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ABSTRACT. We first introduce the concept of interval-valued neutro-
sophic competition graphs. We then discuss certain types, including k-
competition interval-valued neutrosophic graphs, p-competition interval-
valued neutrosophic graphs and m-step interval-valued neutrosophic com-
petition graphs. Moreover, we present the concept of m-step interval-
valued neutrosophic neighbourhood graphs.
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1. INTRODUCTION

In 1975, Zadeh [35] introduced the notion of interval-valued fuzzy sets as an
extension of fuzzy sets [34] in which the values of the membership degrees are inter-
vals of numbers instead of the numbers. Interval-valued fuzzy sets provide a more
adequate description of uncertainty than traditional fuzzy sets. It is therefore im-
portant to use interval-valued fuzzy sets in applications, such as fuzzy control. One
of the computationally most intensive part of fuzzy control is defuzzification [19)].
Atanassov [12] proposed the extended form of fuzzy set theory by adding a new com-
ponent, called, intuitionistic fuzzy sets. Smarandache [26, 27] introduced the concept
of neutrosophic sets by combining the non-standard analysis. In neutrosophic set,
the membership value is associated with three components: truth-membership (¢),
indeterminacy-membership (i) and falsity-membership (f), in which each member-
ship value is a real standard or non-standard subset of the non-standard unit interval
]0~,1%[ and there is no restriction on their sum. Smarandache [28] and Wang et al.
[29] presented the notion of single-valued neutrosophic sets to apply neutrosophic
sets in real life problems more conveniently. In single-valued neutrosophic sets, three
components are independent and their values are taken from the standard unit in-
terval [0,1]. Wang et al. [30] presented the concept of interval-valued neutrosophic
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sets, which is more precise and more flexible than the single-valued neutrosophic set.
An interval-valued neutrosophic set is a generalization of the concept of single-valued
neutrosophic set, in which three membership (¢, 7, f) functions are independent, and
their values belong to the unit interval [0, 1].

Kauffman [18] gave the definition of a fuzzy graph. Fuzzy graphs were narrated
by Rosenfeld [22]. After that, some remarks on fuzzy graphs were represented by
Bhattacharya [13]. He showed that all the concepts on crisp graph theory do not
have similarities in fuzzy graphs. Wu [32] discussed fuzzy digraphs. The concept of
fuzzy k-competition graphs and p-competition fuzzy graphs was first developed by
Samanta and Pal in [23], it was further studied in [11, 21, 25]. Samanta et al. [24]
introduced the generalization of fuzzy competition graphs, called m-step fuzzy com-
petition graphs. Samanta et al. [24] also introduced the concepts of fuzzy m-step
neighbourhood graphs, fuzzy economic competition graphs, and m-step economic
competition graphs. The concepts of bipolar fuzzy competition graphs and intu-
itionistic fuzzy competition graphs are discussed in [21, 25]. Hongmei and Lianhua
[16], gave definition of interval-valued fuzzy graphs. Akram et al. [I, 2, 3, 4] have
introduced several concepts on interval-valued fuzzy graphs and interval-valued neu-
trosophic graphs. Akram and Shahzadi [6] introduced the notion of neutrosophic
soft graphs with applications. Akram [7] introduced the notion of single-valued neu-
trosophic planar graphs. Akram and Shahzadi [3] studied properties of single-valued
neutrosophic graphs by level graphs. Recently, Akram and Nasir [5] have discussed
some concepts of interval-valued neutrosophic graphs. In this paper, we first in-
troduce the concept of interval-valued neutrosophic competition graphs. We then
discuss certain types, including k-competition interval-valued neutrosophic graphs,
p-competition interval-valued neutrosophic graphs and m-step interval-valued neu-
trosophic competition graphs. Moreover, we present the concept of m-step interval-
valued neutrosophic neighbourhood graphs.

We have used standard definitions and terminologies in this paper. For other
notations, terminologies and applications not mentioned in the paper, the readers
are referred to [6, 9, 10, 13, 14, 15, 17, 20, 26, 33, 30].

2. INTERVAL-VALUED NEUTROSOPHIC COMPETITION (GRAPHS
Definition 2.1 ([35]). The interval-valued fuzzy set A in X is defined by

A= {(87 [tlfx(s)at%(s)]) 1S € X}7
where, t!(s) and t%(s) are fuzzy subsets of X such that 4 (s) < t%(s) for all z € X.
An interval-valued fuzzy relation on X is an interval-valued fuzzy set B in X x X.

Definition 2.2 ([30, 31]). The interval-valued neutrosophic set (IVN-set) A in X
is defined by

= {(5, [tla(s), ta ()], [i4 (), 4 (5)], [Fa(5), FA(s)]) 5 € XD,

(
where, t!,(s ) t4(s), (s), i%(s), f4(s), and f4(s) are neutrosophic subsets of X
such that t4 (s) < t%(s ) L(s) <i4(s) and f4(s) < f4(s) for all s € X. An interval-
valued neutrosophlc relamon (IVN-relation) on X is an interval-valued neutrosophic
set Bin X x X.
100
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Definition 2.3 ([5]). An interval-valued neutrosophic digraph (IVN digraph) on a
non-empty set X is a pair G = (4, B) (in short, G), where A = ([ty, t%4], [i%, 7%],[f4,
f4]) is an IVN-set on X and B = ([, t%], [ZB,’LB] [fL,f%]) is an IVN-relation on X,
such that:

D) th(s,w) < () Ath(w),  Eh(sw) < () A (w),
(u) iy, w) < ity (s WA(w), i (s, w s@'mswmw),
(i) £h(sw) < FL(s)Afo(w),  fa(sw) <

Example 2.4. We construct an IVN-digraph G =
in Fig. 1.
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¢([0.1,0.2],0.2,0.4], [0.3,0.7))

Ficurg 1. IVN-digraph

Definition 2.5. Let 8 be an IVN-digraph then interval-valued neutrosophic out-
neighbourhoods (IVN-out-neighbourhoods) of a vertex s is an IVN-set

nt w)t (DT (w)T nt w)t
Nt(s) = (X5, [t ¢80, i, a8 ), (p07, 6897

)

where
w||t(s,w) >0, tx(s,w) > (s,w) > 0,i%(s,w) > s, w) >
= {wl[t( 0, t5( 0l, > 0.5 0], [f5( 0,
fB(s, w% > 0]},
such that t0 : X+ — [0,1], defined by tO (w) = t4(s, w), £ : X+ — [0,1],
defined by t(u)+( ) = t%(s, b zgl) : X+ —[0,1], defined by zg) (w) = ilB(s,w;,
O 5 10,1, defined by i (w) = i% (s, w9, £O7 2 XF 5 [0, 1], defined by

)= (s w), £ XF [0,1],deﬁned by £ (w) = a5, w).

