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Abstract. Generalized binary functional quasigroup equations in two individual
variables with three appearances are under consideration. There exist five classes
of the equations (two equations belong to the same class if there exists a relation
between sets of their solutions). The quasigroup solution sets of equations from every
class are given. In addition, it is proved that every parastrophe of a quasigroup has
an orthogonal mate if the quasigroup has an orthogonal mate.
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1 Introduction

We continue the classification of generalized functional quasigroup equations
[16,18]. This problem was considered in many articles, in particular in [2,3,5,8-13,
16,18,19).

One can assign a generalized functional quasigroup equation to every quasigroup
identity by replacing all quasigroup operations and all their parastrophes with pair-
wise different functional variables. Note that two identities are pastrophically equiv-
alent, i.e. define parastrophic varieties, if the corresponding generalized functional
quasigroup equations are parastrophically primarily equivalent, i.e., they can be ob-
tained one from the other by renaming functional variables or applying identities
which define quasigroups. Therefore, a classification of generalized functional quasi-
group equations up to parastrophically-primary equivalence, say ¢p, implies some
classification of the corresponding quasigroup identities up to parastrophic equiva-
lence.

If all solutions of a functional equation satisfy a property being invariant under
parastrophic transformations, then all solutions of arbitrary functional equations
from the same class satisfy this property. Such properties (‘to be isotopic to the
same group’; ‘to have a two-sided neutral element’ ...) can be found in [17,18].

In this article, a functional equation is a formula which is an equality of two terms
consisting only of functional and individual variables, all functional variables are free
and all individual variables are universally quantified. The length of a functional
equation is the number of functional variables appearances. The type of a functional
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equation is the sequence (my,...,m,), where n is the number of different individual
variables and m; is the number of occurrences of the i-th individual variable.

A functional equation is called: quasigroup if all its functional variables represent
quasigroup operations; generalized if all functional variables are pairwise different;
binary if all functional variables are binary, that is, represent binary operations. A
functional quasigroup equation is called trivial if it has only the solutions defined on a
singleton. Note a functional quasigroup equation is trivial if it has one appearance of
an individual variable. Therefore, non-trivial binary functional quasigroup equations
of the length four can have at most three individual variables and be of the following
types: (6;0;0), (4;2;0), (3;3;0), (2;2;2).

Functional equations in three different functional variables, i.e., functional equa-
tions of the type (2;2;2), were investigated in [11-13]. Classification and solutions
of functional equation of the type (4;2;0) were given in [9] by the first author. Here,
four length functional equations of the type (3;3;0) are under consideration.

In [8,10] it was stated that every generalized non-trivial binary functional quasi-
group equation of the type (3;3;0) is parastrophically primarily equivalent to at
least one of the equations (2) — (7). The equations (2) — (7) were given by R. Koval
in her PhD thesis [8]. Full proof of this fact is given by the first author in [10], where
parastrophically-primary equivalence of (3) and (4), (5) and (7) was not studied.

In this paper, the equations (2) — (7) are solved. The equations (5) and (7)
are parastrophically primarily equivalent and the equations (3) and (4) are not.
As a consequence, a full classification of generalized non-trivial binary functional
quasigroup equations of the type (3;3;0) up to parastrophically-primary equivalence
is obtained.

2 Preliminaries

An operation f, defined on a carrier @, is said to be left-invertible (right-
invertible) if each of its right (left) translations is a permutation of Q). An oper-
ation is called invertible or quasigroup operation if it is left- and right-invertible
simultaneously. In other words, the equation f(x;a) = b (respectively, f(a;y) = b)
has a unique solution for all a, b € Q and it is denoted by ’f(b;a) (respectively, by
"f(a;b)). It is easy to see that ’f and "f are invertible. They are called left and right
divisions of f. A quasigroup operation f, its divisions, divisions of the divisions,

. are called parastrophes of f. It is easy to verify that every quasigroup operation
has at most six different parastrophes. A groupoid (Q; f) is called a quasigroup if f
is invertible. So, the equalities

F('F(zy),y) =, F(F(x;9),y) =z,

r , (1)
F(x;"F(z3y)) =y, "F(o;F(;y) =y

are quasigroup hyperidentities (see [14]), i.e., they hold for all carrier @, for all values
of F' in the set A of all quasigroup operations defined on ) and for all z,y € Q.
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Let W, V be terms and [W] denote the set of all individual variables appearing
in W. Let
{z1,... 2} = [W]U[V];

then the formula
(Vz1)...(Vo,) W=V

is called a functional equation if it has functional variables. As usual, the universal
quantifiers are omitted. A sequence of operations, defined on a set (), is called a
solution on Q of a functional equation W =V if W = V becomes a true proposition
after replacing all functional variables with the operations from the sequence [1]. If
all components of a solution are invertible, then it is called a quasigroup solution.
The set of all solutions on ) will be called solution set of the equation. Here we
consider binary functional quasigroup equations that have neither individual nor
functional constants.

