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Abstract

Clustering coefficient is one of the most useful indices in complex networks. However, graph
theoretic properties of this metric have not been discussed much in the literature, especially in
graphs resulting from some binary operations. In this paper we present some expressions for
the clustering coefficient of the tensor product of arbitrary graphs, regular graphs, and strongly
regular graphs. A Vizing-type upperbound and a sharp lower bound for the clustering coefficient
of the tensor product of graphs are also given.
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1 Introduction

Let G be a simple undirected graph with vertex set V(G) and edge set E(G). Let Ng(v) = {u €
V(G) : w € E(G)} be the open neighborhood of a vertex v € V(G), degg v the degree of v,
and tg(v) the number of triangles in G which are incident to v. The local clustering coefficient of
vertex v in G, denoted by Cc,(G), is a measure that assesses the local triangle density in a vertex’s
neighborhood. This number C¢,(G) can be defined as

*Corresponding author: E-mail: rjdamalerio@gmail.com;


https://www.sdiarticle5.com/review-history/87064

Damalerio and Eballe; ARJOM, 18(6): 36-42, 2022; Article no.ARJOM.87064

0, if degpv <1,
CCU(G) . (;ecg(;)v)’ if degcv Z 9. (1.1)
2

This formula can be traced as a unifying version between its treatment in [1] and [2]. On the other
hand, the global clustering coefficient Cc(G) of a graph G with order n is a measure that indicates
the overall clustering of G, obtained by averaging the local clustering coefficients of all the vertices
in G. That is,

1 1 2%t (v)
Ce(G) = = Cey(G) = = . (1.2)
n UGVZ@) n ve;(@ deg v(degov — 1)
degg v>2 degg v>2

This measure was introduced in the field of social network analysis by Duncan J. Watts and
Steven Strogatz [3] in 1998 to determine whether a graph is a ”small-world network”. Since
then, several studies from various standpoints have also emerged. However, as far as we know,
there are no investigations or studies on the clustering coefficients of graphs resulting from some
binary operations, although a related study on finding the number of distinct triangles in the tensor
product G x H was done in [4] while a triangle-counting algorithm for large networks appeared in [5].

In this paper, we investigate the clustering coefficient of the tensor product of arbitrary graphs,

regular graphs, and strongly regular graphs using some properties that the tensor product possesses

and some inherent characteristics possessed by the factors or constituents. A Vizing-type upperbound
and a sharp lower bound for the clustering coefficient of the tensor product of graphs are also aimed

to be proved. Graphs considered in this paper are all finite and undirected simple graphs. For basic

graph theory terminologies not specifically described nor defined in this paper, please refer to either

[6] or [7].

2 Tensor Product of Arbitrary Graphs

The tensor product G x H of two graphs G and H is the graph whose vertex set is V(G) x V(H)
and for which vertices (u,v)(u’,v") € E(G x H) if and only if uu’ € F(G) and vv' € E(H). Thus,

V(G x H)={(u,v):u e V(G) and v € V(H)},
E(G x H) = {(u,v)(v,v") : uv’ € E(G) and vv’ € E(H)}.

Lemma 2.1 Let G and H be any graphs. If uw € V(G) and v € V(H), then the number of
triangles in G x H that are incident to the vertex (u,v) € V(G x H) is given by the formula
taxm(u,v) = 2tg(u)tu (v).

Proof: Let (u,v) € V(G x H) such that (uv',v")(v”,v") € E({(Naxu(u,v))). Then vertices (u,v),
(u',v"), (u”,v") € V(G x H) are pairwise adjacent in G x H. By the adjacency condition of the
vertices in the tensor product, one can see that vertices u,u’,u” are pairwise adjacent in G and
so are the vertices v,v’,v"” in H. Therefore, every triangle incident to (u,v) in G X H emanates
from a pair of distinct triangles, one of which is incident to v in G and another one incident to v in H.

