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Abstract: The advent of fuzzy sets, and consequently fuzzy graphs, has solved many problems in
ambiguous and uncertain contexts. It is interesting and necessary to study the Wiener index in a
cubic fuzzy graph that employs both fuzzy membership and interval-valued fuzzy membership at
the same time. In this paper, the Wiener index in a cubic fuzzy graph is introduced as a cubic fuzzy
number and some related results are described. The comparison between connectivity index and
Wiener index, changes in Wiener index through deleting a node or an edge, and determining the
Wiener index in some specific cubic fuzzy graphs have been the other topics studied in this research.
In addition, the Wiener index is determined by mentioning concepts of the saturated cubic fuzzy
cycle. In this review, the Wiener index is shown as a combination of classical and interval numbers.
The results indicate that when some vertices are removed, the Wiener index may change. However,
this change will not be exclusively related to both values. Finally, an application of the Wiener index
is presented in the study of the properties of some monomer molecules.

Keywords: fuzzy graph; cubic fuzzy graph; connectivity index; Wiener index; saturated cubic
fuzzy cycle

1. Introduction

The Wiener index is the first topological index based on the distance function. In fact,
the Wiener index is the sum of the distances among all pairs of nodes in a connected
graph. Topological indices are defined criteria of a graph that have theoretical and practical
applications in areas such as mathematics, chemistry, physics, biology, cryptography,
medicine, architecture and so on. Among these indices, the Wiener index has become
one of the most widely used topological indices in chemistry. In general, a molecular
graph is a graph that is attributed to a molecular structure. In this graph, each atom of
a chemical molecule, as a node and bond between atoms, is called the edge of the graph.
For example, in the drug design process, the aim is to make chemical compounds with
certain properties that are not only dependent on the chemical formula, but also strongly
hooked on the molecular structure. A Wiener index score is the encoding of all atom pairs
in a molecule that includes the length of the shortest bond with the bond path and uses the
shortest path algorithm. This is the fastest molecule screening method that calculates the
molecular structure directly. This index was first named by Harold Wiener when studying
the boiling point of paraffin in 1947 [1]. The creative results of the Wiener index were
gradually published in the mid-1970s. After the introduction of the Wiener index, many
generalizations were provided.

Today, there are many concepts that are associated with complexity, ambiguity and
uncertainty, so that it is not possible to model them with ordinary graphs. These concepts,
first popularized by Zadeh [2] with the introduction of fuzzy set (FS), marked the beginning
of a revolution in the knowledge of the unknown. It was after the introduction of fuzzy
graph (FG) by Rosenfeld [3] that vague and uncertain concepts were modeled and quickly
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analyzed by researchers. Next, researchers studied the types of FGs and their properties.
Mordeson [4] defined some operations on FGs. Akram [5] generalized the concept of bipolar
FGs in 2013 and explored some of their features. It was Atanasov [6] who generalized it
to a new set named the intuitionistic fuzzy set (IFS) by considering the nonmembership
values in FS. After this study, researchers generalize the various FS concepts in the IFS.
Akram et al. [7-9] defined different concepts on IFG such as strong IFGs, balanced IFGs
and intuitionistic fuzzy hypergraphs. Borzooei et al. [10] had many studies on vague
graphs. Talebi et al. [11,12] investigated some new concepts of interval-valued intuitionistic
fuzzy graph (IVIFG). Kosari et al. [13-18] examined some of the concepts in vague graphs.
Shao et al. [19] introduced concepts of IFGs which were used in the water supplier systems.
Some properties of complex fuzzy graphs, single-valued neutrosophic graph and interval-
valued N-soft set were investigated by Ali et al. [20-22].

Jun et al. [23] presented the idea of a cubic fuzzy set (CFS) as a combination of FS
and IVFS, which served as a more general tool for modeling uncertainty and ambiguity.
By applying this concept, various problems that arise from uncertainties can be solved and
the best choice can be made by using CFS in decision making. Jun et al. [24] combined
the neutrosophic complex with CFS and presented the idea of neutrosophic CFS. They
also studied some algebraic properties based on CFS [25-29]. A modified definition of
a CFG is given by Muhiuddin et al. [30] along with concepts such as the strong edge,
path, path strength, bridge and cut node. Rashmanlou et al. [31,32] explained some of the
CFG concepts.

Connectivity is one of the basic and widely used concepts in graph theory. As a result,
it did not take long for researchers to come to terms with uncertain issues. Matthew and
Sunita [33] examined the node connectivity and the arc connectivity of an FG based on
strong edges. They also introduced cyclic connectivity in FGs in 2013 [34]. Binu et al. [35-37]
defined several indices such as the Wiener index, connectivity index and cyclic connectivity
index in FGs and used them in different types of interconnection networks. Lee et al. [38]
applied modifications to the Wiener index of FGs. Fang et al. [39] examined these indices
in a fuzzy incidence graph. Poulik and Ghorai [40] described certain indices of graphs in a
bipolar fuzzy environment. Mandal and Pal [41] investigated connectivity indices in an
m-polar FG.

