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Hamiltonian Properties on a Class of Circulant
Interconnection Networks
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Abstract. Classes of circulant graphs play an important role in modeling interconnection networks in
parallel and distributed computing. They also find applications in modeling quantum spin networks sup-
porting the perfect state transfer. It has been noticed that unitary Cayley graphs as a class of circulant graphs
possess many good properties such as small diameter, mirror symmetry, recursive structure, regularity, etc.
and therefore can serve as a model for efficient interconnection networks. In this paper we go a step further
and analyze some other characteristics of unitary Cayley graphs important for the modeling of a good
interconnection network. We show that all unitary Cayley graphs are hamiltonian. More precisely, every
unitary Cayley graph is hamiltonian-laceable (up to one exception for Xg) if it is bipartite, and hamiltonian-
connected if it is not. We prove this by presenting an explicit construction of hamiltonian paths on X,,,
using the hamiltonian paths on X,, and X,, for ged(n,m) = 1. Moreover, we also prove that every unitary
Cayley graph is bipancyclic and every nonbipartite unitary Cayley graph is pancyclic.

1. Introduction

A good interconnection network topology permits many other network topologies (linear arrays, rings,
meshes, tori, trees, stars) to be efficiently embedded in it. Embedding of linear arrays and rings in inter-
connection networks is one of the most desired properties, since both of these architectures are extensively
applied in parallel and interconnection systems. An interconnection network is most often modeled by a
graph in which vertices and edges correspond to nodes and communication links, respectively. Formally,
the embedding is defined as an injective mapping g, which maps the vertices of a guest graph G to the
vertices of a host graph H, such that for any two vertices u and v from G it holds that u and v are adjacent
in G if and only if g(u) and g(v) are connected by a path in H. Thus, embedding of linear arrays and rings
into interconnection networks can be modeled as finding paths and cycles in a graph. In the most impor-
tant variant of the problem the longest paths or cycles are required; this is closely related to hamiltonian
problems in graph theory.

Finding hamiltonian paths and cycles is widely studied in literature, most often on hypercube structures
in a faulty setting (with certain number of faulty edges and vertices). In such case, the aim is to determine the
maximal possible (tight) bound for the number of faulty vertices and/or faulty edges such that hamiltonian
properties still hold through the fault-free elements of the network [9, 12, 25]. These papers also improve the
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numerous previously known results. Furthermore, hamiltonian properties together with the disjoint path
cover problem of hypercube-like (HL) graphs attracted much attention in the literature [19-22]. The class
of HL-graphs includes some well-known classes with good topological properties already proposed as a
model of interconnection networks, such as twisted cubes [10], crossed cubes [8], multiply twisted cubes [7],
Mobius cubes [6], and generalized twisted cubes [5]. These classes share several interesting properties with
hypercubes of similar size such as logarithmic degree, regularity, hamiltonian connectedness, pancyclicity
and connectivity; but lower diameter.

Circulant graphs are Cayley graphs over a cyclic group. The interest for circulant graphs in graph
theory and applications has grown during the last two decades. They appeared in coding theory, VLSI
design, Ramsey theory and other areas. Since they posses many interesting properties (such as vertex
transitivity called mirror symmetry), circulants are applied in quantum information transmission and
proposed as models for quantum spin networks that permit the quantum phenomenon called perfect state
transfer [2, 24]. In the quantum communication scenario, the important feature of these graphs (especially
those with integral spectrum) is the ability of faithfully transferring quantum states without modifying the
network topology. Circulants and unitary Cayley graphs (as a subclass of circulants) have found important
applications in molecular chemistry for modeling energy-like quantities such as the heat of formation of a
hydrocarbon [3, 23].

Recently there has been a vast research on the interconnection schemes based on circulant topology
— circulant graphs represent an important class of interconnection networks in parallel and distributed
computing (see [11]). Recursive circulant, denoted by G(n;d), is proposed as an interconnection structure
for multicomputer networks [18]. G(n;d) is a circulant graph with n vertices and set of symbols (jumps)
which are powers of d, i.e. d°,d!,...,d'°8:"1-1. In literature, attention is mainly restricted to the class of
recursive circulants G(2";4) (or G(cd™;d) for some positive integers ¢, d and m), of the degree m, because
it turns out that they have some nicer properties than the m—dimensional hypercube. While retaining the
attractive properties of hypercubes such as node-symmetry, recursive structure, connectivity etc., these
graphs achieve noticeable improvements in diameter [18] and possess a complete binary tree with 2" — 1
vertices as a subgraph [16]. G(n;d) with degree three or higher is hamiltonian-connected [4] and G(2";4)
was shown to be almost pancyclic in [1] and also m — 2-fault almost pancyclic later in [17].

In this paper, we propose unitary Cayley graphs (a class of circulants) as a model of interconnection
structures for multicomputer networks. Unitary Cayley graphs are highly symmetric i.e, they are vertex
and edge transitive, have integer eigenvalues which are indexed in symmetric palindromic order (A; = A,,_;).
Various properties of unitary Cayley graphs were investigated in some recent papers [13, 14]. It can be
observed that unitary Cayley graphs represent very reliable networks, meaning that the vertex connectivity
of the unitary Cayley graph X, equals the degree of regularity which is ¢(n) (totient function of the order
of X,). For even orders they are bipartite — note that many of the proposed networks mainly derived
from the hypercube structure by twisting some pairs of edges (twisted cube, crossed cub, multiply twisted
cube, Mobius cube, generalized twisted cube) are nonbipartite. Furthermore, the fault diameter (the largest
diameter obtained by deleting a set of certain number of vertices) related to the maximum path length
among all vertex disjoint paths is constant in the case of this class of graphs. More precisely, the diameter
of X, is at most 3, which is important to estimate the degradation of performance of the network. Other
important network metrics of X,, are analyzed as well, such as the chromatic number and the clique number
which are both equal to p, and the cardinality of a maximal independent set which is equal to 1/p, where p
is the smallest prime number dividing 7.

In this paper we go a step further and analyze some other characteristics of unitary Cayley graphs
important for the modeling of a good interconnection network. In Section 4 we show that all unitary Cayley
graphs are hamiltonian using some auxiliary results from Section 3. More precisely, every unitary Cayley
graph is hamiltonian-laceable (up to one exception for X,) if it is bipartite, and hamiltonian-connected if it
is not. From the scope of network building, it is important to transfer such properties from a certain number
of networks of lower dimension to a network of higher dimension, see [19]. Therefore, we prove this by
presenting an explicit construction of hamiltonian paths for X, using the hamiltonian paths on X, and
X, for ged(n, m) = 1. Moreover, in Section 5 we also prove that every unitary Cayley graph is bipancyclic
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and every nonbipartite unitary Cayley graph is pancyclic. Our techniques in considering the mentioned
problems relay heavily on some remarkable properties of these graphs built using the connection of the
number theory and combinatorics. We conclude the paper by Section 6 giving directions for future research.

