertices

g = {x1, k2, k3, K4} and edges 9 = {(i, 1), (4, /), (i, k0, (310, (K ok A}
. The consequent competition graph (Figure 5)

(0.5, 0.5, 0.7) (0.9, 0.5, 0.4)
Ky Ky
L]

(0.6, 0.5, 0.4)

e

Ky & Ka
(0.6, 0.5, 0.6) (0.9, 0.5, 0.6) (0.7, 0.8, 0.6)
FIG4.PNG
Figure 5. GFNCG of graph (Figure 4).
(-_

Theorem 3.8. If G represent a GENG, then there exist a GFNDGTG) such thatC (¢ =@
proof szﬁn a GFNG G = (g,9). (u ,_1;[2) indicates an edge in G, the goal is to create a
GFNDG @, the competition graph C G isequalto G. Let u’y and u”> be the corresponding
vertices of u1 %Ld uyz in G.Then, from™ertices u'1, u2we may construct two directed edges to
avertexu’s € b such that u’s € F (™) n F W) .In a similar manner, we may do this for each
vertex and edge of G, and as a result, C _E)_= G

g

Definition 3.9. Let G represent a GFNG. The minimal graph G of G is a GFNDG with
- - -

c G .= G and ( has the minimum number of edges, i.e, if another graph, G exists and
-1 N (-1

C G =G, then number of edges of G < number of edges of G

Given a GFNCG, we may create a directed variant(a GFNDG) that emphasizes these com-
petitive interactions. However, for a single GFNCG there may be many comparable digraphs
with various amount of edges. Our objective is to identify the most compact digraph-one with
the minimum number of edges- that appropriately represents the competiticll)l.

Theorem 3.10. In a generalized fermatean neutrosophic conne_c)ted graph G which has an

underlying complete graph with vertex n. The minimal graph of b has 2n edges wheren = 2.
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prooi)

Let (7 be the connected GFNG which has an underlying complete graph with vertex n this

means that each vertex is linked to every other vertex. Let k and r be two neighboring vertices
ﬁ

~

vﬁ ~v
in G and ki, r1 be the corresponding vertices in the minimal gmph_)G. Let G is a GFNDG

every vertex except ki ha_§_)0nly out neighbourhood as k1. Hence él has n —_}edges. In a

similar way, a GFNDG G is taken into consideration r1 and consequently Gz’ There are
- 2 -

n— , , ) ) > —
1 edges in (. Let us now exal)nme_C;'FNQ)G Cﬁ)mcludmg only the edges (k1, u1)(r1, ua).

Consequently, the combined graph VG = é U Q U 6’3 has a total n—1)+m — 1) +2=2n
edges.
Definition 3.11. In a GFNG, the score of an edge (k1, x2) connecting the vertices is denoted
25, + 56— 25550

3
Example 3.12. The GFNG in Figure 6 is represented by the notation G = (g, 9), with

vertices ¢ = {ki, k2, k3 K4} and edges 9 = {(KZK‘) ,1(1< AK:) ,2(1< ,BK:) , (31< ’f)) , (éc ,1{)}

by S (i), k) =

(0.5, 0.6, 0.4) (0.9, 0.4, 0.5)
& (0.5, 0.5, 0.5) L
0.8, 0.6, 0.5
(0.5,0.6,0.6) ¢ ': el 4 (0.8,0.6,0.5)
K > HZ
(0.7. 0.5, 0.6) (0.7, 0.5, 0.6) (0.8, 0.6, 0.5)

FIG5.PNG
Figure 6. GFNG .

Definition 3.13. The vertexx; with neighbouring vertices 1, 7, ..., 74is considered isolated
in GENG if S k1, 1) ifI=1,2, ..., h.

Example 3.14. The GFNG in Figure 7 is represented by the notation G = (g, 9), with ver-
tices ¢ = {1, k2 k3, ka} and edges 9 = {(k0) , {k ), &, 5), G, g)}
. The neighboring vertex of k4 is k2, with the edge score (k, k4) is 0, indicating the x4 is an

isolated vertex.
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Table 1. Edge score values.

Edges Score Value
K1K2 0.386
KoKa 0.466
K2K3 0.466
K3Ka 0.366
KaK1 0.33
(0.6, 0, 1) (0.6, 0.5, 0.4)

.
Ky 3

-

(0.6, 0.5, 0.4)
(0.6, 0.5, 0.5)

>

(0.7,0.4,0.5) :
(0.9, 0.4, 0.5) (0.7,0,1)

K1 oo

FIG6.PNG
Figure 7. GFNG with isolated vertex .

