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Abstract: Givenn > 6,D = {1,2,...,| 5|}, and a generating set S C D, the circulant graph C,,(S) has
Zy as a vertex set in which two distinct vertices i and j are adjacent if and only if |i — j|,, € S, where
|x];, = min(|x|, n — |x|) is the circular distance modulo #. In this paper, we determine the L(2,1)-
labeling number of C,,(D\X), referred to as A(C,(D\X)), for X = {[ 5]}, X = {a}, X = {a, b},
and in the general case when |X| < | 7] — [}, where a,b € D. Furthermore, we demonstrate that
for all n > 6 and any given set S, A(Cy,(S)) = n + gcd(n,S) — 2 if and only if gcd(n,S) > 2, and
AMCu(S)) < n—1if and only if gcd(n, S) = 1. Additionally, we establish that when the diameter of
Cu(S) equals 2, A(C,(S)) = n — 1. This observation motivated us to investigate the properties of S
that lead to a diameter of C,,(S) equal to 2. Then, we introduce a highly distinctive family, denoted as
Ay, that generates a large number of generating sets. For each value of 1, we acquire a circulant graph
Cn(A,) with a diameter of 2, A(C,(A;)) = n — 1, and various additional interesting properties.

Keywords: L(2,1)-labeling; circulant graphs; path covering

MSC: 05C15; 05C78

1. Introduction and Preliminary

The frequency assignment problem (FAP) is an optimization challenge encountered in
telecommunications, radio spectrum management, wireless network planning, and satellite
communication. Its main goal is to allocate frequencies to transmitters or communica-
tion links in a manner that minimizes interference and maximizes system performance.
In wireless communication, using different frequencies for distinct transmitters is essen-
tial to prevent interference, a task that becomes increasingly intricate when faced with
multiple transmitters and limited frequency resources. Solving the FAP entails finding an
optimal assignment that adheres to constraints such as frequency separation, power limits,
and interference avoidance.

Distance-constrained graph labeling has emerged as a general model for the FAP. This
approach assumes that the distance of transmitters can be modeled by a graph and that
the distance of the transmitters influences possible interference in such a way that the
closer two transmitters are, the farther apart their frequencies must be. In a formal sense,
an assignment of non-negative integers to the vertices of a graph G is an L(cy, ..., ct)-
labeling if, for any two vertices with a distance of at most i < f, the difference between
their assigned integers (labels) is at least c;. Here, t > 1 denotes the depth at which distance
constraints are applied, while integers c; > ¢ > ... > ¢; act as parameters for the problem.
Again, the goal is to minimize the maximum label used.

Due to its difficulty, many particular cases of this general problem have been studied.
Among them is the radio k-labeling problem, initially introduced by Chartrand et al. [1,2].
This problem can be regarded as a particular case of the L(cy,...,ct)-labeling problem,
with constraints defined by ¢; = k+1 — i, where k > 1 is an integer. Formally, a ra-
dio k-labeling of G is a function f that assigns each vertex of G a value from the set
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{0,1,2,...,rng(f)}, subject to the condition |f(x) — f(y)| > k+ 1 —d(x,y), where d(x,y)
is the distance between the vertices x and y in G. The term rny(f) denotes the span of f.
Consequently, the radio k-labeling number 1 (G) of G corresponds to the minimum span
among all radio k-labelings of G. The task of determining the radio k-labeling number
appears to be challenging, even when dealing with particular graphs. Kchikech et al. [3]
introduced a classical approach to establish a lower bound for rn(G) in a given graph
G. To accomplish this, they employed a distinct graph parameter known as the upper
traceable number [4], denoted as t*:

Theorem 1 ([3]). Let G be a graph of order n, then for any positive integer k,

mi(G) > (n—1)(k+1) —t(G);
Moreover, if k > 2diam(G) — 2, then

m(G) = (n—1)(k+1) —t(G).

For a graph G of order n and for a linear ordering s: (xo,x1,...,%,-1) of its ver-
tices, let d(s) = 2?2_02 d(x;,xi+1). The upper traceable number +*(G) of G is defined by
tT(G) = maxd(s), where the maximum is taken over all linear orderings s of vertices of
G. Kral et al. [5] showed that the problem of determining the upper traceable number of a
given graph is an NP-hard problem.

The radio k-labelings extend certain well-known graph labelings, as presented in
Table 1. Each row in the table provides the more commonly used terminology for a given
value of k, with diam(G) representing the diameter of graph G.

Table 1. Radio k-labelings for k = 1,2, diam(G) — 1, diam(G).

k Radio k-Labeling Radio k-Labeling Number, r1; (G)
1 Vertex coloring Chromatic number, x(G)

2 L(2,1)-labeling Lambda number, A(G)

diam(G) —1  Antipodal labeling Radio antipodal number, ac(G)
diam(G) Radio labeling Radio number, rn(G)

Our focus lies on L(2,1)-labelings, which were introduced by Griggs and Yeh in
1992 [6]. Since then, this problem has been extensively studied [7-9]. Formally, an L(2,1)-
labeling of a graph G is an assignment f: V(G) — Z* U {0} such that

2, ifd(x,y) =1,

()~ F) = {1, d(ry) =2

The span, A(f), of an L(2,1)-labeling f is the difference between the largest and
the smallest label used by f. For simplicity, we assume the label zero corresponds to
the smallest value, thereby making the span equivalent to the highest assigned label.
Consequently, the L(2,1)-labeling number A(G) of G corresponds to the minimum span
among all L(2,1)-labelings of G.