2. Preliminaries

Let I' be a multiplicative group with identity e. For Sc T, e ¢ Sand S = {s7! | s € §} = S, the Cayley
graph X = Cay(T, S) is the undirected graph having vertex set V(X) = I' and edge set E(X) = {{a,b} |ab™! € S}.
For a positive integer n > 1 the unitary Cayley graph X, = Cay(Z,, U,) is defined by the additive group of
the ring Z,, of integers modulo n and the multiplicative group U, = Z;, of its invertible elements. That is,
la,b} € E(X,) ifa—b € Z;, and a - b is invertible element of Z,, if gcd(a — b, n) = 1.

Let us recall that for a positive integer n and a subset S € {0,1,2,...,n — 1}, the circulant graph G(n, S)
is the graph with n vertices, labeled by integers modulo 7, such that each vertex i is adjacent to |S| other
vertices {i +s (mod 1) | s € S}. The set S is called the symbol of G(n,S). As we will consider only undirected
graphs without loops, we assume that 0 ¢ S and, that s € S if and only if n — s € S, and therefore the vertex
i is adjacent to vertices i + s (mod n) for each s € S. Unitary Cayley graphs are circulant graphs of the
additive group of Z, with respect to the Cayley set S = {k| ged(k,n) =1, 1 <k < n}.

We give the definition of the tensor product of two graphs since every unitary Cayley graph having non
prime power order can be defined as a tensor product of a certain number of unitary Cayley graphs of lower
dimensions. The tensor product G® H of graphs G and H is a graph the vertex set of which is the Cartesian
product V(G) x V(H) where any two vertices (1, u”) and (v, v’) are adjacent if and only if 4’ is adjacent with
v’ and u is adjacent with v.

A hamiltonian path (cycle) is a path (cycle) in a graph that visits each vertex exactly once. If a graph
contains a hamiltonian cycle, it is called hamiltonian. A graph G is hamiltonian-connected if every two vertices
of G are connected by a hamiltonian path. All hamiltonian-connected graphs are hamiltonian and none of
the bipartite graphs are hamiltonian-connected. A bipartite graph is called hamiltonian-laceable if there is
a hamiltonian path for all pairs of vertices that belong to different sets of the bipartition.

A graph G of order n is called pancyclic if it contains a cycle of length [ for every 3 < I < n. Finally a
graph is bipancyclic if it contains a cycle of even length [ for every 4 <[ < n.

3. Auxiliary Results

Let R be a table of size n x m. Each cell of R is labeled by an ordered pair of coordinates (i, j), where i
and j denote the numbers of the row and the column of the cell, respectively, for1 <i<nand1<j<m.
In addition, the upper-left cell of R has the coordinates (1,1) and the lower-right cell has the coordinates
(n, m).

For a given table of size n X m define the (k, [)—pass through the table from the cell (x1,y1) to the cell
(Xmn, Ymn), to be any sequence of cells

((e1, y1), (e2, y2), -+ Xy Yinn))

such that (x;, ;) # (xj,y) for1 <i<j<mn, 1<|xy—x|<kand1 < |y —yil <lforl <i<mn-1
In that case, we say that the pass (x1,v1), (X2, ¥2), ..., Xmn, Ymn) covers the table R. For two consecutive
pairs of coordinates (x;, ¥;) and (xi.1, ¥i+1) we also say that (xi+1, yi+1) is obtained from the pair (x;, ;) by the
movement (|xi+1 — Xil, [yis1 — yil)-

Let p1 = (¥}, 1), (5, ¥3)s -+ (s Y)) @and pa = (X3, ¥3), (063, ¥5), - .., (¥2,, %)) be two passes that cover
the tables sharing its vertical edge of sizes n X m and n X k, respectively. The concatenation of the passes p;
and p,, denoted by

p=p1®p2 = (1, Y1), 00 Y2)s - o) s Yo)s (63, Y3 + 1), (35, 15 + 1), ..., (0, Yo + 1)),
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is defined as the pass which covers the table n X (m + k). In the rest of the paper, for the sake of clarity of
notation we will omit the outer brackets in the notation of the pass.

In this section we examine the existence of different types of passes (mostly (1,2) and (2, 2)-passes) in
tables of size n X m, where m is odd. The construction of the passes will depend on the parity of .

3.1. (1,2)-passes for n € 2IN

Lemma 3.1. The following statements are true
(i) Thereis a (1,2)-pass through the table of size 2 X 3 from the upper-left cell to the lower-right cell.

(ii) There is a (1,2)-pass through the table of size 2 X 3 from the cell with coordinates (1,2) to the cell in the
lower-right corner.

(iii) There is a (1,2)-pass through the table of size 2 X 4 from the upper-left cell to the lower-right cell.
(iv) There is a (1,2)-pass through the table of size 2 X 5 from the upper-left cell to the lower-right cell.
(v) There is a (1,2)-pass through the table of size 2 X 5 from the upper-left cell to the lower-left cell.

(vi) There is a (1,2)-pass through the table of size 2 X 5 from the cell with coordinates (1,2) to the cell in the
lower-right corner.

Proof. The labels in the cells of the following tables represent the indices of the pairs of the coordinates of
the passes that cover the tables from (i)-(vi), respectively.

1153 51113 117153
41216 21416 61428
1151719 3 119537 7111395
6182410 102|864 2|18|6]4|10

O

Lemma 3.2. For a given positive integer m > 3, there is a (1,2)-pass through the table of size 2 X m from the cell in
the upper-left corner to the cell in the lower-right corner.

Proof. The proof will proceed by induction on m. For m € {3,4,5} the statement of the lemma is true,
according to parts (i), (iii) and (iv) of Lemma 3.1. For m > 6, it is assumed by the induction hypothesis that
there is a (1, 2)-pass through the first m — 3 columns of the table from the cell (1, 1) to the cell (2, m —3). Now,
by the first part of Lemma 3.1 there is a (1,2)-pass through the columns m — 2, m — 1 and m, starting from
the cell (1, m — 2) and ending at the cell (2, m). To obtain a (1, 2)—pass through the whole table, it suffices to
concatenate the two mentioned passes by joining the cells (2,m — 3) and (1, m — 2). The illustration of the
proof is given by the following table.