Now assume first that vertices u,u’,u” are pairwise adjacent in G and v, v’,v" are pairwise adjacent
in H. By the same adjacency condition in the tensor product we can see that vertices (u’,v’), (u”,v"),
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(u',v"), (u",v") € Nexu(u,v)  such  that  (u/,0")(u”,v"), (v, 0")(u",0") €
E({Ngxu(u,v))). Thus, each pair of triangles, one incident to u in G and the other incident to v in
H, produces two distinct triangles incident to (u,v) in G x H. That is, 1taxu(u,v) = ta(u)tm(v).

O

In Fig. 1 below, the highlighted vertices and edges emphasized the two triangles incident to vertex
(u,v) in G x H as argued in Lemma 2.1.

Fig. 1. The tensor product G x H of two arbitrary graphs G and H, in which vertices
u, v, '’ are pairwise adjacent in G and vertices v, v', v" are pairwise adjacent in H

Theorem 2.2 Let G and H be any graphs. If u € V(G) and v € V(H) such that deggu > 2 and
deg v > 2, then the local clustering coefficient of (u,v) in G x H is given by the formula

Ceuy(G x H) = f(u,v) - Ceu(G) - Ceu(H),

where f(u,v) = (deggu — 1)(degy v —1)/(degg u - deg v —1).

Proof: Using Equation (1.1), Lemma 2.1, and the fact that degg, y(u,v) = degg u - degy v, we
have

_ toxm(u,v)  2te(u)tn(v)
CC(u,v) (G X H) - (degGX2H(u,v)) - (dch 'uédch v)

(deg2c u) (deg2H v)
=2- CCu(G) . CCU(H) . W
(deggu —1)(degy v —1)

= Ccu - Ceo(H) -
Ceu(G) - Cou(H) degpu-degyv—1

The next result, which is for the global clustering coefficient of G x H, is a consequence of Theorem
2.2.

Corollary 2.3 Let G and H be graphs of orders n1 and na, respectively. Suppose 6(G) > 2 and
0(H) > 2. Then the global clustering coefficient of G x H is given by

1
ning

Ce(G x H) = S > fww) - Ceu(G) - Cey(H),

weV (G) veV (H)

where f(u,v) = (deggu — 1)(degy v — 1)/(degg udegy v — 1).
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Proof: Using Equation (1.2) and Theorem 2.2, we obtain

C =
oG x H) =~ > Ceuw(Gx H)
(u,v)EV(GXH)
S Y Ce@) e = Didegyu )
2 LEV(G) veV (H) (degg u - degy v —1)
The claimed equality follows. |:|

The next result provides an upperbound for the global clustering coefficient of the tensor product of
graphs, a Vizing-type relationship, albeit on the upperbound, with some restrictions on the factors.

Corollary 2.4 For graphs G and H with 6(G) > 2 and §(H) > 2,
Cce(Gx H) < Ce(GQ)-Ce(H);
equality holds if at least one of G and H is a triangle-free graph.

Proof: Let uw € V(G) and v € V(H), where G and H are of orders n; and nga, respectively. From
Theorem 2.2, Cc(y,0)(G x H) = f(u,v) - Ceu(G) - Cey(H), where f(u,v) = (deggu — 1)(degy v —
1)/(degs u - degy v — 1). Since degg u,degy v > 2, it follows that (degsu — 1)(deggv — 1) <
(dege; u - degy v) — 1. This means that

(deggu —1)(degy v —1)

1.
degou-degyv—1 <

0< flu,v) =

Assume that each of the graphs G and H has a triangle. That is, there exists specific vertices
z € V(GQ) and y € V(H) such that t¢(z) > 1 and tg(y) > 1, implying that Cec,(G) > 0 and
Cey(H) > 0. Hence, for such vertices, it follows from Corollary 2.2 that

Cclay) (G x H) = f(z,y) - Cca(G) - Cey(H) < Ca(G) - Cey(H).