Definition 3.15. In a GFNG, a cycle with a length of more than 4 is referred to as a hole if

each edge in the cycle has a score that is not zero.

Example 3.16. In Example 5, the graph x1 —x» —«k3 —k4 —«1 shows a 4-cycle with non-zero

scores, indicating a hole.

Definition 3.17. In a generalized neighborhood graph, the competition number refers to the
smallest isolated vertex, denoted by Cr (G ).

Lemma 3.18. A crisp graph with a single hole has a maximum completion number of two. A

GFNG with a single hole may have a competition number larger than two.

Conszder a graph (Figure 8) with a single hole with competition number two. Fdge Scores
“g (?c K) and (<,%) are non- zero by definition. However, the score of
4 1
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(0.7, 0.6, 0.4)
(0.8 0.5,06) (0.8,09,06) (06030 s
Ko K3
> (0,0.7,0)
(0.8,0.7, 0.6) & A (0.6,1,0)
K5
(0.5,0.7, 0)
05,1,0
K1 1 Ky { ;I h’T
(09,0705 (06,070 (0.6, 0.6,0) (0.9, 0.6, 0.3)

FIG7.PNG

Figure 8. GFNG with competition number 2.

(k4, 5) and (3, ks5) may be zero. Hence, x5 is an isolated vertex. The competition num-

ber is three.

Definition 3.19. A fermatean neutrosophic chordal graph(FNCG) is one in which every hole

has a chord with a score than zero.

Example 3.20. In Example 5, the graph if FNCG if the edges (k», k4) are chords with non-

zero scores and xi 1s a hole.

Lemma 3.21. A FNCG with a pendent vertex must have a competition number larger than

one. The isolation of vertex ks in the FNCG (Figure 9) results in a competition number larger

than two.
— (0.8,0,0.7)
(0.8, [;:16:' o (0.6,0.7,0.7) K3
iiea (0.6,0, 1)
(0.7,0.7, 0.6) ,
(0.6, 1,0.8) (0.7,0,1)
(0.6, 0.6, 0.5)
H) (0.7, 0.5, 0.6) (0 7*:2[';1 3,0.4)
(0.9,0.4,0.5) S
FIG8.PNG

Figure 9. FNCG .

4. GFNCG represented as a matrix

The following procedure calculates the elements of the adjacency matrix of a GFNCG.

(1) Consider GFNDG.
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(2) Identify the vertices k; and r; for [ = 1,2,...,n such that their exist an edge
(ki up) (ry, up) for p=1,2,..., m with F (k) and F (r)

(3) Determine the set F (k) N F(r) = {uq,q=1,2, ..., n}
(4) Compute
n

R Ov k (k ’ ,0 (k
U= min U l,ul U u» ,...,0u L Un—
Nll(f—mm{é (T uy, 6U(r:j?, o )}

( (—
Nkf—max 5§ kl, uir k U ... (3§ ki un—
Nf—mux{éf(zlu) é .0 (1’1 )
s

NS = max 53‘ kz,u , 0 k U ,.. z,un_
Nézmax{ég(zl,ul ,0 (r n),. r 9
r ¢ 1l 2

(5) For the pair of vertices k, r use functions Ei, E> and E; to get the combined membership

degrees.

oy (k1) = Ex éx,uq )
o, (k1) =E R, R¢
¢ (k, 1) = Ex Rg, Ng
For the sake of simplicity, the functions E;, E> and E; may be replaced by a single
function E.
(6) A competition matrix is a square matrix. The number of vertices is equal to its order.

The entries are as follows

L ( _ _
UE Ny, ¥v B RERE Eg Re, Ng if there exists an edge between 1 and p.

: (0,0,0) if there is no edge between 1 and p.

Example 4.1. A matrix representation example is provided, complete with all phases.
Step 1: Consider GFNDG.

