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Abstract

Latin squares can be seen as multiplication tables of quasigroups, which are, in general, non-
commutative and non-associative algebraic structures. The number of Latin squares having a
fixed isotopism in their autotopism group is at the moment an open problem. In this paper,
we use Grobner bases to describe an algorithm that allow one to obtain the previous number.
Specifically, this algorithm is implemented in SINGULAR to obtain the number of Latin squares
related to any autotopism of Latin squares of order up to 7.
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1. Introduction

A quasigroup (Albert, 1943) is a nonempty set G endowed with a product -, such that
if any two of the three symbols a,b, ¢ in the equation a - b = ¢ are given as elements
of G, the third one is uniquely determined as an element of G. It is equivalent to say
that G is endowed with left and right division. Specifically, quasigroups are, in general,
non-commutative and non-associative algebraic structures. Two quasigroups (G, -) and
(H, o) are isotopic (Bruck, 1944) if there are three bijections «, 3,7 from H to G, such
that y(aob) = a(a) - B(b), for all a,b € H. The triple © = («, 3,7) is called an isotopism
from (G, ") to (H,o).
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The multiplication table of a quasigroup is a Latin square. A Latin square L of order
n is an n x n array with elements chosen from a set of n distinct symbols {z1,..., 2, },
such that each symbol occurs precisely once in each row and each column. The set of
Latin squares of order n is denoted by LS(n). The number of Latin squares of order n
is denoted by N,,. A partial Latin square, P, of order n, is a n X n array with elements
chosen from a set of n symbols, such that each symbol occurs at most once in each row
and in each column. The set of partial Latin squares of order n is denoted as PLS(n).

An exhaustive study about Latin squares and their applications is given by Laywine and
Mullen (1998).
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Table 1. Number of Latin squares of order 2 < n < 7.

In this paper, for any given n € N, we denote by [n] the set {1,2,...,n}. Specifically, we
assume that the set of symbols of any Latin square of order n is [n]. The symmetric group
on [n] is denoted by S,,. Given a permutation d € S,,, it is defined the set of its fized points
Fiz(§) = {i € [n] | 6(i) = i}. The cycle structure of § is the sequence ls = (1J,13,...,13),
where lf is the number of cycles of length 4 in §, for all i € {1,2,...,n}. On the other
hand, given L = (I; ;) € LS(n), the orthogonal array representation of L is the set of n?
triples {(4,7,0;;) | 4,j € [n]}. The previous set is identified with L and then, it is written
(¢,4,1;,;) € L, for all 4,j € [n]. Analogosly, any P € PLS(n) will be identified with the
set {(i,7,0;;) | ©,5 € [n],l;; # 0}. Given o € S3, one defines the conjugate Latin square
L7 € LS(n) of L, such that if T = (4, j,1; ;) € L, then (7,(1)(T), T2y (T), mo(3)(T)) € L7,
where ; gives the it" coordinate of T', for all i € [3]. In this way, each Latin square L has
six conjugate Latin squares associated with it: L'¢ = L, L2 = [t [(13) [(23) 1(123)
and L(132),

Since a Latin square is the multiplication table of a quasigroup, an isotopism of a
Latin square L € LS(n) is therefore a triple © = (o, 8,7) € Z,, = Sy, X S, X Sy,. In
this way, «, 8 and 7 are permutations of rows, columns and symbols of L, respectively.
The resulting square L® is also a Latin square and it is said to be isotopic to L. In
particular, if L = (I; ;), then L® = {(i7j,’y(la—1(i)7ﬂ—l(j)> | i,7 € [n]}. If v = €, the
identity map on [n], © is called a principal isotopism. The cycle structure of an isotopism
© = (a,8,7) € I, is the triple (14,13,1,), where ls is the cycle structure of §, for all
0 € {a, 8,7}. The set of isotopisms of Latin squares of order n having (l,,1g,1,) as their
cycle structures is denoted by Z,,(ls, 15, 15).
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Figure 1. Isotopism permuting 1°* with 2"¢ and 3" with 4*" rows and 2" with 3"¢ columns.



An isotopism which maps L to itself is an autotopism. (e, ¢€,€) is called the trivial
autotopism. The possible cycle structures of the set of non-trivial autotopisms of Latin
squares of order up to 11 have been obtained by Falcén (2007). The stabilizer subgroup
of L in T, is its autotopism group, U(L) = {© € Z,, | L® = L}. Given L € LS(n),
O = (o, 3,7) € U(L) and o € Ss, it is verified that ©7 = (7,(1)(0), Ty (2)(0), Tx(3)(0)) €
U(L?), where ; gives the i'" component of ©, for all i € [3]. Given © € Z,,, the set of all
Latin squares L such that © € U/(L) is denoted by LS(0) and the cardinality of LS(0) is
denoted by A(©). The computation of A(©) for any isotopism O € Z,, is at the moment
an open problem having relevance in secret sharing schemes related to Latin squares and
only studied in some cases where © is a principal autotopism (Falcén, 2006).

