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Abstract: A D-decomposition of a graph (or digraph) G is a partition of the edge set (or arc set) of
G into subsets, where each subset induces a copy of the fixed graph D. Graph decomposition finds
motivation in numerous practical applications, particularly in the realm of symmetric graphs, where
these decompositions illuminate intricate symmetrical patterns within the graph, aiding in various
fields such as network design, and combinatorial mathematics, among various others. Of particular
interest is the case where G is *K?, the A-fold complete symmetric digraph on v vertices, that is, the
digraph with A directed edges in each direction between each pair of vertices. For a given digraph D,
the set of all values v for which *KZ has a D-decomposition is called the A-fold spectrum of D. An
eight-cycle has 22 non-isomorphic orientations. The A-fold spectrum problem has been solved for
one of these oriented cycles. In this paper, we provide a complete solution to the A-fold spectrum
problem for each of the remaining 21 orientations.

Keywords: A-fold spectrum problem; complete symmetric digraph; decompositions; orientations of
an eight-cycle

1. Introduction

Assuming m and n are positive integers with m < n, we use the notation [m, n| to
represent the set containing all integers between m and n inclusive. When referring to a
graph (or digraph) G, we use V(G) to denote its vertex set and E(G) to denote its edge set
(or arc set). Moreover, we will use *G to represent the multigraph (or directed multigraph)
with vertex set V(G) and A copies of each edge (or arc) in E(G). For the sake of clarity,
edges are denoted using curly brackets and arcs are denoted using parentheses. For a given
simple undirected graph G, we use G* to denote the symmetric digraph with vertex set
V(G*) = V(G) and arc set E(G*) = Uyxyyee(c){(x,¥), (v, x)}. In essence, G* represents
the digraph obtained from G by replacing each of its edges with a pair of symmetric arcs.
Hence, "KZ and AK;Iy, respectively, are the A-fold complete symmetric digraph with v
vertices and A-fold complete bipartite symmetric digraph with x and y vertices in the parts.

Let G be a directed multigraph. A decomposition of G is a set D = {D1,Ds,..., D}
of subgraphs of G such that E(D1) UE(D;) U...UE(D) = E(G) and E(D;) NE(D;) =@
fori # j. A decomposition of a digraph G into subgraphs, each isomorphic to a given
digraph D, is called a D-decomposition of G. A (G, D)-design refers to the same concept
as a D-decomposition of G. The spectrum of D is the set of all v for which K} has a D-
decomposition. Similarly, the set of all v for which *K? has a D-decomposition is called the
A-fold spectrum of D.

Graphs, digraphs, and multigraphs are fundamental mathematical structures of great
significance in various fields, including computer science, logistics, chemistry, and biology
[1-4]. In particular, digraphs have a wide range of real-world applications such as social
networks, communication networks, electrical circuit design, network flow analysis, and

Symmetry 2023, 15, 1930. https:/ /doi.org/10.3390/sym15101930

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym15101930
https://doi.org/10.3390/sym15101930
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-9486-666X
https://orcid.org/0000-0001-6115-0342
https://doi.org/10.3390/sym15101930
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15101930?type=check_update&version=1

Symmetry 2023, 15, 1930

2 of 14

biological networks (see [5]). In this context, graph decomposition, an essential concept in
both graph theory and combinatorial design theory, involves breaking down intricate struc-
tures into smaller, structured components. Many problems in these fields can be viewed
in terms of decomposition of graphs into prescribed subgraphs. Beyond its theoretical
significance, graph decomposition finds practical applications in diverse areas such as
graph similarity and matching [6] and parallel computations on large graphs [7], among
others.

For a decomposition of “K; into copies of a digraph D, it is necessary that the number
of arcs in *K%, namely, Av(v — 1), be a multiple of the number of the arcs in D. Moreover,
both ged{d*(x) : x € V(D)} and ged{d™ (x) : x € V(D)} divide A(v — 1), which is
both indegree and outdegree of every vertex in AK*, where d* (x) and d~ (x) denote the
outdegree and indegree of the vertex x, respectively. Thus, based on these discussions, we
now have the following obvious necessary conditions for the existence of a decomposition
of *K into digraph D.

Lemma 1. Let D be a digraph. The necessary conditions for the existence of a D-decomposition of
AKE are

(@) |V(D)[<w,

(b) |E(D)| divides Av(v — 1), and

(c) bothged{d"(x):x € V(D)}and gcd{d (x) : x € V(D)} divide A(v — 1).

The number of non-isomorphic orientations of a cycle of order # is denoted by o(Cj,)
and is given as follows [8]:

0, if n is odd
0(Co) = 5 Yop(d)2"" + {WH (1)

if n is even

where ¢ is the Euler’s totient function. We can quickly verify by Equation (1) thato(C3) = 2,
0(Cq) =0(Cs5) =4,0(Cs) =9,0(Cy) =10, and 0(Cg) = 22.

The spectrum problem for certain subgraphs of K} (both bipartite and non-bipartite)
has already been studied [9-13]. Two non-isomorphic orientations of C3 are called cyclic
and transitive orientations. If D is a cyclic orientation of C3, then a (K}, D)-design is
commonly referred to as a Mendelsohn triple system. The spectrum for Mendelsohn triple
systems was independently studied and settled by Mendelsohn [12] and Bermond [9]. A
(K%, D)-design with D being a transitive orientation of K3 is referred to as a transitive triple
system. Hung and Mendelsohn [11] found the spectrum for transitive triple systems. For
all remaining simple connected subgraphs of K}, the spectrum was found by Hartman and
Mendelsohn in [14]. A four-cycle (referred to as a quadrilateral) can have precisely four
distinct orientations. In [13], it was proven that if D is a cyclic orientation of a quadrilateral,
then a (K3, D)-design exists if and only if v > 4and v =0 or 1 (mod 4). For the remaining
three orientations of a four-cycle, the spectrum problem was settled in [10]. Alspach
et al. [15] showed that any of the four orientations of a five-cycle (referred to as a pentagon)
can decompose K; if and only if v = 0 or 1 (mod 5). It is shown in [16] that for given
positive integers m and v such that 2 < m < v, the digraph K can be decomposed into
directed cycles (i.e., with all the edges being oriented in the same direction) of length m
if and only if (m,v) ¢ {(3,6),(4,4),(6,6) } and the number of arcs in K;; is divisible by m.
For all nine possible orientations of a six-cycle, the A-fold spectrum problem was settled by
Adams et al. [17]. Also, recently [18], the spectrum problem for all ten possible orientations
of a seven-cycle (referred to as a heptagon) was completely settled.