Griggs and Yeh [6] employed the greedy algorithm to demonstrate that A(G) <
A? 4 2A for any graph G, where A denotes the maximum degree of G. This upper bound
was later enhanced by Gongalves [10] to A2 + 2A — 2, which is currently the best upper
bound known for A(G) in terms of the maximum degree across graphs in general. Griggs
and Yeh [6] proposed the A?-conjecture, suggesting that A(G) < A? for any graph G with
A > 2. Although the conjecture has been verified for specific families of graphs, including
paths, cycles, wheels [6], trees [11,12], Cartesian products, compositions of graphs [13],
generalized Petersen graphs [14], and chordal graphs [15], its general validity remains
unproven. For only a limited number of graph classes, such as paths, cycles, wheels, trees,
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and generalized Petersen graphs, the efficient computation of A(G) is possible. However,
for a vast array of graph families, it remains unknown whether calculating A(G) is NP-
complete or can be solved in polynomial time. Therefore, our research has been directed
towards determining bounds for the A-number of graphs, with a particular focus on
utilizing the following result, which is a specific case of Theorem 1 when k = 2.

Corollary 1. Let G be a graph of order n
MG) >3(n—1) —t1(G);
Moreover, if diam(G) < 2, then
AMG) =3(n—1) —tT(G).

This paper centers its attention on circulant graphs, a subset of the more general
family of Cayley graphs. Specifically, circulant graphs are Cayley graphs over the simplest
family of groups, namely the cyclic groups. Givenn > 6, D = {1,2,...,[%]} and a
generating set S C D. The circulant graph C,(S) = (V(Cu(S)), E(Cu(S))) has Z, as a
vertex set in which two distinct vertices i and j are adjacent if and only if |i — j|,, € S, where
|x|, = min(|x|, n — |x]|) is the circular distance modulo n. For example, C,({1}) is the cycle
Cy, while C,,(D) is the complete graph Kj,. The circulant graph Cp4({3,4,5,6}) is illustrated
in Figure 1.
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Figure 1. Circulant graph Cp4(S) with S = {3,4,5,6}.

Circulant graphs are regular and vertex-transitive. Their symmetry has consistently
captivated mathematicians. Applications have been found for these graphs in various
domains, including the modeling of data connection networks [16,17] and the theory of
designs and error-correcting codes [18].

Observations

1.  Since circulants belong to the family of Cayley graphs, any undirected circulant
graph is vertex-transitive. As a result, for any pair of vertices x and y within C,(S),

d(x,y) = d(0,z), where z = y= % ifx < V’
n—x+y, otherwise.
2. The complementary of C,(S) is C,(S) = C(S), where S = D\S.
In this paper, we delve into the L(2, 1)-labeling of circulant graphs. The initial investi-

gation into this problem was conducted by Mitra and Bhoumik [19]. They presented upper
bounds for the span of the L(2, 1)-labeling for circulant graphs with generating sets D\ {7 }
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(for even 1), D\{a}, and D\{a, 5} (for n even and a € D). Expanding upon their research,
we commence by providing precise span values of the L(2, 1)-labeling for circulants with
generating sets D\{[ 5]} (for all n), D\{a}, and D\{a, b}, where a,b € D. Subsequently,
we generalize these results to any set X C D, by introducing conditions related to the
cardinality of X, ensuring that the graph C,(D\X) possesses an exact span value of the
L(2,1)-labeling.

Furthermore, we demonstrate that for all # > 6 and any given set S, the L(2,1)-
labeling number of C,, (S) assumes two distinct values: A(C,,(S)) = n+ ged(n, S) — 2 if and
only if ged(n,S) > 2, and A(C,(S)) < n — 1if and only if gcd(n,S) = 1, where gcd(n, S)
denotes the greatest common divisor of 7 and the elements belonging to S. Our research
also seeks to give a precise value for A(C,(S)) when gcd(n,S) = 1, which leads us to
find that A(C,,(S)) = n — 1 when diam(C,(S)) = 2. This discovery led us to explore the
characteristics of S such that diam(C,,(S)) = 2.

Then, we introduce a highly distinctive family, denoted as A;, that generates a large
number of generating sets. For each value of 1, we acquire a circulant graph C,,(A,) with a
diameter of 2, A(C,,(An)) = n — 1, and various additional interesting properties.

2. Main Results

Mitra and Bhoumik [19] determined the upper bound for A(C;(S)) when S = D\{%}.
Specifically, for even values of 1, they showed that A(C,(S)) < % — 2. Expanding upon

this discovery, we proceed to provide the exact value for the span of the L(2,1)-labeling of
Cn(S), for all n.

Theorem 2. For any generating set S = D\{ |5 |}, where n > 6,

MCu(S)) = {Z_ b gmisodd,

5 —2, ifniseven.

Proof. Let n > 6, and let S = D\{[%]}. According to Corollary 1, if diam(C,(S)) = 2,
then we can establish that A(C,(S)) =3(n—1) — t7(C,(S)). O

Claim 1. For each integer n > 6, diam(C,(S)) = 2.