Step 2: F(k) = {ko} ,Fko) = {ks} ,Fks) = {ki, ko},F (ks = {ki, ko, k3}, F (ks) =
{ks} ,F (ko) = {ks} , F (k) = {ks}
Step 30 Fk) nFka) = Fk) NnFks) = Flk) nF(ke) = F(k) n F(ky) = @, F k1) n
Fks) =A{ko}, Fk)NnF(ks) = {ko}, FkDd nF(ks) =F (k) NF (k) =F (k) nF (ks) = @
F(k) nFke) = {ks}, Flko) n F(ky) = {ks}, F(ks) n Fks) = {ki}, F(ks) n F(ks) =
F(ka)nF (k¢) = F (ka)nF (k7)) = Q,F (k)N F (ks) = {ks} , F (k)N F (ko) = F (k)N F (k7) =
Fks)NFke) =F(ks) NFky) =F(ke) NF (k7)) =0
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(0.7, 0.5, 0.3)

K3

(0.8,0.4,0.35)
(0.9,0.3, 0.4) (0.7,086, 0.4)
Hq

Ki.

(0.75, 0.55, 0.5)

(0.6, 0.55, 0.45)

075 045 155 (0.6,06,05)

Ka

(0.8,0.6,0.7)

/ (0.65, 0.6, 0.65) =

(0.5,0.6,08)
(0.75, 0.5, 0.6)

(0.8, 0.35, 0.45)

K1 (0.55, 0.55, 0.45)
(07,04, 0.5) _
(08, 6.5, 0.3)
FIG9.PNG
Figure 10. GFNG with 7 vertices .
Step 4:
Ry =0.75 R =05 Ry =0.6
Ng =0.75 X = 0.55 Ry =0.5
Ry =0.8 R{ =04 Ry =0.35
Ny =08 Rf =0.35 R¢ =0.45
Xv =0.7 R¢ =045 Xs =04
31 31 31
Ry =0.75 R{ =045 Ry = 0.55
Rv =0.6 R¢ =0.55 Re =0.45
53 53 53
Ny =0.55 R¢ =0.55 Re =0.45
Xv =0.65 R¢ =06 Re = 0.65
25 25 25
Xz =0.6 R =06 Re =05
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Step 5:
5 =0 8 =01 55 =0.25
oy =03 of =0.25 o5 =0.25
ov =0.3 0§ =0.25 6s =0.3
34 34 34
ov =04 65 =0.3 os =0.35
45 45 45
58 =0.25 65 =0.35 5 =0
54 = 0.3 65 = 0.4 s =0.25
oy =0.25 0§ =0.25 os =0.25
Step 6
O 0
- (0,0,0) (0,0.25,0.1) (0.3,0.25,0.25)  (0,0,0) (0,0,0) (0,0,0)
(0,0,0) - (0,0,0) (0,0,0) (0,0,0) (0.25,0,0.35)  (0.3,0.25,0.4)
(0,0.25,0.1) (0,0,0) - (0.3,0.3,025)  (0,0,0) (0,0,0) (0,0,0)
(0.3,0.25,0.25) (0,000  (0.3,0.3,0.25) - (0.4,0.35,0.3) (0,0,0) (0,0,0)
(0,0,0) (0,0,0) 0,000  (0.4,0.35,0.3) - (0,0,0) (0,0,0)
(0,0,0) (0.25,0,0.35)  (0,0,0) (0,0,0) (0,0,0) - (0.25,0.25,0.25)
0,0,0)  (0.3,0.2504)  (0,0,0) (0,0,0) 0,0,00  (0.25,0.25,0.25) -

5. Application of key performance indicators in technology firms

Many competitions exist in various aspects of everyday life, comparable to those seen in
ecosystems. This study investigates the competition for technological innovation among major
technology businesses in a fermatean neutrosophic environment. We take two things into
consideration: Market share and R&D expenses. A company’s market share is the total
amount of sales it controls in its industry during a certain time period. The R&D Investment
refers to the cash allocated for the company’s research and innovation initiatives.

Market share increases represent true membership, whereas R&D spending measures non-
membership. Uncertainty factors including market volatility, regulatory changes, and economic
crises are measured against the level of indeterminacy membership. Data on market share and
R&D investment are sourced from industry journals and business financial filings.

Leading technology companies such as Apple, Google, Microsoft, and Amazon are vying for
technological superiority. Because all enterprises compete, the competition graph is complete.
The membership values of the businesses (nodes) are displayed in tabular form (Table2 and
Table3), whilst the membership values of edges are calculated using the following formula and
provided in matrix style.

The matrix structure above depicts the competitiveness of technology businesses.
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Table 2. Market share and R&D expenditures of technology firms.