Although A(O) can be studied in a combinatorial way, in this paper we see that
Grobner bases turn out to be useful to obtain this number. Specifically, given a © =
(o, B,7) € I, we see that, if ko, < n is the number of cycles of «, then LS(O) can be
obtained starting from a set of Latin rectangles of order k, - n, that is to say, a set of
ko X n arrays, with elements chosen from [n], such that each symbol occurs precisely
once in each row. This set of Latin rectangles can be seen as the vector space associated
with the solution of an algebraic system of polynomial equations related to the isotopism
O, which can be solved using Grobner bases. We follow the ideas implemented by Bayer
(1982) (see also Adams and Loustaunau, 1994) to solve the problem of n-colouring a
graph, since every Latin square of order n is equivalent to an n-coloured bipartite graph
K, , (Laywine and Mullen, 1998). A similar argument has been used by Gago et al.
(2006) (see also Martin-Morales, 2006) to give an algorithm to solve Sudokus, which are
indeed a particular case of Latin squares.

The structure of the paper is as follows. In Section 2, we study the set of Latin squares
having an isotopism with a given cycle structure in their autotopism group. Specifically,
we prove that A(©) only depends on the cycle structure of ©. In Section 3, we use
Grobner bases to define an algorithm that allow one to obtain A(©). Finally, in Section
4, this algorithm is implemented in SINGULAR (Greuel, Pfister and Schénemann, 2005)
to get the number of Latin squares of order < 7 related to any autotopism.

2. Cycle structures of Latin square autotopisms

Every permutation of S,, can be written as the composition of pairwise disjoint cycles.
So, from now on, given © = («, ,7) € Z,,, we will assume that, for all § € {a, 8,7}:

5:6’{50030...0025, (1)
where:
i) For alli € [ks], one has C¢ = (cil ¢y e /\(5)7 with A <nand ¢ | = min;{c];}.
If X =1, then C? is a cycle of lenght 1 and so, ¢, € Fiz(d).

i) Y, A\ =n.

iii) For all i,j € [ks], one has \J > )\?, whenever i < j.

iv) Given i, € [ks], with i < j and \ = /\g, one has cf’l < cjl.

From now on, for a given 6 € {a, 3,7} and i € [ks], we will write a € CY if there exists

j € [AY] such that a = ¢ ;. The following results hold:



Proposition 1. Let © = («, 3,7) € I,, be such that A(©) > 0. Let L = (1; ;) € LS(O)

be such that all the triples of one of the following two Latin subrectangles of L are known.:

M), af A > 1
i) R = {(c?,l?C?,v’lc“l,c?v) | re [ka]786 [k’ﬁ] and v € {[ s AT > }

(1], if AT = 1.
) ) ], if A8 > 1,
i) R, = {(Cr,uvcsﬁ,lvlcgu,cﬁl) | r € [kal,s € [kg] and u € {m, A =1, .

Then, all the triples of L are known.

Proof. We will prove the result in case are known the elements of Ry, the other case
follows analogously. Let (4,7,1; ;) € L be such that i ¢ Fiz(a) and let ro € [ka], uo €

A2 ], so € [ks] and vg € [AJ ] be such that ¢, =i and c? , = j. From the hypothesis,
the tI‘lple (0?071’ 61 uo(cgoﬂ)o) lcéo,lvﬁliuo(cmyvo)) is known. Thus, li,j = lcgo uo7Cgo,vo =

SICRR (P 1= (o )) and therefore, the triple (¢, 7,; ;) is known.
o1’ 50,v0
By the other way, let (4,4,l; ;) € L be such that i € Fiz(a) and let 79 € [kol,
so € [ks) and vo € [M] ] be such that ¢ | =i and 2 , = j. From the hypothesis, the
triple (c =Y, s )and

CT0,17050.1

50,0

B
c l is known. Thus, I; —l
s0,17 02‘01170?()‘1) .7 o 1,c§0 v

therefore, the triple (7, 4,1; ;) is known. O

(e}
7‘0,1’

Proposition 2. Let (14,13,1,) be the cycle structure of a Latin square isotopism and let
us consider ©1 = (a1, f1,71), 02 = (a2, B2,72) € In(lay1s,1,). Then, A(©1) = A(O2).

Proof. Since ©; and ©; have the same cycle structure, we can consider the isotopism
© = (01, 02,03) € I, where:

i) Ul(c”) = cf’j7 for all i € [kq,] and j € [AF],
i) oo(c? L) = ”, for all i € [kg,] and j € [\?'],

iii) o3(c 71) cj5, for all i € [k,,] and j € [\]'].

