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Abstract

In this paper, we establish an asymptotic existence theorem for group divisible designs of type m" with
block sizes in any given set K of integers greater than 1. As consequences, we will prove an asymptotic ex-
istence theorem for frames and derive a partial asymptotic existence theorem for resolvable group divisible
designs.
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1. Introduction

We refer to [1] for basic concepts in combinatorial designs. Here we give a few additional
concepts that we need throughout the paper.

Definition 1.1. Let v, A be positive integers and let K be a set of positive integers. A group
divisible design (or a GDD for short) of order v is a triple (X, G, B), where

(1) X is a set of v elements,
2) 6={G1,G3,...,G,} is a set of subsets of X which partition X (called groups),
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(3) B is afamily of subsets of X each of cardinality from K (called blocks),
(4) every pair of elements from X is in exactly A blocks if they are from different groups,
0 blocks if they are in the same group.

If all groups G1, G, ..., G, have the same size m, such a group divisible design is said to
be of type m", and for convenience, we denote such a group divisible design by a (K, A)-GDD
of type m", or a K-GDD of type m" whenever A = 1. If K = {k}, then all blocks have the same
size k. Clearly, an (n, k, 1)-design (or BIBD) is a special group divisible design ({k}, »)-GDD of
type 1. We say a design is resolvable if its blocks can be partitioned into parallel classes such
that every element occurs in each class exactly once, i.e., each parallel class partitions X. For
example, a Kirkman triple system of order v is a resolvable (v, 3, 1)-design. We will denote a
resolvable (K, 1)-GDD of type m” by a (K, A)-RGDD of type m", or a K-RGDD of type m"
whenever A = 1.

Frames defined in the following form another kind of very useful combinatorial structures (for
more on frames, see [4] and [10]).

Definition 1.2. Let X be a set of v elements and G = {G, G2, ..., G} be a partition of X. Let
A > 1 and K be a set of positive integers. A (K, A)-frame is a group divisible design (X, G, B5)
whose blocks are partitioned into partial parallel classes so that each partial parallel class parti-
tions X — G;, for some G; € G.

If all G, Ga, ..., G, in a frame have the same size m, such a frame is said to be of type m".
We simply use K -frame of type m" to denote such a frame when X = 1. For example, if we delete
a vertex x and all blocks containing x from a Kirkman triple system of order v (i.e., a resolvable
(v, 3, 1)-design), we obtain a {3}-frame of type ZU_EI.

Constructing (or studying existence problems of) various kinds of designs is one of central
tasks in design theory. Though a lot of progresses have been made, the spectrum for the existence
of each kind of designs is far from being completely settled. In 1973, R.M. Wilson [11,12], and
Ray-Chaudhuri and R.M. Wilson [8] proved the following asymptotic existence theorems.

Theorem 1.3. (R.M. Wilson [12]) Given fixed integers k > 2 and A > 1, there exists vy such that
(v, k, A)-designs exist for all integers v > vg that satisfy the necessary conditions A(v — 1) =
0 (mod k — 1) and Av(v — 1) =0 (mod k(k — 1)).

Theorem 1.4. (Ray-Chaudhuri and R.M. Wilson [8]) Given a fixed integer k = 2, there exists vy
such that resolvable (v, k, 1)-designs exist for all integers v > vy that satisfy the necessary con-
ditions (v — 1) =0 (mod k — 1) and v =0 (mod k).

Then, in 1984, Theorem 1.4 was extended to resolvable (v, k, A)-designs for A > 1 by
J.X. Lu [6].

Theorem 1.5. (J.X. Lu [6]) Given fixed integers k > 2 and ) > 1, there exists vy such that
resolvable (v, k, A)-designs exist for all integers v > vg that satisfy the necessary conditions
AMv—1)=0 (mod k — 1) and v=0 (mod k).
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In his thesis [2], K.I. Chang proved the following asymptotic existence result for group divis-
ible designs where all blocks have the same size k. A different proof for this result was given by
E.R. Lamken and R.M. Wilson [5].

Theorem 1.6. (K.I. Chang [2]) Given fixed integers k > 2, .. > 1, and m > 1, there exists ng such
that a ({k}, A)-GDD of type m" exists for all integers n > nq that satisfy the necessary conditions
Am(n —1)=0 (mod k — 1) and Am*n(n — 1) =0 (mod k(k — 1)).