Twenty-two non-isomorphic orientations of an eight-cycle exist. We denote these
as D1, Dy, ..., Dy and Dyy, as illustrated in Figure 1. The A-fold spectrum problem was
settled for the directed eight-cycle (D; in Figure 1) in [19]. The focus of this research is to
settle this problem for the remaining twenty-one orientations. Let us now state the main
result of this paper, which is proved in Section 4.
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Theorem 1. Let D be an orientation of an eight-cycle and let A and v be positive integers such that
v > 8. There exists a D-decomposition of *K; if and only if Av(v — 1) = 0 (mod 8) except for
D = Dygand A(v — 1) is odd.
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Figure 1. The twenty-two orientations of an eight-cycle. The A-fold spectrum problem for the directed

eight-cycle (D) has previously been settled.
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An antidirected cycle of length n is obtained by orienting the edges of a cycle of length
n such that no directed path of length 2 is induced. Thus, a cycle C, is antidirected if any
vertex of C;, has either indegree 2 or outdegree 2 in C,;, and antidirected cycles necessarily
have an even number of arcs. In Figure 1, D14 is the antidirected eight-cycle. Thus, applying
the necessary conditions provided in Lemma 1 to the 21 directed cycles under consideration,
we obtain the following necessary conditions.

Lemma 2. Let D € {D;,Ds,..., Dy }\{D1a} and let A and v be positive integers such that
v > 8. There exists a D-decomposition of “Kz only if A\v(v —1) = 0 (mod 8). Furthermore, there
exists a Dyy-decomposition of “Kz; only if \v(v — 1) = 0 (mod 8) and A(v —1) =0 (mod 2).

Proof. In accordance with Lemma 1, for D € {D,, Ds,..., Dy}, itis evident that |[E(D)| =
8, which divides Av(v — 1). In other words, Av(v —1) = 0 (mod 8). Additionally, for
D € {Dy,D;,...,Dp}\{D14}, gcd{dT(x) : x € V(D)} = ged{d (x) : x € V(D)} =1,
which always divides A(v — 1). Furthermore, gcd{d™* (x) : x € V(D14)} = ged{d™ (x) :
x € V(Dq4)} = 2. Thus, the result follows. O

It was shown by Bermond, Huang, and Sotteau [19] in 1978 that these necessary
conditions are sufficient for the directed eight-cycle Dy.

Theorem 2 ([19]). For integer v > 8, there exists a Dy-decomposition of “Kz if and only if
Av(v—1) =0 (mod 8).

The rest of this paper is devoted to establishing the sufficiency of the necessary
conditions given in Lemma 2. We achieve this by exhibiting constructions for the desired
decompositions (see Section 3) using certain small examples (see Section 2). Henceforth,
each of the graphs in Figure 1, with vertices labeled as in the figure, will be represented
by Dj[uq,uy,...,ug)]. For instance, D5[0,1,2,...,7] refers to the digraph with vertex set
{0,1,2,...,7} and arc set {(1,0),(1,2),(2,3), (4,3), (4,5),(5,6),(6,7),(7,0) }.

We denote the reverse orientation of D by Rev(D), which is the digraph with vertex set
V(D) and arc set {(v,u) : (u,0) € E(D)}. It is important to note that, if graph G has a
D-decomposition, then its reverse graph (Rev(G)) must have a Rev(D)-decomposition. In
this paper, we will make use of the following fact:

Fact1. Let D and G be digraphs. A (G, D)-design exists if and only if a (Rev(G), Rev(D))-design
exists.

Since )‘K; is its own reverse orientation, we observe that the A-fold spectrum of D and
Rev(D) are equivalent. This fact leads to the following corollary:

Corollary 1. Let D be a digraph. A D-decomposition of “K exists if and only if a Rev(D)-
decomposition of "Kz exists.

The following result of Sotteau proves the existence of 2m-cycle decompositions of
complete bipartite graphs for m > 2. We will use this result to obtain a decomposition of
K3, 5, into several oriented eight-cycles.

Theorem 3 ([20]). Let x, y, and m be positive integers such that m > 2. There exists a 2m-cycle
decomposition of Koy oy if and only if m | 2xy and min{2x,2y} > m.

Note that 8 of the 22 oriented eight-cycles of interest in this paper occur in pairs with
respect to their reverse orientations (see Figure 1), namely, Rev(Dj5) = D19, Rev(D1g) =
Dy, Rev(D17) = Dyq, and Rev(Dig) = Djy. The other 14 orientations in this paper are
reverse orientations of themselves, namely, Rev(D;) = D; forall i € [1,14].
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Consider an orientation of an eight-cycle that is isomorphic to its own reverse, i.e.,
any D; in Figure 1 such that i ¢ [15,22]. By definition of reverse orientation, the set
{D;,Rev(D;)} is an obvious D;-decomposition of C§ (the symmetric digraph with an eight-
cycle as the underlying simple graph). By Fact 1, we obtain the following corollary from
the case m = 4 in Theorem 3.

Corollary 2. Let D € {Dy,Dy,...,D14}. There exists a D-decomposition of K3yo, if xy =0
(mod 2) and min{x,y} > 2.

2. Examples of Small Designs

In this section, we focus on the designs of small orders that will establish the existence
of necessary base cases. These designs in Examples 1 to 4 were obtained through a computer
search by the first author. Additionally, these decompositions are extensively utilized in
the general constructions discussed in Section 3.

Given a digraph represented by the notation D[uy, uy, ..., us] and i € Z,, we define
Dluy, up, ..., ug| +i= D[uy +i,up +1,...,ug+ i|, where all addition is performed modulo
n. Similarly, if the vertices of D are ordered pairs in Z, X Zj,, then D [(ul, v1), (U2,v2), ...,
(ug,vg)] + (i,0) means the digraph D[(u3 +i,v1), (uz +1i,v2), ..., (ug +i,vg)]. We also
adopt the convention that both oo + i and oo + (7,0) result in simply co.

2.1. Small Designs for A =1
Example 1. Let the vertex set of Kg be Zg and let

Ds = {Ds[0,1,7,5,4,3,6,2], D50,6,7,1,5,3,2,4], D5[1,0,5,6,4,7,2,3], Ds[2,1,5,0,3,7,6,4],
Ds[3,7,0,6,2,5,4,1], Ds[4,0,2,1,6,3,5,7], D5|7,0,3,4,1,6,5,2] },

Dyy = {D1,[0,2,4,6,1,3,7,5], D12[0,4,1,5,2,7,3,6], D12[1,7,6,4,5,2,3,0], D12(2,6,5,1,3,0,4,7),
D12[3,5,0,6,2,1,7,4], D1,4,2,1,0,7,6,5,3], D15[5,7,0,2,3,6,1,4]},

Dy3 = {D130,6,3,4,7,1,5,2], D13[0,4,6,2,7,3,1,5], D13[2,7,0,5,6,1,4,3], D13[4,1,2,5,3,6,7,0],
D13[5,3,7,4,2,1,0,6], D13[5,4,2,3,0,1,6,7], D13[6,2,0,3,1,7,5,4] }.

