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Abstract. For a v-set V, let A be a collection of r X ¢ arrays with elements in V. A pair (V,.A)
is called an r X ¢ grid-block design if every two distinct elements 7 and j in V' occur exactly once in
the same row or in the same column of an array in A. This design originated from the use of DNA
library screening. In this paper, we show the existence of r X 4 grid-block designs with r = 3,4. We
settle completely for the case of r = 4 and almost completely for the case of r = 3, leaving 15 orders
undetermined.
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1. Introduction and preliminaries. Let V' be a v-set and A be a collection
of r x ¢ arrays with elements in V. Two elements of V" are collinear if they are on the
same grid line (row or column). A pair (V,.A) is called an r x ¢ grid-block design of
order v if every pair of two distinct elements of V' is collinear exactly once. Therefore,
an r X ¢ grid-block design of order v exists if and only if the complete graph of order
v, K,, can be decomposed into the Cartesian product of two complete graphs K, and
K., denoted by G(r,c¢) = K, x K.. For graph terms not defined here, we refer the
reader to [13].

For convenience, we denote an r x ¢ grid-block design of order v by a D,x.(K,).
It is not difficult to conclude the following necessary conditions for the existence of a
Drxc(Kv)~

LEMMA 1.1. If a Dyx.(K,) ezists, then (a) v — 1 = 0 (mod r + ¢ — 2) and
(b) v(v —1) =0 (mod re(r + ¢ — 2)).

The study of the existence of a D,.«.(K,) dates back to around 70 years ago when
the case r = ¢ = v was first considered by Yates [15]. Such a grid-block is known as
a lattice square. Later, in 1971, Raghavarao [12] gave a construction of a Djx.(K,)
for the case when /v is an odd prime. In 1995, it was pointed out by Hwang [8] that
this design can be applied to DNA clone library screening. For practical use, in a
2-stage group test, we need an r X ¢ grid-block design of order v with smaller r and ¢
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comparable to v; see [11, 10] for reference.

The existence of a Day3(K,) for all admissible v was shown by Carter [4] in her
Ph.D. thesis. There are three other substantial works on this topic. First, in 2003, Mu-
toh et al. [11] proved that the necessary conditions for the existence of a Doy 4(K,) are
also sufficient. Then, in 2004, Fu et al. [6] showed the existence of a D3x3(K,). Finally,
in 2007, Li et al. [9] gave a complete solution to the existence of a Day5(K,). In this
paper, we shall extend their study and consider the grid-blocks G(3,4) and G(4,4).

The methods which we adopt are mainly direct constructions. For smaller grid-
block designs (ingredients), the constructions are based on the familiar difference
method, where a finite group (normally an Abelian group but sometimes a non-
Abelian group) will be utilized to generate the set of grid-blocks for a given design.
Thus, instead of listing all the grid-blocks, we list a set of base grid-blocks and gen-
erate the others by an additive group and perhaps some further automorphisms. For
example, the following G(4,4) generates all 97 grid-blocks of a Dy 4(Ko7); the ith
block is obtained by adding ¢ (mod 97) to each element of this block.

0O |1 |3 |7

5 |13 ] 81| 38
16 | 60 | 26 | 86
46 | 74 | 61 | 29

In order to combine the ingredients together nicely to obtain a larger one, we
need some notation on combinatorial designs. For terminology in design theory, we
refer the reader to [5]. For sets of positive integers K and M, let V be a set of v
elements, let g be a partition of V' such that each G' € ¢ has m elements for m € M,
and let B be a collection of k-subsets (blocks) of V' for k € K. A triple (V, g, B) is
called a group divisible design (GDD), denoted by GD[K, A, M ; v], if every two distinct
elements contained in different groups of § occur in exactly A blocks of B and every
two distinct elements contained in the same group occur in no blocks. In particular,
a GD[{k}, A\, {m};v] is written by GD[k, A\, m;v] and called a k-GDD for simplicity
of notation. Furthermore, if ¢ contains ¢; groups of size s; for i = 1,2,...,h, then
the k-GDD is said to be of type H?:l s;t. Now, if A = 1, then the existence of a
GDIk,1,m;v] is equivalent to the decomposition of K, (m) into K}’s, where v = mn
and K,(m) denotes the balanced complete n-partite graph with each partite set of
size m. For convenience, the elements in each partite set will be called the points
throughout this paper. A pairwise balanced design (PBD) with set of block sizes K
is a K-uniform set system (X,.4), such that every element of (3) is contained in
exactly one block of A. A PBD of order v and set of block sizes K is denoted by
(v, K,1)-PBD. If an element k € K is “starred” (written k*), it means that the PBD
has exactly one block of size k. The following lemma is easy to see.

LEMMA 1.2. (a) (n—1)m = 0 (mod r+c—2) and (b) nm?(n—1) = 0 (mod rc(r+
¢ —2)) are necessary conditions for the existence of a Dy .(K,(m)).

Note here that we use a D,.x.(G) to denote a decomposition of G into G(r, c)’s.

The following recursive constructions are essential to the constructions of our
main results. These constructions were obtained earlier by Fu et al. [6] and Mutoh
et al. [11].

LEMMA 1.3 (see [6]). A Dyxc(Kst) exists if a Dyxc(K:) and a Dyxo(Ks(t))
exist.

LEMMA 1.4 (see [6]). A Dyyco(Kstr1) exists if a Dypxe(Ki41) and a Dyyo(Ks(t))
ezist.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/25/14 to 140.113.38.11. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

GRID-BLOCK DESIGNS 1047

LEMMA 1.5 (see [11]). There exists a Dyxo(Kyy1) if there exist a GD[K, 1, M;v],
a Dysoe(Kmit1), and a Dyy (K (t)) for any m € M and k € K.

LEMMA 1.6 (see [11]). There exists a Dyx.(Ks(tu)) if there exist a Dyyo(Ks(t))
and an OA(u, k), where k = max{r,c} and OA(u, k) is an orthogonal array of order u,
degree k, and index 1.

We shall also use the idea of Wilson in [14] to obtain grid-block designs of prime
power orders. For a positive integer e, let ¢ be a prime power such that ¢ = 1
(mod e). Then, the cyclic multiplicative subgroup of nonzero elements in the finite
field of order ¢, GF'(q), has a unique subgroup C§ of index e. The multiplicative cosets
of C§ : C§,Cy,...,Cs_y, are called the classes of index e. Now, let A = (a;;) be an
r X ¢ grid-block with elements in GF'(¢). Then, we define the ordered list of differences
oanséA:{ajl—ailH§i<j§r,1 <l<clU{aj—apl <I<r1<i<j<c}l

By a similar idea as the one in [8], we have the following result.

