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Abstract

Let G = (V, E) be a connected graph (or hypergraph) and let d(z,y)
denote the distance between vertices z,y € V(G). A subset W C V(G) is
called a resolving set for G if for every pair of distinct vertices z,y € V(G),
there is w € W such that d(z,w) # d(y,w). The minimum cardinality
of a resolving set for GG is called the metric dimension of G, denoted by
B(G). The circulant graph C,(1,2,...,t) has vertex set {vo, v1,...,Un-1}
and edges viviy+; where 0 < ¢ <n —1and 1 < j <t and the indices are
taken modulo n (2 <t < [2]).

In this paper we determine the exact metric dimension of the circu-
lant graphs C (1,2, ...,t), extending previous results due to Borchert and
Gosselin (2013), Grigorious et al (2014), and Vetrik (2016). In particular,
we show that 8(Cr(1,2,...,t)) = B(Cny2:(1,2,...,t)) for large enough n,
which implies that the metric dimension of these circulants is completely
determined by the congruence class of n modulo 2¢t. We determine the
exact value of 5(Crn(1,2,...,t)) for n =2 mod 2t and n = (¢t + 1) mod 2¢
and we give better bounds on the metric dimension of these circulants
for n = 0 mod 2t and n = 1 mod 2¢. In addition, we bound the metric
dimension of Cartesian products of circulant graphs.
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1 Introduction

1.1 Definitions

A vertex x in a graph G is said to resolve a pair u,v of vertices of G if the
distance from u to x does not equal the distance from v to x. A set W of
vertices of G is a resolving set for G if every pair of vertices of GG is resolved by
some vertex of W. The smallest cardinality of a resolving set for G is called the
metric dimension of G, and is denoted by 3(G).

For positive integers t and n, the circulant graph C,(1,2,...,t) is the simple
graph with vertex set Z,, = {vo, v1,...,vn—1}, the integers modulo n, in which
vertex v; is adjacent to the vertices v;—¢, Vi—gq1, .- s Vi1, Vit 1y« Vigt—1, Vitt
(mod n) in Cy(1,2,...,t). Observe that the distance between two vertices v;
and v; in G = Cy(1,2,...,1) is given by

lial] i — 4 < [%]
de(vi,v;) = H%—" |i—j|2’—;

The outer cycle of the circulant graph G = C,(1,2,...,t) is a spanning
subgraph of G in which the vertex v; is adjacent to exactly the vertices v; 1
and Vi—1-

Vo
V12 V1

U1 Vo

Vg V4
V8 U5

v7 Ve
Figure 1: C43(1,2)

The Cartesian product of graphs G and G4, denoted by G10G5, is the graph
with vertex set V(G1) x V(Gs2) := {(z,y) : € V(G1),y € V(G2)}, in which
(x,y) is adjacent to (z/,y") whenever z = 2/ and yy’ € E(G2), or y = ¢y’ and
xz' € E(Gy). Observe that if G; and G are connected graphs, then G10G> is
connected. Assuming that isomorphic graphs are equal, the Cartesian product
is associative, so G10G.0---0G,; is well-defined for graphs Gi,Ga, ..., Gy.
Moreover, for two vertices & = (x1,x2,...,24) and ¥ = (y1,¥y2,...,yq) of the
graph G = G10G50- - -0OG, the distance dg(Z, 7)) = Zle de, (zi,yi).



1.2 History and layout of the paper

The concept of the metric dimension of a graph was first introduced by Slater
[13, 14], and independently by Harary and Melter [7]. Their introduction of
this invariant was motivated by its application to the placement of a minimum
number of sonar/loran detecting devices in a network so that the position of
every vertex in the network can be uniquely described in terms of its distances
to the devices in the set. Khuller et al [10] later studied the metric dimension
as an application to the navigation of robots in a graph space, and showed
that the problem of determining the metric dimension of a given graph is NP-
hard, and they determined the metric dimension of trees. An alternate proof
of the formula for the metric dimension of trees was given by Chartrand et al
in [5], and they characterized the graphs of order n with metric dimension 1
(paths), n—1 (complete graphs) and n— 2. Their study of the metric dimension
was motivated by its applications to a problem in pharmaceutical chemistry.
The metric dimension of a graph is related to several other well studied graph
invariants such as the determining number (the base size of its automorphism
group), and a good survey of these invariants and their relation to one another
was written by Bailey and Cameron in 2011 [1].

Due to the fact that metric dimension has applications in network discovery
and verification, combinatorial optimization, chemistry, and many other areas,
researchers focus on computing or bounding the metric dimension of certain
classes of graphs. In particular, there is great interest in finding classes of
graphs whose metric dimension does not increase with the number of vertices.
Such classes of graphs are said to have bounded metric dimension. Circulant
graphs are an important class of graphs that can be used in the design of local
area networks. They have been used for decades in the design of computer and
telecommunication networks due to their optimal fault-tolerance and routing
capabilities. Javaid et al [9] initiated a study of the metric dimension of circu-
lants as some classes of these graphs had been shown to have bounded metric
dimension. Imran et al [8] later bounded the metric dimension of C,,(1,2) and
C(1,2,3), and then Borchert and Gosselin [2] extended their results and de-
termined the exact metric dimension of these two families of circulants for all
n.

Proposition 1 [2]
(1) Forn > 6,

4 forn=1mod4
3 otherwise '

ﬁ(cn(lv 2)) = {

(2) Formn > 8,
5 forn=1mod6
4 otherwise '

ﬂ(cn(lv 2, 3)) = {

More recently, Grigorious et al [6] bounded the metric dimension of the
circulant graph C,,(1,2,...,t) for all n and ¢, as stated in the following result.



Proposition 2 Suppose n = r mod 2t where 2 <r < 2t+ 1. Then

t+1, 2<r<t+1

Cn(1,2,...,1) < .
BCul ) {r—l, t+2<r<2t+1

These bounds were obtained from resolving sets consisting of consecutive
vertices on the outer cycle of Cy,(1,2,...,t). Grigorious et al conjectured that
these upper bounds on 8(C,(1,2,...,t)) were also lower bounds, but this was
refuted by Vetrik in 2016 [15] when he found the following two infinite families
of counterexamples.

Proposition 3 [15]
(1) If n =2tk +t where t > 4 is even and k > 2, then

B(CL(1,2,...,1)) <t
(2) If n =2tk +t+p where t and p are even, t > 4,2 <p <t andk > 1, then

B(Cn(1,2,...,1) < t+

w_l“@

In addition, Vetrik gave the following lower bounds on §(C),(1,2,...,1)).
Proposition 4 [15]
(1) If n > t? + 1 where t > 2, then

B(Ca(1,2,...,1) > t.

