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Abstract

Chapter I]is used to introduce the basic tools and mechanics used within this thesis. Some
historical uses and background are touched upon as well. The majority of the definitions
are contained within this chapter as well.

In Chapter[2]we consider the question whether one can decompose A copies of monochro-
matic K, into copies of /; such that each copy of the K contains at most one edge from
each K. This is called a proper edge coloring (Hurd, Sarvate, [29]). The majority of the
content in this section is a wide variety of examples to explain the constructions used in
Chapters[3]and ]

In Chapters[3|and [4 we investigate how to properly color BIBD(v, k, \) for k = 4, and
5. Not only will there be direct constructions of relatively small BIBDs, we also prove
some generalized constructions used within.

In Chapter [5| we talk about an alternate solution to Chapters [3and 4 A purely graph
theoretical solution using matchings, augmenting paths, and theorems about the edge-
chromatic number is used to develop a theorem that than covers all possible cases. We
also discuss how this method performed compared to the methods in Chapters [3|and 4

In Chapter[6] we switch topics to Latin rectangles that have the same number of symbols
and an equivalent sized matrix to Latin squares. Suppose ab = n?. We define an equitable
Latin rectangle as an a X b matrix on a set of n symbols where each symbol appears either
[2] or [2] times in each row of the matrix and either [2] or || times in each column
of the matrix. Two equitable Latin rectangles are orthogonal in the usual way. Denote a
set of k a x b mutually orthogonal equitable Latin rectangles as a k—~MOELR (a, b; n). We
show that there exists a k~-MOELR (a, b; n) for all a, b, n where k is at least 3 with some
exceptions.
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Chapter 1

Introduction

This thesis is the result of the author’s interest in furthering recently developed fields in
combinatorial designs. The goal of this thesis is to construct proper colorings of complete
graphs using balanced incomplete block designs and expand the known results of mutually
orthogonal equitable Latin rectangles. With that said, now we begin with an introduction
to graph theory.

1.1 Graphs

To begin, a graph, G, is an ordered pair (V) E') comprised of a set of vertices V' and a
collection of unordered pairs of vertices called edges E. The order of the graph is |V|, the
number of vertices. To be more precise, we will only deal with graphs that are simple and
undirected. A simple graph is a graph with no loops or multiple edges between two distinct
vertices. If an edge connects a vertex to itself we say the edge is a loop. A graph may
have several edges between the same two vertices. These edges are called multiple edges.
Figure is an example of a simple graph. A simple graph is a complete graph if every
pair of vertices is joined by an edge. The complete graph with v vertices is denoted K.

Graph colorings have a wide variety of real world applications including radio wave
assigning. Suppose we have six different radio stations at different distances from each
other. If two radio stations are within 100 miles of each other then they cannot use the
same frequency. To apply graph colorings to this problem, draw six vertices to represent
the six radio stations. Place an edge between two vertices if they are within 100 miles
of each other. The frequencies will be represented by colors. So if radio station a and b
are within 100 miles, we need to color the vertices different colors because they cannot
use the same frequency. In other words, if we give a coloring that uses the least number
of colors possible on the vertices of the graph we created, we find the least number of
radio signals we can possibly use without landing on some other stations signal. This is
useful considering how many radio signals are continually flooding the air waves around
populated areas such as Chicago and New York City.

There are several ways to color graphs including two of the most popular methods:
vertex-coloring and edge-coloring. We are most interested in coloring the edges of a graph.

1



Let v be the number of vertices. The maximum number of edges possible in a simple graph

-1
is ;) = % Much has been done in the field of graph coloring which is why we

will touch on both of the two previously mentioned sub-divisions of graph coloring. For a
more in-depth look into the properties, definitions, and theorems of graph theory, see [20].

1.1.1 Vertex-Colored Graphs

Two vertices are adjacent if they share a common edge. Two edges can be adjacent as well
as long as they share a common vertex. Two edges are adjacent if they share a common
vertex. A labeling of the vertices of a graph G by the colors {1,2,...,k} in such a way
that adjacent vertices receive different colors is called a k—coloring of GG. The chromatic
number, x(G), of a graph G is the smallest integer & such that G has a k—coloring.

There are many applications of vertex coloring. When scheduling a set of interfering
jobs, one can use a conflict graph. A conflict graph is a simple graph where an edge
between two vertices represents when two corresponding jobs are unable to be executed at
the same time. This can happen if two jobs share a resource like machinery or personnel or
interfere in some other way. Let the colors represent time slots and every job require one
time slot. This creates a one to one correspondence with the vertices and colors because a
vertex or a job can only be completed once. If the colors represent one hour intervals then
the chromatic number is the minimum number of hours required to finish all v jobs. For
more examples of vertex-coloring see [35]].

1.1.2 Edge-Colored Graphs

Intuitively, a proper edge-coloring is an assignment of colors to the edges of a graph such
that no adjacent edges share a color. Formally, we may define a proper edge-coloring as
follows.

Definition 1.1. Let G = (V, E) be a graph and C' = {1,2,...,k} be a set of colors. A
proper coloring[] or proper edge-coloring is a labeling of the edges with colors from C' in
such a way where no two adjacent edges share a color in common.

If we properly color a complete graph K, each color is used at most once when coloring
the edges of K making each K, panchromatic. A graph is panchromatic if the graph has
a unique color on each edge. Figure [I.T]depicts a properly colored graph of five vertices
and six edges with minimum number of colors so that no two adjacent edges are given the
same color.

A matching of a graph G is a set of edges where no two edges share a vertex. Another
way to say this is the graph has a 1-factor. Suppose we select the two blue edges of Fig-
ure[I.T] Since these two edges are non-adjacent, we have a matching. The same is true if
we select the red or green sets of edges as well.

IFor simplicity we will use this word rather than proper edge-coloring.

2
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Figure 1.1: A properly colored graph.

Matching problems have many applications. We consider the date-match problem rep-
resented in Figure[I.2] an example from [39]. This figure is called a bipartite graph because

boy 1=

=girl 1

-~
~~
~-~
~~—_ 4
~

4

boy 2. __ ~=>qirl 2

Figure 1.2: A date-match problem

it separates the vertices into two partition classes or sets where two vertices within the same
partition class are non-adjacent. Suppose there are several boys and girls, and each girl fa-
vors some of the boys. What condition is necessary to make a date-matching in which
every girl is assigned to one of her favorite boys? Consider a graph in which boys and girls
correspond to vertices and a vertex corresponding to a girl is joined to vertices correspond-
ing to boys whom the girl favors. Then there is a date-matching if and only if the graph has
a matching containing all vertices corresponding to girls. The dashed edges give a possible
matching given the requirements in the question.

Make note that if S is a set, then S\{u} or S — {u} means take S and remove all
elements of {u} from S.

How do we generate a matching of G with as many edges as possible? One such way
is through the use of alternating paths and augmenting paths. First consider an arbitrary
matching called M which consists of edges from a graph GG. A path in G which starts at an

3



unmatched vertex in X and then contains an edge from £\ M, an edge from M, an edge
from F\M, an edge from M, and so on, is an alternating path with respect to M. An
alternating path P that ends in an unmatched vertex of the set Y is called an augmenting
path as seen in Figure [I.3] The bold edges on the left graph are the current matching. By
removing the edges from the matching A/ that are from the augmenting path P in Figure[I.3]
and add the edges that were not in M but were in P, then the matching M’ has a larger
matching than M as seen in the right graph in Figure [[.3]

Figure 1.3: Using augmenting paths on alternating path P of matching M

The first paper on edge-coloring problems was published by Tait back in 1889. In this
paper he proved that the four-color conjecture is true if and only if one can edge-color every
planar 3-connected cubic graph using three colors. The four-color conjecture states that one
can color a map using only four colors so that any adjacent countries have different colors.
The four-color theorem was proven in 1976 with the use of computers. Later, in 1980,
Hoyler proved edge-coloring problems are NP—complete. This means it is very unlikely
that edge-coloring problems are able to be solved in polynomial-time. With this result, it
shows us that we need to develop methods that will efficiently color graphs giving rise to
one reason the problem in this thesis was pursued.

1.2 Designs

A balanced incomplete block design (BIBD(v, k, \)) with parameters (v,b,7, k, \) is a
pair (V, B) where V) is a v-set of points and B is a collection of b k-subsets of V), called
blocks, such that each element of V is contained in exactly r blocks and any pairs of points
of V is contained in exactly A blocks. A BIBD is complete if it has no repeating blocks and
contain (Z) blocks. We denote this as BIBD(v, k, \) because the values for b and r can be
calculated with only v, k, and A.

To explain designs further we will use one of the most common examples in design
theory; the Fano plane seen in Figure [[.4] Each line on this figure and the circle rep-
resent the seven blocks of the design. Our goal is to construct a BIBD(7,3,1) so let
YV =1{0,1,2,3,4,5,6}. The parameters of a BIBD(7, 3, 1) tell us we are going to make
blocks of size 3, 3-subsets, and we will see any pair of points appear exactly once. Let

4



6 4 3

Figure 1.4: The Fano plane.

By ={0,1, 3} be the first block where B; € B. From this we will develop a set of blocks
cyclically from B; modulo 7. Here is the set of seven blocks we develop from B;.

{0,1,3} {1,2,4} {2,3,5} {3,4,6} {4,5,0} {5,6,1} {6,0,2}

These seven blocks make up 3 and so we have constructed a BIBD(7, 3, 1). We know we
have constructed all the blocks because there is a formula for finding the number of blocks;

v(v—1)
b —

= k(k——l))\' In our case,

Due to the complexity of designs, this method of cyclically constructing designs does
not always work. It is only because this design is cyclic that we may construct it in this
fashion. Keep this in mind when we talk about designs being sufficient.

The numbers v, b, 7, k, and \ are parameters of the BIBD. A special type of BIBD
called a triple system (TS(v, \)) is a BIBD where £k = 3. And a special type of triple
system called Steiner triple system (STS(v)) is a BIBD where A = 1 and k = 3 or a
triple system where A = 1. The necessary conditions under which a BIBD exists are given
below.

Theorem 1.2. (Hanani, [28]) The necessary conditions for the existence of a
BIBD(v, b, 1, k, \) are

1. vr = bk
2.rk=1)=Xv-1)



Though the first questions in design theory were contrived many centuries ago, our fo-
cus will begin in 1847 when Kirkman [31] dealt with the existence of STS(v) which exist
for all v = 1,3 (mod 6). Kirkman had a famous schoolgirl problem [32] that dealt with
STS designs:

Fifteen young girls in a school walk out three
abreast in succession; it is required to arrange
them daily, so that no two shall walk two abreast.

Because there are 15 young girls, v = 15. When the girls walk three abreast, this means
that we group the girls together in groups of size three. Thus we have an example of an
STS(15) or a BIBD(15, 3, 1).

Significant contributions to this field include Euler in 1782, Kirkman in 1847, Moore
in 1896, Bose in 1939, and Wilson in 1972. Hanani also contributed by determining the
necessary and sufficient conditions of BIBDs with block size 4 and 5 with any A value.
Later, he published a survey over 100 pages long, detailing the previous existence results
for blocks of size 3, 4, and 5. He then extended the results to block size 6 and any A > 2.

Design theory has numerous applications throughout many fields, but the general con-
sensus is that one of the most useful applications of design theory is in setting up experi-
mental designs. One such application can be summed up as making a consumer experiment
where consumers try products and give responses to questionnaires about the products they
try. All the products are alterations of one main concept such as fast food experiments
where a group of 30 to 40 consumers try out different types of foods. Since it is a princi-
pal feature that all samples be evaluated the same number of times, a balanced incomplete
block design contains this and more features making it ideal for this type of experiment.
We also want to have pairs of samples to be evaluated the same number of times by some
consumer. To do this, we just let the consumer represent a block of different samples. Since
each sample occurs r times and each pair of samples occurs A times, the experimental de-
sign is said to be a BIBD.

A large list of parameters for BIBDs are listed in [16] by Cochran and Cox. Since
their designs were meant for agricultural applications which had limited resources (i.e.
animals and field plots) the number of repetitions is limited. The number of repetitions
that consumer experiments tend to have at least 30 to 40. So the size of designs limits
the usefulness with real world applications but with ever increasing technology, it does not
seem infeasible that larger designs may be used in the near future.

Another type of design we will focus heavily on is the group divisible design or (GDD).
A group divisible design of index A, (k, A\) — GDD(m"), is a triple (V, G, B) where V is a
finite set of v = mu points, G is a partition of V into parts (groups) whose sizes lie in a set
of positive integers, and I3 is a family of subsets (blocks) of V that satisfy the following.

1. If B € B, then |B| = k.
2. If two elements are in the same group, then this pair cannot be in any block.
3. |G| > 1.



We use exponential notation to denote the type of the GDD. For example, a GDD having
u groups of size m would be referred to as a GDD(m") as in Figure A pair of distinct
points coming from two distinct groups of a GDD is called a transverse pair. A GDD is
uniform if all groups have the same size and denoted as k — GDD(m").

Group1 Group2 ... Groupu—1 Groupu
) o e ) )
[ D) (D) e (D) LD}
.m .m .m .m

Figure 1.5: k-GDD(m")

GDDs can be extended to BIBDs by making sure every pair of points occurs in A
blocks. This method is similar to Wilson’s Fundamental Construction [S1]. As an example,
consider a 4-GDD(4%) setup as in Figure Our goal is to create a BIBD(16,4,1). We

L] L] L]
Group 1 Group 2 Group 3 Group 4

Figure 1.6: One block of a 4 — GDD(4%)

know this GDD exists because the necessary and sufficient conditions for the existence of
a (4,\) — GDD(m") were found by Zhu in [55]. They are given in the following theorem.

Theorem 1.3. The necessary and sufficient conditions for the existence of a (4,\) —
GDD(m") are

1. uw>4,
2. Mu—1)m =0 (mod 3), and
3. du(u—1)m? =0 (mod 12),
with exception of (m,u, \) € {(2,4,1), (6,4, 1)}, in which case no such GDD exists.

In a GDD, every transverse pair occurs in exactly A blocks. This means that if A = 1,
every pair occurs in exactly one block or group. The only pairs that have not been accounted

7



for are those that lie in the same group. We know by Hanani in [28] that the necessary
conditions in Theorem[I.2] are sufficient for the following v values with k = 4:

k M Conditions for v

41 1,4 (mod 12)
4 2 1 (mod 3)
4 3 0,1 (mod 4)
4 6 all

Consider the set of points in a group as the set of points from which we form a design.
From these set of four points we can form a BIBD(4,4, 1) design by the table above.
Because we do this to each group, we add the blocks from each BIBD(4,4,1) on each
group to the blocks we formed from the blocks of the GDD. This action of forming BIBDs
on groups will be known as placing a BIBD on each group. This ensures that each pair
among the groups has A = 1. Therefore, there exists a BIBD(16,4, 1).

Non-uniform GDDs have also been studied.

Theorem 1.4. (Ge, Ling, [24]) A 4 — GDD(4“m?) exists if and only if either v = 3 and
m=4,0oru>6,u=0 (mod3)andm =1 (mod 3) with1 <m < 2(u — 1).

Theorem 1.5. (Zhu, [55]]) The necessary conditions for the existence of a uniform (5, \) —
GDD(m") are as follows.

1. u>35,
2. Mu—1)m =0 (mod 4), and
3. Au(u—1)m? =0 (mod 20).

Theorem 1.6. (Ge, Rees, Zhu, [25]]) A 4 — GDD(1“m?) exists if and only if u > 2m + 1
and either m, u +m = 1 or4 (mod 12) or m,u+m =7 or 10 (mod 12).

Another class of GDDs that have been studied are (5, \)-GDD.

Theorem 1.7. (Ge, Ling, [24|]) The necessary conditions for the existence of a 5—GDD(m")
in Theorem are also sufficient, except when m* € {2°, 21135 6°}, and possibly where

1. m* = 345 365.
2. m=26,14,18 (mod 20) and

(a) m =2andu € {15,35,71,75,95,111, 115,195,215},

(b) m =6 andu € {15,35,75,95};

(¢) m=18and u € {11,15,71,111,115};

(d) m € {14, 22,26, 34, 38,46, 58,62} and u € {11,15,71, 75,111, 115};
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(e) m € {42,54} or m = 2a with « = 1,3,7,9 (mod 10) and 33 < o < 2443,
and u = 15;

3. m =10 (mod 20) and

(a) m =10 and u € {5,7,15,23,27,33,35,39,47},
(b) m =30 and u € {9,15};
(¢) m =>50and u € {15,23,27};
(d) m =90 andu = 23;
(e) m=10a,a =1 (mod 6),7 < «a < 319, and u € {15,23};
(f) m=108,=5 (mod 6),11 < § < 443, and u € {15,23};
(g) m =107,y =1 (mod 6),325 <y < 487, and u = 15;
(h) m =100,0 =5 (mod 6),449 < § < 485, and u = 15;
Theorem 1.8. (Assaf, Bluskov, Greig, Shalaby, [11]) Let A\ > 2. The necessary conditions

for the existence of (5,\) — GDDs of type m" in Theorem are also sufficient, except
possibly when A\ = 2, u = 15 and either m = 9 or gcd(m, 15) = 1.

Let B be a set of blocks in a GDD or BIBD. A parallel class or resolution class is a
collection of blocks that partition the point-set of the design. A design is resolvable if the
blocks of the design can be partitioned into parallel classes.

A resolvable balanced incomplete block design (RBIBD) is a balanced incomplete
block design where the design is resolvable. The following are the necessary conditions for
the existence of a RBIBD(v, k, A):

. (v —1)=0 (mod k —1),
2. v=0 (mod k).
From [22]], these conditions are known to be sufficient for any & and ), if v is large enough.

Theorem 1.9. /7,36 23]. An RBIBD(v, 5, \) exists for A = 1,2, 4, if any of the following
conditions is satisfied:

1. A=1,0=5 (mod 20) and v # 45, 185,225, 345, 465, 645;
2. A=2,v =5 (mod 10) and v > 50722395,

3. A=4,v =0 (mod 5) except for v = 10 and possibly for
v =15,70,75,90,95, 135, 160, 185, 190, 195.

In the same manner, a resolvable GDD is a GDD where the blocks of the design can
be partitioned into parallel classes, denoted as RGDD.

9



Theorem 1.10. (Ge, Ling, [24]) The necessary conditions for the existence of a 4 —
RGDD(m"), namely, u > 4, mu = 0 (mod 4) and m(u — 1) = 0 (mod 3), are also
sufficient except for (m,u) € {(2,4),(2,10),(3,4), (6,4)} and possibly excepting: m = 2
and u € {34,46,52,70,82,94, 100, 118, 130, 142, 178, 184, 202, 214, 238, 250, 334, 346 };
m = 10 and u € {4,34,52,94}; m € [14,454] U {478,502, 514, 526, 614, 626, 686}
and v € {10,70,82}; m = 6 and u € {6,54,68}; m = 18 and u € {18,38,62};
m = 9and u = 44; m = 12 and uw = 27;m = 24 and v = 23; and m = 36 and
we {11,14,15,18,23).
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Chapter 2
Proper Edge Colorings of BIBD(v, k, \)

Even though the problem is stated in graph theoretic terms, the focus of this thesis remains
to be design theory. In this chapter we will give a multitude of examples of the problem at
hand and an example of every construction we use in Chapters [3|and ] Pictorial represen-
tations will be used when appropriate.

2.1 The Focus

Before we start, make note that Z* represents the set of positive integers not including zero.
We consider the following question

Question. Let G = (V, E) be a graph and {1,2,...,k} be a set of colors. Can one
decompose \ copies of monochromatic K, into copies of Ky, such that each copy of Ky
contains at most one edge from each K,?

A graph is monochromatic if all the edges of the graph are colored with the same color.
Constructing panchromatic K, graphs from A monochromatic K, graphs is the same as
properly coloring K, graphs using the edges of the monochromatic graphs. Note that A
denotes the number of colors used as well as the number of monochromatic graphs.

In [29]] Hurd and Sarvate translated this graph theory problem into a problem based on
designs. Let us consider the graph G = (V, F) being the complete graph on v vertices such
that|V| =vand |E| = (}) = @ We copy this graph A times and give a unique color to
each copy giving us A colors. We label all vertices in each copy of K, so as to distinguish
which edge we remove based on the vertices that connect them. So each K must have
k labeled vertices from V. Because we are trying to properly color a K, graph, we will
remove at most one edge from each monochromatic K. For a K, to be properly colored,
there need to be at least (’;) unique colors so each edge in the K} can have a unique color.
It follows that A > (g) for us to have a chance of properly coloring each K. Let b be the
number of K, graphs we create through this decomposition of the A\ copies of K.

Suppose we represent the vertices of each K, = (V, Ey) as a set {v1, v, ..., v} of
vertices where vy, Vs, ..., v € Vo C V. Because the graph is complete on K, it is easy to
form the complete graph on k vertices from the set {vy, vs, ..., vx }. Each one of these sets
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will be of the same size k, and we shall denote each of these sets as B; such that B; € B for
all: = 1,2,...,b. Because a particular edge appears once in each of the A copies of K,
there are A copies of this edge, each with a different color. We must ensure the number of
times a particular edge is seen among the K graphs is A. This is the same as confirming
every pair of distinct vertices is in exactly A of the B;. At this point, notice that each set, or
as we will call them blocks, has identical size £ where each vertex is chosen from a set of
v vertices and we must make sure that the number of pairs we see among all the blocks is
A. This is identical to the definition of balanced incomplete block design. As such, rather
than saying we will color the pairs of points in a design so as to create properly colored K,
graphs from K, graphs, we will say we have a properly colored design. So our objective
for this paper equates to showing we can properly color a BIBD(v, k, \).

We want to decompose A copies of monochromatic K, into copies K, such that each
copy of K, contains at most one edge from each K,. A proper coloring, or proper edge-
coloring, of a BIBD(v, k, \) is an assignment of colors to the edges of a K, denoted by a
block of the design (a block of the design denotes the K}, graph) with the properties:

1. each edge in a K graph generated from the points in a block receives a different
color;

2. every edge is used exactly )\ times;

3. every color is used exactly once among the )\ copies of an edge.

In [29] Hurd and Sarvate discussed and solved the cases where A = mk(k — 1)/2 for
any BIBD(v, k, \). They also found the sufficient conditions for the existence of a properly
colored triple system TS(v, A). The following theorems are some results found by Hurd
and Survate in [29]].

Theorem 2.1. The necessary conditions are sufficient for the existence of a TS (v, \) which
has a proper coloring.

Theorem 2.2. Suppose that there exists a BIBD (v, k, \), (V,B) with A = mk(k — 1)/2,
m € Z*. Then the blocks of B can be properly colored with X colors so that no two edges
in any block have the same color.

Theorem 2.3. (Hurd, Sarvate, [29]) If a BIBD(v, k, 1) exists, then for the index A\ >
k(k — 1)/2 there exists a BIBD(v, k, \) whose edges can be taken from \ monochromatic
copies of K, so that no two edges in a block have the same color.

As an example of properly coloring the block structure of a K, using the structure of a
BIBD we will give a graphical representation of a proper coloring of three monochromatic
K7 into panchromatic K3. Suppose we have three K; graphs, a blue, a red, and a green
one. Let {0, 1,3} be a block of vertices that will make up one vertex set of a panchromatic
K. Note all pairs and triples here are listed with braces to indicate the sets are unordered.
Color edge {0, 1} red, edge {1, 3} green, and edge {0, 3} blue. To do this we remove the
respective colored edges from the monochromatic K7 graph to construct the panchromatic
Kj5. This is shown in Figure with gray dashed lines indicating the edge has been re-
moved from a K7;. Now we can repeat this block two more times to get three copies of

12



this vertex set with different colors. The second block is based on the same vertex set, so
color edge {0, 1} blue, edge {1,3} red, and edge {0, 3} green. Again, we remove edges
from the same monochromatic K7 graphs to construct the panchromatic K3. This is shown
in Figure 2.2 We perform the same task for the last copy of this block by coloring edge
{0,1} green, edge {1, 3} blue, and edge {0, 3} red. This is shown in Figure 2.3

Green Blue

Red

Blue
Green

Figure 2.1: 1°* of three colored copies of a block from a BIBD(7, 3, 3)

As one can see, we have 3 copies of a single K3 from A = 3 copies of K;. Because we
can cyclically permute the block {0, 1,3} modulus 7 to get the remaining blocks the next
block we would use is {1, 2,4}. The same procedure just used on the block {0, 1, 3} would
be applied to this new block. This procedure will continue through each block until all the
K5 have been drawn with unique colorings on each edge, giving us a proper coloring.

Because the case where £ = 3 is completely solved in [29], we focused on the cases
where £ = 4 and 5. We will need to know the necessary and sufficient conditions from
the existence of a BIBD(v, 4, \) and a BIBD(v, 5, \) if we are to form any link between
properly colored graphs and coloring the incidence structure of a BIBD.
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Figure 2.3: 3" of three colored copies of a block from a BIBD(7, 3, 3)
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The necessary and sufficient conditions for the existence of a BIBD(v, 4, \) were obtained
by Hanani in [28]. They are as follows:

If \=1,5 (mod 6), thenv = 1,4 (mod 12).
If A\ =2,4 (mod 6),thenv =1 (mod 3).
If A =3 (mod 6), thenv = 0,1 (mod 4).
If A\ =0 (mod 6), then v > 4.

If A\ =1,5 (mod 6), then we can properly color a BIBD(v, 4, \) by applying Theorem[2.3]
and if A = 0 (mod 6), then we can properly color a BIBD(v, 4, \) by applying Theo-
rem Therefore, in Chapter [3| we need only consider BIBD(v,4, \) with A = 2,3,4
(mod 6).

The necessary and sufficient conditions for the existence of a BIBD(v, 5, ) were ob-
tained by Hanani in [28]]. They are as follows:

IfA=1,3,57,9,11,13,15,17,19 (mod 20), then v = 1,5 (mod 20).
If A =2,6,14,18 (mod 20), thenv = 1,5 (mod 10).

If A\ =4,8,12,16 (mod 20), thenv = 0,1 (mod 5).

If A =10 (mod 20), then v (mod 2).

If A\ =0 (mod 20), then v > 5.

IfA=1,3,57,911,13,15,17,19 (mod 20), then we can properly colora BIBD(v, 5, \)
by applying Theorem and if A = 0,10 (mod 20), then we can properly color a
BIBD(v, 5, A) by applying Theorem Therefore, in Chapter 4| we need only consider
BIBD(v,5,\) with A = 2,4, 6,8,12,14,16, 18 (mod 20).

Our main result, based on the above cases, is as follows. We prove the following theo-
rems later.

Theorem. There is a proper edge coloring for every BIBD (v, 4, \) if A > 6.

Theorem. There is a proper edge coloring for every BIBD (v, 5, \) if A\ > 10 except pos-
sibly when \ = 2k, k > 5,v = 15,35,75,95 (mod 100) and X = 14, 18.

2.2 Examples of Direct Constructions

The methods we will use in this section will be described in full detail later in this thesis.
The incidence matrix of a design is a (0, 1)-matrix where the rows are indexed by the v
points and the columns are indexed by the b blocks. In this matrix, each entry receives a
1 if the point lies in a block and O otherwise. This incidence structure has several useful
properties. The sum of entries down each column is k£ and the sum of the entries across
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By, By, By By By Bs DB;
o,1r o O O 1 0 1
1] 1 1 0 o0 o0 1 O
210 1 1 0 0 0 1
3171 0 1 I 0 0 O
4,0 1 0 1 1 0 O
50 0 1 0 1 1 0
6/0 O O 1 0 1 1

Figure 2.4: Incidence matrix of a BIBD(7,3,1)

each row is 7 which is the repetition number or the number of blocks a point will appear
in. As an example we will use the BIBD(7, 3, 1) we constructed in Section Figure
depicts the incidence matrix for a BIBD(7,3,1).
Using the incidence matrix in Figure we can form a more useful structure known
as the edge-incidence matrix. An edge-incidence matrix is a (0, 1)-matrix where the rows
are indexed by all possible pairs from )V and the columns are indexed by the b blocks of the
design. The matrix has a 1 in entry (7, j) if pair ¢ is contained in block j, and an entry of
0 otherwise. A couple special properties of this matrix are that the sum of entries across
each row is A and the sum of entries down each column is (g) Figure depicts the
edge-incidence matrix of the previous incidence matrix of a BIBD(7,3,1).

B,

By

Bs

By

Bs

Bg

By

{0,1}
{1,2}
{2,3}
{3,4}
{4,5}
{5,6}
{6,0}

[

o

o

o

o

o

o

{0,2}
{1,3}
{2,4}
{3,5}
{4,6}
{5,0}
{6,1}

{0,3}
{1,4}
{2,5}
{3,6}
{4,0}
{5,1}
{6,2}

SO DO R OO RO OO0 O OO

SO OO O~ QO OO OO~ O OO0 OO

SO OO, OO OO0~ OO O OO0 O O

S OO~ OO OO~ OO OO ~=O0O

SO R OO0 O OO0 OO0~ OO0

=N -Nelelelell leleleNele Nl el ==l

=Nl elelelie] lelelielelelelog oo No el el

Figure 2.5: Edge-incidence matrix of a BIBD(7,3,1)
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To simplify our results we will use circulant matrices. A circulant matrix is an n X n
square matrix, in which each row (except the first) is obtained from the preceding row by
shifting the elements cyclically one column to the right. Figure [2.6]is a 7 x 7 circulant
matrix whose first row is [1000000)].

— OO OO O

(o] Neo) Heo] Nen) Heo] Nean)
o] Nl ) el el Bl Ran)
(o] el Neo] ol Heo] Nen) Ran]
OO = OO O
— OO OO O

0

EN I E ) Rl Heo) Nen) Bt Reol Rew)

Figure 2.6: A 7 x 7 circulant matrix.

An edge-coloring for a BIBD(v, k, \) (V, B) can be described by providing an edge-
coloring incidence matrix. An edge-coloring incidence matrix is an edge-incidence matrix
that has been given a coloring to each pair of points in the design. In the example from
the beginning of this section we color each pair of points in a convenient pattern. It should
be noted that there does not need to be one of each color in each column. We will use the
colors from the set {cy, ¢, c3} to color Figure

B, B; B, Bs
0 0

&1

By

(]

{0,1}
{1,2}
{2,3}
{3,4}
{4,5}
{5,6}
{6,0}
{0,2}
{1,3}
{2,4}
{3,5}
{4,6}
{5,0}
{6,1}
{0,3}
{1,4}
{2,5}
{3,6}
{4,0}
{5, 1}
{6,2}

Figure 2.7: Edge-colored incidence matrix of a BIBD(7, 3, 1)
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In general, this is the edge-colored matrix ) defined by

¢; if {x,y} € B has color ¢;,
N R R e

where c¢1, s, . .., ¢y are the colors for all pairs {z,y} € () and B € B. Note that (%) is
the set of all pairs of V. So the Figure 2.7 could be represented as
(Cl>]

(CQ)AG
(Cg)[
where [ is the 7 x 7 identity matrix and A is the 7 x 7 circulant matrix whose first row is

[0100000].

As an example, our goal is to properly color a BIBD(5,4,\). We form the edge-
incidence matrix for a BIBD(5, 4, 3) as in Figure Each block represents the six edges

B, B, By B, B
(1270 o 1 1 1
2311 0 0 1 1
B4 11 1 0 0 1
45001 1 1 0 0
;500 1 1 1 0
(13}7/0 1 0 1 1
P41 0 1 0 1
B35}[1 1 0 1 0
41300 11 0 1
52}/ 1 0 1 1 0

Figure 2.8: Edge-incidence matrix for a BIBD(5, 4, 3)

of a unique K. The notation {1, 2} represents the edge between vertex 1 and vertex 2 in
the graph. To color this design, we replace each “1” with an entry ¢; which represents the
color ¢ for + = 1,2,..., A. Our matrix must have the property that each entry c; appears
exactly once in every row and column. We can color the first 5 edges of the blocks in the
BIBD(5, 4, 3) using 3 colors, and we can color the last 5 edges of the BIBD(5, 4, 3) using
3 colors to get the following edge-coloring incidence matrix using 6 colors in Figure[2.9]

Let A be the 5 x 5 circulant matrix whose first row is [01000]. Then we can represent
this edge-coloring incidence matrix in terms of A as follows.

