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Abstract

In this paper, a result is proved that provides a general method of attack

that can be used to solve the existence problem for partitions of the
directed edges of D, the complete directed graph on n vertices into x
and n — z almost parallel classes of directed cycles of length m; and
mo respectively in the case where m; and mgy are even. Use of this
technique is then demonstrated by essentially solving the problem when
(m1, ms) € {(4,6), (4,8)}.

1 Introduction

Let AK,, denote the multigraph on n vertices in which each pair of vertices is joined
by A edges, and let D, denote the complete directed graph on n vertices.

Let M be a set of positive integers. An M-cycle system of G (or simply an m-
cycle system if M = {m}) is an ordered pair (V(G),C) where C is a set of cycles
with lengths in M whose edges partition the edge set of G.
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A parallel class of C is a set of cycles in C that form a 2-factor of G. (V(G), C)
is said to be resolvable if C can be partitioned into parallel classes. The spectrum
problem for resolvable m-cycle systems is to find the set of integers n for which there
~ exists a resolvable m-cycle system of K,. This is also known as the Oberwolfach
problem, as it was first posed in Oberwolfach by Ringel in 1967 to solve the seating
arrangement for n people at round tables, each table seating m people, so that after
(n — 1)/2 successive meals each person would sit beside each other person exactly
once. This problem has now been completely solved [1, 9].

Clearly one necessary condition on n in any solution of the Oberwolfach problem
is that n = 0 (mod m). A related problem has also been considered in the case where
n =1 (mod m). An almost parallel class of an m-cycle system (V(G),C) of G that
is missing the vertex v is a set of m-cycles in C that forms a 2-factor of G — v. The
m-cycle system (V(G), C) is said to be almost resolvable if C' can be partitioned into
almost parallel classes. It is easy to see that there is no almost resolvable m-cycle
system of K, for any n; the spectrum problem for almost resolvable m-cycle systems
of 2K, has been completely settled [4, 8]. Of course, if one is considering 2K, then
immediately the more difficult question of the existence of a directed analogue is
raised. It has been shown that there exists an almost resolvable directed m-cycle
system of D,, if and only if n = 1 (mod m) in the cases where m = 3 [2], m =4 [3],
m =5 [7], m is even [5], and where m = 3 (mod 6) [6].

A more general (and as yet unsolved) problem than the Oberwolfach problem
is the Hamilton-Waterloo problem. In this case, a joint conference is held at two
places: s days are spent at Hamilton and (n — 1)/2 — s days at Waterloo, where
each table seats m; people at Hamilton and my people at Waterloo. Again, a seating
arrangement is required so that each of the n people sits next to each of the other
people exactly once. So if s meals are held at Hamilton, then this asks for the set of
integers n for which there exists a 2-factorization of K, in which s 2-factors consist
of cycles of length my, and (n — 1)/2 — s 2-factors consist of cycles of length ms.
A particularly interesting case for the Hamilton-Waterloo problem is an “extreme”
situation when (m1, ms) = (3,n), especially because it is quite different to previously
considered problems in that m; has a fixed length whereas ms increases with the size
of the graph.

It is also worth mentioning that Rees solved a related factorization problem:
partitioning the edges of K, into s 2-factors, each cycle in each 2-factor being a
3-cycle, and n — 1 — 2s 1-factors [10].

Of course, there is also an almost resolvable directed version of the Hamilton-
Waterloo problem when n =1 (mod m;), ¢ € {1,2}. That is, we can try to find the
set of integers n for which there exists an almost resolvable directed {m;, m2}-cycle
system of D, into z almost parallel classes of directed m;-cycles and n — z almost
parallel classes of directed mo-cycles. It is the purpose of this paper to give a general
method of attack for this problem that can be used whenever m; and m, are even
(see Theorem 2.1), and then to demonstrate the use of this theorem to essentially
solve this spectrum problem when (my, my) € {(4,6), (4,8)} (see Corollaries 3.1 and
3.2).
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2 The General Attack

Let (A)RD(my,ms)s of D denote an (almost) resolvable directed {my,ms}-cycle
system of the directed graph D in which s (almost)-parallel classes consist of directed
my-cycles, the remaining (almost)-parallel classes consisting of directed mg-cycles.

The basic tool used in the proof of Theorem 2.1 is the following lemma that was
proved in [5]. Let Z, = {0,1,...,7 — 1}.