In 2002, H. Mohacsy and D.R. Ray-Chaudhuri [7] proved a partial asymptotic existence result
for group divisible designs with fixed number of groups.

Theorem 1.7. (H. Mohacsy and D.R. Ray-Chaudhuri [7]) Let k and n be fixed integers satisfying
2 < k < n. Then there exists an integer mq such that a {k}-GDD of type m" exists for all inte-
gers m = my if the conditions (n — 1) =0 (mod k — 1) and n(n — 1) =0 (mod k(k — 1)) are
satisfied.

Note that both Theorems 1.6 and 1.7 deal with group divisible designs whose blocks have the
same size k. In this paper, we extend Theorem 1.6 to the following asymptotic existence theorem
for (K, 1)-GDDs of type m”, where the sizes of blocks form any given set K of integers greater
than 1.

Given a set K of integers greater than 1, let «(K) be the greatest common divisor of the inte-
gersin {k — 1: k € K} and let B8(K) be the greatest common divisor of the integers in {k(k — 1):
ke K}.

Theorem 1.8. Given fixed integers . > 1 and m > 1, and a fixed set K of integers greater than 1,
there exists no such that a (K, A)-GDD of type m" exists for all integers n > nq that satisfy the
necessary conditions

rmn—1)=0 (mod Ol(K)) and Amzn(n —1)=0 (mod ,B(K)).

As a consequence to Theorem 1.8, we establish the following asymptotic existence theorem
for frames.

Theorem 1.9. Given any integers k > 2 and g > 1, there exists ug such that all {k}-frames
of type g" exist for all u > uq satisfying the necessary conditions g =0 (mod k — 1) and
g(u —1)=0 (mod k).

By using Theorem 1.9, we will derive a partial asymptotic existence result for resolvable
group divisible designs in Section 4.

2. Proof of Theorem 1.8

To prove Theorem 1.8, we need to use a powerful theorem by E.R. Lamken and R.M. Wilson
in [5]. Before stating the theorem, we first introduce certain necessary concepts and notations
from [5].

Let K ,5"“ be a complete digraph on n vertices with exactly A edges of color i joining any
vertex x to any vertex y for every color i in a set of r colors.
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A family F of subgraphs of K\"*) will be called a decomposition of K\"* if every edge

ec E(K ,(lr’)‘)) belongs to exactly one member in . Given a family @ of edge-r-colored digraphs,
a @-decomposition of K,EM) is a decomposition F such that every graph F € F is isomorphic
to some graph G € @.

For a vertex x of an edge-r-colored digraph G, the degree-vector of x is the 2r-vector

d(x) = (in; (x), out; (x), inz(x), outz(x), ..., in,(x), out, (x)),

where in;(x) and out;(x) denote, respectively, the indegree and outdegree of vertex x in the
spanning subgraph of G by edges of color j, 1 < j < r. We denote by «(G) the greatest common
divisor of the integers ¢ such that the 2r-vector (¢, ¢, ..., t) is an integral linear combination of the
vectors d(x) as x ranges over the vertex set V (G) of G. Equivalently, «(G) is the least positive
integer fo such that (7, g, . . ., fo) is an integral linear combination of the vectors d(x).

Let @ be a family of simple edge-r-colored digraphs and let «(®) denote the greatest com-
mon divisor of the integers ¢ such that the 2r-vector (¢, ¢, ..., t) is an integral linear combination
of the vectors d(x) as x ranges over all vertices of all graphs in @. For each graph G € @, let
w(G) = (my,ma, ..., m,), where m; is the number of edges of color i in G. We denote by (D)
the greatest common divisor of the integers m such that (m, m, ..., m) is an integral linear com-
bination of the vectors u(G), G € @. Equivalently, 8(®) is the least positive integer mg such
that (mg, mo, ..., mp) is an integral linear combination of the vectors u(G).

A graph Gg € @ is useless when it cannot occur in any ®-decomposition of K,(f’)‘). We say
that @ is admissible when no member of @ is useless. Equivalently, @ is admissible if and only
if there exists a positive rational linear relation

(L1....1)=>"cou(G) withall cg > 0.
Ged

Here is the powerful result which is Corollary 13.3 (or Theorem 1.2 when A = 1) in [5].