The Wiener index has already been studied in various fuzzy graph types that always
have a fuzzy membership or an interval-valued fuzzy membership. The raised question
here is whether it is possible to calculate this index when there are both fuzzy membership
and interval-valued fuzzy membership. In this case, how will this index be expressed? A
CFG with simultaneously assigned two membership values to each node is an interesting
option in modeling problems where it is not possible to find two fuzzy or interval-valued
memberships at the same time. Connectivity indices have a great influence on the intercon-
nected networks analysis in a CFG. The existence of two different fuzzy memberships is
effective in interpreting network connectivity. The limitations of previous definitions in this
area have led us to redefine the Wiener index in a CFG. This definition is especially useful
when faced with two different parameters for which an exact fuzzy value cannot be found.

This article is organized as follows: Section 2 includes an overview of some of the
basic definitions and concepts used in this article. The Wiener index is represented in CFGs
with different properties in Section 3. Moreover, by comparing the connectivity index and
the Wiener index in CFGs, we examine the changes in the Wiener index if one node or one
edge has been removed from the graph. In addition, the study of the Wiener index in some
types of CFGs, such as the complete CFG and the saturated cubic fuzzy cycle, is another
topic in this section. In Section 4, the application of the Wiener index is presented in some
properties of monomer molecules in chemistry using a CFG. In Section 5, the conclusion of
the research is stated.
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2. Preliminaries

In this section, some basic concepts and definitions are provided to enter the
main discussion.

In graph G, with the set of nodes and edges of V and E, the distance between the two
nodes is defined as the minimum number of edges between the two nodes. The Wiener
index WI(G) of G is described as

WI(G) = ) d(xy),
x,yeV

where d(x,y) is the minimum distance between x and y.

Let U be a nonempty set. Then, 6 : U — [0, 1] is named the fuzzy subset (FS) on U. A
fuzzy graph (FG) is a pair of F = (6,#), where # isan FSon U and 77 isan FSon U x U so
that 7(xy) < 6(x) A6(y), for all x,y € U. In this definition, A means the minimum and # is
assumed to be a reflective and symmetric fuzzy relation in 6.

F* = (6*%,5*) is called the underlying graph of F whenever 6* = {x € U|6(x) > 0}
and 7* = {xy € U x U|n(xy) > 0}. A sequence of different nodes of xo, x1,- - - , x, where
n(xj_1x;) > 0,fori =1,2,--- ,nis named a fuzzy path P with a length of n. The value of
the fuzzy membership of the weakest edge in P is called the strength of a fuzzy path. A
fuzzy path is named a fuzzy cycle if xg = x,,. The maximum strength of all fuzzy paths
between x and y is named the strength of the connectivity between x and y and is shown by
CONN(x,y). For each x,y € 6*,if CONN(x,y) > 0, then F = (6, 7) is named a connected
FG. An edge xy in F is named strong if 77(xy) > CONN(x,y). A fuzzy path is named a
strong fuzzy path if all of its edges are strong. xy is named a fuzzy bridge in F whenever
the removal of xy reduces the strength of the connectivity between some pairs of nodes in
F. If deleting the node x reduces the connectedness strength between some pairs of nodes
in F, then, x is called a fuzzy cut node at F. A connected FG is named a fuzzy tree when the
spanning fuzzy subgraph is a tree. F is named a complete FG whenever for all x,y € 6%,
1(xy) = 0(x) A6(y) [42].

[p,q] is called an interval-valued fuzzy number (IVEN) if p and g are fuzzy numbers
so that 0 < p < g < 1. For two IVFNs [p1,q1] and [p2, 42|, we describe

[p1, a1l A [p2,q2] = [p1 A P2, 91 A g2,
[pr 1]V [p2,q2] = [P1V P2, 01V 2],
[p101] < [p2,32] <= p1 < p2, 01 < 92

An IVFS A in U is described as

A = {[a(2), p(2)]|z € U},

where « and B are FSs on U so that a(z) < B(z), for all z € U. For two IVFSs A and B in U,
we define

AUB = {[ax( B V Bp(z)]|z € U},
ANB = {[wa(z) Nap(z),pa(z) A Ba(2)]|z € U}.

N
~—
<
X
—~
N
—
=
>
—~
N
~—

Definition 1. [23] A CFS in U is described as

X = {([a(2), B(2)], 1(2)) |z € U},

where [a(z), B(z)] is named the IVF-membership value and y(z) is named the F-membership value
of z,so that o, B,y : U € [0,1]. X is named an interval CFS if v(z) € [«(z), B(z)] and an external
CFS whenever y(z) ¢ [a(z), B(z)], forall z € U.
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Definition 2. [30] A CFG over U is a pair G = (X,Y) where X isa CFS in U and Y is a CFS in
U x U, so that for all zw € Y

ay(zw) < ax(z) Aax(w),

By (zw) < Bx(z) A Bx(w),

vy (zw) < x(z) Arx(w).

