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Quasigroup power sets and cyclic S—systems

Galina B. Belyavskaya

Abstract

We give new constructions of power sets of quasigroups (latin squares) based on

pairwise balanced block designs and complete cyclic S-systems of quasigroups.

1. Introduction

Let L be a fixed latin square of order n with elements of the set Q) =
{0,1,...,n — 1} and (v, 1,...,a,—1) be an ordered set of permutations
g, a1, ...,Qy—1, where row i of L is the image of (0,1,...,n — 1) under
the permutation a;, 0 < i < n—1. We write L = (ap,1,...,0,-1). If
R = (Bo, P1,---,0n—1) is another latin square of order n, then the prod-
uct square LR is defined as (apfp,151,--- - , 0n—10n—1), where «;03;
denotes the usual product of the permutation a; on [;.

Let L be a latin square of order n and m a positive integer greater than
one. If L2 L3 ..., L™ are all latin squares, then {L, L?,..., L™} is called a
latin power set of size m. This concept was introduced explicitly in [7] and
implicitly in [13]. In this case the latin squares L, L%, ..., L™ are pairwise
orthogonal [15], Theorem 1.

The authors of [7] conjectured that for all n # 2,6 there exists a latin
power set consisting of at least two m X n latin squares. This problem
was also put by J. Dénes in [5]. A proof of this conjecture would provide
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a new disproof of the Euler conjecture (if n = 4k + 2, then there is no
pair of orthogonal latin squares of order n). A construction in [7], based
on Mendelsohn designs, gives infinitely many counterexamples to the Euler
conjecture but unfortunately the construction does not work when n = 2
(mod 6). In [7] it was proved that for 7 < n < 50 and for all larger n except
possibly those of the form 6k + 2 there exists a latin power set containing
at least two latin squares of order n.

In [8] J. Dénes and P.J. Owens gave a new construction of power sets of
p x p latin squares for all primes p > 11 not based on group tables. Such
latin power sets of prime order can be used to obtain latin power sets of a
composite order by the known methods.

The main construction of [8] is based on a circular Tuscan square.

As is noted in [8], for both theoretical and practical reasons it is im-
portant to find latin power sets that are not based on group tables (the
sets given in [8] are constructed by using rearrangements of rows of a group
table). It is important, for example, for a ciphering device, whose algorithm
is based on latin power sets [9]. It is obvious that latin power sets based on
non-group tables are preferable to those based on group tables because the
greater irregularity makes the cipher safer.

In this article we use an algebraic approach to latin power sets. In
Section 1 some necessary information from [1, 2, 3] concerning S-systems
of quasigroups is given. In Section 2 we use cyclic S-systems (they are a
particular case of latin power sets) and pairwise balanced block designs of
index one (BIB(v,b,r,k,1)) for the construction of quasigroup power sets
of different sizes.

The suggested construction, in particular, is used to obtain power sets
of quasigroups of all orders n = 12t +8 = 6(20 + 1) + 2, ¢,l > 1, i.e. for
any n = 6k + 2 where k is an odd number, k£ > 3.

In Section 3, there is described a composite method of constructing
quasigroup (latin) power sets based on pairwise balanced block designs of
index one of type (v;k1,ke,...,kn) (BIB(v;ki,ke,...,ky)). At the end
of this section the sizes of quasigroup power sets are given that can be
constructed using some known block designs and cyclic S-systems by means
of the suggested methods.
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2. Cyclic S-systems as quasigroup power sets

Let Q(A) and Q(B) be groupoids. Mann’s (right) multiplication B - A of
the operation B on A is defined in the following way [14]:

B-A(z,y) = B(z, A(z,y)), =,y € Q.

The operation () on the set of all operations defined on the set @ is asso-
ciative, i.e. (A-B)-C=A-(B-C). If Q(A) and Q(B) are quasigroups and
L, R are the latin squares corresponding to them, then

B- A(l’, y) = ﬁ$a$y7

where B,y = B(x,y), a,y = A(z,y) and S, (ag) is row x of R (L).

Thus, Mann’s (right) multiplication of quasigroups corresponds to the
product of the respective latin squares and conversely.

Let A = B, then we get

A A=A% A-A-A=A% ..., A-A..... A= Am
| S ———

If A, A% ..., A™ are quasigroups, then {A, A% ... A™} is called a quasi-
group power set (briefly QPS), {L,L?,..., L™} is the latin power set corre-
sponding to this QPS.