Now, let us see that A(©1) < A(O2). If A(©1) = 0, the result is immediate. Otherwise,
let L1 = (I;;) € LS(01) and let us see that LY = (li ;) € LS(©2). Specifically, we
must prove that (as(i), B2(4),72(l] ;) € LY, for all (,4,1; ;) € LY. So, let us consider
(G0, Jo, i, 4,) € LY and let vy € [ka,],uo € (An2],s0 € [kg,],v0 € [)\fg],to € [k,,] and

wo € [A{?] be such that 22, =io,c2 = jo, and ¢;? , =1 ;. Thus:
(C’?‘tf)l ugp? Cg(] vo? C’ty()l,w()) (0—171(2'0)’ Uﬁl(jo) (l;() jg)) E Ll'

Next, since Ly € LS(0), we have that (a1 (¢, ), B1(c2 ), 71(¢1t w,)) € L1. Therefore:
(Oéz(io),ﬁg(jo),’}lz(lgo jo)) (CYQ( To,uo) 62( so 'uo) 72( to,wo)) =

= (o1(on(cry uy))s o2(Bi(c so,uo))703(71(6?3,w0)) €Ly

Analogously, it is verified that Léal o305 € LS5(0,), for all Ly € LS(03), and
hence, the result follows. O



From Proposition 2, the number of Latin squares having a fixed isotopism © € 7,
in its autotopism group only depends on the cycle structure of ©. Hence, from now on,
A(la,15,1,) will denote the number of Latin squares having a fixed autotopism © €
7, (1a,1s,1,) in its autotopism group. Specifically, the following results are verified:

Proposition 3. Let (1,,1,1,) be the cycle structure of a Latin square autotopism © =
(o, B,7) and let us consider o € Ss. Then, A(ly,15,1,) = A(lﬁo(l)(@), Lz, 2 (0) lﬁa(g)(@)),
where m; gives the it" component of ©, for alli € [3].

Proof. Since O is a Latin square autotopism, it must be A(0) > 0. Let L € LS(©) and
consider the isotopism 7 = (74(1)(0), Ty(2)(0), Ts(3)(0)), then it is verified that ©7 €
(L, 1y @) Lryay(©)s Ln, (@) and L7 € LS(©7). Thus, A(©) < A(O©7). Moreover, if
L' € LS(©%),then L' € LS(O). Therefore, A(©) = A(6°) and thus, from Proposition
2, A(laﬁlﬁﬁlv) = A(lﬂa(l)((“))’ 17Ta<2)(@)’ 17%(3)(@))- .

Corollary 4. (1o, 13, 1,) is the cycle structure of a Latin square autotopism if and only
if there exists a permutation o € Ss such that (lﬂo(l)(@), l,wz)(@), lvrc,(s)(@)) is the cycle
structure of a Latin square autotopism, such that kﬂo(l)(@) < kﬂg@)(@) < kwo(?))(@).

Proof. Since (l,, 1g, 1) is the cycle structure of a Latin square autotopism if and only
if A(ly, lg, 1) > 0, the result is an immediate consequence of Proposition 3. O

Remark 5. From Proposition 2 and Corollary 4, if we want to obtain the number A(O)
related to an autotopism © = («,f3,7) € I,, we can suppose that ko < kg < k..
Otherwise, we would find a permutation o € S3 such that (lﬂa(l)(@), L, 2y (0) lﬂa(s)(@))
is the cycle structure of a Latin square autotopism, such that kﬂa(l)(e) < kﬂam(@) <
k. #(©) and we would work with the autotopism ©7. Moreover, from Proposition 2, we

can suppose that the autotopism © is such that cﬁﬁl = r, for all r € [k,] and for all

§€{a,B,7}

To simplify the calculus of A(©), it is useful to study previously the symmetry of the
autotopism O. Specifically, we can find a partial Latin square P € PLS(n) such that
there exists cp > 0 verifying that A(©) = cp - |LSp(0©)|, where LSp(0) = {L € LS(O) |
P C L}. The number cp will be called P-coefficient of symmetry of ©. The following
result is immediate:

Lemma 6. Let © € Z,,. Given i,j € [n], it is verified that:
L8©) = || L8101 (©) = || LSk (©) = || LS((ri)(©).

ke[n] ke[n) ke[n]
A©) = > |LSiwny(O) = D LS (ki (O = D LS (ki3 (O)]-
k€[n] ke[n) k€[n]

The following results will be useful in our study:



Proposition 7. Let © = (o, 8,7) € I, be such that A(©) > 0 and 19 -1 > 0 and let us
consider Lo = (1; ;) € LS(O). Let i € Fiz(a) and j € Fixz(5). Then, I, ; € Fiz(y). As a
consequence, A(O) is a multiple of the number of Latin squares of order 1.