(2) If n =2tk +r wheret > 2, and t +2 <r < 2t+1, then

B(Cr(1,2,...,t)) >t + 1.

Propositions 3 and 4 together imply that if n = ¢ mod 2t, where n > t2 + 1
and t > 4 is even, then 5(C,(1,2,...,t)) = t, and if n = (¢t + 2) mod 2t where
t > 2, then 8(C,(1,2,...,t)) = t+1. In Section 2, we will extend Vetrik’s results
and find the exact metric dimension of Cy,(1,2,...,t¢) in the cases where n is
congruent to 2 or (t+1) modulo 2¢ (See Theorem 1), and we give better bounds
on the metric dimension of these circulants for some other congruence classes
of n modulo 2¢t. We also show that for large enough n, 8(C,(1,2,...,t)) =

B(Criy2t(1,2,...,t)), which implies that the metric dimension of these circulants
is completely determined by the congruence class of n modulo 2t (See Theorem
11).

Céceres et al [4], and independently Peters-Fransen and Oellermann [11],
have studied the metric dimension of Cartesian products of graphs, and they
obtained the following result.



Proposition 5 [4, 11] Let G be a graph and let n > m > 3. Then

B(G)+1 ifm is odd

B(G) < B(GDCW) < {ﬂ(G) +2 ifmis even’

and
3, if m orn is odd

ﬂ(CmDCn) = {

4, if m and n are both even

In Section 3 we will extend their result to find analogous bounds on the
metric dimension of GOC,,(1,2,...,t) for a given graph G (Theorem 14), and
this will yield bounds on the metric dimension of Cartesian products of circulant
graphs (Corollary 10).

2 The metric dimension of circulant graphs

In this section we analyze the metric dimension of the circulant graph
Cn(1,2,...,t). We use the concept of a resolving hypergraph, defined in [2], to
visualize the resolving set W of this graph.

Definition 1 For a graph G of diameter d and a set of vertices W € G, we
define the resolving hypergraph of G with respect to W = {w1,wa, ..., ws} as
the hypergraph with vertex set V(G), and for each i € {1,2,...,s} and j €
{0,1,2,...,d}, there is a hyperedge which contains all vertices at distance j
from w; in G. We denote this hypergraph by Ry (G).

To represent the resolving hypergraph Ry (G), a vertex v € W is circled to
show that it is in the resolving set W, and separating lines are used to separate
the set of vertices at distance j from v, for each v € W, for j € {1,2,...,d}.
The graph is resolved when every two distinct vertices in G are separated by a

line (Figure 2).
/ £

qﬁ\w

Figure 2: Ci9(1,2,3,4) resolved by 4 vertices

Since the circulant Cy,(1,2,...,t) is vertex-transitive, we may assume that
vg is one of the vertices in every resolving set, and throughout the paper we



shall denote the set of vertices at distance j from vy by L;, for j € {1,2,...,d}.
Our figures are all orientated such that vy is the topmost circled vertex and
the indices of the vertices ascend clockwise. Observe that each separating line
in the resolving hypergraph Ry (G) partitions the level L; into two subsets.
If two such separating lines partition L; into two different pairs of subsets,
we say they are distinct separating lines in L;. We denote the set of vertices
{Un—(j=1)t=1,Vn—(j—1)t—25 - - - »Un—j¢ } on the left side of L; by L, and set of
vertices {V(j—1)¢41,V(j—1)t42;---» Ut} on the right side of L; by L;r. Given a
vertex w in a resolving set W of GG, the ends of the separating lines in L; of the
resolving hypergraph Ry, .,}(G) draw between two of the ¢ vertices in L;r (L)
with one cut, except for the line separating the vertices at distance d from w,
which might make two cuts between vertices in one L;r (L; ) if the congruence
class of n modulo 2t is at most ¢t — 1. If two cuts in L; of Ry, .} (G) draw
between two different pairs of vertices in the graph, we say they make distinct
cuts.

vo
O .
Ly o © o Ly
o Ly o
o o
Ly © Lo o Ly
o o
o o
o Lg (@]
Ly e} o +
R N
Ly

Figure 3: Ry,,3(C21(1,2,3))

It will be shown in this section that, for large enough n, the value of
B(CL(1,2,...,n)) is completely determined by the congruence class of n modulo
2t (see Corollary 9). It will be useful to consider n in the form n = 2tk + r
for 2 < r < 2t + 1, since for each value of r in this range, the diameter of
Cn(1,2,...,t) is equal to k + 1. For each of these values of r, we either de-
termine the exact value of 5(C,(1,2,...,t)), or we bound this value, and our
results are summarized in Section 4.

Remark 1 The diameter of any circulant graph G = Cy,(1,2,...,1) is f"2—_tl .
Observe that if n = 2tk +r for 2 <r <2t +1, then the diameter of G is equal
tok+1.

We now prove a couple of technical lemmas which will be used throughout
the paper in the proofs of various bounds on 5(Cy,(1,2,...,1)).



Lemma 1 Three pairs of vertices (Va,Va+1); (Vat2+as Vatsta), and
(Vatda+225 Vatst2:) cannot be resolved by one vertex when t # x + 2.

Proof: Label (va,Va+1), (Vat24a,Vat3+a), and (Vatat2s, Vatst2r) as Pr, P,
and P3 respectively. We may assume that for some vertex v € V(G), we have
d(v,v,) = d(v,va41) + 1.

Case 1: Assume n = (z + 3) mod 2t. Then the vertices in P; and P, can
only be simultaneously resolved with a vertex antipodal to these pairs. Figure 4
shows an example of three pairs of vertices where two of the pairs are resolved
in this way. Observe that d(v, vat442.) = d(V, Vat5424)-

Case 2: Assume n Z (x 4+ 3) mod 2¢t. Observe that only vertices greater
than ¢ distance away from v, on the outer cycle will have a unique represen-
tation with respect to v. Since P; is resolved by v and ¢ # x + 2, we have

d(v,Va1242) = AV, Vat342) = d(v,v4) + 1.

O

Figure 4: n = 4 mod 8; The bottom pair is unresolved

Corollary 1 Two pairs of vertices (vq,Va+1) and (Vat2tz,Vatstz) cannot be
resolved by one vertex when t # x4+ 2 and n # (x + 3) mod 2t.

Lemma 2 Let G = C,(1,2,...,t). No x consecutive vertices sharing the same
edge neighborhood in R,y (G) can be resolved by x — 2 vertices if n = r mod 2t
where v <r <2t+2 and 3 <x <t.