As for the other vertices (a,b) not incident to any triangle in G x H, if there are any, their local
clustering coefficients are clearly zero. Using Corollary 2.3 and the inequality f(u,v) < 1 above, we
obtain

Ce(Gx H) =

S > f(uv) - Ceu(G) - Cey(H)

weV(G) veV (H)

LS S @) CeuH) = Ce(G) - Ce(H)

ning
ueV(G)veV (H)

ninz

Hence, Cc¢(G x H) < Ce(G) - Ce(H), if both G and H have triangles.

On the other hand, assume that at least one of G and H is a triangle-free graph. Since the tensor
product is commutative, we can assume that graph G is triangle-free. Thus, for every u € V(G),
Ccu(G) = 0 and, hence, Cc(G) = 0. From this, we can see that Cc(G)-Cc(H) = 0. From Corollary
2.3, we also have

Ce(G x H) = ST > fww) - Ceu(G) - Cey(H) =0

2 WEV(Q) veV(H)

Therefore, the relationship Cc(G x H) = Cc(G) - Cc(H) is assured if at least one of G and H is a
triangle-free graph. (|
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The last paragraph of Corollary 2.4 above can actually be shortened by invoking Corollary 3.6 in
[4], which says that if either G or H is triangle-free, then so is G x H.

In the 2016 paper of Yusheng Li, et al.[2], one of the results there gives a nontrivial lower bound for
the clustering coefficient of G with 6(G) > 2. If §(Ng(u)) is the minimum degree of the subgraph
of G induced by N¢(u) and if o = min,ev(g) d(Ng(v)), then Cc(G) > o/(d — 1), where d is the
average degree of G [2]. An analogous result for G x H is given below.

Corollary 2.5 Let G and H be graphs with §(G) > 2 and 6(H) > 2. If o¢ = min,ecy (g) d(Na(u))
and og = minyey () 6(Nu (v)), then

Ce(G x H) > -2¢- 28
da -dg —1

where de and dy are the average degrees of G and H, respectively.

Proof: Observe that

degu-o
> oo = dEetioe

N | =

to(w) = [B(Na@) = 5 3 degqgqy v >

wENG (u) wENG (u)

.. . de v - o L. . . . .
A similar argument applies to tg(v) > “BHL7H_ Additional simplifications yield Cc.(G) =

(jeGg:;L) > deg‘éﬁhl and Ccy(H) = (dt%gzj) > deg:(val' Applying these inequalities to Corollary

2.3, we obtain

1
Ce(G x H) = S > fw,v) - Ceu(G) - Cey(H)
€V (G) veV (H)
S 1 Z Z (deggu —1)(degyv—1) oG . oH
“nine deg,u-degyv—1 degou—1 degyv—1

weV(G) veV (H)

o 1 Z Z oG *0OH oG *0OH
n1N2 LoV (@) vV (&) deggu-degypv—1 7 do-dy — 1

The last inequality is due to the fact that degs, u - degy v > 1 for any u € V(G), v € V(H), and

because the function ﬁ is convex for x > 1.

3 On Regular and Strongly Regular Graphs

A regular graph is a graph that has uniform degree in its vertices. If G is a regular graph with
degree d in all its vertices, then we call G a d-regular graph. For general graphs, it is not viable
to express the global clustering coefficient of the product cleanly in terms of the global clustering
coefficients of its factors. But this is not the case for regular graphs as the next result shows.

Theorem 3.1 Let G and H be graphs with orders n1 and n2, respectively. If G and H are regular
graphs with respective degree regularity dg > 2 and dg > 2, then

Ce(Gx H)=f-Cc(G)-Cc(H),

where f = (dG — 1)(dH — 1)/(dc . dH — 1).
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Proof: Given that G is dG-regular and H is dH—regular Corollary 2.3 asserts that

de — 1)( 1)
Cec (G X H Z Z —dH — 1) CCu(G)CCv(H)
2 wev(a) vEV(H)

_(dg —1)(du —1) .