Definition 2.6. Let 8 be an IVN-digraph then interval-valued neutrosophic in-
neighbourhoods (IVN-in-neighbourhoods) of a vertex s is an IVN-set

N7(s) = (X, (67 8 ) A 10 ),

where
X7 = {w|[th(w,s) >0, t%(w,s) > 0] ws;>Oszs > 0], [f5(w,s) >0,
fB(w,si>O]},
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such that t{ X, — [0,1], defined by tgl)i(w) = t%m, . X, — [0,1],
defined by t1* (w) = t}gm, i X, — [0,1], defined by igl)i(w) = i%m,

{7 X = [0,1], defined by i (w) = i%(w, 59, O X = [0,1], defined by
7 (w) = fhlw, o) £ 2 X5 = [0,1], defined by £ (w) = fa(w, s).

Example 2.7. Consider an IVN-digraph G = (A4, ?) on X = {a,b,c} as shown in
Fig. 2.

(lo‘eol‘rozol o To)?
([6°0°z°01 [8°0€0] ‘[8°0*9°0))q

([01,0.2],(0.2,0.3], 0.2, 0.5))

FiGureg 2. IVN-digraph

We have Table 1 and Table 2 representing interval-valued neutrosophic out and
in-neighbourhoods, respectively.

TABLE 1. IVN-out-neighbourhoods

N*(s)

{(®, [0.1,0.2],[0.2,0.3],[0.1,0.6]), (c, [0.1,0.2],[0.1,0.3],[0.2,0.6]) }
%]

{(b, [0.1,0.2],0.2,0.3],(0.2,0.5])}

o o olw

TABLE 2. IVN-in-neighbourhoods

N~ (s)
%]

0.1,0.2],[0.2,0.3],[0.1,0.6)), (c, [0.1,0.2],[0.2,0.3],[0.2,0.5])}
0.1,0.2],]0.1,0.3],[0.2,0.6]) }

o ocolw

{(a,
{(a,

Definition 2.8. The height of IVN-set A = (s, [t4, t4], [i%, %], [f4, f4]) in universe
of discourse X is defined as: for all s € X,

h(A) = ([BL(A), kit (A)], [R5 (A), ks (A)], [h5(A), k3 (A))),
= (sup ¢4 (s), sup 4 (s)], [sup 4 (s), sup 4 ()], [ inf fh(s), inf f3(s)]).
seX seX seX seX s€ s€
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Definition 2.9. An interval-valued neutrosophic competition graph (IVNC-graph)
of an interval-valued neutrosophic graph (IVN-graph) G = (A, B) is an undirected
IVN-graph (C@ = (A, W) which has the same vertex set as in 8 and there is an
edge between two vertices s and w if and only if NT(s) N NT(w) # @. The truth-

membership, indeterminacy-membership and falsity-membership values of the edge
(s, w) are defined as: for all s,w € X,
(i) thy (s, w) = (t}y(s) A thy(w))hi (N*(s) N N*(w),
fw(S w) = (t4(s) Atz (w))hy (NT(s) N N* (w),
(i) 4y (s, w) = (il (s) Aty (w))h5 (N (s) NN (w),
lw(s w) = (i%(s) A (w))hg (NT(s) N N*(w),
(iii) [y (s, w) = (fA(S) A Fa(w))hi(N*(s) N N*(w),
fquv(svw) = (f4(s) A fh(w))hg (NF(s) NN (w).

Example 2.10. Consider an IVN-digraph G = (A4, ﬁ) on X = {a,b,c} as shown
in Fig. 3.

c([0.1,0.2],[0.2,0.4], [0.3, 0.7])
Ficure 3. IVN-digraph

We have Table 3 and Table 4 representing interval-valued neutrosophic out and
in-neighbourhoods, respectively.

TABLE 3. IVN-out-neighbourhoods

N*(s)

{(®, [0.1,0.2],[0.2,0.3],[0.1,0.6]), (c, [0.1,0.2],[0.1,0.3],[0.2,0.6]) }
%]

{(b, [0.1,0.2],0.2,0.3],(0.2,0.5])}

o o olw

TABLE 4. IVN-in-neighbourhoods

N~ (s)
I

{(a, [0.1,0.2],[0.2,0.3],[0.1,0.6]), (c, [0.1,0.2],[0.2,0.3],[0.2,0.5])}
{(a, [0.1,0.2],]0.1,0.3],[0.2,0.6])}
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Then IVNC-graph of Fig. 3 is shown in Fig. 4.

5([0.6,0.8],[0.3,0.8], [0.2,0.9])

[
S
5 %,
o R4
S %
& 2
Q 0.01,0.04],[0.04,0.12 Y
SR L .006,042) Y,
N ® v
NG 2y
NI ]

FIGURE 4. IVNC-graph

Definition 2.11. Consider an IVN-graph G = (A, B), where A = ([A}, AY], [A},
AY), [A5, AY)] and B = ([Bf, BY], [B), By], [BS, BY)]. then, an edge (s, w), s, w
€ X is called independent strong, if

1[All(S) N Aj(w)] < Bi(s,w),  5[AY(s) A A (w)] < B (s, w),

[A3(s) A Aj(w)] < By(s,w),  5[A5(s) A A (w)] < By (s,w),

=N =N

5[A5(5) A Ay (w)] > By(s,w), S [A5(s) A A5 (w)] > By (s,w).

N =N =N =

Otherwise, it is called weak.

We state the following theorems without their proofs.

Theorem 2.12. Suppose 8 is an IVN—dig%gﬂh. If N*(s) N Nt (w) contains only

one element of 8, then the edge (s, w) of C(G) is independent strong if and only if
I[NT(s) NNt (w)]|p > 0.5, [[NT(s) NNt (w)][s« > 0.5,
I[NT(s) N NT(w)]|;y > 0.5, |[NT(s) NN (w)]|;u > 0.5,
IINT(s) "\NT(w)]|p < 0.5, [[N*(s) NN (w)]|s« <0.5.

