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GRAPH INVARIANTS BASED ON DISTANCE BETWEEN EDGES
AND DOUBLE GRAPHS

MAHDIEH AZARI', §

ABSTRACT. Topological indices are numerical parameters of graph which characterize
its topology and are invariant under graph isomorphism. They are applied in theoretical
chemistry for the design of chemical compounds with certain physicochemical proper-
ties or biological activities. The Wiener index, hyper-Wiener index, degree distance,
and Gutman index are among the best-known distance-based topological indices with
known applications in chemistry. In this paper, we study the edge version of these graph
invariants for a collection of graphs named double graphs.
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1. INTRODUCTION

All graphs considered in this paper are finite, simple and connected. Let G be such a
graph with vertex set V(G) and edge set E(G). The degree dg(u) of a vertex u € V(G)
is the number of edges incident to u. Two distinct edges e = uv and f = zt of G are said
to be adjacent if they have a vertex in common. The line graph L(G) is the graph whose
vertices correspond to the edges of G with two vertices being adjacent if and only if the
corresponding edges are adjacent in G. The degree di(e) of an edge e = uv € E(G) is
defined as the degree of the corresponding vertex e in the line graph of G which is equal to
dg(e) = dg(u) + dg(v) — 2. We denote by Ng(e) the set of all edges adjacent to e € E(G)
and by dg(e) the sum of degrees of all edges adjacent to e, i.e., dg(e) = ZfGNg(e) da(f)-

The distance dg(u,v) between the vertices u,v € V(G) is defined as the length of any
shortest path in G connecting v and v. The distance sum (also called status) Dg(u)
of a vertex u € V(G) is the sum of distances between u and all other vertices v of G,

Le., Dg(u) = > ,cy(c) da(u,v). We denote by Dg) (u), the sum of squares of distances

between a vertex u € V(G) and all other vertices v of G, i.e., Dg) (w) = 2 pev(e) dalu, v)2.
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The distance dg(e, f) between the edges e = uv and f = zt of G is defined as the
distance between the corresponding vertices e and f in the line graph of G. This distance
is equal [20] to

de(e, f) = 0 if e=f,
GEIT min{de(u, 2), da(u,t),de(v, 2), da(v, )} + 1 if e # f.
We denote by Dg(e), the sum of distances between an edge e € E(G) and all other edges
fof G, ie, Dae) = Y rep(q) dale f), and by Dg) (e), the sum of squares of distances

between an edge e € E(G) and all other edges f of G, i.e., Dg)(e) =>_rer(q) dale, f)2.

A chemical graph or molecular graph of a chemical compound is a labeled graph whose
vertices correspond to the atoms of the compound and edges correspond to the chemical
bonds. In the context of 7 systems, a molecular graph is one that is connected and has a
maximum degree at most 4 (see, for example, [16]). A topological index is a real number
related to a graph which is invariant under graph isomorphism, that is it does not depend
on the labeling or the pictorial representation of a graph. Topological indices help us to
predict certain physicochemical, biological, and pharmacological properties of molecules
like boiling point, enthalpy of vaporization, stability, energy, etc.

The Wiener indez, introduced by Wiener [38] in 1947, is the first topological index
recognized in chemical graph theory. The Wiener index of a graph G is defined as

W@ = Y detwo)=5 Y Dofw)

{u,w}CV(G) ueV (G)

where the first summation runs over all unordered vertex pairs of G. This invariant
is used for modeling the shape of organic molecules and for calculating several of their
physicochemical properties [38].

The edge-Wiener index of a graph G was defined by Iranmanesh et al. [20] as

M@= Y dolef)=5 3 Dole)

{e.f}CE(G) e€E(G)

where the first summation runs over all unordered pairs of edges of G. The edge-Wiener
index of a graph can also be introduced as the Wiener index of its line graph. Further
information on the edge versions of the Wiener index can be found in [19] and the references
quoted therein.

The hyper-Wiener index of acyclic graphs was introduced by Randié [33] in 1993. Then
Klein et al. [25] generalized Randi¢’s definition for all connected graphs in 1995. The
hyper-Wiener index of a graph G is defined as

1
WW(G) =3 (W(G) + W@)(G)),
where .
2
W@ = Y de(ww)’ =5 Y DG
{u,v}CV(G) ueV(G)
The edge hyper-Wiener index of a graph G was defined by Iranmanesh et al. [22] as
1
WW.(G) = 5(We(G) + W2 (@),
where )
2
WAG) = Y dalef?=5 Y. DEe).