Lemma 2.1. Let F = {{0,1},{2,3},...,{2r — 2,2r — 1}}, and let r > 3. There
ezrists a 1-factorization {Fy, F,..., Fy._1} of the multigraph Ko, + F in which Fy,
and Fy, 1 each contain a copy of the edge {2z,2z + 1} for each z € Z,.

The following result gives a method for finding the spectrum for an ARD(my, ms),
of D,,. Let D, ., denote the complete directed bipartite graph with z vertices in each
part (so each vertex has in-degree and out-degree z).

Theorem 2.1. Let my,my be even, let v > 3, let £ = lem(my, mz), and let n =
rl+ 1. Suppose L C Zya+1 has the property that for any s € Z,,, there exist

80y---,827-1. € L and € € {0,1} such that s = e+ Y s;. Suppose there ezists an
t€Zor
RD(my, ma); of Dejaeye for each x € L, and there exists an ARD(1my, ms)g of Doy

for each x € Zyyy. Then there ezists an ARD(my,my)s of D, for each s € Zy,.

Remark . Of course, if 0 < s < n and £ = lem(my, my) then n = 1 (mod ¢) is a
necessary condition for the existence of an ARD(my, mg), of Dy,.

Proof. Let s € Zy,1. Then by assumption there exist s, .. ., s2,~1 € L and € € {0,1}
such that s = e+ Y, s;. We produce an ARD(m;, my), of Dy, ({00}U(Zaoy X Zgy3), C)

t€Z2r
as follows.

Firstly, for each 7z € Z,, let ({00} U ({22,22 + 1} X Zg3), C,) be an
ARD(my, mMy)exsy, +55.41 Of Dey1 (this exits by assumption). Name these so that:

(1) for each i € Zy, and each j € Zyy,p;; is the almost parallel class in Cl;/y that
is missing vertex (i, j), and that consists of directed m;-cycles or my-cycles if
0<j<sors; <j<{/2respectively; and

(2) for each z € Z,, p; co, is the almost parallel class in C, that is missing vertex oo,
and that consists of directed m;i-cycles or my-cycles if € = 1 or 0 respectively.

Secondly, let F = {{0,1},{2,3},...,{2r—2,2r —1}}, and let {Fy, Fy, ..., For 1}
be a 1-factorization of Ky, + F in which Fy, and F;,.; each contain the edge {2z,2z+
1} (see Lemma 2.1). For each i € Zy, and for each edge {z,y} € F,\F, let ({z,y} x
Zyjz, Cioyy) be an RD(my, ma)s, of Dyjg e (this exists by assumption). Name these
so that:

(3) for 0 < j < sjor s < j <£/2, gy, is a parallel class in Cyg ) that consists
of directed m;-cycles or mg-cycles respectively.
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Then define Pj = |J  pioy),; for each i € Zy, and each j € Zyy.
{z,y}eF\F
Finally, define moe = J Pa,00, 7ijj = pijU Py j, for each ¢ € Zy, and each j € Zyys,

2€Zy

and C = o U (Uiezw m;j). Then ({co} U (Za, X Zyye),C) is an ARD(mq,ma), as

J€Zys2

the following indicates.
Clearly 7, is an almost parallel class of directed m;-cycles or directed my-cycles if
€ = 1 or 0 respectively that is missing vertex co. For each i € Z,, and for 0 < 7 < s;,
m;; is an almost parallel class of directed mq-cycles that is missing vertex (¢,7). For
each © € Zsy, and for s; < j < /2, m;; is an almost parallel class of directed mg-

cycles that is missing vertex (4,7). So C can be partitioned into e + > s; = s
1€Zgr
almost parallel classes of directed m;-cycles and n — s almost parallel classes of

directed mo-cycles, as required.

To see that a directed {m;, ms}-cycle system has been formed, note that: for i,
u € Zy, and each j, v € Zyo: the directed edges (o0, (3, 7)) and ((4, 7),00) occur in a
directed cycle in Ci/g; if [4/2] = |u/2] then the directed edge ((3, 7), (u,v)) occurs
in a directed cycle in C|jjoj; and if [i/2] # [u/2] then the directed edge ((3, 7), (u,v))
occurs in a directed cycle in Cyji/a),|u/2)3- O

When applying Theorem 2.1, the choice of L will depend on m; and my. In
any case, L could be chosen for example to be {0,2,4,...,£/2}, but usually a much
smaller set will suffice.

It should also be recorded that some of the ingredients needed to apply Theorem
2.1 have already been found. First, the case where m; = my (or if you prefer, the
cases where s € {0,n}) has been settled.