Proof: Consider a clique of = consecutive vertices on the outer cycle of G for
t > 3. Without loss of generality, we can consider any x consecutive vertices
from the clique Lf = {v1,va,...,v:} which all have distance 1 from vy. When
3 <r <z-—1, we can make at most two distinct cuts in @ of the resolving
hypergraph Ry, ;(G) by taking vertices antipodal to the clique. Taking [3]
vertices that each create two distinct cuts in ) of the resolving hypergraph
Ryy,3(G) will resolve the clique because 2[5] > 2. When z < 7 < 2t + 2, we
can make at most one distinct cut in @ of the resolving hypergraph Ry, (G).
By the Pigeonhole Principle, taking at most x — 2 vertices to resolve the x
vertices in () will leave at least one pair of vertices unresolved.



O

Corollary 2 Let G = C,(1,2,...,t). No x consecutive vertices sharing the
same edge neighborhood in Ry,,y(G) can be resolved by [5] — 1 wvertices.

In [15], Vetrik showed that 5(Cy(1,2,...,t)) >t + 1 for n = r mod t where
t+2 <r < 2t+1 (see Proposition 4 (2)) by showing that no ¢ vertices of
the graph could resolve all pairs of vertices in L4, the set of vertices at the
greatest distance from vg. We now give an alternate proof of Vetrik’s result,
and show that ¢ 4+ 1 is a lower bound on the metric dimension of this circulant
for n = 2,¢t 4+ 1 mod 2t as well.

Theorem 1 Let G = Cy(1,2,...,t) wheren =r mod 2t and t+1 < r < 2t+2,
then B(G) >t + 1.

Proof: Let W be a resolving set for G and take vy € W. Observe that for any
vertex v € W where v # vg, at most two distinct cuts are made in the set L,
in the resolving hypergraph Ry, .,1(G) (Figure 5). This is because each of the
distinct cuts created by v are at least ¢ vertices apart from each other. Taking
any t — 1 additional vertices to be in W with vy creates at most 2(t —1) = 2t —2
distinct cuts in L;. Since there are 2¢ vertices in Lq, then by the Pigeonhole
Principle, there will be at least one pair of vertices in Ly left unresolved.

O

Figure 5: Ry (Ca6(1,2,3,4)); Ly has at least one unresolved pair

The next corollary follows from Proposition 2 and Theorem 1.

Corollary 3 Let G = C,(1,2,...,t) where n > 2t + 2. If n = r mod 2t where
r=2,t+1ort+2, then (G) =t + 1.

Theorem 2 Let G = C,(1,2,...,t) where t is odd. If n = (t + 3) mod 2t then
BG) <t+1



Proof: Let n = 2tk + (¢t + 3). Then diam(G) = k + 1. Let Wy, W, W3, Wy C
V(G) where

Wi = {vo}

W2 = {’UQ, Vqy- - ,’Utfl}

W3 — {Un—Za Un—4,--, ’Unf(tfl)}
Wy = {vke41}

Note that [Wi| = [Wy| = 1 and [Ws| = [Ws| = 52, Observe that Wy UW, UWs
leaves only three pairs of unresolved vertices, listed below. (Figure 6 shows the
case for k = 3. For k > 3, each of the layers Ly, Lo, ..., L; in R,,(G) have the
same cut pattern as this example.)

{/U’n,flv Ul}
{/U’n,fktfla Unfkt72}
{U(kt+1a 'Ukt+2}

We have

d(Vgt41,Vn—1) = d(Vkt41,v1) + 1
A(Vt41, Vn—kt—1) = Ad(Vktg1, Vn—kt—2) + 1

So these pairs of vertices can all be resolved by taking wvi;y1 as a resolving
vertex thus Wy U Wy U W3 U Wy resolves G.

O

Figure 6: RW1UW2UW3 (038(17 2, ey 5))

The next corollary follows from Theorems 1 and 2.

Corollary 4 Let G = C,(1,2,...,t) where t is odd. If n = (¢t + 3) mod 2t then
B(G) =t+1.

From the empirical evidence in the tables in the Appendix, it appears that
t+ 1 is also a lower bound on 8(C,,(1,2,...,t)) for n = r mod 2t where 3 < r <



t —1 when n is large enough. We were able to prove this in the case where ¢t = 4
and r = 3 for n > 27, and where t = 5 and » = 3 for n > 23, as the next two
theorems state.

Theorem 3 Let G = C,(1,2,3,4). If n =3 mod 8 and n > 27 then B(G) > 5

Proof: Let W be a resolving set for G and suppose to the contrary that
|[W| < 4 where vg € W. We consider the vertices on the v1 — v4(4—1)41 path
of the outer cycle to be the right side of the graph and the vertices on the
Un—1 — Un_4(d—1)—1 Path of the outer cycle to be the left side of the graph. In
order to resolve G, some vertex v € W must create a separating line that parti-
tions the two vertices in Ly into separate sets. The only vertices that can do this
are {Vn—1,Vn—5,...,Vp_sa(d—1)—1} and {v1,vs,...,V4a—1)41} but by symmetry
we can consider only the former set as possible options for vertices in W.

Case 1: Say v,_1 € W. Then

{U4(d71)71, V4(d—1)—2> U4(d71)73}
{’Un74(d71)+27 Up—4(d—1)+1> ’Unf4(d71)}

are two cliques of three unresolved vertices in L. We need to take vertices to be
in W such that at least one vertex in W makes three distinct cuts between the
vertices in the above cliques while the other vertex in W makes at least two dis-
tinct cuts between the vertices in the above cliques. So, the only way for these
cliques to be resolved is if v,—3 and v are in W but then 7 (v, _o|W) = r(vy|W).

Case 2: Say v,—5 € W. Then

{’Un74(d71)+27 Up—4(d—1)+1> ’Unf4(d71)}
{'U4(d71)7 V4(d—1)—15V4(d—1)-2
{U4(d72)71, V4(d—2)—2> U4(d72)73}

are three cliques of three unresolved vertices. We need to take our remain-
ing vertices in W to be antipodal to some of the above cliques in order to obtain
the required number of distinct cuts for resolving them. Specifically, the only
way for these cliques to be resolved is if either one additional vertex from the
left side of Ly and one additional vertex from the right side of L; are in W
or two additional vertices from the left side of L are in W. But there also
exists the clique of unresolved vertices {v,—1,vVn—2,Un—3,Vn—a} which can only
be resolved if at least one vertex in W is from the right side of Ly_1.

