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Abstract

Let G = (V,E) be a graph of order n and size e. An (a,d)-vertex-
antimagic total labeling is a bijection a from V(G) U E(G) onto the
set of consecutive integers {1,2,...,n + e}, such that the vertex-weights
form an arithmetic progression with the initial term a and the common
difference d. The vertex-weight of a vertex z is the sum of values a(xy)
assigned to all edges xy incident to the vertex x together with the value
assigned to x itself. In this paper we study the vertex-magicness and
vertex-antimagicness of the union of 4-regular circulant graphs.
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1 Introduction

In the paper we consider finite, simple and undirected graphs. For a graph G =
(V, E), let V(G) and E(G) denote the vertex set and the edge set, respectively. We
also denote |V(G)| =n and |E(G)| =e.

A labeling of a graph G is a mapping from the set of vertices, edges, or both vertices
and edges, to the set of labels. Depending on the domain, we distinguish vertex
labeling, edge labeling and total labeling. The domain of the mappings in this paper
is always V(G) U E(G), that is, we deal with total labelings.

The vertez-weight, wt(z), of a vertex x € V(G), under a labeling o: V(G)U E(G) —
{1,2,...,n + e}, is the sum of the labels assigned to all edges incident to a given
vertex x, together with the value assigned to z itself:

wt(z) = alz) + Z a(zy),

YyEN ()
where N(z) is the set of the neighbors of x.

A bijection a: V(G) U E(G) — {1,2,...,n + e} is called an (a, d)-vertez-antimagic
total (in short, (a,d)-VAT) labeling of G if the set of vertex-weights of all vertices in
Gis{a,a+d,a+2d,...,a+ (n—1)d}, where a > 0 and d > 0 are two fixed integers.

An (a,d)-VAT labeling f is called superif the vertex labels are the integers 1,2, ..., n,
that is, the smallest possible labels. A graph which admits a (super) (a,d)-VAT
labeling is said to be (super) (a,d)-VAT.

These labelings were introduced in [2] as a natural extension of the vertex-magic
total labeling (VAT labeling for d = 0) defined by MacDougall et al. [13] (see also
[17]).

Vertex-magic total labelings for K,,, for n odd, are given in [12], [13] and [14], and
for K,,, n even, they can be found in [5] and [7]. In [8], it is completely determined
which complete bipartite graphs have vertex-magic total labelings. Constructions of
vertex-magic total labelings of certain regular graphs are given in [10], [11] and [16].

Basic properties of (a,d)-VAT labelings are investigated in [2]. In [15], it is shown
how to construct super (a,d)-VAT labelings for certain families of graphs, including
complete graphs, complete bipartite graphs, cycles, paths and generalized Petersen
graphs.

In this paper we focus on disconnected graphs. Certain results on the vertex-
magicness of disconnected graphs are known. Balbuena et al. [3] described super
vertex-magic total labelings for disjoint union of cycles. Gray et al. [9] explored
vertex-magic total labelings for a disjoint union of stars. Gdémez [6] studied super
vertex-magic total labeling for the disjoint union of regular graphs.

Ali et al. [1] studied properties of super (a,d)-VAT labelings and examined their
existence for disjoint union of ¢ copies of a regular graph.
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In this paper we concentrate on (a,d)-VAT labeling of disjoint union of 4-regular
circulant graphs.

2 Union of multiple copies of circulant graph

Circulant graphs are an important class of graphs which can be used in the design
of local area networks, see [4]. Let 1 <a; <as <--- < < L%L where n and aj,
j=1,2,..., k, are positive integers. A circulant graph Cy,(a1,as, ..., a) is a regular
graph with vertex set V' = {vg,v1,...,v,_1} and edge set E = {(vivisq,) (mod n) :
i=0,1,2,...,n—1land j=1,2,...,k}.

In this section we study the super vertex-antimagicness of a disjoint union of ¢ copies
of circulant graph C,,(1,m), denoted by tC,(1,m), for m € {2,3,...,[5]}.

Balbuena et al. [3] proved the following result:

Theorem 1. [3] For odd n > 5 and m € {2,3,...,%52} circulant graphs C,(1,m)

2
have a super vertex-magic total labeling with the magic constant h = WT+5

For super vertex-magic total labeling of disjoint union of ¢ copies of a regular graph,
there is a result of Gémez:

Theorem 2. [6] Let t be a positive integer. If the graph G is an r-regular graph that

(t=1)(r+1)
2

admits a super vertex-magic total labeling and is an integer, then the graph

tG has a super vertex-magic total labeling.
For 4-regular graph tC,, (1, m), the expression % is an integer if and only if ¢
is odd. The next corollary follows from Theorems 1 and 2.