Theorem 2.1. (E.R. Lamken and R.M. Wilson [5]) Let @ be an admissible family of simple
edge-r-colored digraphs. Then there exists a constant ny = no(®) such that @ -decompositions
of K,(,r’)‘) exist for all n > ng satisfying the congruences

An—1)=0 (mod ot((D)),
An(n—1) =0 (mod B(®)).

It is shown by E.R. Lamken and R.M. Wilson in [5] that the existence of certain combina-
torial structures can be seen to be equivalent to the existence of a @-decomposition of K ,(,r"\)
for some @, r, and XA. To establish such an equivalence for a given combinatorial structure, it
usually involves two steps: First, find appropriate @, r, and A; and then we need to show that
the necessary conditions for the combinatorial structure imply an integer n satisfying the two
congruences in Theorem 2.1. From the definitions for o(®) and B(®), it is easy to see that
an(n — 1) =0 (mod B(P)) is equivalent to showing that the vector An(n — 1)(1,1,...,1) is an
integral linear combination of the vectors u(G) over all G € @, and A(n — 1) =0 (mod « (D))
is equivalent to showing that the vector A(n — 1)(1, 1, ..., 1) is an integral linear combination of
the vectors d(x), as x ranges over all vertices of digraphs G € @. This can be done by applying
the following well-known lemma from [9].
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Lemma 2.2. Let M be a rational s by t matrix and ¢ a rational column vector of length s. The
equation M X = ¢ has an integral solution X, a column vector of length t, if and only if

YM integral implies yc is an integer

for all rational row vectors'y of length s.

The following proof for Theorem 1.8 is motivated by the method used for the proof of Theo-
rem 8.1 in [5].

Proof of Theorem 1.8. It is easy to see that the conditions in Theorem 1.8 are necessary for the
existence of such a group divisible design.

Given a set K of integers greater than 1, we will show that the existence of a (K, A)-GDD of
type m" is equivalent to the existence of a @-decomposition of K ,SM), where r = m? and @ is
the family of edge-r-colored graphs described below.

As colors, we use the ordered pairs from {1, 2, ..., m}. For each k € K, let 7 (m, k) denote
the set of m-sequences t = (¢, t2, ..., t,,) of nonnegative integers summing to k, let G(t, k) be
the simple digraph with vertex set V(G (t,k)) =T UT, U ---U T, where T\, T»,..., T, are
disjoint with |T;| = #; and for all distinct x, y € V(G (t, k)), there is exactly one edge from x to y
of color (i, j) where i, j are such that x € 7; and y € T; (the digraph G(t, k) is simple because
T\, T, ..., T, are disjoint and there is only one directed edge (x,y) of color (i, j) between
every pair of distinct vertices x and y, where i, j are such that x € T; and y € T}). Let @ be the
collection of all such G(t, k) forallte 7 (m, k) and all k € K.

To obtain a (K, 1)-GDD of type m" from a ®@-decomposition F of K,Y’)‘), if it exists, let
V=VE)andlet X =V x {1,2,...,m}. Set G = {{x} x {1,2,...,m): x € V}. For each
F € F, there is a unique partition V(F) =S U Sy U --- U S, so that the edge from x to y in F
has color (7, j) if and only if x € §; and y € §;. Let

m
Br=|_JSi x {i)
i=1
and let B ={Bp: F € F}. Then it is not difficult to check that (X, G, B) is a (K, A)-GDD of
type m".

To apply Theorem 2.1 to obtain a @-decomposition F of K,(,r’)‘), we need to show that
Am(n —1) =0 (mod @(K)) and Am2n(n — 1) =0 (mod B(K)) together imply that A(n — 1) =
0 (mod a(®)) and An(n — 1) =0 (mod B(P)).