2m—6 2m

O

Lemma 3.3. For a given odd number m > 5, there is a (1,2)-pass through the table of size 2 X m from the cell in the
upper-left corner to the cell in the lower-left corner.
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Proof. The proof will proceed by induction on m. For the base case for which m = 5 we use part (v) of
Lemma 3.1. For m > 7, it is assumed by the induction hypothesis that there is a (1,2)-pass through the last
m — 2 columns of the table from the cell (1, 3) to the cell (2, 3). Denote this pass by p. Now, the pass

(1,1),21),pQ1),pQ2),...,p2m-2),(1,2),(2,1)

represents a (1,2)—pass through the whole table which is also shown by the table below.

1 2m -1 3
2m 2 2m —2

|
Remark 3.4. Notice that there is no such (1,2)—pass through the table of size 2 X 3.

Lemma 3.5. For a given odd number m > 3, there is a (1,2)-pass through the table of size 2 X m from the cell (1, 2)
to the cell in the lower-right corner.

Proof. For m = 5 thereis a (1,2)—pass from the cell (1, 2) to the cell (2, 5), according to the part (vi) of Lemma
3.1. Suppose that m = 3 or m > 7. By the second part of Lemma 3.1 there is a (1,2)-pass through the first
three columns of the table, starting with the cell (1,2) and ending at the cell (2,3). Moreover, for m > 7
there is a (1,2)-pass from the cell (1,4) to the cell (2,m), according to Lemma 3.2. Finally, connecting the
mentioned passes the assertion of the lemma immediately follows.

1 7
6 2m

O

Theorem 3.6. Let m > 3 be an odd positive integer and n > 2 an even positive integer. Then, if mn # 6 there is a
(1, 2)-pass through the table of size n X m from the cell in the upper-left corner to the cell in the lower-right (lower-left)
corner.

Proof. Suppose that n = 2k, for some positive integer k. We prove that there is a (1,2)-pass in the 2k X m
table from the upper-left to the lower-right (lower-left) cell. The proof will be carried out by induction on
k. Suppose first that m > 5. For k = 1 the statement of the theorem is true, according to Lemmas 3.2 and 3.3.
Using the induction hypothesis there is a (1,2)-pass through the rows {1, 2, ..., 2k — 2} of the table from the
cell (1,1) to the cell (2k — 2,1). Applying Lemma 3.5 there is a (1,2)—pass from (2k — 1,2) to (2k, m). Now,
joining the cells (2k — 2,1) and (2k — 1, 2) we obtain a (1, 2)—pass through whole table. The problem of the
existence of a (1, 2)-pass in the 2k x m table from the upper-left to the lower-left cell is symmetric to the one
in the previous case and can be proven in the same way. The starting and the ending cells of the mentioned
passes are shown in the following table.

1 2 3 m
1

(2k —2)ym

2k —2ym + 1

2km

Now assume that m = 3. For k = 1 the statement of the theorem is true, according to Lemma 3.1 part (i) and
Remark 3.4 and the induction step can be similarly proven using Lemma 3.1 part (ii).
0
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3.2. (2,2)-passes forn € 2IN + 1

Lemma 3.7. There is a (2,2)-pass through the table of size 3 X 3 from the cell in the upper-left corner to the cell in
the lower-right (lower-left) corner.

Proof. The labels in the cells of the following tables represent the ordinal numbers of passes” elements in
each of the above cases, respectively

e~
(o)}
N
I
(@)
N

O

Lemma 3.8. For a given odd number m > 3, there is a (2,2)-pass through the table of size 3 X m from the cell in the
upper-left corner to the cell in the lower-right corner.

Proof. The proof will proceed by induction on m. The base case for m = 3 holds according to Lemma 3.7. For
m > 5, itis assumed by the induction hypothesis that there is a (2, 2)-pass through the columns {1, 2, ... m—2}
of the table from the cell (1, 1) to the cell (3, m — 2). Furthermore, by the second part of Lemma 3.1 there is
the (2, 1)-pass through the columns m — 1 and m, starting at the cell (2,m — 1) and ending at the cell (3, m).
To obtain a (2, 2)—pass through the whole table, it suffices to concatenate the two mentioned passes joining
the cells (3,m — 2) and (2, m — 1). The illustration of the proof is given by the following table.

3m -5
3m-6 3m

O

Lemma 3.9. For a given odd number m > 3, there is a (2, 2)-pass through the table of size 3 X m from the cell in the
upper-left corner to the cell in the lower-left corner.

Proof. The proof will proceed by induction on m. For the base case if m = 3 we use Lemma 3.7. For m > 5,
it is assumed by the induction hypothesis that there is a (2, 2)-pass through the columns {3,4, ..., m} of the
table from the cell (3, 3) to the cell (1, 3). Denote this pass by p. Now the pass

1,1),(2,2),p(1),p2),...,pBm - 6),(3,2),(2,1),(1,2),3,1)

represents a (2, 2)—pass through the whole table which is also shown by the table below.

1 3m—1]3m-4]
3m—2 2
3m 3m-313 \

O

Theorem 3.10. Let m,n > 3 be odd numbers. Then there is a (2,2)-pass through the table of size n X m from the cell
in the upper-left corner to the cell in the lower-right (lower-left) corner.

Proof. Let n = 2k + 1 for some positive integer k. We prove that there is a (2,2)-pass in the (2k + 1) X m
table from the upper-left to the lower-right and lower-left cell, respectively. The proof will be carried out
by induction on k. For k = 1 the statement of the theorem is true, according to Lemmas 3.8 and 3.9. Now,
suppose that there is a (2,2)-pass through the first 2k — 1 rows of the table from the cell (1,1) to the cell
(2k —2,1) and (2k — 2, m), respectively.

Applying Lemma 3.5 there are (1, 2)—passes from (2k, 2) to (2k + 1,m) and from (2k, m — 1) to (2k + 1, 1).

Now, joining the cells (2k — 1, 1) and (2k, 2) ((2k — 1,m) and (2k, m — 1)) we obtain a (2,2)—pass through
the whole table from the cell in the upper-left corner to the cell in the lower-right (lower-left) corner.
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1 2 m

2k —-1)ym

2k —Dym + 1

@k + Dm

O

Remark 3.11. Let m,n be positive odd integers and m = 2k + 1. Notice that there exists a cover of the table of size
m X n by a sequence of the passes p1,pa, - - ., Pr, Where the pass p; starts at the cell (1,1) and ends at (n, 3) and p; starts
at (1,2i) and ends at (n,2i + 1) for 2 < i < k. Similarly, the same table can be covered by a sequence of the passes
P1, Py, - -, Pr, Where the pass p! starts at the fleld (2,2i) and ends at (n,2i + 1) for 2 < i < k. The above observation
holds according to Lemma 3.8, Lemma 3.2 and Lemma 3.5.