Corollary 1. For oddn > 5, oddt > 1 andm € {2,3,..., ";1}, a disjoint union of

t copies of circulant graph C,(1,m) admits a super vertex-magic total labeling.

With respect to Theorem 2, Ali et al. have proved the following theorem:

Theorem 3. [1] Let t be a positive integer. If the graph G is an r-reqular graph that

admits a super vertex-magic total labeling and %Z(TH) s an integer, then the graph
tG has a super (a,2)-VAT labeling.

The next corollary follows from Theorems 1 and 3.

Corollary 2. For oddn > 5, oddt > 1 andm € {2,3,..., ";1}, a disjoint union of

t copies of circulant graph Cn(1,m) has a super (a,2)-VAT labeling.

Lemma 1. For tCy(1,m), m € {2,3,...,[%5*]} and nt # 1 (mod 2), there is no
super (a,d)-VAT labeling with d € {0, 2}.



144 K. SUGENG, B.N. HERAWATI, M. MILLER AND M. BACA

Proof. Assume that tC,,(1,m) has a super (a,d)-VAT labeling
a:V(tC,(1,m)) UE(C,(1,m)) — {1,2,...,3nt}

with the set of vertex-weights {a,a + d,...,a + (nt — 1)d}. The sum of all the
vertex-weights is

> wt(z) =nt (a + w> : (1)

zeV (tCn(1,m))
In the computation of the vertex-weights of tC,,(1,m), each vertex label is used once

and the label of each edge is used twice. The sum of all the vertex labels and all the
edge labels, used to calculate the vertex-weights, is thus equal to

Z alx)+2 Z alzy) = M (2)

zeV (tCpn(1,m)) zy€E(tCpn(1,m)) 2

Combining equations (1) and (2) for the minimum vertex-weight we obtain

17Tnt +5+ (1 — nt)d
g ntt5+ A= nt)d (3)
2
Clearly, for d € {0,2}, the minimum edge-weight a is an integer if and only if ¢ and
n are both odd. O

From Corollaries 1 and 2 and Lemma 1, it follows that:

Theorem 4. The disjoint union of t copies of circulant graph C,(1,m), m € {2, 3,
n1Y has a super (a,d)-VAT labeling for d € {0,2} if and only if n and t are

PR}

both odd.

In [1], the following result is given:

Theorem 5. [1] Let G be an even regular Hamilton graph. Then tG is super (a,1)-
VAT for every positive integer t.

The circulant graph C,(1,m), m € {2,3,...,[%5*]}, is 4-regular Hamilton graph.
From (3) it follows that for d = 1 the minimum vertex-weight is an integer. Thus,
from Theorem 5 we get the following corollary:

—1

Corollary 3. For m € {2,3,...,[%5]} a disjoint union of t copies of circulant

®
graph C,,(1,m) admits a super (a,1)-VAT labeling for every positive integer t.
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3 Union of circulant graphs

In this section we study an (a, d)-VAT labeling, for d € {0, 1,2}, of disjoint union of
circulant graphs which are not necessarily isomorphic.

We shall use the following functions
1, if j is odd,

0, otherwise,

odd(j) = {

) 1, if j is even,
even(j) =
0, otherwise,

1, ifi<m;—1,
a(i) =
0, ifm; <i<n-—1,

to simplify later notations.

The next theorem gives a vertex-magic total labeling of disjoint union of circulant
graphs C,, (1, m;), each of the same odd order but with arbitrary m; € {2,3,..., ";1 1
for j=1,2,..., ¢t

Theorem 6. Let t be a positive integer and n > 5 be odd. If m; € {2,3,..., % s

¢
forj=1,2,...t, then the graph |J C,(1,m;) has a vertex-magic total labeling with
j=1
the magic constant h = 8nt + "T%
Proof. Let {Cy,(1,m;): j=1,2,...,t} be the set of circulant graphs with n vertices
each, n > 5 odd, and m; € {2,3,...,%52}. Let {v] : i = 0,1,...,n — 1} be the
¢

vertices of the graph |J C,(1,m;).
=1

t

Fori=0,1,...,n—1and j =1,2,...,t, label the vertices and edges of |J C,(1,m;)
j=1

as follows:

ao(v)) = [jn — n(a(i))]odd(j) + [(2t — j)n + n(1 — a(i)leven(j) + m; — i,
ap(v]vly,,,) = (2t = f)n(odd(5)) + (j — Dn(even(j)) +i + 1,

0(vivl) = 5 (40t + n(odd(7)) + (21 — j + Dn(even(s) +nleven(i)) — ).