To show An(n — 1) =0 (mod B(@)), it suffices to show that the vector An(n — 1)(1, 1, ..., 1)
is an integral linear combination of the vectors u(G(t, k)), t € 7 (m, k) and k € K. The vectors
w(G(t, k)) has m? coordinates indexed by the colors (7, j)’s, i, j € {1, 2, ..., m}; the coordinate
at (i,i)is #;(#; — 1) and for i # j, the coordinate at (i, j) is #;#;. By Lemma 2.2, to show a desired
integral linear combination, it will suffice to show: whenever m? rational numbers x;j are given,
1 <1i, j <m,in such a way that

> titpxij+ Y it — Dxi; =0 forallte T(m, k) andall k € K, @2.1)
i#j i

then
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an(n — I)inj =0,
ij
where a = b means that the difference a — b is an integer.
Assume (2.1) holds. For each k € K and each 1 <i < m, fix j # i and consider the three
choices for t = (t1,1, ..., t,) Where t; =k, where t; =k — 1, t; = 1, and where t; =k — 2,
tj = 2 (all other coordinates being 0). By (2.1), we have

k(k — l)xi,- = 0,
(k — 1D (k —2)x;; + (k — Dx;j + (k= Dx;; =0,
(k — 2)(k — 3)xi; + 2(k — 2)x;j +2(k — 2)xji +2x;; =O0. 2.2)

Since the first congruence in (2.2) holds for all k € K and 8(K) is the greatest common divisor
of the integers in {k(k — 1): k € K}, it follows that S(K)x;; =0, 1 <i < m. If we add the first
and the third equations and subtract twice the second in (2.2), we have

2xij + 2xj; = 2xi; +2xjj (2.3)
for any i, j, i # j. It implies that

n(m— Dx;j +n(n—Dxj=nn — Dx; +nn —1)xj;
and thus

an(n — 1)in,- =n(n — l)mini. (2.4)

iJ i
If we subtract the second from the first in (2.2) we obtain
2(k — Dxji = (k — D(xij +xj4) (2.5)
and since this holds when i is replaced by j, we have
2(k — Dxj; =2(k — Dxj;

for all i and j and all k € K. Since a(K) is the greatest common divisor of the integers in
{k — 1: k € K}, it follows that

20(K)xj; =200(K)xj;

for all i and j. If «(K) is odd, since Am(n — 1) =0 (mod «(K)), we have Amn(n — 1)
0 (mod 2x(K)), and so

amn(n — 1)x;; = dmn(n — Dxjj. (2.6)

If «(K) is even, then each k € K is odd, we multiply (2.3) by % and combine it with (2.5) to
obtain (k—1)x;; = (k—1)x;; foreach k € K. Thus, «(K)x;; = «(K)x; and we again have (2.6).
Since Am?n(n — 1) =0 (mod B(K)) and B(K)x;; = 0 for each 1 <i < m, it follows from (2.4)
and (2.6) that

an(n =1 xij=ann—Dm Y xi; =xm>n(n — Dxj =0.
i,J i
Thus, we have proved An(n — 1) =0 (mod B(®)).
Now, we show that A(n — 1) =0 (mod «(®)) assuming that Am(n — 1) =0 (mod «(K)).
From earlier discussion, it suffices to show that the vector A(n — 1)(1, 1, ..., 1) is an integral
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linear combination of the vectors d(x), as x ranges over all vertices of digraphs G (t, k) for all
te7(m,k)andk e K.

A vector d(x) for a vertex x of G(t, k) has 2m? coordinates, corresponding to the color (i, j)
indegrees and the color (i, j) outdegrees. For t = (¢{,12, ..., ;) and V(G(t,k)) =T, U T, U
---UT,, where |T;| =1;, if x is a vertex in T, then the color (i, g) indegree and the color (g, i)
outdegree at x are t; fori # g and t, — 1 for i = g, all other color (i, j) indegrees and color (i, j)
outdegrees at x are zero.

By Lemma 2.2, to establish a desired integral linear combination, we need to show: Whenever
2m? rational numbers Xij, yij are given, 1 <1, j <m, in such a way that

(tg — 1) (¥gq + Ygq) + I _1i(Xig + Ygi) =0
i#q
forallte 7 (m,k)andallk € K, 1 <q <m, 2.7)

then
M =1 " (xij+yij) =0.
i,j
Assume (2.7) holds. For each k € K and each 1 < g < m, consider the choices for t =
(ti, 12, ..., tm) € T (m, k) where ty =k and where t; =k — 1 and ¢; = 1, from (2.7) we have

(k — 1) (xgq +y49) =0, (2.8)
(k —2)(xqq + Yqq) + (Xig +y4i) =0. 2.9)
Thus,

a(K)(xgq + ¥qq) =0.
If we subtract (2.8) from (2.9), we obtain

(Xig + Yqi) = (Xgq + Vqq) foralli #q.
Since Am(n — 1) =0 (mod a(K)) and a(K)(xyq + y4q) = 0 for each 1 < g < m, it follows that