Proof. If i € S, then |0 —i|, = min(i,n —i) = i € S. Thus, (0,i) € E(C,(S)) and
d0,i) = 1. If i = |5], then [0 —i], = i ¢ S. Thus, d(0,i) > 2. However, 2 <
d(0,i) <d(0,i—1)+d(i—1,i) <d(0,i—1)+ 1. Moreover, [0— (i—1)], =i—1€ S,
ie,d(0,i—1) = 1. Thus, d(0,i) = 2. Hence, foralli € {1,2,...,[%]}, d(0,i) < 2.
Consequently, diam(Cy(S)) =2. O

Now, the current task is to precisely determine the value of the parameter ¢ (C,(S)).

2(n—1), ifnisodd,

37” -1, ifniseven.

Claim 2. For each integer n > 6, t+(C,(S)) = {
Proof. Let n = 2p + 1 with p > 2, we provide the permutation {x¢, x1,...,x,_1} to the set
of vertices V(C,(S)) such that,

X = J, forje€{0,1,...,p},
X =p+j+1, forje{01,...,p—1}

Forallj € {0,1,...,p}, [x2j — x2j11|ln = p € S So, forallj € {0,1,...,p}, d(x2j, X2j11)
=2. Thus, 7 (C(S)) > YF d(x;, xi+1) > 2(n — 1). Moreover, we know that t(C,(S)) <
diam(C,(S))(n —1). As diam(C,(S)) = 2, we conclude that t*(C,(S)) = 2(n —1).

Let n = 2p, where p > 3,and i € {0,1,...,5}. Assuming that there exist j,k €
{0,1,..., 5} such that j Z k (mod n),j# i (mod n),and i # k (mod n), while satisfying
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d(i,j) = 2and d(i,k) = 2. So, |i —j|ln ¢ Sand |i —k|, ¢ S. It follows that |i — j|, =
li—k|ln = 5. Hence, |i —j| = |i —k| = 5, implyingi —j=i—k=Fori—j=k—i=7%.

From which, j = kori—j+k—i =mn. Thus,j =k (modn)ork = j+n = j
(mod n). However, this leads to a contradiction as j # k (mod n). Hence, for each vertex
i €{0,1,...,5}, there exists a unique vertex j € {0,1,..., 5}, such that d(i,j) = 2. Let
{x0,x1,...,x,-1} be a permutation of V(C,(S)). Without loss of generality, assuming
that d(xg,x1) = 2, it follows that d(xq,xp) = 1 and d(xp,x3) = 2. Consequently, given
d(xy,x3) = 2, we can deduce that d(x3,x4) = 1, and so on. To formally represent this
permutation of V(C,(S)), we present the following:

d(x2p, X2p11) =2, forpe{0,1,...,5 -1}, "
d(x2p41,%2py2) =1, forpe{0,1,..., % —2}.
Hence,
71 1o
t*(cn(s)) > 2 d(XZp,JC2p+1) + d(xszrl/pr—l-Z)
p=0 p=0
n n
5 X2+ (2 ) X
3n
=5 -1

Let Q = {xg,x1,...,%,_1} be the permutation of V(C,(S)), such that t"(C,(S)) =
?;02d<xl‘,xi+1). Let{0,1,...,n—1} =I1UJU{n—2,n—1} where, = {i € {0,1,...,n—
3} s d(xj,xiq) =2}and ] = {i € {0,1,...,n—3} : d(x;,x;41) = 1}. It is evident
that IN] = @ and |I| 4+ |J| = n — 2, where |I| and |]| denoted the cardinality of set I
and | , respectively. Since diam(C,(S)) = 2, d(x;,x;41) € {1,2}. It is imperative that
d(xy—2,%,_1) = 2. Otherwise, t7(C,(S)) would fail to attain its maximum. Furthermore,
as previously established in this proof, if i € I, theni+1 € J. Thus, |I| < |]|. If |I| = |]|
we obtain,

FH(Ca(S)) = Y d(xj, xiv1) + Y d(xi, xipq) +2
iel ie]
=21+ ]| +2
= 3|1 +2.

Nevertheless, given that |I| + |J| = n — 2, it follows that |[I| = ;2. Therefore,
tH(Cu(S)) =3 x 2 42 =3 —1.

If |I] < |]J|, then there exists € > 0, such that |I| + € = |]|. Furthermore, considering
that the sum |I| 4 |J| = n — 2 is an even number, it implies that € is even, specifically € > 2.
Thus,

£7(Cu(S)) = Y d(xi,xi1) + ) d (%, Xip1) +2

iel ie]
=2+ ]| +2
=2(]]| —e)+ ]| +2
=3|J| —2e+2.

Since |I| + |J| = n — 2, we obtain |J| = 52 + §. Therefore,
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tT(Cu(S)) =3|]| —2e +2

n—2 €
=3( > +§)—2e+2
3n 3
=(——-1)—€(2—- =
(5 -1 —e2—3)
3n
— —1.
)

This leads to a contradiction with the fact that t*(C,(S)) > 37” —1. Hence, |I| = |]]
and t7(Cy(S)) =3t —1. O

An alternative approach to determine the exact span value for the L(2,1)-labeling
of circulant graphs involves introducing another parameter known as path coverings.
Specifically, the path covering number ¢(G) of a graph G denotes the minimum number
of vertex-disjoint paths required to cover all vertices within the graph G. In the following
discussion, we provide a large study, presenting necessary and sufficient conditions that
provide exact values for A(C,(S)), involving the parameter c¢(Cy(S)), inspired by the work
of Georges and Mauro [20].