Following Sade [15], an operation will be called diagonal if f(z;x) is a permuta-
tion of the carrier set. A binary functional variable will be called diagonal if it takes
its values in the set of all diagonal operations.

Two functional equations are said to be parastrophically primarily equivalent
[9,12,16,18] if one can be obtained from the other in a finite number of the following
steps:

1) application of quasigroup hyperidentities (1);
changing sides of the equation;
renaming individual variables;
renaming functional variables;

replacing a sub-term F'(z;x) with dp(z) if F' is a diagonal functional variable
and vice versa.

Lemma 1 (see [8]). Let generalized functional equations w = v and w' = v with
m functional variables be parastrophically primarily equivalent. Then for each so-

lution (f1,..., fm) of w = v there exist permutations o1,...,0m of {1,2,3} and a
permutation T of {1,...,m} such that the tuple (°*" fir,...,°™ fimr) is a solution of
w=uv.

From Lemma 1 the following corollary follows.

Corollary 1. If generalized binary functional quasigroup equations w = v and
w = of the type (3;3;0) are parastrophically primarily equivalent, then each of
these equations has four functional variables, there exist permutations o1, 02,03, 04 of
{1,2,3} and a permutation T of {1,2,3,4} such that for each solution (f1, f2, f3, f1)
of the equation w = v the tuple (77 fi7,72" for, 7% far, 747 far) is a solution of W =

A functional quasigroup equation will be called trivial if it has solutions only on
one-element carrier.
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Lemma 2 (see [8,10]). All generalized non-trivial binary functional quasigroup equa-
tions of the type (3;3;0) are parastrophically-primarily equivalent to at least one of
the following equations:

Fi(z;y) = Fo(Fs3(z;y); Fa(z;y)), (2)
By (z; Fa (73 y)) = F3(Fa(x39)59), (3)
By (z; Fo(y;y) = Fs(a; Fa(z; y)), (4)
Fi(z5y) = Fo(F3(x;2); Fa(y; y), (5)
Fy(z; Fa(ws ) = Fs(y; Fa(y: ), (6)
Fi(z; Fy(y;y)) = F3(y; Fa(x; ). (7)

The equations (2) — (7) were written by R. Koval in her PhD Thesis [8]. Full
proof of this fact is given by the first author in [10].

If an operation is denoted by f and an element is denoted by a, then we agree
to denote the corresponding left and right translations by L} and R respectively,
i.e.,

Li(z) = f(a;w), Ri(x):= f(z;a),
M(x) =y & f(z:y) = a.

Operations f, g are called orthogonal (f L g) if the system

(®)

has a unique solution for all a,b € Q.
Recall that the left multiplication @ and the right multiplication @ of binary
l T

operations are defined by

@?M@y) = g(h(z;9);9),
(9@ h)(z;y) := g(z; h(z;y)).

Lemma 3 (see [4]). Let g, h be invertible operations; then the following assertions

are true:
g ® his invertible < g L ‘h,
¢

g ® his invertible < g 1L "h.
T

3 Invariants of parastrophic transformations

In this article we need the following statement.

Theorem 1. If a quasigroup has a quasigroup orthogonal mate, then each of its
parastrophes has a quasigroup orthogonal mate.
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Proof. Let (Q; f) be a quasigroup and |Q| = m < oo. Consider invertible function
f as a ternary relation f’:

(CLl,CLQ,CLg) S f/ = f(al,CLQ) = as.

Therefore, a transversal of f is an m-element subset ¢ of f’ such that for alli = 1,2,3
i-th components of the triplets from ¢ are pairwise different. Theorem 5.1.1 from [7]
implies that a quasigroup (Q; f) has an orthogonal mate if and only if f’ is a union
of disjoint transversals:

flf=tiUtoU... Uty,

where Ay U...UA, =A1U...UA, and A; N A; = for all 7,5 € 1,2. Since
7f = {(a10,a20,a30) | (a1,a2,a3) € f/}v

then a transversal ¢ in f’ becomes a transversal % in “f’, where
%t :={(a10, 025, 03¢) | (a1,a2,a3) € t}.

Therefore, every parastrophe of some disjoint union of transversals is also union of
disjoint transversals:
T = U% ... U %,,.