Let ¥ = {A,B,C,...} be a system of binary operations given on Q.

Definition 1. [1] A system of operations Q(X) is called an S—system if

1. ¥ contains the unit operations F and F (F(z,y) =z, E(z,y) =y
Va,y € Q) and the remaining operations define quasigroups,

2. A-BeY forall A,BeY where ¥'=%\F,

3. A€ X forall Ae X, where A*(x,y) = Ay, z).

An S-system Q(X) is finite if @ is a finite set. In finite Q(X) for any
A € ¥ is defined A~! as the solution of the equation A(a,z) = b, i.e.
A~Y(a,b) = x. Then A~' = A* € ¥ for some natural k, because the set of
all invertible to the right operations on ) forms a finite group with respect
to the right multiplication of operations. In this group FE is the unit and
Al A=A A" =FE.

We remind the reader that two binary operations A and B defined
on @ are said to be orthogonal if the pair of equations A(x,y) = a and
B(x,y) = b has a unique solution for any elements a,b € Q.

All operations of an S-system Q(X) are pairwise orthogonal and the
following properties of finite S-systems are also important:
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1. ¥ is a group with respect to the (right) multiplication of operations,
E is the unit of this group and A~! is the inverse element of A.

2. All the quasigroups of Q(X) are idempotent, if |X| > 4, where |X| is
the number of operations of Q(X).

Theorem 1. (Theorem 4.3 in [1]) Let Q(X) be an S—system, |Q| = n,
S| =k, then k—1 divides n—1 and r="=1>k or r=1.

In [1] the number r is called an index of the S-system Q(X). The
number k is called order of Q(X).

An S-system is called complete if » = 1 (in this case n = k). It then
contains n — 2 quasigroups.

A characterization for a finite complete S-system was given in [1], The-
orem 4.6.

Definition 2. [3] An S-system Q(X) of order k is called cyclic if ¥'(-),
where ¥ = ¥\ F and (-) represents composition of operations (called
Mann’s multiplication above), is a cyclic group.

By Corollary 1 of [3] a complete S-system Q(X) is cyclic iff it is an
S-system over a field Q(-,+), i.e. iff every operation of ¥ has the form

Aa(xay) = (1_a)$+ay7 aax7y€Q7 (1)

where 1 is the unit of the multiplicative group of the field.

Remark 1. If Q(X), ¥ = {F,E,A,A% ... A¥2}, is a complete cyclic
S—system of order k, then

Az, y) = (1 - a)z + ay,

where the element a is a generating element of the multiplicative (cyclic)
group of a field. Indeed, it is easy to prove that

Al(x,y):(l—al)x—i-aly, 1=1,2,....k—2,

and AP =E iff aF 1 =1.

Conversely, if an element a is a generating element of the multiplicative
group of a field, then the quasigroup A, of (1) generates a complete cyclic
S—system.
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Every cyclic S-system of order k& and index r corresponds to a quasi-
group power set of size k — 2 and consists of quasigroups of order n =
rk —r+ 1.

From the results of [2, 3|, the description of an arbitrary cyclic S-system
by means of a field and an incomplete balanced block design can be obtained.
First we need the following definitions.

Definition 3. [6] A balanced incomplete block design (or BIB(v,b,r, k, \))
is an arrangement of v elements ai,as2,...,a, by b blocks such that

1. every block contains exactly k different elements;
2. every element appears in exactly r different blocks;
3. every pair of different elements (a;,a;) appears in exactly A blocks.

Definition 4. [2] A BIB(v,b,rk,1) is called an S(r, k)—-configuration
if k£ is a prime power, i.e. k= p~.

It is known that the parameters of a BIB(v, b, r, k, 1) satisfy the follow-

ing equalities
v=rk—r+1, b:wr.
k

In accordance with Theorem 1 of [2] a cyclic S-system of index r and
order k exists iff there exists an S(r, k)-configuration.

Let us give a construction of an S-system of order k& and index r for
the case of a cyclic S-system.

Let an S(r,k)-configuration be given on a set @, where |Q] = v =
rk —r+ 1, and let Q1,Qq,...,Qp be its blocks. Let H(+,-) be a field

of order k (such a field exists as k is a prime power) and let H(X), ¥ =
{F,E, A1, Ay, ..., Ap_2}, be a complete cyclic S-system over this field.