We will commence our investigation by directing our attention to the case where
¢(Cu(S)) > 2. Throughout the entirety of this paper, unless explicitly indicated otherwise,
we shall refer to the generating setas S = {s1,s,...,5:}, where s1,s,,...,s: € D represent
integers arranged in ascending order (1 < s; < sp < ... < s; < [%]). To enhance the
clarity and coherence of our discussions, we opt to use the notation gcd(n, S) in place of

ged(n,s1,s2,...,5¢).
Lemma 1. For any generating set S, c(C,(S)) = ged(n, S).

Proof. If ¢gcd(n,S) = 1, then C,(S) is Hamiltonian [21], thereby implying that ¢(C,(S)) = 1.
Let us consider S = {s1,s2,...,5¢}. If gcd(n,S) > 2, then C,(S) consists of exactly

gcd(n, S) connected circulant graphs C'_, (gc ds(ln,S)’ = ;&IS),. g d?tn,S)>
it follows that

[22]. Notably,

i
ged(n,S)

ged(n,S)—1

. S1 St
< 1 n ey
c(Cu(8)) < L C(CW (gcd(n, SY " ged(n, S

7)) = ged(n,5).

Let us assume, without loss of generality, that ¢(C,(S)) = gcd(n,S) — 1, meaning that
there exists a path containing vertices from two of the gcd(n, S) connected circulant graphs.
Nevertheless, since gcd(n,S) > 2, the graph C,(S) is not connected [23]. Therefore, we
deduce that ¢(C,(S)) = gecd(n,S). O

Theorem 3. For any generating set S,

MCn(S)) = n+ ged(n,S) — 2 ifand only if ged(n,S) > 2.

Proof. Georges and Mauro [20] showed that for any graph G, A(G) = n + ¢(G) — 2 if and
only if ¢(G) > 2. Utilizing Lemma 1, we can establish that ¢(C,(S)) = gcd(n,S), which
then leads us to the desired result. O

Leta € D. Mitra and Bhoumik [19] presented the upper bound for A(C,(S)) when S =
D\{a}. Specifically, when gcd(n,a) > 2, they showed that A(C,(S)) < n+ gcd(n,a) — 2.
By applying Theorem 3, we provide the exact value:

Proposition 1. For any generating set S = D\{a},

A(Cn(S)) =n+gcd(n,a) — 2 ifand only if gcd(n,a) > 2.



Symmetry 2023, 15, 2160

7 of 14

Leta € D. When gcd(n,a, 5) > 2, Mitra and Bhoumik [19] established that A(C,(D\ {4,
2})) < n+ged(n,a,5) — 2 (for even n). In the following, we generalize their findings
by presenting the precise value for A(C,(D\{a,b})) for every value of n and each pair of
values a and b within the set D.

Proposition 2. For any generating set S = D\{a, b},
ACn(S)) =n+ gcd(n,a,b) —2 ifand only if gcd(n,a,b) > 2.

Let us shift our focus to the situation in which ¢(C,(S)) = 1 (i.e., gcd(n,S) = 1). Our
starting point involves introducing the following upper bound for A(C,(S)).

Corollary 2. A(C,(S)) < n—1 ifand only if ged(n,S) = 1.

Proof. Georges and Mauro proved in [20] that for any graph G, A(G) < n — 1 if and only
if ¢(G) = 1. Utilizing Lemma 1, we can establish the desired result. [

As our objective is to determine the precise value for the span of L(2,1)-labeling in
circulant graphs, our investigation revolves around identifying necessary and sufficient
conditions within circulant graphs where the upper bound in Corollary 2 is satisfied as an
equality. In light of our research, we have obtained the following result.

Theorem 4. Let C,(S) be a circulant graph of diameter 2.
AMCn(S)) =n—1 ifand only if ged(n,S) = 1.

Before proceeding with the proof of Theorem 4, it is essential to introduce an additional
result that will play a crucial role in establishing the proof of this theorem.

Lemma 2. Let G be a graph of order n and diameter 2.
tT(G) =2(n—1) ifand only if G contains an Hamiltonian path.

Proof. Assuming that G= (EE/ VE) contains an Hamiltonian path xg, x1, ..., x,_1, for all
i € {0,1,...,n—1}, we observe that (x;,x;;1) € Eg, which implies (x;, x;1) & Eg and
yields dg(x;, x;41) = 2. Thus, t(G) > 2(n —1). Moreover, we know that +*(G) <
diam(G)(n —1). Asaresult, t7(G) = 2(n —1).

If t+(G) = 2(n — 1), it implies the existence of a vertex permutation {xg, x1,..., X1}
such that Y72 dg (x;, x;11) = 2(n — 1). Now, let us assume that there exists iy € Vg such
that (x;,, xj,11) € Eg. In this case, dg(xjy, xj+1) = 1, leading to t7(G) < 2(n — 1), which
contradicts our previous finding. Therefore, foralli € Vg, (x;, x;11) ¢ Eg and subsequently,
foralli € Vi, (x,xi41) € Eg. Consequently, G contains an Hamiltonian path. [

Proof of Theorem 4. If A(C,(S)) = n — 1, then according to Corollary 2, gcd(n,S)) = 1.
On the other hand, if ged(n,S)) = 1, it follows that C,(S) is Hamiltonian [21], implying
that C,(S) contains an Hamiltonian path. Consequently, with the aid of Lemma 2, we
ascertain that t*(C,(S)) = 2(n — 1). Furthermore, given that diam(C,(S)) = 2, we deduce
from Corollary 1 that A(C,(S)) =3(n—1) —t7(Cu(S)) =n—-1. O

Proposition 3. For any generating set S = D\{a},
A(Cn(S)) =n—1 ifand only if ged(n,a) = 1.