(c1)A% + (c9) A3 + (c3) A?
(ca) A+ (c5) A3 + (c6) A
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By By B3 By Bs
{12} ] 0 0 ¢ ¢ ¢
{23} | ecs 0 0 ¢ o
{34y | ¢ ¢35 0 0 ¢
{45} | & ¢ ¢z O 0
{51} | 0 ¢ ¢ ¢ O
{13} ] 0 ¢4 0 ¢ ¢
{24} 1 ¢c¢6 0 ¢ O 5
{35} | es w6 O s O
{41} | 0 ¢ ¢ O ¢
{52y ca O ¢ ¢ O

Figure 2.9: Edge-Coloring Incidence Matrix for a BIBD(5, 4, 3)

Next we form a properly colored BIBD(5, 4, \). To form a properly colored
BIBD(5,4, \) with A = 3s, s > 2, we simply repeat the blocks of the BIBD(5, 4, 3)
s times and follow the same coloring scheme with different colors. Define )M, as the fol-
lowing sub-matrix. Note that all subscripts are computed (mod \) where we identify ¢
with C).

(c113:) A% + (corsi) A% + (c343:) A

Mi —
(Cagsi) A+ (c5a3:) A° + (copsi) A*

Then the edge-coloring incidence matrix of a properly colored BIBD (5,4, \) with A = 3s,
s > 2 is given by

M=[ My | M| - | My |

The matrix M has the property that every color ¢y, c,...,cy = ¢ 1S seen exactly once
in each row, and every color is seen at most once in every column. Therefore, M is an
edge-coloring incidence matrix of a properly colored BIBD(5, 4, \). We state this result as
a lemma.

Lemma 2.4. There exists a properly colored BIBD (5,4, \) where A\ = 3s,s € Z*,s > 2.

As an example of this lemma, we provide the edge-coloring incidence matrix of a prop-
erly colored BIBD(5,4,9) in Figure[2.10]

At this time, let us bring focus to why we want to repeat each block of a BIBD (v, k, )
enough times to get A > (g) In each K, there are (];) colors. Because each row of the

matrix represents an edge and we need at least each edge to appear in (g) colors, we must
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By By By By Bs|Bs By Bs By By | B Bz Biz B Bis
{12} | 0 O ¢ ¢ ¢ecg| 0 0 ¢4 o5 ¢ 0 0 cr csg Cy
{23} | es O O ¢ el 0 0 ¢4 o5 Co 0 0 cr cs
{34} | co ¢35 0 O ¢ |cs ¢ 0O O Cy4 csg Cy 0 0 cr
{45} | 1 ¢ e 0 0 | ey ¢ ¢ O 0 cr cg Cy 0 0

{ 5, 1 } 0 C1 Co C3 0 0 Cy Cr Cg 0 0 Cr Cg Co 0

{13} | 0 ¢ O ¢ ¢ | 0 ¢ 0 ¢ o 0 1 0 Co C3
{24} | c¢ O c4 O c5|cg O ¢ O cg c3 0 1 0 Co
{35} | ecs ¢ O ¢4 O | cg ¢cg 0O ¢ 0 Ca C3 0 c1 0
{41} 1 0 ¢ ¢cg O ¢4 | O ecg c9g O cr 0 Co c3 0 c1
{52} | ca O ¢ ¢ O | c; 0 g o9 0 1 0 Co c3 0

Figure 2.10: Edge-Coloring Incidence Matrix of a properly colored
BIBD(5,4,9).

have (';) unique colors in each row. But the number of entries in each row is A\. Thus
Az (5)-

The following example illustrates one of the main ideas used in the construction of a
properly colored BIBD(v, 4, \) design.

Example 2.5. A properly colored BIBD(17,4,9).

Because a BIBD(17,4, 1) does not exist we cannot apply Theorem It is known by
Theorem[1.3|that a (4,1) — GDD(4*) (V, B, G) exists where V is the point set, B is the set
of blocks, and G is the set of groups Gy, Gs, G3, G4. We will construct a BIBD(17,4,9)
design on VU {cco}. Let A, B,C, D € V. For each block {A, B, C, D} of the GDD, make
9 copies of the block. Let /K, represent this block as in Figure We can see that given
ablock {A, B,C, D} implies there is an edge between each point in the block.

@ B

Figure 2.11: K,
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Our goal is to color each edge of this block a different color using the colors ¢; €
{c1,...,co}. Each corresponding edge in the 9 copies of the block must also be a different
color. So we form a 6 x 9 matrix. The rows of the matrix will be indexed by the 6 edges of
K, and the columns will be indexed by the 9 copies of our block. The entries will represent
the color of each edge. We must see every color ¢y, . . ., ¢g exactly once in each row and at
most once in any column. The matrix for our 9 colored copies of { A, B, C, D} is shown in

Figure [2.12]
By, B, Bs By Bs Bg DB; Bs DBy

{A,B} | 1 ¢ ¢3 ¢4 ¢ ¢ ¢ (g Co

{A,C} | co9 ¢ ¢ 3 ¢4 ¢ ¢ 7 s
{A, D} Csg Co C1 Co C3 Cy Cs Cg Cr
{B, C} Cr Cg Co C1 Co Cs3 Cy Cs Cg

{B s D} Cg Cr Cg Co C1 (&) C3 Cy Cr

{C, D} Cs Cg Cr Cg Co C1 Cy C3 Cy

Figure 2.12: First 6 rows of a LS(9)

Notice this matrix is simply the first 6 rows of an LS(9), a Latin square of side 9.

Because an LS(9) is a 9 x 9 matrix and we only need 6 rows, we can always properly color
the blocks of a GDD. We do this for each block of the GDD.

The only pairs that have not been covered are pairs that lie within the groups and pairs
that involve {oo} as in Figure These pairs need to be covered 9 times. So con-

Group 1 Group 2 Group 3 Group 4

o

Figure 2.13: Coloring within groups of a GDD

struct a properly colored BIBD(5,4,9) on each group G; U {oo} for i = 1,2,3,4. This
exists by Lemma Now we have colored every block of the GDD and every group.
We know through the use of Wilson’s Construction from [51] that our GDD will yield a
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BIBD(17,4, 3), which we can copy 3 times to generate a properly colored BIBD(17,4,9).
Example 2.6. A properly colored BIBD(24,4,9).

Our goal here is to describe the process of using 4-RGDDs when k£ = 4. As we
defined before, a group divisible design is resolvable when we can separate the blocks into
parallel classes. This allows us to add points to parallel classes and still hold the properties
of a design and the RGDD. Let P, for ¢ = 1,2,3,4,5 denote the parallel classes in the
4-RGDD(5*) which exists by Theorem Also let {001, 009, 003,004} be four new

points as in Figure [2.14]

Groupl Group2 Group3 Group4

Figure 2.14: A 4-RGDD(5%)

For each of the first four parallel classes, P;, we place a properly colored BIBD(5, 4,9)
on each block plus co; just as in Figure This ensures that each pair including exactly
one of the oo; points is covered exactly once.

Group 1 Group 2 Group3  Group 4

Figure 2.15: P; U oo; on a 4-RGDD(5*%)

Since there are only five parallel classes, color each block { A, B, C, D} from parallel
class P as follows. We form a 6 x 9 matrix. The rows of the matrix will be indexed by the
6 edges of K4, and the columns will be indexed by the 9 copies of our block. The entries
will represent the color of each edge. We must see every color ¢y, . . ., ¢g exactly once in
each row, and we must see each color at most once in any column. Coloring F; is the same
as coloring the blocks of a 5~GDD as in Example [2.5]

Notice this matrix is simply the first 6 rows of an LS(9). Because an LS(9) isa9 x 9
matrix and we only need 6 rows, we can always properly color the blocks of the RGDD.
We do this for each block of P5 in the RGDD. The only pairs remaining are those that lie
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within the groups and those that lie within {00, 00y, 003, 004 }. We know we can properly
color a BIBD(5, 4,9). Therefore, we can properly color a BIBD(24, 4, 9).

Now we shift our focus to constructions for properly colored BIBD(v, 5, A).
Example 2.7. A properly colored BIBD(25, 5, 20).

The process shown in Example[2.5|can be extended to 5-GDDs using a similar method.
Thus, it does not take much to realize that we could also use (5,2)-GDDs. The construc-
tion is very similar, as well, to how we construct a properly colored BIBD(v, k, \) using a
5—GDD. The difference is that each pair of points occurs 2 times within the blocks because
we will use a (5,2)-GDD and this will force A to be at least 20. It is known by Theorem|[1.7]
that a (5,2)-GDD(5°) (V, B, G) exists where V is the point set, B is the set of blocks, and
G is the set of groups.

Consider two distinct color sets C' = {cy,...,cio} and D = {dy, ..., d;jo} that we will
use to properly color each block. Our goal is to construct a properly colored edge-coloring
incidence matrix made up of the blocks of the (5,2)-GDD(5°) as shown in Figure 2.16]
To construct this matrix we replace the first "1" in each row with a C' and the second "1" by
D. Since each block is being repeated 10 times we will use every color in the sets C' and
D in the edge-coloring incidence matrix.

B, B, B’ By,1 By
0o C D 0 0
cC 0 0 D 0
0 0 C 0 D
{z,y}| 0 O C D 0
c o0 ... D ... 0 0

Figure 2.16: Edge-coloring incidence matrix for (5,2)-GDD

This gives us 20 unique colors in each row of this matrix. Now we must make sure
there are 10 unique colors in each column. We will permute each of the color sets to make
sure that if we were to construct an LS(10) with the non-zero entries of the 10 copies of
the blocks we will have unique entries down each column. This can be seen in Figure [2.1§|

Consider only the block B’. Let t¢ represent the number of times we use the color set
C and tp represent the number of times we use the color set . From Figure tc =8
and tp = 2. Figure depicts the nonzero entries within the ten copies of B’.

We do repeat this for every block which gives use a unique color down each column.
Thus we can properly color the blocks of the (5,2)-GDD(5°). The only pairs left are
those that lie within the groups. These pairs need to be covered 20 times. So construct
a properly colored BIBD(5,5,20) on each group. This exists by Theorem Now we
have colored every block of the GDD and every group. We know through the use of Wil-
son’s Constructions in [S1]] that our GDD will yield a BIBD(25, 5, 20) which we properly
colored.
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By, By ... B ... Bo1 By

0 D, 0 0
c; 0 0 D, 0
0 O 01 O Dl
Co O ... Dy ... 0 0

Figure 2.17: Edge-coloring incidence matrix for (5,2)-GDD with cyclic
shifting

By By By By, By By B; By By B
di dy d3 dy ds de¢ dy dy dy dyg
(&1 Ca C3 C C3 C Cr Cg Cg Cio
Clo G Cg C3 €& C5 C C7 Cg Cg
C9 Cp €1 C C3 & Cs Co C7 Cs
Cs Cg Cio €1 C C3 C4 C5 Cp Cr
cr € C Cip G C2 C3 C4 Cs Ce
Ce Cr Cg C Cip C Ca C3 (4 Cs
Cs C¢ Cr Cg C Cio C Ca C3 Cy
C4 Cs C Cr Cg Co Cip C1 C2 C3
Cg C € Cg Cr Cg C9 Co C Ca

dio di dy dy dy ds dsg dr dg dy

Figure 2.18: LS(10) of 10 copies of block B’

Example 2.8. A properly colored BIBD(31,5,12)

This very useful construction is used in Chapter ] where we use RBIBDs. We know
there exists an RBIBD(25,5,1) by Theorem This also tells us we have 6 parallel
classes which we denote by P; fori = 1,...,6. Let {001, 009, 003, 004, 005, 006} be six
new points. Now place a properly colored BIBD(6, 5, 12) on each block of P; U {o0;}. To
color this we use the same method found in Example 2.6 Normally, we have not covered
the pairs that lie in the parallel classes P; for ¢ > 6 but we used all the parallel classes
already. Now the only remaining pairs are of the form {{oc;,00;} : 7,7 € {1,...,6}},
so we place a properly colored BIBD(6, 5, 12) on the set of points {001, ...,006}. Be-
cause we can properly color every pair and we added six points, we can properly color a
BIBD(31, 5, 12).

Example 2.9. A properly colored BIBD(471,5,\) where A = 2k, k € Z* k > 5.
Let A = 2k, k € Z*,k > 5. This construction is very similar to Example [2.6] since we
are going to be using 4-RGDDs as well. Let P, for: = 1,...,t denote the parallel classes
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in the 4-RGDD(30'?) which exists by Theorem Because this design is resolvable it
has parallel classes. In fact, 110 parallel classes. We need to have 110 new points which
we will denote as {001, 009, ..., 00110 }. We set up all the point just like as in Figure m
For each of the 110 we place a properly colored BIBD(5, 5, \) on each block plus {co}
just as in Figure [2.15] This ensures that each pair including exactly one of the oo; points is
covered exactly once.

At this time, we note that we only have 470 points. So we add one last point called
{o0} as in Figure The only pairs remaining are those that lie within the groups
with {oo} and those that lie in {00y,...,00110} with {occ}. We can properly color a
BIBD(31,5, ) by Lemma If v = 111 = 10(11) + 1, there exists a 5~GDD(10'!)
by Lemma There also exists a properly colored BIBD(11, 5, A). Thus, we can prop-
erly color a BIBD(111, 5, A) by the same reasoning applied to Example This reason-
ing will be stated as Lemma later in the paper. Therefore, we can properly color a
BIBD(471,5, \). We state this result as a lemma.

Lemma 2.10. There exists a properly colored BIBD(471, 5, \) where A\ = 2k, k € Z*  k >
D.

Suppose there exists a BIBD(v, k, \) where in each row and column of the edge-
coloring incidence matrix there is a unique color from the color set {1,2,...,A}. We
will examine what conclusions we can make if A < (£).

Definition 2.11. We define a semi-properly colored BIBD is a BIBD(v, k, A) with the
following properties:

La<(b)

2. The set of color indices in each row of the edge-coloring incidence matrix forms the
set {0,1,...,A— 1} (mod \).

k

3. The set of colors in each column contain (2

) unique colors

Theorem 2.12. If there exists a BIBD(v, k,\) and it is semi-properly colored, then a
BIBD(v, k,mA\) is properly colored for mA\ > (g),m e Z .

Proof: Suppose we have the edge-colored incidence matrix of a semi-properly colored
BIBD(v, k, \). To build a properly colored BIBD(v, k, mA\), we first copy each block of
the BIBD(v, k, A) m times. This is equivalent to concatenating m — 1 copies of the edge-
colored incidence matrix of the semi-properly colored BIBD (v, k, \). Fort =1,2,... , m—
1,add tA (mod m)) to each color index, in the t' copy of the matrix. Then the resulting
matrix has the property that the mA\ entries are unique in each row. It is clear that we still
have (k) unique colors in each column. Therefore, the new matrix is the edge-coloring

2
incidence matrix of a properly colored BIBD (v, k, mA\). e

From now on, when we prove a direct construction for a properly colored BIBD we
will almost exclusively use Theorem [2.12]to simplify the proof. Examples of the use of this
theorem can be seen in Section[3.1]and 4.1
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Chapter 3

Proper Edge Colorings With Block Size
4

Understanding how to use the constructions in this chapter is imperative to following the
reasoning in the main theorem. Before we get to the generalized constructions we must
first show there exists properly colored BIBD(v, 4, \) for small v.

As a standard among people in design theory, the use of oo is that of an extra point
rather than a number. In some fields in discrete mathematics, oo is used as both a number
and a point as in projective geometry and elliptic curves.

3.1 Direct Constructions With Block Size 4

Lemma 3.1. There exists a properly edge-colored BIBD(9, 4, \) design where \ = 3k, k €
7 k> 2.

Proof: As in Lemmal[2.4 we form an edge-coloring incidence matrix for a BIBD(9, 4, 3) as
follows. Figure 3.1|represents the edge-coloring incidence matrix for the BIBD(9, 4, 3).

Let A be the 9 x 9 circulant matrix whose first row is [010000000]. Then the edge
coloring incidence matrix of a BIBD(9, 4, 3) using 6 colors is given below.

(cor3i) ] 4 (c1y3:)A® (c313i)1
M — (c3y31)A° (coy3i) A% + (c1y3:)A°
' (cayai)] + (csy3i)A” (Coyai) A°
(cot3i)] (caysi)] + (c548:)A®

Since M; is semi-properly colored, by applying Theorem [2.12] we can properly color a
BIBD(9,4, \).
M
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0
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0
0

0
0
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0

Cq

0

Cq

Cs

Cq

Cs

0
0

Ce

Cy
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0
Ce

0
0
0

0

0.1}

{1,2}
{2,3}
{3,4}

{4,5}

{5,6}

{6,7}
{7,8}
{8,0}

{0,3}
{1,4}
{2,5}
{3,6}
{4,7}
{5,8}

{6,0}

{7,1}

{8,2}

{0,2}

{1,3}
{2,4}

{3,5}
{4,6}

{5,7}

{6,8}

{7,0}

{8,1}

{0,4}
{1,5}
{2,6}
{3,7}

{4,8}
{5,0}

{6,1}

{7,2}

(8.3}

Figure 3.1: Edge-Coloring Incidence Matrix of a BIBD(9, 4, 3).
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Lemma 3.2. There exists a properly colored BIBD(8,4, \) for A = 3k, k € Z*, k > 2.

Proof: Asin Lemma we form an edge-coloring incidence matrix for a BIBD(8, 4, 3) as
follows. Figure|3.2| represents the edge-coloring incidence matrix for the BIBD(8, 4, 3).

Bl B2 B3 B4 BS BG B7 BS BQ BlO Bll BlQ B13 Bl4
01}[cc 0 0 0 0 O 0| O O O 0 0 cs
{12}/ 0 ¢ 0 0 0 0 O0|cs & O O 0O 0 0
23}/0 0 ¢ 0 0 0 0|0 ¢ & O 0 0 0
34}/0 0 0 ¢ 0 0O 0|0 O ¢ ¢ 0O 0 0
{45}/0 0 0 0 ¢ 0O 0|0 O 0O ¢ ¢ 0 0
56}/ 0 0 0 0 0 ¢ O0/0 O O O ¢ ¢ O
60}/ 0 0 0 0 0 0 ¢ |0 0 0 0 0 ¢ o
020 0 0 0 0 O e|a 0 0 0 0 o 0
{13}z 0 0 0 0 0 0|0 ¢ O 0 0 0 ¢
24}/0 & 0 0 0 0 O0|c, O ¢ O O 0 0
35}/ 0 0 ¢ 0 0 0 0|0 ¢ O ¢ 0O 0 0
{46}/ 0 0 0 & 0O 0O 0|0 0O ¢ O ¢ 0 0
50}/ 0 0 0 0 ¢ 0 0|0 0 0 ¢ O ¢ 0
61}/0 0 0 0 0 ¢ 0|0 0 0 0 ¢ 0 ¢
03}[es 0 0 0 0 O 0|0 O O ¢ O 0 o
{14}/0 ¢ 0 0 0 O O0|cs O O O ¢ O 0
25}/ 0 0 ¢ 0 0 O 0|0 ¢ O 0 0 ¢ O
36}/ 0 0 0 ¢ O O 0|0 O ¢ O O 0 c
40}/ 0 0 0 0 ¢ 0 0| O O ¢ 0O 0 0
(51}/0 0 0 0 0 ¢ 0|0 ¢ O O ¢ 0 0
62}/ 0 0 0 0 0 0 ¢/0 0 ¢ O 0 ¢ 0

{0,cc}|es 0 0 0 ¢ O ¢|0 O O O 0 0 0
{lLoo}|es e« 0 0 0 ¢ O0O/0 O O O 0O 0 0
{2000} 0 ¢ ¢4 O 0 O ¢ |0 O O O 0O 0 0
{300} 0 ¢ ¢ O O 0/0O0 O O O 0O 0 0
{400} | 0 ¢ O ¢ ¢ O 0/0 O O O 0 0 0
{(5,00}| 0 0 ¢ O ¢ ¢ O/0 O O O 0 0 0
{6,00}| 0 0 0 ¢ O ¢ ¢ |0 O O O 0 0 0

Figure 3.2: Edge-Coloring Incidence Matrix of a BIBD(8, 4, 3).

Let A be the 8 x 8 circulant matrix whose first row is [01000000]. Then we can rep-
resent an edge-coloring incidence matrix for a BIBD(8, 4, 3) in terms of A on the colors
{c1, ¢, c3, ¢4, c5, 6} This representation is given in Figure

For any ¢, let MZ@ be the edge-coloring incidence matrix of a BIBD(8,4,6) on the
colors €146, Ca16is C3+6i, Ca+6iy C5+6i, Co+6i found in Figure Denote Még) as the edge-
coloring incidence matrix of a BIBD(8,4,9) on the colors ¢y, cor, . . ., co found in Fig-
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! col + c3A®

ey A® 1l + ey A°

csl cs A3 + cg A®
cal + cgA* + c5 A° 0

Figure 3.3: Edge-Coloring Incidence Matrix for a BIBD(8, 4, 3)

(cryei)l (02+6i)[+(03+6i)A6 (csy6i)] (C4+6i)f+(06+6i)146
(cot6i) A | (craei) I+ (carei) A | (corei)A® | (capei)I+(C5161)A°
A7 © | (cavei)l | (corei) A+ (coroi) A (carei) | (creei) A°+(corei) A
! (catei)] (cr46i)]
+(CG+6i)A4 0 —|—(Cg+6i>A4 0
+(c546:) A +(c346:) A

Figure 3.4: Edge-Coloring Incidence Matrix for a BIBD(8, 4, 6)

ure The subscripts are computed (mod \) where we identify ¢y with ¢,. In the case

(cr)] | (ex)] + (e3)AC | (es)I | (car)I + (ce)A® | (co)I | (cgr)] + (co) A
(CQ’)AE) (Cy)[ + (041)145. (66/)A6 (05/)11 + (Cg/)A5 (Cg/)AG ( /)I + (07/)145
1 _ el )P+ @) A (en)l [l A+ (A7) [n) &+ (ea) &
’ (ca)] (er)I (er)I
+(cer) A 0 +(cg) A 0 +(ez)A? 0
+(cy)A° +(co)A° +(cy) A°

Figure 3.5: Edge-Coloring Incidence Matrix for a BIBD(S, 4,9)

where A = 6k, our matrix is

M= M7 | M7 ] | M2 ]

The set of colors used is Cy, C1, ..., Cr_1 where

C; = {Cl+6i> C246iy C3+6iy C4+6ir C54-6i5 06+6i}

fori = 0,1,...,k — 1. Because each MZ@ is an edge coloring incidence matrix of a
properly colored BIBD(8, 4, 6) on a different set of 6 colors, it follows that M is an edge-
coloring incidence matrix of a properly colored BIBD(8, 4, 6k).

In the case where A = 6k + 3, our matrix is

M= M | MP |- | MY, ]

The set of colors used is C, Cy, C1, . .., C_o where C' = {cy/, cor, ..., co } and
C; = {01+6i, C2+6i5 C3+6i5 Ca+6i5 C5+6i, 06+6i}
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fori =0,1,...,k — 2. Because Még) is an edge coloring incidence matrix of a properly
colored BIBD(8, 4,9) on 9 colors, and each Mi(ﬁ) is an edge coloring incidence matrix of a
properly colored BIBD(8, 4, 6) on a different set of 6 colors which are all disjoint from the
colors in C'; it follows that M is an edge-coloring incidence matrix of a properly colored
BIBD(8, 4, 6k + 3).

e

Lemma 3.3. There exists a properly colored BIBD(12,4, \) for A = 3k, k > 2,k € Z*.

Proof: As in Lemma[2.4) we form a colored edge-coloring incidence matrix for a
BIBD(12,4,3) as follows. Let A be the 12 x 12 circulant matrix whose first row is
[010000000000]. Then the edge coloring incidence matrix of a BIBD(12,4,3) using 6
colors is given below.

(crysi)] (02+3¢)A2 (CS+3i)A5
(CQ+3i)A10 (C3+31)A9 (C4+3i)A4
M, — (ca+3:)] (cat3i)A (Cs13i)A°
’ (Cayi) A" + (c513:)A° (Cotsi)A° 0
(cotsi)A* (crasi) A+ (csai)A” 0
0 0 (Cl+3i)A2 + (CQ+32')A4 + (CG+3i)A5

Since M, is semi-properly colored, by Theorem we can properly colora BIBD(12,4, \).
M

Lemma 3.4. There exists a properly colored BIBD(7,4,\) for \ = 2k, k € Z*  k > 3.

Proof: As in Lemma 2.4 we form a colored edge-coloring incidence matrix for a
BIBD(7,4,2) as follows. Figure 3.6 represents the edge-coloring incidence matrix for the
BIBD(7,4,2).

Let A be the 7 x 7 circulant matrix whose first row is [0100000]. Then the edge coloring
incidence matrix of a BIBD(7, 4, 2) using 6 colors is given below.

(Cl+2i>I + (02+2i)A
M; =| (c312) + (C4+2i)A2
(cs42i)] + (cotai) A

Since M, is semi-properly colored, by Theorem we can properly colora BIBD(7,4, \).
M

Lemma 3.5. There exists a properly colored BIBD(19,4,\) for \ = 2k, k € Z" , k > 3.

Proof: Let A be the 19 x 19 circulant matrix whose first row is [0100000000000000000].
Then the edge coloring incidence matrix of a BIBD(19, 4,2) using 6 colors is given in
Figure Since M; is semi-properly colored, by Theorem [2.12] we can properly color a
BIBD(19,4, \).

e
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Bl BQ Bg B4 B5 B6 B7
{0, ].} C1 Co 0 0 0 0 0
{5, O} 0 C1 Co 0 0 0 0
(34110 0 ¢ & 0 0 0
36}/ 0 0 0 ¢ ¢ 0 0
{25110 0 0 0 ¢ ¢ O
24410 0 0 0 0 ¢ o
{0, 2} Co 0 0 0 0 0 C1
{03 ¢s 0 ¢ 0 0 0 O
{6, 1} 0 Cs 0 Cyq 0 0 0
{3, 5} 0 0 C3 0 Cy 0 0
{1,4; | 0 0 O ¢ 0O ¢ O
62210 0 0 0 ¢ 0 ¢
(1,2 cs, 0 0 0 0 ¢ O
{6, O} 0 Cyq 0 0 0 0 Cs
{13} 0 0 ¢ 0 0 0
{5, 6} 0 Cs 0 0 Cg 0 0
{45010 0 ¢ 0 0 ¢ O
{460 0 0 ¢ 0 0 ¢
{23/ 0 0 0 ¢ 0 0
{5,1}| 0 ¢ O O O ¢ O
{40010 0 ¢ 0 0 0 o

Figure 3.6: Edge-Coloring Incidence Matrix of a BIBD(7, 4, 2).

(01+21)A16 0 (CQ+2i)I
<C2+2i)A18 0 (CS+2i)A15
(CS+2i)I 0 <C4+2i)A13
0 (C4+2i)A18 (05—1-21')]
0 (csro0)] | (Coyai)A®
0 (cor2i)A° | (cryai)]
(cay2i) AT | (cra:)A 0
(cs42i) AT | (coq2i)AM 0
(CG+21>I (CS+2i)[ 0

Figure 3.7: Edge-Coloring Incidence Matrix of a BIBD(19, 4, 2).
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Lemma 3.6. There exists a properly colored BIBD(10, 4, \) for A = 2k, k € Z*  k > 4.

Proof: We form an edge-coloring incidence matrix using 8 colors for a BIBD(10, 4, 2) as
follows. Let Al(] ) be the following 5 x 5 matrices for j = 1,2, 3.

ciy2i 0 cop O 0 0 0 0 cop2i Ciyoi
) Co42i 0 0 C142i 0 @) C142i 0 Co42i 0 0
Ai = 0 Cot2i  C142; 0 0 Ai = 0 Co42i 0 C1+42i 0
0 ¢4z O 0 oo Coy2i Ci42i 0 0 0
0 0 0 copoi cigy 0 0 cgo 0 copy

Coy2i 0 0 0 ciya

0 0 ciy2i c242s O

AZ@ = | C1+42; 0 C242; 0 0

0 C1+2i 0 0 C2+2i

0 cop2i 0 ¢y O

Let BZ-(j) be the following 8 x 5 matrices for j = 1,2,3,4,5,6.

C34+2; 0 0 0 0 0 C4+42i 0 0 0
C4+24 0 0 0 0 0 0 C3+42; 0 0
0 0 0 C342; 0 C4+424 0 0 0 0
B(l) _ 0 C349; 0 0 0 8(2) _ 0 0 0 Ca42; 0
v 0 Cq42; 0 0 0 t 0 0 0 0 C342;
0 0 Cq42; 0 0 C31.2; 0 0 0 0
0 0 0 C442; 0 0 C3+42i 0 0 0
0 0 0 0 Ciio 0 0 0 39 O
C5+2i 0 0 0 0 Co4-2i 0 0 0 0
0 C549; 0 0 0 0 0 0 C6+2i 0
0 0 ¢ O 0 0 cos O 0 0
B(S) _ 0 0 0 0 C549; B(4) _ 0 0 C64+-2; 0 0
v 0 0 C6+2i 0 0 v 0 0 C54.2; 0 0
0 0 0 C542; 0 0 0 0 0 C64-24
0 0 0 0 Ce+2i C549i 0 0 0 0
0 0 0 coz O 0 0 0 2 O
0 0 0 0 Cr42; 0 0 C8492i 0 0
C7492; 0 0 0 0 0 C8+2i 0 0 0
0 0 C84+2; 0 0 0 0 0 0 C7424
BH_| 0 0 0 ey 0 | p@e_| 0 0 0 0 gy
¢ 0 0 0 0 C842; t 0 0 0 C7424 0
0 0 Cr492; 0 0 C812; 0 0 0 0
0 C8+2; 0 0 0 0 0 Cr424 0 0
0 0 0 C842; 0 0 Cr42i 0 0 0

Let CZ-(j ) be the following 5 x 5 matrices for j = 1,2, 3.
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Cr+2; C8+92; 0 0 0 0 0 0 0 0
0 0 0O 0 O 0 0 0 0 O
C(l) _ 0 0 0 0 0 0(2) _ 0 0 C549; 0 C6+-24

v 0 0 0 0 Cr194 v C64+-24 0 0 0 0
0 0 cgy2; 00 0 0 O 0 O
0 0 o 0 O 0  cer2 0O 0 O

0 0O 0 O 0

czp2i 0 0 cyqe O

(3) 0 0 0 O 0

G = 0 o 0 O 0

0 0 0 0 C342;
0 C34+92; 0 0 0

Now the edge-coloring incidence matrix can be represented by the above sub-matrices
along with the all 0 sub-matrix.

AV 0 | o
0] o [4a®
0 |A® ] o
M;=| BY [ B? | 0
BY | o | BY
o |BY|BY
cV | c? | c?

Since M; is semi-properly colored, by Theorem we can properly color a
BIBD(10,4, \).
e

Because the process of checking each individual lemma for a correct direct construction
is difficult, a program was built for the specific purpose of checking the small cases. Along
with this is a csv (comma separated variables) and a tsv (tab separated variables) file of
the edge-colored incidence matrix which are semi-properly colored. The program called
bibdchecker.cpp is used to verify the design is a semi-properly colored BIBD. Mathematica
was used to generate the properly colored versions of the BIBDs in csv and tsv form. Go
to

http://www.mathlab.mtu.edu/~msjukuri/Data.html

for the program and corresponding csv and tsv files.
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3.2 Main Results

Before we can state the main theorem of this chapter, we must prove the general construc-

tions we use. Note that the exponential notation in 4-GDD(a%'a%? - - - a%*) means we have
by groups of size ay, by groups of size as,. .., and b, groups of size a, in the GDD. We

can use 4-GDDs and 4-RGDDs to build our BIBD(v, 4, \)s in a way that will allow us to
properly color the edges. We now give some recursive constructions which are based off
this idea.

Lemma 3.7. If there exists a 4 — GDD(a%"a%? - - - ab), and a properly colored

xT

BIBD(a;,4, ) forall i = 1,2, ... x, then there exists a properly colored
BIBD | ) a;b;, 4, A).