Proof. It is enough to observe that v(l; ;) = la(),8(;) = li,j- To prove the consequence,
let us observe that, from Theorem 1 of McKay, Meynert and Myrvold (2007), since
1219 > 0, it must be 1, = 13 = 1,. Specifically, 19 = 17 = 17 is the number of fixed
points of «, 8 and . Therefore, the subsquare Ry = (r; ;) of Lo verifying that its row
indices are fixed points of o and its column indices are fixed points of 3 must be a Latin
subsquare of Ly with elements chosen from the set Fiz(v) of fixed points of . Moreover,
if we interchange in L¢ the subsquare Ry with any Latin subsquare Ry € LS(1{) of
the same order with elements chosen from Fix(y), we obtain a different Latin square of
LS(0). Indeed, it must be |LSg,(0)| = |LSg, (©)| and, therefore, we finally obtain that
A(©) = Nia - [LSR,(©). O

Theorem 8. Let © = (a, 8,7) € Z,, be a non-trivial autotopism verifying the conditions
of Remark 5 such that A(©) > 0. Given 6 € {a, 8,7}, let hs be the cardinality of the set
{i €[n] | 19 >0}. The following asserts are verified:
a) If hoa = hg =1, then A(©) =n - |LS{1,1,1)1(0)].
b) Let us suppose that there exists io € [n]\ {1} such that 1§ = 1’6 £0.If19 =19 >0
and ho = hg = 2, then:
12 -1
A©) =[] (n =15 =k -i0)* - |LS(iika),(kurict) | i€lha—13]3(O)]-
k=0
12 -1
A©) =[] (0 =18 =k -i0)* - |LS(iika), (ko) | i€lha—13]3(O)]-
k=0

Proof. Let L = (l; ;) € LS(©). The first assert is immediate because, in this case,
|LSt(1,:,13(©)| = |[LS{1,5,13(©)], for all 4, j € [n]. Let us see the second assert. We will

prove the first expression, the other one follows analogously. Since 1f - lf > 0 and ©
verifies the conditions of Remark 5, it must be k., € Fiz(a) = Fiz(8) = Fixz(y). Now,
from Proposition 7 and the symmetry of ©, [LS{(1,,)}(©)] = 0, for all i € Fiz(3) and
|LSt(1,i,k0)3(©)] = |LS{(1,5,60)3(©)], for all i, j ¢ Fixz(3). Thus, from Lemma 6, A(©) =
(n—l’f)~|LS{(1717ka)}(@)|. Now, it must be |LS{(171);.C ),(2,0ka )}( )| =0, foralli € Fix(8)U
Clﬁ and |LS{(1717]€&)7(27Z‘,;€Q)}(@)| = |LS{(1717;€&) (2,7 ka ( )|, for all 4, j & Fix(8 )UCf So,
AO) = (n—17) - (n =1 — o) - [LS{(1,1,k0),(2,2,ka )}( )|- Analogously, it can be proven

1 1 N , .
that A(©) = [[,2, (n —1¢ — k -id0) - [LS{ii k) |icka—1213(©)]. Let P = {(i,4,ka) |

i € [ka —1¢]} € PLS(n). Next, it must be Iy, 1 ¢ Fix(y) and [LSpug,,1.}1(©)] =

. . 1I5,—1 .
|LSPU{(ka,1,j)3(©)], for all 4, j & Fiz(y). So, A(©) = (n —1¢) - [[,2, (n —1¢ — k- i) -
|LSPU{(ka,1,1)}(@)|~ NOW, it must be lk(,,2 ¢ F’LI(")/)QC? and |LSPU{(ka,l,l),(ka,Q,i)}(@)| =
|LSpU{(k 1,1, (ke,2,)} (©)], for all i, j & Fixz(y)NCY. So, A(©) = (n—1¢) - (n =1 — o) -
(n —1¢ =k -io) - [LSpU{(ka,1,1),(ka,2,2)} (©)|. Analogously, it can be finally proven
(

l°‘ -1 .
that A 6) _ (n — l(ll — If . Z0)2 . |LSPU{(ka,i,i) ‘ ie[ka—l?}}(®)|~ O



3. Grobner bases and Latin square autotopisms

Grobner bases can be used to obtain the set LS(n) of Latin squares of order n by
following the ideas of Bayer (1982) (see also Adams and Loustaunau, 1994), since every
Latin square of order n is equivalent to an n-coloured bipartite graph K, , (Laywine
and Mullen, 1998). In particular, given a generic Latin square L = (l; ;) € LS(n), we can
consider the set of n? variables {z;; | 4,7 € [n]}, where z; ; corresponds to the triple
(2,4,1;,5) € L, for all 4,j € [n]. Then, we define:

< F(z) — F(y
F) = ] @—m), G(I,y)(x)_y(),
m=1
Thus, given 4,4, 7,5 € [n] such that i # ' and j # j’, it must follow that F'(}; ;) =
0=G(li;,lv;) = G(l;,1;), because L € LS(n). Thus, if we define the following ideal
of Q[X] = Q[xl,la ceny xn,n]:

I = (F(z;;),G(xij,xi ;). Gwij, i )| i,i,7,7 €n], i £ and j #j")

generated by n? + 2 jyem)xn (=) + (n — j)) polynomials, it is verified that the set
of zeros of I, noted by V(I), corresponds to the set LS(n).