1. On the block Q; (i = 1,2,...,b) we define a quasigroup Qi(Ag-i)),
j = 1,2,...,k — 2, isomorphic to the quasigroup H(A;) of the S-

system H(X):
Ag,i)(q," y) = a;lAj(ai:L‘, ay) = A?i (z,9),

where «; is an arbitrary one-to-one mapping of the set (); upon H,
i=1,2,...,b.
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2. Then, on the set (), we define the operations Bj, j = 1,2,...,k — 2,
in the following way:

A(Z) m? 7‘f x? e i? € )
Bj@,y):{xw 0 ByeQ oty

By Theorem 1 of [2] the system Q(X), ¥ = {F,E,By,...,Bi_2}, is
an S-system of index r and order k. It is called an S—system over the
field H(+,-) and the S(r,k)—-configuration. Moreover, by Theorem 3 of
[3] such an S-system is cyclic and any S-system over a field and an S(r, k)-
configuration is cyclic.

If Y= {F E,A A% ..., A2} then by (1) and Remark 1
Aj(u,v) = A(u,v) = (1 —d)u+dv, j=1,2,....k—2,

u,v € H, where the element a is a generating element of the multiplicative
group of the field H(+,-).
Hence,

(i) _ -1 Neys o)) = oL AT (o
A (zy) = o (1—d)az+(af - ay)) = o Al iz, asy)

(A% (2, y) = (A% (z,y), @,y €Qs

since it is easy to see that (A - B)* = A% . B® if « is an isomorphism,
(A ’ B)a(xvy) = a_l[(A ’ B)(CYCE, ay)] Then

(Aai)j(xvy)? if T,y € in x 7& Y,

x, if z=y

Bi(z,y) = By(z.y) = {

and ¥ ={F E,B,B?,..., B*?}.

In an Appendix we give an illustrative example of this construction.

3. Direct product of quasigroup power sets

Let Q1(A1), Q2(A2) be two binary groupoids. On the set @1 X Q2 which
consists of all pairs (a1, a2), where a; € Q;, i = 1,2, define the direct product
Ay X As of the operations A1 and As:

(A1 x A2)((w1,72), (y1,92)) = (Ar(21,91), A2(22, Y2)).

If Aj, As are quasigroup operations, then A; x Ag also is a (binary)
quasigroup operation.
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Proposition 1. (A4; x A2)™ = A" x AY' for any natural number m.
Proof. Let m = 2, then
(A1 x Ap)*((x1,22), (Y1, 12)) =
= (A1 x Ag)((w1,22), (A1 x A2)((w1,22), (y1,92))) =
= (A1 x Ag)((w1,22), (Ar(w1,91), A2(22,92))) =
= (A1(z1, Ar(x1,51)), A2 (2, A2(22,92))) =
= (A3 (z1,91), A3(22,52)) = (AT x A3)((21,22), (y1,92)) -

Hence,
(Al X A2)2 = A% X A% .

But then

(A1 X A2)3 = (Al X AQ)(Al X A2)2 = (A1 X AQ)(A% X A%)

since the Mann’s multiplication (-) of operations is associative. Using that
we can similarly show that

(Ap x Ag)® = A3 x A3

Hence, by induction on the integer m, we may deduce that Proposition 1
is true. O

Let Q1(A41), Q2(A2), ... ,Qn(A,) be binary groupoids. On the set
Q1 X Q2 X -+ X Qy define the direct product of the operations Ay,..., A,

(Al X A2 X X An)((fﬂl,lﬁg, ... ,In), (ylayQa .- ’yn)) -
= (A1<1‘1,y1),A2([E2,y2), N ,An(xn,yn))

Proposition 1 at once implies
Corollary 1. (A; x Ag x -+ x A,)" = AT x AJ' x -+« x A",
Now let us consider the following n QPSs:
Qi(%),  Si={A,A7 ... AM},  i=1,2,...,n,
and on the set Q1 X Q2 X -+ X @, define the set

Y X B x oo x B, ={(A1 x Ay x -+ X Ayp),
(AFx A3 x - x A2), .. (AT x ATV x -+ x AT},
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where m = min{my, ma, ... my}. By Corollary 1

Yy X Yo X x XN, ={(A1 x Ag x -+ X A,),
(A X Ay x -+ x Ap)?, ..., (AL x Ay x -+ x Ap)™},

and (Q1 X Q2 X -+ X Qn)(X1 X Xg x -+ x ;) is a QPS of size m which
consists of quasigroups of order |Q1] - |Q2| ... |@Qn|- We call this QPS the
direct product of QPSs Q;(%;), i =1,2,...,n.