1 2 3 4 5 ... m-1 m
(1] 1 1
K [T

| 3n | 2n 2n

Theorem 3.12. Let n > 3 and m > 5 be odd integers. Then, there is a (2,2)-pass through the table of the size n X m
from the cell in the upper-left corner to the cell in the upper-right corner.

Proof. Suppose that n > 5. According to Theorem 3.10 there is a (2,2)—path connecting the cells (1, 1) and
(n — 2,3) through the columns 1 to 3 and the rows 1 to n — 2. Moreover, there is a (1,2)—path from (1, 2) to
(n —1,3) through the columns 1 to 3 and the rows n — 1 and 7, by Lemma 3.1 part (ii). Now a (2,2)—pass
p from the cell (1,1) to the cell (n — 1,3) can be obtained by concatenating the above paths. The same
(2,2)-pass, for n = 3, can be obtained by connecting the cells (1,1) and (2, 3) in the following table

174
6139
81512

Now, using Theorem 3.6, there is a (2,1)—pass g connecting the cell (1,4) with the cell (1,m). Finally,
concatenating the pass g to the pass p, we obtain a (2, 2)—pass through the whole table.

1 2 3 m

1] [ |

3n—4
3n
3n-5 3n+1 |

O

Remark 3.13. Notice that the (2, 2)—pass from the proof of the previous theorem that covers the table contains (1,2) and
(2, 2) movements only in the covering of the first three columns. More precisely, in the pass (x1, y1), (X2, Y2), - - -, (Xmn, Yimn),
it holds that |yiv1 — yil = 2 if and only if y;, yir1 € {1,3} and y; # yir1, 1 <i<mn—1.
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4. Hamiltonicity of Unitary Cayley Graphs

In this section, we prove by induction that every bipartite unitary Cayley graph is hamiltonian-laceable
and every nonbipartite unitary Cayley graph is hamiltonian-connected.

Let us briefly explain the motivation behind the idea of the proof. Namely, we have mentioned
that hypercubes, recursive circulants and unitary Cayley graphs have recursive structures. For example
the n-dimensional hypercubes can be obtained from the Cartesian product of n copies of 2-dimensional
hypercubes, i.e. Q, = Qu-1 X Q. Similarly, recursive circulants can be constructed by a certain more
complex operation (than the Cartesian product) starting from a certain number of recursive circulants of
lower dimension. Also, unitary Cayley graphs Xy of a given order N can be represented as tensor products
of graphs X, and X,,, where N = nm and gcd(n, m) = 1. This decomposition allows us to list the vertices of
Xy as functions of the vertices of X,, and X,,, which is shown by the table R in the comment after Proposition
4.2. We actually want to prove that there exists a hamiltonian path on Xy if there are hamiltonian paths on
both X, and X,,.

Notice that the unitary Cayley graph X, is bipartite if and only if # is even. Indeed, it is clear that the
bipartition classes are equivalent to the classes modulo 2.

4.1. N isodd

We show that unitary Cayley graphs of the odd order are hamiltonian-connected. Since the graphs in
this class are vertex-transitive, it is sufficient to prove that there exists a hamiltonian path joining the vertex
0 to an arbitrary vertex 1 <t < n —1. So, our task here is to find a permutation py, p1, ..., ps-1 of vertices
{0,1,...,n =1}, such that pg = 0, p,—1 = t and p; is adjacent to pis1 (gcd(pis1 —pi,n) =1), for0<i<n—-2.

In this section we will label the rows and columns of the table of size n X m by the numbers 0, 1,...,n—1
and 0,1,...,m — 1, respectively.

Lemma 4.1. Let p be a prime number and n be a power of p.
(i) Forp =2 the graph X, is hamiltonian laceable.

(ii) For p > 2 the graph X, is hamiltonian-connected. Moreover, for any two vertices there exists a hamiltonian
path ag, a1, ... ,a,-1 joining them such that a; and a;,, are adjacent, for 0 <i <n —3.

Proof. We prove that there is hamiltonian path joining the vertex 0 to an arbitrary vertex1 <t <n —1.
Let n = p* and Cy, Cy, ..., Cp_1 be the classes modulo p,

Ci:{j|0§j<pk,jzi (mod p)}, 0<i<p-1

Two vertices a and b from X,, are adjacent if and only if gcd(a — b, n) = ged(a — b, p*) = 1 or, equivalently, if
p 1 a—b. This means that for each 0 < i < p—1 all the vertices from C; are adjacent to the vertices from X, \ C;,
while there are no edges between any two vertices from C;. In other words, X,, is a complete multipartite
graph.

If p 4 tthent =i (mod p), for some 1 <i < p — 1. This implies that ¢ € C; and we can find the vertices
ag,a1,...,a,-1 of the desired hamiltonian path by choosing the vertices ayy, axp1, . . ., akps(p-1) from the sets
Co,C1,...,Ci1,Ciy1, ..., Cp1, Gy, respectively, for 0 < k < n/p — 1.

For odd p, if p | t we have 0, € Cy. Now, we can choose the vertices of the hamiltonian path from the
sets Cp, Cq, ... ,Cp—1/ Co,Cy, ... ,Cp_l, e, Co,Cq, ... ,Cp_l, Cy,.. .,Cp_l,CO, respectively.

n-p
For odd p, in both of the two mentioned cases in the hamiltonian path ag, 4, . ..,a,-1 the vertices a; and
aiy2 are adjacent, for every 0 < i < n — 3, since they belong to different classes C; modulop > 3. [
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Proposition 4.2. Let S be a complete (reduced) residue system modulo m, T be a complete (reduced) residue system
modulo n and ged(m, n) = 1. Then the set

R={an+bm|aeS, beT)}
is a complete (reduced) residue system modulo mn.

Proof. We prove the first part of the statement. Let S and T be complete residue systems modulo m and
n, respectively. Assume that there exist a;,a, € S and by, b, € T such that ain + bym = an + bom mod mn.
From the last relation we have that mn | (a, —a1)n + (by — by)m implying that m | (a, —a1)n and n | (b, — bi)m.
As ged(m,n) = 1 it holds that m | a, —a; and n | b, — by. This is a contradiction since S and T are complete
residue systems modulo m and n, respectively.