That is why if a quasigroup has an orthogonal mate, then each of its parastrophes

has an orthogonal mate. O

Corollary 2. A property “to have an orthogonal mate” is invariant under paras-
trophy.

Proof. The proof follows from the statement 1. O
Example 1. Let us construct a quasigroup (Q;o) on a five element set @ :=

{0,1,2,3,4} which has no orthogonal mate. For this aim we use the J. Wanless [21]
formula (see also [7, p.120]):

1 if (i,5) = (0,0) or (1,4)
0 if (¢,7) = (1,0) or (2,4)
lij: ]—1—2 1fz:0andj:{1,3}
j ifi =2andj ={1,3}
i+ j otherwise

The constructed quasigroup (Q;o) is the following:

() 0f1]2]3]4]

0 ||1]13]2|04
19012341
2 (12]1(4(3]|0
3131410112
4 11410123
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012 3 4

Using the permutation 6 = ( 9 4 1 3 0

) of columns, we obtain

() fof1[2]3]4]
1[2[1]0]3

W= O
=] O | W

412
311
114
210

WIN| O
lwinNn o

The quasigroup (Q;-) is diagonal and has no orthogonal mate, because it is an
isotope to (Q;0) (see also [20, p.]).

Notation. J. Wanless formula implies that entry 0 from the cell (1,0) belong to
none transversal of the quasigroup (Q; o). So, the entry 0 from the cell (1, 2) belongs
to none transversal of the quasigroup (Q;-). That is why (@; o) has no orthogonal
quasigroup mate.

An orthogonal quasigroup mate can be constructed according to the algorithm

described in [6].

4 Solution of equations of the type (3;3;0)

In this section, we find solutions of generalized functional equations (2) — (7) on
the set of invertible binary operations.

Proposition 1. A quadruple (f1, fa, f3, f1) of invertible binary functions is a quasi-
group solution of (2) if and only if the relationship

filzsy) = fa(fa(w;9); falzs ) 9)
holds.
Proof. Evident. O

Proposition 2. A quadruple (fi, f2, f3, f1) of binary functions is a quasigroup so-
lution of (3) if and only if there exists an invertible function f such that

folasy) ="fla; flasy),  falzsy) ="f3(f(@59); ), (10)

f1, fo are invertible and

"HiL'f, 3 L'f. (11)
Proof. Let (f1, fa, f3, f4) be a quasigroup solution of (3), that is, the identity
Ji(@s fa(myy)) = fa(falz;v)iy) (12)

is true. Determine an operation f:

f(zsy) = fi(z; folxsy)), (13)
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then according to (12), we have
f(ay) = fs(fa(z;y)iy). (14)
(13) and (14) can be written in the form of translations:
Li=rl'Ll>, R} = RI*RI.

Since the operations f1, fo, f3, f4 are invertible, then for all x, y, the traslations L£
and Ri,c are bijections of the carrier set @, i.e., the function f is invertible. Using
the definition of the right division of f; and the left division of f3, we obtain (10).
From this equalities, according to Lemma 3, we have (11).

Vice versa, let (10) and (11) be true, then according to Lemma 3, the functions
fo and f, are invertible. Besides

f1(z; fo(xsy) = fila;"filas f(z;y))) = flasy)

fa(fa(@;y)sy) = fsChs((f(@50);9)i) = fa5).

Thus, (12) is identity, therefore the quadruple (f1, f2, f3, f4) is a quasigroup solution
of (3). O

Corollary 3. Each parastrophe of each solution of (3) has an orthogonal mate.

Proof. Equalities (10) can be written as follows:

fola;"f(asy) = "Fulasy),  fala;f () = fs(z;y).

According to Lemma 3 and Proposition 2, each of the functions fo fi, "f1, ‘f3 has
an orthogonal mate. By virtue of Corollary 2, all parastrophes of f1, fo, f3, f4 have
orthogonal mates. O

Proposition 3. A quadruple (fi1, f2, f3, f1) of binary functions is a quasigroup so-
lution of (4) if and only if fo is diagonal invertible function, fi, fs are invertible
and the following relationships:

"f3L7f1; (15)
fa(zsy) ="f3(x; fr(2;0py)) (16)

hold.

Proof. Let (f1, fa, f3, f4) be a quasigroup solution of (4), that is, the identity

fi(@; fa(ys v) = fs(w; fa(zsy)) (17)

is true. Put x =a € Q in (17):

-1
5py = <Lg§) Lph,
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dy, is a bijection of the set (), because it is the composition of translations of invert-
ible functions. In means that fy is diagonal, so from (17) we have

fi(@;05,y) = f3(2; fa(z; ). (18)

Using the right division of f3, we obtain (16). According to Lemma 3, the equality
(18) implies (15).