Theorem 2. Let n = p{*py?...pY, where for all i = 1,...,s, the p; are
prime numbers, the u; are natural numbers and m = min{p}*,... ,pl} > 4.

Then there exists a quasigroup power set containing m — 2 quasigroups of
order n.

Proof. Let

U2

plflgpQ ggpgs7 where p;%?é2737

(3

and  Q;(%;) = {F,E,Ai,Af,...,AP;iz}

be a complete cyclic S-system of order p/* = |Q;], ¢ = 1,2,...,s. By
Corollary 1 of [3] such an S-system is an S-system over a field of order p;"
and its binary operations have the form (1). Using the direct product of
QPSs, we deduce that (Q1 X Q2 X -+ X Qs)(X1 X Xg X -+ x Xg) is a QPS
of size p}' —2 containing quasigroups of order n. U

Note that, under different representations of a number n by powers of
prime numbers, the quasigroup power sets obtained by Theorem 2 are dif-
ferent. For example, if n = 7-5? we can construct a QPS of 5 quasigroups,
whereas for n =5-5-7 we obtain a QPS of 3 quasigroups of order n.

As has been noted, numbers of the form 6k + 2 present definite difficul-
ties for the construction of latin power sets (or QPSs). As an application
of Theorem 2 let us consider numbers of this form when k is odd, i.e.

n o= 6(2t+1)+2=12t4+8=2%(3t+2), t=>1
(n = 20,32,44,56,...,92,104,...,140,152,...).

Corollary 2. Let n =12t +38, t > 1. Then there exists a QPS containing
at least two quasigroups of order n. If t =4k, k > 1 then there exists a
QPS containing at least three quasigroups. Moreover, if k = 1, then there
exists a QPS of five quasigroups. For 2 < k <9 there exists a QPS of six
quasigroups.
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Proof. The number n = 22(3t + 2) is not divisible by three. This implies
that, in the factorization of n into prime powers, all p;* > 4 and so, accord-
ing to Theorem 2, there exists a QPS consisting of at least two quasigroups
of order n.

Let t = 4k, k > 1, then n = 23(6k + 1) where 6k + 1 is an odd
number > 7 that is not divisible by 2 and 3. Thus, the number 5 is the
least possible divisor of 6k + 1 and by Theorem 2, there exists a QPS of
three quasigroups of order n.

By Theorem 2 there exist QPSs of at least five quasigroups of order
n =25 (t =4 k=1). If t =4k 2 < k < 8, then 6k +1 =
13,19,25,31,37,43,49... and there exist QPSs of at least six quasigroups
of order n = 104 = (23-13),152 = (23-19), 200,248, ...,392 = (23-7%). O

4. Quasigroup power sets and BIB(v;k;, ko, ... ky)

To obtain a further construction of QPSs, we use a generalization of the

concept of a balanced incomplete block design called by R.C. Bose and

S.S. Shrikhande a pairwise balanced block design of index unity and type

(v; k1, ka, ..., ks) (for brevity, we shall write BIB(v; k7)) (see [6], page 400;

[12], page 271). Such a design comprises a set of v elements arranged in
S

b = > b; blocks such that there are b; blocks each of which contains kp

i=1
elements; by blocks each of which contains ko elements, ... bs blocks each of
which contains kg elements (k; < v for i = 1,2,...,s), and in which each

pair of the v distinct elements occurs together in exactly one of the b blocks.
The latter condition implies that

?)('U - 1) = ibzkz(kz — 1).
1=1

If k1 = ko = -+ = ks = k, then we obtain the (pairwise) balanced incom-
plete block design (BIB(v,b,rk,1)).

By Theorem 11.2.2 [6] if a pairwise balanced block design of index unity
and type (v;k{) exists and for each k; there exists a set of ¢ —1 mu-
tually orthogonal latin squares of that order then it is possible to con-
struct a set of ¢ — 2 mutually orthogonal latin squares of order v, where
q=min{q1,qo,...,qs}

We prove that an analogous statement is true for latin power sets (that
is for QPSs) using a constructing of idempotent quasigroups by means of
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BIB(v; kf) given in [4] (see also [10]). First, we describe briefly the con-
struction of such quasigroups from [4].