Case 3: Say we take any one vertex from {v,_9,vn_13,...,Vp—4(a—1)-1} tO
be in W. Then

{’Un—la Un—2,Un—-3, Un—4}
{’Un—f)a Un—6,Un—7, Un—8}

10



are two consecutive cliques of four that are unresolved. We need six distinct
cuts between the vertices in these cliques in order to resolve them. The only
way to make this many distinct cuts in these cliques is by taking two vertices
to be in W that each create three distinct cuts in the cliques. Observe that
since n = 3 mod 8 and ¢t = 4, only one additional vertex can make at most three
distinct cuts in the cliques and the final vertex that we choose can only make at
most two distinct cuts in the above cliques. Figure 7 shows an example of how
the final vertex we take can only make at most two distinct cuts in the above
cliques.

O

Figure 7: C27(1,2,3,4)

Corollary 5 Let G = C,(1,2,3,4) where n = 8k + 3. Then

4 ifke{1,2}
B(G)_{5 ifk>3

Proof: The value of 5(G) when k > 3 follows from Proposition 2 and Theorem
3. For k € {1,2}, observe that {vg,ve,vs,v10} resolves G when n = 11 and
{vg, V2, v7,v14} Tesolves G when n = 19.

O

Theorem 4 Let G = C,(1,2,...,5). If n =3 mod 10 and n > 23 then 5(G) >
6.

Proof: Let W be a resolving set for G and suppose to the contrary that
W[ < 5 where vy € W. We consider the vertices on the v; — v54—1)41 path
of the outer cycle to be the right side of the graph and the vertices on the
Un—1 — Un_s5(d—1)—1 Path of the outer cycle to be the left side of the graph. In
order to resolve GG, some vertex v € W must create a separating line that parti-
tions the two vertices in L4 into separate sets. The only vertices that can do this
are {Un—1,Vn—6,- -+, Vp_s(d—1)—1} and {v1, V6, ..., V5a—1)41} but by symmetry

11



we can consider only the former set as possible options for vertices in W.

Case 1: Say v,_1 € W. Then

{U5(d—1)—1, U5(d—1)—25 U5(d—1)—3: U5(d—1)—4}
{’Un75(d71)+37 Up—5(d—1)+2> Un—5(d—1)+1s ’Un75(d71)}

are two cliques of four unresolved vertices in Lg. In order to achieve the re-
quired six distinct cuts for resolving the above cliques, we need at least two
vertices that are both antipodal to one of the above cliques. Alternatively we
can use one vertex that is antipodal to one of the above cliques and use another
vertex that is antipodal to the other clique. Specifically, our options for resolv-
ing these cliques is by taking either v,,_3 and v,_4 to be in W or vs and v,,_4
to be in W. In the former case, we only have one vertex left to take to be in W
after vg, vn—1, Vn—3, Vn—4 which is insufficient for simultaneously resolving the
two sets of unresolved vertices {v1,v,—2,v,_5} and {v7,vs}. In the latter case,
we only have one vertex left to take to be in W after vy, v,—1, v3, v—4 which
is insufficient for resolving the set of unresolved vertices {vy, vy_2, v,—3} that is
a clique of three.

Case 2: Say v,—¢ € W. Then

{’Un75(d71)+37 Up—5(d—1)+25 Un—5(d—1)+1 ’Un75(d71)}
{U5(d—1)7 U5(d—1)—15 U5(d—1)—25 U5(d—1)—3
{U5(d—1)—1, U5(d—1)—25 U5(d—1)—3: U5(d—1)—4}

are three cliques of four unresolved vertices. In order to simultaneously resolve
these cliques with our three remaining vertices, we need a vertex that makes
two distinct cuts in the clique {vsg—1), V5(a—1)—1, V5(d—1)—2, U5(d—1)—3} Which is
done with a vertex antipodal that clique. So, the only way to resolve these
cliques is if v,—3 € W but then we only have two vertices left to take to be in W
after vy, vn—_g, Un—3 which is insufficient for resolving the set of unresolved ver-
tices {vp—1,Vn—2,Vn—4,0n_5} since subsequent vertices in W can only make at
most one distinct cut in the set yet we need to make a total of three distinct cuts.

Case 3: Say v,_11 € W. Then

{’Un—la Un—2,Un—3,Un—4, Un—5}
{’Un—f)a Un—6,Un—7,Un—-8, Un—g}

are two consecutive cliques of five vertices that are unresolved. Since we can only
use at most three additional vertices to resolve these cliques, we need the three
additional vertices in W to be antipodal to the cliques in a way that creates
eight distinct cuts in total. So, the only way to obtain the required number of
distinct cuts for resolving the above cliques is if v5a_2)—2, Vs(a—1)—4 V5(d—1)—1
€ W but then {v1,v2} remains a pair of unresolved vertices.

12



Case 4: Say we take any one vertex from {v,_16,Vn—21,...,Vn—5(d—1)—1} to be
in W. Then

{/U’n,flv ’Un72a /U’n,737 ’Un747 'Un75}
{Un—ﬁa Un—7,Un—8,Un—-9, Un—lO}
{Un—llu Un—12,Un—13,Un—14, Un—lf)}

are three consecutive cliques of five vertices that are unresolved. So we need
twelve distinct cuts to resolve the above cliques. Observe that since n =
3mod 10 and ¢t = 5, only the next two choices of vertices we take to be in
W will be able to make at most four distinct cuts in the above cliques and the
final choice of vertex that we take will then make at most three distinct cuts in
the above cliques. Figure 8 shows an example of how the final vertex we take
can only make at most three distinct cuts in the above cliques.

O
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Figure 8: RWIUW2 (053(17 25 EEEE) 5))

Corollary 6 Let G = C,(1,2,...,5) where n = 10k + 3. Then

5 ifk=1
ﬁ(G)_{G ifk>2"

Proof: The value of 3(G) when k > 2 follows from [6] and Theorem 4. For
k =1, observe that {vg, v1,v2,v4,v5} resolves G when n = 13.

O

In [15], Vetrik showed that 3(C,(1,2,...,t)) >t for n > t*> + 1 (See Propo-
sition 4 (1)). We now use an alternate proof to show that this bound holds for
all n. The result is stated in the following theorem for the congruence classes
modulo 2¢ for which we do not already have a better lower bound of ¢ + 1 on
the metric dimension.

13



Theorem 5 Let G = C,(1,2,...,t) where n = r mod 2t and 3 < r < t, then
B(G) > t.

Proof: Suppose to the contrary that 5(G) <t — 1. Let W be a resolving set
for G with vy € W. Consider the sets of vertices L] = {v1,v2,...,v;} and
L7 = {vn_1,vn—2,...,0n—¢}. Note that all of the vertices in Lf (L7) have
distance 1 from each other and from vy.

Case 1: Suppose (n —1) mod 2t > t — 2. Then each of the ¢t — 2 vertices
v € W besides vy will make at most one distinct cut in L. By Lemma 2, at
least one pair of vertices in L will be unresolved.