LEMMA 1.7. For a prime power ¢ =1 (mod rc(r+c—2)), let e = re(r+c—2)/2.
If there exists an v x ¢ array A = (a;;) over GF(q) such that JA is a system of
representatives for the cosets of C§, then a D,y .(K,) exists.

We remark here that A can be viewed as a base grid-block and all the grid-blocks
of D, x.(K,) can be obtained by calculating cA+x for ¢ € C§/{1,—1} and x € GF(q).
Now, we are ready to state the main results.

2. 3 X 4 grid-block designs. By Lemma 1.1, it is a routine matter to show the
following fact.

LEMMA 2.1. If a D3x4(K,) exists, then v = 1,16,21,36 (mod 60).

For convenience, the constructions are split into four parts. (We claim that the
above necessary conditions are sufficient except for v = 16, which is impossible, as
well as several unsettled cases.)

2.1. v =1 (mod 60). The following lemmas provide the constructions of the
ingredients.

LEMMA 2.2. There exist both a D3y 4(K4(20)) and a D3x4(K5(15)). Hence, there
exist both a D3y 4(K4(60)) and a D3x4(K5(60)).

Proof. A Dsy4(K4(20)) is constructed on the Abelian group V = Zgg which has
only one base grid-block:

0 [1 |3 |10
11 | 16 | 54 | 33
66 | 47 | 21 | 60

A D3y 4(K5(15)) is constructed on the Abelian group V' = Z75 generated by the group
V acting on the points. This design has one base grid-block:

0O |1 |3 |7
14 | 38 | 66 | 25
43 160 | 24 | 51

Since there are both an OA(3,4) and an OA(4,5), a D3y 4(K4(60)) and a D3 4(K5(60))
can be obtained by applying Lemma 1.6. O

LEMMA 2.3. There exists a D3x4(Kgor+1) fort =1,2,3,7.

Proof. According to Lemma 1.7, we use a computer to find the array A for
t=1,2,3,7. These A’s are listed in the following table.
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t || Primitive element or polynomial A
2 0 1 3 7
5 25 56 43
19 47 30 59
2 w2+ wl+7 w>e W Wl W?
R S - B R 1
WA W9 9T 45
3 2 0 1 3 7
5 13 23 63
99 90 142 39
7 2 0 1 3 7
5 13 23 37
105 365 281 86

Now we can show the existence of the desired grid-block designs. Here, we verify
the case t = 1, and the others are similar. Clearly, ¢ = 61, ¢ =30, and f = (¢—1)/e =
2. We denote F* = GF(q) \ {0}, w to be the primitive element of F* and ¢ = w®.
Then the cosets of Cf are as follows:

Cs ={l,e,e%...,ef711 = {1,60}
Cle = {w7w§,w€2, o ,wsf_l} = {2, 59}
O — (e, P ) = {4,57)

Ce oy ={w 2w 2e,w 22 ... w2/ 1) = {15, 46}
e

e = {whwt e wele? L welef ) = {30, 31}

Finally, we compute JA and take all the 30 differences less than 31; that is, if the differ-
ence is 41, we write it down as 20. So the differences are DA = (5,14,19,24, 15,22, 8, 26,
27,25,16,9,1,2,3,4,6,7, 20, 30,10, 13, 18, 23,28, 17,11, 29, 12, 21). The 30 different dif-
ferences correspond exactly to the elements 1 to 30. According to the cosets of Cf,
we know that the elements 1 to 30 are exactly in the 30 different cosets. So, by
Lemma 1.7, a D3y 4(Ke1) exists. Note that all the grid-blocks are obtained by calcu-
lating cA + z for c € C§/{1,—1} and © € GF(q). So, in fact, we have 61 grid-blocks
in this case. d

The following lemmas show that a D3y 4(Kgor+1) exists for t =4,5,6,8,9,10, 11.

LEMMA 2.4. There exist both a D3><4(K241) and a D3><4(K301).

Proof. By Lemmas 2.2 and 2.3, there exist both a D3y 4(K4(60)) and a D34 (Ke1).
Thus, there exists a D3y 4(K241) by Lemma 1.4. Again, by Lemmas 2.2 and 2.3, there
exist both a D3x4(K5(60)) and a Dsx4(Ke1). Hence, we have a D3y 4(K301). a

LEMMA 2.5. There exists a D3x4(K361)-

Proof. First, we construct a D3x4(Kg(60)). We know a 5-GDD of type 45 exists;
see [7] for a reference. Then we inflate each point in each partite set to 15 points. In
other words, we view each point in each partite set as a subset (each of size 15). So, we
can get a D3x4(K(60)) by using Lemma 2.2 to obtain 75 grid-blocks for each K5 in a
Ks-design of Kg(4). Since a D3yx4(Kp1) exists (Lemma 2.3), we get a Dsyxa(Ksox6+1)
by Lemma 1.4. O

LEMMA 2.6. There exists a D3x4(Ks(15)).

Proof. Let the last partite set of Kg(15) be {o00g, 001,002, ..,0013,0014} and
V = Zj05 U {00g,001,009,...,0013,0014}. Then, the design is constructed on the
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group V generated by the group Zjgs acting on the points. The 15 infinite points
remain fixed under the action of Z1p5. It has two base grid-blocks:

0 |1 |3 [9 |[0 [48]23 [68
4 | 14119 |31 ]| 75 [ 86 | oo™ | 34
40 | 87|58 oo || 31 |5 | 77 | o8

We remark here that each of the above grid-blocks has an extra property that all
elements in the same row or same column with oo (co* or co®) are in different residue
classes (mod 5). Therefore, for the 21 grid-blocks generated by adding ¢, 5+4, . .., 100+
i, 1=0,1,2,3,4, to every point in each base grid-block, respectively, we replace three
infinite points (oo,oo*,oo$) with 00;, 0045, 00;+10 correspondingly. Then, we have
the desired Dsx4(Kg(15)). O

LEMMA 2.7. There exists a D3x4(K481).

Proof. By Lemma 2.6, we have a D3x4(Kg(15)). Then we can get a D34 (Kg(60))
by applying Lemma 1.6 with an OA(4,4). Since a D3y 4(Ke1) exists, the desired grid-
block design can be obtained by Lemma 1.4. O

LEMMA 2.8. There exists a D3x4(Ko(15)).

Proof. The design is constructed on the Abelian group V = Zj35 generated by
the group V acting on the points. This design has two base grid-blocks:

0 |1 |3 |7 0 |14 |61]83
5 | 13|24 | 37 50 | 115 | 89 | 66 O
15|44 |79 | 104 || 98|58 |5 | 25

LEMMA 2.9. There exists a D3xq(Kpa1).