Let Q1,Q2,...,Qp be blocks of BIB(v;k{), given on a set @, and
Q1(A1),Q2(A2),...,Qu(Ap) be idempotent quasigroups. Note that, in con-
trast to [4], we assume for the sake of simplicity that these quasigroups are
given on the blocks of the BIB.

Define the operation (-) on the set @ in the following way:

”y:{fwﬁw’ﬁwweme¢% @)

x, if z=uy.

The groupoid Q(-) is an idempotent quasigroup and the operation (-)
will be denoted by
()= A = [Afi_y (v k7). (3)
The quasigroup Q(+) consists of quasigroups defined on the blocks of the
BIB(v; k7).
Now we prove the following

Proposition 2. In (3), let A; be an idempotent quasigroup for any i =
1,2,...,b. Then
AP = TAF2_ (v; k) (4)

for any natural number k.

Proof. First notice that z, A(z,y) € Q; where x # y, iff x,y € Q;. Granted
this and the idempotency of A and A; for any i =1,2,...,b, by (2) we have
A(z,y) = Az, A(z,y)) =

{A@A@ymifﬁﬂﬁwéQmM%w#m
if Az,y) = x;

if x=uy;
A2l‘y if z,y€Qi x#y;
if x=uy.

Thus,
A% = [AT]R_1 (v k). (5)

Further, since A, A;, A? are idempotent quasigroups for all i = 1,2,...,b,
then using (2) and (5) we have

AS(;L',y) - A2(3},A(.%',y)) =
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{ A?(va(x’y))v if CL‘,A("L‘,y) € Q, A(J:?y) #

x, it Az,y) = x;
_ [ A Aiy), i xy€Q z#y;
| =, if z=y;

{A?(w,y), if 7,y€Qi x#uy;

T, il z=y.
Hence,
A = (A1 (0 ).
Extending this argument (that is, using induction on the index [) and taking
into account that Aé, i=1,2....b, 1 =1,2,....,k—1, and A, | =
1,2,...,k — 1, are all idempotent quasigroups we obtain equality (4). [

Now it is easy to prove the following

Theorem 3. Suppose that there exists a BIB of indexr unity and type
(vi ki1, ko, ..., ks) and that, for every k;, i =1,2,...,s, there exists a QPS
of a size m with idempotent quasigroups of order k;. Then there exists a
QPS of m quasigroups of order v.

Proof. Let a BIB(v; k7) be given on a set () and have the blocks , Q1, Q2,
o Qp, |Qi| € {k1,ka,...,ks}. Let the following quasigroup power sets of
size m on these blocks be given:

Ql(Zl) . 21 = {Al,A%, . ,AT},
QQ(ZQ) . 22 = {AQ,A%, e ,Agn},

where Q1(A1),Q2(A2),...,Qu(Ap) are idempotent quasigroups (then all
their powers in the power sets are also idempotent).
Cousider the following quasigroups on the set Q:

Cr = [l (vikf),  Ca= ANy (viki), ..., O = [ATE (0 K]).
Using (4) we obtain that Co = C?, C3 = C}, ..., Cp = CO™. Hence,
Q) : ¥ ={C,C%,...,C1} is a QPS of size m containing quasigroups
of order wv. ]

Corollary 3. If there exists a BIB(v;k;) where ki, i = 1,2,...,s are
powers of primes and t = min{ky, ko, ..., ks} > 4, then there exists a QPS
containing t — 2 quasigroups of order v.
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Proof. As k;, i =1,2,...,s, are prime powers then, by Corollary 1 of [3],
for every k; there exists a complete cyclic S-system (over a field of order k;).
This S-system contains k; — 2 (idempotent) quasigroups. Now, applying
Theorem 3 completes the proof. O

Corollary 4. Let k,k+1,m,x be prime powers, 4 < k<m, 4<x<m,
t = min{k,z}. Then there exists a QPS which contains t — 2 quasigroups
of order v=Fkm+ .

Proof. Let N(m) denote the largest possible number of mutually orthogonal
latin squares of order m which can exist in a single mutually orthogonal set
and k < N(m) +1 < m, x < m. Then (see [6], p. 412-413) there exists a
BIB(km + x;k,k + 1,2,m) of index unity.

Since m is a prime power then there exists a complete set of mutually
orthogonal latin squares (i.e. N(m) = m — 1) of order m. In this case the
equalities £ < m and k£ < N(m) + 1 are equivalent. Finally use Corol-
lary 3 taking into account that under our conditions min{k, k + 1,z,m} =
min{k,z}. O

Next we apply Theorem 3, Corollary 3 and Corollary 4 to construct a
number of QPSs using some known BIBs (v;b,r,k,1) and BIBs (v; k7).