Let S and T be reduced residue systems modulo m and n, respectively. Now, assume that gcd(am +
bn,mn) # 1 fora € S and b € T. Without loss of generality, this means that there exists an odd prime p | n
such that p | am + bn. This further implies that p | am and p | a, since gcd(m, n) = 1. Finally, we obtain that
p | gcd(a, n), which is a contradiction sincea € S. [

If S = {ag,a;,...a,1} and T = {by, by, ...b,_1}, in the rest of the section the elements of the set R in the
previous lemma will be denoted by ¢;; = ajm + bjn for0 <i <n-1and 0 < j <m — 1 and arranged in the
following table

apgm + bon apm+bin ... agm+b,_1n
mm + bon am+bn ... aym+bu_n
R =
Apam~+bon a,_ym+bn ... a,_im+b,_1n

Now, we prove the following useful assertion concerning the elements c;; of R.

Proposition 4.3. Let m and n be positive relatively prime integers greater than 1. Then gcd(ci; — cxy,nm) = 1 if
and only if ged(a; — ax, n) = 1 and ged(bj — by, m) = 1.

Proof. Assume that gcd(c; j—c,, nm) = 1and let p be an arbitrary prime divisor of 7. From these assumptions
we have thatp { ¢;j — cx; = (a; — ax)m + (b; — by)n and thus p 1 (a; — ax)m. From the last conclusion it must be
also p 1 a; — ax. Since no prime divisor of n divides a; — gy, it follows that ged(a; — ax, 1) = 1. The equation
gcd(bj — by, m) = 1 can be established in the same way.

Now let ged(a; — ax,n) = 1 and ged(bj — by, m) = 1 and assume that there exists a prime number p such
thatp [nmand p | ¢;j — cx; = (@i — ax)m + (bj — by)n. Without loss of generality we may assume that p | n and
thus, since ged(m, nn) = 1, we have that p | a; — ax, which is a contradiction with ged(a; —a;,n) =1. O

Lemma 4.4. Let N be an odd positive integer other than a power of prime and m a divisor of N such that N = p“m for
some positive integer a and prime number p not dividing m. Forany 1 <t < N — 1 such that m divides t, there exists
a permutation (po,p1,...,pn-1) of the numbers {0,1,...,N — 1} such that py = 0, py—1 = t, ged(pis1 —pi, N) =1
and ged(py, N) =1, for 0 <i <N -2.

Proof. Letn =p*, t =mgand b; = ifor 0 <i < m—1. According to Lemma 4.1 there exists a permutation
a of the numbers {0,1,...,1n — 1}, such thatap = 0, a,-1 = g and ged(aj41 —a;,n) = 1 for 1 <i <n—1. Now,
we see that the sets {ap, a1, ...a,-1} and {bo, b1, . .., byu—1} are the permutations of the numeber {0, ..,n — 1} and
{0, .., m—1} and therefore form complete residue systems modulo # and m, respectively whence we conclude
that the set {c;; =am +bmn|0<i<n-1,0<j<m-1}is a complete residue system modulo N (according
to Proposition 4.2).

Furthermore, according to Theorem 3.10 there is a (2, 2)—pass

(x0/ yO) = (Or 0)/ (xlr _1/1)/ ceey (xnm—lz ynm—l) = (7’1 - 1/ 0)
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from the upper-left cell to the lower-left cell through some table of size n X m. If we define p; = c,,,, for
0 <i<nm -1, then we have that

Po = Cxpyo = Coo = aom +bon =0
pnm—l = anm—lrynm—l = C”_llo = ap-1m + bon = qm =t

Moreover, for any 0 < i < N — 2 it holds that gcd(piy1 — pi, N) = 1 if and only if ged(cx,,,, ., — Cxyir N) = 1.
Using Proposition 4.3, the last equation holds if and only if ged(ay,,, — ay,n) = 1 and ged(by,,, — by, m) = 1.
Since, {(x;, i) | 0 <1 < N -1} is a (2,2)—pass, we conclude that |xi;1 — x|, [yi+1 — vil € {1,2}. From the last
observation and the definition of the sequence b we have |b,,,, — b,,| € {1,2} and thus gcd(by,,, — by, m) = 1
trivially holds. Furthermore, from the proof of Lemma 4.1 we conclude that the p consecutive numbers
Ais1,4iv2, - - - Aiyp (0 < i < n—p—1) belong to different classes modulo p, given thatp > 3, and that consequently
ay, and a,,,, belong to different classes modulo p. Finally, p 1 ax,, — a,, and ged(ay,,, — ay, 1) = 1 hold.

Furthermore, since p> = cy, y,, according to the proof of Theorem 3.10 we conclude that either x; = y, = 2
or x, = 2 and y, = 1 and thus either p, = cp, or p, = ¢5,1. Notice that p, = ¢, and N are relatively prime if
and only if ged(az, 1) = 1 and ged(b,, m) = 1. Since, a9 and a, belong to different classes modulo p > 3 and
p | ap, we have that p 1 a, and therefore ged(ay, 1) = 1. As b, = 2 and m is odd, the fact gcd(b,, m) = 1 clearly
holds. In the same fashion we conclude that gcd(p,, N) = 1forpr = c21. O

Theorem 4.5. Let N be an odd positive number and 1 <t < N —1. Then there exists a permutation p of the numbers
{0,1,...,N =1}, such that py = 0, py—1 = ¢, gcd(pis1 — pi, N) = Land ged(pp, N) =1, for 0 <i <N - 2.

Proof. If N is a power of prime then the assertion holds by Lemma 4.1. Now, let N = g{'g5* - ... - 4.* be the
prime factorization of N, where g1 < g < ... < gy are distinct primes, a; > 1, and let n = g;" and m = N/n.
Using Bezout’s identity, since ged(m, n) = 1 we can find two positive integers0 < g <n—-land0<s<m-1
such that gm + sn = t (mod N). If s = 0 then m | t and using Lemma 4.4 the assertion of the theorem
immediately follows. Now suppose that s # 0.

We prove the assertion using induction on N. The base case, when N is a power of prime, holds
according to Lemma 4.1 (part (ii)). Suppose that the assertion of the theorem holds for any / < N. Thus,
applying the induction hypothesis to m we conclude that there exists a permutation by, by, ..., b,-1 such
that by = 0, by—1 = s, ged(biz1 — b, m) = 1 and ged(by, m) = 1, for 0 < i < m — 2. We distinguish two cases
depending on whether g is equal to zero or not.