Remark 9. Once we know that the polynomial F(z1,1) € I, it is easy to see that the
rest of the polynomials F'(z; ;), (¢,j) # (1,1), are redundant so we can delete them. The
ideal I can be generated by 1+ 3", i<y (0 — 1) + (n — j)) polynomials.

Remark 10. It is well know that, as ideals I produced by Latin squares are radical (Cox
et al., 1997, Ch. 2, Prop. 2.7.), the number of elements in V'(I) is equal to the dimension
of the Q-vector space Q[x]/I, and this number can be computed with any Grébner basis
with respect to any term ordering.

Now, let © = (o, 8,7) € Z,(la, 1g, 1y) be a Latin square autotopism verifying the
conditions of Remark 5. In this section, we are interested in obtaining the number A(©).
The following set will be useful:

Se = {(z,g) | i€ [ka),j € {[n]7 if i ¢ Fiz(a), }

[ks], if i € Fiz(a).

Remark 11. From Proposition 1, we can eliminate some of the polynomials defining the
above-defined ideal I to obtain the Latin squares of LS(0©). In particular, if we consider
the first case of that result, we can restrict our study to those polynomials in which only
appear some of the (ko —1f) - n+ 1§ - kg variables z; ;, where (i, j) € Se. Hence, we are
interested in the following ideal of Q[z; ; | (4,7) € Se):

I'= (F(x1,1), G(xi 5, i ), G(xij, xig0) | 6,8 € [kal, 4,5" € [n], i # i'and j # j') +
(G(mi7j7xi1,j),G(xi,j,xi,j/) | 1€ Fix(a), i’ c [n], j,j/ S [k‘g], ) 7& i/andj 75 ]/> .
Next, let P = (p; ;) € PLS(n) be such that p; ; = 0, for all (¢,j) ¢ Se and let cp
be the P-coefficient of symmetry of ©. Thus, we know that A(Q) = ¢p - |[LSp(O)| and

we will calculate |LSp(0O)| starting from the set of solutions of an algebraic system of
polynomial equations related to © and P. Specifically, we obtain the following algorithm:



Algorithm 1 LsT (computing the number of Latin squares having a fixed isotopism)

Input: © = (o, 3,7) € Z,,, an isotopism verifying the conditions of Remark 5;
ko, the number of cycles of «;

U = V1,02, .. Uk —12)-n+1o-ky ) COITesponding to triples of a partial
Latin square P € PLS(n) such that p; ; = 0, for all (i,7) & Se;
¢, the P-coefficient of symmetry of ©.

Output: A(©), the number of Latin squares having © as an autotopism;

= (F(x1,1),G(wij,xi 5), G(wij,x55) | 0,1 € [kal, j,j" € [n], i #i'and j # j') +
(G4, 3), G j,x55) | i € Fix(a), i' € [n], j,j" € [kg], i #i'and j # j")

I":=T1 + (zi;—vij | (i,) € Se,vi; #0);
GI' := Grobner basis of I’ with respect to any term ordering;

)

t := dimg(Q[x]/I); > t is the cardinality of V(I")
SOL =V (I'); > list of all elements in V(I")
Delta := 0; > the output is ¢ - Delta
for{=1totdo

L := the n x n array associated with SOL[[]; > see Proposition 1

if L is a Latin square then
Delta < Delta +1;
end if
end for
return c- Delta;

Proof. (Correctness of the algorithm).

i) Given a partial Latin square P € PLS(n) such that p; ; = 0, for all (i,j) & Se, we
will consider the vector v such that:

Dijy lfp, ®7 . . .
V(i1)mtj = {OZ Jifp- ’i?; and i € Fiz(a),j € [n]
) ij =

Pij, if pij #0,

V(ko—19)nt-(i—ka+1E—1) kp+j = {0 ;=0 and i € Fiz(a),j € [kg]
5 i,g — Y,

ii) The first definition of I’ corresponds to the ideal defined in Remark 11. The second
one is obtained by adding the polynomials associated to the filled cells of P.

iii) From Proposition 1, we are not interested in V(I'), but in the subset {R; | L €
LSp(©)} CV(I'), because its cardinality is equal to |LSp(©)|. Thus, finally, once
we have obtained V' (I"), we must check how many of its elements are in the previous
subset. Specifically:

iii.1) Given an element of V' (I'), we follow the proof of Proposition 1 to define the
n X n array associated with it.

iii.2) Then, the obtained array belongs to the set LSp(0) if and only if it is a Latin
square.

iv) The final output is therefore A(©) = ¢p - |[LSp(O)].