Theorem 2.13. If all the edges of an IVN-digraph 8 are independent strong, then

Bl(s,w) Bi(s,w)

Ao A A @r % @A ar@y O
Bz(s w) BY(s,w)

A6 A A @)~ % () A Az~ O
Bi(s, w) Bi (s, w)

A A AL@)? <% () A Az <O

for all edges (s, w) in C(a)

Definition 2.14. The interval-valued neutrosophic open-neighbourhood (IVN-open-
neighbourhood) of a vertex s of an IVN-graph G = (A, B) is IVN-set N(s) = (X,
[t5, 2], i, 48], [fS, f&1), where
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X = {w|[Bl(s,w) > 0, B{(s,w) > 0], [B,(s,w) > 0, BY(s,w) > 0], [By(s,w) >0,
BY(s,w) > 0]},

and t\ : Xy — [0,1] defined by t\(w) = Bl(s, w), t* : Xy — [0,1] defined by
t4(w) = B¥(s, w), i\, 1 Xg — [0,1] defined by i (w) = Bi(s, w), i¥ : X5 — [0,1]
defined by i%(w) = B¥(s, w), f. : Xy — [0,1] defined by fi(w) = Bi(s, w), f%:
Xs — [0,1] defined by f¥(w) = B%(s, w). For every vertex s € X, the interval-
valued neutrosophic singleton set, A = (s, [AY, AY'], [AY, AY], [AY, AY) such that:
Al {s} = [0,1], A¥ : {s} — [0,1], AY : {s} = [0,1], AY : {s} — [0,1], A} : {s} —
(0,1], AY : {s} — [0, 1], defined by AY(s) = A (s), AY(s) = AY(s), AY(s) = Ab(s),
AY(s) = AY(s), AY(s) = AL(s) and AY(s) = A¥(s), respectively. The interval-
valued neutrosophic closed-neighbourhood (IVN-closed-neighbourhood) of a vertex
s is N[s] = N(s) U A,.

Definition 2.15. Suppose G = (A, B) is an IVN-graph. Interval-valued neu-
trosophic open-neighbourhood graph (IVN-open-neighbourhood-graph) of G is an
IVN-graph N(G) = (A, B’) which has the same IVN-set of vertices in G and has an
interval-valued neutrosophic edge between two vertices s, w € X in N(G) if and only
if N(s) "N(w) is a non-empty IVN-set in G. The truth-membership, indeterminacy-
membership, falsity-membership values of the edge (s, w) are given by:

BY (s, w) = [A{(s) A A} (w)]h1 (N(s) N N(w)),
By (s,w) = [A5(s) A Ay(w)]h5(N(s) N N(w)),
By (s,w) = [A5(s) A A3 (w)]h5(N(s) N N(w)),
BY'(s,w) = [A{(s) A A} (w)]hY (N(s) N N(w)),
By'(s,w) = [A3(s) A Az (w)]h3 (N(s) N N(w)),
BY (s,w) = [A4(s) A Ay (w)]hy (N(s) NN(w)), respectively.

Definition 2.16. Suppose G = (A4, B) is an IVN-graph. Interval-valued neutro-
sophic closed-neighbourhood graph (IVN-closed-neighbourhood-graph) of G is an
IVN-graph N(G) = (A, B’) which has the same IVN-set of vertices in G and has an
interval-valued neutrosophic edge between two vertices s, w € X in N[G] if and only
if N[s] N N[w] is a non-empty IVN-set in G. The truth-membership, indeterminacy-
membership, falsity-membership values of the edge (s, w) are given by:

B (s,w) = [A}(s) A A} (w)]hi (N[s] N N[uw]),
By (s,w) = [A}(s) A Ap(w)]h(N[s] N N[uw]),
B (s,w) = [A}(s) A Aj(w)]h(N[s] N N[w]),
BY(s,w) = [A} (s) A A} (w)]h{ (N[s] N N[w]),
By'(s,w) = [A3(s) A A3 (w)]hg (N[s] N N[uw]),
BY (s,w) = [A%(s) A Ay (w)]h} (N[s] N N[w]), respectively.

We now discuss the method of construction of interval-valued neutrospohic com-
petition graph of the Cartesian product of IVN-digraph in following theorem which
can be proof using similar method as used in [21], hence we omit its proof.
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Theorem 2.17._L>et (C((T;)j (Aq, ﬁ) and (C(E—:g) = (A2, Bs) be two IV&C—gigzphs
of IVN-digraphs G1 = (A1, L1) and Go = (As, L), respectively. Then C(G10G3) =

GC(G V- OC(@) U G®, where G C(@ ) OC(Gh)- is an IVN-graph on the crisp graph

(X1 X X2, Eq . DEq & ) C(G1)* and C(G2)* are the crisp competition graphs

of G1 and CT;, Tespectwely G" is an IVN-graph on (X1 x Xa, EU) such that:

(1) EP = {(51,52)(11)1,11)2) IS Ni(Sl)*,’wz S N+(52)*}

E(C(GT;)*DE (?)* = {(81,52)(51,102) 151 € X1, s0ws € E(C(CT;)*}

U{(Sl, 82)(11)1, 82) Sg € XQ, S1wy € E(C(CTI)*}

(2) tAlmAz tAl(Sl) /\tA (s2), ilAlDA2 = ifaxl(sl) A il,42(52): f,l41DA2 =
fAl(Sl) /\fA2(S2)7
Yooa, = th, (51) A4, (52), %04, = 14, (51) Nilg,(s2), fhoa, =
f4, (s1) /\fA2(52)

(3) t((s1,82)(s1,w2)) = [y, (s1) Atly, (52) Atly, (w2)] X Vaay {tly, (s1) At (s202) A
lflL-;(’wgag)},

(s1,82)(s1,w2) € E.a)-BEc@yyr a2 € (NT(s2) N NT(wq))*.

(4) i ((s1,52) (51, w2)) = [i%, (1) Nily, (82) Aily, (w2)] X Vi, {ily, (51) Ai (s202) A

ilL—2>(w2a2)}7
(s1,82)(s1,w2) € Ec - BEeghy-r a2 € (NT(s2) N NT(wg))*.

(5) fp((s1,82)(s1,w2)) = [f,lax (51)/\ff42(Sz)Af,lqz(wz)]XVaz{fﬁl(Sl)/\f%(Szaz)/\
fp (waas)},

(s1,52)(s1,w2) € Ep g2\ OB )., a2 € (N*(s2) NNt (wsq))*.

(6) th((s1,52)(s1,w2)) = [Eh, (s1) AL, (52) NG, (w2)] X Vay {th, (51) AT (s2a2) A

fiz—;(’wgag)},
(81,82)(81,11}2) S E @ )*DE (5)2)*, az € (N+(82) N N+(w2))*
(7) 8 ((s1, 82)(s1,w2)) = [i4, (51) iz, (s2) A4, (w2)] X Vaa {74, (s1) Ais (s2a2) A
i (w2a2)},
(81,82)(81,11}2) S E(C(CTI) DE(C(CT;)*’ az € (N+(82) N N+(w2))*

(8) FE((s1,82)(s1,w2)) = [F4, (s)ASH, (s2)AFE, (w2)] X Var {fR, (s1)AFFs (s2a2)A

fi (weaz2)},
(s1,82)(s1,w2) € E @) OE, c@n 2 € (NT(s2) N NT(ws))*.