Vice versa, according to Lemma 3, the function f4 is invertible. From (16) we
define f; using the right division of f3, as a result we obtain (18). Replacing dy,
with fa(y;y), we have the identity (17). Thus, the quadruple (fi, fo, f3, f4) is a
quasigroup solution of (4). O

Proposition 4. A quadruple (fi1, f2, f3, f1) of binary functions is a quasigroup so-
lution of (5) if and only if fa, f3, fa are invertible, fs3, fi are diagonal and the
following relationship

fi(zsy) = f2 (8p3w3507,y) (19)
holds.

Proof. Let (f1, fa, f3, f4) be a quasigroup solution of (5), that is, the identity

Ni(zsy) = fo(fs(@s2); fa(ys y)) (20)

is true. Substitute x = ¢ € @ and y = ¢ in (20) in turns, we obtain

5py = (Lﬁ(c.c))_ngl, 5s, = <R§j(0;0)>_13é‘1, (21)

0r, and 0y, are bijections of the set @), because they are the compositions of trans-
lations of invertible functions.

The operations f3, f4 are diagonal which follows from (21). Substitute d7, and
ds, in (20) for f3, f4, as a result we obtain (19).

Vice versa, according to Lemma 3, the function f; is invertible. Verify the truth
of the identity (20):

fa(fa(z;2); falys y) = f2(0p2;07,y) = fi(z;y).

Thus, the quadruple (f1, f2, f3, f4) is a quasigroup solution of (5). O

Proposition 5. A quadruple (f1, fa, f3, f1) of invertible binary functions is a quasi-
group solution of (6) if and only if the functions fa, f4 are diagonal and the following
relationships

5f2 = szlv 5f4 = MJB (22)

hold for some a from Q.
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Proof. Let (f1, fo, f3, f4) be a quasigroup solution of (6), that is, the identity

fi (@305, (2)) = f3 (4 67,(y)) (23)

is true. Let us replace x with an element a of the carrier, we obtain

fi(@; 6, (2) = a, f3(y; 07, (v)) = a.

These equalities are equivalent to (22). O

Proposition 6. A quadruple (f1, fa, f3, f1) of invertible binary functions is a quasi-
group solution of (7) if and only if the functions fa, fa are diagonal and the following
relationship

fiwsy) = f3 (67,1 @); 65,()) (24)
holds.

Proof. Let (f1, fa, f3, f4) be a quasigroup solution of (7), that is, the identity

fi(z; f2(y;9)) = f3(y; fa(z; 7)) (25)

is true. Put x =a € Q and y = a in (25):

5y = (Lgl)_lRﬁ

B way Of = (Lg?)_l R

fa(asa)®

Transformations 7, and dy, are bijections of (), because they are compositions of
translations of invertible operations, i.e., the functions fs, f4 are diagonal. Substitute
ds, and 0y, for fo, f1 in (25). As a result we obtain (24).

Vice versa, from this assumption follows that the functions fs, f4 are orthogonal.
So,

f1(x;05,y) = f3(y; 05, (2)),

that is the identity (25) is true.
Thus, the quadruple (f1, f2, f3, f1) is a quasigroup solution of (7). O

5 Full classification of functional equations of the type (3;3;0)

In this section, we have proved that the equations (5) and (7) are parastrophically
primarily equivalent and the equations (3) and (4) are not. As a consequence, we
obtain a full classification of generalized non-trivial binary functional quasigroup
equations of the type (3;3;0) up to parastrophically-primary equivalence.

Theorem 2. Every generalized non-trivial binary functional quasigroup equation of
the type (3;3;0) is parastrophically primarily equivalent to exactly one of (2) — (6).
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Proof. According to Lemma 2, all equations satisfying the theorem conditions are
parastrophically primarily equivalent to at least one equation from (2) — (7).

The equations (5) and (7) are parastrophically primarily equivalent. Indeed, (5)
can be written as follows:

Fy(x5y) = *Fo(0p, (), F3(z; ).

Since the functional variable Fj is diagonal in (5), then df, is invertible and the
obtained equation is parastrophically primarily equivalent to

Fi(2;65, () = "By, Fy(a; 7))
Denote F3(y;y) := (5;41(y), F} .= *F,, Fj = F3, as a result we obtain
Fy(x; Fy(y;y)) = F3(y, Fi(w; 2))

which coincides with (7).