Theorem 2.2 ([5]). There exists a directed 2m-cycle system of D, if and only if
n=1 (modm).

Also, the existence of RD(mi,ma); of Dyja/0 has been considered in the case
where m; = mo.

Lemma 2.2 ([5]). Let m; and mq be even, and let £ = lem(my, my). There exists
an RD(m1,mq)s of Dyjaga for each z € {0,£4/2}.

3 Applications of the Main Theorem

In this section we demonstrate the use of Theorem 2.1 by applying it to the cases
where (my, ma) € {(4,8), (4,6)}. Throughout the following we adopt the convention
that (c1,¢p,...,0m) +i = (c1+1,¢c2+1, ..., cn+1) reducing the sums modulo n (the
value of n will be clear from the vertex set of the graph containing the m-cycle).

Corollary 3.1. Let 0 < s < n. There exists an ARD(4,8), of D, if and only if

{ 1 (mod {) ifs=n,

" 1 (mod 8) otherwise.
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Proof. The necessity is obvious, and the sufficiency is proven in the cases where
s € {0,n} by Theorem 2.2. So we can assume that 1 < s < n. To apply Theorem
2.1, it suffices to find an ARD(4,8), of Dy for all z € {1,...,8}, and an ARD(4,8),
of Dy for each z € {0,2,4}, since clearly L = {0,2,4} suffices; the cases where
z € {0,4} are handled by Lemma 2.2. These ingredients are listed below with the
cycles arranged into almost parallel classes. Unless otherwise stated, the vertex set
isV={1,...,n}.

Dg; x = 1: V = {00} UZg and C = {(1,4,6,5,2,3,7,00) + 1 | ¢ € Zg} U
{(0,6,4,2), (1,7,5,3)}.

Dg; x = 2: C ={(2,3,4,5),(6,7,8,9),(1,3,5,4),(6,9,8,7),(1,2,4,6,8,5,7,9),
(1,5,3,8,6,2,9,7),(1,6,3,7,4,9,2,8),(1,4,8,2,7,5,9,3),(1,8,3,9,4, 2,6, 5),
(1,9,5,6,4,7,3,2), (1,7,2,

Dg,x—3 C={(2 ,3,4, ),(6 7 8 9) (1,3,5,4),(6 9,8,7),(1,2,6,8),
(1,5,3,7,9,2,8,6),(1,4,6,3,8,

(1,7,2,5,6,4,3,9), (1,6,2,4,8 5,7,3)}.
8

D97 x=4:C= ( ,45 5),(61 7, 39)7(1:3>5v 4)7(6,9>87 7)>(17276)8))
(4,7,5,9),(1,5,7,9), (2,8,3,6),(1,4,2,9,7,3,8,6), (1,7,4,3,9,5,8, 2),
(1,8,4,9,2,5,6,3), (1,9,3,7,2,4,6,5), (1,6,4,8,5,3,2,7) }.

Dg; x =5: C = {(2,3,4,5), (6,7,8,9),(1,3,5,4),(6,9,8,7), (1,2,6,8), (4,7,5,9),
(1,5,7,9), (2,8,3,6), (1,4,8,6), (2,7,3,9), (1,8,4,9,7,2,5,3),(1,9,3,8,5,6,4,2),
(1,7,4,6,3,2,9,5), (1,6,5,8,2,4,3,7)}.

Dy; x = 6: C = {(2,3,4,5),(6,7,8,9), (1,3,5,4), (6,9,8,7), (1,2,6,8), (4,7,5,9),
(1,5,7,9), (2,8,3,6), (1,4,8,6),(2,7,3,9), (1,7,4,3), (2,9,5,8),(1,9,3,8,5,6,4,2),
(1,6,5,3,2,4,9,7),(1,8,4,6,3,7,2,5)}.

Dg,X——7 C= {(2 3 4)'5)7 6777819)y(173a )8)’(47 1579)1

2,9 9

(1,5,7,9),(2,8,3,6),(1,7,4,6), (
(14956327) (1,6,4,8,5,3,7,2)}.
Dg; x = 8 V = {0} UZg and C = {(0,4,6,1) +1,(2,7,5,00) +1) | 1 €
Ze} U {(0,1,2,3,4,5,6,7)}.
Dy x = 2: C=1{(1,8,2,7,3,6,4,5),(1,6,2,5,3,8,4,7),(1,7,2,8), (3,5,4,6),
(1,5,2,6),(3,7,4,8)}. a

w
o0
~
—_
—

Since Theorem 2.1 requires r > 2, it only remains to find an ARD(4,8); of Dy;
for 0 < s < n. Since this case stands alone and is not required for the recursion of
Theorem 2.1, to save space it is not included here, but can be found on the internet
at http://www.dms.auburn.edu/~pikedav/publications/resolve

Corollary 3.2. There ezists an ARD(4,86); of D, if and only if

1 (mod 4) if s=n,
n=4{ 1 (modé6) if s=0, and
1 (mod 12) f1<s<n-—1,
ezcept possibly if n =25 and 2 < s < 23.