(9) (51, 52)(wr, 82)) = [y, (s1) Aty (wi) Atl, (52)] X Va, {th, (s2) At (s102) A

tos (wia)},
(s1,82)(w1, 82) € B 2. OBz, a1 € (NT(s1) N NT(wy))*.
(10) i ((s1, 2) (w1, 82)) = [y, (1) Ay, (w1) Adly, (52)] X Vay {ila, (52) Al (s102) A
il—>(w1a1)},
Ly

(s1,82)(w1,s2) € E(C(CT{)*DE(C(CTQ)*’ a; € (NT(s1) N NT(wq))*.
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(11) f((s1,52)(wr,52)) = [fih(sl)/\fih(wl)/\fib(sQ)]xval{tg2(82)AflL_l>(sla1)A
flL—1>(w1a1)},
(s1,82)(wy,s2) € E c@)BEe@y @€ (NT(s1) N NT(wy))*.

(12) t((s1, s2)(wr, s2)) = [t4, (51) A L4, (wi) ATE, (52)] X Vay {84, (52) At (s1a1) A

th (wiar)},
(s1,82)(w1,82) € E, @) mp) c@y o€ (NT(s1) N NT(wy))*.

(13) i ((s1, s2)(wr, 82)) = [, (s1) N, (wr) Nif4, (52)] X Vay {04, (52) Ais (s100) A
i (wian)},
(s1,82) (w1, 52) € Bz . OB 2., a1 € (NF(s1) N NT(wy))*.

(14) fB((s1,82)(w1,82)) = [ P, (OASR, () AFR, (52)] X Vay {4, (52) AT (s101) A
fi(wnan)},

(s1,82)(w1,52) € E c@)- @y @ € (N*(s1) NNF (wy))*.

(15) t5((s1,82) (w1, wa)) = [th, (s1) Aty (wi) Athy, (s2) Aty (w2)] x [ty (s1) A
EZL_; (w1 ;(1) A tf4§ (wi;D/\ tlL_g sows)],
S1, W1 )(S2, W2 S

(16) ijs(((81782)(w}7w2))) = l[ilAl(Sl))/]\ iy, (wi) Adly, (s2) A iy, (wo)] x [iYy, (s1) A

AN wlsl) /\z'A2(w2 /\Z'—;(Sg’wg ,
(gi,wl)(s%wg) € E". -

(17) f5((s1,s2)(wr,wa)) = [fh, (s1) A fhy, (wi) A fh, (s2) A fly, (w2)] x [l (s1) A
{é-;(wlf(l) A f%Q (w;)u/\ flL-2>(82w2)],
S1,W1)(S2,we) € .

(18) t%((sl, 82)(“@; wy)) = LZI(Sl) A th, (1) Atg, (s2) A th, (w2)] X [t (s1) A
EL-I (w1;(1) A tA§ (wzgm/\ tL-2>(52w2)],
S1,W1)(S2,Ww2) € .

(19) i%(((shsz))(wlﬂgz))) = [Z'Z(l (51))]A %, (w1) Ai%, (s2) Adh, (wa)] X [i%, (s1) A
1% (w1 /\ij‘2 wa) N 1% (sow2)],
(50 w1) (52, w2) € EO.

(20) f5((s1,82) (w1, w2)) = [f4,(s1) A fi, (w1) A f4,(s2) A &, (w2)] x [f4, (s1) A
fi(wisi) A f4, (w2) A fs (saw2)],
(s1,w1)(s2,we) € E7.

A

A. k-competition interval-valued neutrosophic graphs

We now discuss an extension of IVNC-graphs, called k-competition IVN-graphs.

Definition 2.18. The cardinality of an IVN-set A is denoted by

Al = ([l 1Ale], (1AL, 1ALe], [l [Alp])-
Where [|Aly, |Alge], [|Ali, |Aliv] and [|A]p, |Alf«] represent the sum of truth-

membership values, indeterminacy-membership values and falsity-membership val-
ues, respectively, of all the elements of A.
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Example 2.19. The cardinality of an IVN-set A = {(a, [0.5, 0.7], [0.2, 0.8],[0.1,
0.3]), (b, 0.1, 0.2], [0.1, 0.5], [0.7, 0.9]), (c, [0.3, 0.5], [0.3, 0.8], [0.6, 0.9])} in X = {a,
b, c} is
Al = ([|Als, [Alee], [[ AL, [Alis], [[Al 1Al ])
= ([0.9,1.4],[0.6,2.1], [1.4, 2.1]).
We now discuss k-competition IVN-graphs.
Definition 2.20. Let k£ be a non-negative number. Then k-competition IVN-graph
(Ck(a) of an IVN-digraph G = (A, ﬁ) is an undirected IVN-graph G = (A, B)
which has same IVN-set of vertices as in and has an interval-valued neutro-
sophic edge between two vertices s, w € X in (Ck(a) if and only if [(NT(s) N
NF))la > k, |[(N*(s) N NF(w))|pe > K, [(N*(s) N NF(w))[z > &, [(NF(s) N
N*(w))se > k, [(NT(s) N NT(w))|p > k and [(N*(s) " N (w))|p« > k. The
interval-valued truth-membership value of edge (s, w) in Ci(G) is tih(s, w) =
k*kﬁl()Atl@wwﬁ(N+(grwN+@w),whmekﬁ::KN+(grwN+(w»hlandt%(&
m:k_%%)Aﬁ@%ﬂW@ﬂWﬁmmWMWW:KW@MNﬂmmMme
interval-valued indeterminacy-membership value of edge (s, w) in Ck(a) is ity (s,
1
w) = B[l () A ity (w)]hh (N () NN (w)), where kb = |[(N*(s) NN+ (w))];1, and
2

ith(s, w) = SBR[ (5) A ()] (N (5) N (w)), where kg = [(N* (s) NN (w))
the interval-valued falsity-membership value of edge (s, w) in (Ck(a) is fL(s, w) =
4 "“[m ) SRS (5) N (w), where & = (N*(5) 1N* (), and (s,
w) = SR [£4(5) A FE@)RS(NH(s) 1N (w)), where K = (N () 1 N* (w))

)

fu .