Definition 3. [30] Let G = (X,Y) be a CFG over U. A cubic fuzzy path in G is a sequence of
P:zy,2zy -,z of different nodes of U, so that

ay(zi—1z;) >0, By(zi—1zi) >0, 7y(zi—1zi) >0, fori=1,2,--- k.
The strength of P is described as S(P) = ([Su(P), Sp(P)], S¥(P)) and is calculated by
k k k
S(P) = < [/\ ay(zio1zi), J\ ,51/(21‘121')], N ’)’Y(Zz'lzi)>-
i=1 i=1 i=1

Definition 4. [30] The strength of the connectivity between z and w is shown by C®(z, w) and it
is the maximum of the strengths of all cubic fuzzy paths between z and w.

C%(z,w) = ([C (2, 0), C5 (z,w)], € (2, w))

= ([max Sy (P;), max Sg(P;)], max S, (P;)).
Definition 5. [30] An edge zw in CFG G is called strong cubic fuzzy edge whenever
ay(zw) = CF (z,w), Py(zw) = CF'(z,w), 1y (zw) = C(z,w).

Definition 6. [30] H = (X',Y’) is said to be the partial cubic fuzzy subgraph of CFG G =
(X,Y) whenever

as Cax, By CPBx, Vi € x,
lxg// Q Xy, ‘B,y/ Q ‘BY, ')/g// Q Yy-

Definition 7. A CFG G = (X, Y) is named a complete CFG whenever for z,w € U

ay(zw) = ax(z) A ax(w),
By (zw) = Bx(z) A Bx(w),
YTy (zw) = x(2) A rx(w).

3. A Description of the Wiener Index in a CFG

In this section, the Wiener index in a CFG is discussed and some of its results are studied.
Definition 8. Let G = (X,Y) be a CFG on U. The Wiener index in G is described as

WI(G) = (WI(9), WIg(G)], W1 (G)),

where for each z,w € U,

WI(G) = ) ax(z)ax(w)dy(z,w),

zwel

WIg(G) = ), Bx(z)Bx(w)d(z,w),

zwel

WI(G) = ). rx(z)x(w)dy(z,w).

zwel
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In fact, the Wiener index is applied three times to the following values:

1. The calculation of the Wiener index for the lower bounds of the membership intervals.
2. The calculation of the Wiener index for the upper bounds of the membership intervals.
3. The calculation of the Wiener index for fuzzy membership values.

(WI,(G), WIg(G)] is named the interval-valued Wiener index and WI,(G) is denoted the
fuzzy Wiener index of G.

In this definition, dy(z, w) and dg(z, w) are the minimum sum of the lower and upper
boundaries weights of the IVF-membership, and d.,(z, w) is the minimum sum of weights

of the F-membership of distances from z to w.

Example 1. Consider a CFG G as shown in Figure 1.

([0.5,0.6],0.4) ([0.7,0.8],0.5) {[0.3,0.5],0.7)

{[0.5,0.6],0.3) &,/ {[0.3,0.4],0.5)

{1'0'[9'0'5°0]}

Q {5’00z 0])

([0.6,0.7],0.3) {[0.4,0.5],0.8)

Figure 1. A CFG G.

Here, the distance between the two nodes is as follows:

([0.8,1],0.8),
d(x,w) = ([0.4,0.5],02), d(x,t) = ([0.8,1.2],1.1),
[

(x,y) = ([0.5,0.6],0.3), d(x,z)

(x

d(y,z) = ([0.3,0.4],0.5), d(y, ([0.5,0.6],0.1),
(
(

w)
) = ([0.5,0.7],1.1), d(z,w) = ([0.2,0.4],0.3),
d(z,1) = ([0.2,0.3],0.6), d(w,t) = ([0.4,0.7],0.9).

WI,(G) = 0.175 +0.12 4 0.12 4 0.16 + 0.063 + 0.21
+0.14 + 0.036 + 0.024 + 0.096 = 1.144

WI(G) = 0.288 + 0.3 + 0.21 +0.36 + 0.16 + 0.336
+0.28 4+ 0.14 + 0.075 + 0.245 = 2.394

WL, (G) = 0.06 + 0.224 + 0.024 + 0.352 + 0.175 + 0.015
+0.44 + 0.063 4 0.336 + 0.216 = 1.905.

Therefore, WI(G) = ([1.144,2.394],1.905).

The Wiener index value in a cubic fuzzy subgraph does not need to be less than or
equal to the original Wiener index of a CFG. This point is described in the next example.
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Example 2. Consider the cubic fuzzy subgraph H from the CFG G drawn in Figure 1. We have
WI(H) = ([1.616,3.138],2.097).
It is clear that
Wi (G) < WI(H), WIg(G) < WIg(H), WI(G) < WL, (H).

The cubic fuzzy subgraph H is drawn in Figure 2.

{[0.5,0.6],0.4) {[0.7,0.8],0.5) {[0.3,0.5],0.7)

x Fi
O {[0.5,0.6],0.3) {[0.3,0.4],0.5) O

(1'0o0's0])
() ()
Q {(o0e0z0l)

([0.6,0.7],0.3) ([0.4,0.5],0.8)

Figure 2. Cubic fuzzy subgraph H of G.