Then, D; forms a D;-decomposition of K§ for i € {5,12,13}.
Example 2. Let the vertex set of Kg be Z; U {co} and let

Dy =Usez, {D2[0,1,3,6,4,5,2,00] + i},
D3 =Uiez,{D3[0,1,6,3,4,2,5,00] + i},
Dy :UieZ7{D4[OI 1,6,2,3,5,00,4] + i}’
Do =Uicz, {D6[0,1,6,3,4,2,5,00] + i},
Dy = Ui€Z7{D7[O’ 1,3,6,2,4,5,00] + i}'
Dg = Usez, {Ds[0,1,3,6,2,4,5,00] + i},
Do =Uiez,{D9[0,1,2,5,3,6,4,00] + i},

D1 = Ui€Z7{D10 [0,1,5,3,2,6,4,00] + i},
D11 =Uiez, {D1110,1,6,3,4,2,5,00] +1i},
D1 = Uiez, {D15 [0,1,3,6,2,4,5,00] + i},
D16 = Uiez, {D16 [0,1,3,4,6,2,5,00] + i},
D17 =Uiez,{D17(0,1,6,2,3,5,00,4] + i},
Dig = Ui€Z7{D18 [0,1,5,3,2,6,4,00] + i}.

Then, D; forms a D;-decomposition of K for i € [2,18]\{5,12,13,14}.
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Example 3. Let the vertex set of K§ be Zg and let

Dy = {D[0,1,2,3,4,5,6,7), D1[1,3,0,5,2,4,7,8], D2[1,4,0,3,6,2,8,5], D,[3,8,7,6,0,2,1,5],
D,[4,7,3,8,2,5,0,6], Da[5,6,1,8,4,3,2,7], D216,1,3,7,2,0,4,8], D2 [7,5,4,2,6,8,0,1],
D,[8,0,7,1,4,6,3,5]},

Dy = {D3[0,1,2,3,4,5,6,7], D3[1,0,3,6,2,5,8,4], D3[1,3,4,2,6,0,7,8], D3[2,7,4,0,3,5,1,8],
Ds[3,5,0,2,8,6,1,7], D3[3,6,7,1,5,0,4,8], D3[4,2,3,8,0,6,5,7], D3[4,6,1,2,0,8,7,5],
Ds(7,3,1,4,6,8,5,2]},

Dy = Uielg{D‘l[O/ 1,3,2,7,4,8,6] + i},

Ds = Ujez, {D5[0,1,3,8,7,4,2,5] + i},

De = Ui629{D6[0/ 1,3,8,5,4,2,6] +i},

Dy = {D7 [0,1,2,3,4,5,6,7],D7[0,2,1,3,5,4,6,8],D7[1,8,3,7,4,2,6,0], D;[2,7,5,6,3,0,4,8],
D7[3, 0,4,1,5,2,7, 8], D7[3, 2,6,0,8,7,5, 1}, Dy [6, 3,5,2,8,4,1, 7}, D7[6, 8,5,0,2,4,7, 1],
D;(7,3,4,6,1,8,5,0]},

Dg = Ujez, {Ds[0,1,2,4,6,3,8,5] + i},

Do = Usez, {Dol0,1,2,5,3,8,4,6] + i,

Do = {D10[0,1,2,3,4,5,6,7], D1o[1,0,8,5,7,4,2,3], D1g[2,0,4,3,1,8,7,6], Do [4,8,2,5,0,7,1,6],
D1[6,0,5,3,7,2,4,8], Dio[6,3,0,2,8,1,5,4], D1[7,1,4,0,6,3,8,5], D1o[7,4,1,5,2,6,8,3],
D10[8,0,3,5,6,1,2,7]},

D11 = Uiez, {D11[0,1,5,4,6,3,8,2] + i},

Dip = Uz‘eZg{DH[O/ 1,4,8,5,7,3,2] + i},

D1z = Uiez, {D13[0,1,3,8,5,4,2,6] + i},

Dy = Uiezo {D14 [0, 1,3,8,5,4,2, 6] + i},

D15 = Usez, {D15 [0,1,3,5,2,6,7,4] + i},

D1 = Uiezg{Dlé[O, 1,3,4,8,5,2,7] + i},

D7 = Ui629{D17[0/ 1,4,3,8,5,7,2] + i},

Dig = Uiez,{D18[0,1,3,8,7,4,2,5] + i}.

Then, D; forms a D;-decomposition of K§ for i € [2,18].
Example 4. Let V(Kj ;) = Zg with vertex partition {0,1,2,3} U {4,5,6,7} and let

D15 = {D15[0,4,1,5,2,6,3,7], D15(1,5,0,4,2,7,3,6], 6,1,7,2,4,3,5,0],D15(7,0,6,2,5,3,4,1]},

[ ], Dis| . D1s] [ I}
D1 = {D16[0,4,1,5,2,6,3,7],D14[1,5,0,4,2,7,3,6],D14[6,0,5,3,4,2,7,1], D14[7,1,4,3,5,2,6,0] },
D17 = {D17[0,4,1,5,2,6,3,7],D17[1,4,0,5,3,7,2,6],D17[5,0,6,1,7,2,4,3], D17(5,1,7,0,6,3,4,2] },
D1s = {D15[0,4,1,5,2,6,3,7], D13[2,4,3,5,0,6,1,7], D13[4,0,5,1,7,3,6,2], D15(7,0,6,1,4,3,5,2] }.

Then, D; forms a Dj-decomposition of K , for i € [15,18].

Example 5. Let V(Kig) = (Zs x Zp) U {00g, 001,00, }. For brevity, we use i; to denote the
ordered pair (i,j) € V(Kig) and we (continue to) use the convention that oo + iy = ooy for
each k € {0,1,2}. Thus, the vertex bipartition of Kig is {ag : a € Zs} U ({a; : a € Zs} U
{00g, 001,005 }). Let

D15 = Uiezs { D150, 01, 1o, 21, 40, 00, 39, 001] + io, D15[01, 00, 11, 20,41, 1o, ©02,30] + o },
D16 = Uiezs { D16[00, 01, 20, 000, 30, 11, 40, 001] + ig, D16[01, 00, 11, 20, 31,40, 002, 30] + o },
D17 = Uiezs { D17[00, %0, 20, 21, 10, 01, 39, 001] + ig, D17[01, 0p, 002,49, 11, 30,41, 0] +io }-

Then, D; forms a D;-decomposition of K ¢ for i € [15,17].
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Example 6. Let V(Kig) = {ay : a € Zgand b € Zp} U {00,001} with vertex partition
{610 rae Z6} U ({al ‘ae Zé} U {000,001}). Let

Di1g = Uiez, { D18[01, 00, 11, 10,31, 40, 21, 50] - i, D18[00, 00, 10, 31, 50,21, 30, 001] + i }

Then, D1g forms a D1g-decomposition of K¢ .