Example 2.21. Consider an IVN-digraph G = (A, ﬁ) on X = {s,w,a,b,c}, such
that A = {(s, [0.4,0.5], [0.5,0.7], [0.8,0.9]), (w, [0.6,0.7], [0.4,0.6], [0.2,0.3]), (a,
0.2,0.6], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.6]), (c, [0.2,0.7], [0.3,0.5],

D, (
0.2,0.6)}, and B = {((s,a), [0.1,0.4], [0.3,0.6], [0.2,0.6]), ((s, ), [0.2,0.4], [0.1,0.5],
10.2,0.6]), (5, ), 0.2,0.5], [0.3,0.5], [0.2,0.6]), ((w, al, [0.2,0.5], [0.2,0.5], [0.2,0.3]),
]

(0,0, [0.2,0.6], [0.1,0.6], [0.2,0.3]), ((w, ¢}, [0.2,0.7], [0.3,0.5], [0.2,0.3])}, as shown
in Fig. 5

We calculate N (s) = {(a, [0.1,0.4], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.4], [0.1,0.5],
0.2,0.6]), (¢, [0.2,0.5], [0.3,0.5], [0.2,0.6])} and N*(w) = {(a, [0.2,0.5], [0.2,0.5],
0.2,0.3]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.3]), (¢, [0.2,0.7], [0.3,0.5], [0.2,0.3])}. There-
fore, N*+(s) N N*(w) = {(a, [0.1,0.4], [0.2,0.5], 0.2, 03]) (b, [0.2, 04] o 1,0.5],

(c,

[0.2,0.3)), [0.2,0.5], [0.3,0.5], [0.2,0.3)}. So, K\ = 0.5, k¥ = 1.3, kb = 0.6,
k¥ = 1.5, kl 0.6 and k¥ = 0.9. Let k = 0.4, then, i (s w) = 0.02, t“(

)—056 ’LB(S w) = 0.06, i%(s, w) = 0.82, fL(s, w)-OOQande( w) = 0.11.
This graph is depicted in Fig. 6.
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a([0.2,0.6],[0.3,0.6], 0.2, 0.6])

5([0.4,0.5),[0.5,0.7, [0.8,0.9])

b([0.2,0.6],[0.1,0.6], [0.2,0.6])

w([0.6,0.7],0.4,0.6], [0.2,0.3])

¢([0.2,0.7],[0.3,0.5], 0.2, 0.6])

FiGureg 5. IVN-digraph

9, “q 7N

7] 7]

Y % ‘%
N

2

AY
50, ° A%
5/;/0 [ b;Q’

“Zs, @“ﬂ\
. \.\\\\ ]

FI1GURE 6. 0.4-Competition IVN-graph

Theorem 2.22. Let 8 = (4, ﬁ) be an IVN-digraph. If

hy (N (s) NN (w)) =
hi (N (s) NNT (w)) =

. hy(N*(s) NN*(w))

1 =1,
1, h3(N*(s) NN (w)) =1,

and

[(N*(s) NNF ()] > 2k, |(N*(s) NNF(w)|a > 2k, |(N*(s) NN (w))| 1 < 2k,
[(NT(s) NNT ()| > 2k, [(NT(s) NN (w))|iw > 2k, [(NT(s) NN (w))| v < 2K,

Then the edge (s,w) is independent strong in (Ck(a)
Proof. Let = (A, 3) be an IVN-digraph. Let (Ck(a) be the corresponding

k-competition IVN-graph.
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If bt (N*(s) NNT(w)) =1 and |(N*(s) N N*(w))|s > 2k, then k} > 2k. Thus,

L _
(s, 10) = SR () A th ) B OV (6) NIV )
L _
or, th(s,w) = %[ms) Aty (w)
t (s,w) B kll —k
BT R

If A (Nt (s) NNt (w)) =1 and |(NT(s) N NT(w))|tu > 2k, then k¥ > 2k. Thus,

£ (s, w) = ’“%k; E [#4.(5) A £ ()] (N* () O N* ()
or, - t(s.w) = L2 ) A )
t% (s, w) kY -k
) A @] R

If hh(N*(s) NNt (w)) =1 and |(N*(s) N N*(w))|; > 2k, then k) > 2k. Thus,

1 _ ky =k 1 LN+ +
o) = R ) A P (3 ) NIV )
L _
or, - h(s.10) = iy (0) )
ity (s, w) _ kh—k
A R

If RY(N*(s) NNt (w)) =1 and [(NT(s) N NT(w))|;« > 2k, then k¥ > 2k. Thus,

(s, w) = ) A 5BV () N )
or, i (s.) = 2R () A 5 w)
i% (s, w) kY —k
) Amw] R

If R5(NT(s) NNT(w)) =1 and |(N*(s) "N (w))|; < 2k, then k% < 2k. Thus,

L _
(o) = B 1A A Sh () N )
L _
or, Fh(s,w) = = h(e) A S
le(va) _ ké_k <0.5.

[Fa(s) A fh(w)] ki
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If RY(N*(s) NNt (w)) =1 and [(NT(s) NNT(w))| e < 2k, then kY < 2k. Thus,

Y-k
f(s,w) = [f4(s) A fa(w)]hg (NT (s) N NT (w))
or, fhls,w) = ’“5 $1£4(5) A £ (w)]
fElsw) kg —k
FAG AT R
So, the edge (s, w) is independent strong in Cy, (8) O

B. p-competition interval-valued neutrosophic graphs

We now define another extension of IVNC-graphs, called p-competition IVN-graphs.

Definition 2.23. The support of an IVN-set A = (s, [t4, t4], [i%, i%], [f4, f4]) in
X is the subset of X defined by
supp(A) = {s € X = [ty(s) # 0, t4(s) # 0], [i4(s) # 0, i%4(s) # 0], [f4(s) # 1,
fi(s) # 11}

and |supp(A)| is the number of elements in the set.

Example 2.24. The support of an IVN-set A = {(a, [0.5, 0.7], [0.2, 0.8],[0.1, 0.3]),
(b, [0.1, 0.2], [0.1, 0.5], [0.7, 0.9]), (¢, [0.3, 0.5], [0.3, 0.8], 0.6, 0. 9]) ( [0, 0], [0, 0],
1,1} in X = {a, b, ¢, d} is supp(A) = {a b, c} and |supp(A )| =

We now define p-competition IVN-graphs.

Definition 2.25. Let p be a positive integer. Then p-competition IVN-graph (Cp(a)
of the ITVN-digraph G = (A, ﬁ) is an undirected IVN-graph G = (A, B) which
has same IVN-set of vertices as in G' and has an interval-valued neutrosophic edge
between two vertices s, w € X in (Cp(a) if and only if |supp(NT(s) N NT(w))| >
p. The interval-valued truth-membership value of edge (s, w) in CP(G) is ti(s,
w) = EBEL (5) Aty (w)] B (NF(s) N NF(w)), and (s, w) = Sy (s) A
t% (w)]h{ (NT(s) "Nt (w)), the interval-valued indeterminacy—membershlp value of
edge (s, w) in (C”(a) is il (s, w) = M[ (5) A il (w)]hh (Nt (s) N NT(w)), and
i%(s, w) = M[ (s) A i%(w)hy(NT(s) NNt (w)), the interval-valued falsity-
membership value of edge (s, w) in Cp(a) is f5(s, w) = (i=p)+1 [f4(s) A fly(w)] Rk

(N*(s) NN* (w)), and fg(s, w) = EZE[f4(s) A fo(w g (N* (5) N+ (), where
i = |supp(N*(s) N N*(w))|.