Let a BIB(v,b,r,k,1) be given on a set @, |Q| = v. By removing
one element from this BIB, we can obtain a BIB(v — 1;k — 1,k), that
contains r blocks of k—1 elements and b—1r blocks of k£ elements. In the
table presented below we give initial BIBs (v,b,r,k,1) (with the numbers
assigned to them in the Table of Appendix I of [12]), the corresponding
BIB(v—1;k—1,k), the size of QPS obtained by Corollary 3 and also that
obtained by Theorem 2 (for comparison) for the same values of v.

BIB No. BIB BIB Size QPS | Size QPS
from [12] (v;b,r, k,1) (v—1;k—1,k) | by Cor. 3 | by Th. 2
7 (21,21,5,5,1) (20;4,5) 2 2
11 (25,30,6,5,1) (24;4,5) 2 -

25 (57,57,8,8,1) (56:7,8) 5 5
36 (64,72,9,8,1) (63:7,8) 5 5
37 (73,73,9,9,1) (72:8,9) 6 6
42 (41,82,10,5,1) (40;4,5) 2 3
45 (81,90,10,9,1) (80:8,9) 6 3
51 (45,99,11,5,1) (44; 4, 5) P 9
108 | (61,183,15,5,1) (60 4, 5) P _

[6], p.403 (22:4,7) 2 -
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Now we use Corollary 4 to obtain new QPSs with quasigroups of order
v = km + x, where the numbers k, m,x satisfy the conditions of the corol-
lary. In the table given below, we present some BIB(km+x;k,k+1,2,m)
with such values of k,m,z and also the sizes of the QPSs (with quasigroups
of order v = km + x) constructed by Corollary 4 and Theorem 2 corre-
sponding to them.

BIB Size of QPS  Size of QPS
(km+z;k, k+ 1,2,m) v=km+zx by Cor. 4 by Th. 2
(60;7,8,4,8) 60=22-3-5 2 —
(63;7,8,7,8) 63=32-7 5 5
(69;8,9,5,8) 69 =3-23 3 —
(76;8,9,4,9) 76 =22.19 2 2
(80;8,9,8,9) 80=2%.5 6 3
(92;8,9,4,11) 92 = 22.23 2 2
(93;8,9,5,11) 93 =3-31 3 —
(95;8,9,7,11) 95=5-19 5 3
(96;8,9,8,11) 96 =2°-3 6 —
(99:8,9,11,11) 99 =3%2.11 6 7
(108;8,9,4,13) 108 =22.33 2 2
(111;8,9,7,13) 111=3-37 5 —
(112;8,9,8,13) 112=2%.7 6 5
(115;8,9,11,13) 115=15-23 6 3
(132;8,9,4,16) 132=22.3-11 2 —
(133;8,9,5,16) 133 =7-19 3 5
(135;8,9,7,16) 135=3%-5 5 3
(136;8,9,8,16) 136 =23 .17 6 6
(140;8,9,4,17) 140=2%2-5-7 2 2
(141;8,9,5,17) 141 = 3-47 3 -
(141;8,9,13, 16) 141 = 3-47 6 —
(143;8,9,7,17) 143 =11-13 5 9
(144;8,9,8,17) 144 = 24 . 32 6 7
(145;8,9,9,17) 145 = 5-29 6 3
(147;8,9,11,17) 147 =3 - 72 6 —
(152;8,9,16,17) 152 =23 .19 6 6
(153;8,9,17,17) 153 =32.17 6 7
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The parameters of the following BIBs (km + x;k, k+ 1,z,m):

(20;4,5,4,4), (24;4,5,4,5), (25;4,5,5,5), (32;4,5,4,7),

(33:4,5,5,7), (35;4,5,7,7), (36;4,5,4,8), (37:4,5,5,8),

(39:4,5,7,8), (40;4,5,8,8), (40;4,5,4,9), (41;4,5,5,9),
(43;4,5,7,9), (44;4,5,8,9), (45;4,5,9,9)

also satisfy the conditions of Corollary 4. Using these BIBs one can con-
struct QPSs containing at least two quasigroups of order wv.

Appendix

Now we give an illustrative example using the construction of QPSs from
Section 2.