Example 7. Let V(Kjg) = {ay : a € Zzand b € Zy} U {oo} with vertex partition {ag : a €
Z7} U ({a1:a € Zz} U {oo}). Let

D15 = Uiez, { D15[00, 01, 10, 11,30, 41, 60, 31] + io, D15[01, 50, 61, 00, 41, 20, %, 40] + o },

D16 = Uiez, { D16100, 01,40, 41,30, 21, 60, 20] + i, D16[01, 20,41, 00, 11,40, 61, 10] + o },

D17 = Uiez, { D17(00, 01, 50, 21,40, 31, 20, ] + ig, D17(01, 00, 31,40, 21,50, 11, 60] +io },

D1g = Uiez, { D18[01, 00, 11, 20,41, 60, 31,30] + io, D18[00, 31,10, 21,30, 11,50, %] + i } .

Then, D; forms a D;-decomposition of K3 ¢ for i € [15,18].

2.2. Small Designs for A = 2
Example 8. Let the vertex set of 2K§ be Z7 U {0} and let

D1g = Uiez, {D14[0,1,3,6,2,4,5,00] +1,D14[0,1,3,5,6,2,00,4] +i}.

Then, D14 forms a Dy4-decomposition of 2K§.

Example 9. Let the vertex set of ZK}‘Z be 711 U {co} and let

Dz = UieZu {2 D2 O/ 3/ 1/ 5/ 10/ 9/4/00 i
D3 = Usez,, {2(D3[0,1,3,7,2,10,4, 00
Dy = Ujez,, {2(D4[0,1,5,7,2,10, 4,00

[ 2[0,9,1,2,3,5,8,4] + i},
[
[
Ds = Uiz, {2(D5[0,1,5,3,8,2,10, 00
[
[
[
[

[
0,10,9,1,3,5,8,4] + i},
[
5]

7
i

)
), D3
)
),

7

0,10,2,1,3,5,8,4] + i},
0,10,1,3,2,5,8,4] + i},

1), Vs

UUUU

]
]
]
]

+ o+ + 4

(
(
(
( i
Do = Uiez,, 12(D6[0,1,5,2,7,9,4,00] + 1), Dg[0,10,1,3,6,5,8,4] + i},
D7 = Uiez, 12(D700,1,3,9,2,8,5,00] + 1), D7[0,4,1,9,5,6,8,10] + i},
Dg = Uicz,, {2(D5[0,1,5,7,4,9,3,00] + i), Dg[0,4,5,2,9,6,8,10] +1i},
= Uiez,, {2(Ds[0,1,5,7,4,9,3, 0] +1), Do[0,4,5,2,3,10,7,9] + i},
= Uiez,, {2(D10[0,1,3,8,4,9,6,00] + i), D19[0,4,1,10,9,5,6,8] + i},
@11 = Uiez,, {2(D11[0,1,3,6,10,4,9,00] + i), D11[0,4,2,1,3,10,7,8] + i},
D1y = Uiez,, 12(D12[0,1,3,8,2,00,4,7] + i), D12[0,4,1,3,2,9,10,8] + i},
15 = Uicz,, {D13[0,1,3,8,5,10,6,00] +i,D13[0,4,1,2,9,7,6,8] + i},
D1y = Uiez,, {D1a[0,1,2,3,4,6,8,5] +1,D14[0,2,4,1,5,8,3,00] +1,
D14[0,3,8,1,5,9,00,6] + i},
Dis = Uiez,, 12(D15[0,1,3,7,2,8,5,00] + i), D15[0,4,1,2,10,6,7,9] + i},
D1 = Uicz,, {2(D16[0,1,3,7,2,5,10, 0] + i), D16[0,4,1,2,9,6,8,10] + i},
D17 = Uiez, 12(D17[0,1,3,6,10,4,9, 0] + i), D17[0,4,1,10,6,5,7,8] +1i},
18 = Uiez,, {2(D15[0,1,3,7,2,10,4, 0] + i), D15[0,4,1,3,2,9,7,8] +i}.

Then, D; forms a D;-decomposition of ZKTZ fori e [2,18].
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Example 10. Let the vertex set of 2K1‘3 be Z13 and let

Dy = Uiez,,12(D2[0,8,1,2,4,3,12,9] + 1), D1[0,10,4,2,5,3,11,6] + i},
D3 = Ujez, {2(D3[0,1,8,4,5,2,6,11] + ), D3[0,5,10,4,7,1,12,2] + i},
Dy = Ujez,, {2(D4[0,1,2,9,5,7,4,8] + i), D4[0,5,3,8,2,9,7,10] + i},
Ds = Uiez,,12(Ds[0,1,2,4,11,3,12,9] + i), D5[0,5,3,6,11,1,8,2] +i},
Do = Uiez,, 12(D6[0,1,2,6,3,10,12,4] + i), Dg[0,5,3,1,4,9,12,6] + i},
D7 = Ujez,, 12(D7[0,1,4,8,9,2,6,11] + 1), D7[0,2,4,10,5,8,3,6] + i},
@8 = Uiez,,{2(D5[0,1,2,5,7,11,3,9] + i), Ds[0,2,5,7,10,3,11,6] + i},
= Uiez,,{2(D5[0,1,2,5,7,12,3,9] + i), Do[0,2,5,11,6,1,3,10] + i},
= Uiz, 12(D10[0,1,4,12,8,9,2,11] + i), D1o[0,2,7,4,10,5,3,6] + i},
Dt = Uiez,, {2(D11[0,1,4,12,5,6,2,11] + i), D11[0,2,7,4,11,6,12,10] + i},
D1y = Uiez,, {2(D12[0,1,4,6,2,3,12,7] + i), D15[0,2,7,1,11,6,4,10] + i},
15 = Uicz,, {2(D13[0,1,5,2,3,10,6,8] + i), D13[0,2,7,1,9,6,12,10] + i},
Dis = Ujez,, {2(D14[0,1,2,5,7,3,9,4] + 1), D14[0,2,5,10,8,1,9,6] + 1},
Dis = Uez, {2(D15[0,1,4,5,9,2,6,8] +1), D15[0,2,4,12,5,8,3,6] + 1},
16 = Uiz, 12(D16[0,1,4,5,7,11,2,8] + i), D16[0,2,4,7,10,3,11,5] + i},
D1y = Uiez,, {2(D17[0,1,8,4,5,9,6,11] + i), D17[0,2,7,4,12,5,3,6] + i},
Dig = Uez, {2(D15[0,1,4,6,2,3,11,7] + i), D15[0,2,7,1,11,6,12,10] + i}.

Then, D; forms a D;-decomposition of zKi‘?) fori e [2,18].