Case1 q=0. Leta; =ifor 0 <i <n—1. Now, since the sets {ag, a1, ...a,-1} and {by, b1, . .., by—1} are complete
residue systems modulo 7 and m, respectively, the set {c;; =am+bmn|0<i<n-1,0<j<m-1}is
also a complete residue system modulo N, according to Proposition 4.2.

Furthermore, according to Theorem 3.12 there is a (2, 2)—pass

(xO/ yO) = (0/ 0)/ (xll ]/1), ey (xl’lm—lr ynm—l) = (0/ m — 1)

from the upper-left cell to the upper-right cell through some table of size n X m. If we define p; = ¢y, ,,
for 0 <i < nm — 1, then we have that

Po = Cxpyo =Co0 =aom +bon =0

pnm_l = anm—lr]/nm—l = CO,m—l = apm + bm_ln =sn =t.

For any 0 <i < N — 2 it holds that gcd(pi+1 — pi, N) = 1if and only if gcd(cy,,, y;,, = Cx,y: N) = 1. Using
Proposition 4.3, the last equation holds if and only if ged(ay,,, — ax,n) = 1 and ged(by,,, — by, m) = 1.
Since, {(x;, y;) |0 <i < N -1}isa (2,2)—pass we conclude that |x;.1 — xil, [yir1 — vil € {1,2}. From the last
observation and the definition of the sequence a we have |a,,,, —ay,| € {1, 2} and thus ged(ay,,, —ay,n) = 1
trivially holds. Moreover, from Remark 3.13 we see that |y;.1 — y;| = 2 if and only if y;, yi+1 € {0,2} and
Yi # Yiy1, which further implies that in this case |b,,,, — b,,| = b> and ged(by,,, — by, m) = 1, according
to the induction hypothesis. If |y;;1 — yi| = 1 we obtain that b,, and b,,,, are consecutive elements of



Case 2.

Milan Basié / Filomat 32:1 (2018), 71-85 81

the sequence by, by, .. . b1 and by the induction hypothesis we have that ged(b,,,, — by, m) = 1 holds
in this case, also.

Finally, according to the proof of Theorem 3.12 we have that p, = ¢o1 = aym + bin, for n > 5. p, and N
are relatively prime if and only if ged(ay, n) = 1 and ged (b1, m) = 1. This is clearly true, since a, = 2
and ged(by — bp,m) = 1. If n = 3, we have p» = 5 = axm + byn and for the same reason ged(ay, n) = 1
and gcd(by, m) = 1 trivially follows from the induction hypothesis.

q #0. Asn = g7, by Lemma 4.1 there exists a permutation 4 of the numbers {0, 1, ...,n — 1}, such that
ap = 0, a,-1 = q and ged(aj41 —a;,n) = 1for 1 <i < n—1. Similarly, as in the previous case we have
that the set {c;; =am +bn |0 <i<n-1,0<j<m-1}isalso a complete residue system modulo N,
according to Proposition 4.2.

Assume that ged(q,n) = 1. Let m = 2] + 1. According to Remark 3.11 there is a sequence of passes
r1,72,...,11, where the pass r; starts at the cell (0,0) and ends at (n — 1,2) and r; starts at (0,2i — 1) and
ends at (1 — 1,2i) for 2 < i < I. Now, consider the pass

r=ri®rnd®...er = (x,Y), (X1, Y1), ., Xum-1, Ynm-1)

((x0,¥0) = (0,0) and (Xpm-1, Yum-1) = (n — 1,m — 1)) from the upper-left cell to the lower-right cell
through some table of size n X m. If we define p; = ¢y, ,, for 0 <i < nm — 1, then we have that

Po = Cxpy =Co0 =aom+bon =0

pnm_l = anm—lrynm—l = Cn_l/m_l = ap-1m + bm_ln = qm +sn = t'

We prove that gcd(pis1 — pi, N) = 1 for 0 < i < N — 2, which is true if and only if ged(ay,,, —ay,n) =1
and gcd(by,, — by, m) = 1, according Proposition 4.3. We consider three cases depending on which
part of the pass r the pairs (x;, ;) and (xi1, yi+1) belong to for 0 < i < mn — 2. If both (x;, y;) and
(xi+1, Yis1) are from ry then it must be that |x;4.1 — xil, [yi+1 — yil € {1,2}, since rq is a (2,2)—pass. On the
other hand, if |41 — yi| = 2, then as r1 covers the first three columns of the table it holds that y; = 0 and
yi+1 = 2 and thus, using the induction hypothesis, ged(by,,, — by, m) = gcd(ba, m) = 1. If [y;11 —yil = 1,
gcd(by,, — by, m) = 1 holds by the induction hypothesis. From the proof of Lemma 4.1 we conclude
that the g1 consecutive numbers a;,1, 42, . . . diyg, (0 <7 < n—1-gq;)belong to different classes modulo
g1 and since q; > 3, that a,, and a,,,, belong to different classes modulo g;. Thus, g1 1 4y, — a5, and
ged(ay,, — ay,n) = 1. Assume that (x;, y;) and (xi+1, yir1) are elements of the sequence r; for some
2 < j <1l Since rjis a (2,1)—pass, for the same reason as in the previous case we conclude that
ged(ay,,, — ay,n) = 1 and by the induction hypothesis ged(by,,, — by, m) = 1 holds, since |y;+1 — yil = 1.
Finally, assume that (x;, ;) is an element of the pass r; and (x;41, yi+1) is an element of rj;; for some
2 <j<I-1. According to Remark 3.11 x; = n -1, y; = 2§, xj41 = 0 and y;41 = 2j + 1. Furthermore, we
see that |a,,,, — a,,| = g which is relatively prime with n. As y;;; — y; = 1, by the induction hypothesis
now directly implies that ged(by,,, — by, m) = 1. The same conclusion holds if (x;, ;) belongs to r; and
(xi+1, yis1) belongs to 7,.

If ged(g, n) # 1 then g1 | g implying that ag = 0 and 4,1 = g belong to the same class modulo g;. Since
ged(a; — ag, n) = ged(a1, n) = 1, which means that g1 1 a3, it holds that g1  a,-1 — a1. Now, we can use
a similar construction of the pass as in the previous case. In fact, the construction of the pass is given
in Remark 3.11. So, we can repeat the above proof in the same manner considering the pass

r=riene..er
where the pass r] starts at the filed (0,0) and ends at (7 — 1,2) and 7/ starts at (1,2i — 1) and ends at
(n—1,2i) for2 <i<lwherem =2l +1.