Let us see some examples:

Example 12. Let © = ((1234), (1234), (12)) € Z4((0,0,0,1),(0,0,0,1), (2,1,0,0)). Let

us define:
4

Fa)= [[-m).  Glay) =

m=1

F(z) - F(y)
r—y
Then, let us consider the ideal of Q[z11, 12, 213, T14):
I' = (F(x11), G(w11, 712), G(T11,213), G (211, 14), G(T12, T13), G(T12, T14), G(T13, T14)).
The following is a Grobner basis of I’ with respect to the degree reverse lexicographical
ordering;:
{ 33?3 + 33%3.7)14 + .7)13$%4 + LE:LL — 1033%3 — 10x13214 — 1033’%4 + 35x13 + 35214 — 50,
23y + z12213 + 33 + T12T14 + T13714 + 34 — 10212 — 10215 — 10214 + 35,

xly — 1023, + 3523, — 50z14 + 24, @11 + 212 4+ T13 + 214 — 10 }.

It can be proven that the algebraic system of polynomial equations given by the
previous Grobner basis has 24 solutions. However, only 8 of them correspond to a Latin
square by following the proof of Proposition 1. Therefore, A(©) = 8. Moreover:

A((0,0,0,1),(0,0,0,1),(2,1,0,0)) = 8.

Example 13. Let © = (¢, (12345), (12345)) € Z5((5,0,0,0,0), (0,0,0,0,1), (0,0,0,0, 1)).
In this case, ko = 5 > 1 = kg = k. Let us consider, for example, the permutation
(13) € S3 and let us define the principal isotopism ©' = ©(13) = ((12345), (12345),¢) €
75((0,0,0,0,1),(0,0,0,0,1),(5,0,0,0,0)). From Proposition 3, we have that A(©) =
A(©"). Let us define:

5

F(z)= [[@-m), Glxy) =

m=1

F(z) — F(y)
T—y
Then, let us consider the ideal of Q[z11, z12, 213, T14, T15):
I' = (F(x11), G(z11, 212), G(211, 213), G (%11, T14), G011, %15), G (212, 713),
G(wm,xu),G(LE12,1’15)7G($13’$14)7G($137$15)7G(1¢147$15)>~

The following is a Grobner basis of I’ with respect to the degree reverse lexicographical
ordering:
{ 235 + aizwia + x13xds + 25, + 23ax1s F 213214215 + 1415 + T13055 + w1a2Ts + 2d5—
—1522; — 15213214 — 1522, — 15213215 — 15214215 — 15225 + 85213 + 85214 + 85215 — 225,
23y + x12213 + i3 + T12T1a + T13T14 + T4 + T12T15 + T13T15 + T1aT15 + 35 — 15T10—
—15x15 — 15214 — 15215 + 85, x35 — 15xs + 85a35 — 225275 + 274x15 — 120,
Ti4 + 2hamis + 214275 + p1axls + 215 — 152%, — 1527 ,215 — 15714275 — 15235 + 85274+

+85x14215 + 85%%5 — 225114 — 2252715 + 274, T11 + T12 + 13 + 14 + 215 — 15 }



It can be proven that the algebraic system of polynomial equations given by the
previous Grébner basis has 120 solutions. Indeed, each one of them corresponds to a
Latin square by following the proof of Proposition 1. Therefore, A(0) = A(0') = 120.
Moreover: A((5,0,0,0,0),(0,0,0,0,1),(0,0,0,0,1)) = 120.

Remark 14. In the previous examples, the Grobner basis obtained has the same number
of elements as variables. However, it does not happen in general. So, for example, the
Grobner basis we obtained corresponding to the autotopism © = ((134), (134), (134)) €
74((1,0,1,0), (1,0,1,0),(1,0,1,0)) with respect to the degree reverse lexicographical has
9 elements, but there are only 6 variables.

4. Number of Latin squares related to a cycle structure of order < 7

Let © = (o, 3,7) € Z,, be a Latin square autotopism of order up to 7 verifying the
conditions of Remark 5. In this section, Algorithm 1 is implemented to obtain the num-
ber A(©) in a procedure for the computer algebra system for polynomial computations
SINGULAR 3-0-2. A Singular library called latinSquare.lib has been created and it
is available on the Internet®. The authors are going to submit this library to the Sin-
gular distribution. The main procedure has been called LST, from the initials of “Latin
Squares of Theta”. Specifically, LST depends on the permutations «, 8 and ~, given re-
spectively by the n-vectors A = [a(1),a(2),...,a(n)],B = [6(1),3(2),...,6(n)], and
C = [v(1),7(2),...,7(n)]. LST also depends on the number k, of cycles of «, denoted
by kA, on a vector v corresponding to a partial Latin square P € PLS(n) and on the
P-coefficient of symmetry, denoted by c¢. From (Falcén, 2007), it is verified that k, <5
and if 19 -17 > 0, then ko = kg and 19 =19 < 3.