Proof. By the fact that a (37,{5,9*})-PBD exists (see [2] for a reference), we can
get a {5, 9}-GDD of type 4° by deleting one point not in the block of size 9. Then, by
a similar idea as in Lemma 2.5, the existence of a D3y 4(K5(15)) and a Dsx4(Kg(15))
gives the D3x4(Kgoxo+1) we need. O

LEMMA 2.10. There exists a Dsxa(Keo1)-

Proof. By Lemma 2.2, we know that a D34 (K5(15)) exists. Since an OA(8,5) ex-
ists, we get a Ds3x4(K5(120)) by Lemma 1.6. This implies that we have a
D3><4(K60><10+1) (by Lemmas 1.4 and 23) a

LEMMA 2.11. There exists a D3><4(K661).

Proof. We know that a 5-GDD of type 4! exists; see [7] for a reference. Therefore,
a D3x4(K11(60)) can be obtained by inflating each partite set to 60 points. Since a
D3><4(K61) GXiStS, we get a D3><4(K60><11+1) by Lemma 1.4. 0

THEOREM 2.12. There exists a D3xa(Kegot+1) for each positive integer t.

Proof. When t > 12, we know that a GD[K,1,M;t] exists, where K = {4,5}
and M = {1,2,...,7} by [11, Lemma 3.2]. We also know that a D3y 4(Keom-1) for
any m € M and a D3y4(K1(60)) for any k € K exist by the above lemmas. So, by
Lemma 1.5, a D3y 4(Kegot+1) exists when ¢ > 12. Combining the results of Lemma 2.3
to Lemma 2.11, we conclude the proof. 0

2.2. v = 21 (mod 60). By Lemma 1.4, it suffices to prove that a Dy 4(K21)
exists and a D3x4(K3:4+1(20)) exists for each positive integer t.
LEMMA 2.13. There exists a Dgyx4(Ko1).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Proof. The design is constructed on V = Z7 x {0,1,2}, generated by the group
Z7 acting on the points. The base grid-block is the following 3 x 4 array:

(0,0) | (1,0) | (3,0) | (0,1)
) @) [ (@) [ (02) 0
) | (6:2) | (5,2) | (6,0)

21
(3,2

LEMMA 2.14. There exist both a D3><4(K7(20)) and a D3><4(K10(20)).
Proof. A D3x4(K7(20)) is constructed on the Abelian group V' = Z149 generated
by the group V acting on the points. This design has two base grid-blocks:

0|1 |3 |9 0 |11 |45 | 86
4 |114]19] 31 371101 |81 |7
23161190 | 123 || 8 |70 | 113 | 31

A D3x4(K10(20)) is constructed on the Abelian group V = Zso generated by the
group V acting on the points. This design has three base grid-blocks:

199 | 74 | 46 | 122 || 44 |69 |78 |[133 | 61|53 |2 |8
38 | 195 | 103 | 141 || 139 | 110 | 54 | 52 96 | 192 | 18 | 91 a
132 | 181 | 90 | 159 || 55 | 38 | 192 | 126 || 73 | 74 | 70 | 106

LEMMA 2.15. There exists a D3x4(K19(20)).

Proof. In order to obtain a D3y4(K19(20)), we first construct a D3x4(Kg(60)),
and then together with a D3, 4(K4(20)) we obtain the desired design.

First, we know that a 5-GDD of type 4° exists; see [7] for a reference. Then we
inflate each point in each partite set to 15 points. So, we have a D3, 4(Ks(60)) by
obtaining 75 grid-blocks for each K5 in a Kj-design of Kg(4).

Next, in order to construct the desired Dsy4(K19(20)), we first partition each
partite set of Kg(60) into three subsets (each of size 20). Then, we add 20 new points
to K¢(60). We view these 20 points as a subset A which is different from the subsets
in K¢(60). So, we have 19 subsets (each has 20 points) altogether. By Lemma 2.2,
since a D3x4(K4(20)) exists, we have a D3y 4(K19(20)) as desired. O

LEMMA 2.16. For each positive integer t, a Dsx4(Ks:4+1(20)) exists.

Proof. Tt is well known that a (v, {4,7,10,19}, 1)-PBD exists for each v = 1(mod
3) and v > 4. Then, by inflating each point to 20 points and using Lemmas 2.2, 2.14,

and 2.15, respectively, we conclude the proof. a
THEOREM 2.17. For each positive integer t, a Dsx4(Kgort+21) exists.
Proof. By Lemmas 1.4, 2.13, and 2.16, the proof is complete. d

2.3. v = 36 (mod 60).

LEMMA 2.18. There exists a Dsyx4(K3g).

Proof. The design is constructed on V = Z1g x {0,1}, generated by the group
Z1s acting on the points. Note that there are two base grid-blocks. The first one is
of short orbit, which goes one sixth of the cycle, and the second one is of full orbit.

(0,0) | (9,0) | (0,1) | (9,1) (0,0) | (1,0) | (4,0) | (2,1)
(6,0) | (15,0) | (6,1) | (15,1) 2,0) | (12,0) | (17,1 | (L,1) 0
(12,0) | 3,0) | (12,1) | (3,1) 12,0 | 5,1) | (9,0) | (15,1)

The following lemmas are essential for our direct constructions.
LEMMA 2.19. There exists a Dsyx4(K~7(10)).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Proof. The design is constructed on the Abelian group V = Z7g, generated by
the group V acting on the points. It has one base grid-block:

1 (2 (4 |10
5 | 325543 0
23 |7 | 38|67

In what follows, if a complete multipartite graph with t; partite sets of size s; for
1=1,2,...,h, can be decomposed into G(r,c)’s, then we say that an r x ¢ grid-block
design of type I17_, s;% exists.

LEMMA 2.20. There exists a 3 x 4 grid-block design of type 10°5%.

Proof. Let V = Zgo U {00g, 001, 009, 003,004 }. The design is constructed on the
group V generated by the group Zgp acting on the points. The five infinite points
remain fixed under the action of Zgy. It has one base grid-block:

0 |1 |3 |11
16 | 36 | 31 | 2
33 14|10 | o0

We remark here that the above grid-block has an extra property that all elements
in the same row or same column with co are in different residue classes (mod 5).
Therefore, for the 12 grid-blocks generated by adding ¢, 5+4,...,55+4, i = 0,1,2, 3,4,
to every point in each base grid-block, respectively, we use oco; for co. Then we have
the desired design. O

LEMMA 2.21. There exists a D3x4(Kg(10)).

Proof. Let the last partite set of Kg(10) be A = {00, 001,002, ..., 008,009} and
V = Z50 U A. The design is constructed on the group V generated by the group Zs¢
acting on the points. The 10 infinite points remain fixed under the action of Zgq. It
has one base grid-block:

0 |1 |4 38
2713 | oo" |21
19 | 12 | 40 | oo

Now, similar to Lemma 2.20, we replace co*, 00 by 00;, 00,45, respectively, and ¢ =
0,1,2,3,4, for the corresponding grid-blocks. a

LEMMA 2.22. There exists a D3x4(K12(10)).