2.3. Small Designs for A = 4
Example 11. Let the vertex set of 4K1‘0 be Zg U {oo} and let

Dy = Uiez,{2(D2[0,2,1,4,5,7,3,00] +1),2(D,(0,4,1,3,6,7,2,00] +i),D,(0,2,1,5,4,8,6,3] + i},
D3 = Ujez, {2(D3[0,1,3,4,6,2,5,00] +i),2(D5[0,3,1,6,7,2,5,00] + i), D3[0,1,2,6,4,8,5,3] + i},
Dy = Uiez,{2(D4[0,1,2,4,7,3,5,00] +1),2(D4[0,3,4,2,7,1,5,00] + i), D4[0,1,5,6,3,7,4,2] + i},
D5 = Ujez,{2(D5[0,1,2,5,3,8,6,00] +1),2(Ds5[0,3,4,6,1,5,8,00] +i),Ds5[0,1,7,5,6,4,8,3] + i},
Do = Uiz, {2(D6[0,1,5,3,4,2,7,00] +i),2(Dg0,3,4,6,1,5,8,00] +1i), Dg[0,1,4,2,5,7,6,3] + i},
D7 = Uiez,{2(D7[0,1,3,7,8,2,4,00] +1),2(D7(0,3,2,7,1,6,8,00] +i),D7(0,1,6,2,8,7,5,3] + i},
Dg = Uiez, {2(Ds[0,1,2,4,6,3,8,00] +i),2(Dsg|0,3,4,2,5,1,6,00] + i), Dg[0,1,8,4,2,7,6,3] + i},
Dy = Usez,{2(D9[0,1,2,6,4,7,5,00] +1),2(Do[0,3,4,1,5,7,2, 0] + i), D9[0,3,1,6,5,4,7,2] + i},
i),2(D10[0,3,1,5,2,6,7,0 000,1,3,6,2,8,7,5] +

’

D11 = Ujez,{2(D11[0,1,5,3,4,2,8,00] +1),2(D11[0,3,1,6,2,5,4, 00 0,1,3,8,54,7,2

01,427,635 +1i

Dy
i),D11
i),D1p
D1z = Ui629{2 D13[0,1,3,5,8,7,2,00] +1),2(D13[0,3,1,4,8,7,2,00 1310,1,3,2,8,4,7,5] +i

),2(Dio 1+1) i},
),2(Du1| ] +1), Du| i}
Dy = Uiezo {2(D12[0,1,3,5,2,00,4,8] + i),2(D1[0,3,1,2,6,00,8,5] + i), Dy }
),2(D13| ] +1), D1s] }
Dy = Uz, {2(D14[0,1,2,4,6,3,8,00] +i),2(D14[0,3,4,1,6,2,00,5] + ), D14[0,1,3,6,5,7,4,2] + i},
),2(Dss| | +1), Dis| }
),2(D1g| ] +1), D16 }
),2(Dy7| ] +1), D17 }
),2(D1s| ] +1), Dis] }

1

1
Dl6ZUiEZg{2 D16 0,1,3,6,7,2,4,00]+i, D16 013/1/2/7/4/8100 60 1/6/4/3/8/5/2 +1
D17 = Uiez, {2(D17[0,1,3,2,7,4,6,00] +i),2(D17[0,3,1,5,8,7,2, 0
Dig = UieZQ{Z D15[0,1,3,5,2,7,6,00] +1),2(D1g[0,3,1,5,2,7,6,00

1

i),D1710,1,4,6,3,8,7,2] +

(
(
(
(
(
(
(
(
D10 = Uicz, {2(D10[0,1,3,2,8,4,6,00] + 1),
(
(
(
(
(
(
(
( ,D15[0,1,4,2,7,6,8,3] +i

[ I+
[ ]
[ ]
[ ]
D15 = Uiez, {2(D15[0,1,3,5,2,7,8,00] +i),2(D15[0,3,1,5,2,7,8, 00 15(0,1,6,3,8,5,4,2] + i},
[ ]
[ | +i
[ ]

1

Then, D; forms a D;-decomposition of 4Ki“0 fori e [2,18].
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Example 12. Let the vertex set of 4Ki‘1 be Z11 and let

Dy = Uiez,, {3(D2[0,1,2,4,7,3,8,5] + i), D1[0,1,3,7,4,8,6,2] +i,D,[0,7,1,2,6,4,10,8
D3 = Uiez,, 13(D5[0,1,6,2,3,5,10,8] + 1), D3(0,3,2,1,5,9,6,4] +i,D3[0,5,2,4,1,6,3,7

[ | +i},
[ 1 +i},
Dy = Uiez, {3(D4[0,1,2,7,3,5,8,6] +1i),D4[0,3,2,1,5,9,6,4] +i,D4[0,5,2,10,1,6,3,7] + i},
Ds = Uiez,, {3(D5[0,1,2,4,9,3,10,8] + i), D5[0,3,2,6,5,1,9,7] +i,Ds[0,5,2,4,1,6,3,7] + i},
De = Uicz,, {3(Ds ]+
D7 = Uiez, {3(Dy]
[
[

(

(

(

(Ds

(Dg[0,1,2,4,9,3,10,8] + i), Dg[0,3,1,5,9,8,7,4] +i,D4[0,5,2,4,1,9,3,7] +i},
(D7[0,1,7,6,2,4,10,8] + i), D[0,1,3,2,6,10,7,4] + i), D7[0,3,6,2,4,7,1,5] + i},

Ds = Uiez,, {3(Ds0,1,3,2,9,4,7,5] + i), Ds[0,1,5,4,8,10,6,3] + i, Dg[0,3,5,1,4,7,2,6] + i},

Dy = Ujez, {3(D9[0,1,3,2,9,4,10,8] + i), D9[0,2,1,5,6,3,10,7] + i, Dg[0,3,5,1,4,10,2,6] + i},
D1o = Uiez, {3(D10[0,1,3,7,6,8,2,5] + i), D19[0,1,3,6,2,9,10,7] + i, D19[0,3,1,6,2,5,10,7] + i},
D11 = Uiez, {3(Dn1[0,1,3,7,2,5,4,6] +1),D11[0,1,4,6,2,3,10,7] +i,D11[0,3,1,8,2,5,10,7] + i},
D1z = Uiez, {3(D12[0,1,3,4,9,5,8,6] + i), D13[0,1,4,8,10,6,7,3] +i,D15[0,3,1,4,9,2,10,6] + i},
Di3 = Uiez,, {3(D13[0,1,3,4,7,5,10,6] + i), D13[0,1,4,8,5,7,3,10] +1,D13[0,3,1,4,8,2,9,6] + i},
Dis = Uiez,, {3(D14[0,1,2,4,6,3,10,5] + i), D14[0,1,2,9,6,8,4,7] +i,D14[0,3,5,1,9,4,10,7] + i},
D15 = Uiez, {3(D15[0,1,7,3,2,4,10,8] + i), D15[0,2,1,5,6,3,7,4] + i, D15[0,3,6,1,8,2,4,7] + i},
Dis = Uiez,, {3(D16[0,1,7,2,4,3,10,8] + i), D16[0,2,1,5,9,10,6,3] + i, D14[0,3,6,8,2,9,1,5] + i},
D17 = Uiez, {3(D17[0,1,3,2,5,9,4,6] + i), D17[0,1,3,6,2,9,10,7] + i, D17[0,3,1,6,9,5,2,7] + i},
Dig = Uiez,, {3(D1s[0,1,3,4,2,5,10,6] + i), D15[0,1,4,8,10,6,2,3] +1,D15[0,3,1,4,9,6,2,7] +i}.