=1

Proof: Repeat each of the blocks in a 4 — GDD(a}"a} - - - a’) A times. For each block, we
must color each edge a different color using the colors ¢; € {cy, ..., cy}. Each correspond-
ing edge in the A copies of the blocks must also be a different color. So we color the edges
in the A copies of each block as follows. Form a 6 x A matrix. The rows of the matrix will
be indexed by the 6 edges of K}, and the columns will be indexed by the A copies of the
block. The entries of the matrix will be the first 6 rows of an LS()). Now the only pairs
that have not been covered are the pairs which lie within the groups. So we place a properly
colored BIBD(a;, 4, A) on each group foralli = 1,2, ..., x. This forms a properly colored

BIBD (Z aibi, 4, A). 54

i=1

Lemma 3.8. If there exists a 4 — GDD(m") and a properly colored BIBD(m + 1,4, \),
then there exists a properly colored BIBD (mu + 1,4, \).

Proof: Let GG; fori = 1,...,u be the u groups of size m. Repeat each of the blocks in a
4 — GDD(m") X times. For each block, we must color each edge a different color, using
the colors ¢; € {ci,...,c\}. Each corresponding edge in the A copies of the block must
also be a different color. So we color the edges in the A copies of each block as follows.
Form a 6 x A matrix. The rows of the matrix will be indexed by the 6 edges of K, and
the columns will be indexed by the A copies of the block. The entries of the matrix will be
the first 6 rows of an LS(\). Now the only pairs that have not been covered are the pairs
which lie within the groups and pairs which contain the point {occ}. So we place a properly
colored BIBD(m+1,4, ) oneach G;U{oo} foralli = 1,2, ..., u. This forms a properly
colored BIBD (mu + 1,4, A). M

Lemma 3.9. If there exists a 4—RGDD(m"), a properly colored BIBD (5,4, \), a properly
colored
(u

—1
BIBD(m, 4, \), and a properly colored BIBD(t, 4, \) for some t < mT>
exists a properly colored BIBD (mu + t, 4, \).

, then there
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m(u

-1
Proof: Let P fori=1,..., T) denote the parallel classes in the 4 — RGDD(m").

Also let {001,009, . ..,

m(u —1)

1,...,t. We take each block of P; and join it with {oo;}. Now place a properly colored
—1

BIBD(5,4, \) on each block of P;U{o0;}. For each block in P, fori = t+1,.. ., m(u = 1)

we repeat it A times. We must color each edge of each block a different color, using the
colors ¢; € {c1,...,c\}. Each corresponding edge in the A copies of the blocks must also
be a different color. So we color the edges in the \ copies of each block as follows. Form a
6 x A matrix. The rows of the matrix will be indexed by the 6 edges of /4, and the columns
will be indexed by the A copies of the block. The entries of the matrix will be the first 6
rows of a LS(\). Now the only pairs that have not been covered are the pairs which lie
within the groups and the pairs of the form {{co;, 00;} : 4,7 € {1,...,t}}. So we place a
properly colored BIBD(m, 4, \) on each group, G;, forall i = 1,2, ..., u and we place a
properly colored BIBD(¢, 4, \) on the set of points {c01, ..., 00, }. This forms a properly
colored BIBD(mu + t,4, \). M

oo} be t new points where 0 < ¢ < . Consider the parallel class P; for i =

The following theorem illustrates the use of the above lemmas.

Theorem 3.10. There exists a properly colored BIBD(v,4, \) for v =0 (mod 12) where
A=3k k> 2.

Proof: Let v = 24. By Theorem a 4 — RGDD(5%) exists with 5 parallel classes,
and Lemma allows us to properly color a BIBD(5,4, \) for A = 3k, k € Z*, k > 2.
Therefore, we can apply Lemma [3.9| with m = 5, u = 4, and ¢ = 4 to obtain a properly
colored BIBD(24,4, \) for A = 3k k > 2.

Let v = 36. By Theorem [1.3] there exists a 4 — GDD(9*). From Lemma [3.1] we have
a properly colored BIBD(9, 4, \) for A = 3k, k > 2. Hence, we apply Lemma with
x=1,a; =9, and b; = 4 to properly color a BIBD(36,4, \) for A = 3k, k > 2.

Now suppose v = 12u where v > 4. There exists a 4 — GDD(12%) for u > 4 by
Theorem By Lemma[3.3] we can properly color a BIBD(12, 4, \) design for A = 3k,
k > 2. Thus, wecan let x = 1, a; = 12, b = u, so it follows by Lemmathat we can
properly color a BIBD(v, 4, \) for A = 3k, k > 2. M

321 A =0 (mod 3)

In this section, we properly color all BIBD(v, 4, A\)s where A = 0 (mod 3). In this case,
the necessary and sufficient conditions for the existence of a BIBD(v,4,\) are v = 0,1
(mod 4). Note when v = 0,1 (mod 4) and A = 0 (mod 6) these are already covered by
Theorem [2.2] but the results in this section satisfy this case as well.

Theorem 3.11. There exists a proper coloring for every BIBD(v,4, \) for A = 3k, k €
Z", k> 2, wherev = 0,1 (mod 4).
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Proof: Note that in each case we assume A\ = 3k, k € Z*, k > 2 unless otherwise stated.
We will break this problem up into two main cases, v = 1 (mod 4), and v =0 (mod 4).

Casel: v =1 (mod 4)

Letv =1 (mod 4). Figure 3.8 represents the possible v values.

519
13117 |21
25129 |33
37141 |45
49 | 53 | 57
61 | 65 | 69

Figure 3.8: Possible v values for Case

Each column of Figure [3.8| represents v = 1 (mod 4) in three different ways; v = 1
(mod 12),v =5 (mod 12),and v =9 (mod 12).

Casel.1: v=1 (mod 12)

By Theorem 2.3 we can properly color a BIBD(v, 4, \) where v = 1,4 (mod 12).

Case 1.2: v =15 (mod 12)

For v = 5, we can properly color a BIBD(5, 4, \) by Lemma 2.4

Letv =5 (mod 12). Sov =5+ 12z = 1 + 4(1 + 3x) where = > 1. We construct a
4 — GDD(4") where u = 1 + 3z and = > 1. This exists by Theorem[I.3] We also know
that a properly colored BIBD(5, 4, \) exists by Lemma So we apply Lemma [3.8| with
m=4,u=1+3x,x > 1.

Case 1.3: v =9 (mod 12)
If v =9 (mod 12), then we have that either v =9 (mod 24) or v = 21 (mod 24).

Case 1.3.1: v =9 (mod 24)

For v = 9, we can properly color a BIBD(9, 4, \) by Lemma 3.1}

Forv > 9,letv = 24z + 9 = 8(3z + 1) + 1, = > 1. Theorem [L.3]says that there
exists a4 — GDD(8") for u = 3z + 1. Also by Lernmathere exists a properly colored
BIBD(9,4, \). So apply Lemma[3.8 withm = 8, u =3z + 1,2 > 1.

Case 1.3.2: v =21 (mod 24)
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If v = 21 (mod 24), then we can write v as v = 21 (mod 48) or v = 45 (mod 48).

Case 1.3.2.1: v =45 (mod 48)

Suppose v = 48z + 45 = 4(12x + 11) + 1. We can construct a 4 — GDD(m?) for m =
12z + 11 by Theorem By Theorem [3.10} we can properly color a BIBD(m + 1,4, \).
So apply Lemma 3.8]to obtain a properly colored BIBD(4m + 1,4, \).

Case 1.3.2.2: v =21 (mod 48)

If v = 21, then we can write v as v = 4(5) + 1. We can construct a 4 — RGDD(5*)
by Theorem This has 5 parallel classes. Let {oo} be a new point, and let P; denote
the i™ parallel classes. We take each block of P, and join it with {co}. Place a properly
colored BIBD(5, 4, \) design on each block of P; U {cc}. Now we repeat each block in
P; X times for ¢ = 2, 3,4, 5. We must color each edge of each block a different color, using
the colors ¢; € {ci,...,c\}. Each corresponding edge in the A copies of the block must
also be a different color. So we color the edges in the A copies of each block as follows.
Form a 6 x A matrix. The rows of the matrix will be indexed by the 6 edges of K4, and the
columns will be indexed by the A copies of the block. The entries of the matrix will be the
first 6 rows of a LS(\). Now the only pairs that have not been covered are the pairs which
lie within the groups. So we place a properly colored BIBD(5, 4, A) on each group G; for
i =1,2,3, 4. This forms a properly colored BIBD(21, 4, \).

Now suppose v = 21 + 48z for z > 1. Since v = 21 + 48z = 4(12z + 4) + 5, we can
construct a 4 — RGDD(m") with m = 12z + 5 and u = 4, by Theorem[1.10] We also have
that a properly colored BIBD(5, 4, \) design exists by Lemma and a properly colored
BIBD(12x +4,4, \) exists by Theorem[2.3] Since 5 < 12z +4 for all z > 0, we can apply
Lemma

Thus, we can properly color a BIBD(v,4, A) forv =1 (mod 4).

Case2: v =0 (mod 4)

Letv =0 (mod 4). Figure 3.9 represents the possible v values.

8 |12
16 | 20 | 24
28 | 32 | 36
40 | 44 | 48
52 | 56 | 60
64 | 68 | 72

Figure 3.9: Possible v values for Case

Each column of the above table represents v = 0 (mod 4) in three different ways;
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v =0 (mod 12),v =4 (mod 12), and v = 8 (mod 12). Recall that if v = 0 (mod 12),
these designs were colored in Theorem [3.10}

Case2.1: v =4 (mod 12)

By Theorem [2.3] we can properly color a BIBD(v, 4, \) for v =4 (mod 12).
Case2.2: v =38 (mod 12)

If v = 8 (mod 12), then we can rewrite v as v = 8 (mod 24) or v = 20 (mod 24).
Case 2.2.1: v =28 (mod 24)

We can properly color a BIBD(8, 4, \) by Lemma[3.2] There exists a 4 — GDD(8") for
u =3z + 1 and z > 1 by Theorem[I.3] Therefore, we use Lemma[3.7|with z = 1, a; = 8,
and b; = u.

Case 2.2.2: v =20 (mod 24)
We break this case into two subcases, v = 20 (mod 48) and v = 44 (mod 48).
Case 2.2.2.1: v =20 (mod 48)

Let v = 48z + 20 = 4(12x + 5) for # > 0. There exists a 4 — GDD(m*) where
m = 12z + 5 by Theorem We properly color all BIBD(m, 4, \)s in Case [1]2] and
Lemma|2.4] Thus we can apply Lemma[3.7|with x = 1, a; = m, and b; = 4.

Case 2.2.2.2: v =44 (mod 48)

Let v = 44 + 48z = 4(12x + 9) + 8 for x > 0. There exists a 4 — RGDD(m?)
for m = 12x + 9 by Theorem [1.10} This has 12z + 9 parallel classes. We can properly
color each BIBD(v,4, \) for v = 9 (mod 12) by Case [1[3} and we can properly color a
BIBD(5, 4, \) using Lemma 2.4} Also, we can properly color a BIBD(8, 4, \) by Lemma
3.2l So we apply Lemma[3.9\withm = 122 + 9, u =4, and t = 8.

Therefore, we can properly color a BIBD(v,4,\) for v = 0 (mod 4) and A\ = 3k,
k > 2. Furthermore, there exists a proper coloring for every BIBD(v, 4, \) where v = 0, 1
(mod 4). M

322 A=24 (mod 6)

In this section, we properly color all BIBD(v,4, A\)s where A = 2 or 4 (mod 6). In this
case, the necessary and sufficient conditions for the existence of a BIBD(v, 4, \) are that
v =1 (mod 3). Note that when v = 1 (mod 3) and A = 0 (mod 6), we could also use
Theorem 2.2

Theorem 3.12. There exists a proper coloring for every BIBD(v,4, \) design for A\ =
2k, k € Z", k > 3, where v = 1 (mod 3).
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Proof: Note that in each case we assume A\ = 2k, k € Z*, k > 3 unless otherwise stated.
Figure represents the possible v values when v =1 (mod 3).

417110
13 (16| 19 | 22
25128 |31 | 34
37140 | 43 | 46
49 | 52 | 55 | 58
6164|6770

Figure 3.10: Possible v values for Theoremm

Each column of the above table represents v = 1 (mod 3) in four different ways; v = 1
(mod 12),v =4 (mod 12),v =7 (mod 12), and v = 10 (mod 12).

Casel: v=1,4 (mod 12)
By Theorem [2.3] we can properly color a BIBD(v, 4, \) forv = 1,4 (mod 12).
Case2: v =7 (mod 12)

We can properly color a BIBD(7,4,\) for A\ = 2k, k > 3 by Lemma We can
also properly color a BIBD(19, 4, \) for all such A by Lemma[3.5] Letv = 122 + 7 =
6(2z + 1) + 1 for z > 2. By Theorem|[1.3] there exists a 4 — GDD(6%*!) for all z > 2.
So we can apply Lemma 3.8 with m = 6 and v = 2z + 1.

Case3: v =10 (mod 12)

If v = 10, we can properly color a BIBD(10,4, \) with A = 6 by Theorem[2.2] Then
for all A\ = 2k, k > 4, we apply Lemma

If v = 22, we can apply Lemma(3.7|with x = 2, a7 = 1, b; = 15, a2 = 7, and by = 1.
Note that the required 4 — GDD(1'571) exists by Theorem and a properly colored
BIBD(7,4, \) exists by Lemma 3.4]

Now let v = 122 + 10, with > 2. There exists a 4 — GDD(4“m') where m = 10
and u = 3z for all z > 2 by Theorem Soweletz = 2,a; =4, by = u, as = m, and
b, = 1; and we apply Lemma The required properly colored BIBD(10, 4, \) as stated
above. e

3.3 Conclusion

We are now in a position to prove the main theorem.

Theorem 3.13. There is a proper edge coloring for every BIBD (v, 4, \) where A > 6.
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Proof: Recall the necessary and sufficient conditions for the existence of a BIBD(v, 4, \).

If A\=1,5 (mod 6),thenv = 1,4 (mod 12);
If \=2,4 (mod 6), thenv =1 (mod 3);
If A\ =3 (mod 6),thenv = 0,1 (mod 4); and
If A\ =0 (mod 6), then v > 4.

If A\ = 1,5 (mod 6), then v = 1,4 (mod 12) and we apply Theorem to prop-
erly color a BIBD(v,4,A). If A = 0 (mod 6), then v > 4 and we can properly color a
BIBD(v, 4, \) by applying Theorem[2.2] If A = 3 (mod 6), then v = 0,1 (mod 4) and
we can apply Theorem [3.11] Finally, if A = 2,4 (mod 6), then v = 1 (mod 3) and we
apply Theorem[3.12] X
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Chapter 4
Proper Edge Coloring With Block Size 5

Again, we first need to understand the construction in Chapter [2] before adventuring into
this chapter. Our goal in this chapter is to prove we can properly color all BIBD(v, 5, \)
except possibly for a few cases. To prove this we must first show there exists properly
colored BIBD(v, 5, A) for small v. Afterwords, we prove the generalized constructions
hold which are then used on the main theorem.

4.1 Direct Constructions With Block Size 5

Lemma 4.1. There exists a properly colored BIBD(11,5,\) for A = 2k, k € Z*  k > 5.

Proof: We form an edge-coloring incidence matrix using 10 colors for a BIBD(11, 5, 2).
Figure 4. 1|represents the edge-coloring incidence matrix for the BIBD(11, 5, 2).

Let A be the 11 x 11 circulant matrix whose first row is [01000000000]. Then the
edge-coloring incidence matrix of a BIBD(11, 5, 2) using 10 colors is given below.

(cryi) [+(cot0i)A

(c3p2i)] + (cagai)A

M; =| (csy2i)] + (coy2i)A°
(cry2i) ] + (C8+2i>A4
(Coq2i)I + (Clo+2i)A5

2

Since M; is semi-properly colored, by applying Theorem [2.12| we can properly color a
BIBD(11,5, \).
M

Lemma 4.2. There exists a properly colored BIBD(31,5,\) for \ = 2k, k € ZT  k > 5.

Proof: Let A be the 31 x 31 circulant matrix whose first row is
[0100000000000000000000000000000.

Then the edge coloring incidence matrix of a BIBD(31, 5, 2) using 10 colors in Figure
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Figure 4.2: Edge-Coloring Incidence Matrix of a BIBD(31, 5, 2).

Since M; is semi-properly colored, by applying Theorem we can properly color a

BIBD(31,5, \).

(cryai)] 0 (C2+2i)A27
<02+2i)A30 0 (CS+2i)A
<C3+2i)I <C2+2i)l 0
(C4+21)A28 0 (Cl+2i>I
0 (Cl+2i)A22 (C4+2i)l
(C5+2i ) A% (C4+2i)A28 0
(corai)l (C3+2i>A17 0
(c742i) A 0 (Cor2i) A%
0 (C Z)I (C i)A27
0 (C;J:)Alo (szi)A%
0 (CS+2i)A28 (C7+2i)A27
(CS+2i)A28 (09+2i)A22 0
0 (cro120) A" | (copai)]
(CIO+2i)A30 <C7+2i)I 0
(09+2z‘)] 0 (010+2¢)I

M

Lemma 4.3. There exists a properly colored BIBD(51,5,\) for \ = 2k, k € ZT , k > 5.

Proof: Let A be the 51 x 51 circulant matrix whose first row is

[010000000000000000000000000000000000000000000000000.

Then the edge coloring incidence matrix of a BIBD(51, 5, 2) using 10 colors in Figure

Since M is semi-properly colored, by applying Theorem [2.12) we can properly color a

BIBD(51,5, \).

Lemma 4.4. There exists a properly colored BIBD (6,5, \) for A\ = 4k, k € Z*  k > 3.

Proof: The incidence matrix of a BIBD(6, 5, 4) is

Figure represents the edge-coloring incidence matrix for the BIBD(6, 5,4).

By By, Bs By Bs; DBg
oo 1 1 1 1 1
11 o0 1 1 1 1
21 1 0 1 1 1
3111 1 0 1 1
411 1 1 1 0 1
501 1 1 1 1 0
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(croai)] (Cosai) I 0 0 0
0 0 (Crea) A 0 (Copas) AT
0 0 0 (Cl+4i)A 5 (C4+4Z‘)A39
(Coqai) A% 0 0 0 (c314i)1
0 0 (CQ+4Z')A 0 (Cl+4i)A41
0 0 0 (corai) A™ | (c544) A
0 0 (03+4Z')A (C4+4i)] 0
0 (C114i)A 0 0 (Coyai) AT
0 (03_,_4,')[ (C4+4i)A 0 0
0 (Cayai) A% 0 0 (cryai)
0 0 (c544i)] 0 (Cstai) AYT
0 0 0 (Cosai)A (o) ]
(Cayai) AP 0 0 (Carai)] 0
(C3+4i)l (CG+4i)A 0 0 0
0 0 0 (c7441)A (cro44i)]
(C5+4Z‘)A16 0 (66+4i>l 0 0
(Corai) AT + (c7p4i) A3 0 0 0 0
0 (C5+4i)A (Cg+4i>l 0 0
0 (Cr14i)A 0 (cg14i)A 0
(Cg+4i)A20 0 (C7+4i>A 0 0
(Coyai) A% + (c1044i) AT 0 0 0 0
0 (cgrai) A 0 (C51ai) AP 0
0 (CQ+4i)[ 0 (010+41)A38 0
0 (010+4z')1442 (Cg+4i)A33 0 0
0 0 (C1o+4z‘)149 (09+4i)A12 0

Figure 4.3: Edge-Coloring Incidence Matrix of a BIBD(51, 5, 2).
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By, By By By Bs Bg
{0, 1} 0 0 C1 Co C3 Cy
{,2} | e4 O 0 ¢ ¢ c3
{2,3} | es 4 0 0 ¢ o
{34} | o 3 ¢ 0 0 ¢
{4, 5} C1 Co C3 Cy 0 0
{5, 0} 0 C1 Co C3 Cy 0
{O, 2} 0 Cs 0 Cg Cr Cg
{1, 3} Cg 0 Cs 0 Cg Cr
{24} | ¢z s 0 ¢ 0 ¢
{3,5} | ¢ ¢ ¢ 0O ¢ O
{40} | 0 ¢ ¢ cg 0 ¢35
{5, 1} | es 0 ¢ ¢ g O
{0,3} | 0 ¢ c10 O c11 ep2
{]_, 4} C12 0 Co C10 0 C11
{2, 5} Ci11 C12 0 Co C10 0

Figure 4.4: Edge-Coloring Incidence Matrix of a BIBD(6, 5, 4).

Let A be the 6 x 6 circulant matrix whose first row is [010000]. Also let B be the first
3 rows of the 6 x 6 circulant matrix whose first row is [010000]. Then the edge coloring
incidence matrix of a BIBD(6, 5,4) using 12 colors is given below.

(c114i) A% + (Corai) A3 + (c344i) A* + (Cayai) A°
M; = (C544i) A+ (66+4i>A3 + (C7+4¢)A4 + (Cs+4¢)A5
(Cot4i) B + (010+4i)B2 + (Cll+4i)B4 + <012+4i)35

Since M; is semi-properly colored, by applying Theorem [2.12| we can properly color a
BIBD(6,5, \).
e

Lemma 4.5. There exists a properly colored BIBD(10,5,\) for \ = 4k, k € Z7, k > 3.

Proof: Figure [4.5] represents the edge-coloring incidence matrix for the BIBD(10, 5, 4).
Let A be the 9 x 9 circulant matrix whose first row is [010000000]. Then the edge coloring
incidence matrix of a BIBD(10, 5,4) using 12 colors is given below.

(cayai)] (coyai)] + (c31ai) A+ (c1yai) A®
(05+4Z)A5 (crai) ] + (cs44i)A (C6+4z)A7
M; = (cotai) A + (cro44i) A (c1144:) A + (C1244:) A
(Coyai) + (c314:)A° (carai)] + (c54)A°
(cryai) ] + (cg1ai) A + (copai) A° + (cr1ai) AP 0
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Since M; is semi-properly colored, by applying Theorem [2.12] we can properly color a
BIBD(10,5, \).
M

Lemma 4.6. There exists a properly colored BIBD(20,5, \) for \ = 4k, k € Z" , k > 3.

Proof: Let A be the 19 x 19 circulant matrix whose first row is [0100000000000000000).
Then the edge-coloring incidence matrix of a BIBD(20, 5, 4) using 12 colors in Figure

(C4+4i)A17 (CS+4i)A14 (C2+4i)A12 (L1+4L)A2
(cr4ai)] (coyai)A” 0 (c3ai)A* + (cayai) A'
(carai)] 0 (c144)A° + (F4+4 A (coyai)A*

0 (c14ai) A" 4 (cayai) A (cayai) A" (Coyai)A®

(c244) A (c54ai) A™ + (cg40) A™ (crpa) A 0

Mi = 0 ((’6+4z)1413 Cs+4z)A11 (C 42i) A® + (C7+4i)A10
((36+4i)A5 (c 7+4¢) (c 5+41)A3 (Cs+4z‘)A8
(C5+4i)A5 ((’10+4@) A7 (C11+4i)AH (012+4i)Aw
0 (09+41) (C10+4z’)AlZ + (012+4i)1415 (Cll+4i)Alo
((17+4i)l + ((38+4i)A5+ 0 0 0
(cotai) A + (cro445) AV

Figure 4.6: Edge-Coloring Incidence Matrix of a BIBD(20, 5, 4).

Since M, is semi-properly colored, by applying Theorem [2.12) we can properly color a
BIBD(20, 5, \).
M

Lemma 4.7. There exists a properly colored BIBD(36,5, \) for A = 4k, k € Z*  k > 3.

Proof: Let A be the 36 x 36 circulant matrix whose first row is
[01000000000000000000000000000000000].

Let B be the first 18 rows of a 36 x 36 circulant matrix whose first row is
[01000000000000000000000000000000000].

Then the edge-coloring incidence matrix of a BIBD(36, 5, 4) using 12 colors in Figure 4.7
Since M; is semi-properly colored, by applying Theorem [2.12] we can properly color a

BIBD(36, 5, A).
M

Lemma 4.8. There exists a properly colored BIBD(40, 5, \) for A\ = 4k, k € Z*  k > 3.
Proof: Let A be the 39 x 39 circulant matrix whose first row is
[010000000000000000000000000000000000000].

Then the edge coloring incidence matrix of a BIBD(40, 5,4) using 12 colors in Figure
Since M; is semi-properly colored, by applying Theorem [2.12] we can properly color a

BIBD(40, 5, A).
e

49



w ¢ ¢
(7 ‘c‘'9e)AdId © Jo XIeA 2duapiou] SuLI0j0)-03py L' 9IN3
! 1Ly om3rLg

0

] (7T0) + 1 (V10)

O ¥
oV (7*9) ¢ W i (TTTD) + g (T101)
0eV (71210) + o (T 1(7410) () __0 0
. al/ (*179) 0 0 eV (VTT0) + (760) o 0
0 el (7F60) + g1 (D) 0 0 o (700 0
> 0 0 ¢ 0 2V (7F0) + g (%) 0
11 0 ; v (tr6o) ¢
V(o (s vl = 0
Lz 5 ) 2V (7F90) oV (7780) o (7780) + (779) el (7750) ) 0
eV ((7180) 0 0 0 o (7700)
: 2 2V (779) 0 JGD))
L(7%) 0 0 0 M 0 0 v\?tﬂm )
(e 0 ; v (s g (7
mmim £) 0 if%ciﬂv Mmiimow 107+13) WMNi,ﬂmW ) T oy (7%)
e (") - 0) + o (710) ¥ (7T%) 0 eeV (VT90)
o o (799) ¥ (75 ﬁ 0 0 0 GV (770)
R Cas 4 : - __
Lm_vxo 12) 1(v+) %Am_viuv o ) & oy () + w ;
E J(teo) G 0 T 0
V(e £z ) . V()
- 0 v 2 W mL\A:jrfv + EM\TTJMVV NM\A M+NUV 0 0
W, 0
(%) o s mvv 1(771) 0 (7 oV (71E0) 0
oV (76) 0 ) oo (7779) 0
0 0 V(T =t 0 7(7)
0 1(7%)
e,
oaV (710) Lo (710)

50



(76 °07)Ad1d ® Jo XIIRN 20uapIou] Suro[0)-a3pH :§'{ 2SI

ﬁ«\fiﬁuv + oi\ﬁi:uv

0 0 0 0 0 0 o (499) + ()
)] 0 0 2V (7] D) 0
eV (7T0) 0 w2V (719) 0 0 eV (7160) 0eV/ (77189)

0 R A N G 0 LV (79) 4 g (7F11) 0 0 0

0 0 o (770) + oy (7750) 0 V(70 oy (7] | 0 0

0 esV (119) V (770) 0 0 gr (7199) aV (710)
oV (71) 2V (V) g2V (779) oV (%) 0 0
.L.HTQTrmuv cm\ﬁimuv 0 0 cwm\ﬁiuuv 0

0 0 WV (7H0) 0 LV (79) L ()

u 0 0 oV (71%) 1V (79) 0

0 asV (7749) nl (7T1) 0 0 0

0 0 va‘waoov ml\ﬁwtmou Z\Tiwov NTTJCV

0 sV (7719 1V (71%) 0 peV (719) 0

0 ml\d@jrmuv + TTTLQV 0 0 cﬁﬁﬂﬁimuv F Z\Timuv 0 0
Ev\TTﬁov :TAz}rwuv 0 0 0 mi\ﬁimuv o&\ﬁiduv

_Nii@v%mmgcv Ac+ ; 0 0 uV ("179) + gy (1) 0 0 0

0V (750 V(T 0 2V (77%) 0 gV ("19) 0 0

0 0 0 gV (779) 0 seV (7F19) LV (7780) (e

0 0 vV (7190) 4 ¥ (1110) | ¥ (M) + o P (10 0 0 0 0 :

2V (710) 4 v (T0) 0 0 ooV (7)) + L (TTD) 0 0 0 0

51



Lemma 4.9. There exists a properly colored BIBD(56, 5, \) for A = 4k, k € Z*  k > 3.

Proof: Let A be the 56 x 56 circulant matrix whose first row is
[0100000000000000000000000000000000000000000000000000000].

Let B be the first 28 rows of a 56 x 56 circulant matrix whose first row is
[0100000000000000000000000000000000000000000000000000000].

Then the edge coloring incidence matrix of a BIBD(56, 5, 4) using 12 colors in Figures
and
Since the concatenation of M, and N; is semi-properly colored, by Theorem we
can properly color a BIBD(56, 5, \).
e

Lemma 4.10. There exists a properly colored BIBD (15,5, \) for A = 2k, k € Z*,k > 5.

Proof: Note that the colors ¢; and d; are distinct for all 7. We form an edge-coloring
incidence matrix for a BIBD(15,5, \) using a BIBD(15,5,4) and a BIBD(15,5,6) as
follows. Let A be the 14 x 14 circulant matrix whose first row is [01000000000000]. Let B
be the first 7 rows of a 14 x 14 circulant matrix whose first row is [01000000000000]

Then the edge coloring incidence matrix of a BIBD(15, 5,4) using 12 colors is given
below.