Finally, according to Remark 3.11 and the proof of Lemma 3.8 we have that p, = ¢c;1 = a,m + bin.
By the induction hypothesis it trivially holds that ged(b;, m) = 1. According to the definition of the
sequence ay, 41, . . .,a,—1 we conclude that g; 1 a,, since g1 > 3, and thus gcd(a, 1) = 1. Now, it is clear
that gcd(py, N) = 1, according to Proposition 4.3.



Milan Basié / Filomat 32:1 (2018), 71-85 82

O

Notice that, following the proof of the above theorem we can find numbers p(i), for 0 <i < N — 1, which
form a complete residue system modulo N, but they are not necessarily nonnegative and less than N. It is
clear that if we replace p(i) by pi1(i) so that p1(i) = p({) (mod N) and 0 < p1(i) £ N — 1, the assertion of the
theorem still holds. From this fact and the previous theorem we conclude that unitary Cayley graphs of the
odd order are hamiltonian-connected.

4.2. N is even
Now, we show that unitary Cayley graphs of even order N # 6 are hamiltonian-laceable.

Theorem 4.6. Let N # 6 be an even positive integer and 1 <t < N — 1 be an odd number. Then there exists a
permutation p of the numbers {0,1, ... N —1}, such that py = 0, py—1 = tand ged(pis1 —pi,N) =1, for0 <i < N-2.

Proof. If N is a power of two then the assertion holds by Lemma 4.1. Let N = 2%43” - ... - g;* be the prime
factorization of N, where 2 < g, < ... < gk are distinct primes, a; > 1. Let g, be an arbitrary odd prime
divisor of N, n = ¢,* and m = N/n, for some 2 < r < k. According to Bezout's identity, since gcd(m, n) = 1
we can find two nonegative integers 0 < g <n—1and 0 <s < m — 1 such that gm + sn =t (mod N). As tis
odd and m is even, then s must also be odd (and thus s # 0). Therefore we distinguish two cases, 4 = 0 and
g # 0. For the sake of simplicity of notation we setp = g, and a = a,.

We prove the assertion using induction on N. The base case holds according to the first part of Lemma 4.1.
Suppose that the assertion of the theorem holds for any ! < N. Thus, applying the induction hypothesis to m
we conclude that there exists a permutation by, by, . . ., by—1 such that by = 0, b,,—1 = s and ged(biy —bi, m) =1,

forO<i<m-2.

Casel g =0. Leta; =ifor 0 <i<n—1. Now, since gcd(m, n) = 1, it is clear that the set {c;j = aim + bjn | 0 <
i<n-1,0<j<m-—1}is acomplete residue system modulo N.

Assume that N # 6. According to Theorem 3.6 there is a (2, 1)—pass

(xO/ yO) = (0/ 0)/ (xll ]/1)/ ey (xnm—l/ ynm—l) = (0/ m— 1)

from the upper-left cell to the upper-right cell through some table of size n x m. If we define p; = ¢y, ,,
for 0 <i < nm — 1, then we have that

Po = Cxoy = Copo = aom +bon =0

Pam-1 = Cxyp s ums = Com—1 = dom +byn =sn = 1.

Since {(x;, ;)10 < i < N-1}isa (2,1)—pass we conclude that |x;;1 —x;i| € {1, 2} and |yi+1—yi| = 1. From the
definition of the sequence a it is clear that 1 < |a,,,, —ay,| < 2 and therefore ged(ay,,, —ax, 1) = 1 trivially
holds. On the other hand, since |y;+1 —yi| = 1by the induction hypothesis we have ged(b,,,, —b,,, m) = 1.
Using Proposition 4.3, gcd(pis1 —pi, N) = 1 holds forall 0 <i < N — 2.

Case 2 g # 0. According to Lemma 4.1 there exists a permutation 4 of the numbers {0, 1, ...,#n — 1}, such that
ap =0, a,-1 = qand ged(a;j11 —a;,n) =1for1 <i<n-1. Again, we conclude that {c;; = am + bjn |0 <
i<n-1,0<j<m-1}isaresidue system modulo N, according to Proposition 4.2.

Assume that N # 6. According to Theorem 3.6 there is a (2, 1)—pass
(XO, ]/0) = (0/ 0)/ (xll }/1), ey (xnm—lr ]/nm—l) = (7’1 - 1/ m— 1)

from the upper-left cell to the lower-right cell through some table of size n X m. If we define p; = ¢y, ,,
for 0 <i < nm — 1, then we have that

Po = Cxpyo =Co0 =aom+bon =0
Prm-1 = Cxpyryums = Cn-lm=1 = Ap111 + byq it = gt + sn = .
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Since {(x;, ¥;) |10 <i < N—1}is a (2, 1)—pass we conclude that [x;.; — x| € {1,2} and |y;+1 — il = 1. From
the proof of Lemma 4.1 we conclude that any p consecutive numbers from a;,1, a2, . . . a;1, belong to
different classes modulo p > 3 (0 < i < n — p — 1), which implies that gcd(ay,,, — 4y, 1) = 1. On the
other hand, since |y;11 — y;| = 1 by the induction hypothesis we have gcd(b,,,, — b,,,m) = 1. Using
Proposition 4.3, gcd(pir1 —pi, N) = 1 holds forall 0 <i < N — 2.

O

By Theorem 4.5, we have actually shown that there is a hamiltonian path between the vertex 0 and each
vertex of unitary Cayley graph X,,. As X,, is vertex-transitive, there is a hamiltonian path between any two
vertices of X,,, i.e. X;, is hamiltonian-connected. Similarly, according to Theorem 4.6, there is a hamiltonian
path between the vertex 0 and each odd vertex t of X,, (with the exception for n = 6). Since 0 and ¢ belong to
different classes of the bipartition of X,,, we conclude that X,, is hamiltonian-laceable. These results imply
that every unitary Cayley graph X,, is hamiltonian, for n # 6.

5. Pancyclicity of Unitary Cayley Graphs

In this section, we give a method for embedding cycles of arbitrary even length into unitary Cayley
graphs. Throughout this section we let n = p{'py” - ... p;* be the prime factorization of 1, where py < p; <
... < p are distinct primes, a; > 1.

Theorem 5.1. Every unitary Cayley graph X,, is bipancyclic for n > 4.