{e.fICE(G) ecE(G)
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This invariant is used for the representation of computer networks and enhancing lattice
hardware security.

The degree distance was introduced by Dobrynin and Kochetova [6] and at the same
time by Gutman [12] as a weighted version of the Wiener index. The degree distance of a
graph G is defined as

> dew)Da(w) = > (de(u) + dg(v))de(u, v).

ueV(G) {u}CV(G)

It was proved in [12] that, in the case of trees the Wiener index and degree distance are
closely related.
The edge-degree distance of a graph G was put forward by Iranmanesh et al. [21] as

Z da(e)Da(e Z (da(e) + da(f))dale, f).

e€E(G) {e.f3CE(G)

The Gutman index was introduced by Gutman [12] in 1994 as a kind of vertex-valency-
weighted sum of the distances between all pairs of vertices in a graph. The Gutman index
of a graph G is defined as

Gut(G)= > da(wda(v)da(u,v) Z da(u

{u,w}CV(G) uGV (@)

where
> da(v)da(u,v).
veV(G)

This invariant reflects exactly the same structural properties of a molecular as the Wiener
index does.
The edge-Gutman index of a graph G was defined by Iranmanesh et al. [21] as

Gut(G)= Y dg(e)da(f)da Z da(e)Sa(e

{e.f}CE(@) 2 )

where

ch 2

fEE(G

See [3, 4, 5] for more informatation on the edge version of the hyper-Wiener index, degree-
distance, and Gutman index.

The first Zagreb indez of a graph G was introduced by Gutman and Trinajsti¢ [13] in
1972 and the second Zagreb index was proposed by Gutman et al. [14] in 1975 as

Z do(u)?® = > (do(u)+da), Ma(G)= > da(w)da(v)
ueV (G weFE(G) weFE(G)

The forgotten topological index ( F-index) was first introduced by Gutman and Trina-
jsti¢ [13] in 1972 as

Z do(u)’ = > (da(u)? +da(v)?),

ueV (G uweE(G)
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and revived by Furtula and Gutman [10] in 2015. It can be easily observed that,

> dale) = Mi(L(G)) = F(G) + 2My(G) — 4M1(G) + 4| E(G)],

ecE(G) (1)
Z da(e)da(e) = 2M2(L(G)).

e€E(G)

Some molecular graphs can be obtained from simpler molecular graphs by using oper-
ations on graphs. Certainly, computing topological indices of the constructive structures
is much easier than the main structure. Hence, studying topological indices of graph op-
erations specially those can generate molecular graphs is one of the important subjects in
chemical graph theory. One of such operations is the double operation whose definition
was first appeared in a paper by Indulal and Vijayakumary [18], where this operation was
used to construct non-cospectral but equienergetic graphs. A few years later, motivated
by completely different reasons, Munarini et al. [28] proposed the concept of double
graphs, and studied elementary properties of these graphs, extensively. After the paper
by Munarini et al., double graphs attracted a great interest and various properties of this
structure studied in the literature. See, for example, [17, 27, 31, 39] for some nice results on
double graphs from pure mathematics perspective. The double operation has also received
attention in the context of chemical graphs and topological indices. Dehghan-Zadeh et al.
[8] used double graphs to construct infinite classes of connected graphs, with cyclomatic
number greater than 4, for which a conjecture of Fajtlowicz [9] regarding the comparison
between Randi¢ index (see [32]) and radius of graphs holds. After that, with the purpose
of investigation of Alveoli in Human lungs by using topological indices, Lukesha et al.
[26] applied double graphs by considering the alveoli as a connected graph and determined
topological indices for healthy and ruptured alveoli by using double operation. Ganie et
al. [11] investigated the energy and Laplacian energy of double graphs. Huang et al. [15]
studied resistance distances and Kirchhoff index (see [24]) of double graphs. Sardar et al.
[35, 36], used double graphs to compute closed formulas for some degree-based topolog-
ical indices of silicon carbide Si2C3-I[p,q] and circumcoronene series of benzenoids H,,.
Besides, double graphs were used in various papers to ease some calculations especially
in computing topological indices of chemical graphs (see, for example, [1]). In this paper,
we propose a formula for the distance between two edges in double graphs and apply our
results to compute the edge version of the Wiener, hyper-Wiener, degree distance, and
Gutman indices of double graphs in terms of the respective indices of the parent graph.
Our paper continues the line of research of some recent papers [2, 7, 23, 29, 30, 34, 37|
studying topological indices of double graphs.