The vertex and edge labels under the labeling o are ag(V) = {2pn + 1,2pn +
2., 2p+1n:p=0,1,2,....;t —1} and a(E) = {2p— 1)n+1,(2p — 1)n +
2, .2 p =12ty U{2nt + 1,2nt +2,...,3nt}. It means that the labeling
« is a bijection from the set
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t t
Vv (U Cn(17mj)> UE (U Cn(17mj)> onto the set {1,2,...,3nt}.
j=1 J=1

t

Now, we consider the vertex-weights of |J C),(1,m;) case by case.
j=1

Case 1. j odd

a) For 0 <i <m; — 1 and ¢ even, we have

Wty (V) = (jn —n+m; —i) + 1(nt + jn+n —1i)
+3(dnt + jn — (i — 1)) + ((2t — j)n +i+1)
+((2t—g)n+(n—m;+i)+1)

= 8nt+ ”T+5

b) For 0 <i <m; — 1 and i odd, we admit

Wty (V) = (jn —n+m; —i) + 1(4nt + jn — i)
+idnt+jn+n—(—1)+ (2t —jn+i+1)
+(@2t—dn+(n—m;+i)+1)

= 8nt+ "T%

¢) For ¢ > m; and ¢ even, we have

Wty (V) = (jn +m; —i) + $(dnt 4 jn +n — 1)
+3(dnt + jn— (1 — 1)) + ((2t — j)n +i+1)
+((2t—n+(t—m;)+1)
= 8nt + 2.

d) For i > m; and 7 odd, we get

o, (V) = (jn+m; —i) + $(4nt + jn — i)
+idnt+jn+n—(i—1)+ (2t —jn+i+1)
+((2t—jn+ (1 —my)+1)

= 8nt+ "T%

Case 2. j even
a) For 0 <4 <mj; — 1 and ¢ even, we admit

Wtay(v]) = (2t = j)n +m; — i) + S(dnt + (2t — j + )n +n — 1)
Flnt+ (2t —j+Dn— (i — 1)+ ((j — )n+i+1)
+((G=Dn+ (n—m;+i)+1)

= 8nt+ ”T+5

b) For 0 <i < m; — 1 and i odd, we have

Wtay(v]) = (2t — j)n +my — i) + $(4nt + (2t — j + 1)n — i)
Flnt+ (2t —j+Dn+n—(i—1)+ (G- Dn+i+1)
+((G=Dn+ (n—m;+1i)+1)

= 8nt+ "T%
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c) For ¢ > m; and ¢ even, we get

Wtay(v]) = (2t — j)n+n+m; —i) + 1(Ant + (2t — j + D)n +n — i)
Flnt+ (2t —j+n— (i — 1)+ ((j — )n+i+1)

+((—Dn+ (i —my)+1)

8nt+"7+5.

d) For i > m; and ¢ odd, we have

Wtao(v]) = (2t = j)n +n+my —i) + 3(4nt + (2t — j + 1)n — )
+idnt+ (2t —j+n+n—(i—1))+((j—Dn+i+1)

+H(G—-Dn+(GE—my;)+1)

8nt+%.

We obtain wt,, (v]) = 8nt + ”T+5 for all cases. This proves that ag is a vertex-magic

t
total labeling for |J C,,(1,m;) with the magic constant h = 8nt + %55 O
j=1

The next theorem gives a super (a, 1)-VAT labeling for the disjoint union of ¢ circulant
graphs Cy,(1,m;), each with an odd order n; > 5, j = 1,2,...,t, and m;, j =
1,2,...,t, an integer from the set {2,3,..., %}

Theorem 7. Let t be a positive integer and nj > 5 be odd for all j = 1,2,... 1.

t
If m; € {2,3,...,"j;1}, for j = 1,2,....t, then the graph \J Cy,(1,m;) admits a
j=1

t
super (8 > g+ 3, 1) -VAT labeling.