Case 2: Suppose (n — 1) mod 2t < ¢t — 2. We may resolve the vertices in
Lf by taking the t — 2 vertices at furthest distance from ¢ — 2 consecutive ver-
tices in L] . However, by doing this, each of the t — 2 vertices v € W besides vg
will make at most one distinct cut in L] so at least one pair of vertices in L}
will be left unresolved by the argument from the first case (Figure 9).

O
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Figure 9: Case 1 and Case 2 respectively

The empirical evidence in the Appendix shows that for small values of n
and ¢, the metric dimension of 3(C,,(1,2,...,t)) seems to be ¢ for some of the
smaller congruence classes of n modulo 2¢. The next theorem shows that this
is always true when n =2t +r and 3 <r < L%J + 1.

Theorem 6 Let G = Cp(1,2,...,t) where n =2t +7r and 3 < r < [5] +1,
then B(G) =t.

Proof: Let Wy, Wo C V(G) where

Wi = {vo,v1,...,0r—2}
Wy = {vp, Vpq1,...,0¢}

Note that |Wi| =7 — 1 and |W3| =t — (r — 1). We have that the only vertices
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at distance d = 2 from v; € Wy are viq 411, Vigt42, -+, Vigeq(r—1)- Since the ver-
tices in Wy are consecutive, the vertices v,_1,vp—2,...,V,—¢4+1 all have unique
representations with respect to Ws. Similarly, for v; € Wi, the only vertices at
distance 2 from v; are viti41, Viyt42,- -, Vi (r—1), and since the vertices in
W are consecutive, the vertices vii1,viq2,...,V12-—3 all have unique repre-
sentations with respect to Wiy. Also, it is clear that the only vertex which has
distance 1 to all of the vertices in W7 U W5 is v,_1. Thus all of the vertices in
the resolving hypergraph Rw,uw, (G) are resolved (Figure 10). It follows from
Theorem 5 that S(G) =t under these conditions.

O
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Figure 10: C15(1,2,...,6)

From Proposition 4 and Theorem 1, it follows that 5(Cy(1,2,...,t)) > t+1
for n = 1 mod 2t. We improve this bound slightly in the next theorem.

Theorem 7 Let G = C,(1,2,...,t) where t > 2 and n = 1 mod 2t, then
B(G) > t+2.

Proof: Let W be a resolving set for G and suppose to the contrary that
[W| < t+ 1, where vg € W. We consider the vertices on the v; — vg; path
of the outer cycle as the right side of the graph. Similarly, the vertices on
the v,—1 — v,—q¢ path of the outer cycle will be considered the left side of the
graph. In order to resolve G, some vertex v € W N L; must create a sep-
arating line in the resolving hypergraph Ry, .,1(G) such that v, g; and vg
in Ly are partitioned into separate sets. The only vertices that can do this
have a nonnegative integer multiple of ¢ distance from vy on either the left
or right side of the outer cycle. By symmetry, we consider only the vertices
Un—t,Un—2¢,--.,Un—dt as possible choices for v. Note that taking any of these
vertices to be in W leaves 2d — j consecutive cliques of unresolved vertices,
where each clique has cardinality ¢. By Lemma 2, subsequent vertices in W
beyond vy and v must not leave an unresolved clique of cardinality ¢. In ad-
dition, the subsequent vertices beyond vy and v must each create distinct cuts
in both {Udt+1, Vdt+25 - - - 7vdt+t} and {’Un,dt,h Un—dt—2y - - - ,’Unfdtft}. r]?hllS7 no
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two vertices on the same side of the outer cycle may share the same congru-
ence modulo ¢ for otherwise both vertices will create the same cut in either
{Utd+1; Vtd+2, - - - 7vtd+t} or {’Un,dt,h Un—dt—2y- -+, ’Unfdtft}. Note that the or-
der in which we choose the vertices for W does not matter. So, the subsequent
choices of vertices must belong to one of the sets

{vat—1,vat—2, -, Var——2)}
{Va=1)t=1,V(d=1)t—25 - - V(d—1)t—(t—2) }
{th—l, Vjt—2 - -+ 7’th7(t72)}

Since the j sets listed above contain ¢t — 2 vertices of unique congruence modulo
t, we only have t —2 additional choices of vertices to be in W that do not leave a
clique of ¢ (Figure 11). This means that there are only ¢ —2 choices of vertices to
be in W that make distinct cuts in every clique of ¢ in the resolving hypergraph
Ry 001 (G) yet we need the ¢ —1 vertices to each make these distinct cuts. Seeing
that we have at most ¢t — 1 additional vertices to take in W beyond vy and v,
but we only have ¢ — 2 possible choices of vertices to resolve the 2d — j cliques
of t, by Lemma 2, 5(G) >t + 2.

O

Figure 11: Ry, 03 (Ca1(1,2,3, 4)); The colored vertices are the only choices that
do not leave a clique of ¢

From Grigorious’ result in Proposition 2, we know that 8(C,(1,2,...,t)) <
r —1 when n = 2tk + r for r € {2t,2¢ 4 1}. In the next two results, we improve
this upper bound to 2t — 2.

Theorem 8 Let G = C,,(1,2,...,t) where n = 1 mod 2t and t > 4, then
B(G) < 2t — 2.
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Proof: Let n = 2tk+ (2t+1). Then diam(G) = k+1. Let Wy, Wa, W3 C V(G)
where

W1 = {V0, Un—t 41, Vtk+3, Un—t(k+1)+1}
W2 = {U3,114, s avt}
W3 = {Vn—t(k1)435 Un—t(kt1)+4> - - > Un—t (k- 1)+ (t—2) |

Note that |[Wy| = 4, [Wa| =t — 2, and |W3| = t — 4. For any ¢, the vertex
v; for i € {3,4,...,t} will always have distance j from only the first ¢j closest
vertices from v; on the outer cycle for j € {1,2,...,d} (Figure 12 shows the
case where t =5 and k = 2. For k > 2, each of the layers Lo, ..., L in R,,(G)
have the same cut pattern as this example.)

When t = 4, the sets of vertices left unresolved by W; are

{vn-2,vn-1,v1}
{Ukt+2a Ukt+4, Ukt+5}
{'Ut_l, Ut—2}7 {v2t—17 U2t—2}7 sy {Ukt—l7 Ukt—2}

We have:

d(v3, vp—2) = d(v3,vp—1) + 1
d(vs3, Vptya) = d(v3, Uptg2) + 1
d(v3,Vpi—1) = d(v3,v—2) + 1 for x € {1,2,...,k}

d(’U4, Unfl) = d(vg,’Ul) + 1
d(va, Viess) = d(v3, Viqa) + 1

So taking W7 U W5 resolves these sets. Thus 5(G) < ¢+ 2 when t = 4. Since
t+2=2t—2 when t =4, we can say 8(G) <2t —2 when t = 4. If t > 4, the
set of vertices left unresolved by W are resolved by Wy in a similar way as for
t = 4, except for the set

R = {Un—t(k41)4+3> Un—t(k+1)+4> - - - » Un—t (k1) (t—1) }

Since |R| = t — 3, taking any t — 4 vertices from R will resolve G. Specifi-
cally, taking W7 U Wa U W3 resolves G, so B(G) < 2t — 2.