2. MAIN RESULTS

We start this section with definition of double graph.

Definition 2.1. Let G be a graph with vertex set V(G) = {v1,va,...,vn}. The double
graph D|G] of G is obtained by taking two distinct copies X = {x1,22,...,zp} and Y =
{y1,92, ..., yn} of G by preserving the primary edge set of each copy and adding the edges
x;y; and x;y; for every edge viv; € E(G) (see Figure 1).

It is worth noting that, the double graph of the complete graph K, is just the graph
obtained by deleting a perfect matching from the complete graph Ks,, which is just the
well-known cocktail party graph.

From the definition 2.1, D[G] has 2n vertices and 4m edges, where m is the number of
edges of G.
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FIGURE 1. The double graphs of 3-cycle and 4-cycle.

Lemma 2.1. [28] The degree of each vertex in D[G] is given by

dpic)(zi) = dpi)(yi) = 2dg(v;).

Lemma 2.2. [23] The distance between each pair of vertices in D[G] is given by

da(vi,v; if 7 # 7,
dD[G](xiamj) :dD[G](y’Lvy]) = dG(Uivvj)a d'D[G](:E'nyj) = { QG( ]) if 4 i?

In the following lemma, we compute the degree of an edge and the distance between
two edges in double graph. The results follow from Lemmas 2.1 and 2.2 and the proofs
are therefore omitted.

Lemma 2.3. The following hold:

(1) For each edge viv; € E(GQ),

dpia)(zizj) = dpia(Yivy) = dpia)(ziy;) = dpjg(w;vi) = 2dg(vivs) + 2;
(2) For each pair of edges vivj, v,vs € E(G),

dpia)(zizj, r2s) = dpia)(Yivy, yrys) = da(vivy, vrvs),

dg(vivj,vvs) +2 if {r,s} = {i, 5},
dpia)(Tizj, yrys) = da(vivy,vevs) + 1 if re {d,j} or s € {i,j}, {r,s} # {i,j},

dG(Uinaers) if 7,5 ¢ {Za]}a

dg(vivj,vpvs) +2  if r=j, s=1,
dD[G](xiyjawrys) - dG(Uin,UTvs)+1 if T:j,S#i or S:ia’r#j)

dg(vivj, vyv5) ifr=di,s=jorrsé¢{ij}h

da(viv;i, vpvs 1 ifsed{ij},

dpia)(zizj, rys) = dpic)(Yivj, YrTs) = { dggviv;,vrvsi ! if s ¢ é,j}}

Theorem 2.1. The edge- Wiener index of D|G] is given by

W.(D[G]) = 16W.(G) + 4M1(G). (2)
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Proof. Corresponding to each edge v;v; € E(G), there exist four edges x;z;, yiy;, xiyj, T;yi €
E(D[G]). Then

Dpig(zirs) = Z dpa)(Tivj, vr2s) + [dD[G} (zizj, viy;)
zrzs€E(D|G])

+ Z dpje)(Tirj, yiys) + Z dpic) (i, yry;)
yiyselﬂé?[G]): yryjefi(P[GD:
s$#£j r#i

+ ) dD[G]<$imjﬂyrys)}+|: > dpig(mizs, xeys)

Yrys€E(D[G]): zry; €E(D[G])
r,8#£1,j
+ Z dpia)(zizj, ry;) + Z dp(q)(Tizj, mrys):| :
z,y; EE(D[G]) Cﬂrysei(p[G])i
s#1,]

Now from Lemma 2.3, we get

DD[G} (x,x]) = Z dg(’l)ﬂ)j, 217»2)5) + [(d@(vivj, ’Uz"l)j) + 2)

vrvs€E(Q)
+ Z (dg(ij, viUs) + 1) + Z (dg(v,;vj, vpv;) + 1)
v;vs€E(Q): vrv; €E(G):
s#j r#£i
+ Z dG(vivj,vrvs)] + [ Z (da(vivj, vpvi) + 1)
vrvsef(G): vrv; EE(G)
r,87£1,J

+ Z (da(vivj, vpv;) +1) + Z dG’(Uinavrvs)}
vrv; €E(G) vrvsiE(G):
s#£1,j

=Dq(vivj) + (2 + Da(vivy) + da(vi) — 1+ da(v) — 1)
+ (2D¢ (vivy) + da(vi) + da(vy))
=4Dg(vivy) + 2(da(vi) + da(v))).
By symmetry, for each edge v;v; € E(G), we have
Dpia)(yiy;) =Dpic)(ziy;) = Dpc)(z;9i) = Dpig)(ziz;) @)
=4D¢ (vivy) + 2(dg(vi) + da(vy))).
Now from the definition of the edge-Wiener index and Eq. (3), we obtain