M= 1)) " (Xig + ygi) =hmn — 1) Y (xgq + Ygq) =0.
i,q q
Thus we have shown that A(n — 1) =0 (mod «(®)).
Finally, we must show that @ is admissible. From our earlier discussion, it suffices to show
that there exists a positive rational linear relation

(IL1....1)=>"ceu(G) withall cg > 0.
Ged

Let ¢; denote the sum of ©(G(t, k)) as t ranges over the set of all integral vectors of length m
with k in one coordinate and O elsewhere, for a fixed k € K. Then ¢; has coordinates s;; where
sii=k(k —1) forall 1 <i <m ands;; =0 fori # j. Let ¢; denote the sum of u(G(t, k)) as t
ranges over the set of all integral vectors of length m that sum to k for every k € K. Then ¢; has
coordinates u;; such that u;; =a for all i and u;; = b for i # j, where a and b are constants. In
fact, it is easy to see that if c¢(k) is the sum of w(G(t, k)) as t ranges over the set of all integral
vectors of length m that sum to k for a fixed k € K, then ¢(k) has coordinates c;; where ¢;; = ax
for all i and c¢;; = by for i # j with a; and by being constants for a fixed k. Thus, for a < b, the
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linear combination %cl + ¢, is a constant vector (b, b, ..., b), where k(k 1) >0and b > 0.
For a > b, let k € K be fixed and let ¢3 be the sum of M(G(t k)) as t ranges over the set of
all integral vectors of length m that sum to k£ and have coordinates as equal as possible, that is,
when we write k = hm + p with 0 < p < m, then t has m — p coordinates equal to & and p
coordinates equal to & + 1. Then it is easy to check that ¢3 has coordinates /;; such that for some
constants ¢,d with ¢ < d, hj; =c forall i and h;; =d for i # j. Thus, the linear combination
= C3 + ¢, produces a constant vector with each coordinate being <5 ad—be b‘ > 0, where 9=2 > 0.
Thls completes the proof of the theorem. O

3. Asymptotic existence of frames

We first recall that a {k}-frame of type g“ is a group divisible design {k}-GDD of type g“
whose blocks are partitioned into partial parallel classes. The following GDD construction for
{k}-frames is Corollary 2.4.3 with A =1 in [4].

Construction 3.1. Let K be a set of integers greater than 1 and (X, G, B) be a group divisible
design with block sizes in K and A = 1, and let w(x) be a nonnegative integer-valued function
on X. Suppose that for each B € B, there is a {k}-frame of type {w(x): x € B}. Then there is a
{k}-frame of type {} , . w(x): G € G}.

Next we give a simple lemma.

Lemma 3.2. For any integers d > 1 and k > 2, let a = (k — 1)(k + 2)4. Then gced((ak + Da,
[(@a+Dk+1](a+ 1)) =1 ifkis even and gcd((ak + Da, [(a+ Dk +11(a+ 1)) =2 if k is odd.

Proof. Clearly, gcd(a,a+1)=1.As(a+ Dk+1=ak+1+k,gcdak+1,(a+ Dk+1)=
ged(ak+1,k)=1.Sincek—1=(a+1)k—(ak+1)anda = (k— D (k+2)4, we have ged(a+1,
ak +1)=gcd(a+ 1,k — 1) = 1. To prove the lemma, it remains to show that gcd(a, (a + 1)k +
1) =1if k is even and gcd(a, (a + 1)k + 1) =2 if k is odd. Since (¢ + Dk + 1 =ak +k+ 1,
ged(a, (a + D)k + 1) = ged(a, k + 1). By the formula for the sum of a geometric sequence, we

have
k+2)4—1
1+ (k+2) + (k+2)> k+2)1 = (7
+k+2)+*k+2)" 4+ (*k+2) G121

It follows that
(k+2)"=(k+D[1+*+2) +*+2>+-+ *k+27 "] +1

and ged((k + 24 k4 1) = 1. Since a = (k — 1)(k + 2)?, we conclude that ged(a, k+ 1) =
ged(k — 1,k + 1). Clearly, ged(k — 1,k + 1) divides (k + 1) — (k — 1) = 2. Thus, we have
ged(a, (a+ Dk + 1) =ged(a,k+ 1) =ged(k — 1,k + 1) =1 or 2. For k even, both k — 1 and
k + 1 are odd, so we have gcd(k — 1,k + 1) = 1. For k odd, then both k — 1 and k + 1 are even,
thus, we have gcd(k — 1,k + 1) = 2. Thus, we have shown that gcd(a, (a + 1)k + 1) =1if k is
even and gcd(a, (a + 1)k + 1) =2 if k is odd, and so the lemma follows. O