It is also important to note that removing a node from a CFG also reduces the Wiener
index. For example, in the CFG G, by removing the node ¢, the Wiener index is obtained
as follows:

WI(G —t) = ([0.724,1.434],0.561).

As can be seen, the Wiener index has decreased.

Theorem 1. Let G = (X,Y) be a CFG with ax(z) = Bx(z) = vx(z) = 1 forall z € U and

|U| = n. Let
p = min{ay (zw)|zw € ay,a(zw) > C(z,w)},
q = min{py (zw)|zw € By, p(zw) > C¥(z,w)},
r = min{yy(zw)|zw € 7y, y(zw) > C*(z,w) }
Then,
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Proof. Assume that (z,w) is any arbitrary pair of U. If z,w € a7y, then d(z,w) > p.
Therefore, there are || unordered pairs so that d(z,w) > P and () — |a}| are unordered
node pairs so that d(z, w) > 2P. Then,

WI(G) =) d(z,w) > |ay|p + ((Z) — |y ])2P

= Pllay+2(3 ) = 2ail) = Plutn — 1)~ o .

Other inequalities similar to the above argument can be proved. O
Theorem 2. If G = (X,Y) and G’ = (X'.Y") are two isomorphic CFGs, then WI(G) = WI(G").

Proof. Consider G and G’ to be two isomorphic CFGs. Thus, there is a bijective mapping
f:X— X’ so that, for every z € U and zw € U x U, we have

ax(z) = ax (f(2), Bx(2) = Bx (f(2), 7x(2) = 1% (f(2)),
ay(zw) = &y (f(2)f(w)), Py(zw) = By (f(2)f(w)), ry(zw) = 1y (f(2) f(w))-

For all z,w € U, suppose P(z,w) is the cubic fuzzy path that belongs to d(z, w).
For each cubic fuzzy edge of xy € P(z,w), there exists a cubic fuzzy edge f(x)f(y) in G’
so that

ay(xy) = ey (F(x) (), By(xy) = By (F()F(Y)), vv(xy) = 1y (F(X)f(y)).

Therefore, it can be directly said that corresponding to the cubic fuzzy path P(z, w)
in G, there is a cubic fuzzy path P(f(z), f(w)) in G’ so that the sum of the cubic fuzzy
membership values of edges in P(f(z), f(w)) is the minimum among all shortest strong
cubic fuzzy paths from f(z) to f(w). Thus,

d(z,w) = d(f(2), f(w)).

Then,

WI(G) = Y ax(z)ax(w)d(z,w)
zweX
= ), ax(f@)ak(f(w)d(f(z), f(w))
f2).f(w)eX!
= WIuc’(g/)‘

Likewise, WIz(G) = Wi (G') and WL, (G) = WL,(G'). O

Corollary 1. Let G = (X, Y) be a CFG so that G* is a tree with |U| = n. Let Ly(z, w) be the sum
of the lower boundaries of the interval-valued fuzzy membership at the cubic fuzzy edges of the cubic
fuzzy path P, which connects z and w. If ax(z) = Bx(z) = vx(z) =1, forall z € U, then,

WI(G) = ), Lizw),

zwel,z£w

WIg(G)= Y, Lg(zw),

zwel,z#w

WL(G)= Y. Ly(zw).

zwel,z#w
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This results in a CFG G where G* is a star as follows

WI(G)=(n-1) Y ay(zw),

Zweny,
Wig(G) = (n—1) ) Y. By(zw),
zwe By
WIfy(g Tl—l 2 ()/Y Zw
zwewy

In the following, we compare the Wiener index with the connectivity index. First, let us have a
reminder of the connectivity index

Definition 9. In the CFG (G) = (X,Y), CI(G) in the following form is called the connectivity
index whenever

CI(G) = ([Cl(9),CIg(9)], CLy(9))
CL(9) = ) ax(z)ax(w)Cy(z,w)

zwel

Clg(G Z Bx(z w)Cg' (z, w)
zwel

CL(G)= )Y rx(2)7x(w)CT(z,w), forallz,w e U.
zwel

[C1.(G),Clg(G)] is denoted as the interval-valued fuzzy connectivity index and Cl,(G)
represents the fuzzy connectivity index of G.

In the following example, we examine the comparison between the connectivity index
and the Wiener index in a CFG.

Example 3. Consider the CFG G drawn in Figure 3.

([0.6,0.7],0.3)

{[0.5,0.6],0.3) ([0.3,0.4],0.5)
()

([0.5,0.6],0.4) ([0.7,0.8],0.5) ([0.3,0.5],0.7)

Figure 3. The comparison between CI(G) and WI(G) in a CFG G.
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C*®(x,y) = ([0.5,0.6],0.3), d(x,y) = (]0.5,0.6],0.3),
C%®(x,z) = ([0.3,0.4],0.3), d(x,z) = ([0.6,0.9],0.5),
C*(x,w) = ([0.5,0.6],0.3), d(x,w) = ([0.4,0.5],0.2),
C®(y,z) = ([0.3,0.4],0.5), d(y,z) = ([0.3,0.4],0.5),
C(y,w) = ([0.5,0.6],03), d(y,w) = ([0.5,0.6],0.2),
C*®(z,w) = ([0.3,0.4],0.3), d(z,w) = ([0.2,0.4],0.3).