Proof. Let the last partite set of K12(10) be {001, 002,...,0010} and V = Z119 U
{001,009, ...,0010}. Then, the design is constructed on the group V generated by
Z110 acting on the points. Furthermore, the 10 infinite points remain fixed under the
action of Zj19. It has two base grid-blocks:

0|1 3 7 0 |10 45 | 73
5 | 17| oco1 | 26 || 38|68 | 20 | 88 a
13 140 | 54 | oo || 70 | 44 | 101 | 27

LEMMA 2.23. There ezist a D3x4(K13(10)) and a D3x4(K713(30)), as well as a
Dsxa(K5(30)).

Proof. A D3y 4(K15(10)) is constructed on the Abelian group V = Z;3¢ generated
by the group V acting on the points. This design has two base grid-blocks:

29 | 103 |34 | 111 || 82|81 |9 o1
108 | 54 | 40 | 22 67 | 83 | 94 | 117
65 | 44 | 69 | 41 89 | 43 | 106 | 126

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/25/14 to 140.113.38.11. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1052 R. ZHANG, G. GE, A. C. H. LING, H.-L. FU, AND Y. MUTOH

Thus, a Dsx4(K13(30)) can be obtained by applying Lemma 1.6 and by the
existence of an OA(3,4).

A D3, 4(K5(30)) is constructed on the Abelian group V' = Z15¢ generated by the
group V acting on the points. It has two base grid-blocks:

66 | 58 | 140 | 54 || 134 | 71 | 42 | 10
118 | 30 | 84 | 7 123 | 140 | 99 | 81 o
87 196 | 103 | 60 || 6 57 |55 |9

LEMMA 2.24. There exists a 3 x 4 grid-block of type 30%15'.

Proof. Let V' = Z190 U {00g, 001,09, .. .,0013,0014}. The design is constructed
on the group V generated by the group Zigp acting on the points. The 15 infinite
points remain fixed under the action of Z;59. Then, it has two base grid-blocks:

0 [1 73 10 [0 [17]62] 43
5 [ 16 [ oo |39 |[53]80]7 | 102
18 [ 51|57 | o0o® [[ 90 | 59 | 21 | oo*

Now, by replacing three infinite points (0o, 00®, 00*) with (00;, 00; 15,001 10), Te-
spectively, as above (Lemma 2.20), we have the desired design. O

LEMMA 2.25. There ezist a D3x4(K6(12)), a D3xa(K11(12)), and a D3y 4(K16(4)).
Hence, there exist also a D3x4(Ks(36)), a D3x4(K11(36)), and a Dsx4(K16(36)).

Proof. A D3x4(Kg(12)) is constructed on the Abelian group V = Z75 generated
by the group V acting on the points. The base grid-block is:

4 | 38|25 65
0 |7 |53]|50
1415 |30 13

A D3x4(K711(12)) is constructed on the Abelian group V = Zj32 generated by the
group V acting on the points. This design has two base grid-blocks:

120 | 48 | 52| 11 70 | 73 | 108 | 58
57 | 110 | 78 | 109 [| 9 |48 | 113 |1
44 | 2 38 | 125 || 16 | 46 | 65 | 75

A D3y4(K16(4)) is constructed on the Abelian group V' = Zg4 generated by the
group V acting on the points. The base grid-block is as follows:

0 |1 |3 |7
5 | 18| 57 | 42
43 | 51 | 21 | 62

Since both an OA(3,4) and an OA(9,4) exist, the other desired designs can be ob-
tained by applying Lemma 1.6. |

LEMMA 2.26. There exist a D3xa(K9(5)) and a Dsx4(Kg(20)).

Proof. The first design is constructed on V' = Z15x{0, 1, 2} generated by the group
Z15 acting on the points. Here, the nine partite sets are {{0+1, 3+, 6414, 9+14, 1241} :
1=0,1,2} x {0,1,2}. The base grid-block is the following:

(0,0) | (1,0) | (5,0) | (0,1)
(8,0) | (4,1) ] (2,1) | (0,2)
(1,1) | (8,1) | (11,2) | (10,0)
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(0,0) | (2,0) | (14,2) | (4,2)
(4,1) | (10,1) | (9,1) | (6,2)
3 (2,2) | (10,1) | (8,0)

Now, by using an OA(4,4), we can obtain a Dsx4(K9(20)). O

LEMMA 2.27. There exists a D3x4(K12(5)).

Proof. Let V = Zs5 U {00g, 001, 009, 003,004 }. The design is constructed on the
group V generated by the group Zss; acting on the points. The five infinite points
remain fixed under the action of Zs5. The only base grid-block is the following;:

0O |1 |3 |7
5 | 20|28 48
29 | 11 | 45 | o0

The above grid-block has the extra property that the all elements in the same row
or same column with oo are in different residue classes (mod 5). Then, similar to
Lemma 2.20, we have the construction. a

In order to properly combine the above lemmas together, we also need the fol-
lowing crucial theorem.

THEOREM 2.28 (see [2, 5, 7]).

1. A 5-GDD of type 4™t exists for n =
2. A 5-GDD of type 4"8' exists for n =
when n = 10.
3. A 5-GDD of type 4™12! exists for n =0 (mod 5) and n > 10.
A 5-GDD of type 4™16' emxists for n = 0,3 (mod 5) and n > 13, except
possibly when n = 15.
A 5-GDD of type 47201 exists for n = 0,1 (mod 5) and n > 16.
A 5-GDD of type 4724 exists for n = 0,4 (mod 5) and n > 19.
There exist 5-GDDs of types 854! and 8347.
A T-GDD of type n” exists when n > 7 is a prime power and n = 12.
9. There exist 7-GDDs of types 6%, 615, 628, and 62°.

LEMMA 2.29. There exists a D3x4(Kgontss) for each odd positive integer n,
where n & {1,5}.

Proof. We start with the constructions of small 3 x 4 grid-block designs. First,
if n = 3, then Kgontse is the union of K¢(36) and six Ksg’s. By Lemmas 2.18
and 2.25, we have a Dsyx4(K216). Similarly, for n = 9, since Ks7¢ is the union of
K16(36) and 16 K3g's, we have the construction by Lemmas 2.18 and 2.25. For
n = 15,21, a D3x4(Keon+36) can also be obtained by a similar argument. Here, we
need a Dsx4(K5(180)) and a D3y 4(K7(180)), which can be obtained by inflating a
D3y 4(K5(15)) (Lemma 2.2) and a Dsx4(K7(20)) (Lemma 2.14) with an OA(12,4)
and an OA(9,4), respectively.