1
We(D[G]) =4 x 5 Z Dpig(zizy)
z;x;€E(D[G])

=2 Y (4Dolviny) + 2(do(v:) + da(r;))
viv; €EE(G)

=16W,(G) + 4M;(G).
from which Eq. (2) follows. O
Theorem 2.2. Let G be a graph on m edges. The edge-hyper Wiener of D|G] is given by
WW(D[G]) = 16WW(G) + 8M1(G) — 6m. (4)
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Proof. Let viv; € E(G). Then

2
D)) = Y dpig(wizjarws)’ + [dD[G} (w35, yiys)°
xrfﬂseE(D[G])

+ Y dpgmagyw)®+ Y dpe(@img, uey;)’

viys€E(D[G]): yry; €E(DIG]):
s#j T4
+ Z dpiq) (xixj7yrys)2:| + [ Z dpic(wizj, 2,1:)?
yryseE(D[G}): xryiEE(D[G])
T,871,]
+ > dpglri )+ Y. dpg(w, wrys)Q]-
zry; €E(D[G]) xryseggp[a]);
S#1,]

Now by Lemma 2.3, we get

D (@) = 3 da(vity,orvn)? + | (da(viwy, v +2)°

vrvs€EE(Q)
+ Z (dg(vivj, vivs) + 1)2 + Z (dg(vivj, vrvj) + 1)2
v;vs€EE(Q): vrv; EE(G):
s#£j r#i
+ Z dg(vivj,vrvs)ﬂ + [ Z (dg(vivj, vpv;) + 1)2
vrvs€EE(G): v EE(G)
r,8#1,j
+ Z (dg(vivj, vpv5) + 1)2 + Z dg(vivj, vrvs)ﬂ
vrv; €EE(G) vrus €E(G):

SF#1,]
=D (vv;) + (4+ D2 (viv;) + 3(de(v:) — 1) + 3(de(v;) — 1))
+ (2D (viv;) + 2(da(v) — 1) + da(vi) + 2(da(vy) — 1) + da(v;))
=4DE (viv;) + 6(dc(vi) + de(v))) — 6.

By symmetry, for each edge v;v; € E(G), we have

2 2 2 9
D(D[)G}(yz‘yj) —D! [)G] (xiy;) = D(D[)G}(scjyi) = D(D[)G] (i)

:4D(G2) (vivy) + 6(dG(Uz’) + dG(Uj)) — 6.
Hence

1
WP/(D[G)) =4 x 3 Z Dg[)G] (zix;)

z;x;€ E(D[G])
-2 Z (4Dg)(vivj) + 6(da(vi) + da(vj)) — 6)
viv; €E(G)
=16W(G) + 12M,(G) — 12m.
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Now from the definition of the edge-hyper Wiener index and Eq. (2), we obtain

WIW(DIG]) =5 (W.(DIG) + W (D[G))

1
:5(16W6(G) +4M,(G) + 16W 2 (G) + 12M; (G) — 12m)
—16WW.(G) + 8M,(G) — 6m.

from which Eq. (4) follows. O

Theorem 2.3. The edge-degree distance of D[G] is given by

DD.(D[G]) = 16(2DD(G) + AW.(G) + F(G) — My(G) + 2My(G)). (5)

Proof. From the definition of the edge-degree distance and definition 2.1, we obtain

DDE('D[G]) =4 Z dD[G’}(xiwj)DD[G] (1‘21‘])
z;x;€E(D[G])

Now by Lemma 2.3 and Eq. (3), we obtain

DD.(DIG]) =4 > (2dg(viv)) +2) (4Dg(vﬂ)]’) +2(de(vi) + dG(uj))>
viv; EE(G)

=4 Z (Sdg(ij)DG (vivj) + 4dg(vivj) (dg(vi) + dc;(vj))
vv; €E(G)

+ SD(;(’UZ"UJ‘) + 4(dg(vi) + dg(’l)j))>.
Using the fact that dg(viv;) = da(vi) + dg(vj) — 2, we obtain
DD.(D[G]) =4 (SDDe(G) +A(F(G) + 2My(G) — 2My (G)) + 16W,.(G) + 4M1(G)>.