O
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Figure 12: RW1UW2 (031(1, 2, ceey 5))

Theorem 9 Let G = C,(1,2,...,t) where n = 0mod 2t and t > 5, then
B(G) < 2t —2.

Proof: Let n = 2tk + 2t. Then the diameter is d = k + 1. Let Wy, Wo, W3 C
V(G) where

W1 = {V0, Un—t 41, Vtk+3, Vn—t(k+1)+15 Vn—t(k+1)+2 }
W2 = {113,114, [P ,’Ut}

W3 = {Un_t(k1)+45 Vn—t(k1)455 - - = Un—t(k+1)+(t—2) }

Note that |[Wi| = 5, |[Wa| =t — 2, and |W5| = ¢t — 5. For any ¢, the vertex
v; for i € {3,4,...,t} will always have distance j from only the first ¢j closest
vertices from v; on the outer cycle for j € {1,2,...,k+ 1} (Figure 13 shows the
case for t = 7 and k = 2. For k > 2, each of the layers Lo, ..., Lj in R,,(G)
have the same cut pattern as this example.) When ¢ = 5, the sets of vertices
left unresolved by W; are

{’Un72,’Un71, Ul}a
{vkt+2, Vkt+-4, Ukt+5}
{’Utfh Vi—2, vt—s}v {U2t717 V2t—2, U2t73}; cees {'Uktfla Vkt—2, vkt—s}

We have:

(v3, vket2) +1
(v3,Vge—3) + 1 for z € {1,2,...,d -1}

d(vs, Vkita)

=d
d(v3a /U:Et72) - d

d(’U4,’Un_2) = d(’l}4,’l)n_1) +1
d(va,Vzt-1) = d(v3,Vp¢—2) + 1
d(’U5, ’Unfl) = d(’U5,’Ul) + 1.

So taking W; U Wy resolves these sets. Thus for ¢ = 5, 3(G) < ¢t + 3. But
t+3 = 2t — 2 in this case, so we can say 3(G) < 2t —2 when ¢t = 5. When ¢t > 5,
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the set of vertices left unresolved by W; are resolved by W5 in a similar way as
for t = 5, except for the set

R = {Vn (kg 1)+45 Vn—t(k+1)45> - - s Un—t (k1) 4+ (t—1) }

Since |R| = t — 4, taking any ¢ — 5 vertices from R will resolve G. Specifi-
cally, taking W7 U Wo U W3 resolves G so B(G) < 2t — 2.

O
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Figure 13: RW1UW2 (042(1, 2, ceey 7))

Theorem 10 If G = C,(1,2,3,4) where n = 0 mod 8 then 5(G) < 6.

Proof: Let n = 8k + 8. Then diam(G) =k + 1. Let Wy, W5 C V(G) where

Wi = {vo, v2,v3,Up—3}
Wa = {vn—kt—1,Un—kt—2}

The vertices left unresolved by W7 are

{vn—1,01}
{/U’n,fktfla Un—kt—2, 'Unfktf'.}}
{vkt+1, Ukt+2}

A vertex v will always have distance j from only the first ¢j closest vertices
from v on the outer cycle for j € {1,2,...,k + 1} (Figure 14 shows the case
where t = 4 and k = 4. For each k > 2, each of the layers Lo, ..., Ly in R,,(G)
have the same cut pattern as this example.). We have:

d(Vp—rt—1,v1) = d(Vp—kt—1,0n-1) + 1
d(Vp—kt—2, Vitr1) = d(Vp—kt—2, Vpey2) + 1

So taking Wy U Wa resolves these sets. Thus 8(G) < 2t — 2 = 6.
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Figure 14: Ry, (Cyo(1,2,3,4))

The following corollary comes from Theorems 8, 9, and 10.

Corollary 7 If n =0 mod 2t or n = 1 mod 2t where t > 4 then
B(Cr(1,2,...,1) <2t — 2.

Note that when n = 0 mod 2¢ and ¢ is even, the bound 5(Cy(1,2,...,t)) < %
presented in [15] is better (see Proposition 3). The next result follows from
Theorems 7 and 10.

Corollary 8 If n =1 mod 8 then 5(Cy(1,2,3,4)) = 6.

From previous results and from the empirical data in the Appendix, it seems
that 8(C,(1,2,...,t)) depends on the congruence class of n modulo 2¢. In the
next three theorems, we show that this is indeed true for large enough n.

Theorem 11 Let G = C,(1,2,...,t) and G' = Cpy2:(1,2,...,t) where n =
2tk +r. If k > 3, then B(G") < B(G).

Proof: We obtain C,y2¢(1,2,...,t) from C,(1,2,...,t) by adding one set of
2t vertices in L; of C,,(1,2,...,t) for some i ¢ {0,1,d}. We can assume that vy
is in both W and W’. Notice that vertices v € L; N W and the distinct cuts
that are made in these L; remain where they are in the L; upon adding the 2t
vertices to L;. Observe that for every vertex v € L; N W, the distinct cuts that
are made in the resolving hypergraph Ry, ,3(G’) are the same in L; as they are
in Ry, 03 (G) for every i & Ly NW. So the vertices in L; N W will still leave the
same distinct cuts in L; if they did so before adding the 2t vertices (Figure 15).
Thus the vertices in V(G’) are resolved if they were resolved in V(G) before
adding the 2t vertices.

O
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Figure 15: Ca5(1,2,3,4) and Cs3(1,2,3,4) respectively

Theorem 12 Let G = C(1,2,...,t) and G' = Cpi2:(1,2,...,t) where n =
2tk +r. If

2<r<t+2andk>t—1 or
t+3<r<2t—2andk>r—3 or
20—-1<r<2t+1and k >2t—4

then B(G) < B(GY).