Proof. Given that S = {a}, if A(C,(S)) = n — 1, then according to Corollary 2, gcd(n,a) =
1. Moreover, if gcd(n,a) = 1, then by applying Theorem 4, A(C,(S)) = n — 1 under the
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condition that the diameter of C,(S) is 2. This is the statement that will be established in
the upcoming claim. [

Claim 3. For each integer n > 6, diam(C,(S)) = 2.

Proof.

e IfieS, then|0—i|, =i€S. Thus, (0,i) € E(C,(S)) and d(0,i) = 1.

e Ifi=a=1then|0—-1|, =1 ¢ S, which implies that d(0,1) > 2. However, we
have 2 < d(0,1) <d(0,|5] —1)+d(| 5] —1,1) < 2. Infact, since [5] —1 € S, we
have d(0, | 5] —1) = 1. Furthermore, |(| 5] —1) — 1|, = | 4] — 2 € §, resulting that
d((L5] —1) —1,1) = 1. Consequently, d(0,1) = 2.

e Ifi=a>1,then|0—al,=a¢S. However,2 <d(0,a) <d(0,a—1)+d(a—1,a) <
d(0,a —1) + 1. Moreover, [0 — (a —1)|, = a—1 € S, which implies thatd(0,a —1) = 1.
Thus, d(0,a) = 2.

Hence, foralli € {1,2,...,5},d(0,i) < 2. Consequently, diam(C,(S)) =2. O

Proposition 4. For any generating set S = D\{a, b},
AMCn(S)) =n—1 ifand only if gcd(n,a,b) = 1.

Proof. Given that S = {a,b}, if A(C4(S)) = n — 1, then according to Corollary 2, it
follows that gcd(n,a,b) = 1. Moreover, if gcd(n,a,b) = 1, then by applying Theorem 4,
A(Cy(S)) = n — 1 under the condition that the diameter of C,,(S) is 2, which is the assertion
that will be proved in the following claim. [J

Claim 4. For each integer n > 10, diam(C,(S)) = 2.

Proof. Without loss of generality, we assume that a < b. We discuss the following cases:
Casel.a>1

When i = a, we have d(0,a) > 2. Given that a # 1, it follows that 1,4 — 1 € S, which
implies that d(0,a — 1) = d(a —1,a) = 1. Thus, 2 < d(0,a) < d(0,a—1)+d(a—1,a) < 2.
Consequently, d(0,a) = 2. When i = b, we discuss the following cases:

e Ifi=0b< |5] weobservethat2 < d(0,b) < d(0,b+1)+d(b+1,b) < 2. Indeed,
considering that [0 — (b+1)|, = b+1 € S, it follows thatd(0, b+ 1) = 1. Furthermore,
due to the fact that 1 € S, we can also establish that d(b+1,b) = 1.

e Ifi=b=|5]anda # b—1,then2 < d(0,b) < d(0,1) +d(1,b) < 2. In fact,
since 1 € S, we obtain d(0,1) = 1. Moreover, given that a # b — 1, it follows that
|1 —b|, =b—1 € S, which implies that d(1,b) = 1.

e Ifi=b=|%anda =b—1,then2 < d(0,b) < d(0,b —2)+d(b—2,b) < 2.
Indeed, given that b — 2 # a, we obtain [0 — (b — 2)|, = b — 2 € S, which implies that
d(0,b —2) = 1. Moreover, since n > 10, we have a > 4 and b > 5. Thus, 2 € S. Hence,
d(b—2,b) =1.

Case2.a=1andb >4

e In this case, we have 2,3 € S. Thus, d(0,3) = d(3,4) = 1. Hence, ifi = a = 1, then
2 <d(0,a) <d(0,3)+d(3,a) <2

e Ifi=0b,wechose2 <d(0,b) <d(0,b—2)+d(b—2,b) <2 Infact, given thata =1
and b > 4, it follows that b — 2 € S. Thus, d(0,b — 2) = 1. Moreover, since 2 € S, then
d(b—2,b) = 1.

Case3.a=1and2<b <3

e Ifi=a=1wehave2 <d(0,1) <d(0,5)+d(51) < 2. In fact, since n > 10 and
2 < b <3,weobtain4,5 € S.
e Ifi=b =2, similarly we chose 2 < d(0,2) < d(0,5)+d(5,2) <2(3,5€ 9).
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e Ifi=b=3wehave2 < d(0,3) <d(0,5) +d(53) <225 € S).
Hence, foralli € {1,2,...,5},d(0,i) < 2. Consequently, diam(C,(S)) =2. O

In summary, based on the findings we have established thus far in this paper, it
becomes evident that when gcd(n,g) > 2, we can derive an exact value for the span of
L(2,1)-labeling, which is given by A(C,(S)) = n + gcd(n,S) — 2. In the alternate case
when gcd(n,S) = 1, we proved that A(C,(S)) < n — 1. Afterwords, we observed that
A(Cn(S)) = n — 1 when diam(C,(S)) = 2. Consequently, the remainder of this section is
dedicated to examining the characteristics of S such that diam(C,(S)) = 2.

Notation 1.