Then, D; forms a D;-decomposition of 4Kik1 fori e [2,18].

Example 13. Let the vertex set of 4K1‘4 be Zy3 U {co} and let

Dy = Uiez,, {4(D2[0,1,2,4,7,11,3,00] +),2(D,[0,6,1,7,2,9,5,3] + ), D2[0,3,1,7,4,10,6,2] + i},
D3 = Urez,, {4(D3[0,1,9,10,12,2,6,00] +),2(D3[0,5,12,6,3,1,7,4] + i), D3[0,2,4,11,7,1,9,5] + i},
Dy = Uiez,, {4(D4[0,1,2,10,12,3,6,00] +),2(D4[0,5,1,8,2,12,9,7) + i), D4[0,2,9,11,6,1,8,4] + i},
Ds = Ujez,, {4(D5[0,1,2,4,12,3,6,00] +i),2(Ds[0,5,1,8,2,12,9,7] + i), Ds[0,2,9,5,7,3,11, 6] + i},
D = Ujezy, {4(D6[0,1,2,4,7,3,8,00] +1),2(Ds[0,5,1,7,4,11,8,2] + i), Ds[0,2,9,3,12,1,10,5] + i},
D7 = Uiez,, {4(D7[0,1,9,5,6,8,11, 0] +),2(D7(0,2,5,12,6,1,7,3] + i), D7[0,5,11,4,12,8,6,2] + i},
Dg = Urez,, {4(Ds[0,1,2,10,12,8,11, 00] +1),2(Ds[0,2,8,1,7,11,6,3] + i), D3[0,5,1,7,2,8,6,4] + i},
Dy = Uiez,, {4(Do[0,1,2,11,3,6,4,00] +),2(Dy[0,2,8,1,9,6,10,3] + i), Do[0,5,1,7,3,11,4,2] + i},
D1o = Uiez,, {4(D10[0,1,9,5,3,4,7,00] +1),2(D19[0,2,7,1,6,3,10,4] + i), D10[0,2,5,9,3,1,7,4] + i},

(

(

(

(

D12 = Uiez,, {4(D12[0,1,9,10,7,00,2,11] + i
D13 = Uiez,, {4(D13[0,1,9,10,12,8,5, 0] + i
Dis = Uiez, {2(D1a[0,1,2,10,12,8,1,00] + i
Dw(0,2,8,11,7,1,12,3] +i},
D15 = Uiez,, {4(D15(0,1,9,10,6,8,11,00] +1),2(D15[0,2,5,1,8,3,9,6] + i), D15[0,5,11,6,12,8,4,2] + i},
D16 = Uiezy, {4(D1610,1,9,10,12,8,11,00] +i),2(D14[0,2,5,1,9,3,10,7] + i), D16[0,5,11,7,2,8,6,4] + i},
D17 = Ujez, {4(D1700,1,9,5,6,4,7,00] +i),2(D17[0,2,5,9,3,6,1,7) + i), D17[0,2,7,11,6,12,10,4] + i},
Dig = Ujery, {4(D18[0,1,9,10,6,8,5, 0] +i),2(D1s[0,2,5,11,1,8,12,7] + i), D15[0,2,6,1,7,5,10,4] +i}.

D12[0,2,6,1,7,4,11,5] 4 i), D12[0,2,5,1,8,6,3,7] + i},
D13[0,2,7,1,10,4,9,3] + i), D13[0,2,5,1,12,3,10,7] + i},
D14]0,1,3,2,7,4,00,9] +i),2(D14[0,2,8,1,11,3,12,5] + i),

= Z =

Then, D; forms a Dj-decomposition of 4K1‘4 fori e [2,18].
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Example 14. Let the vertex set of 4K1‘5 be Z15 and let

Dy = Uiezys {4 D;[0,6,1,5,4,9,2,8] +i),2(D;[0,2,3,5,1,13,9,12] + i), D,[0,2,3,1,13,10,12,14] + i},
D3 = Uiez,s {4 D3[0,1,6,10,2,8,13,7] 4+ i),2(D3[0,3,2,4,7,5,1,12] + i), D3[0,3,2,4,1,14,12,13] + i},
Dy = Uiezys {4(D4[0,1,5,10,2,7,13,6] +i),2(D4[0,3,5,4,2,13,1,12] + i), D4[0,3,5,4,1,14,12,13] + i},
Ds = Uiez,s {4 Ds[0,1,5,12,2,7,13,6] +i),2(Ds5[0,3,1,12,11,7,10,13] + i), D5[0, 3,4,2,1,14,11,13] + i},
(Ds|
(

2
,2
,2
Dg = Uiez,5{4(D6[0,1,5,10,2,7,13,6] +i),2(Ds[0,3,1,4,7,6,2,13] + i), Dg[0,3,1,13,11,10, 12, 14] + i},
D7 = Ujez,; {4(D7[0,3,11,7,1,6,12,5] +),2

(

(

Ds = Uiez,514(Ds10,3,7,1,9,4,11,5] +1)