Proof. The necessity is obvious, and the sufficiency when s € {0,n} is settled by
Theorem 2.2. By Theorem 2.1 it suffices to find an ARD(4,6), of Dy3for1 <z <12
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and an ARD(4,6), of Dgg for each z € {0,2,4,6}; an ARD(4,6), of Dgg for each
x € {0, 6} is obtained by Lemma 2.2. These ingredients listed below with the directed
cycles arranged into almost parallel classes. Unless otherwise stated, the vertex set
isV={12,...,n}

Di3; x = 1: V = {00} UZjp and C = {(1,9,3,10,2,4) +1, (8,7,5,6,11,00) +1 |
i€ Z12}U{(0,3,6,9)+1 |1 € Zs}.

Dis; x = 2: C={(2,3,4,5),(6,7,8,9),(10,11,12,13), (1, 3, 5,4), (6,8, 7, 10),
(9,11,13,12),(1,2,4,6,5,7),(8,10,12,11,9,13), (1,5,3,2,6,9), (7,11,8, 12,10, 13),
(1,4,2,7,3,6), (8,13,11,10,9,12), (1,7, 2,5, 8,11), (3,12,4, 13,9, 10), (1,6, 10,2, 9, 8),
(3,11,4,12,5,13),(1,9,2,10,4,3), (5,11,6,12,7, 13), (1, 11,2, 8, 5, 10),
(3,13,4,7,12,6), (1,8,6,13,2,12), (3,7, 5,9,4, 11), (1,10, 5,12, 2,13), (3,9,7, 6,4, 8),
(1,13,6,2,11,5), (3,8,4,10,7,9), (1,12, 3,10,8,2), (4,9,5,6,11,7)}.

D35 x = 3: C'={(2,3,4,5),(6,7,8,9), (10,11,12,13), (1, 3,5,4), (6,8, 7, 10),
(9,11,13,12),(1,2,4,6),(5,7,9,12),(8,10,13,11), (1,5, 3,2,6,9), (7, 11, 10,12, 8, 13),
(1,4,2,7,3,10),(6,11,9,13,8,12), ( (3,12,4,13,9,10), (1,6,2,8, 3,13),
(4,10,9,5,12,11),(1,9,2, 10,4, 3), (5,1 3), (1863 1,2),
(4,7,12,10,5,13),(1,11,3,7,4,12), (2,9, ), (1,13,6,5,10,7),(2,12,3,9,4, 8),
(1,10,2,13,3,8), (4,11,5,9,7, 6) (1,12,2,1 ,10,8,4,9)}.

Disx=4:C= {(2 3,4,5),(6,7,8,9), (10,1 13),(1,3,5,4),(6,8,7,10),
(9,11,13,12), (1, (5,7,9,12), (8,10,13,11), 3,2),(6,9,7,13),
(8,11,10,12), (1, (7, 8,1 1
(1,6,2,8,3,11), (4, 7,3

) 11), (1
11,9,13,8,12),(1,7,2,5,8,13), (3,9,10,4,12,11),
1 (1,9,2,7,3,12),(4,10,5,11,6,13), (1,10,3,7,4,8),
(2,12,6,11,5,13),(1,8,2, 11,4, 7), ( 6,12), (
(1,13,3,8,5,9), (2,10,7,6,4, 11) 1, 2,4,3)
4, 1

1,9,
3,13,9,5,6,12), (1,12,2,13,7,5), (3,6, 10,8, 4, 9),
1,7,1
Dig; x = 5: C = {(2,3,4,5), (6 7,8,9), (10,1
2 1

7,

2

,11,13,12), (1, 4,6),(5,7,9, 2), (8, 10,13,
,11,10,12), (1,4,2,7),(3,6,12,11), (8, 1
6,2,8,3,11), (4,12,10,9,5,13), (1,9, 2,
8,2,13,5,10), (3,12,7,1