Tech corporations Market share R&D expenditures

Apple 10 6.5
Microsoft 8.8 5.4
Google 7.2 7.5
Amazon 4 10
Meta 3.2 6.6
Samsung 2.8 4.3
Intel 2 3.6

Table 3. Normalized value of Market share and R&D expenditures of tech-

nology firms.

Tech corporations NMS N R&D NMS ~NR&D
Apple 1 0.65 0.35
Microsoft 0.88 0.54 0.34
Google 0.72  0.75 0.03
Amazon 0.4 0.10 0.6
Meta 0.32  0.66 0.34
Samsung 0.28  0.43 0.15
Intel 0.2 0.36 0.16

- (1,0,1)  (0.06,0,0.055) (0.14,0,0.05) (0.3,0,0.175) (0.34,0,0.005) (0.36,0,0.11) (0.4,0,0.145)
00600053  (1,01)  (0.08,0,0105) (02400.23) (02800.06) (030,005 (0340009

] (0.14,0,0.05) (0.08,0,0.105)  (1,0,1)  (0.16,0,0.125) (0.2,0,0.045) (0.02,0,0.085) (0.26,0,0.195)
(0.3,0,0.175) (0.24,0,0.23) (0.16,0,0.125)  (1,0,1)  (0.04,0,0.17) (0.06,0,0.285) (0.1,0,0.32)
0.34,0,0.005) (0.28,0,0.06) (0.2,0,0.045) (04,035,03)  (1,0)  (0.02,0,0.115) (.060,0,0.15)
(0.36,0,0.11)  (0.3,0,0.055) (0.02,0,0.085) (0.06,0,0.285) (0.02,0,0.115) ~ (1,0,1)  (0.04,0,0.035)
(0.4,0,0.145) (0.34,0,0.09) (0.26,0,0.195) (0.1,0,0.32) (0.06,0,0.15) (0.04,0,0.035)  (1,0,1)

The matrix structure above represents the competitiveness among tech corporations.

6. Comparative Analysis

The competitive environment in the technology industry is sophisticated and dynamic, de-
manding the adoption of current analytical tools to understand the intricate interrelationships
between leading businesses. Such competitive settings have been described using Generalized
Neutrosophic Competition Graphs (GNCGs), which provide a complex representation using
truth, falsity, and indeterminacy memberships. GNCGs, on the other hand, have the poten-
tial to oversimplify competition through their linear combination strategy. Key Performance

Indicators (KPIs) such as market share and R&D expenditures are also used to evaluate
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competitive performance; however, due to their quantitative nature, they frequently fail to
capture the full range of dynamics, excluding indeterminate factors such as market volatility
and regulatory changes. The introduction of Generalized Fermatean Neutrosophic Competi-
tion Graphs (GFNCGs) represents a substantial advance. GFNCGs use a complex algorithm
to score edges between vertices that better captures the reality of competitive dynamics by al-
lowing for uncertainty. This method provides more detailed insights for strategic planning and
decision-making. Compared to GNCGs and KPIs, GFNCGs give a more comprehensive view
of the competitive environment by combining quantitative and qualitative metrics. This is
vital in the rapidly changing technology industry, where understanding the link between mar-
ket share growth, innovation investment, and external uncertainty is essential for maintaining
a competitive edge. Thus, GFNCGs are superior tools for modeling competitive scenarios in
the technology sector because they provide a balanced analytical framework that captures the

complexities and unpredictable nature of industrial rivalry.

4

GMCG B GFNCG

Figure 11. Comparision between GFNCG AND GNCG .

Conclusion

This work proposes a GFNCG that overcomes edge constraints. It depicts the GFNCG
using a square matrix and explores concepts such as the minimal graph and competition num-
ber. In addition, the GEFNCG framework is used to define a real-world application. In this
application, nations’ actual membership value is represented by their market share, whereas
non-membership value is represented by the complement of their R&D spending. These cri-
teria may be adjusted to capture different aspects of international competition, providing a

useful perspective for studying real-world competitions. The research focuses on one-step

Wadei Faris AL-Omeri, M Kaviyarasu, M. Rajeshwari. Key performance indicators in technology firms using
generalized fermatean neutrosophic competition graph



Neutrosophic Sets and Systems, Vol. 73, 2024 666

competition, with plans to examine n-step fermatean neutrosophic competition graphs and

other related concepts in the future. This study will serve as the foundation for subsequent

research.
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