Proof: Let W be a metric basis for G and W’ be a metric basis for G’
and suppose that vy is in both W and W’. We obtain C,(1,2,...,t) from
Crt2t(1,2,...,t) by removing one set of 2t vertices in L; of Cy12:(1,2,...,1)
where L; does not contain vertices in the metric basis. We can guarantee that
a L; exists because the k + 1 choices of sets of 2¢ vertices from L; to remove
from V(G’) is greater than our best known upper bound given a congruence
class of n modulo 2¢t. Notice that vertices v' € L; N W’ and the distinct cuts
that are made in these L; remain where they are upon removing the 2t vertices
from L;. Observe that for every vertex v € L; N W', the distinct cuts that are
made in the resolving hypergraph Ry, ,,1(G) are the same in L; as they are in
Ry 03 (G) for every i ¢ LyNW'. So the vertices in L; N W’ will still leave the
same distinct cuts in L; if they did so before removing the 2t vertices. Thus the
vertices in V(G) are resolved if they were resolved in V(G’) before removing the
2t vertices.

O
The next corollary follows from Theorems 11 and 12.
Corollary 9 Let G = C,(1,2,...,t) and G' = Chy2t(1,2,...,t) where n =
2tk +r and t > 4. If

2<r<t+2andk>t—1 or
t+3<r<2t—2andk>r—3 or
20—-1<r<2t+1and k> 2t—4

then B(G) = B(G").
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The following theorem shows that if the vertices in the metric basis belong
only to Lo, L1, or Lg, then 3(C,(1,2,...,t)) = B(Cpi2:(1,2,...,t)) when k is
at least three. Although we could not prove that there always exists a metric
basis where vertices belong to just Lo, L1, or Lg, it may be possible to show
that such a metric basis exists for certain ¢ or certain congruence classes of n
modulo 2¢, in which case this result could be of some use.

Theorem 13 Let G = C,(1,2,...,t) and G' = Cpy2:(1,2,...,t) where n =
2tk +r and k > 3. If W is a metric basis for G and W' is a metric basis for G’
where all vertices in W and W' belong to Lo, L1, or Lq, then 5(G) = B(G’).

Proof: We obtain C,,(1,2,...,t) from C),42:(1,2,...,t) by removing one set of
2t vertices in L; of Cpy2¢(1,2,...,¢) for some i ¢ {0,1,d}. Similarly, we obtain
Cri2t(1,2,...,¢) from C,(1,2,...,t) by adding one set of 2t vertices in L; of
Cn(1,2,...,t) for some i € {0,1,d}. We can assume that vy is in both W and
W’. Notice that since the vertices in the metric basis for G and G’ remain
where they are in Lo, L1, or Ly, the separating lines made in Lgy, Ly, and Ly
remain where they are when we add (or remove) the 2t vertices in L; for some
i € {0,1,d}. Observe that for every vertex v € Ly N W (or v’ € Ly N W), the
separating lines made in the resolving hypergraph Ry, ,,1(G) or Ry, 4,1 (G") are
the same within every L; for ¢ ¢ {0,1,d}. So the vertices in L; will still leave
the same separating lines in L; if they did so before adding (or removing) the 2¢
vertices. Similar arguments holds for each v € LgNW (or v’ € LgNW'). Thus
the vertices in V(G’) are resolved if they were resolved in V(G) before adding
the 2t vertices and the vertices in V(G) are resolved if they were resolved in
V(G") before removing the 2¢ vertices.

O

3 The metric dimension of Cartesian products
of circulant graphs

We are motivated to study the metric dimension of Cartesian products of the
circulant graphs C, (1,2, ...,t) since their metric dimension is equal to the met-
ric dimension of Cayley hypergraphs on finite Abelian groups. Let I' be a group,
let Q@ CT'\ {1}, and let ¢ be an integer such that 2 < ¢ < max{|w|: w € Q}. The
t-Cayley hypergraph of T' over ), denoted H = t-Cay[I" : ], is the hypergraph
with vertex set I' in which a subset S C I'is in E(H) if and only if there isz € T’
and w € Q such that S = {zw’: 0 < i < t—1}. Note that a 2-Cayley hypergraph
is a Cayley graph. This definition is due to Buratti [3], and is a subclass of the
more general Cayley hypergraphs, or group hypergraphs which were defined by
Shee in [12]. Specifically, we consider the t-Cayley hypergraph H = t-Cay(T", Q)
where T is a finite Abelian group, so we may assume the I is a direct product of
cyclic groups of prime-power order, say I' = Z,,, @ Z,, B - -- P Z,,, where n;
is a prime-power for 1 < i < s. The canonical set of generators for this group is

Q={(1,0,...,0),(0,1,0,...,0),...,(0,0,...,0,1)}
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and so we require 2 < t < max{n; : 1 <14 < s}. It was shown in [2] that this
Cayley hypergraph has the same metric dimension as the Cartesian product

Coy (1,2, t = 1)OC,,(1,2,...,t — DO---0C,.(1,2,...,t — 1),

and in this section we establish better bounds on their metric dimension. We
start with a technical lemma.

Lemma 3 Let G = C,(1,2,...,t) and let vo,vp, vy € V(G). If d(vp,v9) <
d(vg,v0), then there exists a vertex vq € V(G) at diameter distance from vy
such that d(vp, va) > d(vg,vq).

Proof: Let d(vp,vo) < d(vg,vo). Then v, and v, must be in different L; such
that v, is in a L; closer to vg. So take v, € L, and v4 € L, for 1 <p < q < d.
Let Vg = {v1,v2,...,vta—1} be the set of vertices on the right side of the outer
cycle from vy and Vi, = {vp—1,0n—2,...,Un_td—1} be the set of vertices on the
left side of the outer cycle from vy.

Case 1: Assume vp,vy € Vg or vp,vy € V. We consider only the former
since the argument for the latter is similar. Then d(vp, vy q—1)41) = d — p and

d(vg, Vi(a—1)4+1) = d — q. Thus d(vy, vya—1y4+1) > d(vg, Vya—1)41) since p < q.

Case 2: Assume v, € Vg and v, € Vr. Then d(vy, vp_ya-1)-1) = d —p
and d(vg, vp—t(a-1)-1) = d — q. Thus d(vp, v, —t@@-1)-1) > d(Vg, Vn—t(a-1)-1)
since p < q.

O

Theorem 14 Let H be any graph and G = Cy,(1,2,...,t) where n = 2tk +r
for 1 <r <2t, then B(HOG) < B(H) + max{r,t + 1}.

Proof: Note that HOG consists of n copies of H labeled Hy, Hs, ..., H, where
corresponding vertices in each copy form a copy of G. Let W = {w,wa, ..., wny}
be a resolving set for H. Now let W; = {w1;, wa, . .., wym; } be the set of vertices
of H; corresponding to W in H for i € {1,2,...,n}. We show that either W7 U
{w1(th1)> Witk2)s - -+ Withtr) ) OF W1 U{W1(thg1) Wi(tht2)s - - - W1 (thtt41) } 1S
a resolving set for G’ = HOG. Let u and v be any two vertices of G’. For any
1€{1,2,...,n}, let u;,v; € G be the vertices that correspond to u and v in Hj,
the [ — th copy of H.