Now we consider the case n = 7. By Theorem 2.28, a 7-GDD of type 6% exists.
Therefore, we may apply a basic technique of combinatorial designs to this GDD by
assigning weights to the points (If a point is of weight h, then we inflate the point into
h points.). Let each point in the first seven groups of size 6 be assigned weight 10,
and let the weights of the points in the last group be (5,5,5,5,5,10). Then, a 3 x 4
grid-block design of type 60735 exists. This is by the fact that a D3y 4(K7(10)) exists
(Lemma 2.19) and that a 3 x 4 grid-block design of type 105 exists (Lemma 2.20).
By using Lemma 1.4 and the existence of a D3x4(K¢1) and a D3x4(K36), we have the
construction of a D3x4(Keox7+36)-

0,4 (mod 5).
0,2 (mod 5) and n > 7, except possibly

)

=

b B
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For n = 11, take a 7-GDD of type 117 (Theorem 2.28) and remove a point. Use
the deleted point to redefine the groups and adjoin an extra point to obtain a {7,12}-
GDD of type 6'112!, where the blocks of size 12 meet exactly one single point z in
the group of size 12. Give weight 10 to points in the group of size 6 and the point z,
and give weights 0, 5, or 10 to the remaining points of the group of size 12. Since
we have 3 x 4 grid-block designs of types 10° (Lemma 2.21), 105! (Lemma 2.20),
107 (Lemma 2.19), and 10'? (Lemma 2.22), we get a 3 x 4 grid-block design of type
60'135'. Add an extra point to obtain the desired design. Similarly, by using a 7-
GDD of type 137 (Theorem 2.28), we are able to construct a Dzx4(Keox13+36). Here,
we need a 3 x 4 grid-block design of type 10'® (Lemma 2.23).

For convenience in the constructions of a Dsx4(Kgon+36) for larger n’s, we split
the proof into three cases.

Case 1. n = 3,7 (mod 10), n > 17.

By Theorem 2.28, there exists a 5-GDD of type 4!8! for each t = 0,2 (mod 5)
and t > 7, t # 10. Now, for the group of size 8, we assign weights of (15, 15, 15,
30, 30, 30, 30, 30) to these points; all the points in the other groups are assigned
weight 30. Therefore, by adding 21 points, we conclude that a D3y 4(Keoni3s) exists.
This is by the fact that there exists a D3x4(Kgort21) for each & > 0 which has a
subdesign Dsx4(K21) and, also, there exist a D3x4(K5(30)), a D3xa(Ko16), and a
3 x 4 grid-block design of type 30*15! (Lemma 2.24). Since t # 10, the case n = 23
has to be considered separately. By a similar technique with a 5-GDD of type 8°, this
can be done.

Case 2. n=1,7,9 (mod 10), n > 39.

Apply a 5-GDD of type 420! (n = 2k + 7 or n = 2k + 9); then we have the
construction by using a similar technique as in Case 1.

Case 3. n=15,7,9 (mod 10), n > 45.

Apply a 5-GDD of type 424! (n = 2k 47 or n = 2k +9) and a similar technique.

Now, we have to handle the small cases. Since the technique is similar, we simply
list their corresponding 5-GDD, as constructed in Theorem 2.28:

|1 | Type |

19 8°
23 86
25 || 8347
29 || 13

Types of 5-GDD used in construction.

We are left with n = 31,35. For n = 31 and 35, we start from a 5-GDD of type
7% and give weight 0 to 3 or 4 points in one group, and weight 60 to other points.
Then, we add 36 points and fill in the holes to obtain the desired designs, since we
have a D3x4(Keox+36) containing a D3y 4(K36) as a subdesign for k = 3, 7. Here, the
input designs, a D3y 4(K4(60)), and a D3x4(K5(60)) come from Lemmas 2.2 and 2.2,
respectively. d

LEMMA 2.30. There exists a D3y 4(Keont3e) for each even positive integer, where
n & {2,4,10,20,22,26}.

Proof. First, if n = 6, then a D3yx4(K396) can be obtained by a Dsyx4(K36) (11
copies) and a D3x4(K11(36)) (Lemma 2.25). For n = 8, we first use a 7-GDD of
type 87 to obtain a 3 x 4 grid-block design of type 80635 by assigning appropriate
weights (0 or 5 or 10). Then, we add one point to obtain the desired grid-block design.
Similarly, if n = 14, 28, take a 7-GDD of type 6"+ (Theorem 2.28) and assign weights
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0 or 5 or 10 to points in one group and weight 10 to all the other points; then we
obtain a 3 x 4 grid-block design of type 60"35%. Therefore, the construction follows by
adding one more point properly. The case n = 16 can be obtained by taking a 7-GDD
of type 167, assigning weights as in the above case, and adding 21 points. Note that
there exists a Dsyx4(K181) which contains a subdesign Dsx4(K21); see Lemma 2.26.
Finally, for n = 34, take a 5-GDD of type 7° and give weights 0 to 60 to points in
one group and weight 60 to all the other points to obtain a 3 x 4 grid-block design
of type 420%360'. Then, the design will be obtained by adding 36 points and filling
in the holes with a Ds3x4(K396) (see Lemma 2.29) and a Dsx4(K456) containing a
D3y 4(K36) as a subdesign (see Lemma 2.29).

When n = 12,18, 24, 30, 36, we first obtain a D34 (K10t+1(36)) for ¢t = 2,3,4,5,6,
and then fill in the holes with a Dsx4(K36) to obtain the desired design. For ¢t = 2,6,
we start from a Dsx4(Ki0:41(1)) and inflate by 36. For ¢t = 3, take a D3yx4(Ks(12))
from Lemma 2.25 and inflate by 15 to obtain a D3y 4(K6(180)). Then, add 36 points
and fill in the holes with a D3x4(K¢(36)) (Lemma 2.25) to obtain a D3zx4(K31(36)).
For t = 4, take a D3.4(Kg(15)) and inflate by 12. Then, fill in the holes with a
D34 4(Ks(36)) to obtain a Dsy4(K41(36)). For t = 5, take a D3x4(K10(20)) (Lemma
2.14), inflate by nine, and fill in the holes to obtain a D3y 4(K51(36)).

Now, consider larger n’s. If n = 2,6 (mod 10), n > 32, the construction of a
D354(Kgont36) can be obtained by taking a 5-GDD of type 416! to obtain a 3 x 4
grid-block design of type 120¥375! (by assigning appropriate weights and adding 21
points). For n = 0,4,8 (mod 10), we use a 5-GDD of type 4*y!, where y = 20 or 24
for n > 38 by a similar construction. Therefore, we have the proof. d

2.4. v =16 (mod 60). First, we show the nonexistence of order 16.