Proof of Theorem 1.9. Let g = (k — 1)m. Then g(u — 1) =0 (mod k) implies that m(u — 1) =
0 (mod k). First, we claim that a {k}-frame of type (k — " exists for h sufficiently large and
h—1=0 (modk).Infact,letv=(k—1)h+1,thenv—1=0 (mod k — 1) and v =0 (mod k).
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Thus, by Theorem 1.4, there exists vy such that for v > vg, a resolvable (v, k, 1)-design exists.
By deleting one vertex x and all blocks containing x, we obtain a {k}-frame of type (k — 1)" for
h > hg, where hg is some constant.

Now suppose that a = (k — 1)(k + 2)4 is a constant with d sufficiently large so that ak + 1 >
ho. Let K = {ak + 1, (a + 1)k + 1}. Clearly gcd(ak, (a + 1)k) = k. By Lemma 3.2, ged((ak +
Dak, [(a + Dk + 1](a + k) =k if k is even and gcd((ak + 1)ak, [(a + Dk + 1](a + Dk) =
2k if k is odd, which implies that «(K) =k, f(K) = k for k even and B(K) = 2k for k odd.
Since m(u — 1) =0 (mod k), we have m(u — 1) =0 (mod «(K)). We claim that m2u(u — 1) =
0 (mod B(K)). In fact, the claim is obvious for k even as B(K) = k in this case. For k odd,
since u(u — 1) is even, m(u — 1) =0 (mod k), and B(K) = 2k, we also have mu(u — 1) =
0 (mod B(K)). Thus, the claim holds. By Theorem 1.8, there exists #¢ such that a group divisible
design ({ak + 1, (@ + 1)k + 1}, 1)-GDD of type m“ exists for u > ug.

Since ak + 1 > hg and (a + )k + 1 > ho, a {k}-frame of type (k — 1%+ and a {k}-frame
of type (k — 1)@+ Dk+1 exist. By applying Construction 3.1 with w(x) = k — 1 for every x € X,
|G| = u, and each group having size m, we obtain a {k}-frame of type g, where g = (k — 1)m
andu >ug. 0O

4. Resolvable group divisible designs

A transversal design TD(k, m) is defined to be a {k}-GDD of type mk, where the number of
groups is the same as the size k of blocks, i.e., each block takes exactly one element from every
group. The following result is well known [1].

Proposition 4.1. A resolvable TD(k, m) exists if and only if there are k — 1 mutually orthogonal
Latin squares of order m.

It was shown by Chowla, Erd6s, and Straus [3] that the number of mutually orthogonal Latin
squares of order m approaches infinity as m goes to infinity. Thus, we have the next lemma.

Lemma 4.2. Given a fixed integer k > 2, there exists mq such that a resolvable TD(k, m) exists
for all m > my.

A factor F of a graph G is a subgraph of G for which V(F) = V(G). Let K(m : n) =
K(m,m,...,m) denote a complete n-partite graph K (m,m,...,m) with m vertices in each
partite set. A Ky-factorization of a graph G is a partition of the edge set E(G) into isomorphic
factors where each factor is a disjoint union of Kj’s. Then, by viewing each block of size k as
a complete graph Ky, it is easy to see that a resolvable group divisible design {k}-RGDD of
type m”" is a Ky-factorization of K (m : n). Thus, we have the following well-known necessary
conditions for the existence of resolvable group divisible designs.

Proposition 4.3. The necessary conditions for the existence of a {k}-RGDD of type m" are
mm —1)=0 (mod k — 1) and mn =0 (mod k).