(c1ra) (corai)] + (c334i) A% + (Ccaypai) AT 0

((72+41)A13 ((11+41)] (C3+4i)] x (C4+4i)A12

(carai) (csrai) AT (Craa) A7+ (carag) A

Mi = 0 (sai) AP + ((76+4Z)Al3 (Crra)] + (Csﬂi)AA

((‘,/1+47:)All (cra) ] + (09+/11)A13 (Ce+41:)z4u

(c544i) A° (cr044i)1 (Crira) AT+ (Crarai) AT

(c1144:) BS + (c12445) B 0 (cosai) + (Cro441) BT

(cryai) T + (c814i) A% + (coyai) AT + (c1044i) AT 5 ;

Let C be the 15 x 15 circulant matrix whose first row is [010000000000000]. Let £
be the following 15 x 3 matrix.

d716i 0 0 day6i 0 0
0 d7 16 0 0 dyt6i 0

0 0 dr16i 0 0 da6i
dg 6 0 0 di2y6i 0 0
0 dg 6i 0 0 di2+6i 0

0 0 dg6i 0 0 di216i
do 16 0 0 ds 16 0 0
EV=| 0 dyug 0 |EP= 0 dseg O

0 0 do 6 0 0 ds46i
d1046i 0 0 de16i 0 0
0 d1ove6i 0 0 de16i 0

0 0 d10+6i 0 0 de16i
di1ye6i 0 0 d3 16 0 0
0 di1+6i 0 0 d3 16 0

0 0  diges 0 0 d3 6
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Let FY for j = 1,2, 3,4, 5,6 be the following 15 x 15 matrix.
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0 0 0 0 0 0 0 0 0 0 0 0 0 dsiei 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 dsiei
ds 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 dsiei 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 dsiei 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 dsiei 0 0 0 0 0 0 0 0 0 0 0
(5) 0 0 0 0 diayei 0 0 0 0 0 0 0 0 0 0
E = 0 0 0 0 0 dr2+6i 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 dizyei O 0 0 0 0 0 0 0
0 0 0 0 0 0 0 ds16i 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 dsyei O 0 0 0 0 0
0 0 0 0 0 0 0 0 0 dsiei 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 dsyei O 0 0 0
0 0 0 0 0 0 0 0 0 0 0 dsiei 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 dsyei O 0
dsye; O 0 0 0 0 0 0 0 0 0 0 0 0 0
0 dsiei 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 dsyei O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 dayes 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 dsyei O 0 0 0 0 0 0 0 0 0
0 0 0 0 0 dsiei 0 0 0 0 0 0 0 0 0
(6) 0 0 0 0 0 0 dype O 0 0 0 0 0 0 0
F;» = 0 0 0 0 0 0 0 dsiei 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 dyjei O 0 0 0 0 0
0 0 0 0 0 0 0 0 0 dsiei 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 dypei O 0 0 0
0 0 0 0 0 0 0 0 0 0 0 dsiei 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 diotei 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 dro46i 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 di2+6i

Thus, the edge-coloring incidence matrix of a BIBD(15, 5, 6) using 12 colors is given
Figure d.11]

Suppose k = 0 (mod 2). To form a properly colored BIBD(15,5, \) with A = 2k, k €
Z*,k > 5, we simply repeat the blocks of the BIBD(15,5,4) % times and follow the
same coloring scheme with different colors. The subscripts of the colors are all computed
(mod \) where we identify ¢y with ¢,. Thus the edge-coloring incidence matrix of a prop-
erly colored BIBD(15,5, A) for k = 0 (mod 2) can be given in terms of the M; as

v =[ 636 [ )

Suppose k = 1 (mod 2). To form a properly colored BIBD(15,5, \) with A = 2k, k €
Z*,k > 13, we simply repeat the blocks of the BIBD(15,5,4) 22 times joined with
the blocks of a BIBD(15,5,6). We know we can properly color a BIBD(15,5,10) by
Theorem The colors used on the BIBD(15, 5,4) and BIBD(15, 5, 6) will be distinct
from each other requiring A > 26. The subscripts of the colors are all computed (mod \)
where we identify ¢y with c,. Thus the edge coloring incidence matrix of a properly colored
BIBD(15,5,\) for 13 < k=1 (mod 2) can be given in terms of the M; as

M:’ M, \ M \ M, \ \ M(x—6)/4)-1 ‘

This leaves three cases where A = 14, 18,22. Suppose A = 14. We form an edge-
coloring incidence matrix using 14 colors for a BIBD(15,5,14). Let H be a 15 x 15 cir-
culant matrix whose first row is [010000000000000]. Let G/ for j = 1, 2 be the following
15 x 3 matrices.
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Let G for j = 3, 4 be the following 15 x 15 matrices.

o

oe)
Q

o

S o
ol

o O

0O 0 0 O O
0O 0 0 O O
0O 0 0 0 O
0 0 0 0 O
0 0 0 O O
0O 0 0 0 O
0O 0 0 O O
0O 0 0 0 O
0O 0 0 0 O

C12

0
0

C12

0

C14

C14

0 0 0 O

C1

0O 0 O

&1
0 O

0 O

C1

0
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Co

o 0 0o 0 0600 0 0 O0O O0 O 0 O

o 0o 0o 0 0600 O 0 O0 O0 O0 0 O

Cy

o 0 o 0o 0600 0 0 0 0 0O

Cy

0

o 0 0 0o 0 060 0 0 O 0 O

Cy4

0 O

o 0 0o 0 0 0 0O O 0 o0 o0

Cq

0 0 O

o 0 0 0 0 0 0 0 0 O

Cy

0 0 0 O

0O 0 0o 0 06 0 0 0 O

Cs

0O 0 0 0 O

cs 0 0 0 0 0O O O O

0O 0 0 0 O O

cs 0 0 0 0 O 0 O

0O 0 0 0 0 0 O

¢ 0 0 0 0 0 O

O 0 0 0 0 O 0 O

0O 0 0 0 O

Ce

o 0 0 0 0 0 0 0 O

0 0 0 O

Ce

o 0 0o 0 06 0 0 O 0 O

0 0 O

Cg

o 0 0o 0 06 00 0 O 0 O

0 O

Cg

o 0 o 0o 06 00 0 0 0 O0 O

0

Cs

o 0 o 0 0600 0 O O O 0 O

GH —

Let G for j = 5,6 be the following 15 x 9 matrices.
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Cg 0 0 Cgq 0 0 Cs 0 0
0 Cg 0 0 Cg 0 0 Cr 0
0 0 Cg 0 0 Cg 0 0 Cs
Co 0 0 Cg 0 0 Cg 0 0
0 Co 0 0 Cg 0 0 Cgq 0
0 0 Co 0 0 Cg 0 0 Cg
g 0 0 ¢ 0 O ¢ O O
GO=0 ¢ 0 0 ¢ 0 0 ¢ O
0 0 ¢4 0 0 ¢ 0 0
Cs 0 0 Cy 0 0 Co 0 0
0 Cx 0 0 Cy 0 0 Co 0
0 0 ¢ 0 0 ¢ 0 0 o
¢ 0 0 ¢ 0 0 ¢ O O
0 ¢c¢6 0 0 ¢ 0 O ¢ O
0 0 Cg 0 0 Cs 0 0 Cyq

Thus the edge-coloring incidence matrix of a properly colored BIBD(15, 5, 14) is given
by concatenating N(®© and NV from Figure m

Now suppose A = 18. All subscripts are computed (mod 18). We form the properly
colored BIBD(15, 5, 18) given in terms of the M, as

M= My, | My, | Mo, |.

Now suppose A = 22. Let My be the properly colored BIBD(15, 5, 10) on 10 colors.
Then

M=| My | My | My | My |.

M
Lemma 4.11. There exists a properly colored BIBD(35,5, \) for A = 2k, k € Z*,k > 5.
Proof: Let A be the 35 x 35 circulant matrix whose first row is
[01000000000000000000000000000000000].

Let Al(j ) be the following 35 x 28 matrices for j = 1, 2 in Figures and
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Figure 4.13: 35 x 28 colored matrix
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Figure 4.14: 35 x 28 colored matrix

Then the edge coloring incidence matrix of a BIBD(35, 5, 2) using 10 colors is given

in Figure d.13]

Since M; is semi-properly colored, by Theorem [2.12] we can properly color a

BIBD(35,5, \).
Lemma 4.12. There exists a properly colored BIBD(16,5, \) for A\ = 4k, k € 7™,

k> 3.

Since M; is semi-properly colored, by Theorem [2.12] we can properly color a
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Proof: Let A be a 16 x 16 circulant matrix whose first row is [0100000000000000]. Then
BIBD(16,5, \).

the edge coloring incidence matrix of a BIBD(16, 5, 4) using 12 colors is given below. Let
B be the first 8 rows of a 16 x 16 circulant matrix whose first row is [0100000000000000].

Then the edge-coloring incidence matrix of a BIBD(16, 5, 4) using 12 colors is given in

Figure 4.16]



(Cl+2i)A23 0 (02+2¢)A 0
(Cz-s-zqz)f 0 (Cl+2i)A 0
0 (c3poi) | (Cag2i)A 0
(ca40i) A* | (cagoi)AY 0 0
(C4+2i)A27 (C5+21)A13 0 0
(c5+2,-)A33 0 (cgr2i) A 0
0 0 0 AM
(C7+2i)] (CS+21’)A8 0 0
0 (02+21‘)A17 (03+2¢)A 0
(Cro12:) A% 0 (Cr12i)A 0
(Coyai) A (Coyai)A® 0 0
(CG+2i)] 0 (CS+2i)A 0
(Cs+2¢)] (Cl+2i)A13 0 0
0 0 0 A®
0 (co2i) A% | (cro42:)A™ | 0
0 (C7+2i)A13 (CG+2i)A18 0
0 (010+21‘)A17 (C9+2i)l 0

Figure 4.15: Edge-Coloring Incidence Matrix of a BIBD(35, 5, 2).

Definition 4.13. A g—circulant matrix is an n X n square matrix of complex numbers,
in which each row (except the first) is obtained from the preceding row by shifting the

0 (Cryai)] (Coyai) ] + (c30i) AM™ + (Caq0:) AP

(cryai)] (C2+41)A8 (cryai) I + (csrai) AV
(coyai) A + (C3+4L)A14 (Cayai) A (cr44i)]
(Cayai) A* + (c5140) A (Criai) AP (coai) H'

(Cryai)] (Coyai) + (Cs+4z)Au (CS+4i)Al4
(06+4i)A4 + (Cs+47:)1414 (C5+41,)A6 (Cll+4i)A15

(09+4i)—’411 (CIO+4i)A6 + (C11+41)A15 (C12+4z)1

(cro44i)] + (c1144;) B (cosai)I + (Cro44;) B® 0

Figure 4.16: Edge-Coloring Incidence Matrix of a BIBD(16, 5, 4)

elements cyclically g columns to the right.

Example 4.14. A 3—circulant matrix of order 7 whose first row is [1000000].

110/{0{0]0]0

=] el ev] Neo) Reo] Nen)
O OO OO
OO O~ | OO
=] Nel el Neol N B
—| OO OO O

(=l Nl Bl Neo) Rev] Nen)
] el Beo) Neo) Bl Neol Ran)




Lemma 4.15. There exists a properly colored BIBD(50,5, \) for A\ = 4k, k € Z*,k > 3.

Proof: Let A be the 49 x 49 circulant matrix whose first row is
[0100000000000000000000000000000000000000000000000] .

Let B; be the 49 x 49 25—circulant matrix whose first row is
[1000000000000000000000000000000000000000000000000] .

Let B, be the 49 x 49 37—circulant matrix whose first row is
[1000000000000000000000000000000000000000000000000] .

Then the edge-coloring incidence matrix of a BIBD(50, 5, 4) using 12 colors is given in

Figures and[4.1§]

Since M; concatenated with N; is semi-properly colored, by Theorem [2.12| we can
properly color a BIBD(50, 5, A).
M

Lemma 4.16. There exists a properly colored BIBD(60,5, \) for A = 4k, k € Z*, k > 3.

Proof: Let A be the 59 x 59 circulant matrix whose first row is
[01000000000000000000000000000000000000000000000000000000000].
Let By be the 59 x 59 6—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].
Let B, be the 59 x 59 12—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].
Let Bs be the 59 x 59 15—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].
Let B, be the 59 x 59 24—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].
Let By be the 59 x 59 30—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].
Let Bg be the 59 x 59 37—circulant matrix whose first row is

[10000000000000000000000000000000000000000000000000000000000).
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Let B; be the 59 x 59 48—circulant matrix whose first row is
[10000000000000000000000000000000000000000000000000000000000].

Then the edge coloring incidence matrix of a BIBD(60, 5,4) using 12 colors is given in
Figures 4.19]and [4.20]

Since M, concatenated with [V; is semi-properly colored, by Theorem [2.12] we can
properly color a BIBD(60, 5, \).

e

Because the process of checking each individual lemma for a correct direct construction
is difficult, a program was built for the specific purpose of checking the small cases. Along
with this is a csv (comma separated variables) and a tsv (tab separated variables) file of
the edge-colored incidence matrix which are semi-properly colored. The program called
bibdchecker.cpp is used to verify the design is a semi-properly colored BIBD. Mathematica
was used to generate the properly colored versions of the BIBDs in csv and tsv form. Go
to

http://www.mathlab.mtu.edu/~msjukuri/Data.html

for the program and corresponding csv and tsv files.

4.2 Main Results

Lemma 4.17. If there exists a 5 — GDD(a?a% - - - a’=), and a properly colored

T

BIBD(a;, 5, ) foralli = 1,2, ... x, then there exists a properly colored

1=1

Proof: Repeat each of the blocks in a 5 — GDD(a%a% - - - a%) X times. For each block,
we must color each edge a different color using the colors ¢; € {¢y, ..., c\}. Each corre-
sponding edge in the A copies of the blocks must also be a different color. So we color the
edges in the A copies of each block as follows. Form a 10 x A matrix. The rows of the
matrix will be indexed by the 10 edges of K3, and the columns will be indexed by the A
copies of the block. The entries of the matrix will be the first 10 rows of an LS(\). Now
the only pairs that have not been covered are the pairs which lie within the groups. So we
place a properly colored BIBD(a;, 5, A) on each group forall¢ = 1,2, ..., z. This forms a

properly colored BIBD (Z a;b;, 5, A) . M

i=1
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Lemma 4.18. If there exists a 5 — GDD(m") and a properly colored BIBD(m + 1,5, \),
then there exists a properly colored BIBD(mu + 1,5, \).

Proof: Let G; fori = 1,...,u be the u groups of size m. Repeat each of the blocks in a
5 — GDD(m") A times. For each block, we must color each edge a different color, using
the colors ¢; € {ci,...,c\}. Each corresponding edge in the A copies of the block must
also be a different color. So we color the edges in the A copies of each blocks as follows.
Form a 10 x A\ matrix. The rows of the matrix will be indexed by the 10 edges of K5, and
the columns will be indexed by the A copies of the block. The entries of the matrix will be
the first 10 rows of an LS(\). Now the only pairs that have not been covered are the pairs
which lie within the groups and pairs which contain the point {occ}. So we place a properly
colored BIBD(m+1,5,\) oneach G;U{oo} foralli = 1,2,. .., u. This forms a properly
colored BIBD (mu + 1,5, A). X

Lemma 4.19. If there exists a (5,2) — GDD(m") and a properly colored BIBD(m, 5, \),
then there exists a properly colored BIBD(mu, 5, \) where A\ = 2k, k € Z*, k > 10.

Proof: Repeat each of the blocks in a (5,2) — GDD(m") k times. For each block, we will
color each edge a different color and each corresponding edge in the k& copies of the blocks
must also be a different color. Form a 10 x & matrix whose rows are indexed by the 10 edges
of the K5 and whose columns are indexed by the % copies of the block. Because each edge
is seen twice among all 10 x k£ matrices which represent the blocks of the GDD, we assign
color sets to each edge as follows. Let C' = {c¢y,¢a,...,cc} and D = {dy,ds, ..., dy} be
two distinct sets of k£ colors each. For each edge in the block, if it is the first time it has
occurred in a block of the GDD, we assign the color set C' to it, and if it is the second time
it has occurred, we assign the color set D to it. Let {¢ denote the number of edges which
have color set C' assigned to it, and ¢, denote the number of edges which have color set D
assigned to it. The entries of our 10 x &k matrix will be the first - rows of an LS(k) on
the rows corresponding to the edges assigned with color set C' and the first ¢, rows of an
LS(k) on the rows corresponding to the edges assigned with color set D. Consider some
edge e. This edge, e, is colored with every color from C' exactly once in the k copies of
the first block of the GDD containing e, and it is colored with every color from D exactly
once in the k copies of the second block in the GDD containing e. Furthermore, we can be
sure that every edge in any block is colored with different colors because of the properties
of Latin squares and because C' and D are distinct.

The only pairs that have not been covered by the blocks of the GDD are pairs which
lie within the groups. So we place a properly colored BIBD(m, 5, \) on each group of the
GDD. This forms a properly colored BIBD (mu, 5, \).

e

Lemma 4.20. [f there exists a (5,2) — GDD(m") and a properly colored BIBD(m +
1,5, X), then there exists a properly colored BIBD(mu + 1,5, \) where A\ = 2k, k €
7+ k> 10.

Proof: Fori = 1,2, ..., ulet G; denote the i*" group of size m in the GDD and let {oo} be
anew point. Follow the same argument as in the first paragraph of the proof of Lemma[.19]
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Then the only pairs that have not been covered by the blocks of the GDD are pairs which

lie within the groups, and pairs which contain the point {co}. So place a properly colored

BIBD(m + 1,5, A) on each G; U {oo}. This forms a properly colored BIBD (mu, 5, A).
M

Lemma 4.21. Suppose there exists an RBIBD (v —m, 5, 1) with t parallel classes. If there
exists a properly colored BIBD(6, 5, \), and a properly colored BIBD(m, 5, \) for m < t,
then there exits a properly colored BIBD(v, 5, \).

Proof: Let {001,009, . ..,00,} be m new points. Consider the parallel class P; for i =
1,...,m. We take each block of the P; and join it with {oco;}. Now place a properly
colored BIBD(6,5, A\) on each block of P; U {oo;}. Now the only pairs that have not
been covered are in the parallel classes P; for : = m + 1,...,¢ and the pairs of the form
{{o0i,0,} 14,7 € {1,...,m}}. So we place a properly colored BIBD(5, 5, \) on each
block of the remaining parallel classes and we place a properly colored BIBD(m, 5, \)
on the set of points {c0y, ..., 00,,}. This forms a properly colored BIBD(v, 5, \) where
A =4k, \ > 3. M

Corollary 4.22. Let m < bn + 1. If there exists properly colored BIBD(m, 5, \), then
there exists a properly colored BIBD(20n + 5 4+ m, 5, \) for each \ = 4k, k > 3, and
n#2,11,17,23, 32.

Proof: There exists an RBIBD(20n+5, 5, 1) foreach n # 2, 11,17, 23, 32 by Theorem|1.9
This design has 5n + 1 parallel classes. There exists a properly colored BIBD(6, 5, A) for
A =4k and k > 3. So apply Lemma .21 with v = 20n + 5. X

If the block size is five, then the possible v values for all possible A values are as follows
from (Hanani, [28]]).

k A Conditions for v Exceptions
5 1 1,5 (mod 20) none

5 2 1,5 (mod 10) 15

5 4 0,1 (mod 5) none

5 10 1 (mod 2) none

5 20 all none

Because we can properly color any A = 10k, k € Z*, k > 1 with Theorem[2.2]and any
A when v = 1,5 (mod 20) by Theorem [2.3] we will focus on A = 0 (mod 2) and A = 0
(mod 4) in the following sections.

42.1 A=0 (mod 2)

In this section, we properly color all BIBD(v, 5, A)s where A = 0 (mod 2) except possibly
when v = 15, 35,75,95 (mod 100) and A = 14, 18.

In this case, the necessary and sufficient conditions for the existence of a BIBD (v, 5, \)
are that v = 1,5 (mod 10) except v = 15 and A = 2. Note that when v = 1,5 (mod 10)
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and A\ = 0 (mod 10) these are already covered by Theorem but the results in this
section will also cover this case.

Theorem 4.23. There exists a proper coloring for every BIBD(v, 5, \) for A\ = 2k, k €
Z*, k > 5, where v = 1,5 (mod 10) except possibly when A\ = 2k, v = 15,35,75,95
(mod 100) and X = 14, 18.

Proof: Note that in each case we assume A = 2k, k € Z*, k > 5 unless otherwise stated.
We first consider v = 5 (mod 10). In other words v = 5 or 15 (mod 20).

Now suppose v = 1 (mod 10). If v = 1 (mod 20) then we can properly color a
BIBD(v, 5, A) by Theorem 2.3 We deal with each subcase, v = 1 (mod 20) and v = 11
(mod 20), separately.

Casel: v =1 (mod 20)

By Theorem 2.3 we can properly color a BIBD(v, 5, ) where v = 1,5 (mod 20).
Case2: v =11 (mod 20)

If v =11 (mod 20), then we have that either v = 11 (mod 40) or v = 31 (mod 40).
Case2.1: v =11 (mod 40)

Let v = 11 +40x = 1 + 10(1 + 4x) for > 1. There exists a 5-GDD(10") where
u = 1 + 4x except possibly when z = 1,8 by Theorem We can properly color a
BIBD(11,5, \) by Lemmaf4.1] So we can apply Lemma {18 with m = 10,u = 1 + 4z
and v # 51, 331.

If v = 51, then by Lemma [4.3| we can properly color a BIBD(51,5, ). If v = 331 =
1+30(11), then there exists a 5— GDD(30'!) by Theorem[1.7} There also exists a properly
colored BIBD(31,5, \) by Lemma Thus we can apply Lemma to properly color
a BIBD(331, 5, \).

Case 2.2: v =31 (mod 40)

If v = 31, then we can properly colored a BIBD(31,5, \) by Lemma[4.2]

Let v = 31 4+ 40z = 1 + 10(3 4 4z) for x > 1. There exists a 5 — GDD(10") where
u = 3 + 4x except possible when ©x = 1,3,5,6,8,9,11 by Theorem We can prop-
erly color a BIBD(11, 5, A) by Lemma[4.1] We can also properly color a BIBD(31, 5, \)
by Lemma So we can apply Lemma {.18| with m = 10,u = 3 + 4x and v #
71,151,231, 271,351, 391, 471.

If v = 71 = 5(14) + 1, then there exists a 5~GDD(14°) by Theorem (1.7, There
also exists a properly colored BIBD(15,5,\) by Lemma Then by Lemma
we can properly color a BIBD(71,5,\). If v = 151 = 1 + 30(5), then there exists
a 5 — GDD(30°) by Theorem There also exists a properly colored BIBD(31,5, \)
by Lemma So we can apply Lemma to properly color a BIBD(151,5, \). If
v = 231 = 11(21), then there exists a 5 — GDD(11?!) by Theorem|[1.7} There also exists a
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properly colored BIBD(11, 5, \) by Lemma[4.1] So we can apply Lemma[4.17]to properly
color a BIBD(231,5, ). If v = 271 = 1 + 54(5), then there exists a 5 — GDD(54%) by
Theorem If v = 55, then there exists a5 — GDD(11°) by Theorem Since we can
properly color a BIBD(11, 5, \) by Lemma we can properly color a BIBD(55, 5, \)
with Lemma So we can apply Lemma to properly color a BIBD(271,5, \). If
v = 351 = 70(5)+1, then there exists a 5— GDD(70°) by Theorem|[1.7} There also exists a
properly colored BIBD(71, 5, \) as stated above. So we can apply Lemma to properly
color a BIBD(351, 5, \). If v = 391 = 30(13) + 1 then there exists a (5) — GDD(30'%) by
Theorem There also exists a properly colored BIBD(31, 5, \) by Lemma So we
apply Lemma to properly color a BIBD(391, 5, \). If v = 471, then we can properly
colored a BIBD(471,5, ) by Lemma[2.10}

Case3: v =15 (mod 20)

If v = 5 (mod 20), then we properly color each BIBD(v, 5, \) by Theorem If
A = 10, then by Theorem we can properly color all BIBD(v,5,10) where v = 15
(mod 20).

If v = 15, then by Lemma we can properly color all BIBD(15,5, A). Let v =
15 + 20z = 5(3 + 4x) for x > 1. There exists a (5,2) — GDD(5"%) for u = 3 + 4z by
Theorem It is trivial to properly color a BIBD(5, 5, A). So we can apply Lemma4.19]
withm = 5, u = 3 4 4x.

Now let v = 20n + 15. If n > 3, then apply Corollary .22 with m = 10 to properly
color a BIBD(v, 5, \) where v = 15 (mod 20) and A = 12, 16. This leaves the open cases
of v = 15,35,55,235,355,475,655 (corresponding to n = 0,1,2,11,17,23,32). We
construct the properly colored BIBD(15, 5, A) directly in Lemma Also, we construct
the properly colored BIBD(35, 5, \) directly in Lemma For the other v, note that
there exists an RBIBD(20(n — 1) + 5,5, 1) with 5(n — 1) + 1 = 5n + 4 parallel classes.
In each case, n > 10, meaning we have at least 51 parallel classes. However, in each case
we must only use 20n + 15 — (20(n — 1) + 5) = 30 parallel classes. Thus we again apply
Corollaryd.22)with m = 25and n = n — 1.

To further break down the cases of v = 15 (mod 20) we consider v = 55 (mod 100).
Let v = 55 + 100z = (11 + 20z)5 for x > 0. There exists a 5-GDD((11 + 20z)°) by
Theorem There also exists a properly colored BIBD(11+ 20z, 5, A) by Case Again,
we can properly color a BIBD(5, 5, A). Thus, we can properly color a BIBD(v, 5, \) for
v =55 (mod 100).

Note that the remaining cases for a BIBD (v, 5, \) where v = 15,35, 75,95 (mod 100)
are A = 14, 18.

Henceforth, there exists a proper coloring for every BIBD(v, 5, A), where v = 1,5
(mod 10). M

422 A=0 (mod 4)

In this section, we properly color all BIBD(v, 5, \)s where A = 0 (mod 4). Note the
necessary and sufficient conditions for the existence of a BIBD(v, 5, \) are that v = 0, 1
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(mod 5). Note that whenv = 0,1 (mod 5) and A = 0 (mod 20) these are already covered
by Theorem [2.2] but the results in this section satisfy this case as well.

Theorem 4.24. There exists a proper coloring for every BIBD(v, 5, \) for A = 4k, k > 3,
where v = 0,1 (mod 5).

Proof: Note that in each case we assume A\ = 4k, k > 3 unless otherwise stated. We will
break this problem up into two main cases, v = 0 (mod 5) and v =1 (mod 5).

Casel: v =0 (mod 5)

We consider four subcases: v = 0,5,10, or 15 (mod 20). If v = 0 (mod 20), then
we have that either v = 0 (mod 40) or v = 20 (mod 40).

Case 1.1: v =0 (mod 40)

If v = 40, then by Lemma we can properly color a BIBD(40,5,\). If v =
80 = 16(5), then there exists a 5 — GDD(16°) by Theorem [1.7] We can properly color a
BIBD(16,5, \) by Lemma[4.12] So we can properly colora BIBD(80, 5, \) by Lemma[4.17]

Let v = 40z = 20(2z) for z > 3. There exists a 5 — GDD(20?*) by Theorem [1.7} We
can properly color a BIBD(20, 5, \) by Lemma[4.6] So we can apply Lemmal4.17]

Case 1.2: v =20 (mod 40)

If v = 20, then by Lemmawe can properly color a BIBD(20, 5, \). If v = 60, then
by Lemma[4.16] we can properly color a BIBD(60, 5, A).

Letv = 204+40x = 20(1+2x) for x > 2. There exists a 5-GDD(20*) for u = 142z by
Theorem Because we can properly color a BIBD(20, 5, \), we can apply Lemmam

Case 1.3: v =5 (mod 20)

By Theorem [2.3] we can properly color a BIBD(v, 5, \) where v = 1,5 (mod 20).

Case 1.4: v =10 (mod 20)

Let v = 20n 4 10. If n > 1, then apply Corollary .22 with m = 5. This leaves the
open cases of v = 50,230, 350,470, 650 (corresponding to n = 0,2,11,17,23,32). We
construct the properly colored BIBD(10, 5, \) directly in Lemma We also construct
the properly colored BIBD(50, 5, \) directly in Lemma For the other v, note that
these exists an RBIBD(20(n — 1) + 5,5, 1) with 5(n — 1) + 1 = 5n — 4 parallel classes.
In each case, n > 10, meaning we have at least 51 parallel classes. However, in each case
we must only use 20n + 10 — (20(n — 1) + 5) = 25 parallel classes. Thus we again apply
Corollaryd.22)withm = 25and n = n — 1.

Case 1.5: v =15 (mod 20)
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Let v = 20n + 15. If n > 3, then apply Corollary with m = 10. The open cases
left are v = 15, 35, 55, 235, 355,475,655 (corresponding to n = 0,1,2,11,17, 23, 32). We
construct the properly colored BIBD(15, 5, \) directly in Lemma We also construct
the properly colored BIBD(35,5, \) directly in Lemma If v = 55, there exists a
5-GDD(11%) by Theorem There also exists a properly colored BIBD(11,5, \) by
Theorem .23 So we apply Lemma[4.17to properly color a BIBD(55, 5, A). For the other
v, note that there exists an RBIBD(20(n — 1) +5, 5, 1) with 5(n — 1)+ 1 = 5n — 4 parallel
classes. In each case, n > 10, meaning we have at least 51 parallel classes. However, in
each case we must only use 20n + 15 — (20(n — 1) + 5) = 30 parallel classes. Thus we
again apply Corollary .22| with m = 30 and n = n — 1.

Case2: v =1 (mod 5)

If v = 1 (mod 5), then v = 1,6,11, or 16 (mod 20). If v = 1 (mod 20), we can
properly color a BIBD(v,5, \) by Theorem If v = 11 (mod 20), then apply The-
orem to obtain a properly colored BIBD(v, 5, A). This leaves two cases; v = 6, 16
(mod 20).

Case2.1: v =6 (mod 20)

Letv = 6+20x = 1+5(1+4x) forz > 1. There exists a5 — GDD(5") foru = 1+4x
by Theorem[I.7] We can properly color a BIBD(6,5, A) by Lemma4.4l So we can apply
Lemmal. I8 withm = 5and v = 1 + 4x.

Case2.2: v =16 (mod 20)

Letv = 20n+16. If v = 16, then by Lemmawe can properly color a BIBD(v, 5, ).
If n > 3, then apply Corollary with m = 11. This leaves the open cases of v =
16, 36, 56,231, 351,471,651 (corresponding to n = 0,1,2,11,17,23,32). We construct
the properly colored BIBD(16,5, \) directly in Lemma If v = 36, there exists
a properly colored BIBD(36, 5, ) by Lemma There also exists a properly colored
BIBD(56,5, \) by Lemma4.9] For the other v, note that there exists an RBIBD(20(n —
1) + 5,5,1) either (5,n — 1) + 1 = 5n — 4 parallel classes. In each case, n > 10,
meaning we have at least 51 parallel classes. However, in each case we must only use
20n+16 — (20(n — 1) 4+ 5) = 31 parallel classes. Thus we again apply Corollary [4.22] with
m=3landn =n — 1.

e

4.3 Conclusion

We are now in a position to prove the main theorem.

Theorem 4.25. There is a proper edge coloring for every BIBD(v, 5, \) where \ > 10,
except possibly when A = 2k, v = 15,35,75,95 (mod 100) and A\ = 14, 18.
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Proof: Recall the necessary and sufficient conditions for the existence of a BIBD(v, 5, \).

IfA=1,3,57911,13,15,17,19 (mod 20), thenv = 1,5 (mod 20);
If A\ =2,6,14,18 (mod 20), thenv = 1,5 (mod 10);

If A\ =4,8,12,16 (mod 20),thenv = 0,1 (mod 5);

If A =10 (mod 20), thenv =1 (mod 2); and

If A\ =0 (mod 20), then v > 5.

If A\ =1,3,5,7,9,11,13,15,17,19 (mod 20), then v = 1,5 (mod 20) and we can
properly color a BIBD(v, 5, \) by applying Theorem 2.3} If A = 10 (mod 20) or A = 0
(mod 20), then v = 1 (mod 2) or v may be anything, respectfully, and we can properly
color a BIBD(v, 5, A) by applying Theorem [2.2] If A = 2,6, 14,18 (mod 20), then v =
1,5 (mod 10) and we apply Theorem {4.23] Finally, if A\ = 4,8,12,16 (mod 20), then
v =0,1, (mod 5) and we apply Theorem 4.24] 53
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Chapter 5

Alternate Method to Properly Color

In this chapter, we take a graph theoretic approach to the proper coloring question in Chap-
ters |3{ and 4 We also explain the strengths and weaknesses in application of the method
in this chapter against the methods from Chapters [3]and 4 The books by West [50] and
Diestel [20] were used often as references in this chapter.

5.1 Background in Graph Theory

An X, Y -bigraph is a bipartite graph where the two partitions are called X and Y. For the
remainder of this chapter we adopt the notation X and Y as the partitioned sets of vertices
from some arbitrary bipartite graph.

A saturation of X is defined as a matching containing all points in X. We define a
maximal matching as the largest possible matching set for a given graph G. If a matching
M saturates X, then for every S C X there must be at least |S| vertices in Y that have
neighbors (adjacent vertices) in S. Let Ng(.S) or N(.S) denote the set of neighboring or
adjacent vertices to vertices in S. Clearly, | N(S)| > |S] is a necessary condition. Phillip
Hall proved that for all S C X, |[N(S)| > |S] is also a sufficient condition, hence why this
condition is called Hall’s Condition (Marriage Condition).

Theorem 5.1. (Marriage Theorem, [27]) An X, Y -bigraph G has a matching that saturates
X ifand only if IN(S)| > |S| forall S C X.

Proof: We begin by showing if an X, Y-bigraph G has a matching that saturates X, then
IN(S)| > |S] for all S € X. Consequently, if a matching saturates X, then for every
S C X there must be at least | S| vertices in Y, and out of necessity |V (S)| > |S].

Now we prove that Hall’s Condition is sufficient using the contrapositive of the state-
ment. We want to show if M is a maximal matching in G and M does not saturate X, then
we achieve a set S C X such that |V (S)| < |S]. Letu € X be a vertex not in the matching
M. Also let Sy be the set of all vertices in X reachable from u by M -alternating paths in G
and 7} be the set of all vertices in Y reachable from u by M -alternating paths in G. Note
that u € Sp in Figure[5.1]
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Figure 5.1: Proving the Marriage Theorem with alternating paths.

Our claim is that we must prove M matches T with Sy — {u}. Since the M -alternating
paths from « reach Y through edges not in M and return to X along edges in M, to get to
every vertex of Sy — {u}, one must pass through an edge in M from a vertex in Tp. This
shows there are no augmenting paths through M. Because there is no M -augmenting path,
every vertex in 7 is saturated. It follows that an M -alternating path reaching y € 7 may
be extended via M to a vertex of Sy. This means the edges in the matching M yield a
bijection from T to Sy — {u}. Therefore we have |Ty| = |Sy — {u}|.