LEMMA 2.31. There does not exist a D3x4(Ki6).

Proof. Suppose not. Since a G(3,4) is a 5-regular graph, each vertex of K¢ is in-
cident to exactly three grid-blocks. Moreover, since a G(3,4) has 30 edges, K16 can be
decomposed into four grid-blocks. This implies that every grid-block B; corresponds
to a set .S; of four vertices which is vertex-disjoint from B;, i = 1,2, 3,4, and also that
{51, 52, 53,54} forms a partition of V(K1g). Let S1 = {a,b,c,d}. Then, the edges
in (S1) (the subgraph of Kjg induced by S7) must be in By, Bs, and (or) Bs. Thus,
S1 CV(B;),i=2,3,4. Now, if the vertices of S7 occur in a B; (say Bs) which are in
at most two rows, then let {e, f, g, h} be the set of vertices which occur in a row of
By which contains no vertices of {a,b,c,d}. Clearly, the vertices in {e, f,g,h} are in
the grid-block Bj. Since e, f, g, and h are in the same row of By, ({e, f,g,h}) = K4
and, therefore, every edge of this graph cannot be an edge in By, i.e., they must be
in distinct rows and columns. But, this is impossible, since we have only three rows.
Thus, the vertices of S occur in three rows of B;, i = 2,3,4. Hence, By, B3, and B,
contain at least one edge of (Si), respectively. Without loss of generality, let By con-
tain the maximum number of edges in (S7) and let B4 contain the minimum number
of edges in (S1). Therefore, we have the following cases to consider: (i) (4,1,1) (see
Figure 1), (ii) (3,2,1) (see Figure 2), and (iii) (2,2,2) (see Figure 3), where the first
coordinate represents the number of edges in (S7) which are in By and so on.

(i) (4,1,1). Here, consider * in Bs; let it be z. Since x must be incident with
every vertex in V(K1) \ {z}, « has to be in By or By such that z is incident
to a and no other vertices of {b, ¢, d}. But, clearly this is not possible.

(i) (3,2,1). Similarly, consider % in B3 and the vertices in Bz or By which are
incident to ¢ and also incident to one of the vertices in {a,b,d}. This is not
possible either.
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a|d b|d * c|d
a a
c b
By Bs B,

Fic. 1. Obtained by permuting rows, columns, and/or vertices in {a,b,c,d}.

a a|d]| * b|d
b |c c a
d b c
By Bs B,

F1G. 2. Obtained by permuting rows, columns, and/or vertices in {a,b,c,d}.

a|b alc a|d
d b
d * | b c
Bs Bs By

Fi1c. 3. Obtained by permuting rows, columns, and/or vertices in {a,b,c,d}.

(iii) (2,2,2). Similarly, consider * in Bs and the vertices in By or By which
are incident to a and also incident to a vertex in {b,¢,d}. This case is not
possible either. Since (after all cases are considered) there are no suitable
decompositions obtained, we conclude that no D3y 4(K16) exists. d

LEMMA 2.32. There exists a Dsyx4(K76).

Proof. Let the point set be V = Z19 x (Z3U{x}). We view z as an infinite point,
that is, we consider z + 1 = x. It is easy to see that 7 is the cube root of unity in Zg.
Now, we can define the automorphism group to be a non-Abelian group generated by
the following two automorphisms:

o:(a,b) — (a+1,b),7: (a,b) — (7a,b+ 1).
Here, the order of o is 19 and that of 7 is 3. Hence, the automorphism group is of

order 57 and the design has three base grid-blocks; the third one is of full orbit and
the other two are of short orbits.

@0) [Z0) [0 [(160) ] [(00) [ &) [ (100) [ (o)
O.) | (40 [ (6.0 | (%) | [(30 ][00 | (01) | (7.2)
62) 32 | (7.2 | (62) (62) | (152) | (0.2) | (L)
02) | Ba) | (18,1) [ (14,0)
(70) [ (62) | (4o [ (41 | O
(13.) | (18,0) | (13.2) | (18,2

LEMMA 2.33. There exists a Dsx4(K13(15)).

Proof. The design is constructed on the Abelian group V = Zjg95 generated by
the group V acting on the points. Since 16 is the cube root of unity in Zj95, we can
first find one base grid-block and get all three base grid-blocks by multiplying 1, 16,
and 61, respectively. Here is the first one:
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0 |1 3 17
5 | 15 | 23| 147 0
59 | 166 | 50 | 185

LEMMA 2.34. There exists a Dsxa(Keont76) for each even positive integer n,
where n & {2,6,22}.

Proof. Clearly, if there exists a 5-GDD with at least one group of size 4, then we
give weight 15 to three points in the group and weight 30 to all the other points in
the 5-GDD. Now, we have a 3 x 4 grid-block GDD with a group of size 75 and all
the other groups of size a multiple of 120, provided that each group in the 5-GDD
is of size a multiple of 4. Now, by adding one point to this inflated GDD and filling
in the holes with proper 3 x 4 grid-block designs, we are able to obtain the desired
designs. So, it is not difficult to see that by applying a 5-GDD of type 4**!, where
n = 2k and n > 8, we have the cases n = 0,8 (mod 10). Then, by applying a 5-GDD
of type 4*8', where n = 2(k 4 1) and n > 16, we have the cases n = 2,6 (mod 10)
except when n = 22. Finally, we apply a 5-GDD of type 412!, where n = 2(k + 2)
and n > 24, and we have the cases n = 4 (mod 10). Combining the results obtained
above, we have the cases n = 4,12, 14 remaining.

For n = 4, we first obtain a D3x4(K9(35)) by assigning weight 7 to each point of
a D3x4(K9(5)) (Lemma 2.26). Then, the case n = 4 follows by adding a point and
using a D3x4(K36) to fill in the holes.

For n = 12, take a 7-GDD of type 127, give weight 10 to six points in one specific
group, weight 5 to one point in the same group, and weight 0 to the remaining five
points of the group. Moreover, we give weight 10 to all the points in the other
six groups. Now, add 10 points and fill in the six groups mentioned above with a
D3y 4(K13(10)) from Lemma 2.23. Now, by using one point with weight 0 to redefine
the groups, we have a 3 x 4 grid-block design of type 60275, and the case n = 12
follows by adding one more point and filling in the holes with a Dsyx4(Ks1) and a
D3y 4(K76), respectively.

Finally, for n = 14, take a 7-GDD of type 6'° and give weight 5 to one point
and 10 to all the other points. Then, we have a 3 x 4 grid-block design of type
6014551, Therefore, we have the construction by adding 21 points and filling in the
holes with a D3yx4(Kg1) containing a Dsy4(K21) as a subdesign (see Theorem 2.17)
and a D3y 4(K76), respectively. O

LEMMA 2.35. There exists a Dsx4(Kgont76) for each odd positive integer n,
where n & {1,3,9,17,21}.