Example 2.26. Consider an IVN-digraph G = (A, ﬁ) on X = {s,w,a,b,c}, such
that A = {(s, [0.4,0.5], [0.5,0.7], [0.8,0.9]), (w, [0.6,0.7], [0.4,0.6], [0.2,0.3]), (a,
[0.2,0.6], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.6]), (¢, [0.2,0.7], [0.3,0.5],
[0.2,0.6])}, and B = {((s,a), [0.1,0.4], [0.3,0.6], [0.2,0.6]), ((s, b}, [0.2,0.4], [0.1,0.5],
[0.2,0.6]), ((s, ), [0.2,0.5], [0.3,0.5], [0.2,0.6]), ((w, a), [0.2,0.5], [0.2,0.5], [0.2,0.3]),

]

(0,5}, [0.2,0.6], [0.1,0.6], [0.2,0.3]), ((w, ¢}, [0.2,0.7], [0.3,0.5], [0.2,0.3])}, as shown
in Fig. 7.
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([0.6,0.71,0.4,06],0:2:03)

Ficurg 7. IVN-digraph

We calculate N*(s) = {(a,
[0.2,0.6]), (¢, [0.2,0.5], [0.3,0

[0.1,0.4], [0.3,0.6], [0.2,0.
)
0.2,0.3]), (b, [0.2,0.6], [0.1,0.

6)), (b, [0.2,0.4], [0.1,0.5],
,0.5], [0.2,0.6])} and N*(w) = {(a, [0.2,0.5], [0.2,0.5],
(b, 6], [0.2,0.3]), (¢, [0.2,0.7], [0.3,0.5], [0.2,0.3])}. There-
fore, N*+(s) N N*(w) = {(a, [0.1,0.4], [0.2,0.5], [0.2,0.3]), (b, [0.2,0.4], [0.1,0.5],
[0.2,0.3]), (¢, [0.2,0.5], [0.3,0.5], [0.2,0.3)}. Now, i = |supp(N+( )N NT(w))| = 3.
For p = 3, we have, th(s, w) = 0.02, t%(s, w) = 0.08, ilz(s, w) = 0.04, i%(s,
w) = 0.1, f}

)=0.1, fg(s, w) =0.01 and fj(s, w) = 0.03. This graph is depicted in Fig. 8

Qf/a

0 2
0//0 ) 7

9
g,
g, 7

FiGURE 8. 3-Competition IVN-graph

We state the following theorem without its proof.
Theorem 2.27. Let 8 =
hy(N*(s) NNT (w)) =1,
hi(N*(s) NN* (w)) = 1,

(A, B) be an IVN-digraph. If
hy(N*(s) NNF(w)) =1,
hy (N (s) "N¥(w)) = 1,
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0,
0
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in (C[%](a), then the edge (s,w) is strong, where i = |supp(N*(s) " NT(w))|. (Note
that for any real number s, [s]=greatest integer not esceeding s.)

C. m-step interval-valued neutrosophic competition graphs

We now define another extension of IVNC-graph known as m-step IVNC-graph. We
will use the following notations:

PT, : An interval-valued neutrosophic path of length m from s to w.

?Q}w : A directed interval-valued neutrosophic path of length m from s to w.

Nt (s) : m-step interval-valued neutrosophic out-neighbourhood of vertex s.

N, (s) : m-step interval-valued neutrosophic in-neighbourhood of vertex s.

Ny, (s) : m-step interval-valued neutrosophic neighbourhood of vertex s.

N,.(G): m-step interval-valued neutrosophic neighbourhood graph of the IVN-graph

Cm@: m-step IVNC-graph of the IVN-digraph 8

Definition 2.28. Suppose 8 = (4, ﬁ) is an IVN-digraph. The m-step IVN-
digraph of 8 is denoted by 87” = (4, B), where IVN-set of vertices of 8 is same
with IVN-set of vertices of 8,” and has an edge between s and w in 8m if and only

if there exists an interval-valued neutrosophic directed path F{', in
Definition 2.29. The m-step interval-valued neutrosophic out-neighbourhood (IVN-

out-neighbourhood) of vertex s of an IVN-digraph 8 = (4, B) is IVN-set
Ny (s) = (6 607, 2007 8 A 7)), where

XF = {w] there exists a directed interval-valued neutrosophic path of length m
from s to w, B}, 07 X+ o [0, 1], 497 - xF 500,10, i - x5 (o,
1, i xE o0, 1], f9T D xr o0, 1) £ 0 XF [0, 1] are defined
by tglﬁ = min{t!(s1, s2), (51, s2) is an edge of ?Z?w}, tguﬁ = min{t“m,
(s1, $2) is an edge of ?Z}w}, iglﬁ = min{ilm, (s1, s2) is an edge of ?;”w ,
iguﬁ = min{i“m, (s1, s2) is an edge of ?;”w}, fs(l)+ = min{flm, (s1,

4
s2) is an edge of ?;’?w}, FwT min{ f*(s1, s2), (s1, s2) is an edge of ?;’?w},
respectively.

Example 2.30. Consider an IVN-digraph G = (A4, g) on X = {s,w,a,b,c,d}, such
that A = {(s, [0.4,0.5], [0.5,0.7], [0.8,0.9]), (w, [0.6,0.7], [0.4,0.6], [0.2,0.3]), (a,
[0.2,0.6], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.6]), (¢, [0.2,0.7], [0.3,0.5],

[0.2,0.6]), d([0.2,0.6], [0.3,0.6], [0.2,0.6])}, and B = {((s,a), [0.1,0.4], [0.3,0.6], [0.2,

0.6)), ((a,¢), [0.2,0.6], [0.3,05], [0.2,0.6]), (@ d), [0.2,0.6], [0.3,0.5], [0.2,0.4]),
((w,b), [0.2,0.6], [0.1,0.6], [0.2,0.3]), ((b,c), [0.2,0.4], [0.1,0.2], [0.1,0.3]), ((1775
[0.1,0.3], [0.1,0.2], [0.2,0.4])}, as shown in Fig. 9.
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5([0.4,0.5],[0.5,0.7], [0.8,0.9]) w([0.6,0.7],0.4,0.6], [0.2,0.3))

¢([0.2,0.7],[0.3,0.5], 0.2, 0.6]) d([0-2,0.6],[0.3,0.6], [0.2,0.6])

F1GURE 9. IVN-digraph

We calculate 2-step IVN-out-neighbourhoods as, NJ (s) = {(c, [0.1,0.4], [0.3,0.5],
0.2,0.6)), (d, [0.1,0.4], [0.3,0.5], [0.2,0.4])} and Nj (w) = {(c, [0.2,0.4], [0.1,0.2],
0.1,0.3), (d, [0.1,0.3], [0.1,0.2], [0.2,0.3])}.