1. Letibeavertex of Cy(S), and let « and B be integers in Z. For any s, s’ € S, the expression
i = ws + s’ indicates the presence of a path leading from the vertex 0 to the vertex i in C,,(S)
with a length equal to || + |B|. This path traverses through the chord s in the clockwise (+)
direction a times if « > 0, or in the counterclockwise (—) direction a times if & < 0. Similarly,
the path walks through the chord s' in the clockwise (+) direction B times if B > 0, or in the
counterclockwise (—) direction B times if B < 0.

2. In Cy(S), we represent the connection between two vertices, denoted as i and j, linked by
a chord s € S, either in the clockwise (+) or counterclockwise (—) direction, as follows:
i st

Example 1. Consider the graph C4({3,4,5,6}) represented in Figure 1. If we select an arbitrary

vertex, such as vertex 9, there are multiple paths that lead from 0 to 9. We provide a few examples in

Table 2.

Table 2. Examples of paths leading from the vertex 0 to the vertex 9 in Cp4({3,4,5,6}).

Expressions of the Vertex 9 Representation Length
9=(1x4)+(1x5) 04 459 2
9=(2x6)+((~1)x3) 00" 66" 1239 3
9=3x3 03" 33" 63" 9 3

Lemma 3. Let a, f € Z, such that |«| + |B| < 2, diam(C,(S)) = 2 ifand only if, forall i €
{1,...,15]}, i = as + Bs’, where s, s’ € S.

Proof. The sufficient condition is evident. We will now proceed to assume that
diam(Cn(S)) = 2. Leti € {1,...,|5]}. If i € S, then there exists s € S such that
i = s". Otherwise, if i ¢ S, then there existk € {1,..., 5]}, with i # k, such that (0, k)
and (k,i) are in E(C,(S)). Moreover, since (0,k) € E(C,(S)), then |0 — k|, € S, which
implies the existence of s’ € S and B € {—1,1} such that k = Bs’. Similarly, given that
(k,i) € E(Cx(S)), it follows that |i — k|, € S. Thus, there exists s € Sand « € {—1,1} such
thati — k = ws. Hence, i = as + Bs’. This conclude the proof. O

Example 2. Consider the graph Co4({3,4,5,6}) represented in Figure 1. For example, we have

1=(1x4)+((-1) x3); 7=(1x3)+(1x4),
2=(1x5)+((—1) x3); 8= (1x3)+(1x5);
3=1x3 9=(1x3)+(1x6);
4=1x4 10 =2 x5
5=1x5; 11 =(1x5)+(1x6);
6=1x6; 12=2x6;

Thus, forall i € {1,...,12}, i = as + Bs’, where s,s' € {3,4,5,6} with |a| + |B] < 2.
Consequently, diam(Cp4({3,4,5,6})) = 2.
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Lemma 4. If diam(C,(S)) = 2, then for all generating sets S’ such that S’ > S, we have
diam(Cy(S")) = 2.

Proof. Leti € V(C,(S')). Since diam(C,(S)) = 2, by applying Lemma 3, i = as + Bs’
where, s,s' € S and a, B € Z, such that |a| + |f| < 2. However, S’ D S. Thus, s,s’ €
S’. Consequently, i = as + Bs’ where, s,s' € S’ and «,p € Z, such that |a| + [B] < 2.
By applying Lemma 3, we conclude that diam(C,(S’)) =2. O

Proposition 5. If diam(C,(S)) > 3, then diam(Cy(S)) = 2.

Proof. Let x,y € V(Cu(S)). If (x,y) € E(Cu(S)), then d¢,(5)(x,y) = 1. Otherwise,
if (x,y) € E(Cn(S)) then (x,y) € E(Cy(S)). Since the graph C,,(S) is vertex-transitive such
that diam(C,(S)) > 3, there exists z € V(Cy(S)), with z # y, such that d 5 (%z) =3,
ie, (x,z) & E(Cy(S)). Hence, (x,z) € E(Cy(S)). Similarly, (y,z) ¢ E(Cy(S)) because oth-
erwise, dc 5 (x,2) < d¢ (5)(x,y) +dc, 5)(x,y) = 2, a contradiction. So, (y,z) € E(Cu(S5)).
(x

Hence, dc y) = 2. Consequently, diam(C,(S)) =2. O

Theorem 5. Forall n > 6,if |S| > [}, then diam(Cy(S)) = 2.

Proof. Let S be a generating set such that |S| > []]. Note that C,;(S) is r-regular with
_J2|5| -1, ifnisevenand 5 €S,
218, otherwise.
Let i and j be two non-adjacent vertices of C,(S) such that N(i) N N(j) = @. We have
V D {i,jt UN@{)UN(j). Thus, n = |V| > 24 [N(i)| + [N(j)|.
Ifnisevenand 5 € S, then [N(i)| = [N(j)| = 2|S| — 1. So, n > 2 +2(2|S| —1). Hence,
n > 4|S| > 4[ 4] > n, a contradiction.
Otherwise, if 1 is odd, then |[N(i)| = |N(j)| = 2|S|. Thus, n > 2 +4|S| > 2 +4[%].
So, n > 2 + n, a contradiction.

Therefore, for any two non-adjacent vertices i and j in C,,(S), there exists a vertex k in
Cu(S), such that (i, k) and (k, j) are in E(C,(S)). Consequently, diam(C,(S)) =2. O

By combining all the previous results, we present the following theorem, which
describes the characteristics that S must possess in order for us to obtain a precise value for
the L(2,1)-labeling number of C,,(S) when gcd(n,S) = 1.