Proof. Let4 <[ < n be even. We want to prove that there exists a cycle of length / in X,,. We will find the
cycle as the sequence of the vertices in the following form

v =0,11 211,02211+1,...,01_2le+l—3,01_1 le+l—2,7]1 =0,

where 0 < [; < n — 1, (the addition in the above formulas is taken modulo #). It is clear that the vertex v; is
adjacent to v;;1 for 1 < i < [—2. We prove that there exists /; such that v is adjacent to v; and v;_; is adjacent
to vy, for every I. Such I} must satisfy ged(l1, ) = 1 and ged(l; +1—2,n) = 1 and thus we could conclude that
pi 1 i and p; 1 ; +1—2. The last relation can be rewritten in the following form /; # 0 (mod p;) and [; # 2 -1
(mod p;) for 1 <i < k. Sincelis even the system of congruences /1 # {0,2—1} (mod p;) has a solution modulo
pi, for 1 <i < k. Thus, according to the Chinese remainder theorem, it follows that there exists a solution s
of the above system of congruences such that 0 <s < M and /; =s (mod M) where M = p1ps ... px.

If I = n then we can choose /; = 1 and thus v; = i for 1 <i <n—1. Assume that! <n. Ifv; # 0, for
2 < j < I -1 then the sequence vy, ..., v indeed forms a cycle. If there is a vertex v;, for 2 < j < I -1 such
that v; = 0, we conclude that the vertices of the sequence vy, vy, ...,v,-1,v; do not form a cycle, in fact form
aclosedwalk,andl; +/-n—-1,I1 +[—-n,...,I; — 1 are not included in the walk. Therefore, we distinguish
two cases depending on the different values of I modulo 3.

Suppose that [ # 1 (mod 3). Putting u = I; + [ —n -1 we have already concluded that u # v; for
0 < j < L. The vertex u is adjacent to the vertex v;_; = n — 1 if and only if ged(vj-1 — u,n) = 1 and the
last relation is satisfied if and only if I; # -/ (mod p;) for 1 < i < k. Since l is even and [ # 1 (mod 3)
we conclude that the system /1 # {0,2 — [, =} (mod p;) (1 < i < k) has a solution modulo M. The vertices
00,01, .+ +,0j-1,U,01-1,V1-2, ..., 01,0 are mutually distinct and thus form a cycle.

Suppose that I = 1 (mod 3). According to the previous case we can form a cycle of length [ -2 = 2
(mod 3).

First, it can be assumed that the cycle contains the sequence of the vertices vy = 0,0y, ...,0j1,
U,0-3,0j-4,...,01,00 = 0, where u = |1 + 1 —n — 3. The number of vertices that do not belong to the cycle is
equal to n — I +2 > 3, whence we conclude that the vertices u + 1 and u + 2 do not belong to the cycle. Since
u is adjacent to vj1 = n—1, u + 1 is also adjacent to vp = 0 and u + 2 is adjacent to vj;; = 1. Therefore, the
sequence v, 01, - - ., Vj-1, U, U1-3, V14 - - - , V1, U + 2,u + 1,09 forms a cycle of length L.

Now, suppose that the cycle of length I — 2 consists of the consecutive vertices vy = 0,v1,...,0_3,
vo = 0. Since n — [ + 2 > 3 vertices are not in the cycle, we conclude that the vertices 1,2 ¢ {vo,v1, ..., 03}
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orn—-2,n-1¢{vy,v1,...,0-3} If1,2 & {vg,v1,...,0-3}, since vy = 0 is adjacent to vy, it holds that 1 is
adjacent to v; and 2 is adjacent to v3, as well. Therefore, the sequence of the vertices vy, v1,v2,1,2,v3,...,01_3
forms a cycle of size I. Similarly, if n —2,n -1 & {vg,v1,...,v,-3}, since vy = 0 is adjacent to v;_3 it holds
that n — 1 is adjacent to v;_4 and n — 2 is adjacent to v;_5, as well. Therefore, the sequence of the vertices
V0,01, .-.,0U-5,n — 2,1 —1,01_4,v;_3 forms a cycle of size I.

|

In the same way, following the proof of Theorem 5.1 the next result can be immediately obtained
Theorem 5.2. Every nonbipartite unitary Cayley graph X, (for odd n > 3) is pancyclic.

Remark 5.3. Note that no unitary Cayley graph X, for n even, contains a cycle of odd length, since X,, is bipartite.

6. Concluding Remarks

We propose the class of unitary Cayley graphs as a subclass of circulant graphs for efficient interconnec-
tion networks, since they possess many good properties such as small diameter, mirror symmetry, recursive
structure and regularity. In this paper we examine the hamiltonian properties as they are one of the most
important requirements in designing network topologies since the embedding problem can be modeled by
finding the longest paths and cycles. Furthermore, it is well known that hamiltonian paths and cycles can
efficiently simulate many algorithms designed on linear arrays or rings.

First we show that every bipartite unitary Cayley graph is hamiltonian-laceable and every nonbipartite
unitary Cayley graph is hamiltonian-connected. We actually prove this by transferring these propertiess
from two networks of lower dimensions n and m to a network of higher dimension nm, ged(n, m) = 1. It is
worthwhile to carry out further investigation on this topic in a faulty setting, since fault-tolerant ability is
a highly desirable property in the interconnection networks that have high probability of failure. Namely,
it is well known that for a graph G such that G \ F has a hamiltonian cycle (resp. is hamiltonian connected)
for any set F of faulty elements with |F| < f, it is necessary that f < 6(G) — 2 (resp. f < 8(G) — 3), where 6(G)
is the minimum degree of G. Testing the low-order graphs X,, suggests that the above upper bound can be
achieved as is the case for the class of restricted HL graphs [20].

The same authors in [21] also show that there exists a cycle of every length from 4 to |V(G \ F)| for any
faulty set F with |F| < m — 2 and restricted m—dimensional HL-graph G with m > 3. Since we prove that
every unitary Cayley graph X,, (n > 4) is bipanciclic and every unitary nonbipartite Cayley graph X,, (n > 3)
is panciclic, it is natural to extend our future research to the problem of examining pancyclity on the graphs
X, with faulty elements. The examples for smaller values of n indicate that every graph X, \ F is bipancyclic
(X, \ Fis pancyclic for odd n) for any faulty set F with |F| < §(X,,) - 2.

Another possible direction in research would be the examination of the property of edge-pancyclity or
vertex-pancyclity which is an extension of pancyclity. More precisely, a graph G is edge-pancyclic (resp.
vertex-pancyclity) if every edge (resp. vertex) lies on a cycle of every length from 3 to |V(G)|. This concept
can again be studied in a faulty setting as it is done in [15].
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