Here we offer the following asymptotic existence conjecture for resolvable group divisible
designs.
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Conjecture 4.4. Given integers k > 2 and m > 1, there exists no such that a {k}-RGDD
of type m" exists for all integers n > ng that satisfy the necessary conditions m(n — 1) =
0 (mod k — 1) and mn =0 (mod k).

Recall that a {k}-frame of type g“ is a group divisible design {k}-GDD of type g“ whose
blocks are partitioned into partial parallel classes, or equivalently, it is a Kj-decomposition
of K (g : u) such that the subgraphs Kj’s are partitioned into partial parallel classes where each
partial parallel class forms a factor of K (g : u — 1) (a subgraph of K (g : u) after removing one
group of g vertices). By a simple calculation, it follows that a {k}-frame of type g" has kgTul par-
tial parallel classes in total and has exactly k‘%l partial parallel classes excluding each group G;
(called a hole).

Next, we provide a simple but useful recursive construction for resolvable group divisible
designs.

Construction 4.5 (Filling in holes). Let m and g be positive integers such that g is divisible
by m. Suppose that there exists a {k}-frame of type g" and there exists a {k}-RGDD of type

m* 5" . Then there exists a {k}-RGDD of type m" with n = %u + 1.

Proof. Start with a {k}-frame of type g“ and let W be a set of m elements not from the frame.
+m
For each group G; of size g in the frame, we fill the hole G; by a {k}-RGDD of type m*n on

the set G; U W, i.e., match the parallel classes of a {k}-RGDD of type mi" with the partial
parallel classes excluding G; of the {k}-frame of type g" to form parallel classes of the whole
design. O

Here is another construction method which is a special case of Corollary 3.5.5 with A =1
in [4].

Construction 4.6. Suppose that the following designs exist:

(1) a {k}-RGDD of type g“,
(2) a {k}-frame of type (m1g)?,
(3) aresolvable TD(k, mv).

Then there exists a resovable {k}-RGDD of type (mg)"".
The following results provide a partial solution to Conjecture 4.4.

Theorem 4.7. Given an integer k > 2, there exist mo and ng such that a {k}-RGDD of type m"
exists for all integers m > mq and n > ng that satisfy (n — 1) =0 (mod k — 1) and mn =
0 (mod k).

Proof. Letg=(k—1)mandu = H Then g =0 (mod k — 1) and “Tm =k,andso g(u—1) =
0 (mod k). By Theorem 1.9, there exists ug such that a {k}-frame of type g“ exists for u > ug.
Recall that a resolvable TD(k, m) is a {k}-RGDD of type mk. By Lemma 4.2, a {k}-RGDD
of type mk exists for m > mq, where mq is some constant. Since k = ngTm, it follows from
Construction 4.5 that a {k}-RGDD of type m" exists, where n = (k — Du + 1 = %u +1. O
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Theorem 4.8. Given an integer k > 2, there exist mg and ng such that a {k}-RGDD of type m"
exists for all integers m > mqo and n > ng that satisfy one of the following:

(1) m=0 (mod k(k — 1)) and n =0 (mod k), or
(2) m=0 (mod (k — 1)) and n =0 (mod k?).

Proof. We first prove the result for condition (1). Set m = (k — 1)g and n = kv. Since
k divides m, it follows from Theorem 1.9 that a {k}-frame of type [(k — 1)g]’ exists for
v > vg, namely, n = kv > ng for some ng. By Lemma 4.2, resolvable TD(k, g) and resolvable
TD(k, (k — 1)g) exist for all g > go, namely, m = (k — 1)g > mq for some mg. Recall that a
resolvable TD(k, g) is a {k}-RGDD of type m*. By applying Construction 4.6 with u = k and
m| =k — 1, we obtain a {k}-RGDD of type m".

To prove the result for condition (2), let n; = % Then n1 = 0 (mod k). It is easy to see
that the complete n-partite graph K (m : n) is a disjoint union of the factors H = | J K (m : k)
and K (mk : ny). By Lemma 4.2, a resolvable TD(k, m) exists for m > my, i.e., a {k}-RGDD of
type m¥ exists which means that K (m : k) has a Kj-factorization, and so is H = UK @m:k).
By (1), a {k}-RGDD of type (mk)"! exists which means that K (mk : n1) has a Ki-factorization.
Thus, K (m : n) = H U K (mk : n1) has a Ki-factorization, that is, a {k}-RGDD of type m". O
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