Proposition 6. For eachn > 6,
1. if|S| > [4] and gcd(n,S) =1, then A(Cy(S)) =n — 1.
2. ifdiam(Cn(S)) > 3and gcd(n,S) =1, then A(C,(S)) =n — 1.

Observations

The greatest common divisor of two integers can be calculated by a simple algorithm,
yet there are situations (as mentioned below) where it is straightforward to establish that
ged(n,S) =1.

1.  Ifnis a prime number, then gcd(n, S) = 1.
2. If1¢S, then gcd(n,S) = 1.
3. Consider a generating set S = {sq1,sp,...,5¢}. If there exists iy € {1,2,...,t}, such

that s;; 1 —s;, > 3, then ged(n,S) = 1.

Subsequently, we investigate the case in which |S| < [%].
Proposition 7. Foralln > 6,if |S| < [§], then A(C,(S)) < n—1.

2|S|—1, ifni d%es,
Proof. Note that C,(S) is r-regular with r = 5] R ef’e“ andz €
2|8/, otherwise.



Symmetry 2023, 15, 2160

11 0f 14

We discuss the following cases:

e Ifnisevenand 4 € S, then § ¢ S. Thus, the minimum degree of the graph C,(S),
denoted by §(Cy(S)), is equal to 2[S|. Given that |S| + [S| = [5], it follows that
d(Cu(S)) =n—2|S| >n—2[%] > 5. According to Dirac’s theorem [24], we conclude

that C,,(S) is Hamiltonian, which implies that ¢(C,(S)) = 1. Hence, with Lemma 1
and Corollary 2, we deduce that A(C,(S)) <n —1.

e Ifnisevenand § ¢S, then 5 € S. Thus, §(C,(S)) = 2|S| — 1. Given that S| + [S| =
| 3], it follows that 6(Cu(S)) = n—2|S| =1 > n—2[%] —1 > % — 1. Similarly,
with Dirac’s theorem [24], we conclude that A(C,(S)) <n —1.

o Ifnisodd, then§(Cy(S)) =2[S| =n—2[S| —1> % —1.Thus, A(Cu(S)) <n—1.

O

At the outset of this section, we initiated by providing precise span values for circulants
with generating sets D\{[ 5]} (for all n), D\{a}, and D\{a, b}, where a,b € D. Our aim is
to determine the maximum number of elements we can remove from D while still achieving
an exact span value. In the subsequent result, we generalize these results to any set X C D,
by introducing conditions related to the cardinality of X, ensuring that the graph C,,(D\ X)
possesses an exact span value.

Proposition 8. Let n > 6 and X C D. If |X| < |5| — [§] and gcd(n,X) = 1, then
AMCu(D\X)) =n—1.

Proof. Let S = D\X. Given that [D| = [%] and |X| < [5] — [§], it follows that |S| =
ID| —|X| > |5] = (53] = [%1])- Thus, [S| > [%]. With Theorem 5, we conclude that
diam(C,(S)) = 2. Moreover, given that gcd(n, X) = 1, it follows from Theorem 4 that
ACu(S))=n—1. O

Next, we present an illustrative example, where we introduce a highly distinctive
family, denoted as A;, that generates a large number of generating sets. For each value of 7,
we acquire a circulant graph C,,(A,,) such that A(C,,(A,)) = n — 1, and various additional
interesting properties.

Theorem 6. For each integer n > 10, there exists a family A, = {[%],...,m}, where m =
[%], such that the following assertions are verified:

1. Cu(Ay) is not a self-complementary graph.

Cu(Ay) and C, (Ay) are Hamiltonian. (ie., c(Cy(An)) = ¢(Ch(Ay)) = 1)
diam(Cy(Ay)) = diam(Cy(Ay)) = 2.

MCal(An)) = MCal(An) = 1 1.

ACn(An)) + A(Cu(Ap)) = 2n — 2 (Nordhaus—Gaddum’s upper bound is reached [25]).

SR N

Proof. For each integer n > 10, let A, = {[%],...,m} be a family of integers where

m=[13,

1. Itis evident that |A,| # |A,|. Consequently, C,(A,) and C,(A,) cannot be isomor-
phic. Therefore, C;;(A;) is not a self-complementary graph.

2. Asgcd(n, Ay) =1, it follows that C,, (A, ) is Hamiltonian [21]. Indeed, as n > 10, we
observe that 1 ¢ A,, implying that 1 € A,,. Therefore, ged(n, Ap) =1. Consequently,
Cn(Ay) and C,(A,) are Hamiltonian [21].

3. Through a straightforward calculation, considering the parity of #, it becomes evident
to see that |A,| > [4]. Hence, with Theorem 5, we deduce that diam(C,(A,)) = 2.
In the case of the set A,, we employ Lemma 3 to demonstrate that diam(C,(A,)) = 2.
Specifically, we find suitable a, § € Z with |a| + || < 2, such that for all i €
{1,2,...,15]}, i = as+ Bs’, where s,s’ € A,. To accomplish this, we examine
the following cases:
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Casel.n=4porn=4p+1,withp >3

In this case, we have [ 5| = 2p and m = p. If p is odd, we obtain A, = {’il,. P}

The proof’s concept involves partitioning the set {1,2,...,2p} into four distinct

subsets. In this particular case, these subsets are as follows: V; = {1,2,..., = H -1},

vy = {”+1 PR+, ,ph Va={p+1p+2,..,p+ 5 and V4 = t B+

1,p+ 2t +2,..., p}.

e Ifi € Vj, thenicanbe expressed asi = p+1 +i— . Thus, i = as + Bs’, where
s—p+l+z€Anands *pHeAn,zx—l and‘B——

o IfieV,=A,, wehavei=s¢c A,.