After the calculations, we have
CI(G) = (]0.697,1.296],0.463),

and
WI(G) = ([0.694,1.404],0.492).

As observed, CI,(G) > WI(G), Clﬁ(g) < w15(g) and CI,(G) < WI,(G).

The results show that the values of the connectivity and Wiener indices are higher in
some components and lower in others.

Proposition 1. If G = (X,Y) is a complete CFG, then
CI(G) = WI(G).

Proof. Assume that G = (X, Y) is a complete CFG. Therefore, both nodes are connected
by a cubic fuzzy edge in G. Since all cubic fuzzy edges are strong, then C®(z,w) =
d(z,w). Thus,

CI(G)=WI(G). O

The above proposition immediately gives the following result.

Corollary 2. Let G = (X,Y) be a complete CFG. Let ax(z;) = t;, Bx(zi) = s; and yx(z;) = 1;
sothatt) <ty < .. <ty 51 <5y < - <spandry <ry <. <y foralll <i <n. Then,

WL(G) =Y. Y t,
i=1  j=i+1
n—1 n

WIg(G) =Y st Y s
i=1  j=it+1
n—1 n

WI(G)=Y.17 Y 7
i=1 =i+l

Proof. Suppose G is a complete CEG. Moreover, let ax(z1) = t1, Bx(z1) = s1 and yx(z1) =
r1, for z; € U. Since G is a complete CG, then

du(z1,2j) = ax(z1) = t,
dg(z1,zj) = Bx(z1) = 51,
dy(z1,2j) = vx(z1) =11, forall j > 1.
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According to the conditions, we have

Therefore,

ax(Zl)ax(Z])da(Zl, ) = l’lt t = tlt],
Bx(z1)Bx(zj)dg(z1,2)) = s15/51 = sis;,

vx(21)1x(2))dy (21,2)) = rirjr = rir;.

n

Y ax(z1)ax(z))du(z1, 2 Zfl jr

j=2

3 () z) = Lot

]‘7

Z’)’X 21 'YX(Z] doy( 21/Z] 27’17’]
j=2

Thus,

Theorem 3. If G = (X,Y) is a cubic fuzzy tree (CFT) with |U| > 3, then

CL(9) < WI(9),
CIg(G) < WIg(G),
CL(9) < WL (9).

Proof. Suppose G = (X, Y) to be a CFT. In a CFT, there is a unique strong cubic fuzzy path
of P that connects each pair of nodes and is also the strongest unique cubic fuzzy path.
For each z,w € U, d(z, w) is actually the sum of the membership values of all cubic fuzzy
edges that is unique in the strongest strong cubic fuzzy path, where P connecting z and w
and where C*(z, w) is the membership value of the weakest cubic fuzzy edge of P. Hence,
CP(z,w) < dy(z,w), Cg(z,w) <dg(z,w), C7(z,w) < dy(z,w). Therefore,

Y ax(z)ax(w)CP(z,w) < Y ax(z)ax(w)da(z, w).
z,wel zwel
Thus, CI,(G) < WI,(G).
Similarly, Clg(G) < WIg(G) and CI,(G) < WI,(G). O

In general, no direct relationship is found between the value of the Wiener index in a
CFG and the value of the Wiener index after removing a node or an edge. The following
example seeks further explanation.
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Example 4. Consider the CFG G drawn in Figure 3. The value of the Wiener index after removing
the yw edge is as follows

WI(G —yw) = ([0.699,1.516],0.582).
Therefore, we have

WI (G —yw) = WI(G),
Wig(G —yw) > Wig(G),
WI, (G —yw) > WI,(G).

While after deleting yz, the Wiener index is as follows
WI(G —yz) = ([0.778,1.644],0.492).
Therefore, we have

Wy (G —yz) > WI(G),
WIg(G —yz) > WIg(G),
WIy (G —yz) = WI)(G).

On the other hand, after removing the node w, the Wiener index is WI(G — w) =
([0.358,0.748],0.459), in which

WI (G —w) < WI(G),
WIH(G —w) < WIE(G),
WL, (G —w) < WL (G).

The following definitions are used in some of the results of the Wiener index.
Definition 10. A cubic fuzzy edge zw of a CFG G = (X, Y) is named a-strong if
ar(20) > CF_uyy(z — W), Py () > CG (2 — 0), 1y(zw) > CF_yy (2 — w).
zw is called B-strong if
ay(zw) = Cg 2wz — w), By(zw) = CG w(z—w), Ty (zw) = Co ow(z—w),
and it is called d-edge if
ay(zw) < Cg’fzw(z —w), By(zw) < Cg’fzw(z —w), yy(zw) < Cg’fzw(z —w).
It is clear that a cubic fuzzy edge is strong if it is either a-strong or B-strong.