Because a matching between T and Sy — {u} exists, it tells us 7y € N(Sp). Fur-
thermore, because of the way we constructed Sy and Ty, Ty = N(Sp). Now suppose that
y € Y'\T} has an adjacent vertex v € Sy. Since y ¢ Ty, the edge vy cannot be in M since
u is unsaturated and the rest of .Sy is matched to 7 by M. If we were to add vy to an M-
alternating path reaching v, then the M -alternating path would reach Y. This contradicts
y ¢ Ty. Therefore vy cannot exist.

This shows Ty = N(Sp), and thus |N(Sp)| = |T| = |So| — 1 < |So| for our Sy. But
since our .Sy is arbitrary, this is true for all S and thus completes our proof. M

Corollary 5.2. [50] For k > 0, every k-regular bipartite graph has a perfect matching.

Proof: A perfect matching is a matching consisting of every vertex in the graph. Let G
be a k-regular X, Y-bigraph. Since each edge has two endpoints, we count the number of
endpoints in X and the number of endpoints in Y. Because for each edge one endpoint that
lies in X and there is an endpoint that in Y, the total number of endpoints are equivalent
on both sides. It follows from the graph being k-regular that the number of endpoints in X
is k| X| and the number of endpoints in Y is k|Y|, so k| X | = k|Y|. Thus, | X| = |Y'|. Thus
a matching that saturates X will also saturate Y and this is matching is perfect. So we only
need to prove there is a matching that saturates X. This is equivalent to verifying Hall’s
Condition.

Now we consider S C X. Let m represent the number of edges from S to N(5).
Because G is a k-regular X, Y-bigraph, m = k|S|. The number of edges in N(S) is
k|N(S)| and because there may be more edges coming into N (5), k|S| = m < k|N(S)],
and so |N(S)| > |S|. Finally, we note that we choose S arbitrarily and thus we have
established Hall’s Condition. e

To establish the understanding of the following theorem we need a little more terminol-
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ogy. A k-edge-coloring of G is a labeling of the edges defined by the mapping f : £ — 5,
where |S| = k and F is the set of edges. These labels used will be colors. We call a
k-edge-coloring proper if incident edges have different labels. This is equivalent to saying
that each unique color generates a matching. An edge is incident to another edge if they
share a common vertex. It is straightforward to call a graph k-edge-colorable if it has a
proper k-edge-coloring. The edge-chromatic number, x'(G), of a simple grap G is given
as a number k such that £ is the minimum number where G is k-edge-colorable. It follows
that since edges sharing a vertex need different colors, x'(G) > A(G) where A(G) is the
maximum degree of all the vertices. It was proved independently by Vizing [48]] and Gupta
[26] that if G is a simple graph, then A(G) + 1 colors suffice to color G.

Theorem 5.3. [50] If H is bipartite, then x'(H) = A(H).

Proof: The idea behind this proof is to establish the following. Given a k-regular bipartite
graph G and a subgraph H of G, since G has a perfect matching and yields a proper A(G)-
edge-coloring, we can achieve a proper A(G)-edge-coloring on H by removing edges. To
prove this, though, we will start with a graph H and show it generates G. First, Corol-
lary states every k-regular bipartite graph GG has a perfect matching. Hence, we can
use induction on G to show A(G) = k is the edge-chromatic number of G and thus yields
a proper A(G)-edge-coloring. As a result, it suffices to show for every bipartite graph H
with maximum degree k, H is a subgraph of a k-regular graph G, i.e. there is a k-regular
bipartite graph G containing H.

To construct G from H, first consider the two partite sets of H as X and Y. We add
vertices to the smaller set of X and Y, if necessary, until the two sets are equal. If this new
graph H' is not regular, then both X and Y have a vertex with degree less than A(G). Add
an edge between these two vertices. Continue adding edges until /' becomes k-regular.
Since H’ is now k-regular, it has the same properties as G and thus H can yield a proper
k-edge-coloring. M

5.2 Restating our Problem

Consider the structure of an edge-incidence matrix of a BIBD(v, k, \). We construct an
X, Y-bigraph where X is the set of all possible pairs of vertices (set of edges) and Y is the
set of blocks. There is an edge in this bipartite graph between x € X and y € Y if the
pair represented by x is in the block y. This will give us a bipartite graph with degree A
on each = and degree (g) on each y. Since A\ > (g), A(G) = A. Thus, by Theorem
A = A(G) = X' (G). Suppose that where there is an edge between a pair and a block, it
means that edge in the block represents the K, of that block. Then we only need to properly
color this bipartite graph in order to properly color the decompositions of A copies of K,

into copies of Kj. Since we have constructed this bipartite graph from a BIBD(v, k, \)

'"We say simple graph instead of loopless because the only types of graphs that we deal with are simple
graphs.
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and we can properly color this graph, we can properly color any BIBD(v, k, \). The result
of this is given in the theorem below.

Theorem 5.4. There exists a properly colored decomposition of \ copies of monochromatic
K, into panchromatic K, if there exists a BIBD(v, k, \).

5.3 BIBD vs. PD

Though this method solves our problem completely, the method also loses any structure that
was given when using proper colorings of BIBDs. One such example is the correlation be-
tween BIBDs and another type of coloring problem associated with graph decompositions.
A k-path decomposition (k—PD) of a graph H is an edge-partition of H into subgraphs iso-
morphic to Py, paths of length £. In [29], a question first posed by M. L. Yu is addressed.
If 'H consists of A copies of K, and the edges of each copy of K, are monochromatically
colored using A distinct colors, can one find a properly colored k~PD? Again in [29]], it was
shown that if v > 3 is odd, then the necessary conditions are sufficient for the existence of
a properly colored 2-PD with A\ = 2.

This idea does not extend directly to BIBDs with block size 4 because it is impossible
to obtain panchromatic blocks when A < (’;) So we must construct equitably colored
blocks. Let || = e where £ is the set of edges in K}, and d = [ |. An equitably colored
block is such that each color is used either d or d 4 1 times to color the edges of the block.
An equitable edge-coloring of a BIBD(v, k, \) is then a decomposition of H into equitable
blocks.

Before we revisit the idea of path decomposition, we define and remark upon equitable
rectangles. Suppose r, ¢, and v are positive integers. An equitable (r, c;v)-rectangle is an
r X c array L where every entry is chosen from a v-set X, such that the following two
properties are satisfied:

1. every symbol x € X occurs | £] or [£] times in each row of L.

2. every symbol z € X occurs || or [ 2] times in each column of L.

We will make use of the equitable rectangles studied in [14] and [435]] as follows. If there ex-
istsa BIBD(v, k, 1), then we can equitably color the blocks of a BIBD(v, k, A) in much the
same way that we would color the design. Take A copies of each block in the BIBD (v, &, 1).
For each block in the BIBD(v, k, 1) form a (g) x A matrix. The rows of the matrix will
be indexed by the (g) pairs of points, and the columns will be indexed by the A copies of
the block. The entries will be that of an equitable ((S), A; A)-rectangle. We suspect that
one may be able to equitably color BIBD(v, k, \)s with 2 < A < (%) with k = 3,4, or 5
by coloring some small designs directly, and then applying recursive techniques involving
GDDs and equitable (r, ¢; v)-rectangles but this is still open.

This leads us to believe it may be possible to extend this idea to properly color k—PDs by
using equitably colored BIBD(v, k+ 1, \)s. For example, consider the following equitably
colored BIBD(5,4, 3).
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B, By, B; B, Bs
{1, 2} 0 0 C1 Cy C3
{2,3} |es 0 0 ¢ o
{34} | 2 3 0 0 ¢
{4, 5} C1 (6)) C3 0 0
(5,1} | 0 ¢4 ¢ ¢35 O
{1,3}| 0 ¢ 0 ¢ o
{2, 4} (&) 0 C1 0 C3
{3, 5} C3 Cy 0 C1 0
{41} | 0 ¢z ¢ 0 ¢
5,2} | e1 0 ez e O

Each block of the design consists of 2 edges that are colored by ¢;, for ¢ = 1,2, 3.
Furthermore, the edges in each block can easily be decomposed into properly colored paths
of length 3.

If we consider the case where & = 5 we cannot create k-path decompositions be-
cause the length of the longest path without a cycle is four. Thus, we have to construct
other path lengths to get any results. If we look at the edge-colored incidence matrix of
a BIBD(11,5,2) in Figure we see that we can construct a 2—-PD if the index on the
colors is evaluated (mod 2). It is not necessary that our path decompositions be uniform
but for a more rigid and useful structure we assume it is so. If we let path decompositions
be non-uniform, it may be possible to construct two 4-PDs and one 2—-PD. But again, this
is not possible given the structure of the alternate method.

Finally, because we don’t have any structure to the bipartite graph consisting of the
pairs and blocks, we do not know the general construction of the coloring and therefore, do
not generate a properly colored path decomposition.
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Chapter 6

Mutually Orthogonal Equitable Latin
Rectangles

At this time we will abandon all conventions of notation developed in Chapters[2] 3] 4] and[3]
to switch over to a completely new topic about Latin squares. In this chapter we investigate
the maximum number of possible mutually orthogonal equitable Latin rectangles for all
possible parameters. In essence, we will show that there are at least 3-MOELR(a, b; n)
for all a, b, and n except possibly when

a=9andn = 3s, where s = 2,4,5,7 (mod 9),s > 9;

a =18 and n = 3s, where s = 8,10, (mod 18),s > 18;

a = 36 and n = 6s, where s = 5,7,11,13,17,19,23,25,29,31 (mod 36), s > 36.
and a finite number of cases. To do this we use a plethora of examples to establish a solid
understanding of each construction used in the main theorem.

6.1 Mutually Orthogonal Latin Squares

A Latin square of side n (or order n) is an n X n array in which each cell contains a single
symbol from an n—set .S, such that each symbol occurs exactly once in each row and exactly
once in each column. We denote a Latin square of order n as LS(n). As an example, here

is a Latin square of side 8 on the symbols 0, 1,...,7.
01 2 3 4 5 6 7
1 03 45 6 7 2
2 350 6 7 41
34 07 1 2 5 6
4 5 6 1 7 0 2 3
567 2 0 3 1 4
6 7 4 5 2 1 3 0
7 2 1 6 3 4 0 5

Figure 6.1: Latin square of side 8
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In 1779 Euler introduced the famous 36 officers problem. Say there are 36 officers,
each having a rank and regiment.

There are 6 different ranks and 6 different
regiments. The officers are to be arranged in

a square in such a way that each horizontal and
vertical line has an officer of each rank and each
regiment. If we look only at the ranks the square
created by the officers is a Latin square. The

same is true for if we consider only the regiments.
Considering both the ranks and regiments if we
superimpose the two Latin squares does every ordered
pair occur exactly once?

If two Latin squares have this property, then the squares are orthogonal. A set of k Latin
squares of order n, say L1, ..., Ly, are said to be mutually orthogonal Latin squares if L;
and L; are orthogonal for all 1 < ¢ < j < k. The maximum number of MOLS of order n
is denoted as NyjoLs(n). Euler made a conjecture based on the knowledge that he knew
NmoLrs(2) = 1 and he strongly suspected Nyors(6) = 1.

Conjecture 6.1. I[fn =2 (mod 4), then Nyjors(n) = 1.

Later, using BIBDs, Parker [41}142] established a construction showing Nyiors(21) >
4. It was not until 1960 that Bose and Shrikhande [12] saw the work of Parker and made a
shocking generalization using pairwise balanced designs rather than balanced incomplete
block designs. A pairwise balanced design or a PBD(v, K, \) is a BIBD with the size of
the blocks being from the set K. As an example, Figure [6.2|is a PBD(10, {3,4}) where
the blocks are listed column-wise.

11 1 2 2 2 3 3 3 4 4 4
25 8 56 7 5 6 75 6 7
36 9 8 9 10 10 8 9 9 10 8
4 7 10

Figure 6.2: A PBD(10, {3,4})

Bose and Shrikhande proved Nyors(22) > 2 and Nyiops(66) > 5. Later in [13],
Parker joined with Bose and Shrikhande to show Nyops(n) > 2 for all n > 10.

In [52]] Wilson developed a new class of constructions. And since then, the number
of extensions and refinements of the techniques made by Bose-Shrikhande-Parker and the
Wilson constructions are so plentiful that we can only mention where to refer for more
literature on the subject. Colbourn and Dinitz in [18] give a more detailed description of
constructions for small n. For a massive collection of results on the topics of combinatorial
designs including this section and section[I.2] see [19].
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Let us consider an example of three mutually orthogonal Latin squares of order 4, also
denoted as 3-MOLS(4). The matrices My, M, M3 below represent the three Latin squares
of a 3-MOLS(4) that are orthogonal.

1 2 3 4 1 2 3 4 1 2 3 4
4 3 2 1 3 4 1 2 2 1 4 3
M1_2143M2_4321M3_3412
3 4 1 2 2 1 4 3 4 3 2 1

The idea of Latin squares can be rewritten in such a way that we create a (k + 2) x n?
array from k~-MOLS(n). An orthogonal array OA(k + 2,n) is a (k + 2) x n? array with
entries from an n-set S having the property that in any two rows, each pair of symbols from
S occurs exactly once. Figure|6.3|is an OA(5,4) created from 3-MOLS(4). The first row
indicates the row of the Latin square. The second row indicates the column of the Latin
square. The third, forth, and fifth rows are the elements in the first, second, and third Latin
square respectively. So column five of Figure [6.3] would tell us in row two column one of
the first, second, and third Latin squares the entries 4, 3, and 2 appear respectively.

11 1 1 2 2 2 2 3 3 3 3 4 4 4 4
1 23 412 3 41 2 3 41 2 3 4
1 2 3 4 4 3 2 12143 3 41 2
1 23 43 412 432121 43
1 23 4 2 1 4 3 3 41 2 43 21

Figure 6.3: An OA(5,4)

In a similar way as we went from 3-MOLS (4) to an OA (5, 4) we may create a transver-
sal design from an orthogonal array. A transversal design of order or group size n, block
size k, and index A, denoted TD,(k, n), is a triple (V, G, BB), where

1. Vis a set of kn elements;
2. G is a partition of V into k classes (the groups), each of size n;
3. Bis a collection of k-subsets of V' (the blocks);

4. every unordered pair of elements from V is contained either in exactly one group or
in exactly A blocks, but not both.

When A\ = 1, one simply writes TD(k, n).

On the element set {1,2, 3,4} x {1,2,3,4,5}, the blocks of a TD(5, 4) derived from an
OA(5,4) are shown below. To go from the OA(5,4) to a TD(5,4) we let each column of
the OA(5,4) be a block and list elements in the block as the element from the OA joined
with the number denoting the row.
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{11,12,13,14,15}
{21,12,43, 34,25}
{31,12,23, 44,35}
{41,12, 33,24, 45}

{11,22,23,24, 25}
{21,22,33, 44,15}
{31,22,13, 34,45}
{41,22,43, 14,35}

{11,32,33,34, 35}
{21,32,23,14, 45}
{31,32,43,24, 15}
{41,32,13, 44, 25}

{11,42, 43,44, 45}
{21,42,13,24, 35}
{31,42,33,14, 25}
{41,42,23,34,15}

6.2 Background and Terms

A k x n Latin rectangle is a k x n array (where k£ < n) in which each cell contains a single
symbol from an n-set S, such that each symbol occurs exactly once in each row and at
most once in each column. Two Latin rectangles are orthogonal if when superimposed no
ordered pair of symbols appears more than once. A set of m X n Latin rectangles is mutually
orthogonal, or a MOLR(m, n), if every two Latin rectangles in the set are orthogonal. The
maximum number of MOLR (m, n) is denoted NyjoLr (m, n).

Given positive integers a, b and n, an equitable (a, b; n)-rectangle is an a x b array, L,
with entries from a n—set .S, such that the following two properties are satisfied:

1. every symbol s € S occurs either [2] or | £]; and times in each row of L.

2. every symbol s € S occurs either [2] or | 2] times in each column of L.

An equitable (a, b; n)-rectangle is row—regular if n|b, and it is column—regular if nla.
It is regular if it is both row— and column-regular. In a row-regular (a, b; n)-rectangle,
every symbol occurs exactly % times in each row; in a column-regular (a, b; n)-rectangle,
every symbol occurs exactly * times in each column.

Notice that an equitable (a, b; b)-rectangle with a < b is a Latin rectangle, and a Latin
rectangle with ¢ = b is the same thing as a Latin square of side a.

Suppose that L is an equitable (a, b; n)-rectangle on symbol set S and R is an equitable
(a, b; n')-rectangle on symbol set S’, where ab = nn’. We say that L and R are orthogonal
provided that, for every ordered pair (s,s’) € S x S’, there is a unique cell C' such that
L(C) = s and R(C) = §'. (Equivalently, the superposition of L and R yields every
ordered pair of symbols in S x S’.) It is easy to see that orthogonal equitable (a, a; a)—
rectangles are identical to orthogonal Latin squares of order a. Pairs of orthogonal equitable
Latin rectangles were introduced in [45]. A complete solution for the existence of these
rectangles was given in [14].

Now suppose that L is an equitable (a, b; n)-rectangle on symbol set S, L, is an eq-
uitable (a, b; n')-rectangle on symbol set S’, and L3 is an equitable (a, b; n”)-rectangle on
symbol set S” where ab = nn’ = n'n” = nn”. Then it follows that n = n’ = n”. There-
fore, a set of k mutually orthogonal equitable Latin rectangles, or a k-MOELR (a, b; n) is
a set of k pairwise equitable (a, b; n)-rectangles on a symbol set S where ab = n% We
will denote the maximum number of MOELR (a, b;n) by NyviogLr (@, b;n). For the re-
mainder of the chapter we will say Latin rectangles instead of equitable Latin rectangles
for simplicity.

To enhance the importance of mutually orthogonal equitable Latin rectangles, we will
talk about mix functions and their applications. To start, we defined mix functions as
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Ristenpart and Rogaway did in [43] as follows. Let |S| = r. Suppose the mapping
f:SxS — 8 xS, and denote f(s1,52) = (fr(s1,52), fr(s1,52)) for all 51,59 € S.
A permutation is a rearrangement of the elements in an ordered set. Suppose that the fol-
lowing properties are satisfied:

1. f(-,-) is a permutation of S x S

2. if s; € S'is fixed, then f7(s1,-) is a permutation of .S
3. if s; € S'is fixed, then fg(s1,-) is a permutation of S
4. if sy € S'is fixed, then f1 (-, s9) is a permutation of S
5. if so € S'is fixed, then fg(-, s2) is a permutation of S.

Then we say that f is a MIX(r) function.
In [43] it was observed that by using orthogonal Latin squares of order » we can con-
struct MIX(r) functions. Not only this, but the converse is also true.

Theorem 6.2. [45] Suppose that |S| =r, f : SxS — S xS, and let L and R be the S x S
arrays defined by L[sy, sa] = fr(s1,s2) and R|s1, s3] = fr(s1, s2). Define two r X r arrays
L = (Ns,s,) and R = (ps, s,) by the rules Ay, s, = fr(s1,52) and ps, s, = fr(s1,s2) for
all sy, so. Then f is a MIX(r) function if and only if L and R are orthogonal Latin squares
of order r.

We now extend this definition of mix functions to generalized mix functions. Because
mix functions have cryptographic applications from [43], generalized mix functions have
potential applications in this field too. Which in turn may provide very useful information
to allow mutually orthogonal equitable Latin rectangles to have cryptographic applications
in the same manner.

In [14] a type of orthogonal equitable rectangle was studied called orthogonal gener-
alized equitable rectangles (OGER). An OGER is defined as follows. Suppose 7, t, s1, So
are positive integers such that rt = s;5,. An OGER is a pair (A, B) of two r X ¢ rectangles
satisfying the following properties:

1. A = (a;;) is defined on a set Sy of s; symbols and B = (b; ;) is defined on a set of
Sy of so symbols, where 5159 = rt.

2. A and B are equitable on rows and equitable on columns.
3. A and B are orthogonal.
We denote A and B as (7, t; s1, s2)-OGER as in [14].

Example 6.3. A (2,6;3,4)-OGER.
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11122 3
2121313 |1]1
1121234
314121413

A striking difference between OGERs and MOELRs is that OGERs have symbol sets
of different sizes defined on different arrays while MOELRSs require a fixed symbol set
among all of the arrays.

6.3 Small Cases

Example 6.4. A 3-MOELR(9, 16; 12).

1 3421342 7 9 10 8 7 9 10 8
25612561 8 11 12 7 8 11 12 7
361 43614 9 12 7 10 9 12 7 10
4 251425110 8 11 7 10 8 11 7
My={5 13 6 513 6 11 7 9 12 11 7 9 12
6 2156 2 15 12 8 7 11 12 8 7 11
342 6 3426 9 10 8 12 9 10 8 12
56 4356 4 3 11 12 10 9 11 12 10 9
2 4 35 2 435 8 10 9 11 8 10 9 11
1253 7 8 1 9 1 2 5 3 7 8 11 9
2 6 35 8 12 9 11 2 6 3 5 8 12 9 11
3146 9 7 10 12 3 1 4 6 9 7 10 12
4 516 10 11 7 12 4 5 1 6 10 11 7 12
My=|{5 3 6 4 11 9 12 10 5 3 6 4 11 9 12 10
6 4 2 3 12 10 8 9 6 4 2 3 12 10 8 9
4 1 6 2 10 7 12 8 4 1 6 2 10 7 12 8
2531 8 11 9 7 25 31 8 11 9 7
1 254 7 8 11 101 2 5 4 7 8 11 10
1 4 3 6 7 10 9 12 7 10 9 12 1 4 3 6
23 5 4 8 9 11 10 8 9 11 10 2 3 5 4
34 6 2 9 10 & 9 10 8 3 4 6 2
41 2 5 10 7 8 11 10 7 8 11 4 1 2 5
My=/5 213 1 8 7 9 11 8 7 9 5 2 1 3
6 5 3 4 12 11 9 10 12 11 9 10 6 5 3 4
2 6 41 8 12 10 7 8 12 10 7 2 6 4 1
6 2 1 5 12 8 7 11 12 8 7 11 6 2 1 5
356 1 9 11 12 7 9 11 12 7 3 5 6 1




It was known to Euler that a pair of orthogonal Latin squares of order 6 do not exist.
However, Examples and show that there exists a 3-MOELR(a, b; 6) fora = 4,b =
9and a = 3,b = 12. When a = 2 and b = 18, the existence of a 3-MOELR(2, 18;6) is
unresolved. See Lemma [6.27] for more on this.

Example 6.5. A 3-MOELR(4, 9;6).

1 23 45 6 3 5 2
M, = 356 21 2 4 6 4
4 6 1 53 12 43
21 416 5 6 335
1 23 45 6 4 2 1
My — 2 61 53 415 2
53416 2 6 335
356 6 4 3 2 1 4
1 23 45 6 2 6 3
M = 4 3 41 2 5 6 25
356 2 1 3 41 6
6 4 2 5 3 41 5 1

Example 6.6. A 3-MOELR(3,12;6)

I 1
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1 33 6 2 15 445 2
My=|2 4 2 365 3 4 6
36413 5 21265

—

~ =

Let IF,, be a finite field of order n. For each f € F,,, f # 0, define the F,, x [F,, matrix
Arby Aflz,y] = fe+yforall z,y € F,. Then UyA; forms a set of |F,[-MOLS(n).
This construction is referred to as the finite field construction for MOLS (see [38]).

If M is a Latin rectangle, we denote M/ \Row i as the Latin rectangle obtained by re-
moving Row ¢ from M.
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Example 6.7. A 3-MOELR(4, 25; 10).

Let Ay, Ay, A3 be 3-MOLS(5) constructed using the finite field construction of sets of
MOLS on the set of symbols A = {ay,--- ,as}. Let By, By, B3 be a copy of this set of
3-MOLS(5) on the set of symbols B = {by,--- ,bs}. Let

M, = [A;\Row 5, Ay\Row 5, B;\Row 5, Bo\Row 5, (|
M, = [A2\Row 5, B;\Row 5, A3\Row 5, Bs\Row 5, (5]
M5 = [B3\Row 5, A3\Row 5, Ay\Row 5, B;\Row 5, C5]

where
Row 5 of A; Row 5 of A,
Cn— Row 5 of A, Cn Row5 of By
' | Row5 of By |” 72 | Row5 of A; |’
Row5 of B, Row 5 of Bj
Row 5 of Bs
Cn Row 5 of Aj
57 | Row5 of A,
Row 5 of B

Then M, M, Ms form a 3-MOELR (4, 25; 10). For each pair of rectangles M;, M; for
i,7, € {1,2, 3}, we have the property that every ordered pair of each of the following types
occurs exactly once: (a;, a;), (@i, b;), (bi,b;), (bi,a;) foralli,j € {1,---,5}. Therefore,
orthogonality holds. Consider any rectangle M; for ¢ € {1,2,3}. In any row of this
rectangle, either the symbols from set A each occur 2 times and the symbols from the set B
occur 3 times, or vice versa. Furthermore, because we used the finite field construction to
construct our set of MOLS(5), we have that the pair (k, k) for k = 0, 1, 2, 3, 4 has appeared
in row 1 for each pair of squares. Therefore, no symbol will be repeated in any column of
any of the C; fori € {1,2,3}.

We give a 3-MOELR(4, 25; 10) in Figure[6.4]

Example 6.8. A 3-MOELR (4, 49; 14).

Let Ay, Ay, A3 be 3-MOLS(7) constructed using the finite field construction of sets of
MOLS on the set of symbols A = {ay,--- ,ar}. Let By, By, B3 be a copy of this set of 3
MOLS(7) on the set of symbols B = {b,--- ,b;}. Let

M; = [A;\Rows 5,6,7, A;\Rows 5,6,7, B;\Row 5,6,7, Bo\Rows 5,6,7, (]

M, = [A5\Rows 5,6,7, B;\Rows 5,6,7, A3\Rows 5,6,7, B3\Rows 5,6,7, Cs]
M; = [B3\Rows 5,6,7, A3\Rows 5,6,7, A>\Rows 5,6,7, B;\Rows 5,6,7, Cs]

where
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Row 5 of A; Row 6 of A, Row 5 of B
Cn— Row 6 of A, Row7 of Ay, Row5 of B,
I"|Row7 of 4, Row6 of B; Row6 of B,
Row5 of Ay, Row7 of By Row 7 of B,
Row5 of Ay, Row6 of By RowS5 of Aj
Cn— Row 6 of A, Row7 of B; Row 5 of Bsg
2 Row7 of Ay, Row6 of A3 Row6 of Bj
Row 5 of B; Row7 of A3 Row7 of Bj
Row5 of B3 Row6 of A3 RowS5 of A,
Cn Row6 of B3 Row7 of A3 RowS5S of By
57 /Row7 of B; Row6 of A4, Row6 of B; |
Row 5 of Aj Row 7 of A, Row7 of B;

Then M, My, M; form a 3-MOELR (4, 49; 14). For each pair of rectangles M;, M; for
i,7, € {1,2, 3}, we have the property that every ordered pair of each of the following types
occurs exactly once: (a;, a;), (a;,b;), (bi, b;), (b;,a;) forall i, j € {1,---,7}. Therefore,
orthogonality holds. Consider any rectangle M; for ¢ € {1,2,3}. In any row of this
rectangle, either the symbols from set A each occur 4 times and the symbols from the set B
occur 3 times, or vice versa. Furthermore, because we used the finite field construction to
construct our set of 3-MOLS(7), we can be sure that no symbol is repeated in any column
of any of the C; fori € {1,2,3}. This is because 2-4 # 4,50r 6 (mod 7), so columns 1-7
of C contain no repeated symbols. For columns 8-14 of (5 there are no repeated symbols
because2-5# 3-50r3-6 (mod 7)and 2- #3-50r3-6 (mod 7). Similarly, 4 # 2 -4
or2-50r2-6 (mod 7), so columns 15-21 of C contain no repeated symbols. It is easy to

see that no symbol is repeated in any of the other columns of M;.
We give a 3-MOELR(4, 49; 14) in Figure[6.5|
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Figure 6.4: A 3-MOELR(4, 25; 10)
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6.4 Computer Construction of MOELR

The construction of MOELRS given in Examples [6.5] and [6.6] was accomplished by a pro-
gram coded in C++. The following is the description of the different parts of the programs
created.

Note that the programs were designed only to find 3-MOELR(a, b; n). The program
was separated into 2 stages: a first stage program that generated the triples used in the 3
corresponding matrices and a second stage program to place the triples in matrices, check
which are unique, and record unique up to isomorphism 3-MOELR 1in a list.

The second program used recursion to exhaustively generate all possible combinations
of entries in the matrix. Once a single solution was found, it was printed and placed in
a set that could be called later to check whether any new solution was isomorphic to a
previous solution. To check for isomorphisms, the new solution and all old solutions were
permuted in a way that set the first column and first row in lexicographical order. Once
in lexicographical order, the two solutions were compared to see if a one to one mapping
exists. Note that only a single set of triples from the first program was used to generate all
the solutions. That means, even if the program found all possible solutions for this triple
set, there are more triple sets that could be used.

These programs were used to find a 3-MOELR(3, 12; 6) and a 3-MOELR(4, 9; 6).

6.5 Supporting Lemmas

Notice that if we take the transpose of each rectangle in a k-MOELR(a, b;n), then the
equitability and orthogonality properties still hold. Thus we have the following result.

Lemma 6.9. If there exists a k-MOELR (a, b; n), then there exists a k-MOELR(b, a; n).

The next result is very similar to the result for MOLS that says that if there exists
k—-MOLS(n), then k < n — 1 (see [19]).

Lemma 6.10. [f there exists a k-MOELR (a, b;n), then k < n — 1.

Proof: Without loss, we can assume that the first n entries in the first row of each rectangle
is 1,2,--- ,n (i.e. L;j(1,7) = ¢ is the first row and i'" column in the j'* rectangle for
i=12---,nandj = 1,2,--- k). Then L;(2,1) # 1forall j = 1,2,--- , k, because
1 has already appeared in the first column of every rectangle. Let L;(2,1) = x;. Then
L;(2,1) # xy forall j = 2,3,--- , k because the ordered pair (z1, z) has already appeared
for each pair of rectangles in row 1 (i.e. L;(1,7) = L(1,i) =i forall j,h € {1,2,--- ,k}
andi = 1,2,---,n). Furthermore, L;(2,1) # L,(2,1) forall j,h € {2,3,--- ,k} for the
same reason. Thus we have that each entry L,(2, 1) is unique and also L;(2,1) # 1 for all
J =1,2,--- k. Because there are only n — 1 ways to fill this entry in each rectangle, it
follows that we can have at most n — 1 rectangles. Thus £ < n — 1. M

Lemma 6.11. If there exists k-MOLS(n) and a

n, then there exists a k-MOELR (a, b; n).
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Proof: Suppose a < b and a|ln. Write n = azx so ab = n?> = a*z?; and therefore,

b = ax? = an. Let Ay, Ay, -+, A, be k-MOLS(n). We form the ;™ rectangle M; as
follows.
M;(i,tn+1) = Aj(ta +i,1)
fory=1,2,---k 1=12,---,a; t=0,1,---,x—1;, [ =1,2,---,n
This rectangle has a rows and b = zn columns. Every symbol appears in each row x

times and each column 0 or 1 times. Furthermore, every ordered pair occurs exactly once.
Therefore, the M, for j = 1,2,---  k form a k~-MOELR(a, b;n). A

Example 6.12. A 2-MOFELR(6, 24; 12) using Lemmal6.11]

We will construct a 2-MOELR(6, 24; 12) instead of the >-MOELR (6, 24; 12) to make
the example easier to understand. Following are the 2-MOLS(12).

0123456789ab 03619528547a
123450789ab6 1472a639058b
23450189ab67 258357441096
3450129ab678 3094685b21a7
450123ab6789 41579063258

4 — | 50123406789 | , _ | 526080174369
! 678946012345 | “2 69073582bal14
789ab6123450 741840936525
89167234501 80295147630
9ab678345012 963102558741
ab6789450123 a74b13609852
b6789a501234 b8562471a903

By performing Lemma|[6.11] we adjoin the last six rows to the right of the first six rows
to get a total of 6 rows and 24 columns. In Figure[6.6] we have 2-MOELR (6, 24; 12).