9,8,4,13, 7),(1 11

i

9),(1,7,2,5,8,11). 9,
1, ,3),(5,11,6,12,7,1 1
1 ,12),(2,9,8,5,6,13), (1, 1
,2,11,7,5), (3,
10,11,1
2,4,6), (5,7, (
4,2,6,3,10),
413,5,12,10,9),

11,4,7

6
2,
5
9, 2

,(2,9,8,6,5,10)}.
13), (1,3,5,4), (6,8,7,10),
3,2),(6,9,7,13),
2,5,8,12),(3,10,4,11,9,13),
0,5,11,7,12),
6 9,4,7, (1,10,2,12,6,5),
,8), ,2,11,5,9),(3,7,4,8,6,10)}.
{00} U (Zs x Z) and C = {((0,0),(1,0),(4,1), (2, 1)) +
1))+ (4,0), ((5,0 (2,0) (4,0),00) + (,0),
4,0, (3,0)) + (5,0),((5,1), (5,0, (3,1), (2,0, (4,1}, 00) +
1 (2,0),(8,1), (4,0),(5,1) + (1,0) | § € Zo}.
: LZs X Ly) and C = {((0,0),(3,1), (1,0), (5, 1)) + (3,0),
((3,0)7(2, 1),( 1), (1,1)) + (3, 0),((5,0), (2, 0), (4,0),00) + (5,0) | i € Zo}
U{((1,0),(2,1), (4, 1), ( )+(5,0), ((5,1),(5,0), (1,1),(0,1), (3, 1), 00)+
(,0) | i € Zg} U {((0,0 1))+ (1,0) | 1 € Zg
, 11,
(L

9
1,12,
3,11), (1,5,
9,10), (1,7

3,13), (4,1
4, (11385123) (2

© :
(8 , 3,
1, , 6, 9
a1, 3 1, 6, 11)
(3

) ? ?

D13a = 6:

Vv
(2, 0), (3, ),( 1), (0,
((1 0), (0, ),(2,1),81,1)

—~

}
12,13),(1,3,5,4), (6,8,7, 10),
9, 4,6) ,7,13),
(8,11, 10, 12),(1, ,2,7), 12,10),
(4,11,9,13), (1,6,2,11), 5,13), (4, 12,6, 11),
(1,10,5,6,4,8), (2,13,7, 12 3,11 ),(1,12,7,6,3,13),
(2,8,5,9,4,10), (1,13,8,2,9, ),(4,7,11,6,5,10),(1,11,5,8,4,9),(2,6,10,7,3,12)}.

)

), (10, 1
10,13,11), (1,5,3,2), (6,9
8,13,9,10), (1,7.2,5). (3,8,
,13,5,12),(1,9,2,10), (3,7,
4
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Dis; x = 9: C ={(2,3,4,5),(6,7,8,9), (10,11,12,13), (1,3, 5, 4), (6,8, 7, 10),
(9,11,13,12), (1, ,4,6),(5,7,9,12),(8,10,13,11), (1,5,3,2), (6,9, 7,13),
(8,11,10,12), (1,4,2,7), (3,6, 12,11), (8, 13,9, 10), (1,7, 2, 5), (3, 8, 12, 10),
(4.11,9,13), (1,6,2,11). (3,10,9.8). (4, 13, 5,12), (1,9,2, 10), (3, 11,4, 12),
(5.6,13.7), (1, 11,7,12). (2, 6,3, 13), (4.10,5,8), (1, 12,6, 11,5, 13),
(2,9,3,7,4,8), (1,13,3,12,2, ) (4,9,5,10,7,6), (1,10,4,7,3,9), (2, 13,8,6,5,11),
(1,8,5 ),

,9,4,3),(2,12,7,11,6 )}
4,5

Di3; x = 10: C = {(2, ),(6,7,8,9), (10,11,12, 13), (1, 3, 5, 4),

(6,8,7,10), (9,11,13,12), (1,2,4,6), (5,7,9,12), (8, 10, 13,11), (1, 5,3, 2), (6,9, 7, 13),
(8,11,10,12), (1,4,2,7), (3,6, 12,11) (8,13,9,10), (1,7,2,5), (3, 8, 12, 10),
(4,11,9,13),(1,6,2,11),(3,10,9,8), (4,13,5,12), (1,9,2,12), (3,11, 5, 13),
(4,10,7,6), (1,10,4,8), (2,6,5,11), (3,13,7,12), (1,8,2,13), (3,7, 5,9),
(4,12,6,11),(1,13,8,5,6,10), (2,9,4,7,3,12),(1,11,7,4,3,9), (2, 10, 5, 8,6, 13),
(1,12,7,11,6,3), (2,8,4,9,5,10)}.