k=1

Proof. Let {Cy;(1,m;) : j = 1,2,...,t} be the set of circulant graphs with n; vertices

each, n; > 5 odd, andmj€{2,3,...,"j2_1}. Let {vf:i:O,l,...,njflandj:

t
1,2,...,t} be the vertices of the graph (J Cy, (1,m;).
j=1

t
Label the vertices and edges of |J Cy,(1,m;), for all i = 0,1,...,n; —1 and j =

j=1
1,2,...,t, as follows:
j-1
Song+m;—i, for 0<i<my,
j k=1
i (v]) =

J
S g +my —i, for i >my,
k=1

j—1

¢
o (vjvly,,) :2an+2nl+i+1, for i=0,1,...,n; — L.
k=1 =1
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If nj =1 (mod 4) then o, (v}l )

t t .
St Y w2 for i=1,3,5,...,n; 2,

k=1 l—j+1
2 5 . 1 n;-1
= an—&— an—&—l"ﬁ for i="— =42 ... n;—1,
k=1 _]+1
3n;+2i+5 . n;—1
an+ an+3f, for i=0,2,4,...,"%5——2.
k=1 1=j+1

If n; = 3 (mod 4) then o, (v} v1+1)

an—&- Z n +"J+2Z+5 for i =0,2,4,...,n; — 1,

k=1 I J+1
t
2i—n; +5 . n;i—1 n;—1
= an+2nl+ ——, for i=-L— L—+2,...,n;—-2,
k=1 l=75+1
t t
3n;+2i+5 . n;—1
okt >, m+—5—, for i=1,3,5..., 5 -2
k=1 I=j+1

It is easy to see that the vertex labels, under the labeling oy, are

a1 (V) = {1,2,...,zt:nk},

that is, the smallest possible labels. The edge labels are
t t t
k=1 k=1 k=1

This implies that the labeling o is a bijection. Suppose that n; =1 (mod 4). Now,

t
we consider the vertex-weights of the vertices of (J Cy,(1,m;), i = 0,1,...,n; — 1
j=1
and 7 =1,2,...,t, case by case.

Case 1: For 0 <i <m; — 1 and ¢ even, we have

wty, (v]) = (ink+m] > (Qan+an+z+1>

k=1 k=1 =1

(e B me) (e o)

I=j+1

t j-1
(an+ S o +M> =83 np+ S+ 20+ 4.
=1

k=1 l=j+1 k=1

Case 2: For 0 <i <m; —1 and ¢ odd, we get



MAGICNESS AND ANTIMAGICNESS 149

k=1 =1

, 1 t j=1
Wiy, (v]) = <an+m]—z>+<22nk+2nl+i+1)
<22nk+2nl+( —m]—&—z)—i—l) <an+ 3 n+"J+21+5>
k=1 1=j+1
3nj4+2(i—1)+ ! = .
an+ Z n+’7 =8 nk+ >+ 2i+4.
f=1 1=j+1 k=1 =1

Case 3: For mj <

Wty (v]) = (an+m] >+(2ink+]§nl+i+l>

k=1 k=1 =1

¢ il . 3n+22+5
+(2> g+ > m+(i—my)+1)+ an+ Zn+ e

k=1 =1 k=1 I=j+1

k=1 l=j+1 k=1

t j—1
(an-‘r o +w> =83+ S+ 2i+4
=1

Case 4: For mj <

Wta, (v]) = (an+m] >+ (2thnk+jzln,+z'+1>

k=1 k=1 =1

¢ j-1
*(227%+an+(2mJ)+1>+<an+ Z TL+"J+27'+5>

k=1 =1 k=1 I=j+1

3nj+2(i—1)+5 | _ d = .
an—&— Zn—i—i 83 np+ > m+2i+4.
=1

k=1 l=j+1 k=1

Case 5: For 1 >

Wta, (v]) = (Z ny + m; z> + (2 thnk+]§jlnl+z'+1)

k=1 k=1 =1

¢ j-1
+<22nk+2m+(imj)+1>+ <an+ 3 ny + it n,+5>
k=1 =1

k=1 l=75+1

! é n+2(i—1)+5 : =
X+ > o+ S =8kt m—n;+2+4.
k=1 1=7+1 k=1 =1

Case 6: For i > "j—_l and i odd, we get

Wty (v]) = (an—&-m]—Z)+<2ink+]§nl+i+l)

k=1 k=1 =1
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¢ -1 t ¢ o
+<22nk+;nl+(imj)+1>+<2nk+ Z nl+%21+5>

k=1 I k=1 I=j+1
j—1

! ! 2(i—1)—n;+5 ! 4 .
-+ an+2nl++ ZSan+anfn]‘+21+4.
k=1

I=j+1 k=1 =1

J

_ t -1
We conclude that for i € {0,1,2, ..., "];3}, Wte, (v]) =8> np+ > my+20+4 and
k=1 =1
_ t j=1
for i € {"’2_1, cong — 1}, wie, (v]) = 8; ny, + IZ: n; — nj + 2i + 4. Therefore, the
=1 =1

set of vertex-weights is
t t t t t t
{8 mt4,8> mp+6,...,9> “np+1PU{8D m+3,8) mpt5,...,9 Y m+2}
k=1 k=1 k=1 k=1 k=1 k=1