= D D D

(
(
(
(
(
( ,2(D7[0,1,3,7,6,8,9,12] + i), D7[0,2,1,3,5,6,8,4] + i},

( ,2(Dg[0,1,2,4,3,7,9,12] + i), D3[0,2,3,5,7,6,8,4] + i},
Dy = Urez,; {4(D9[0,3,7,1,8,2,12,5] +1i),2(Ds[0,1,2,4,3,5,9,12] + i), Do[0,2,3,5,1,12,11,13] + i},
D1 = Uiez,s {4(D10[0,1,7,12,6,10,3,8] +i),2(D10[0,3,1,5,2,13,11,12] + i), D10[0,3,5,4,2,14,12,13] + i},
D11 = Uiez,; {4(D11[0,3,8,1,5,11,2,7] +1),2(D11[0,1,2,4,5,6,10,12] + i), D11[0,2,6,3,1,12,10,13] + i},
D1z = Uiez,; {4(D12[0,3,8,1,7,11,2,10] +),2(D12[0,1,2,3,5,6,8,12] + i), D12[0,2,6,4,1,3,14,12] + i},
D13 = Ujez,; {4(D13[0,3,8,1,5,11,4,9] +),2(D13(0,1,2,3,4,6,10,12] + i), D13[0,2,6,8,4,1,14,12] + i},
Dis = Uiez,; {4(D14[0,3,7,12,2,8,1,9] +1),2(D14[0,1,2,3,4,6,8,12] + i), D14[0,2,4,8,6,3,14,12] + i},
D15 = Uiez,; {4(D15[0,6,1,3,10,14,2,8] +1),2(D15[0,1,2,12,11,7,5,3] 4 i), D15[0,3,6,2,7,8,4,5] + i},
Dig = Uiez,; {4(D16[0,1,10,2,7,3,11,5] +i),2(D16[0,2,5,1,12,9,10,13] + i), D16[0,2,4,1,13,11,12, 14] + i},
Di7 = Uiez,; {4(D17[0,3,8,1,5,11,2,7] +1),2(D17[0,1,2,4,5,9,10,12] + i), D17[0,2,6,3,1,14,10,12] + i},
Dig = Uiez,; {4(D1s[0,3,8,1,7,11,4,9] +),2(D15[0,1,2,3,5,6,10,12] + i), D1[0,2,6,4,1,12,10,13] + i }.

Then, D; forms a D;-decomposition of 41(1‘5 fori e [2,18].

3. General Constructions

The union G U H of two edge-disjoint graphs (or digraphs) G and H has as vertex set
and edge (or arc) set the unions of the vertex sets and edge (or arc) sets, respectively, of
G and H. Moreover, given a positive integer &, we will denote the edge-disjoint union of
« copies of G by G, which are not necessarily vertex-disjoint. If G and H are vertex-disjoint,
then we will denote the join of G and H by G VV H, which has vertex set V(G) U V(H) and
edge (or arc) set E(G) UE(H) U {{u,v}:u € V(G),v € V(H)}. To illustrate the different
types of notation described here, consider that K17 can be viewed as (Kg U Kg) VK UKgg =
K9 U K9 U Kg g. Note that the join precedes the union in the order of operations.

We begin by establishing a lemma concerning the decompositions of Kgg, Kg 10, Kg 15,
and Kg 1.

Lemma 3. Foreachi € [2,18] and each y € {8,10,12, 14}, there exists D;-decomposition of K3,

Proof. If D € {D,, D3, ..., D14}, then the result follows from Corollary 2.

For i € [15,18], a D;-decomposition of Kj , and hence of Kgg and Kj ;, exists (since
Kgg = 4KZ[,4 and K’S*,12 = 6K} 4), as given in Example 4.

For i € [15,17], we have the required D;-decomposition of Ké‘rlo since K§,1o = 2K§,8,
and K5 ¢ has a D;-decomposition by Example 5. In the case of i = 18, note that Kg, =
KZ,S U KZ,S = 2I<jfl4 U KZ,B' and the result follows from the existence of D1g-decompositions
of K} , and Kg g, where the latter decomposition follows from Example 6.

Finally, a D;-decomposition of K;,s and hence of Ké‘,l 4 exists (since Kg 14 = 2K74), as
given in Example 7 for i € [15,18]. O

In the subsequent lemmata, we present our constructions for decomposing Kz,
which cover values of v working modulo 8. Afterward, we summarize the main result in
Theorem 1.

Lemma 4. Let A and v be positive integers such that v = 0 (mod 8) and v > 8. If D €
{Ds,Ds,...,D1g}\{ D14}, then there exists a D-decomposition of *K%. Furthermore, if A is even,
then there exists a Dy4-decomposition of K.
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Proof. Let x be a nonnegative integer and v = 8x. If v = 8 and i € [2,18]\ {14}, then the
result can be obtained from A copies of a D;-decomposition of Kg found in Examples 1
and 2. If v = 8, Ais even, and D = D1y, then the result follows from A /2 copies of a
D14-decomposition of ng found in Example 8. Therefore, we may assume x > 2 and A is
even whenever D = D1y.

We note that Kg, can be represented as xKg U (3)Kg g. Thus, )‘Kgx =x ()‘Ké‘) u(3) (AKg,S),
and the result follows from the existence of D;-decompositions of AKg and AKg,S fori €
[2,18], where the latter decomposition follows from A copies of a D;-decomposition of Kg ¢
by Lemma 3. O

Lemma 5. Let A and v be positive integers such that v = 1 (mod 8) and v > 9. If D €
{Dy, D3, ...,Dig}, then there exists a D-decomposition of K.

Proof. When v is 9, the result follows from A copies of a D;-decomposition of Kg for each
i € [2,18] (see Example 3). Henceforth, during the remaining part of the proof, we let
v = 8x + 1 for some integer x > 2.

Now, leti € [2,18]. Note that Kg, , 1 can be represented as (xKg) V K; U (3)Kgg = xKg U
(3)Kss. Thus, "Kg, ., = x(*K$) U () (AKé‘,S), and the result follows from the existence of
Dj-decompositions of /\K;“ and /\Kg,S' where the latter decomposition follows from A copies
of a D;-decomposition of Kg ¢ (see Lemma 3). [

Lemma 6. Let A and v be positive integers such that A = 0 (mod 4), v = 2 (mod 8) and
0 >10.If D € {Dy,Ds,...,Dig}, then there exists a D-decomposition of *Kz.

Proof. Let x be a nonnegative integer and let v = 8x + 2. By Example 11, there exists a
D;-decomposition of 4K1‘0 for each i € [2,18]. Therefore, if x = 1, then the result follows
from A /4 copies of a D;-decomposition of 41(;‘0. Hence, we may assume x > 2.

We note that Kgy42 = (x — 1)Kg UKo U (x — 1)Kg 19 U (xgl)Kg,g. Thus, )‘K§X+2 can be
represented as (x — 1) ("K§) U"Kj U (x — 1) ("K§ 1) U (Y5 1) ('Kgg). It is shown in the Ex-
amples 1 and 2 that K, and hence ’\Kg, admits a D;-decomposition for i € [2,18]. Moreover,

Dj-decompositions of AKg,S and AI(;;lo follow from A copies of a D;-decomposition of Kg g
and Kg ; (see Lemma 3). Now, the result follows. [

Lemma 7. Let A and v be positive integers such that A = 0 (mod 4), v = 3 (mod 8) and
v >11. If D € {Dy, D3, ..., D1g}, then there exists a D-decomposition ofAKz.

Proof. Let x be a nonnegative integer and let v = 8x + 3. By Example 12, there exists a
D;-decomposition of 4K}‘1 for each i € [2,18]. Therefore, if x = 1, then the result follows
from A/4 copies of a D;-decomposition of 4K1*1. Hence, we may assume x > 2.