Definition 11. Let G be a CFG. G is named a-saturated if at least one a-strong cubic fuzzy edge is
incident at every node of z € U. Moreover, G is named B-saturated if at least one B-strong cubic
fuzzy edge occurs in each node.

A CFG G is named saturated if it is both a-saturated and B-saturated.

Theorem 4. Let G be a CFG. For z,w € U, let P(z,w) be the cubic fuzzy path that has the

minimum sum of the membership values among the shortest strong cubic fuzzy paths between z

and w.

(i) Ifst € Y is a strong cubic fuzzy edge and st is not a part of any P(z, w) with {z, w} # {s,t},
then WI(G — st) # WI(G).

(it)  If st is not a strong cubic fuzzy edge, then WI(G — st) = WI(G).
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Proof. (i) LetG = (X,Y) be a CFG and st € Y. Let st be a strong cubic fuzzy edge. Then,
the shortest cubic fuzzy path that connects s and tis st and d(s, t) = ([ay(st), By (st)], vy (st)).
If there is no cubic fuzzy path to connect s and t in G — st, then dg_4(s,t) < dg(s,t). If s
and t are connected in G — st, then there is at least one cubic fuzzy path that connects s
and f with a length of at least two. Assume that st is not part of any P(z, w) where z # s,
w # t. Therefore, dg_q(s,t) > dg or dg_q(s,t) < dg according to the path P(s,t) in G — st.
Let {s,t} # {x,y}. By assuming st is not part of P(x,y), then, dg_g(a,b) = dg(a,b). Thus,
either WI(G —st) < WI(G) or WI(G — st) > WI(G). This means WI(G — st) # WI(G).

(ii) If st is not a strong cubic fuzzy edge, then st is not part of any distance from
z to w for any z,w € U. Therefore, removing st from G does not change d(z, w). Thus,
WI(G —st) = WI(G). O

Corollary 3. Let G = (X,Y) be a CFG so that each cubic fuzzy edge is strong. For z,w € U,
let P(z,w) be the cubic fuzzy path that has at least the sum of the membership values among the
shortest strong cubic fuzzy paths between z and w. Assume that st is not part of any P(z, w) where

{z,w} # {s,t}. Then,

() Ifdg—g(s,1) # (Jay(st), By (st)], 7y (st)), then WI(G — st) £ WI(G).
() Ifdg-si(s,t) = [y (st), By (st)], 7y (st)), then WI(G — st) = WI(G).

Proof. (i) Since every edge in G is strong, so every edge in G — st is also strong. Therefore,
dg(s,t) = ([ay(st), By (st)], vy (st)). Assume that st is not part of any P(a,b) with {a,b} #
{s,t}. Then, dg_s(a,b) = dg(a,b). Hence, we have

WI(G—st)= Y ay(u)ay(v)dd " (u,0)

u,vel

= Y. av(way(0)dd (u,0) + (i~ (s,1) — d3 (s, 1))

u,vel
= WI(G) +d9 75 (s, ) — ay (st).

Therefore, if dJ 5! (s,t) > ay(st), then WI, (G —st) > WI,(G). Similarly, WIg(G —
st) > WIg(G) and WI, (G — st) > WI,(G). Thus, WI(G — st) > WI(G).
By the same way, it can be calculated that

WI(G — st) < WI(G).

Thus, WI(G — st) = WI(G).
(ii) is provable like (7). [

Theorem 5. Let G be a cubic fuzzy cycle (CFC). Then, G is saturated CFC if and only if the
following two conditions are satisfied.

(i)  nisan even number.
(i)  w,B-strong cubic fuzzy edges appear consecutively on G.

Proof. Let G be a CFC. Therefore, G has no J-strong cubic fuzzy edges. Suppose that G is
a saturated CFC. Therefore, it is both a-saturated and B-saturated. This implies that the
number of a-strong cubic fuzzy edges is equal to the number of B-strong cubic fuzzy edges.
Therefore, n is an even number. Thus, each node is incident with both «,3-strong cubic
fuzzy edges, which happens only when they appear consecutively on G.

Conversely, assume that G is an even CFC and «,-strong cubic fuzzy edges appear
consecutively on G. This means all the nodes are incident with exactly one a-strong
and exactly with one B-strong cubic fuzzy edges. Therefore, G is both a-saturated and
B-saturated. Then, G is a saturated CFC. O

Example 5. Consider CFC G in Figure 4, where a(z) = B(z) = v(z) = 1, forall z € U. All the
cubic fuzzy edges appearing alternatively on G are w,B-strong. Then, G is a saturated CFC.
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{(0lzoTol

{[0.2,0.3],0.4)

Figure 4. A saturated CFC.

Theorem 6. Let G = (X,Y) be a saturated CFC with G* = Cy, of length n so that each a-strong
cubic fuzzy edge has a strength of ([s, t],r) and that each B-strong cubic fuzzy edge is ([s', '], 1').
Moreover, ax(z) = Bx(z) = vx(z) =1, forallz € U. Then, form =1,2,--- .