Let us see in the following example how to use this library in SINGULAR.
Example 15. To compute, for example, A((0,0,0,0,0,1),(0,0,0,0,0,1),(4,1,0,0,0,0)),

0, 1
let us consider the autotopism O((123456), (123456), (16)) and P = {(1,1,1)} € PLS(6)
LIB "latinSquare.lib";

intvec A = 2,3,4,5,6,1;

intvec B = 2,3,4,5,6,1;

intvec C = 6,2,3,4,5,1;

int kA = 1;

intvec v = 1,0,0,0,0,0;

int c = 6;

LST(A,B,C,kA,v,c);

//-> 288

Therefore, A((0,0,0,0,0,1),(0,0,0,0,0,1),(4,1,0,0,0,0)) = A(©) = 288. By the other
way, to compute A((2,2,0,0,0,0),(2,2,0,0,0,0),(2,2,0,0,0,0)), we have done:

intvec A = 6,5,3,4,2,1;

intvec B = 6,5,3,4,2,1;

intvec C = 6,5,3,4,2,1;

int kA,c = 4,128;

int i,j,a; intvec v;
for (i=2; i<=6; i++)

{

! http://www.personal.us.es/raufalgan/LS/latinSquare.lib
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for (j=1; j<=6; j++)

4,0,0,1,1,0,0,4,0,2,0,5,0,0,4,3,0,0,3,4;

{
if (i!=4 and j!'=4 and j!=2)
{
v =
a =a + LST(A,B,C,kA,v,c);
}
}
}
print(a);
//-> 20480

Therefore, A((2,2,0,0,0,0),(2,2,0,0,0,0), (2,2,0,0,0,0)) = 20480.

To finish this section, we have used the previous procedure and the results of Section
2 to obtain, in Tables 2, 3 and 4, the number of Latin squares of order up to 7 having a
given autotopism in their autotopism groups. For each case, we show the used autotopism,
partial Latin squares and coefficient of symmetry. The running time (r. t.) is measured in
seconds and has been taken from an Intel Core 2 Duo Processor T5500, 1.66 GHz with
Windows Vista operating system. We follow the classification of such autotopisms given

by Falcén (2007).

n 1o 15 L, © € Zn(la,ls,1y) P ep | A rt
(s)
2 (0,1) (0,1) (2,0 ((12), (12), €) 1 2 0
3 ©0.1) ©.0.1) (0,0,1) ((123),(123),(123)) 1 3 0
(3,0,0) ((123),(123),¢) 1 6 0
(1,1,0) (1,1,0) (1,1,0) ((13),(13),(13)) 1 4 0
4 (0,2,0,0) ((1234),(1234),(12)(34)) 1 8 0
(0,0,0,1) (0,0,0,1) (2,1,0,0) ((1234),(1234),(14)) 1 8 0
(4,0,0,0) ((1234),(1234),¢) - 1 24 0
(0,2,0,0) ((13)(24),(13)(24),(13)(24)) | {(1,1,1)} 4 32 0
(0,2,0,0) (0,2,0,0) (2,1,0,0) ((13)(24),(13)(24),(14)) {(1,1,1)} 4 32 0
(4,0,0,0) ((13)(24),(13)(24),¢) {(1,1,1)} 4 96 0
(1,0,1,0) (1,0,1,0) (1,0,1,0) ((134),(134),(134)) {(2,2,2)} 1 9 0
{(2,2,2),
(2,1,0,0) (2,1,0,0) (2,1,0,0) ((14),(14),(14)) 2 16 0
(2,3,3)}
5 ©0001) | 0.000.1) (0,0,0,0,1) ((12345),(12345),(12345)) {(1,1,1)} 5 15 0
(5,0,0,0,0) ((12345),(12345),¢) {(1,1,1)} 5 120 0
(1,0,0,1,0) (1,0,0,1,0) (1,0,0,1,0) ((1345),(1345),(1345)) {@,1,2), 4 32 1
(2,2,2)}
{(1,1,3),
(1,3,1),
(1,2,0,0,0) | (1,2,0,0,0) | (1,2,0,0,0) | ((15)(24),(15)(24),(15)(24)) (2,2,3), 64 | 256 2
(2,3,2),
(3,3,3)}
{(1,1,3),
(1,3,1),
(2,2,2),
(2,0,1,0,0) | (2,0,1,0,0) | (2,0,1,0,0) ((145),(145),(145)) 18 | 144 0
(2,3,3),
(3,2,3),
(3,3,2)}
Table 2. Number of Latin squares related to autotopisms of Z,,, for 2 <n < 5.
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© € 74((0,0,0,0,0, 1), (0,0,2,0,0,0), (0,3,0,0,0,0)) P o | a | "
(s)
((123456),(156)(234),(16)(25)(34)) {(1,1,1)} | 6 | 288 | 2
o =1 1, © € Zn(la, g, 1y) P cp A Zt)
(0,0,2,0,0,0) ((123456),(123456),(156)(234)) {(1,1,1)} 6 72 2
(1,1,1,0,0,0) ((123456),(123456),(156)(24)) {(1,1,1)} 6 72 2
(0,0.0,0,0,1) (2,2,0,0,0,0) ((123456),(123456),(15)(26)) {(1,1,1)} 6 144 2
(3,0,1,0,0,0) ((123456),(123456),(156)) {(1,1,1)} 6 144 2
(4,1,0,0,0,0) ((123456),(123456),(16)) {(1,1,1)} 6 288 2
(6,0,0,0,0,0) ((123456),(123456),¢) {(1,1,1)} 6 720 3
{(1,1,1),(1,2,2),
(0,0,2,0,0,0) | ((156)(234),(156)(234),(156)(234)) (2,3,4),(2,5,1)} 54 1296 55
(0,0,2,0,0,0) (i #2;5 #5)
(3,0,1,0,0,0) ((156)(234),(156)(234),(156)) {,4,9),1,5,9), 162 5184 28
(2,1, 2)}Yig[n];j=3,4,6
(6,0,0,0,0,0) ((156)(234),(156)(234),¢) {(1,4,) }icn) 720 25920 9
(1,0,0,0,1,0) | (1,0,0,0,1,0) ((13456),(13456),(13456)) {(3,3,2)) biz1 2 5 75 7
1 6 % x *x %
(2,2,0,0,0,0) | ((16)(25)(34),(16)(25)(34),(16)(25)) 6+ ; 7 ’; 96 36864 252
(i,5 # 6k, 1 € [n])
163452
(0,3,0,0,0,0) | (4,1,0,0,0,0) ((16)(25)(34),(16)(25)(34),(16)) <6 ok ox % 4) 13824 | 110592 2
3 % % x % b
123456
(6,0,0,0,0,0) ((16)(25)(34),(16)(25)(34),¢) (2 e *> 2880 | 460800 92
* ok ok ok j *
(i# 2,35 #2,5)
3 x 1 % * x
(2,0,0,1,0,0) | (2,0,0,1,0,0) ((1456),(1456),(1456)) %23 % % % 32 768 2
* 3 2 % x %
4 % x 1 7 x*
* 4 % 2 % j
(2,2,0,0,0,0) | (2,2,0,0,0,0) ((16)(25),(16)(25),(16)(25)) ok 43 % % 128 20480 137
* % 3 4 x *
(i 1,455 # 2,4)
2 sk ok ok ok %
(3,0,1,0,0,0) | (3,0,1,0,0,0) ((156),(156),(156)) 234 36 2592 1