We note that Kgy13 = ((X — 1)K3 U K10) vV Ky U (X — 1)K8,10 @] (xgl)Kglg. Thus, /\K§x+2
can be represented as (x — 1) (*K§) U K}, U (x — 1) (’\Kg,lo) u*h (AKE,S)' It is shown in
Example 3 that K, and hence ’\K;, admits a D;-decomposition for i € [2,18]. Then the
proof proceeds similarly to that of Lemma 6. O

Lemma 8. Let A and v be positive integers such that A = 0 (mod 2), v = 4 (mod 8) and
0 >12.If D € {Dy,Ds,...,D1g}, then there exists a D-decomposition of *Kz.

Proof. Let x be a nonnegative integer and let v = 8x + 4. By Example 9, there exists a
D;-decomposition of 21(1‘2 for each i € [2,18]. Therefore, if x = 1, then the result follows
from A/2 copies of a D;-decomposition of ZKTZ. Hence, we may assume x > 2.

We note that Kgy 44 = (x —1)Kg UKjp U (x — 1)Kg 1o U (xgl)Kg,g. Thus, )‘Kng can be
represented as (x — 1) (*K) UMKE, U (x — 1) (AKg‘,lz) ush (AK;;,S). It is shown in Examples
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1 and 2 that Kg, and hence AKg, admits a D;-decomposition for i € [2, 18]. Furthermore,
Dj-decompositions of AKglg and ’\K’S*,12 follow from A copies of a D;-decomposition of Kg g
and Ké‘/lo (see Lemma 3). Now, the result follows. [

Lemma 9. Let A and v be positive integers such that A = 0 (mod 2), v = 5 (mod 8) and
0 >13.If D € {Dy,Ds,...,D1g}, then there exists a D-decomposition of *Kz.

Proof. Let x be a nonnegative integer and let v = 8x + 5. By Example 10, there exists a
D;-decomposition of %K}, for each i € [2,18]. Therefore, if x = 1, then the result follows
from A /2 copies of a D;-decomposition of ZKT3. Hence, we may assume x > 2.

We note that K8x+5 = ((X - 1)K8 U K12) \% K1 U (x - 1)K8,12 @] (xgl)Kgrg. Thus, AK§X+5
can be represented as (x — 1) (*K§) U K}3 U (x — 1) (AK§,12) U (/\Kg,s)- It is shown in
Example 3 that K3, and hence ’\K; , admits a D;-decomposition for i € [2,18]. Then the
proof proceeds similarly to that of Lemma 8. [

Lemma 10. Let A and v be positive integers such that A = 0 (mod 4), v = 6 (mod 8) and
v >14.If D € {D,, D3, ..., D1s}, then there exists a D-decomposition of)‘K;*.

Proof. Let x be a nonnegative integer and let v = 8x + 6. By Example 13, there exists a
D;-decomposition of 41(1*4 for each i € [2,18]. Therefore, if x = 1, then the result follows
from A /4 copies of a D;-decomposition of 4Ki‘4. Hence, we may assume x > 2.

We note that Kgy46 = (x —1)Kg U K14 U (x —1)Kg 14 U (xgl)Kg,g. Thus, )‘Kgx% can be
represented as (x — 1) (*K) UMK:, U (x — 1) (AK§,14) ush (/\Kg,s). It is shown in Examples
1 and 2 that Kg, and hence ’\Kg‘, admits a D;-decomposition for i € [2,18]. Moreover, D;-

decompositions of AK;‘/S and AKg,l 4 follow from A copies of a D;-decomposition of K§ g and
Kg 14 (see Lemma 3). Now, the result follows. [

Lemma 11. Let A and v be positive integers such that A = 0 (mod 4), v = 7 (mod 8) and
0 >15.If D € {Dy,D3,...,D1g}, then there exists a D-decomposition of *Kz.

Proof. Let x be a nonnegative integer and let v = 8x + 7. By Example 14, there exists a
Dj-decomposition of 4KT5 for each i € [2,18]. Therefore, if x = 1, then the result follows
from A /2 copies of a D;-decomposition of 4Ki‘5. Hence, we may assume x > 2.

We note that Ksy17 = ((x — 1)Kg UKya) V K3 U (x — 1)Kg 14 U (*,")Kgs. Thus, *K,.,
can be represented as (x — 1) (*K§) U Kjs U (x — 1) (AK§,14) U (/\Kg,s)- It is shown in
Example 3 that Kj, and hence ’\K;‘ , admits a D;-decomposition for i € [2,18]. Then the
proof proceeds similarly to that of Lemma 10. O

4. Proof of Main Result

Combining the previous results from Lemmata 4 through 11, it is now possible to
obtain the proof of Theorem 1, which gives a complete solution to the A-fold spectrum
problem for all possible orientations of the eight-cycle.

Proof of Theorem 1. The necessity follows from Lemma 2. Now, we prove the sufficiency.
Letv >8and D € {Dy,D,,...,Dig}. If D = D, sufficiency is guaranteed by Theorem 2.
When v =0 (mod 8), and A is even for D = D1y, then sufficiency follows from Lemma 4.
In the case v = 1 (mod 8), the result follows from Lemma 5. If A = 0 (mod 4) and
v =2,3,6,0r7 (mod 8), the results follow from, respectively, Lemmata 6, 7, 10, and 11.
Furthermore, we have the required decompositions when A =0 (mod 2) and v =4 or 5
(mod 8) by Lemma 8 and Lemma 9, resgectlvely
For i € [15,18], the existence of a ( )-design is equivalent to the existence of a
(’\K;j, Dj4)-design, given that D; is the reverse or1entat10n of D; 4. Thus, we now have the
sufficient conditions that allow AKZ to be decomposed into oriented eight-cycles. O
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When A = 1, the spectrum problem for oriented cycles with orders 3,4,5,6, and 7
has already been addressed in the literature [9-13,15,17,18]. With the proof Theorem 1, the
spectrum problem for oriented eight-cycles has now been solved. Furthermore, until now,
Cs was the only cycle for which the A-fold spectrum problem had been solved (in [17]) for
all its orientations. However, with the proof of the theorem above, the A-fold spectrum
problem has been solved for all oriented eight-cycles.

5. Conclusions

The main focus of this article was on the A-fold spectrum problem concerning non-
isomorphic orientations of an eight-cycle. The necessary conditions for such a decompo-
sition are that Av(v — 1) = 0 (mod 8) and A(v — 1) is even in the case of an antidirected
cycle. Out of the twenty-two oriented eight-cycles, the problem has been settled for only
one of them [19]. For all the remaining orientations, we have shown that these necessary
conditions are also sufficient.

In future research, our initial focus will be on investigating the A-fold spectrum prob-
lem for oriented heptagons. Subsequently, we aim to address the spectrum problem for
antidirected cycles of arbitrary orders. Additionally, exploring a more comprehensive
version of the spectrum problem concerning directed cycles of any order is of particular in-
terest.
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