Dyg; x = 11: C = {(2,3,4,5),(6,7,8,9), (10,11,12,13), (1, 3, 5,4), (6,8, 7, 10),
(9,11,13,12), (1, 2,4,6), (5,7,9,12),(8,10,13,11), (1,5,3,2), (6,9, 7, 13),
(8,11,10,12), (1,4,2,7), (3,6,12,11), (8, 13,9, 10), (1,7, 2,5), (3, 8, 12, 10),
(4,11,9,13),(1,6,2,11),(3,10,9,8), (4,13,5,12), (1, 9,2, 12), (3, 1 ,7,4), (5,11,6,10),
(1,10,4,8), (2,6,5,13), (3, 11,7, 12), (18,2, 13), (3,7,5,9), (4, 12, 6, 11). (1,12,7, 3),
(2,9,4,10), (5,6,13,8), (1,13,3,9,5,10), (2,8,6,4,7,11), (1, 11,5, 8, 4, 9),
(2,10,7,6,3,12)}.

Dys; x = 12: V = {00}UZyy and C = {(1,8,7,5)+i, (4, 9,6, 10)+4, (11,2, 3, co)+
i]1€ Z123 U{(0,2,4,6,8,10) + 1| i € Zy}.

Deg; x = 2: C ={(1,7,2,8),(3,9,4,10), (5,11,6,12), (1,8, 2,7), (3, 10, 4,9),
(5,12,6,11),(1,9,2,11,3,12), (4,7,5,10,6,8), (1,10,2,12, 3, 11), (4,8,5,9,6,7),
(1,11,4,12,2,9), (3,7,6,10,5,8), (1, 12,4, 11,2, 10), (3,8, 6,9, 5.7) .

Desi x = 4: C = {(1,7,2,8), (3,9, 4,10), (5, 11,6,12), (1,8, 2, 7), (3, 10,4, ),
(5,12,6,11),(1,9,2,10), (3,11,4,12), (5,7,6,8), (1,11,2,12), (3, 7, 4, 8),

(5,10,6,9), (1,10,5,8,4,11),(2,9,6,7,3,12), (1,12,4,7,5,9), (2, 11, 3, 8,6, 10)}.

As in the case of the previous corollary, it remains to find an ARD(4,6), of
Doy = Doy for each z € {0, 1,24, 25}; these can be found on the internet at
http://www.dms.auburn.edu/~pikedav /publications/resolve for z € {1,24}, and by
using Theorem 2.2 otherwise. O

References

[1] B. Alspach, P. Schellenberg, D. R. Stinson, and D. Wagner, The Oberwolfach
problem and factors of uniform odd length cycles, J. Combin. Theory A, 52
(1989), 20-43.

[2] F. E. Bennett and D. Sotteau, Almost resolvable decompositions of K, J. Com-
bin. Theory B, 30 (1981), 228-232.

[3] F. E. Bennett and Z. Xuebin, Resolvable Mendelsohn designs with block size 4,
Aequationes Math, 40 (1990), 248-260.

207




[4] J. Burling and K. Heinrich, Near 2-factorizations of 2K;,: Cycles of even length,
Graphs Combin., 5 (1989), 213-222.

[5] C. M. Fu, H. L. Fu, S. Milici, G. Quattrocchi and C. A. Rodger, Almost resolv-
able directed 2r-cycle systems, J. Combin. Designs, 3 (1995), 443-447.

[6] H. L. Fu and C. A. Rodger, Almost resolvable directed m-cycle systems: m = 3
(mod 6), Ars Combin., to appear.

[7] G. Ge and L. Zhu, Existence of almost resolvable 5-cycle systems, Aust. J.
Comb., 11 (1995), 181-196.

[8] K. Heinrich, C. C. Lindner, and C. A. Rodger, Almost resolvable decompositions
of 2K, into cycles of odd length, J. Combin. Theory A, 49 (1988), 218-232.

[9] D. G. Hoffman and P. J. Schellenberg, The existence of Cy-factorizations of
K, — F, Discrete Math., 97 (1991), 243-250.

[10] R. Rees, Uniformly resolvable pairwise balanced designs with block sizes two
and three, J. Combin. Theory A, 45 (1987), 207-225.

(Received 15/9/97)

208