Let H(®,-), where H = {0,1,2,3,4, }, be the finite field formed by the
residues modulo 5. The element 2 is a generating element of the (cyclic)
multiplicative group of this field, so we take the quasigroup A(z,y) =
(1 —2)z + 2y = 4z + 2y as the defining quasigroup for a complete (cyclic)
S—system H(X), ¥ = {F,E,A, A%, A3}. The Cayley table of the quasi-
group A is as follows:

A0 1 2 3 4
010 2 4 1 3
1141 3 0 2
213 0 2 4 1
312 4130
411 3 0 2 4

As a block design we use the following
BIB(v,b,r,k,1) = BIB(21,21,5,5,1) = S(5,5)

on the set @ = {1,2,3,4,5,6,7,8,9,a,b,¢,d,e, f,g,h,k,m,n,p} of 21
elements and 21 blocks:

By : 1,2,3,4,5, Bs : 3,7,a,h,n, Bis : 5,8,b,h,k,
By : 2,6,a,e,k, By : 4,7,d,9,k, Big : 1,k,m,n,p,
Bs : 3,6,b,9,p, By : 5,7,ce,p, Bz 2,9,d,h,p,
B4 . 4,6,c,h,m, BH : 1,6, f,g,h, Blg . 3,9,0, f,k,
Bs : 5,6,d, f,n, Bis : 2,8,¢,9,n, Big : 4,9,b,e,n,
Bg : 1,a,b,c,d, Bis : 3,8,d,e,m, By : 5,9,a,9,m,
By : 2,7.b, f,m, By : 4,8,a,f,p, By : 1,6,7,8,9.

This block design is isomorphic to the finite projective plane of order 4
and corresponds to a complete set of orthogonal latin squares of order 4.
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ﬁlA(gjay)? T,y € H?
a2

aq
For example

ao
0

01 2 3 4

5 8 b h k

(

if x=uy.

Aaia if iE,yGQi’ .1‘7éy,
)7 Q15
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B(z,y) = {
{B, B%, B3} is a QPS. The Cayley table for the quasi-
.,21, (673
1 2 3 4 5
01 2 3 4

i=1,2,..

1
3
a1

2

group Q(B) we fill out by subquasigroups given on the blocks of the BIB.

These subquasigroups are isomorphic to the quasigroup H(A):

According to the results of Section 2 it is sufficient to construct the quasi-
B(z,y) = a; 'Alaiz, aiy), 2,y € Qi or B(Biw, Biy)

group Q(B):
if Q; ={ao,a1,a2,a3,a4} (in the order of listing).

The quasigroup Q(B) is defined by the following table.

Then Q(X), X

Bi = o

AlE 8 0% O 0 O & T O WO H A

Al 208 O+ T & O O~ DWW F NN — = 8
Blavw 00 00 0T @O ©wmEI <
MIEH O .Y 8T L OO0 DA MO

Sl I~ 0o FMmMIDAN 8¢ H 4w 0o—H .80 0
W0 0 WM T NI H AR A S TS
HlO oD w O N T Mm A E Mg - O 00
V0o DN Mm M d A g 0. dwdT
Tlo A X g 0o 9.0 & - T 0O M o™
Ol 24 H oD O M- —HT OO~ 00 M 0
2T B Aadd - O 0 0.0 &3~ © oI N ™
Slo M g o8 0. 9w s~ T © 0 >~ ™o <t
D0 T OO B0 A DD M 2 8 v w0 o o
WV[(O VT QA DO~ N =R
I~y 0 8T OO0~ O A MmN 0% o O
O~ 8 0 UV WO~ DN M H Mg o8 0.2 % w0
[(F M N —10 g o g g o 0 O O I~
TN M E M RS- 0. d o 8T OO O
Mo ¥ MmN~ g 52X 9 0w 0T 0.0 & W ©
N[O N 10 MM § 000 09 &0 0T ~0n
[0 N N DO~ © T OO & O O g E
M— NN <F 1O © I~ 0D & 2 8 g o
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The subquasigroup on the block Bis has the following Cayley table:

5 8 b h k
5|/5 b k 8 h
8k 8 h 5 b
blh 5 b k 8
hib kE 8 h b
k|8 h 5 b k

The subquasigroup on Bj is in the left top corner of the Cayley table of

the

quasigroup Q(B).
From the quasigroup Q(B) it is easy to obtain the quasigroups B2 and

B3. Thus we obtain a QPS {B, B?, B3}.
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