0123456789ab | 67890012345 03619028547a | 69073582bal4
123450789ab6 | 789ab6123450 1472a639058b | 7a1840936025
M, = 23450189ab67 | 89ab67234501 M, = 258357441096 | 862951a47630
3450129ab678 | 9ab678345012 3094685b21a7 | 963a02058741
450123ab6789 | ab6789450123 41a5790632b8 | 074613609852
501234b6789a | b6789a501234 52b08a174369 | b8562471a903

Figure 6.6: A 2-MOELR(6, 24;12)

MacNeish [33] and Mann [34] showed that the maximum number of MOLS (p(*7)/2)
is p(it7)/2 — 1. Therefore, by applying Lemma|6.11] we have the following result.

Corollary 6.13. There exists a complete set of mutually orthogonal equitable rectangles,
ora (pi*9/2 — 1)-MOELR(p', p’; p"*7) for all i, j > 0 and p a prime.

96



The next two results rely on the existence of orthogonal arrays. An orthogonal array,
OA(k,n), is equivalent to (kK — 2)-MOLS(n) (see [19]).

Lemma 6.14. If there exists an OA(k,ny) and there exists a set of k—-MOLS(ny), then
there exists a k-MOELR (na, n%ng; ning).

Proof: Let M, ; represent the i*" square of the set of k-MOLS(ny) on the j* set of ny
symbols, where j = 1,2,--- ,ny and ¢ = 1,2,..., k. Form the array X as follows. On
each entry of the OA(k,n), O, replace O; ; with M;o,, fori = 1,2,... kand s =
1,2,--- ,n%. Now each row of X corresponds to an nsy X n%ng rectangle on nn5 symbols.

For any two rows of X, i1,io = 1,...,k, we have every ordered pair (M,, ;, M, j,)
for j1, jo € {1,2,...,n1} exactly once because X is an OA(k, n;). Furthermore, because
M;, ;, and M;, ;, are orthogonal, we see every ordered pair among their n, symbols exactly
once. Therefore, we see every ordered pair on nyn, symbols exactly once among the two
rows of X. Consider some row ¢ of X. This row corresponds to one of the ny X n%ng
rectangles. Each M, ; has n, rows and it was part of the set of k--MOLS(n;), so each
symbol occurs exactly once in each column. Furthermore, each M, ; is repeated n; times
for 5 = 1,2,...,ny. Therefore, each symbol occurs exactly n; times in each row. Thus,
the k rows of X form a k~-MOELR (ny, n3ny; nins). B¢

Example 6.15. A 3-MOELR (5, 20; 10) using Lemma6.14)|

Because there exists 2-MOLS(10), we could use Theorem to obtain a
2-MOELR (5, 20; 10). However, there exists an OA(3,2) and there exists 3-MOLS(5).
Therefore, we can apply Theorem to obtain a 3-MOELR(5, 20; 10). We construct
the 3-MOELR (5, 20; 10) as follows. Suppose that the 3 squares of the 3-MOLS(5) are
labeled M; 1, My, M3, and are defined on symbol set S; = {1,2,3,4,5}. Consider an-
other copy of this set of MOLS on the symbol set Sy = {1’,2/,3',4’,5'}. So we have the
COpiCS MLQ, M272, Mgvg.

Let O be the given OA(3,2).

112 2
O=0A(3,2)=|1 2 1 2
1221

Following the proof of Theorem [6.14} we replace each entry of O; ; with M; o, , fori =
1,2,3and s = 1,2, 3, 4. So,

My My, Mo My
= X = | My My Myy My

1
0=0A(3,2)= | 1
1 Mz Msos Mzo Ms,

NN
[NORE i )
=N DN

Lemma 6.16. Suppose there exists a set of 3-MOLS(s). Write s = ay + r for some y € 7
and (0 < r < a. Thenifn =2sandr = §orr = %‘l, then there exists a 3-MOELR (a, b; n)
forall a < s and s|b.
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Proof: We have that ab = n®> = 4s”. Therefore b = %* = 45 Because s|b, we have
b

s = 4;3 € Z. Now, because %S € 7, it follows that

4 4 4
May+71) o oy Ao
a a a

4
= —TGZ
a
N 4 r
re— = —
a a/4
3a

Because 4|a, we have that ¢|r. In our case, 7 = § or r = <.
Given a set of 3-MOLS(s), we do the following. Let S; and S, be a partition of a set
of n symbols, where |S;| = s for j = 1, 2. Define A/, ; to be the it" Latin square of the set
of 3-MOLS(s) on symbol set S;. Let Ry, Ra, R3 be a 3-MOELR(s, 4s; 2s) constructed
by applying Lemma|6.14{with £ = 3,n; = 2, and ny = s.
Let X = [R; R2 Rs]” be an array where the rows form this 3-MOELR(s, 4s; 2s).
Thus

R1 My | Myy | My | Mo
X =|Ry|=| May | Map | Mpy | M3y
Rs Msy | M3y | Mso | Ms,

Consider row R; of X. Fort =1,2,...,s, let r; ; denote the t*" row of M; ;.
For example, we write R; as in Figure

We have that R; is an s X 4 array where each column represents a LS(s). Because
s = ay + r, it follows that we can rearrange each column of R; into a new structure which
is an a x y array followed by an r x 1 array.

Let R be this arrangement of columns of R;. We give R/ in Figure

1 2
11 Tly—1)a+1,1 | Tya+1,1 T Ty—1a+1,1 | Tyat1,1
;L . . . .
R| =
Ts1 . . Ts1
7’a,l Tya,l Ta,l 7nya,l
3 4
71,2 Fly—1)a+1,2 | Tya+1,2 1,2 Ty—1)a+1,2 | Tya+1,2
Ts2 . . Ts,2
’ra,2 Tya,Q ra,2 rya,Z

Figure 6.8: R, of matrix X.
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Let R; ; be the a x y array from column j of R;. Let z; ; be the 7 x 1 array from column
Let v be the 4s-tuple obtained by taking each entry from R going down the columns.
Thus, from R, we get

v = (7“171,7“271, P ,T371,7“171, e ,TS717T1727 P ,7"5,277“1727 P ,7"572) .

Now write v as v = (vo, Vi, .. ,v£_1> where each v; has a entries.
a

Let R = (vg, ol ,vii_1> . We now show that RY, R}, R4 form a
3-MOELR (a, b; n). First note that R/ is an a x % array. However, each entry represents

a row of an LS(s). Thus, R} contains (%) s = % = b columns. Because we apply the

same structuring to each R, it follows that orthogonality holds.

Casel: r=

|

We have that R has the following form.

Zi1
Z;i 2
" __ / / 7, / /
Ri = i,1 i,2 i3 i,4
Zi3
ZiA
\/_/\ ~"~ % ~"~ % ~"~ ’\v/
Y Yy Y Y 1

Thus the number of columns in R is

_ 2
a a a a

It is easy to see that equitability holds in each column because each z; ; lies in a different
column. Because a < s, it follows that each symbol appears exactly 0 or 1 time in each
column.

Consider any row of R . In this row, each symbol appears 2y + 1 or 2y times. We have:

s—r 2s 2r 28 2 a 2s 1 2s b
2y:2 = —— — = — — — ¢ — = — — = B — —_
a a a a a 4 a 2 a n
and

— 2 2 2 1 2 1 2 b
a

thus equitability holds.

Case2: r =3

In this case, R/ has the following form.
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Zio 2,3
T
/ Zi1 / ' / /
R;’ = Rm Rzz Ri,S Rz4 Zia
1y
‘ Zi2 %3
2y
Yy Yy 1 Yy 1 Yy 1

Thus the number of columns in R is

- 4s 4 4s?
3(4y+3):3(4<$ar)+3):s(§—§+3>:%:b.

Again, it is easy to see that equitability holds in each column. As in Case|l| each symbol
appears 2y or 2y + 1 times in each row. M

Lemma 6.17. Suppose there exists a set of 3-MOLS(s). Write s = ay + r for some y € 7
and (0 < r < a. Thenifn =3sandr = §orr = %", then there exists a 3-MOELR (a, b; n)
forall a < s and s|b.

Proof: We have that ab = n?> = 9s®. Therefore b = 2° = % Because s|b, we have

b — 95 ¢ 7. Now, because 2 ¢ Z, it follows that

S

9 9 9
Nay+71) oo S0y O
a a a

9
= —TGZ
a
N 9 r
re - = —
a a/9

Because 9|a, we have that 2|r. In our case, r = & or r = 5. Given a set of 3-MOLS(s),
we do the following. Let S;, 5, and S5 be a partition of n symbols, where |S;| = s for
1=1,2,3.

Define M, ; to be the i"* Latin square of the set of 3-MOLS(s) on the symbol set
S;. Let R1,R2, R3 be a 3-MOELR(s, 9s; 3s) constructed by applying Lemma with
k=3,n; =3,and ny = s.

Let X = [R; Ry R3] be an array where the rows form a 3-MOELR (s, 9s; 3s). Thus

R1 Mg | Myg | Myy | Myo | My | Myo | Mig | Mys | My
X=|Ro|=| My | Map | Moz | Moy | Moo | Moz | Moy | Mao | Mo
Rs Mz, | Mzo | Mzs | Mzo | M3z | M3y | M3z | M3y | M3o

Consider row R; of X. Fort =1,2,...,s,let r; ; denote the t*" row of M; ;.

For example, we write R4 as in Figure [6.9]

We have that R; is an s x 9 array where each column represents an LS(s). Because
s = ay + r, it follows that we can rearrange each column of R; into a new structure which

101



13/ jo ordwrexq :6°9 2In31q

B

¢

<

mrmL\ m,m,& mvw& a5y 'Sy 'sy I's sy 1's
gotofiy g'ctofi g'gtofi g'otofi g'otofiy oty 1ct+ofi I'gtofi 1¢ct+ofi
eT+0f g'rtofi gTofi g0l grtofi o'Ttofi 1‘1+0f 1‘1+0fi 1‘1+0fi

m:ca& mé@& m:cm& Ném& Nh@m& m:ca& H,g.& 1@@& Hém&
eT+o(1—1h) , | ¢1+o(1-A), | eT+o(1—A), | c1+o(1-hA), | s 1+o(1—A), | &' T+o(1—A), | T'T+o(1—-A), | T'T+o(1-A), | TT+o(1-A),

€%, €'g £€'g,y g, 5T, ) 1'vg 1z, 1'%,

e1t+r, €10y €1+0 TTtYy T'1tmy T'Ttr 1’147, T+, ‘140

vy €'v, e, [ vy [y 10 vy 10,

€Ty €2y €Ty 'ty %'ty 'ty 10y 1Cy 10y

€Ty €Ty €1y 1y Ty 1y Ty Ty Ty

L

102



is an a x y array followed by an r x 1 array. Let R/ be this arrangement of columns of R,.
We give R in Figure [6.10]

1 2 3
r1,1 T(y—1)a+1,1 | Tya+1,1 71,1 T(y—1)a+1,1 | Tya+1,1 T11 T(y—1)a+1,1 | Tya+1,1
R/ o . . . . . .
1=
Ts,1 : : Ts1 : : Ts,1
Ta,l Tya,l Ta,l Tya,l Ta,] Tya,l
4 5 6
T1,2 T(y-1)a+1,2 | Tya+1,2 71,2 T(y—1)a+1,2 | Tya+1,2 T1,2 T(y-1)a+1,2 | Tya+1,2
Ts,2 TS,Q Ts,2
ra,Z Tya,Z ra,? 7'ya72 ra,? Tya,Z
7 8 9
71,3 T(y—1)a+1,3 | Tya+1,3 1,3 T(y—1)a+1,3 | Tya+1,3 71,3 T(y—1)a+1,3 | Tya+1,3
T573 : : 7”&3 : : T573
Ta,3 Tya,3 Ta,3 Tya,3 Ta,3 Tya,3

Figure 6.10: 'R, of matrix X.

Let R; ; be the a x y array from column j of R;. Let 2; ; be the r x 1 array from column j of
R;. Let v be the 9s-tuple obtained by taking each entry from R going down the columns.
Thus, from R/ we get

v = (T1717T271...,7“571,...,7“173,...,7“373).

Now write v as v = (UO, V1, .. ,z@fl) where each v; has a entries.

LetR! = ('z)g, e 1@71) . Now we show that R/, R}, R4 form a 3-MOELR (a, b; n).
First note that R is an a x 2 array. However, each entry represents a row of an LS(s).
Thus, R/ contains (%s) 5 = % = b columns. Because we apply the same structuring to

each R;, it follows that orthogonality holds.

Casel: r= g

We have that R has the form in Figure [6.11] Thus the number of columns in R} is

_ 2
S(9y+1)—s(9(5 T)Jrl)—s(%—%vtl)—gi—b.
a a a a

It is easy to see that equitability holds in each column because each z; ; lies in a different
column. Because a < s, it follows that each symbol appears exactly 0 or 1 time in each
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column. Consider any row of R . In this row, each symbol appears 3y + 1 or 3y times. We

have:
3 = 3(s—r>
a
- 3s  3r
a a
B 3s 3 a
a a 9
B 3s _ 1
a 9
| 3s| b
N al |n
and

3y+1 = 3(3_T)+1

a
3 3

_ 35 3
a a
3s 1

= ———4+1
a 9+

B 33+8

a 9

thus equitability holds.

Case2: r==%

In this case, R has the form in Figure This is because the number of columns in

R is
— 2
S(9y+8)28(9(s r)+8):s(%—%+8)zgi:b.
a a a a

Again, it is easy to see that equitability holds in each column. As in Case |1} each symbol
appears 3y or 3y + 1 times in each row.

e

Lemma 6.18. Suppose there exists a set of 3-MOLS(s). Write s = ay + r for some
y € Zand 0 < r < a. Thenifn = 6sandr = g orr = 335—6"“, then there exists a
3-MOELR(a, b;n) for all a < s and s|b.
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Proof: We have that ab = n?> = 36s2. Therefore b = 26 = 365 Because s|b, we have

b — 36s = 7 Now, because 2% € Z, it follows that

S a a

36 36 36
Blay+r) ay | 36r g
a a a
36
_7" cZ
a
N 36 r
re—=
a a/36
Because 36|a, we have that z|r. In our case, r = g5z or r = 3;—5. Given a set of

3-MOLS(s), we do the following. Let S, Sy and S3 be a partition of 7 symbols, where
|S;| = sforj=1,2,3.

Define M, ; to be the i"* Latin square of the set of 3-MOLS(s) on the symbol set
S;j. Let Ry, Ra, R3 be a 3-MOELR(s, 36s; 6s) constructed by applying Lemma[6.14] with
k=3,n; =6, and ny = s.

Let X = [R; Ro Rs]” be an array where the rows form a 3-MOELR(s, 36s; 65).
Thus

R My | Myg | Myy | -+ | Myg | Mig | Mig | Mig | Mg | Mg
X=|Ro|=| My | Moo | Moz |-+ | Moy | Moo | Moz | Moy | Mas | Mag
R Mgy | Mg | Mag | -+ | Mo | Mzz | Mzy | Mss | Mzg | M3,

Consider row R; of X. Fort =1,2,..., s, letr,; denote the t*" row of M, ;.

For example, we write R, as in Figure [6.13]

We have the R; is an s x 4 array where each column represents an LS(s). Because
s = ay + r, it follows that we can rearrange each column of R; into a new structure which
is an a x y array followed by an r x 1 array. Let R be this arrangement of columns of R;.

We give R in Figure

1 2 3
1,1 T(y=1)a+1,1 | Tya+1,1 T1,1 T(y—1)a+1,1 | Tya+1,1 1,1 T(y=1)a+1,1 | Tya+1,1
R/ _ . . . . . .
1=
Ts,1 : : Ts.1 : : T's1
T'a,l T'ya,l Ta,1 T'yw,l 7'a,1 T'ya,l
[
L[]
L]
34 35 36
T1,6 T(y—1)a+1,6 | Tya+1,6 1,6 T(y—1)a+1,6 | Tya+1,6 1,6 T(y—1)a+1,6 | Tya+1,6
7‘516 : : TS,(, : : 7‘516
Ta,6 Tya,6 Ta,6 Tya,6 Ta,6 Tya,6

Figure 6.14: 'R, of matrix X.
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Let R; ; be the a x y array from column j of R;. Let 2; ; be the r x 1 array from column j of
R;. Let v be the 9s-tuple obtained by taking each entry from R/ going down the columns.
Thus, from R/ we get

v = (7’1,1,7’271...,7“571,...,7“176,...,7“576).

Now write v as v = (vo, UVl ,0@70 where each v; has a entries.

LetR! = <vg, ol vzﬁ_1> . We now show that R}, Ry, R4 form a 3-MOELR (a, b; n).
36s

First note that RY is an a x =>* array. However, each entry represents a row of an LS(s).

Thus, R contains (%) 5§ = % = b columns. Because we apply the same structuring to

each R;, it follows that orthogonality holds.

. _ a
Casel: r= 36

We have that R} has the form similar to that of Figure Thus the number of
columns in R is

— 2
s(36y+1):s<36(s r)+1):s<@_ﬁ+1>:?’63 _
a a a a

It is easy to see that equitability holds in each column because each z; ; lies in a different
column. Because a < s, it follows that each symbol appears exactly 0 or 1 time in each
column. Consider any row of R”. In this row, each symbol appears 6y + 1 or 6y times. We
have:

B 6s Or
a a
B 6s B 6 a
 a a 36
B 6s 1
T a 36



and

6y + 1

thus equitability holds.

Case 2:

r =

350
36

6s  Or
———+1
a a
6s 1
— — — 41
a 36+
6s 35
a 36

In this case, R/ has a form similar to that of Figure

Thus the number of columns in R is

)5

s(36y + 35) = s (36 (

a

S—7T

2
o %) B

a a

=b.

a

Again, it is easy to see that equitability holds in each column. As in Case[I] each symbol

appears 6y or 6y + 1 times in each row.

Example 6.19. 2-MOELR (4, 81; 18) using Lemma|6.16|

Let A = {ao,..

Apa1a2a30405064708
a10200040503070806
a2G0010503040806A7
a30405060708000102
(4050307080601 0200
a5a30408060A7020001
AeQ7a8A0A1A2030405
a7G80601 0200040503
agAea7A20001 050304

.,ag} and B = {bo,..

M

.,bs} where A and B are two unique symbol
sets. We also will only use 2-MOLS(9) to demonstrate the idea. Let r; ; be the i row of
the 9 x 9 Latin square based on the j** symbol set. Figure is the 2-MOLS(9) based
on the first symbol set.

1,1
2,1
731
T4,1
T'5,1
Te,1
7.1
78,1
79,1

apa1020a30405060708
20001 a5a304080607
a1a20004050307080¢
Ag7a8A001A2030405
ageg7Ao00A1A50304
aragted1A20os4sas
a3a40506a7A800071 A2
a5a3a4a80gA7A20Q001
4050307080601 Q200

Figure 6.15: Converted 9 x 9 Latin square
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Now we create a 2-MOELR(9, 36; 18) using Lemma with 2-MOLS(9) and the

first two rows of an OA(3,2). Here k = 2,ny = 2,ny = 0.

i1 T11 T2
21 T21 T22
31 31 732
Ta1 T41 T4p2
R4 :’ M, ‘ My, ‘ M 5 ‘ Mo ‘: sp Ts1 752

el Tea1 Te,2

w1 T71 T72

) ) )

rs1 Tg1 182

) )

o1 To91 To9p2

r1,2
2.2
32
T4,2
T52
76,2
7,2
82
79,2

a1 T2 Ti11
21 T22 T21
31 T32 T31
Ta1 T42 T4
R :’ M, ‘ Mo ‘ M, ‘ M ‘: sg  Ts2 Ts1

'e1 Te2 Te,1

1 Tr2 Tr7a
g1 Tg2 Tgl

To91 Tg92 T91

r1,2
2,2
3,2
T42
T52
76,2
7.2
78,2

79,2

We now apply Lemma |6.16|with m = 2,s = 9,a = 4, and b = 81.

R1, we get
T = (T1,1,72,0, 73,1, -+ 5T 1, Ty -+ 5 T9,1, 71,25+ 792,712, - - -
and
ﬁg = [1 2 3 4] (r1717r2,17r3,17r471>T
vl = 4[5,6,7,8]" = (7’5,1,7”6,177”7,1,7”8,1>T
7=, 10,11, 127 = (ro.1, 711,721, 731)"
7T = §[13,14,15,16]7 = (ra1, 51,761, 77.1)"
17{ = o[17,18,19 2O]T = (7”8,177"9,1,7”1,2,7”2,2)T
Ug = 17[21 22 23 4:]T - <T3,27T4,27T5,27r6,2)T
7T = #[25,26,27,28|7 = (172,182, To2, T12)"
17? = [29 30 31 32]T = <T2,27T3,27T4,27T5,2)T
o = #(33,34,35,36]7 = (re, 779,782, 702)"

It follows that from

ar9,2)a

So we get R} = (o1, o1, 0%, o1, ¥T). Thus the 2-MOELR (4, 81; 18) is given below.
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1g Ts1 | Tox | Ta1 781 | 732 T72 | T22 Te62

R — ST =17 .. =T 21 Te1 | T1,1 751 | To1 | Ta2 7182 | 32 T72
V=

31 T71 | T21 Te1 | Ti2 752 | 792 | T42 7182

41 T81 | 731 T71 | T22 Te2 | T12 752 | 792

and
1,10 Ts52 | To1 | Ta2 782 | 731 771 | T22 762
ST T T T T T T T T T
Rg _[ z71T z7§ _ 2,1 6,2 1,2 5,2 9,2 4,1 8,1 3,2 7,2
31 T72 | T22 Te2 | Tia1 Ts1 | 791 | T42 782
41 T82 | 132 Tr72 | T21 Te1 | T1i2 752 ‘ 79,2

Lemma 6.20. If t > 2, and there exists y;—-MOLS(t) and a y,~MOELR(%, %; %), then
there exists a
(min{y,, y2 })-MOELR (a, b;n).

Proof: Let m = min{y;,y>} and let Ay, Ay, ..., A,, be m—MOLS(¢). For j = 1,2,...t,
define S; to be a set of % symbols, so that  J ;Sj is a partition of a set of n distinct symbols.

Define B  to be the i*" rectangle of an m-MOELR(¢, %; ) on symbol set S;. Now replace
each entry j € A; with B; ;. This forms a set of m (a x b)-rectangles, My, Mo, ..., M,
which we now prove is an m-MOELR(a, b; n).

For any pair of rectangles M, and M,, we had that A, and A, were orthogonal, so every
pair of symbol sets (S},, S;,) has occurred exactly once among the ¢? pairs, 1 < jy, ja < t.

Furthermore, B, ;, and B, j, are also orthogonal, so every ordered pair of symbols among
the (%)2 pairs has occurred exactly once. Thus, M, and M, are orthogonal.

Now consider any rectangle M,. In each row, every symbol set S; for j = 1,2,...,¢
occurs exactly once because A, is a Latin square. Also, every entry in symbol set S; occurs
an equitable number of times in B; ;, so each row of M is equitable. The same argument
holds for each column of M;. So My, M, ..., M, forms an m—MOELR (a, b; n). M

Example 6.21. 2-MOELR (12, 27; 18) using Lemma|[6.20]

Note that 3|12 and 3|27 and there exists 3-MOELR (4, 9; 6). Let B; ; be the i*" rectan-
gle based on the j* symbol set where i = 1,2, 3 and j = 1,2, 3. For example,

1 23 456 3 5 2
B3 56212464
=14 6 1 5 3 1 2 43
21 416 5 6 3 5
1 2 3 45 6 4 2 1
321:261534152
’ 53 416 2 6 3 5
356 6 4 3 2 1 4
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Now using the structure of 2-MOLS(3) we get the following two matrices.

Bs, =

1
4
3

6

3
4
6
2

A 0 W
NN =
W = N W

W L N

N

il e N\

(9 Bl \S B e)

— O\ L W

Bi1 Bip Bigs By1 By DBas
M, =|Bip DBig Bi1 |My=| Bz By1 DBy
Bis DBix Bip Byy DBss B

Thus, since orthogonality and equitability hold for B, ;, and there exists 2-MOLS(3),
we have a 2-MOELR (12, 27; 18).

Lemma 6.22. Suppose a < b, n = hk, and ab = n?. Let

z = min{Nmors(h), Nmors (k) }-
If h|a, then there exists an t—~MOELR (a, b; n).
Proof: Let A, As, ..., A, be t—=MOLS(k). For j = 1,2,...,k, define S; to be a set of
k
symbols, so that U S; is a partition of a set of n distinct symbols. Define B; ; to be the
j=1

i'" Latin square of a set of z-MOLS (%) on symbol set S;. Now replace each entry j € A;
with B, ;. This forms a set of z—MOLS(n).

k

1|2

Biy | Bip Bk

A;

Permute the columns of each of these Latin squares according to the following permu-
tation. Form = 0,1,...,k—1,letmh+u+— (u—1)k+ (m+1)foru=1,..., h. This
permutation creates h X k sub-squares which has each of the first columns of the B; ; sub-
squares, followed by each second column and so on. Because there were k sub-squares in
each row, we can now consider each Latin square being composed of i x k sub-squares H;,
7 =1,...,h, in which each column contains entries from a different symbol set. Because
there are £ symbol sets, every row of the /; contains exactly one entry from each symbol

set as in Figure [6.16]

15t columns | 2™ columns ¢t columns
H1 H2 Hh
Hy Hp o Hp,
H—1)hs1 Hjp—1)h42 Hyp,

Figure 6.16: Representation of the first mutually orthogonal Latin square of
the n X n matrix.
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This matrix has n = hk sub-squares. Because h|a, we can write a = hr for some
positive integer r. Arrange the sub-squares into an r X ¢ matrix L; as follows.

H; H, R H,
H, H, «o- | Hop

L; = ,H ,+2 ) ,2 fori=1,2,..., x.
H(rfl)chl H(rfl)c+2 Co Hrc

Notice that ; has ¢ = % sub-squares in each row, and it has r sub-squares in each
column. Therefore, L; has hr = a rows and ck columns. Because n? = h?k? = ab, it

follows that 122 i -
a r r

Thus L, has b columns.

We now show that {L; : ¢ = 1,2,..., 2} forms a z—~MOELR(a, b;n). Because we
construct L; in the same way for each L; orthogonality holds. Because every row of H;
contains exactly 1 entry from each of the k& symbol sets, it follows that every symbol occurs

b b

exactly L%J or [ﬂ times in every row of L;. Because ck = b, it follows that ¥ = > = .

Therefore each symbol occurs L%J times or (H times in each row of L;.

Now suppose there is a column in L; that is not equitable. Then there would have to
be a repeated entry in this column. This would mean we had some column in A; with a
repeated entry. But A; was an LS(k), so that could not have happened. Therefore, each
column is equitable. This shows that we have t-—MOELR (a, b; n).

M
Example 6.23. A 2-MOELR(16, 25; 20) using Lemma [6.22]

Leth =4 and k = 5. In Figure[6.17 we give 2-MOLS(20) by using 2-MOLS(4) and
2-MOLS(5).

Permute the columns according to the given permutation. Note that the first 5 columns
were the 1% columns of each 4 x 4 subsquare; the next 5 columns were the 274 column of
each 4 x 4 subsquare, and so on. The permuted matrices are given in Figure[6.1§]|

The 2-MOELR(16, 25; 20) is given in Figure

6.6 Main Theorem

Combining the results given in (Chowla, Erdos, and Straus [15]) and (Colbourn, Dinitz,
[18]), we have that Nyjors(n) > 3 forn > 11.

Lemma 6.24. If n> = ab and ged(n, 6) = 1, then NyogLr (a, b;n) > 3.

Proof: Without loss, assume a < b. If n is a prime power, then apply Corollary
Otherwise n is a product of prime powers not involving 2 or 3. Let h = p be a prime such
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1 2 3 45 6 7 8|9 10 11 12|13 14 15 16|17 18 19 20
2 1 4 3|6 5 8 710 9 12 11|14 13 16 15|18 17 20 19
34 1 27 8 5 6|11 12 9 10|15 16 13 14|19 20 17 18
4 3 2 18 7 6 5|12 11 10 9 |16 15 14 13|20 19 18 17
17 18 19 2011 2 3 4|5 6 7 8|9 10 I1 1213 14 15 16
18 17 20 1912 1 4 3|6 5 8 7|10 9 12 11|14 13 16 15
19 20 17 183 4 1 2|7 8 5 6|11 12 9 10|15 16 13 14
20 19 18 17|14 3 2 1|8 7 6 5|12 11 10 9 |16 15 14 13
13 14 15 16|17 18 19 201 2 3 4|5 6 7 8|9 10 11 12
14 13 16 15|18 17 20 192 1 4 3|6 5 8 7|10 9 12 11
15 16 13 14|19 20 17 183 4 1 2|7 8 5 6|11 12 9 10
16 15 14 13|20 19 18 17|4 3 2 1|8 7 6 5|12 11 10 9
9 10 II 1213 14 15 1617 18 19 20 1 2 3 4|5 7

10 9 12 11|14 13 16 1518 17 20 192 1 4 3

11 12 9 10|15 16 13 14|19 20 17 18| 3 4 1 2

5 6 7 8

6 5 8 710 9 12 11|14 13 16 15|18 17 20 19

7 8 5 6|11 12 9 10|15 16 13 14|19 20 17 18

8§ 7 6 5|12 11 10 9 |16 15 14 13|20 19 18 17

1 2 3 4|5 6 7 8|9 10 11 12|13 14 15 16|17 18 19 20
34 1 27 8 5 6|11 12 9 10|15 16 13 14|19 20 17 18
4 3 2 18 7 6 5|12 11 10 9 |16 15 14 1320 19 18 17
2 1 4 3,6 5 8 7|10 9 12 11|14 13 16 15|18 17 20 19
9 10 11 12|13 14 15 16|17 18 19 201 2 3 4|5 6 7 8
11 12 9 10|15 16 13 14|19 20 17 18 4 1 2|7 8 5 6

19 20 17 183 4 1 2|7 8 5 6|1l 12 9 10|15 16 13 14
20 19 18 17|4 3 2 1|8 7 6 5|12 11 10 9 |16 15 14 13
18 17 20 1912 1 4 316 5 8 710 9 12 11|14 13 16 15
5 6 7 8|19 10 11 12|13 14 15 16|17 18 19 201 2 3 4

7 8 5 6|11 12 9 10|15 16 13 14|19 20 17 18| 3
8§ 7 6 5|12 11 10 9 |16 15 14 1320 19 18 174 3 2 1
6 5 8 710 9 12 11|14 13 16 15|18 17 20 19| 2
13 14 15 16|17 18 19 201 2 3 4|5 6 7 8|9

15 16 13 14|19 20 17 183 4 1 2|7 8 5 6|11 12 9 10
16 15 14 13|20 19 18 17,4 3 2 1|8 7 6 5|12 11 10 9
14 13 16 1518 17 20 192 1 4 3|6 5 8 7|10 9 12 11

Figure 6.17: A 2-MOLS(20)

that pla and k = 2. Because i > 3 is prime, it follows that NmoLs (h) > 4. We also have
that & > 35 or k is prime, so NyjoLs (k) > 3. Now apply Lemmal6.22]
X

Lemma 6.25. If n? = ab and gcd(n, 3) = 1, then NMogLRr (a, b;n) > 3, except possibly
when (a,b;n) € {(2,50;10), (49, 100; 70)}.

Proof: If n is odd then we apply Lemma [6.24] Otherwise let n be even and without loss
assume that a < b.

If @ has an odd prime divisor h, then A > 3 and Nyors(h) > 3. Also, h is a divisor
of nand k = 3 is such that Nyjors(k) > 3 unless & = 2 or 10. Thus if & # 2,10 we
may apply Lemma to obtain a 3-MOELR(n). If k = 2, then n = 2p for an odd
prime p > 3. Then there are 2 possibilities for a; @ = p or 2p. In each case a|n and we
can apply Lemma If £ = 10, then n = 10p for an odd prime p > 3. Then there are
5 possibilities for a. If a = p, 2p, 5p, or 2p, then a|n and we can apply Lemma If
a = p?, then b = 100 and thus because a < b,p = 5 or p = 7. When p = 5 we may use
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14 18 2 6 1015 19 3 7 11|16 20 4 8 12
5 9|14 18 2
6 10|13 17 1
8 12|15 19 3

Figure 6.18: Permuted matrices of a 2-MOLS(20).

Lemma however when p = 7 we have the exception (a, b;n) = (49, 100; 70) to the
theorem.