3

n
n’ (t i t,) n=4m
_J 16
WI(G) n(n* —4) Fa n(n* +4) t' Otherwise
16 16
3
g5+s) n = dm
WIg(G) = n(n?— 4)5 n n(n? +4) s’ Otherwise
16 le
3
P i 0=t
WI(G) = 2_ :
n(n 4)r+ n(n®+4) ¥ Otherwise

16 16

Proof. Suppose G is a saturated CFC. Then, the cubic fuzzy edges that appear alternatively
have a strength of ([s, t],7) and ([s/, '], 7"), respectively. Considering the above theorem, n
is an even number. Remember that each cubic fuzzy edge of a CFC is strong. The maximum

length of the node z in C, is g Fork=1,2,---, g, we define

Py = {(z,w) € X x X| length of the distance between z and w is k.}.

There are g pairs of nodes (z, w) so that the length of the distance z and w is g If

-2
n=4m,form=1,2, -, then d,(z,w) = Z(t—i—t’), for any (z,w) € P%, and (nT)t+
(n 1_ 2) t', elsewhere. Therefore,

n n 7’12
TEHEZ =2 +E)  n=dm
2 do(z,w) = 4 n—22 L
ety E(( 7t )t')  Otherwise.

For each node z € U, there are exactly two nodes at a distance of k from z. Thus, there
are 2n pairs of nodes. By avoiding repetition, there will be n pairs (p,q) € X x X so that
the length of the distance from p to g is k.

Letkbeevenand 1 <k < g There are > number of a,B-strong cubic fuzzy edges in

the distance of length k from z to w. Hence, }_, ;e p, da(z,w) = %k (t+1t).
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n
2

from z. One of the distances from z of length k contains ktl

Letkbeoddand 1 < k < —. Consider z € U and x, y are two nodes at a distance k

a-strong cubic fuzzy edges

and k_Tl B-strong cubic fuzzy edges. The other one contain k—;il B-strong cubic fuzzy

edges and K ; ! a-strong cubic fuzzy edges. Therefore,
_n[(k+1 k—1Y\, nl[(k+1Y\, k—1
L e =3[ () sl ) ()
z,wePy

_n / _ik /
= 2(kt+kt)— 5 (t+t).

Then, for n = 4m

WL(G) =T+t + ¥ T(t+t)
1<k<%
:(t—i-t’)g %-ﬁ- Yk
1<k<f -1
nln n 1+5-1 ,
_2_4+(2_1)X2}(t+t)
_nfn n—2\/n ,
z_4+< 2 )(4)]“”
nin n*>—2n ,
_§_Z+ s ](t+t)
4,2 3
:g % (t+t’):’%6(t+t’).

where for n not a factor of 4,

WI.(G) —Z{<n42>t+ (”;%)t’] + Zn %k(t—i—t’)

(COMET R
() (][ < e
nl/n-— n 1 n[nn

=3 ( 2>t+< +2>t’ {( 2)}(t+t’)

_fz(;zigi)thn(ni;@t,.- 0

WIg(G) and W1, (G) are also proved according to the above method. [

4. Application

Chemistry is concerned with how subatomic particles bond to form atoms. In addition,
in chemistry, there is a focus on how atoms bond to form molecules. In a molecular graph,
all atoms and chemical bonds are labeled. This labeled graph is used in the physical
and chemical predictions of a compound, quantitatively and qualitatively describing the
chemical structures, structural features and activities related to topological indices.

One of the characteristics of an atom that plays a very important role in the prop-
erties of compounds is the radius of the atom and its electronegative properties. Bond
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length and bond energy are also the important features of a bond. Electronegativity is
the degree to which an atom in a molecule tends to attract a pair of bonding electrons to
itself. The Pauling electronegative relative scale is the most common scale based on the
experimental values of bond energies. The radius of an atom indicates its effective size,
when measured in combination with other atoms. In fact, determining the atomic radius is
difficult because there is uncertainty, so a constant atomic radius cannot be determined for
an atom. The radius of a single atom is in the range of 30 to 300 pm or between 0.3 and
3 angstroms.

In molecular geometry, bond length or bond distance is defined as the average distance
between two atoms bond in a molecule. The length of the bond depends on the order of
the bond. When more electrons are present in a bond, we have a shorter bond. The length
of the bond also inversely depends on the strength of the bond and the dissociation energy
of the bond. The stronger the bond, the shorter it will be when all the factors are the same.

Until 1920, chemists did not think that molecules with a molecular weight greater than
a thousand existed. Until a German chemist named Hermann Staudinger challenged this
theory by studying the composition of substances such as rubber and cellulose. Contrary
to popular belief, he suggested that these compounds were made up of macromolecules of
10,000 atoms or more. He formulated a polymer structure for rubber based on a repeated
isoprene unit (called a monomer) and was awarded the 1953 Nobel Prize.