Table 3. Number of Latin squares related to autotopisms of Zg.
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© € 72((0,0,0,0,0,0,1),(0,0,0,0,0,0,1),(7,0,0,0,0,0,0)) P S N B
(s)
((1234567),(1234567),¢) {(1,1,1)} | 7 | 5040 | 17
la=1g=1, © € Zn(la, g, 1,) P cp A r-t-
(s)
(0,0,0,0,0,0,1) ((1234567),(1234567),(1234567)) {(1,1,1)} 7 133 5
{(1,1,2),(1,2,1),
(1,0,0,0,0,1,0) ((134567),(134567),(134567)) 36 288 4
(2,2,2)}
3k k x 1 % J
(1,0,2,0,0,0,0) ((167)(245),(167)(245),(167)(245)) (I 2 : koxd *> 324 42768 253
(4,5, k,1 € [n]\ {3})
3 % x 2 x 7 x
(1,1,0,1,0,0,0) ((1456)(27),(1456) (27),(1456) (27)) <* 32 % % % 7) 128 512 3
17 3 % x x %
1(1,1,3),(2,2,2),
(2,0,0,0,1,0,0) ((14567),(14567),(14567)) (2,3,3), (3,1,1), 50 4000 16
(3,2,3),(3,3,2)}
4 4 % 5 x k *
* 4 1l *x p*x q
T ox 4 x ok ok ok
(1,3,0,0,0,0,0) | ((17)(26)(35),(17)(26)(35),(17)(26)(35)) 1234 % % = 2304 | 6045696 | 4512
(i #2,4;
J,k,p,q #4,6;
L#3,4;r #1,4)
2 % % x x k >k
(3,0,0,1,0,0,0) ((1567),(1567),(1567)) * Z i ;1 e 36 41472 53
* 4 2 3 % k x
5412673
% 217 % j
(3,2,0,0,0,0,0) ((17)(26),(17)(26),(17)(26)) v Z 2 i o 27648 | 1327104 40
* x 4 3 5 *x *
(i #3,4,5;§ = 4,5,6)

Table 4. Number of Latin squares related to autotopisms of Z7.

5. Final remarks

The algorithm given in Section 3 can be used to obtain the number of Latin squares
related to autotopisms of Latin squares of any order. However, after applying it to the
36 possible cases of autotopisms of Latin squares of order 8 or to the 22 possible ones of
order 9, we have seen that, in order to improve the time of computation, it is convenient
to combine Grobner bases with some combinatorial tools improving the results of Section
2, specifically, with autotopisms © = («, §,) in which k, > 3. So, for example, the com-
putation corresponding to cycle structures (1o,1,1,), where 1, =15 = (0,4,0,0,0,0,0,0)
would resulte too expensive by using this method.
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