Definition 2.31. The m-step interval-valued neutrosophic in-neighbourhood (IVN-
in-neighbourhood) of vertex s of an IVN-digraph G = (A, B) is IVN-set

No(s) = (X7, [0, 87 3, a8 ] (10 87, where
X; = {w] there exists a directed interval-valued neutrosophic path of length m
from w to s, P}t 1 Xo 5[0, 10, £ - X7 o [0, 1], i - X7 > (o,
1, i xm =0, 1), £ X7 = [0, 1] £ 2 X = [0, 1] are defined
by t = min{tlm, (s1, s2) is an edge of ﬁms}, £ = min{t“m,
(s1, $2) is an edge of ﬁms}, WP = min{ilm, (s1, $2) is an edge of ?ms},
R min{i“m, (s1, $2) is an edge of ﬁms}, FO7 = min{flm, (s1,

$2) is an edge of ﬁms}, FT = min{ f*(sq, 520, (s1, s2) is an edge of ?ms},
respectively.

Example 2.32. Consider an IVN-digraph G = (A4, g) on X = {s,w,a,b,c,d}, such
that A = {(s, [0.4,0.5], [0.5,0.7], [0.8,0.9]), (w, [0.6,0.7], [0.4,0.6], [0.2,0.3]), (a,
[0.2,0.6], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.6]), (¢, [0.2,0.7], [0.3,0.5],

[0.2,0.6]), d([0.2,0.6],[0.3,0.6],[0.2,0.6])}, and B = {((s,a), [0.1,0.4], [0.3,0.6], [0.2,
0.6)), ((a,¢), [0.2,0.6], [0.3,05], [0.2,0.6]), (@ d), [0.2,0.6], [0.3,0.5], [0.2,0.4]),
((w,b), [0.2,0.6], [0.1,0.6], [0.2,0.3]), ((b,c), [0.2,0.4], [0.1,0.2], [0.1,0.3]), ((1775
[0.1,0.3], [0.1,0.2], [0.2,0.4])}, as shown in Fig. 10.
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5(104,0.5],[0.5,0.7].[0.8,0.9)  w([0.6,0.7], (0.4, 0.6, [0.2, 0.3])

¢([0.2,0.7],0.3,0.5],[0.2,0.6]) d([0.2,0.6],0.3,0.6],[0.2,0.6])

FiGure 10. IVN-digraph

We calculate 2-step IVN-in-neighbourhoods as, N5 (s) = {(e, [0.1,0.4], [0.3,0.5],
0.2,0.6]), (d, [0.1,0.4], [0.3,0.5], [0.2,0.4])} and Ny (w) = {(c, [0.2,0.4], [0.1,0.2],
0.1,0.3]), (d, [0.1,0.3], [0.1,0.2], [0.2,0.3])}.

Definition 2.33. Suppose 8 = (4, ﬁ) is an IVN-digraph. The m-step IVNC-
graph of IVN-digraph G is denoted by C,, (8) = (A, B) which has same IVN-set
of vertices as in G and has an edge between two vertices s, w € X in C,,(G) if and
only if (N (s) NN (w)) is a non-empty IVN-set in G. The interval-valued truth-
membership value of edge (s, w) in (Cm(a) is th (s, w) = [tY (s) Aty (w)]h: (N (s) N
N (w)), and t%(s, w) = [t%(s) A t%(w)|h} (N}, (s) N N} (w)), the interval-valued
indeterminacy-membership value of edge (s, w) in C,,,(G) is il (s, w) = [i4(s) A
iy (w)]h5(NF, (s) NN (w)), and (s, w) = [i4(s) A ity (w)]hg (N}, (s) VNG (w)), the
interval-valued falsity-membership value of edge (s, w) in C,,(G) is fh(s, w) =
1[\{%((8))? Fa()IP5 (NS (s) N N (w), and fi(s, w) = [f4(s) A fa(w)]hE (N (s) N
(w)).

The 2—step IVNC-graph is illustrated by the following example.

Example 2.34. Consider an IVN-digraph G = (A4, g) on X = {s,w,a,b,c,d}, such
that A = {(s, [0.4,0.5], [0.5,0.7], [0.8,0.9]), (w, [0.6,0.7], [0.4,0.6], [0.2,0.3]), (a,
[0.2,0.6], [0.3,0.6], [0.2,0.6]), (b, [0.2,0.6], [0.1,0.6], [0.2,0.6]), (¢, [0.2,0.7], [0.3,0.5],
[0.2,0.6]), d([0.2,0.6],[0.3,0.6], 0.2, 0.6])}, and B = {((s, a), [0.1,0.4], [0.3,0.6], [0.2,

0.6)), ((a,¢), [0.2,0.6], [0.3,05], [0.2,0.6]), (@ d), [0.2,0.6], [0.3,0.5], [0.2,0.4]),
((w,b), [0.2,0.6], [0.1,0.6], [0.2,0.3]), ((b,c), [0.2,0.4], [0.1,0.2], [0.1,0.3]), (@%
[0.1,0.3], [0.1,0.2], [0.2,0.4])}, as shown in Fig. 11.
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5(10-4,0.5],[0.5,0.7),[0.8,0.9])  w([0.6,0.7], (0.4, 0.6, [0.2, 0.3])

¢([0.2,0.7],[0.3,0.5], (0.2, 0.6]) d([0.2,0.6], [0.3,0.6],[0.2,0.6])
F1Gure 11. IVN-digraph

We calculate NJ (s) = {(c, [0.1,0.4], [0.3,0.5], [0.2,0.6]), (d, [0.1,0.4], [0.3,0.5],

[0.2,0.4])} and NJ (w) = {(c, [0.2,0.4], [0.1,0.2], [0.1,0.3]), (d, [0.1,0.3], [0.1,0.2],

[0.2,0.3])}. Therefore, NJ(s) N N (w) = {(e, [0.1,0.4], [0.1,0.2], [0.2,0.6]), (d,

[0.1,0.3], [0.1,0.2], [0.2,0.4])}. Thus, ti(s, w) = 0.04, t%(s, w) = 0.20, is(s,

w) = 0.04, i%(s, w) = 0.12, fL(s, w) = 0.04 and f¥(s, w) = 0.12. This graph
is depicted in Fig. 12.

5(0.4,0.5],[0.5,0.7],[0.8,0.9]) w([0.6,0.7],0.4,0.6], 0.2, 0.3])
[ 4 @

([0.04,0.20], [0.04,0.12], [0.04,0.12])

a((0.2,0.6], [0.3, 0.6], [0.2, 0.6]) 6([0-2,0.6], 0.1, 0.6], [0.2, 0.6])
[ J [ ]

® [ ]
¢([0.2,0.7],[0.3,0.5], [0.2,0.6]) d([0.2,0.6],[0.3,0.6], 0.2, 0.6))

FIGURE 12. 2-Step IVNC-graph

If a predator s attacks one prey w, then the linkage is shown by an edge (s, w
in an IVN-digraph. But, if predator needs help of many other mediators si, sa, ...,
Sm—1, then linkage among them is shown by interval-valued neutrosophic directed
path ?’S"w in an IVN-digraph. So, m-step prey in an IVN-digraph is represented by
a vertex which is the m-step out-neighbourhood of some vertices. Now, the strength
of an IVNC-graphs is defined below.