Now suppose a = 2¢ for some ¢ > 1.

If ¢ = 1, then a = 2 and divides n so we may apply Lemma[6.11] unless n = 10 where
it is not known if 3-MOLS of order 10 exist. This is the exception (a, b;n) = (2,50; 10)
to the theorem.

If ¢ > 2, then we are guaranteed that 4|n. However, if ¢ = 2, then it is possible that
4 { n. In this case, n = 2s where s is a product of prime powers not involving 2 or 3.
There exists an OA(3,2) and 3-MOLS(s). So let m = 2 and apply Lemma[6.16]to obtain
a 3-MOELR (a, b;n) forall s > 8. If s = 5, then n = 10 and a 3-MOELR(4, 25; 10) was
constructed in Example If s = 7, then n = 14 and there exists a 3-MOELR(4, 49; 14)
by Example[6.8] If s = 8, then n = 16 and is a prime power, so apply Corollary [6.11]

P

Lemma 6.26. If n? = ab and n is odd, then N\jogLR(a, b;n) > 3, except possibly when
(a,b;n) € {(9,25;15),(9,49;21)} or a = 9 and n = 3s where s = 5,7,11, or 13
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1 5 9 13 1712 6 10 14 183 7 11 15 194 8 12 16 2017 1 5 9 13
2 6 10 14 18,1 5 9 13 174 8 12 16 203 7 11 15 19|18 2 6 10 14
37 11 15 194 8 12 16 2011 5 9 13 17,2 6 10 14 18|19 3 7 11 15
4 8 12 16 203 7 11 15 192 6 10 14 18| 1 5 9 13 17|20 4 8 12 16
8 2 6 10 14|19 3 7 11 1520 4 8 12 16|13 17 1 5 9 |14 18 2 6 10
17 15 9 1320 4 8 12 16|19 3 7 11 15|14 18 2 6 10|13 17 1 5 9
20 4 8 12 16(17 1 5 9 13|18 2 6 10 14|15 19 3 7 11|16 20 4 8 12
Ml— 9 3 7 11 15|18 2 6 10 14|17 1 S5 9 13|16 20 4 8 12|15 19 3 7 11
5 19 3 7 11|16 20 4 8 129 13 17 1 5|10 14 18 2 6 |11 15 19 3 7
16 20 4 8 12|15 19 3 7 11|10 14 18 2 6|9 13 17 1 5|12 16 20 4 8
3 17 15 9|14 18 2 6 10|11 15 19 3 7|12 16 20 4 8|9 13 17 1 5
4 18 2 6 1013 17 1 5 9|12 16 20 4 8|11 15 19 3 7 |10 14 18 2 6
12 16 20 4 8|5 9 13 17 1|6 10 14 18 2|7 11 15 19 3 |8 12 16 20 4
1m 15 19 3 76 10 14 18 2|5 9 13 17 1|8 12 16 20 4 | 7 11 15 19 3
10 14 18 2 6|7 11 15 19 3|8 12 16 20 4|5 9 13 17 1,6 10 14 18 2
9 13 17 1 5|8 12 16 20 4 |7 11 15 19 3|6 10 14 18 2|5 9 13 17 1
15 9 13 173 7 11 15 1914 8 12 16 202 6 10 14 189 13 17 1 5
2 6 10 14 18,4 8 12 16 2003 7 11 15 191 5 9 13 17|10 14 18 2 6
37 11 15 191 5 9 13 17,2 6 10 14 18| 4 & 12 16 2011 15 19 3 7
4 8 12 16 202 6 10 14 181 5 9 13 173 7 11 15 19]12 16 20 4 8
11 15 19 3 7|12 16 20 4 8|10 14 18 2 6 (|17 1 S5 9 13|19 3 7 11 15
12 16 20 4 8|11 15 19 3 7,9 13 17 1 5|18 2 6 10 1420 4 8 12 16
9 13 17 1 5|10 14 18 2 6 |12 16 20 4 &8 |19 3 7 11 15|17 1 5 9 13
M2: 100 14 18 2 69 13 17 1 5|11 15 19 3 7|20 4 8 12 16|18 2 6 10 14
20 4 8 12 16|18 2 6 10 14|5 9 13 17 1|7 11 15 19 3 |8 12 16 20 4
9 3 7 11 15)17 1 5 9 136 10 14 18 2|8 12 16 20 4 | 7 11 15 19 3
18 2 6 10 14120 4 8 12 167 11 15 19 3|5 9 13 17 1|6 10 14 18 2
7 1 5 9 13|19 3 7 11 158 12 16 20 4|6 10 14 18 2|5 9 13 17 1
6 10 14 18 213 17 1 5 9|15 19 3 7 11|16 20 4 8 12|14 18 2 6 10
5 9 13 17 1|14 18 2 6 10|16 20 4 8 12|15 19 3 7 11|13 17 1 5 9
8§ 12 16 20 4 |15 19 3 7 1113 17 1 5 9 |14 18 2 6 10|16 20 4 8 12
7 11 15 19 3|16 20 4 8 12|14 18 2 6 10|13 17 1 S5 9|15 19 3 7 11

Figure 6.19: A 2-MOELR(16, 25; 20)

(mod 18),s > 9.

Proof: If ged(n, 3) = 1, then apply Lemma [6.25] Otherwise 3|n and without loss assume
that @ < b. If a has a prime divisor A > 3, then h is also a divisor of n so write n = hk.
Then NyiorLs(h) > 3 and Nyors(k) > 3 unless & = 3. Thus, if k& # 3, we may apply
Lemma [6.22] to obtain a 3-MOELR (a,b;n). If k = 3, then n = 3p for a prime p > 3.
There are 2 possibilities for a; a = p or 3p. In each case a|n, so we can apply Lemma

Now suppose a = 3¢ for some £ > 1.

If ¢ = 1, then a = 3 and divides n, so we may apply Lemma|6.11

If £ > 2 and 9|n, we set h = 9 and k& = §. Then min{ Nvors(h), Nmors(k)} >
unless £ = 3. So when k£ # 3 we may apply Lemmato obtain NyiogLr(a, b;n) >
If k = 3, then n = 27 and a € {9, 27}. In each case a|n, so apply Lemma[6.11]

If £ > 2, then we are guaranteed that 9|n. However, if ¢ = 2, then it is possible that
9 1 n. In this case, n = 3s where s is a product of prime powers not involving 2 or 3.
There exists an OA(3,3) and 3-MOLS(s). Let m = 3 and apply Lemmal6.17]to obtain a
3-MOELR(a,b;n) forall s > 9and s = 1,8 (mod 9). If s = 5 or 7, then n = 15 or 21
and we have open cases (a,b;n) € {(9,25;15),(9,49;21)}. If s > 9 and s = 2,4,5, or

3,
3
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7 (mod 9), then because s = 1 or 5 (mod 6), we have open cases when s = 5,7,11,13
(mod 18).
X

Lemma 6.27. If n> = ab, then N\jogLr(a,b;n) > 3 except possibly when (a,b;n) €
{(2,18:6), (2,50; 10), (8, 18; 12), (9, 64; 24), (9, 100; 30), (9, 256: 48), (12, 27; 18),

(18,32; 24), (18, 50; 30), (18, 98; 42), (18, 128; 48), (27, 300; 90), (36, 49; 42), (36, 121; 66),
(36, 169; 78), (36, 289; 102), (36, 361; 114), (36, 529; 138), (36, 625; 150), (36, 841; 174),
(36,961; 186), (36, 1225; 210), (31, 100; 90)} or

a=9andn = 3s, where s = 2,4,14,16 (mod 18),s > 9;
a =18 and n = 3s, where s = 4,8,10,14 (mod 18),s > 18,
a = 36 andn = 6s, where s =5,7,11,13,17,19,23,25,29,31 (mod 36), s > 36.

Proof: If ged(n,6) = 1, then apply Lemma If n is odd, then apply Lemma
If n is even and ged(n, 3) = 1, then apply Lemma [6.25] Otherwise 6|n, and without loss
assume a < b.

If @ has a prime divisor & > 3, then h is also a divisor of n, so write n = hk. Then
Nmovrs(h) > 3 and Nyors(k) > 3 unless & = 2,3,6,10. Because 6|n, we cannot
have £k = 2,3, or 10. Thus, if k& # 6, then we may apply Lemma to obtain a
3-MOELR (a,b;n) > 3.

If £ = 6, then n = 6p for a prime p > 3. There are 5 possibilities for a. If a = p, 2p, 3p,
or 6p, then a|n so apply Lemma If a = p?, then b = 36, and thus because a < b,
p = 5, and we have the open case (a, b;n) = (25, 36; 30).

Suppose a = 2 for some ¢ > 1.

If ¢ = 1, then a = 2 and divides n, so we may apply Lemma[6.1T|unless n = 6 where
3-MOLS(6) does not exist. This is the possible exception (a,b;n) = (2,18;6) to the
theorem.

If £ > 2 and 4|n, then set h = 4 and k£ = %. Hence min{ Nmors(h), Nmors(k)} > 3
unless k£ = 2,3, 6, or 10. Thus when k # 2, 3,6, or 10 we can apply Lemma [6.22]to obtain
NmoEgLR(a,b;n) > 3. If k = 2, thenn = 8 and @ = 4, so apply Lemmal6.11] If & = 3,
then n = 12 and @ = 4 or 8. If a = 4, then apply Lemma [6.11] Otherwise, a = 8 and
we have the open case (a,b;n) = (8,18;12). If k = 6, then n = 24 and a € {4, 8, 16}.
If a = 4 or 8 then it divides n so apply Lemma [6.11] If a = 16, then b = 36. Here we
can apply Lemma with ¢ = 4 because there exists a 3-MOELR(4,9;6). If £ = 10,
then n = 40 and a € {4,8,16,32}. If a = 4 or 8, then it divides n so apply Lemma [6.11]
If @ = 16 or 32, then 8|a so we may apply Lemma with h = 8 and k = 5 to obtain
NMOELR (@, b;n) > 3.

If ¢ > 2, then we are guaranteed that 4|n. However if ¢ = 2, then it is possible that 4 { n.
In this case, n = 2s where s is an odd product of prime powers involving 3. There exists
an OA(3,2) and 3-MOLS(s) if s # 3. So if s # 3, we can apply Lemma[6.16| with m = 2
to obtain a 3-MOELR(a, b;n) for all s > 4. If s = 3, then n = 6 and 3-MOELR(4, 9; 6)
is given in Example [6.5]

Suppose a = 3 for some ¢ > 1.
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If /£ = 1, then a = 3 and divides n, so apply Lemma unless n = 6 where
3-MOLS(6) does not exist. In this case, a 3-MOELR(3, 12; 6) is given in Example [6.6]

If £ > 2 and 9|n, then set h = 9 and k = §. Then min{ Nviors (%), Nmors(k)} > 3
unless k = 2,3, 6, or 10. Thus when k # 2, 3,6, 10, we may apply Lemma [6.22] to obtain
NmogLr(a,b;n) > 3. If K = 2, then n = 18 and @ = 9 in which case a|n, so apply
Lemma[6.11] If k = 3, then n = 27 and a = 9 or 27, so a|n and we may apply Lemma[6.11]
If £k = 6, then n = 54 and @ = 9 or 27, so a|n and we may again apply Lemma If
k = 10, then n = 90 and @ = 9,27, or 81. If @ = 9, then a|n so apply Lemma [6.11]
Otherwise, we have two open cases: (a, b;n) € {(27,300;90), (81,100;90)}.

If ¢ > 2, then we are guaranteed that 9|n. However, if / = 2, then it is possible that
9 1 n. In this case, n = 3s where s is a product of even prime powers not involving
3. There exists an OA(3,3) and 3-MOLS(s) if s # 2 or 10 and s = 1,8 (mod 9).
Soif s # 2 or 10 and s = 1,8 (mod 9), we may apply Lemma with m = 3 to
obtain a 3-MOELR(a, b;n) for all s > 9. If (s,n) = (4,12), then we get the open case
(a,b;n) = (9,16;12). If (s,n) = (2,6) then « = 9 and b = 4 so we need not consider
this case. If (s,n) = (6,18), then (a,b;n) = (9, 36; 18). We may apply Lemma[6.20| with
t = 3 because a 3-MOELR(3,12; 6) was given in Example [6.6] If (s,n) = (8,24) we
get the open case (a,b;n) = (9,64;24), and if (s,n) = (10,30), then we have the open
case (a,b;n) = (9,100;30). If s > 9and s = 2,4,5,7 (mod 9), then because s = 2 or 4
(mod 6), we also have open cases when s = 2,4, 14,16 (mod 18).

Suppose a = 23 for some £y, (5 > 1.

If ¢, = {5 = 1, then a = 6 and divides n so we may apply Lemma[6.11]

If ¢, = 1and ¢, > 2 and 18|n, we set h = 18 and k = {;. Then

min{ Nyors (), Nmors(k)} > 3

unless k£ = 2, 3,6, or 10. Thus if k£ # 2,3,6, or 10 we may apply Lemma [6.22]to obtain
a 3-MOELR(a,b;n). If k = 2, thenn = 36 and @ = 18. If K = 3, then n = 54
and a € {18,54}. If Kk = 6, then n = 108 and @ € {18,54}. In each of these cases
aln, so apply Lemma [6.11] If £ = 10, then n = 180 and a € {18,54,162}. If a =
18, then a|n, so apply Lemma If a = 54 or 162 let h = 9 and k = 20. Then
min(NvoLs (h), NmoLs (k)} > 3, so apply Lemmal[6.22]

If /; = 1 and /5 > 2, then we are guaranteed that 18|n. However, if /; = 1 and
¢y = 2, then it is possible that 18 { n. In this case n = 3s where s is an even product
of prime powers not involving the prime 3. There exists an OA(3, 3) and 3-MOLS(s) if
s # 2or10 and s = 2,16 (mod 18). Let m = 3 and apply Lemma to obtain a
3-MOELR (a,b;n) for all s > 18. If (s,n) € {(2,6),(4,12)}, then a > b, so we need
not consider these cases. If (s,n) € {(8,24), (10, 30), (14,42), (16, 48)}, then we have the
open cases (a,b;n) € {(18,32;24), (18,50;30), (18,98;42), (18,128;48)}. If s > 18 and
s =4,8,10,14 (mod 18), then we have open cases.

If /o = 1and ¢; > 2 and 12|n, we set h = 12 and k = {3. Then

min{ Nvors (%), Nmors(k)} > 3
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unless k = 2, 3,6, or 10. Thus if k£ # 2,3, 6, or 10, we may apply Lemma[6.22]to obtain a
3-MOELR (a,b;n). If k = 2, then n = 24 and a = 12. Here a|n, so apply Lemma6.11}
If £ = 3, thenn = 36 and a € {12,24}. If a = 12, then it divides n, so apply Lemma|6.11|
If @ = 24, thenlet h = 4 and k = 9 and apply Lemma [6.22] If k = 6, then n = 72 and
a € {12,24,48}. If a = 12 or 24, then it divides n, so apply Lemma [6.11] If a = 48,
then let » = 4 and k¥ = 18 and apply Lemma [6.22] If £ = 10, then n = 120 and
a € {12,24,48,96}. If a = 12 or 24, then it divides n so apply Lemmal[6.11] If a = 48 or
96, then let h = 4 and k = 30 and apply Lemma[6.22]

If /, = 1and ¢; > 2, then we are guaranteed that 12|n. However, if /o = 1 and
¢, = 2, then it is possible that 12 { n. In this case, n = 2s where s is an odd product of
prime powers involving the prime 3. There exists an OA(3,2) and a set of 3-MOLS(s) if
s # 3. Let m = 2 and apply Lemma [6.16]to obtain a 3-MOELR (a, b; n) for all s > 12.
If (s,n) = (9,18), then we get the open case (a,b;n) = (12,27;18). If (s,n) = 36, then
a > b and we need not consider it.

If ¢, > 2 and ¢, > 2 and 36|n, then set h = 36 and k& = . Then

min{ Nvors (), Nmors ()} > 3

unless k& = 2,3,6, or 10. Thus, when & # 2,3,6, or 10 we can apply Lemma [6.22] to
obtain NyiogLr(a,b;n) > 3. If K = 2, then n = 72 and a = 36 or 72. Here a|n so
apply Lemma [6.11] If & = 3, then n = 108 and a = 36,72, or 108. If a = 36 or
108, then a|n so apply Lemma If @ = 72, then 9|a so we may apply Lemma
with h = 9 and & = 12 to obtain NyjogLr(a,b;n) > 3. If k = 6, then n = 216 and
a € {36,72,108,144,216}. If a € {36, 72,108, 216}, then a|n and so apply Lemma|[6.11]
If a = 144, then 12|a so we may apply Lemma [6.22] with & = 12 and k = 18 to obtain
NmoELR (@,b;n) > 3. If k = 10, then n = 360 and a = {36, 72, 108, 144, 216, 288, 324}.
If a = 36 or 72, then a|n so apply Lemma Otherwise, we set h = 4 and k£ = 90 and
apply Lemma [6.22|and apply Lemma [6.22]to obtain a 3-MOELR(a, b; n).

If ¢, > 2 and ¢, > 2, then we are guaranteed that 36|n. However, if /1 = 2 or {5 = 2,
then it is possible that 36 1 n.

Suppose ¢; = {5 = 2 and n = 6s where s is a product of primes powers not involving 2
or 3, then 36 { n. There exists an OA (3, 6) and 3-MOLS(s). Apply Lemmal6.18|with m =
6 forall s > 36and s = 1 or35 (mod 36). If (s,n) € {(7,42), (11,66), (13,78), (17,102),
(19,114), (23,138), (25, 150), (29, 174), (31, 186), (35,210) }, then we get the following
open cases: (a,b;n) € {(36,49;42), (36,121;66), (36, 169; 78), (36, 289; 102),

(36,361; 114), (36, 529; 138), (36, 625; 150), (36, 841; 174), (36, 961; 186), (36, 1225; 210)}.
If (s,n) = (5,30), then « > b and we need not consider this case. If s > 36 and
s=05,7,11,13,17,19,23,25,29,31 (mod 36), then we have open cases.

Suppose /; > 2 but f, = 2. Then a = 2 - 9. If n = 3s where s is a product of prime
powers not involving 3 but involving 4, then 36 t n. However, in this case we may write
n = 12s; where s; is a product of prime powers not involving 3. Hence, if s; # 2, then
we may let i = 4 and k = 3s; and apply Lemma [6.22]to obtain NyiogLr (a, b;n) > 3. If
s1 =2, thenn = a = 72, and because a|n, we may apply Lemmal6.11]
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Suppose /5 > 2but £/; = 2. Then a = 4 - 32. If n = 25 where s is an odd product
of prime powers involving 9, then 36 1 n. However, in this case we may write n = 18s;
where s is an odd product of prime powers. Then, if s; # 3,5, we set h = 9 and k& = 25,
and apply Lemma [6.22] to obtain NyiogLr (@, b;n) > 3. If s; = 3 or 5, then n = 54 or 90
respectively and a > b, so we need not consider these cases.

e

Suppose n = py'pit - - pit where pg < p; < --- < p; are all prime. Without loss of
generality, we can assume a < b, forif a > b, then we could apply Lemmal6.9} So because
we assume a < b and n?> = ab, we need only consider a such that a < n. If n = p{*, then
apply Corollary[6.13] If p; # 2 or 3 for any ¢, then apply Lemma|[6.24] If py = 2 and p; # 3
for any ¢, then apply Lemmal6.25] If py = 3 and p; # 2, then apply Lemma|6.26] Finally
if po = 2 and p; = 3, then apply Lemma|[6.27]

By combining the results from the above lemmas, if n > 216 we can construct a
3-MOELR(a, b; n) for all a and b such that n*> = ab with some exceptions. Notice that we
can often get more than 3, but we are always guaranteed to get 3. Thus we have the main
theorem.

Theorem 6.28. Ifn? = ab and n > 216, then NMogLR (@, b; 1) > 3 except possibly when

a=9andn = 3s, where s =2,4,5,7 (mod 9),s > 9;
a =18 and n = 3s, where s = 4,8,10,14 (mod 18),s > 18;
a = 36 andn = 6s, where s =5,7,11,13,17,19,23,25,29,31 (mod 36), s > 36,

Furthermore, if n < 216, then NyjogLRr (@, b;n) > 3 except possibly when (a,b;n) is one
of the following.

(2,18;6) (18,32;24) (36, 121; 66) (36,961; 186)
(2,50;10) (18, 50; 30) (36, 169; 78) (36, 1225; 210)
(8,18;12) (18, 98; 42) (36, 289; 102) (49, 100; 70)
(9,16;12) (18,128;48) (36, 361; 114) (81, 100; 90)
(9,25;15) (25, 36; 30) (36, 529; 138)

(9,49; 21) (27, 300; 90) (36, 625; 150)

(12,27;18) (36, 49; 42) (36, 841; 174)

Also, NMoELR (2,2;2) = 1, NMogLR(3,3;3) = 2, NmoEgLR (6, 6;6) = 1,
and NMOELR(lo, 10; 10) = 2.
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Appendix A
Table of MOELR (a, b; n) where n < 216

The following is a list of the MOELRs that have been solved. Make note that v implies
that every dimension of A with the given n symbols has a solution. The notation 3—(a, b; n)
represents a 3-MOELR(a, b;n) and was used to conserve space. The list of n < 216
moves incrementally from 2 to 144 and then skips to n values where a = 36. The column
headings named /N indicate NyjoELR-
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n aXxb N \ Construction \ ] n \ axb N \ Construction
2 2 x 2 v | Corollary|6.13 20 2 x 200 4 Lemmal6.11
3 3x3 v' | Corollary|6.13 4 x 100 4 Lemmal|6.11
4 | All possible | v* | Corollary|6.13 5 x 80 4 Lemmal|6.11
5 5x5H v | Corollary|6.13 8 x 50 3 Lemma|6.22
6 2 x 18 10 x 40 4 Lemmal|6.11
3x12 3 C 16 x 25 3 Lemma|6.22
4%x9 3 C 20 x 20 4 (8,471
6 x6 1 [21] 21 3 x 147 5 Lemmal6.11
7 TXT v | Corollary[6.13 7x63 5 Lemmal|6.11
8 | All possible | v | Corollary|6.13 9 x 49
9 | All possible | v | Corollaryl6.13 21 x 21 5 (40]
10 2 % 50 22 2 x 242 3 Lemmal6.11
4 x 25 3 Example|6.7 4% 121 3 Lemma
5 x 20 3 | Lemmal6.14 m=2,s=11
10 x 10 2 [10] 11 x 44 3 Lemma
11| 11x11 [V | Corollary|6.13] 22x22 |3 [2. 9]
12 2 % 72 5 | Lemmalo.11 23| 23x23 | v | Corollary [6.13
3 x 48 5 Lemmal6.11 24 2 X 288 6 Lemmal|6.11
4% 36 5 Lemmal6.11 3 x 192 6 Lemmal6.11
6 x 24 5 Lemmal6.11 4 x 144 6 Lemmal6.11
8 x 18 6 x 96 6 Lemmal6.11
9 % 16 3 Lemma 8 x 72 6 Lemmal|6.11
12x12 |5 130] Lemma6.14;
13| 13x13 [ v [ Corollary [6.13] I9x64 | 3| k=3a=9
14 2 x 98 3 Lemma|6.£| b=16,n =12
4 % 49 12 x 48 6 Lemmal6.11]
7 x 28 3 Lemma 16 x 36 3 Lemma
14x14 | 3 [46] t =4,3-(4,9;6)
15 3x7 | 4| Lemmal6.11 18 x 32
5 x 45 4 | Lemmal6.11 24 x 24 6 (6]
9 x 25 25 | All possible | v* | Corollary |6.13|
15 x 15 4 (1], 44) 26 2 x 338 4 Lemmal6.11
16 | All possible | v' | Corollary|(6.13 4 % 169 3 Lemma
17 17 x 17 v | Corollary|6.13 m=2,s =13
18] 2x162 | 3 | Theorem [6.11 13x52 | 4 | Lemmafo.11]
3% 108 | 3 | Lemmal6.11 26x26 | 4 [17]
4 % 81 3 Lemmal6.16 27 | All possible | v* | Corollary |6.13|
6 x 54 3 Lemmal|6.11
9 x 36 3 Lemmal6.11
12 x 27
18 x 18 3 [49]]
19 19 x 19 v Corollary|6.13|
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] n \ axb N \ Construction \
28 2 x 392 5 Lemmal6.11
4 x 196 5 Lemmal6.11
7 x 112 5 Lemmal6.11
Lemmal6.22
8 x 98 3 h=d k‘l?7|;
14 x 56 5 Lemma
Lemma|6.22
16 x 49 3 h—d k
28 x 28 5 (]
29 29 x 29 v' | Corollary |6.13|
30 2 x 450 4 Lemmal6.11
3 x 300 4 Lemmal6.11
Lemmal6.16
4 x 225 3 m=2s=15
5 x 180 4 Lemmal6.11
6 x 150 4 Lemmal6.11
If 3—(9, 25; 15)
9 x 100 exists, then
Lemmal6.14
10 x 90 4 Lemmal6.11
ox75 | 3| Lemmalold
m=2,s=15
15 x 60 4 Lemmam
18 x 50
20x45 | 3 Le“;“f‘
If 33-(25,9;15)
25 x 36 then use
Lemma
30 x 30 4 (81
31 31 x 31 v' | Corollary(6.13
32 | All possible | v | Corollary|6.13
33| 3x363 5 Lemma|6.11]
9 x 121
11 x99 5 Lemma
33 x 33 5 1)
34 2 x 578 4 Lemmal6.11
ixosg | 3| Lemmalo
m=2,s=17
17 x 68 4 Lemma
34 x 34 4 (1]
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] n \ axb \ N \ Construction \
35 | 5x 245 5 Lemmal6.11
7 x 175 5 Lemmal6.11
Lemma 6.22|;
25 x49 | 4 he5k—7
34x34 | 5 53]
36 | 2 x 648 8 Lemmal6.11
3 x 432 8 Lemmal6.11
4 x 324 8 Lemmal6.11
Lemma 6.22|;
8 x 162 3 h—d k=09
9 x 144 8 Lemmal6.11
12 x 108 | 8 Lemmal6.11
Lemma 6.22|;
16 x 81 3 h—4 k=9
18x72 | 8 | Lemmal.11|
Lemma
24 x 54 | 3 h—4 k=9
Lemma
27 x 48 3 h=9 k=4
36 x36 | 8 el
37 | 37x37 | v | Corollary [6.13]
38 | 2x 722 4 Lemmal6.11
dxser | 3| Lemmalelq
m=2,s=19
19 x 76 4 Lemma
38x38 | 4 (8]
39 | 3x507 | 5 Lemmal6.11
9 x 169
13x 117 | 5 | Lemmal6.1]]
39x39 | 5 71
40 | 2x 800 | 7 Lemmal6.11
4 x 400 7 Lemmal6.11
5 x 320 7 Lemmal6.11
8 x 200 7 Lemmal6.11
10 x 160 | 7 Lemmal6.11
Lemma 6.22|;
16 x 100 | 3 h—8.k=b5
2080 | 7 | Lemmal6.11
Lemma
25x64 | 4 h—5k=38
Lemma
32x50 | 4 h—8.k=5
28 x 28 | 7 151
41 | 41 x41 | v | Corollary|6.13|




] n \ axb \ N \ Construction \ ] n \ axb N Construction
42 | 2x882 | 5 Lemmal|6.11 48 2 x 1152 8 Lemmal|6.11
3x588 | 5 Lemmal6.11 3 X 768 8 Lemmal6.11
Ax 441 | 3 Lemma 6.16|; 4 x 576 8 Lemmal|6.11
m=2,s=21 8 x 288 8 Lemmal|6.11
7x252 | 5| Lemmaf6.11] 9 x 256
9 % 196 If 33-(9,49;21) 16x144 | 3 Lemma 6.22)
thenuse h=4,k=12
Lemma 6.16 18 x 128
e I S s 1 24%96 | 8 Lemmal6.11]
14 x 126 | 5 Lemma 29 % 79 3 Lemma
18 x 98 h=4,k=12
21 x84 | 5 Lemma 36 x 64 3 Lemma
08 x 63 | 3 Lemma|6.20) h=4k=12
t=17,3-(4,9;6) 48 x 48 8 (4]
36 x 49 49 | All possible | v |  Corollary [6.13|
42x42 | 5 [LL] 50 2 x 800 6 Lemmal|6.11
43 | 43x43 | v | Corollary|6.13| A % 625 3 LemmaH
44 | 2x968 | 5 Lemmal6.11 m=2,§ =25
4x484 | 5 Lemmal6.11 5 x 500 6 Lemmal6.11
8 x 942 | 3 Lemma 6.16|; 10 x 250 6 Lemmal|6.11
m=2,5 =22 Lemma 6.20|;
20 x 125 3
11 x176 | 5 Lemma6.11] t =5,3—(4,25;10)
16 x 191 | 3 Lemma 25 x 100 6 Lemma
h=4k=11 50 x 50 6 (L8]]
22x88 | 5| Lemmaf6.11] 51 3x867 |5 Lemmal6.11
44x44 | 5 (11 Lemma
9 x 289 3
45 | 3x675 | 6 Lemmal6.11 m=3,s=17
5%x289 | 6 | Lemmal6.11 17x153 | 5 Lemmal6.11}
9 x 68 6 Lemmal6.11 51 x 51 5 7]
15x135 | 6 Lemmal6.11 52 2 x 1352 5 Lemmal|6.11
95 x 81 | 4 Lemma 6.22|; 4 X 676 5 Lemmal|6.11
h=5k=9 3 x 338 3 Lemma6.22|;
Lemma h=4,k=13
27 x 75 | 4
h=9k=5 13x208 | 5 Lemma6.11
45 x 45 | 6 3] Lemmal6.22
46 | 2x 1058 | 4 | Lemmalp.11 165169 131y g =13
4x529 | 3 Lemma 26 x 104 5 Lemma
m=2,8s =23 52 x 52 5 [
23x92 | 4 | Lemmal6.1] 53| 53x53 | v | Corollary [6.13]
46 x 46 | 4 (18]
47 | 47 x47 | v | Corollary [6.13|
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] n \ axb \ N \ Construction \
54 | 2x 1458 | 5 Lemmal6.11
3 x 972 5 Lemmal6.11
Lemmal6.16
4x729 | 3 m—2.s=27
6 x486 | 5 Lemmal6.11
9 x 324 3 Lemmal6.11
12 % 243 | 3 Lemma 6.16|;
m=2,s =27
18 x 162 | 3 Lemma
27 x 108 | 5 Lemma
Lemma
36 x 81 3 t =9 3-(1.9:6)
54 x 54 | 5 [
55| 5 x 605 6 Lemmal6.11
11 x275 | 6 Lemmal6.11
Lemma 6.22|;
25 x 121 | 4 h—5 k=11
55 x 55 | 6 [54]
56 | 2 x 1568 | 7 Lemmal6.11
4 x 784 7 Lemmal6.11
7 x 448 | 7 Lemmal6.11
8%x392 | 7 Lemmal6.11
14 x 224 | 7 Lemmal6.11
Lemma 6.22|;
16 x 196 | 6 h—8 k=17
28x 112 | 7 | Lemmal6.11]
Lemma
32x98 | 6 h=8. k=1
Lemma
49 x64 | 6 h—7Fk=8
56 x 56 | 7 [2L137]
57 | 3 x 1083 | 7 Lemmal6.11
9% 361 | 4 LemmaH
m=3,5s=19
19x171 | 7 | Lemmal6.11]
57 x 57 | 7 (18]
58 | 2x 1682 | 5 Lemmal6.11
dxsq |3 | Lemmaolo
m=25=29
29x 116 | 5 | Lemmaf6.11]
58 x 58 | 5 (18]
59 | 59x59 | v | Corollary [6.13]
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] n \ axb N \ Construction
60 2 x 1800 4 Lemmal6.11
3 x 1200 4 Lemmal6.11
4 x 900 4 Lemmal6.11
5 x 720 4 Lemmal6.11
6 x 600 4 Lemmal6.11
Lemma 6.22|;
8 x 450 3 h—d k=15
9400 | 4 | Lemmale16
m=3,s =20
10 x 360 4 Lemmal6.11
12 x 300 4 Lemmal6.11
15 x 240 4 Lemmal6.11
Lemma 6.22|;
16 x 225 3 h—d k=15
18 x 200 Lemmaf6.17;
m=3,s =20
20180 | 4 | Lemmal.11|
Lemma
24 x 150 4 h—192.k =5
Lemma
25 x 144 4 h— 5. k=12
30x 120 | 4 | Lemmal6.11|
Lemma 6.22)
36 x 100 4 h—12.k =5
Lemma 6.22)
45 x 80 4 h—5k =12
Lemma 6.22)
48 x 75 4 h—12.k =5
Lemma
50 x 72 4 h— 5. k=12
60 x 60 4 (18]
61 61 x 61 v | Corollary |6.13|
62 2 x 1922 5 Lemmal6.11
4% 961 |3 LemmaH
m=2,5s =31
31x124 | 5 | Lemmal6.11]
62 x 62 5 [
63 3 x 1323 6 Lemmal6.11
7 X 567 6 Lemmal6.11
9 x 441 6 Lemmal6.11
21 x 189 | 6 | Lemmal6.11]
Lemma
27 x 147 6 h—9 k=7
63 x 63 6 (18]
64 | All possible | v | Corollary [6.13]