Monomers are actually the building blocks of polymer molecules. In simpler terms,
one monomer is added to another to form a polymer chain. This process is called poly-
merization. Monomers are essential elements for many industries and have a variety of
applications, from food packaging to coatings for vehicles and home appliances. Monomers
provide selectivity, quality and compatibility, dispersion and emulsions for a variety of
adhesives, coatings, inks, woven and nonwoven textiles, plastics and polymers and highly
absorbent products

In this study, three monomers were examined, which included the molecules drawn
in Figure 5.

F F
H H N H\C= ol
L=< /N / \
H H K k H H

Ethene (C:H4) Tetrafluorcethvlene (C;F4)  Chloroethene (C;H3Cl)

Figure 5. Three types of monomers from the alkenes group.

A CFG can be useful in examining some properties of molecules. For this purpose, each
of the above molecules was considered as a CFG. The atomic radius and electronegative
number of some atoms along with their cubic fuzzy values are given in Table 1. In this table,
the atomic radius with an interval-valued fuzzy number with a difference of 0.01 from the
center of the interval and the electronegative number of each atom is shown with a fuzzy
number, which is the ratio of the number of each atom to four. The values for the length
and energy of some chemical bonds between atoms, along with the cubic fuzzy values for
each of them, are presented in Table 2. In this table, the cubic fuzzy values of each bond are
calculated in relation to a maximum of 300 and 1000 pm.

The Wiener index of each molecule is calculated in Table 3.

Looking at Table 3, it can be concluded that by substituting H atoms in ethene with F
atoms, the bond energy increased tremendously because its fuzzy Wiener index increased
more than that of other molecules. Polymers based on a CF; molecule seem to have a
good level of strength. In addition, a decrease in the interval-valued Wiener index in C3 Fy
compared to CoHy means a decrease in the bond length of this molecule and an increase in
its melting point. The available data confirmed the results obtained.
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Table 1. Cubic fuzzy values of atoms.
. . Electronegative Cubic Fuzzy
Atoms Atomic Radius (pm) Number Number
H 53 2.20 ([0.16,0.18],0.13)
C 65 2.55 ([0.20,0.22],0.63)
N 55 3.04 ([0.17,0.19],0.76)
F 41 3.98 ([0.12,0.14],0.99)
cl 78 3.16 (10.25,0.27],0.79)
Table 2. Cubic fuzzy values of bonds.
Cubic Fuzzy
Bonds Length (pm) Energy (kJ/mol) Number
C-H 109 413 (0.35,0.37],0.41)
C-F 135 488 ([0.44,0.46],0.48)
C-Cl 177 78 ([0.58,0.60],0.07)
Cc=C 134 614 ([0.43,0.45],0.61)
N-H 101 391 ([0.32,0.34],0.39)
N=N 141 170 ([0.46,0.48],0.17)
Table 3. The Wiener index values of molecules.
WI(G) CoH,y CoFy Co,H3Cl1
WI(G) 0.313392 0.24376 0.426956
Wllg(g ) 0.412452 0.334036 1.171176
WI,(G) 0.834961 12.195765 1.302109

The results for the CoH3Cl molecule were similar as those of C;Hy, except for the
fact that the interval-valued Wiener index in this molecule was higher than in the other
two molecules, which provided a greater bond length between its atoms. It seems that
by replacing Cl with H, we saw an increase in the length and energy of the bond in the
molecule. The study of this issue in C;HCl3 molecule drawn in Figure 6 with Wiener index
([0.70911, 0.87615],2.775757) confirmed this point.

CI\ /CI
p=<
Cl H

Trichloroethene (CaHC:)

Figure 6. Molecular structure of trichloroethene.

A major part of the properties of these molecules depends on the two intermediate
atoms. To confirm this, we calculated the Wiener index in N;Hy as shown in Figure 7.
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K

Hvdrazine (MN:H.)

Figure 7. Molecular structure of hydrazine.

The Wiener index of this molecule was ([0.273262,0.364736], 0.565568), which indi-
cated a decrease for all components values compared to the above molecules.

5. Conclusions

A topological index is a real number based on the distance of nodes in a graph.
Among these indices, the Wiener index was the first defined index to be used as a tool
for modeling chemical, pharmacological and other molecular properties. The Wiener
index is one of the defining criteria in fuzzy graphs, where we are faced with uncertain
values. It is even more important to know that we are dealing with a fuzzy graph that
has both fuzzy membership and interval-valued membership, that is, a CFG. Determining
the Wiener index in a CFG is directly related to the bond strength between nodes. In this
paper, by extending the Wiener index in fuzzy graphs to cubic graphs, we presented a new
definition of the Wiener index with both numerical and interval values. Some of its basic
properties were investigated, including determining the value of the Wiener index in certain
CFGs, changing the Wiener index by removing one node or an edge of the CFG and the
formula for the value of the Wiener index in a saturated CFC. The results showed that the
value of the Wiener index was not always associated with a decrease or increase. In some
cases, the value of the fuzzy Wiener index increased while the value of the interval-valued
Wiener index decreased. Using the results obtained in determining the Wiener index of
some monomer molecules, an application of this index in the study of the properties of
polymer molecules was presented. Studying the properties of the connectivity index and
the average connectivity index will be future work.
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