= o dn -1 m Z Ceu(G Z Ceo(H
L uevia) 2 vev(m)

(do —1)(du — 1)
S VA LIV . H
(o dn =) Ce(G) - Ce(H),
which completes the proof. |

A special type of regular graphs are the strongly reqular graphs. Accordingly, a graph G of order n is
said to be strongly regular with parameters n, d, u1 ,us2 , denoted srg(n,d, p1, p2), if it is d-regular,
and any pair of vertices has u1 common neighbors if they are adjacent, and p2 common neighbors
otherwise [8].

Theorem 3.2 [2] For any srg(n,d, p1,p2) graph G with d > 2,

Ce(G) = d"_l o

Proof: See Theorem 1 of [2]. O

Our last result says that Corollary 2.5 is sharp for the tensor product of strongly regular graphs.

Corollary 3.3 For two graphs srg(ni,dg, uf, uS) G and srg(na, du, pit, pd) H with dg, dg > 2,

G, H
Ce(G x H) = —H1 A

dg-dg —1°
Proof: Using Theorem 3.1 and Theorem 3.2, we have
_ _ a H G H
CC(G % H) — (dG 1)(dH 1) . M1 ) M1 — M1 K1 \
da -dg —1 da—1 dy—1 dg -dg —1
where u? and pf? correspond to o and oy in Corollary ??, respectively. O

4 Conclusion

Our motive in this work was to determine whether the parameter Cc(G x H) can be expressed
meaningfuly in terms of C'¢(G) and C¢(H), similar to our motives in [9] and [4]. Our results in this
paper showed that the global clustering coefficients of the factors are the key players, especially in
the generated Vizing-type upperbound of Cc(G x H). For strongly regular graphs, a sharp lower
bound was obtained. There are still a lot of work to be done in the clustering coefficient of graphs;
we hope that this work could further stimulate research efforts into this area..

Acknowledgement

The authors would like to acknowledge the valuable comments and inputs made by the anonymous
referee.

Competing Interests

Authors have declared that no competing interests exist.

41



Damalerio and Eballe; ARJOM, 18(6): 36-42, 2022; Article no.ARJOM.87064

References

Takahashi N. On clustering coefficients of graphs with fixed numbers of vertices and edges, in:
2009 European Conference on Circuit Theory and Design. 2009;814-817.

Li Y, Shang Y, Yang Y. Clustering coefficients of large networks. Information Sciences.
2017;382:350-358.

Watts DJ, Strogatz SH. Collective dynamics of small-world networks, Nature.
1998;393(6684):440-442.

Damalerio RJM, Eballe RG. Triangular index of some graph products, Applied Mathematical
Sciences. 2021;15(12):587-594.

Suri S, Vassilvitskii S. Counting triangles and the curse of the last reducer, in: Proceedings of
the 20th International Conference on World Wide Web;2011.
Available: https://doi:10.1145/1963405.1963491

Chartrand G, Lesniak L, Zhang P. Graphs and Digraphs (6th ed.). Chapman and Hall; 2015.
Available: https://doi.org/10.1201/b19731

Harary F. Graph Theory, Addisson-Wesley Publishing Company, Inc.USA; 1969.
Available: https://doi.org/10.21236/ad0705364

Godsil C, Royle GF. Algebraic Graph Theory Springer Science and Business Media. 2001;
207.

Acosta HR, Eballe RG, Cabahug IS Jr. Downhill domination in the tensor product of graphs.
International Journal of Mathematical Analysis. 2019;13(12):555-564.

© 2022 Damalerio and Eballe; This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted
use, distribu-tion, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:

The peer review history for this paper can be accessed here (Please copy paste the total link in your browser
address bar)

hitps://www.sdiarticle5.com/review-history /87064

42


http://creativecommons.org/licenses/by/4.0

	Introduction
	Tensor Product of Arbitrary Graphs
	On Regular and Strongly Regular Graphs
	Conclusion