] n \ axb \ N \ Construction \
65| H5x845 | 6 Lemmal6.11
13x325 | 6 Lemmal6.11
Lemma|6.22
25 x169 | 4 h—s5, klz_llé’)
65 x65 | 6 (18]
66 | 2x 2178 | 5 Lemmal6.11
3x1452 | 5 Lemmal6.11
Ax 108y | 3 | Lemmalolo
m=25=33
6x726 | 5 Lemma
9 x 484
11 x39 | 5 Lemma
12363 | 3 | Lemmaolo
m=2,5s=233
18 x 242
22 x 198 | 5 Lemmal6.11
33x132 | 5 Lemmal6.11
36 x 121
Lemma|6.20
44 x99 | 3 t:11,3—6)
66 x 66 | 5 (18]
67 | 67x67 | v | Corollary [6.13]
68 | 2x2312 | 5 Lemmal6.11
4x 1156 | 5 Lemmal6.11
Lemma|6.22
8 x H78 | 3 h—d kI:_1|;7
Lemma|6.22
16 x 289 | 3 h—d k:7
17x272 | 5 Lemmal6.11
34 x136 | 5 Lemmal6.11
68 x 68 | 5 (18]
69 | 3x 1587 | 6 Lemma|6.11]
9 x 529
23 x 207 | 6 Lemma
69 x69 | 6 (18]

] n \ axb \ N \ Construction \
70 | 2x2450 | 6 Lemmal6.11
4%1225 | 3 LemmaH
m=2,5s=235
5 x 980 6 Lemmal6.11
7x700 | 6 Lemmal6.11
10 x 490 | 6 Lemmal6.11
14 x 350 | 6 Lemmal6.11
Lemma 6.22|;
20x 245 | 3 h—5. k=14
Lemma
25 %196 | 3 h—5 k=14
Lemma
28x 175 | 3 h—14.h =5
35x 140 | 6 | Lemmal6.11
49 x 100
Lemma
50 x 98 | 3 h—5 k=14
70x70 | 6 (18]
71| 71 x 71 | v | Corollary |6.13|
72 | 2x2592 | 7 Lemmal6.11
3x 1728 | 7 Lemmal6.11
4x%1296 | 7 | Lemmal6.11}
6 x 864 7 Lemmal6.11
8 x 648 7 Lemmal6.11
9 x 576 7 Lemmal6.11
12 x 432 | 7 Lemmal6.11
Lemma 6.22|;
16 x 324 | 7 h—8.k=0
18 x 288 | 7 Lemmal6.11
24 x 216 | 7 Lemmal6.11
Lemma 6.22|;
27 x 192 | 7 h—0k=38
Lemma
32x162 | 7 h—8.k=0
36 x 144 | 7 | Lemmal6.11
48 x 108 | 7 | Lemmap.22
h=8k=9
Lemma
54 x 96 | 7 h—0k=38
Lemma
64 x 81 | 7 h—8. k=0
72x72 | 7 (18]
73 | 73x 73 | v | Corollary [6.13]




] n \ axb \ N \ Construction \

74 | 2x2738 | 5 Lemmaw
4x1360 | 3 | Lemmalolo

m=2,s =37
37x 148 | 5 Lemmal6.11]
T4x7T4 | 5 (18]

75 | 3x 1875 | 7 Lemmal6.11
5x 1125 | 7 Lemmal6.11
9 x 625
15x 375 | 7 Lemmal6.11
25 x 225 | 4 Lemmal6.11

Lemma|6.22
45 x 125 | 4 h:1571|£5
5 xT5 | 7 [6]]

76 | 2 x 2888 | 6 Lemmal|6.11

4x1444 | 6 Lemmal6.11

Lemma|6.22
8x 722 | 3 h— a4, k:lz_lléa

Lemma|6.22
16 x 361 | 3 h— 4, k:
19x304 | 6 Lemmal6.11
38x152 | 6 Lemmal6.11
76 <76 | 6 (18]

77| 7Tx847 | 6 Lemmal6.11

11 x539 | 6 Lemmal6.11
Lemma|6.22

49 x 121 | 6 h=1, klz_ll;l

TTx77 | 6 (18]

78 | 2x3042 | 6 Lemmal6.11
3x2028 | 6 Lemmal6.11
4x1521 | 3 | Lemmalolo

m=2,5=39
6x1014 | 6 Lemma
9x676 | 4 | Lemmaplo
m=3,5s =26
12x507 | 3 | Lemmafeg
m=2,5s=239
13 x 468 | 6 Lemma
18 x 338
26 x 234 | 6 Lemmal6.11]
36 x 169
39 x 156 | 6 Lemmal6.11
52117 | 3 | emmae20
t=13,3-(4,9;6)
78 xT78 | 6 (18]
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79 79%x79 | v [ Corollary 6.13]
80 2 x 3200 9 Lemmal6.11

4 x 1600 9 Lemmal6.11
5 x 1280 9 Lemmal6.11
8 x 800 9 Lemmal6.11
10 x 640 9 Lemmal6.11
16 x 400 9 Lemmal6.11
20 x 320 9 Lemmal6.11
Lemma 6.22|;
25 x 256 4 h—5 k=16
Lemma
32 x 200 3 h—4 k=20
40 x 160 9 Lemma
Lemma
50 x 128 4 h—5k=16
Lemma
64 x 100 3 h=4 k=20
80 x 80 9 [2,15]
81 | All possible | v | Corollary [6.13
82 2 x 3362 8 Lemmal6.11
4x 1681 | 3 | “emma H
m=2,s =41
41 x 164 | 8 | Lemmal6.11]
82 x 82 8 (18]
83| 83x83 | v | Corollary [6.13]




] n \ axb \ N \ Construction
84 | 2 x 3528 | 6 Lemmal6.11
3x2352 1| 6 Lemmal6.11
4x1764 | 6 Lemmal6.11
6 x 1176 | 6 Lemmal6.11
7x 1008 | 6 Lemmal6.11
Lemma 6.22|;
8 x 882 3 h—d k=21
0784 | 4 | Lemmap.1o
m=3,5s =28
12 x 588 | 6 Lemmal6.11
14 x504 | 6 Lemmal6.11
Lemma 6.22|;
16 x 441 | 3 h—d k=21
18 x 392
21 x336 | 6 | Lemmal6.1]
Lemma
24 x294 | 3 h—d k=21
28 x 252 | 6 | Lemmal6.11]
Lemma
36 x196 | 3 h—d k=21
42 x 168 | 6 | Lemmal6.11]
Lemma
49 x 144 | 5 h=7 k=12
Lemma
56 x 126 | 5 h=7k=12
Lemma
63 x 112 | 5 h=7k=12
Lemma
72x98 | 3 h—d k=21
84 x84 | 6 (18]
85 | 5 x 1445 | 6 Lemmal6.11
17x425 | 6 Lemmal6.11
Lemma 6.22|;
25 x 289 | 4 h—5 k=17
85 x8 | 6 (L8]]
86 | 2x 3698 | 6 Lemmal6.11
Ax 1849 | 3 | Lemmaelq
m=25=143
43 x 172 | 6 Lemma
86 x86 | 6 (18]

130

] n \ axb \ N \ Construction

87 | 3 x2523 | 6 Lemmal6.11
9 x 841
29 x 261 | 6 | Lemmal6.11
87T x87T | 6 (18]

88 | 2 x 3872 | 7 Lemmal6.11
4 %1936 | 7 Lemmal6.11
8x968 | 7 Lemmal6.11
11 x704 | 7 Lemmal6.11

Lemma 6.22|;
16 x 484 | 7 h—8. k=11
22x 352 | 7 | Lemmal6.11
Lemma
32x242 | 7 h—8 k=Tl
44 x 176 | 7 Lemma
Lemma
64 x 121 | 7 h—8 k=Tl
8 x & | 7 (18]
89 | 89x89 | v | Corollary [6.13]




] n \ axb \ N \ Construction ‘
90 | 2 x4050 | 6 Lemmal6.11
3x2700 | 6 Lemmal6.11
Lemmal6.16
4 %2025 1| 3 m=2s—415
5x 1620 | 6 Lemmal6.11
6x1350 | 6 Lemmal6.11
9 x 900 6 Lemmal6.11
10 x 810 | 6 Lemmal6.11
Lemmal6.16
12 x 675 | 3 m=2s=15
15x540 | 6 Lemmal6.11
18 x 450 | 6 Lemmal6.11
Lemma 6.22|;
20 x 405 | 3 h—5 k=18
Lemma
25 x324 | 3 h—5 k=18
27 x 300
30x270 | 6 Lemma
Lemma
36 x225 | 3 h—18.k =5
45 x 180 | 6 Lemma
Lemma
50 x 162 | 3 h—5 k=18
Lemma
54 x 150 | 3 h—18.k =5
Lemma
60 x 135 | 3 h—5 k=18
81 x 100
90x90 | 6 (18]
91 | 7x 1183 | 7 Lemmal6.11
13 x 637 | 7 Lemmal6.11
Lemma 6.22|;
49 x 169 | 6 h—7k=13
91 x 91 7 (18]
92 | 2x4232 | 6 Lemmal6.11
4x 2116 | 6 Lemmal6.11
Lemma 6.22|;
8 x 1058 | 3 h—4 k=23
Lemma
16 x 529 | 3 h—d4 k=23
23 x 368 | 6 Lemmal6.11
46 x 184 | 6 Lemmal6.11
92%x92 | 6 (18]
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93 | 3x2883 | 6 | Lemmal6.11|
9 x 961
31x279 | 6 | Lemmal[6.1]]
93 x93 | 6 (L8]]
94 | 2x4418 | 6 Lemmal6.11
4x 2209 | 3 | Lemma.lo
m=2,58=47
47 x 188 | 6 Lemma
94x94 | 6 (18]
95 | 5x 1805 | 6 Lemmal6.11
19 x475 | 6 Lemmal6.11
Lemma|6.22
25 x 361 | 4 h—>5, klz_llé)
95 x95 | 6 (18]
96 | 2 x 4608 | 7 Lemmal|6.11
3x3072 | 7 Lemmal6.11
4 %2304 | 7 Lemmal|6.11
6 x 1536 | 7 Lemmal6.11
8 x 1152 | 7 Lemmal6.11
9 x 1024
12 x 768 | 7 Lemmal6.11
16 x 576 | 7 Lemmal6.11
18 x 512
24 x 384 | 7 Lemmal6.11
32 x 288 | 7 Lemmal6.11
Lemma|6.22
36 x 256 | 5 h=d k|:_2|;4
48 %192 | 7 | Lemmal6.11|
Lemma|6.22
64 x 144 | 5 h—4,k4
Lemma|6.22
72x 128 | 5 b 4,k4
96 x 96 | 7 (18]
97 | 97x 97 | v | Corollary [6.13]




] n \ axb \ N \ Construction \ ] n \ axb N Construction ‘
98 2x4802 | 6 Lemmal6.11 102 | 2x5202 | 6 Lemmal6.11
4% 2401 | 3 LemmaH 3x 3468 | 6 Lemmal6.11
m=2,8 =149 4% 92601 | 3 Lemma6.16|;
7Tx 1372 | 6 Lemma|6.11 m=2,s =51
14x 686 | 6 | Lemmal6.11 6x1734 | 6 Lemma|6.11]
98 x 343 | 3 Lemma 6.22|; 9 x 1156
h=7k=14 12 % 867 | 3 Lemma
49 x 196 | 6 | Lemmal6.11 m=2,s =5l
98 x 98 | 6 [18] 17x612 | 6 Lemma6.11
99 | 3x3267 | 8 | Lemmal6.11 18 x 578 | 3| TLemmal6.17
9x 1089 | 8 Lemmal6.11 m=3,s=34
11x891 | 8 | Lemmal6.11 34 %306 | 6 Lemmal6.11}
Lemma 6.22F 36 x 289
27% 363 | 8 h=9k=11 51 x204 | 6 Lemma
33x297 | 8 | Lemmal6.1] 68 x 153 | 3 | Lemmaf6.20
81x 121 | 8 Lemma|6.22) t =17,3-(4,9;6)
h=9k=11 102 x 102 | 6 (18]
99 x99 | 8 (18] 103 | 103 x 103 | v | Corollary [6.13
100 | 2 x 5000 | 8 Lemmal6.11 104 | 2 x 5408 | 7 Lemmal6.11
4x2500 | 8 Lemmal6.11 4x2704 | 7 Lemmal6.11
5x 2000 | 8 Lemmal6.11 8x 1352 | 7 Lemmal6.11
3% 1250 | 3 Lemma 6.22|; 13 x832 | 7 Lemmal6.11
h=4k=25 Lemma 6.22|;
16 x 676 | 7
10 x 1000 | 8 | Lemmal6.11| h=28k=13
16 x 625 | 3 Lemma 26 x 416 | 7 Lemma
h=4,k=25 39 % 338 | 7 Lemma
20 x 500 | 8 Lemma|6.11 h=8k=13
25x400 | 8 | Lemmal6.11 52 x 208 | 7 Lemma6.11
50 x 200 | 8 Lemmal6.11 104 x 104 | 7 (18]
Lemma 6.22|;
80 x 125 | 4 h— 5.k =20
100 x 100 | 8 [18]]
101 | 101 x 101 | v | Corollary |6.13|
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105 | 3 x 3675 7 Lemmal6.11
5 x 2205 7 Lemmal6.11
7 x 1575 | 7 Lemmal6.11
Lemmal6.16
9x 1225 | 4 m—3s—35
15 x 735 7 Lemmal6.11
21 x 525 7 Lemmal6.11
Lemma 6.22|;
25 x 441 | 4 h—5k=21
35x315 | 7 | Lemmal6.11]
Lemma
45 x 245 | 4 h—5 k=21
Lemma
49 x 225 | 4 h=7k=T5
Lemma
63 x 175 | 4 h=7k=T15
Lemma
75 x 147 | 4 h—5k=21
105 x 105 | 7 (18]
106 | 2 x 5618 6 Lemmal6.11
4% 2809 | 3 LemmaH
m=2,8=>53
53 x 212 6 Lemma
106 x 106 | 6 [L18]]
107 | 107 x 107 | v | Corollary |6.13]

133

] n \ axb \ N \ Construction
108 | 2x 5832 | 6 Lemmal6.11
3 X 3888 6 Lemmal6.11
4 x 2916 6 Lemmal6.11
6 x 1944 6 Lemmal6.11
9 x 1296 6 Lemmal6.11
12 x 972 6 Lemmal6.11
Lemma 6.22|;
16 x 729 3 h—d k=27
18 x 648 6 Lemma
Lemma
24 x 486 | 3 h—d k=27
27 x 432 6 Lemmal6.11
36 x 324 6 Lemmal6.11
Lemma 6.22|;
48 x 243 3 h—d k=27
54 %216 | 6 | Lemma6.1]
72x 162 | 5 | Lemma22
h=9k=12
Lemma
81 x144 | 5 h—9 k=12
108 x 108 | 6 (18]
109 | 109 x 109 | v | Corollary [6.13|
110 | 2 x 6050 6 Lemmal6.11
4%3025 | 3 LemmaH
m=2,8=>55
5 x 2420 6 Lemmal6.11
10 x 1210 | 6 Lemmal6.11
11 x 1100 | 6 Lemmal6.11
Lemma 6.22|;
20 x 605 | 3 h—5 k=22
22 x 550 | 6 Lemma
Lemma
25 x 484 | 3 h=5 k=22
44 x 275
Lemma
50 x 242 3 h—5 k=22
55 x 220 6 Lemma
Lemma
100 x 121 | 3 h— 5. k=22
110 x 110 | 6 (18]




] n \ axb \ N \ Construction \ ] n \ axb \ N \ Construction \

111 | 3 x 4107 | 6 Lemmal6.11 115 | 5x2645 | 7 Lemmal6.11
9% 1369 | 4 LemmaH 23 x 575 | 7 Lemmal6.11

m=3,s =37 95 % 529 | 4 Lemma 6.22|;
37 %333 | 6 Lemma 6.11 h=5k=23
111 x 111 | 6 (18] 115 x 115 | 7 (18]

112 | 2 x6272 | 13 Lemmal6.11 116 | 2 x 6728 | 6 Lemmal6.11
4x 3136 | 13 Lemmal6.11 4%x3364 | 6 Lemmal6.11
7x 1792 | 13 Lemmal6.11 8 x 1682 3 Lemma 6.22|;
8 x 1568 | 13 Lemmal6.11 h=4,k=29
14 x 896 | 13 Lemmal6.11 16 x 841 3 Lemma
16 x 784 | 13 Lemmal6.11 h=4,k=29
28 x 448 | 13 Lemmal6.11 20 x 464 | 6 Lemmal6.11

Lemma 6.22F 58 x 232 6 Lemmal6.11
8239216 1 s E = 116 x 116 | 6 (18]
19 %956 | 6 Lemma (6.22 117 | 3x4563 | 8 | Lemmal6.11
h="7%k=16 9x 1521 | 8 Lemmal6.11
56 x 224 | 13|  Lemma6.1] 131053 | 8 | Lemmal6.11
Lemma Lemma 6.22|;
64 x 196 6 h=16k =7 27 x 507 | 8 h—9 k=13
98 x 128 | 6 Lemma (6.22 39 x 351 | 8 | Lemmal6.11]
h=7k=16 81x169 | 8 Lemma|6.22)
112 x 112 | 13 (18] h=9k=13

113 | 113 x 113 | V Corollary |6.13| 117 x 117 | 8 (18]

114 | 2 x 6498 6 Lemmal6.11 118 | 2 x 6962 6 Lemmal6.11
3x4332 | 6 Lemmal6.11 4% 3481 | 3 LemmaH

Lemma 6.16|; m=2,5s =059
4 x 3249 3
m=2,s =57 59 %236 | 6 | Lemmal6.11]
6 x 2166 | 6 Lemma|6.11} 118 x 118 | 6 (18]
9 x 1444 119 | 7x2023 | 6 Lemmal6.11
12 % 1083 | 3 Lemma 17 x 833 6 Lemmal6.11
m=2,8 =57 Lemma 6.22|;
Lemma 49 %289 | 6 h=T7k=17
18 x 722 | 4 - ’
m=3,s =38 119 x 119 | 6 (18]
19x 684 | 6 Lemma|6.11]
36 x 361
38 x 342 6 Lemmal6.11
57 x 228 6 Lemmal6.11
Lemma 6.20|;
76 x 171 3 £ = 19,3-(4.9: 6)
114 x 114 | 6 (18]
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[ n | axb [N | Construction ’ n ‘ axb ‘ N ‘ Construction ‘
120 | 27200 | 7 | Lemmaf6.11 121 | 121 x 121 | v | Corollary [6.13|
i x 3288 ; iemma 2}} 122 2x7442 | 6 | Lemmal.11
X emmalo6.
5x2880 | 7 | Lemmal6.11 4%x3721 | 3 Lemmal6.16
6x2400 | 7 | Lemmal6.11 m=2,s =6l
8x 1800 | 7 | Lemmal6.11 61x244 | 6 | Lemmal6.11
9 x 1600 122 x 122 6 (18]
10 x 1440 | 7 Lemmal|6.11 123 3 x 5043 6 Lemmal6.11
12 x 1200 | 7 | Lemmal6.11 9 x 1681
15 x 960 7 Lemmal6.11 41 X 369 6 Lemma
Lemmal|6.22
16 x 900 4 h—8 k=15 123 x 123 6 (18]
18 % 800 124 2 x 4688 6 Lemmal6.11
20 % 720 7 Lemmal6.11 4 x 3844 6 Lemmal6.11
24 x 600 | 7 Lemmal6.11 8 x 1922 3 Lemma 6.22|;
Lemma 6.22|; h=4k=231
25 x 576 4 ’
h=5k=24 Lemma|6.22)
30480 | 7 | Lemmal6.11 16 <961 | 3 1 ' 4 =3
52 x 450 | 4 | Lemmajo23 31x496 | 6 | Lemmal6.11
hi=8k=15 62x248 | 6 | Lemmal6.11
Lemmal6.22; :
36400 | 41,7, k 124 x 124 | 6 [18]
40 x 360 | 7 | Lemmal6.11] 125 | All possible | v' | Corollary [6.13]
Lemma ,
45320 | 4 | BT
Lemma ,
48 x 300 4 h=8 k=15
Lemma ,
50> 288 | 4 | MBS
60 x 240 | 7 | Lemmal6.11]
Lemma [6.22;
64x225 | 4 | DL
Lemma|6.22;
2x200 | 4 | L
Lemma 6.22;
Tix 102 | 4| SNBSS
Lemma ,
80 x 180 4 h—8 k=15
Lemma
90 x 160 | 4 | D
Lemma 6.22;
06 150 | 4 | D=
Lemma [6.22;
100 x 144 | 4 | D
120 x 120 | 7 (L8]]
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] n \ axb N \ Construction \ ] n \ axb \ N \ Construction \
126 2 X 7638 6 Lemmal6.11 130 | 2x 8450 | 6 Lemmal6.11
3 x 5292 6 Lemmal6.11 4% 4995 | 3 LemmaH
4 % 3969 3 Lemma6.16|; m=2,s =65
m=2,5s =063 5x3380 | 6 Lemmal6.11
6 x 2646 6 Lemmal6.11 10 x 1690 | 6 Lemmal6.11
7 X 2268 6 Lemmal6.11 13 x 1300 | 6 Lemmal6.11
9 x 1764 6 Lemmal6.11 20 x 845 4 Lemma 6.22|;
12 %1323 | 3 Lemmal|6.16 h=5k=26
m=2,5s =063 25 x 676 4 Lemma
14 x1134 | 6 Lemmal6.11 h=5k=26
18x882 | 6 | Lemmaf6.11 26 x 650 Lemmal6.11]
21 x 756 6 Lemmal|6.11 Lemma
Lemmal6.22} POX338 | 4 1y s =26
27 x 88 3
h=9k=14 Lemma
08 5 567 | 3 | Lemma|6.22 52 %325 | 3 t =13,
h=7k=18 3—(4,25;10)
36 x 441 3 Lemma 65 x 260 | 6 Lemma
h=9k=14 100 % 160 | 4 Lemma|6.22)
42 x 378 | 6 | Lemmal6.11] h=5k=26
10 304 | 3 | Lemmal6.22 130 x 130 | 6 (18]
h="7Fk=18 131 | 131 x 131 | v* | Corollary |6.13|
Lemma
54 x 294 3 h—9 k=14
63 x 252 6 Lemma
Lemma (6.22
81 x 196 3 h—9 k=14
Lemma
84 x 189 3 h—7 k=18
Lemma
98 x 162 3 h—7 k=18
126 x 126 6 (18]
127 | 127 x 127 | v | Corollary [6.13
128 | All possible | v | Corollary [6.13
129 3 x 5547 7 Lemmal6.11
9 x 1849
43 x 387 | 7 | Lemmal6.11|
129 x 129 | 7 (18]
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] n \ axb \ N \ Construction ‘
132 | 2 x 8712 6 Lemmal6.11
3 x 5808 6 Lemmal6.11
4 x 4356 6 Lemmal6.11
6 x 2904 6 Lemmal6.11
Lemma 6.22|;
8x 2178 | 3 h—4 k=33
01036 | 4 | Lemmal19
m=3,8 =44
11 x 1584 | 6 Lemmal6.11
12 x 1452 | 6 Lemmal6.11
Lemma 6.22|;
16 x 1089 | 3 h—4 k=33
18 x 968
22x792 | 6 | Lemmal6.11|
Lemma
24 x 726 | 5 h=12 k=11
33 x 528 6 Lemma
Lemma
36 x484 | 5 h—12.k =11
44 x 396 | 6 | Lemmal6.11|
Lemma
48 x 363 | 5 h—12.k=11
66 x 264 | 6 | Lemmal6.11
Lemma
%198 | 5 h=11,k=12
Lemma
99 x 176 | 5 h=11,k=12
Lemma
121 x 144 | 5 h=11k =12
132 x 132 | 6 (18]
133 | 7x2527 | 7 Lemmal6.11
19 x937 | 7 Lemmal6.11
Lemma 6.22|;
49 x 361 6 h—7k=19
133 x 133 | 7 (18]
134 | 2 x 8978 6 Lemmal6.11
4x a0 | 3 | Lemmapl
m=2,s =67
67 x 268 6 Lemma
134x134 | 6 (18]

137

] n \ axb \ N \ Construction
135 | 3 x 6075 7 Lemmal6.11
5 x 3645 7 Lemmal6.11
9 x 2025 7 Lemmal6.11
15 x 1215 | 7 Lemmal6.11
Lemma 6.22|;
25 x 729 | 4 h—5 k=27
27 X 675 7 Lemmal6.11
45 x 405 7 Lemmal6.11
Lemma 6.22|;
75 x 243 | 4 h—5 k=27
Lemma
81 x 225 | 4 h=27.k=5
135 x 135 | 7 (18]
136 | 2 x 9248 7 Lemmal6.11
4 x 4624 7 Lemmal6.11
8 x 2312 7 Lemmal6.11
Lemma 6.22|;
16 x 1156 | 7 h—8 k=17
17 x 1088 | 7 | Lemmal6.11
32 x 578 | 7 | Lemmap22
h=8k=17
34x544 | 7 | Lemmal6.11]
Lemma
64 x 289 | 7 h—8 k=17
68 x 272 7 Lemma
136 x 136 | 7 (18]
137 | 137 x 137 | v | Corollary [6.13|




] n \ axb N Construction \ ] n \ axb \ N \ Construction
138 | 2x9522 | 6 Lemmal6.11 140 | 2 x 9800 | 6 Lemmal6.11
3 x 6348 6 Lemmal6.11 4 x 4900 6 Lemmal6.11
Lemma 6.16|; 5 x 3920 6 Lemmal6.11
AxAT6L 13 9 =69 7x2800 | 6 | Lemmal6.11
6 x 3174 6 Lemma 3 % 2450 3 Lemma 6.22|;
9% 2116 | 4 Lemma6.16 h=4,k=35
m=3,s =46 10 x 1960 | 6 Lemmal6.11
12 % 1587 | 3 | Lemmal6.16 14 x 1400 | 6 | Lemmal6.11
m=2,5s =069 16 x 1225 | 3 Lemma 6.22|;
18 x 1058 h=4,k =235
23x 828 | 6 | Lemmal6.11] 20x 980 | 6 | Lemmal6.11
36 x 529 o5 s 784 | 4 | Lemma6.22
46 x 414 | 6 Lemma|6.11 h=5k=28
69 x 276 6 Lemmal6.11 28 x 700 6 Lemmal6.11
92 x 207 | 3 Lemma 6.20|; 35 x 560 6 Lemmal6.11
t =23,3-(4,9;6) 40 % 490 | 4 Lemma 6.22|;
138 x 138 | 6 (18] h=5k=28
139 | 139 x 139 | v | Corollary [6.13] 19 % 400 | 4 | Lemmaf6.22
h="7k=20
Lemma
50 x 392 | 4 h—5k =28
Lemma
56 x 350 | 4 h—7.k=20
70 x 280 6 Lemma
Lemma (6.22
80 x 245 | 4 h— 5. k=98
Lemma
98 x 200 | 4 h—7k=20
Lemma
100 x 196 | 4 h—5 k=28
Lemma
112 x 175 | 4 h=7.k=20
140 x 140 | 6 (18]
141 | 3 x 6627 7 Lemmal6.11
9 x 2209
47 x 423 7 Lemma
141 x 141 | 7 (18]
142 | 2 x 10082 | 6 Lemmal6.11
4x 5041 | 3 | Lemma H
m=2,s=171
71 x284 | 6 Lemma
142 x 142 | 6 (18]
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] n \ axb \ N \ Construction ‘
143 | 11 x 1859 | 10 Lemmal6.11
13 x 1573 | 10 Lemmal6.11
Lemma 6.22|;
121 x 169 | 10 h—11.k=13
143 x 143 | 10 (18]
144 | 2 x 10368 | 10 Lemmal6.11
3 x6912 | 10 Lemmal6.11
4 x 5184 | 10 Lemmal6.11
6 x 3456 | 10 Lemmal6.11
8 x 2592 | 10 Lemmal6.11
9 %2304 | 10 Lemmal6.11
12 x 1728 | 10 Lemmal6.11
16 x 1296 | 10 Lemmal6.11
18 x 1152 | 10 Lemmal6.11
24 x 864 | 10 Lemmal6.11
Lemma 6.22|;
27 X 768 8 h=9 k=16
Lemma
32 X 648 8 h =16,k =9
36 x 576 | 10 Lemmal6.11
48 x 432 | 10 Lemmal6.11
Lemma 6.22|;
54 x 384 8 h—9 k=16
Lemma
64 x 324 8 h=16.F =9
72 x 288 | 10 | Lemmal6.11]
Lemma
81 x 256 8 h=9k=16
Lemma
96 x 216 8 h =16,k =9
Lemma
108 x 192 | 8 h=9.k=16
Lemma
128 x 162 | 8 h=16.F =9
144 x 144 | 10 (18]
150 | 36 x 625
174 | 36 x 841
186 | 36 x 961
210 | 36 x 1225

C = Computational construction
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K[l
N(S), [0
NMOELR- 88|
NmorLr. 88
Nuos(n).[86]
PR

B,@ 12
BIBD,H
A(G), B
LS(n), B3
MOELR, Bg]
MOELR(a, b;n),
MOLR, B8]
OGER, 89|
PBD,[8q
RBIBD,[
TS,

V.|

BT

X' (G),
X(@).2

A\ H

k-PD,[87]

adjacent, [2]
alternating path, [4]
augmenting path, [4]

balanced incomplete block design, 4]
blocks, [
complete, [4]
parameters, 5]
bipartite graph, 3]
X, Y -bigraph, [79]

chromatic number, 2]
circulant matrix, [T7]

g—circulant, [64]
coloring

k-edge-colorable,
k-edge-coloring,
k—coloring,
equitably colored, [82]
proper k-edge-coloring,
proper coloring, 2]
semi-properly colored BIBD, 23]
column-regular, [8§]
complete graph, [T]

equitable rectangle, [82]

finite field construction, [97]

graph, []
conflict graph, 2]
simple graph, ]
group divisible design, [6]
blocks, [6]
groups, [6]
transverse pair, [7]
uniform, [7]

incidence matrix, [13]
edge-coloring incidence matrix, [I7]
edge-incidence matrix, [T6]

incident, [§T]

Latin rectangle, [8§|
equitable, B8]
Latin square, 21] [83]
n-set, [83]
order, [83]
side, 83
loop, [I]

marriage condition, [79]
matching, [2]
maximal matching, [79]
perfect matching,
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monochromatic, [T1]

multiple edges, [T]

mutually orthogonal, [8§]

mutually orthogonal equitable Latin rectangles,

mutually orthogonal Latin squares, [S|

NP-complete, 4]

orthogonal, [86] [8§]

pairwise balanced design, [86]
panchromatic, 2]

parallel class, [9]

path decomposition, [82]
permutation, [89]

regular, [8§|
repetition number, [T6|

resolution class, [9]
resolvable balanced incomplete block design, [9]
row-regular, B8]

saturation, [79]
Steiner triple system, [3]

transversal design, [§7]
triple system, [3]
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