Case 1: Suppose v and v belong to the same H;. Let u; and v; be the vertices
of Hy that correspond to v and v in H. Since u and v are in the same H;,
de/(u,u1) = dgr(v,v1). Since W resolves H, there is some w, € W such that
dH1 (ul, wlq) 75 dH1 (vl,wlq). But dG/ (’U,, wlq) = dG/ (u,ul) + dG/ (ul, wlq) and
dar (v, wig) = der (v, u1) + dgr (v1, wiq) so dar (u, wig) # dar (v, Wig).

Case 2: Suppose u and v belong to different H;. Let v € V(H;) and v € V(Hj;)
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for 1 <i < j<mn. Let u;,v; € Hy and ug, vy € Hy be the vertices that corre-
spond to u and v.

Case 2.1: Assume dg(u,u1) = dgr(v,v1) and u; = v;. If we take a vertex
from each copy of H,, for x € {tk+1,tk+2,... max{tk+r tk+t+1}}, then u
and v will be resolved since there are at least ¢t +1 consecutive vertices in the set.

Case 2.2: Assume 1 < i < j < tk+rorth+r < i < j < n where
der(u,u1) # der(v,v1). We consider only the case where 1 < i < j <tk +r
since the argument for tk +r < i < j < n is similar. Then dg (u,u1) <
dgr(v,v1) and de (u, uy) > dgr(v,v;) for some l € {tk+1,tk+2,...,tk+r} by
Lemma 2. In the case that dg(u,w11) = dg/(v,wi1), we have dgr(uy, wi1) +
der(u,uq) = der (v1,w11) + der (v,v1). Hence dgr(uy, wi1) > dgr(v1,w11) and
dG/(ul,wll) > dG/(vl,wll). Thus dG/(u,wll) = dG/(u,ul) + dG/(ul,wll) >
de(v,v) + dar (v, wy;) = der(v,wyy). So wy; resolves u and v if wy; does
not.

Case 2.3: Assume 1 < i < th+r < j < n where dg/(u,u1) # de (v,v1).
In this case, there exists a l € {tk+ 1,tk+2,...,tk +r} such that there exists
a shortest path from w; to u; € G; which passes through u and has length d — 1
and there exists a shortest path from v; to v; which passes through v and has
length d. Then the sum of the coordinates of u with respect to wiy,wy; will
always have the same parity as d — 1 and the sum of the coordinates v with re-
spect to wi1,wy; will always have the same parity as d. Thus the set {wi1,wq;}
resolves u and v.

O

It is not difficult to prove that max{8(H), 3(G)} < S(HOG), and it was shown
in [4] as part of another result. Thus the following corollary comes from repeated
application of Theorem 14.

Corollary 10 Let r; correspond to Cy,(1,2,...,t;) for n; = 2t;k; + r; with
1<r;<2tandie{l,2,...,m}. Letry > ro > ... > ry, and set
H=0Cn (1,2 )00, (1,2,...,t2)0...0Cn. (1,2, ....tm), then

max{B(C, (1,2, ..., t))} < BUH) < B(Co (1,2, .., 11)) + imax{m,t—i— 1.

4 Summary

Here we state the bounds on the metric dimension of circulant graphs introduced
in this paper. Let G = C,,(1,2,...,t) where n =2tk +r, t > 4 and k > 2.

1. If n = r mod 2¢t where t + 1 <r < 2t + 2 then 8(G) >t + 1 (Theorem 1)
2. If n = r mod 2t where 3 <r <t then 8(G) >t (Theorem 5)
3. If n =7 mod 2t where r = 2,t 4+ 1,¢t + 2 then S(G) =t + 1 (Theorem 1)
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4. If n = 0 mod 2t where ¢ is odd then t + 1 < 8(G) < 2t — 2 (Theorems 1,
9, and 10)

5. If n =1 mod 2t then ¢ +2 < B(G) < 2t — 2 (Theorems 7 and 8)
6. If n =1 mod 8 where t = 4 then 3(G) = 6 (Theorems 7 and 8)

7. If n = (t + 3) mod 2t where ¢ is odd then S(G) =t + 1 (Theorems 1 and
2)

Each of the tables in the Appendix of this paper list the metric dimension [
of the circulant C,,(1,2,...,t) where n = r mod 2t, for a given range of n. The
authors would like to thank Robert Bailey for computing these values using a
program in GAP. We make the following conjecture based on the data found in
the Appendix.

Conjecture 1 Let G = C,(1,2,...,t) where n =2tk +r, t >4 and k > 2.
1. If n =t mod 2t where t is odd then B(G) =t+1
2. Ifn=0mod 2t then B(G) >t +2
3. If n = (t + 3) mod 2t where t is even then 3(G) =t + 2

4. If n =1 mod 2t where t is even, 3<r <t—1, and k =1 then 5(G) =t

A Appendix

(x[|2[3[4[5]6]7[0]1]
(Bl5]4]4]5][5][6]6[6]

Table 1: The metric dimension of Cy,(1,2,3,4), 10 < n < 26.

(r[[2]3]4]5]6[7][0[1]
[ll5]5[4[5]5]6]6]6]

Table 2: The metric dimension of C,(1,2,3,4), 27 < n < 120.

(r[[2[3]4]5]6]7|8[9[0]1]
[(Bl6]5]6]6]6[6[6[7[7[8]

Table 3: The metric dimension of C,,(1,2,...,5), 12 <n < 21.

25



(r|2]3[4[5[6]7[8[9]0]1]
(pl6]6]6]6]6]6[6[6[7[8]

Table 4: The metric dimension of C,,(1,2,...,5), 22 <n < 90.

(r|2]3[4[5[6]7[8[9[10]11]
[(pll7]eJef[6][6][7[7[8]8]8]

Table 5: The metric dimension of C,,(1,2,...,6), 14 <n < 25.

(r[[2[8[4]5]6|7|8]9]10[11[0]1]
(pll7leJef6]6]7[7[8] 7 [8[8]9

Table 6: The metric dimension of Cy,(1,2,...,6), 26 <n < 61.

(r[[2[8[4]5]6]7]|8]9]|10]11]
(pl7]7]6]6]6]7]7]8]7][8]

Table 7: The metric dimension of C,,(1,2,...,6), 62 <n < 84.

26



[r[[2]3[4]5]6]7[8]9]10]11]12]13] 0] 1 |
(sls]s[s[s[s[s[s[s[8[9[8[9]10[10]

Table 10: The metric dimension of C,,(1,2,...,7), 44 < n < 68.
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