¢
The vertex-weights form a sequence of consecutive integers starting with a =8 >~ ny,
k=1

k=1

¢ t
+ 3. Thus, |J Cy,(1,m;) admits a super <8 > ng+3, 1> -VAT labeling.
=1 =

Similarly, it can be proved that for n; = 3 (mod 4), j = 1,2,...,¢, the graph

t t
Ch,;(1,m;) has a super (8 S g+ 3, 1> -VAT labeling. O
j=1 k=1
The following theorem concerns an (a, 2)-VAT labeling of a disjoint union of an odd
number of circulant graphs C,, (1, m;), each of odd order n and m; € {2,3,..., ";1 1
j=1,2,...

Theorem 8. Let ¢t > 1 and n > 5 both be odd positive integers. If m; € {2,3,...,

¢
7151}7 for 5 =1,2,...t, then the graph ‘U1 Cn(1,m;) admits a (7nt+ % +3,2)_
j=

VAT labeling.

Proof. Let {Cy,(1,m;): j=1,2,...,t} be the set of circulant graphs with n vertices
each, n > 5 odd, and m; € {2,3,...,”7’1}. Let {v] :4=0,1,....,.n—1and j =
t

1,2,...,t}, be the vertices of the graph |J C, (1, m;).

j=1

t
Label the vertices and edges of | J C,,(1,m;), fori =0,1,....,n—landj=1,2,....¢t,

j=1
as follows:
a(v!) = (2 —Dn— (a(@))n+m; —1,
o 1 1
ar(vjvl,, ) = 3nt— §nt(odd(j)) — j2n +i+1,

142
2

ax(v]vlyy) = (£ )n+ nt(odd(s)) + 5 (odd(i)) +
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The vertex and edge labels, under the labeling as, are: as(V) = {2pn + 1,2pn +
2,...,2p+1)n:pe{0,1,2,...;t —1}} and ax(E) = {2p— I)n+1,(2p — 1)n +
2,....2pn :p € {1,2,...,t}} U {2nt + 1,2nt + 2,...,3nt}. This means that the
¢ ¢
labeling «v is a bijection from the set V | | C'n(l,mj)> UE (U C’n(l,mj)> onto
=1 j=1
the set {1,2,...,3nt}.

Using a similar proof as in Theorem 6 (with the same cases), it is a matter of routine
checking to see that the labeling « is a required (7nt + "TH + 3, 2)—VAT labeling. O

4 Conclusion

In this paper we have shown that the graph U Co(1,my), 5 = 1,2,...,t, m; €

{2,3,..., 271}, has a (7Tnt + %+ +3 2) VAT labehng for ¢t and n odd. We have
tried to ﬁnd an (a,2)-VAT labehng also for nt even, but so far without success. So,
we propose the following

Open Problem 1. For the graph U Co(1,m;), m; € {2,3,..., %52}, j=1,2,... ¢,
=1
determine whether there is an (a,2)-VAT labeling for nt even, n >5,t> 2 .

t
Assume that graph |J C,(1,m;) has a super (a,d)-VAT labeling o : VUE —
j=1

{1,2,...,3nt} with the set of the vertex-weights {a,a + d,...,a+ (nt — 1)d}. The
minimum possible vertex-weight is at least 1 + (nt 4+ 1) + (nt + 2) + (nt + 3) +
(nt +4) = 4nt + 11. On the other hand, the maximum possible vertex-weight is no
more than the sum of nt, the largest vertex label, and the four largest edge labels
3nt — 3, 3nt — 2,3nt — 1,3nt. Consequently, a + (nt — 1)d < 13nt — 6 and then
d<9-— m —=. Thus, we have obtained an upper bound on the feasible values of the
difference d.

In the case when 4 < d < 9 we do not have any answer for a super (a,d)-VAT

t

labeling of a union of multiple copies of circulant graph C,(1,m) or |J Cy(1,m;),
j=1

m; € {2,3,...,[%52]} and j = 1,2,...,t. Therefore, for further investigation we

propose the followmg open problem.

t
Open Problem 2. For the graph tC,(1,m) or the graph |J C,(1,m;), m; € {2,3,
j=1
. L"T’lj}, Jj=1,2,...t, determine if there is a super (a,d)-VAT labeling for the
feasible values t and n and for the feasible values of the difference d > 4.
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