Definition 2.35. Let G = (A, g) be an IVN-digraph. Let w be a common ver-

tex of m-step out-neighbourhoods of vertices s1, s2, ..., s;. Also, let Elz(ul,vl),
— = —
Elz(umvg), .., Bi(up,v,) and BY(u1,v1), BY(uz,v2), ..., BY(ur, v,) be the mini-

mum interval-valued truth-membership values, B (u1,v1), By(uz,v2),. .., Bs(tr, vr)

— — —
and BY(u1,v1), BY(u2,v2), ..., BY(u,,v,) be the minimum indeterminacy-membership
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values, Eg(ul, v1), fi(ug,vg), A E;(ur, vy) and Fg(ul,vl), B_§‘>(u2,vg), A ﬁ(um

vr) be the maximum false-membership values, of edges of the paths P! ,, PT

5w respectively. The m-step prey w € X is strong prey if

a(ui,vi) > 0.5, E;(ui,vi) > 0.5, E;(ui,vi) < 0.5,
— — — ,
Bl (us,v;) > 0.5, By (us,v;) > 0.5, Bj(u,v;) <05, foralli=1,2,... 7

The strength of the prey w can be measured by the mapping S : X — [0, 1], such
that:

S(w) =3{ S Bl 0] + S Bl 0] + 3 1Bl (s 00)]

" =1 =1 i=1
+ (B )] (Bl )] - Z[Eg’mvm}.

Example 2.36. Consider an IVN-digraph 8 = (4, B) as shown in Fig. 11, the
strength of the prey c is equal to

(0.240.2) + (0.6 +0.4) + (0.1 4+ 0.1) + (0.6 + 0.2) — (0.2 4+ 0.1) — (0.3 + 0.3)
2

=1.5
> 0.5.

Hence, c is strong 2-step prey.

We state the following theorem without its proof.

Theorem 2.37. If a prey w of ¢ = (A, g) is strong, then the strength of w,
S(w) > 0.5.

Remark 2.38. The converse of the above theorem is not true, i.e. if S(w) > 0.5,
then all preys may not be strong. This can be explained as:

Let S(w) > 0.5 for a prey w in G. So,

T

S(w) =3{ S B (s v0)) + 3B s, )] + 3 B v0)

" =1 i=1
+ (B )]~ (Bl )] - Z[Eﬁ(uuvm}.

Hence,
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This result does not necessarily imply that

M

a(uivvi> > 055 E;(uivvl) > 057 3( ivv’i) < 055
— — ,
B (ui,v;) > 0.5,  By(u;,v;) > 0.5, Bi(u;,v;) <05, foralli=1,2,...,r

P

Sryw?

l

Since, all edges of the directed paths ? ?’”

T SO U are not strong. So,

the converse of the above statement is not true i.e., if S(w) > 0.5, the prey w of
may not be strong. Now, m-step interval-valued neutrosophic neighbouhood graphs
are defines below.

Definition 2.39. The m-step IVN-out-neighbourhood of vertex s of an IVN-digraph
G = (A, B) is IVN-set

Nin(s) = (Xa, [ts, 5], [i5, i8], [£5, £81),  where
X, = {w| there exists a directed interval-valued neutrosophic path of length m from
s tow, P}, t [0, 1], £ : X, — [0, 1], ik : X, — [0, 1], i% : X, — [0, 1],
fl — [0, 1] f : X5 — [0, 1], are defined by . = min{#!(s, 52), (s1, $2) is
an edge of P}, t% = min{t"(s1, s2), (s1, s2) is an edge of P}, il = min{i'(sy,

s2), (s1, s2) is an edge of P, }, iy = min{i%“(s1, s2), (81, $2) is an edge of ngw},
fL=min{f!(s1, s2), (51, 52) is an edge of P} f = min{ f*(s1, s2), (51, 52) is an
edge of P, }, respectively.

Deﬁnltlon 2.40. Suppose G = (A, B) is an IVN-graph. Then m-step interval-
valued neutrosophic neighbouhood graph N,,(G) is defined by N,,(G) = (4, B)
where A — (AL, AY], [Ab, AY], [AL, A%)), B — ((BL, BY], (B, BY), (B4, By),
Bl: X xX—=1[0,1,B: XxX—=10,1],B,: X xX = 10,1], BY : X x X = [0,
1], BL: X x X - [0, 1], and BY : X x X — [0, —1] are such that:

[0,
Bi(s,w) = Aj(s) A A (w)hi (Nin(s) NN (w),
By (s,w) = Aj(s) A A (w)hy(Nin(s) NN (w)),
Bi(s,w) = Aj(s) A Ay (w)h (N () N Niy (w),
Bi(s,w) = A{ (s) A Af (w)hi (Nyn (8) 1 N (),
By (s,w) = A5 (s) A A3 (w)h (Nin (8) 1 N (),
Bl (s,w) = A%(s) A AY(w)hY (N, (s) NN,y (w)), respectively.

We state the following theorems without thier proofs.
Theorem 2.41. If all preys ofa = (4, ﬁ) are strong, then all edges of (Cm(a) =
(A, B) are strong.

A relation is established between m-step IVNC-graph of an IVN-digraph and
IVNC-graph of m-step IVN-digraph.
Theorem 2.42. If 8 is an IVN-digraph and G, is the m-step IVN-digraph of 8,
then C(G ) = Cm(C).
Theorem 2.43. Let ¢ = (A, ﬁ) be an IVN-digraph. If m > |X| then (Cm(a) =

(A, B) has no edge.
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Theorem 2.44. If all the edges of IVN-digraph 8 = (4, ﬁ) are independent strong,
then all the edges of C,,(G) are independent strong.

3. CONCLUSIONS

Graph theory is an enjoyable playground for the research of proof techniques in
discrete mathematics. There are many applications of graph theory in different fields.
We have introduced IVNC-graphs and k-competition IVN-graphs, p-competition
IVN-graphs and m-step IVNC-graphs as the generalized structures of IVNC-graphs.
We have described interval-valued neutrosophic open and closed-neighbourhood.
Also we have established some results related to them. We aim to extend our
research work to (1) Interval-valued fuzzy rough graphs; (2) Interval-valued fuzzy
rough hypergraphs, (3) Interval-valued fuzzy rough neutrosophic graphs, and (4)
Decision support systems based on IVN-graphs.

Acknowledgment: The authors are thankful to Editor-in-Chief and the referees
for their valuable comments and suggestions.
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