Proof. Since a 5-GDD of type 57, where ¢ = 1 (mod 4), exists [5] and a
D3y 4(K5(15)) exists, we have a D3yx4(K4(75)) by giving weight 15. Now, by adding
one point and filling in the holes with a Dsx4(K76), we obtain a Dsx4(Keon+76) for
each n = 0 (mod 5) and n > 5. Note that 60n+ 76 = 14 (300k + 75) = 14 75¢, where
q = 4k + 1. By a similar idea to that used in Lemma 2.34, we take a 5-GDD of type
4%16' (Theorem 2.28), and obtain a 3 x 4 grid-block design of type 120¥375! by giving
weight 30 to points in the groups of size 4 and weight 15 or 30 to points in the group
of size 16. This implies that we have the cases n = 1 (mod 10), n > 31, by adding
one more point. Also, take a 5-GDD of type 4¥20! to obtain a 3 x 4 grid-block design
of type 120% 2! with x = 60 x 5+ 75 or = 60 x 7+ 75 and a 5-GDD of type 424! to
obtain a 3 x 4 grid-block design of type 120¥375! by assigning appropriate weights.
Add one point and fill in the holes to settle the cases n = 7,9 (mod 10), n > 37 and
n = 3 (mod 10), n > 43. Here, we need a D3x4(Keox7+75) as the ingredient design.
Take a 7-GDD of type 6% to obtain a 3 x 4 grid-block design of type 60755 and add
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21 points to finish off the construction.

Now, it remains to consider the small cases. First, for n = 27, take a 7-GDD of
type 628 to obtain a 3 x 4 grid-block design of type 602755' and add 21 points. For
n = 11, we give weight 35 to each point of a D3y 4(K21) to obtain a Dgyx4(K21(35))
and add one point. For convenience, we list the rest of the cases.

e n = 13. Take a 7-GDD of type 137 to obtain a 3 x 4 grid-block design of type
601375! first, and then add one point.

e n = 19. By the existence of D3x4(K16(4)) (Lemma 2.25), we have a D34
(K16(76)). Then, fill in the holes with a D3x4(K76).

e n = 23,29. First, we construct a Dsx4(K,11(10)). For n = 23, we use the
existence of a D3x4(K4(60)) and for n = 29, we use a D3x4(K5(60)) and
then fill in the holes of size 60 with a D3x4(Kg(10)). Then, take a 7-GDD
of type n”, give weight 10 to six points in one specific group, weight 5 to
one point in the same group, and weight 0 to the remaining five points of
the group. Moreover, we give weight 10 to all the points in the other six
groups. Now, add 10 points and fill in the six groups mentioned above with
a D3yx4(Kp4+1(10)). Now, by using one point with weight 0 to redefine the
groups, we have a 3 x 4 grid-block design of type 60"75', and the existence
of n = 23,29 follows by adding one more point and filling in the holes with a
D3y 4(Ke1) and a D3y 4(K76), respectively.

e n = 33. Take a 5-GDD of type 7° (Theorem 2.28) and give weight 60 to all
but two points (weight 0) in one group. Then, we obtain a 3 x 4 grid-block
design of type 420*300'. The proof follows by adding 76 points. d

To conclude this section, we would like to point out that the existence of a
D3y 4(Keox21+76) can be obtained by using transversal designs with holes.

Let S be a set of size s, and let H={S51,S2,...,5,} be a set of subsets of S. A
holey Latin square having hole set H is an s x s array L, whose rows and columns are
indexed by elements of S and possess the following further properties:

1. Each cell in L is either empty or contains an element of S.

2. Every element of S appears at most once in any row or column of L.

3. The subarrays indexed by S; x S; are empty for 1 < ¢ < n (these subarrays
are referred to as holes).

4. Symbol s € S occurs in row or column ¢t if and only if (s,t) € (S x S)\
Ulgign(si X Sl)

L is said to have order s; if S1,55,...,.5, are disjoint, it is also said to have type
(IS1l,1S2], - -, |Sn]). Alternatively, if for 1 < i < m there are u; holes of size t;, then
we can write the type of S as ], t52, ..., tlm.

Two holey Latin squares of the same type on the same set S of size s and hole
set H are said to be orthogonal if their superposition yields every ordered pair in
(S x 8) \ Ui<i<n(S; x S;). A set of k holey Latin squares is said to be orthogonal if
every pair of them is orthogonal. It is not difficult to notice that the existence of k
holey mutually orthogonal Latin squares of type g™ is equivalent to the existence of
a (k+2)-HTD (holey transversal design) of type ¢g"™.

LEMMA 2.36. If there exists a resolvable 6-HTD of type g™, and there exists a
3 x 4 grid-block design of type (10g)"x!, then there exists a 3 x 4 grid-block design of
type (609)"(x + y)*, where 0 <y < 10g(n — 1) and x +y is admissible.

Proof. Since a resolvable 6-HTD has g(n— 1) parallel classes of blocks, we can add
g(n — 1) extra points to extend the blocks of these parallel classes. Assign weights 0,
5, or 10 to these new g(n — 1) points and let the weight of each point in the 6-HTD be
10. Here, the input designs 3 x 4 grid-block designs of types 10, 10%5!, and 107 from
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Lemmas 2.21, 2.20, 2.19, respectively. Then, by adjoining = additional points and
filling in the groups from the HTD with a 3 x 4 grid-block design of type (10g)"z?,
we obtain the desired 3 x 4 grid-block design of type (60g)"(z + y)*. O

LEMMA 2.37. There exists a Ksx4(Keont76) when n = 21.

Proof. Apply Lemma, 2.36 with a resolvable 6-HTD of type 37 together with a 3 x4
grid-block design of type 307 to obtain a 3 x 4 grid-block design of type 1807(0+ 75)1.
Then, adjoin an extra point and fill in the holes to obtain the desired design. Here,
the resolvable 6-HTD of type 37 comes from [1, Theorem 3.4]. The existence of a
D3y 4(K7(10)) (Lemma 2.19) implies that of a D34 (K7(30)). O

We summarize these results in this section with the following theorem.

THEOREM 2.38. A D3y4(K,) exists if and only if v=1,16,21,36 (mod 60) ez-
cept for when v = 16 and possibly except when v € {60n+36|n = 1,2,4, 5,10, 20, 22, 26}U
{60n + 16|n = 2, 3,4,7,10, 18,23}.

3. 4 X 4 grid-block designs. By Lemma 1.1, it is easy to find a necessary
condition for the existence of a Dyyx4(K).

LEMMA 3.1. If a Dyxa(K,) exists, then v =1 (mod 96).