from which Eq. (5) follows. O

Theorem 2.4. Let G be a graph with m edges. The edge-Gutman index of D|G| is given
by

Guto(D]G]) =64Gut.(G) + 64D D, (G) + 64W,(G) + 32Ms(L(Q))
+ 64F(G) + 128My(G) — 176 M (G) + 128m.
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Proof. Let viv; € E(G). Then

Spia)(zir;) = Z dp)(wrxs)dp)(Tirs, Tr2s) + |dpia)(yiys ) dpa) (v, viy;)
zrzs€E(D[G])

+ Z dpic)(Viys)dpja) (Tizs, Yiys)
yiysei(?[G]):
s#]

+ Y. dpeWes)dpia) (@i, vey;)
Yry; GgP[GD:

+ > dpe W) dpe) (i, yrys)
yryseE(D[G]):

T7S¢Z7j

+[ > dpiey(@eyi)dpie) iz, 2,y;)
zryi € E(D[G])

+ > dpg(@ey))dpe(Tix, 2ry;)
1‘7'yjeE(D[G])

+ Z dD[G} (xrys)dD[G’} (SUixj, xrys)} :
l‘rysei(p[c]):
5#4,j

Now by Lemma 2.3, we get

SD[G} (xixj) = Z (2dg(vrvs) + 2))dc;(vivj7 vpUg) + {(ng(vivj) + 2)) (dg(vivj, vv5) + 2)
v EE(G)

+ Z (2dg(viv5) + 2)) (dg(vivj, v;Us) + 1)
vivse;éE‘(G):
s7#]

+ Z (2dg(’u,«1}j) + 2)) (dG(Uina 'Ur'Uj) + 1)
Ur’l}jef(G)l

+ Z (ng(vrvs) + 2))dG(Uin7UrUS)}

vrvs€E(Q):
T7S¢i7j

+ [ Z (2dg(’l)r’l)i) + 2)) (dG(Uin; vpv;) + 1)
vrv; EE(G)

+ > (2da(vey) +2)) (da(vivy, v;) + 1)
vrv; €EE(G)

+ Z (2dc(vrvs) + 2))dg(vivj,vrvs)}
vrvs€EE(G):
5F1,]

=(2S¢(vivj) 4+ 2Dg(vivy)) + [4(dG(vivj) + 1) + 2S¢ (viv;)

+ 2D¢(vivj) + 266 (vivs) + 2(da(vi) — 1) + 2(dg (vy) — 1)]

+ [4Sa(viv;) + 4Dg(viv;) + 286 (viv;) + 4da (vivy) + 2(da(vi) + da(v)))]
=8Sa(vivj) + 8Dg(vivj) + 12(dg(vi) + dg(vj)) + 40 (viv;) — 16.
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By symmetry, for each edge v;v; € E(G), we have

Spia(Viyj) =Spia)(Tiyj) = Spia)(zjy:) = Spia)(wivs)
=8S5¢(vivj) + 8D¢(vivj) + 12(dg(vi) + dg(vj)) + 46¢(viv;) — 16.

Now from the definition of the edge-Gutman index and Lemma 2.3, we obtain

1
Gute(D[G]) =4 x 5 Y. dp(wiz;)Spig (i)
$1$]€E(D[G])

=2 Z (2dc(viv;) +2) (85@*(1}2-11]-) + 8D (vivj)
viv; €E(G)

+12(de(v;) + de(v;)) + 406 (vivy) — 16).
Using the fact that dg(vivj) = dg(vi) + da(v;) — 2 and by Eq. (1), we obtain

Gut(DIG)) =2 Y (16dG(ij)SG(wj) + 16d (vv;) D (viv;)
viv; €EE(G)

+ 24d¢ (viv;) (da(vi) + da(vj)) + 8da(vivy)da(vivs) — 32da(vivy)
+ 16S¢(vivj) + 16D (viv;) + 24(da (vi) + da(vy)) + 8da(vivj) — 32)
—64Gut.(G) + 32DD,(G) + 48(F(G) + 2Ma(G) — 2My(G))
+ 32My(L(G)) — 64(M:(G) — 2m) + 32DD,(G) + 64W,(G)
FA8M;(G) + 16(F(G) + 2M>(G) — AMy(G) + 4m) — 64m
—64Guto(G) + 64DD,(G) + 64Wo(G) + 32Ma(L(G)) + 64F(G)
+128Ms(G) — 176M1(G) + 128m,
from which Eq. (6) follows. O
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