. Ifz6Vg,thenlcanbewrlttenasz—p+]—p + (55 —1+j) withj €
{1,..., p+1} So,i=s+¢, wheres—p € Apand s’ = ’il—l—l—]EA

. Ifi€V4,wehavez—p+(p+1+]) w1th]€{1 pH —1} = s+, where
s=pecAy,ands’ :pH—HeAn

If piseven, then A, = {g,...,p}. In this case, we have {1,2,...,2p} = VUV, U V3 U

Vy, where Vi = {1,2,.. §—1},v2:{§,§+1,...,p},v3:{p+1,p+2,..,,p+g}

and Vy={p+5+1, p—l— +2,...,2p}.

e Ifie€ Vy, theni = g—l—i—%. Thus, i = as + Bs’, where s = %—I—i € A, and
s=5cA,a=1andp=-1

e IfiecV,=A,, itisevident.

o IfieVitheni=p+j=5+(5+j)withje {1,...,5}. So,i=s+s, where
s:geAnands’zg—l—jEAn.

e Ifi€Vywehavei=p+5+j withje {1,...,5}. So,i = s+, where
s=pE€Ayands’ =L +j€eA,.

p-‘rl

p+1

Case2.n=4p+2orn=4p+3,withp >3

In this case, we have | 5| = 2p 41 and m = p + 1. We employ the same technique

as for Case 1 but with a distinct partition of {1,2,...,2p + 1}. If pis odd, then A, =

{;il p +1}. The new partition is defined as follows: V; = {1,2,..., 5= 21y,

V, = {”*1 P, p 1), Ve = {p+2,p+3,...,p+l+pTH}and v4 ={p+
14+ 21 41, p+1+ B o 2p+1)

Otherw1se, if p is even, then An = {&= 12 ..,p+1}. The subsets are as follows:

vi={12.. B2 -1}, v= {P+2 P+2 ...,p+1}, Va={p+2,p+3,...,p+

P2V and Vy = {p+1+ 22 +1,p+1+’%+2+2,...,2p+1}.

For example, consider the graph Cp({3,4,5,6}) represented in Figure 1. In this

case, we have L%J =12, m = 6 and Ay = {3,4,5,6}. Since p = 6 is even,

theset {1,2,...,12} = VU VKL U V3 U Vy, where V; = {1,2}, Vo = Ay = {3,4,5,6},

Vs = {7,8,9} and V; = {10,11,12}.

e IfieVy,wehavel =4—-3and2=5-3.

L Ifi € V, = Ay, itis evident.

o IfieV;,then7=3+4,8=3+5and9=3+6.

e IfieV,,wehavel0 =6+4,11=6+5,and12 =6 +6.

Thus, foralli € {1,...,12}, d(0,i) < 2.

With assertion 2, Lemma 1, and assertion 3, we observe that the conditions mentioned

in Theorem 4 are satisfied for both graphs C,,(A,) and C,(A,). Thus, A(C,(Ay)) =

MCp(Ay) = n — 1. In this context, it becomes evident that the upper bound set by
Nordhaus-Gaddum [25] has been achieved: A(Cy,(Ay)) + A(Cn(A,) = 2n — 2.

Remark 1. In 1985, Harary and Robinson [26] established a significant result stating that every
nontrivial self-complementary graph G has a diameter equal to 2 or 3. In the previous theorem,



Symmetry 2023, 15, 2160

13 of 14

References

the class of graphs Cy,(A,) that we have identified possess a diameter of 2, although they are not
self-complementary. Thus, it becomes evident that the family A,, is of a distinct nature. Remarkably,
this family has the capability to generate a substantial number of generating sets that satisfy the
conditions presented in the previous theorem. Moreover, based on the result mentioned in Lemma 4,
we can generate even more generating sets S O Ay that will also fulfill the conditions laid out in
Theorem 6.

3. Conclusions and Future Explorations

For this paper, we have undertaken a comprehensive study of the L(2,1)-labeling for
circulant graphs with large generating sets. We have extended Mitra and Bhoumik’s results,
for any set X C D, by introducing conditions related to the cardinality of X, ensuring that
the graph C,(D\ X) possesses exact span values of the L(2,1)-labeling.

When gcd(n,S) > 2, we have successfully derived the exact span value for the L(2,1)-
labeling, given by A(C,,(S)) = n + gcd(n, S) — 2. In the other case when gcd(n,S) = 1, we
have established that A(C,,(S)) = n — 1 if and only if diam(C,(S)) = 2. This discovery led
us to provide the characteristics of S such that diam(C,(S)) = 2.

Our current research opens up various avenues for future exploration. For instance, it
is possible to determine the necessary and sufficient conditions on S to guarantee that C,(S)
has a diameter of 2. Additionally, one can verify whether, in the case of A(C,(S)) =n—1,
diam(Cy(S)) = 2.

It is worth noting that as A = 2|S| and |S| < 7, the conjecture of Griggs and Yeh [6]
(A(G) < A? for any graph G) simplifies, in the context of circulant graphs, to A(Cy,(S)) <
O(n?). Nevertheless, based on the entirety of the results we have established in this
paper, it is evident that A(C,(S)) < O(n). Therefore, this conjecture is verified for any
circulant graph.
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