In what follows, we prove that the above necessary condition is also sufficient
by constructing a Dyx4(K,) for each v = 1 (mod 96). We start with the smallest
nontrivial case: v = 97.

LEMMA 3.2. There exists a Dyx4(Ko7).

Proof. By a computer search, we obtain a base grid-block. (There are exactly
48 distinct differences, 1,2,...,48, which are obtained from the four rows and four
columns of the array.)

0O |1 |3 |7

5 |13 ] 81| 38
16 | 60 | 26 | 86
46 | 74 | 61 | 29

LEMMA 3.3. There exists a Daxa(K4(4)).

Proof. Let the four partite sets of K4(4) be Ay = {0,4,8,12}, A, = {1,5,9,13},
Az ={2,6,10,14}, and A3 = {3,7,11,15}. Then a D4x4(K4(4)) contains exactly two
4 x 4 grid-blocks as follows:

0|1 |2 |3 0 |9 | 1417
5 |4 |7 |6 1314 (3 |10 0
10111 (8 |9 6 | 158 |1
1514 (13| 12|11 |2 |5 |12
We note here that if K, (n) has a decomposition into subgraphs K4, then we have

a GDD, GD[4,1, n; mn]; see [3
for some time.
THEOREM 3.4. A GD[4,1,n;mn] exists if and only if
1. 3|(m — 1)n and
2. 12[n*m(m —1).
By using Lemma 3.3 and Theorem 3.4, we can prove the following lemma.
LEMMA 3.5. For each m >4, a Day4(K,,(96)) exists.
Proof. First, by partitioning each partite set of K,,(96) into 24 subsets (each
of size 4), we have a new graph G = K,,(24) in which each point represents a
subset of size 4. Denote the m partite sets of G by Ag, A1,..., Am_1, where A;
= {Ai)Q,AiJ,...,Ai)gg}, i € Ly,. Therefore, V(G) = {A17J|’L € Zn, andj S Z24}.

for a reference. The following result has been known
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By Theorem 3.4, a GD[4, 1,24;24m)] exists for each m > 4. Therefore, we conclude
the proof by using Lemma 3.3 to obtain two grid-blocks for each K4 in a Ky-design
of G. O

LEMMA 3.6. There exists a Dax4(K193).

Proof. First, we construct a base grid-block of a Dyyx4(K193) using a computer;
see the following array:

Now we check whether the array A satisfies the condition of Lemma 1.7. First,
we have ¢ =193, e =48, and f = (¢ —1)/e =4. We let F* = GF(q) \ {0}, w be the
primitive element of F* (here w = 5), and € = w®. Second, we compute the cosets

of C§:

0 [T [3 [7
A 5[4 725 |39
© o [35 72 [131]62
82 [ 150 | 110 | 183

Ce = {1112 192 81}

C¢ = {5174 188 19}

CS = {25 98 168 95}

C< = {125 104 68 89}

CS = {46 134 147 59}

Ce = {37 91 156 102}

C¢ = {185 69 8 124}

C¢ = {153 152 40 41}

C§ = {186 181 7 12}

C¢ = {158 133 35 60}

Cs, = {18 86 175 107}

C¢, = {90 44 103 149}

C<, = {64 27 129 166}

C¢, = {127 135 66 58}

Ct, = {56 96 137 97}

C%s = {87 94 106 99}

C%s = {49 84 144 109}

CS. = {52 34 141 159}

C% = {67 170 126 23}

C¢ = {142 78 51 115}

Cs, = {131 4 62 189}

Cs, = {76 20 117 173}

CS, = {187 100 6 93}

CS, = {163 114 30 79}

Cs, = {43 184 150 9}

CS, = {22 148 171 45}

CS, = {110 161 83 32}

CS, = {164 33 29 160}

CSy = {48 165 145 28}

CSy = {47 53 146 140}

Cs, = {42 72 151 121}

Ce, = {17 167 176 26}

CS, = {85 63 108 130}

CSy = {39122 154 71}

Cs, = {2 31 191 162}

Cs; = {10 155 183 38}

CS, = {50 3 143 190}

CS, = {57 15 136 178}

CSe = {92 75 101 118}

CSy = {74 182 119 11}

CS, = {177 138 16 55}

Cs, = {113 111 80 82}

Cs, = {179 169 14 24}

Cs, = {123 73 70 120}

Cs, = {36 172 157 21}

Cs. = {180 88 13 105}

C5s = {128 54 65 139}

CS, = {61 77 132 116}

Third, by using the differences less than 97, we have A = {5,30,35,47,77,82,13,
58,71,78,57,44,22,87,65, 21, 85, 86, 32,23, 55,72,49,17,1,2,3,4,6,7,9, 11, 20, 14, 25,
34,37,59,96,69, 10,27, 68, 40, 28, 73, 33,92}. Therefore, by Lemma 1.7, a Dgyx4(K193)
exists. Note that all grid-blocks are obtained by calculating cA+x for ¢ € C§ /{1, -1} =
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{1,112} and = € GF(q). a

LEMMA 3.7. There exists a Dax4(Kagg).

Proof. By a similar idea, we find A first. Let F* = GF(17%) \ {0} and w be
a primitive element of F*; here we let w be the root of the primitive polynomial
w? +w + 3. Then, we have the following:

w> | Wl wl w?
A wd Wt | WP w

020 [ 017 | o155 | %3

0¥ [ 070 | 22T | o7

Now, the cosets of C§ are as follows:

CS, — {1’ w487 w967 w144’ w1927 w240}
Cf — {w7w49’ w97’ w1457 w193’ w241}

— 1,46 94 , 142 190 238 , 286
Cs = {w'® W, w2 W10 w298 (280}

— (47 95 143 , 101 , 239 , 287
Ce = {w*, w? Wl W 239 (W8T

Therefore, we can obtain the set of differences 94 = {w3, w® w?®, w30, W', W46,
WL W36 () T 15 (35 (12 ()30 27 (22 ()93 24 (18 )16 14 (81 (48 19 ] (3T
W, W W6 W2 (A0 (AL 9 A2 (10 4 I8 (45 (33 (20 ()98 AT (26 ()95 32 A4
w3, W'}, Hence, we have a Dyy4(Kagg). Here, all grid-blocks are obtained by
Lemma 1.7, calculating cA + x for ¢ € C§/{1,—1} and € GF(q). 0

THEOREM 3.8. A Dax4(K,) exists if and only if v =1 (mod 96).

Proof. By Lemmas 3.2 and 3.5, we know that a Djx4(Koer41) exists for each
positive integer t, t = 1, and t > 4. So, by using Lemmas 3.6 and 3.7, we conclude
that a Dyx4(K,) exists for each v =1 (mod 96). Hence, by Lemma 3.1 the theorem

is proved. d
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