Now we will prove parastrophically-primary non-equivalence of the equations
(2) — (6). For this purpose, we introduce the following notations: 1) |Q| > 1; 2)
(Q; h) is an arbitrary Steiner quasigroup, (Q; f) a TS-quasigroup, (Q;g,e) a Steiner
loop, (Q;p) is an arbitrary idempotent none TS-quasigroup; 3) Zs is the ring modulo
five and f1(z;y) := 4dax+y, f3(x;y) = 22+3y, fo is a quasigroup operation (-) defined
in Example 1, f; is defined by (16).

O @ 6 [ © ]

(2) || (hyh,hyh) | (hohhyh) | (fip, fo f) | (hoh R, h)
(3) X (f17f27f37f4) (h7h7h7h) (gvhvgvh)
(4) X X (h,h,h,h) | (g:h.g,h)
(5) X X X (h,h, h,h)

We will prove that in the intersection of the (i)-th row and the (j)-th column
of this table, there is a quadruple of functions which is a solution of one of the
equations (i), (j) and is not a solution of the other.

1. The quadruple (h, h, h,h) is a solution of the equations (2) and (5). Indeed,
putting this quadruple into each of (2) and (5):

Ty = Y - XY, ry = 2%y>.
This equalities are true because (Q;-) is idempotent.
Replacing every functional variable with (-) in each of (3), (4), (6), we obtain:

roxy=xy-y, wyi=z-zy, zz®=yy’.
Each of these equalities implies |@Q] = 1. A contradiction with assumption. There-
fore according to Corollary 1, a quadruple (h,h,h,h) is a solution of none of the
equations (3), (4), (6). Thus, we have proved parastrophically-primary pairwise
non-equivalence of equations (2), (5), (3), (4), (6) except the pair (2) and (5).
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2. It is easy to see, (f,p,f,f) is a solution of (2). Suppose (2) and (5) are
parastrophically primarily equivalent. Corollary 1 implies that for some o € S3 at
least one of the quadruples

(Up7f7f7f); (f70p7f7f); (f7f70p7f); (f?f?f?op) (26)

is a solution of (5). In other words, the identities
plesy) = f(f(e); fysy) (), Flay) = p(f (@ 2); fly9) (i),
f(@y) = fCplas o) fyiy) (1), flasy) = F(f(@52);p(y; ) (iv)

are true.

If f is idempotent, then (i), (i4) mean that p = f. Therefore, (Q;p) is totally
symmetric. A contradiction to assumption. If (Q; f,e) is a loop, then f(z,x) = e.
Therefore, (i7i) and (iv) mean that f(xz;y) = z and (Q; f) is not a quasigroup. A
contradiction. Thus, (2) and (5) are not parastrophically primarily equivalent.

3. The quadruple (g, h, g, h) is a solution of (6).

Suppose each of the pairs of equations (3), (6) and (4), (6) are parastrophically
primarily equivalent. By virtue of Corollary 1, a solution of the equations (3) and
(4) is at least one of the following quadruples:

(h,h,g,9); (h,g.h,9); (h,g,9.h); (g.h.h,9)s (g.h,g.h); (g.9,h.h). (27)
Putting (27) in (3), we obtain the identities
(i1) = bz, h(z;y)) = g(g(@;y)iy); (i2) = A, g(a;y)) = hg(a;y);y);
(i3) + Az, g(x:1y)) = g(h(z;y)iy): (i) = gz, h(x;y)) = h(g(a;y);y);
(i5) : g(@, h(zy)) = g(h(z;y)iy): (i) : g(x, g(z1y)) = h(h(z;y);y),
and inserting (27) into (4), we have
(i7) = h(z,h(y;y)) = g(sg(@sy));  (is) = Rz, g(y;y)) = hz; g(z;y));

(i) = h(x,g(y;y)) = g(@; hz;y)); (o) = g(z, hy;y)) = hlz; g(z;y));
(i11) = glz, h(y; ) = glas bz y));  (a2) © g2, 9(y3y)) = hlz; h(z;y)).
Using the totally-symmetric property of the functions h and ¢ from each of the
identities (i1), (i6), (i7), (i12), we obtain |@| = 1. A contradiction to the assumption.

The identities (i), (i5), (ig), (i11) imply |Q| = 1, for this we replace: g(z;y) with
x in (ig); h(z;y) with = in (i5); g(y;y) with e in (ig); and h(y;y) with y in (i11).

Putting = = y in (i3), (i4), (i9), (i10) and using the properties of the Steiner
quasigroup and the Steiner loop, we obtain

h(z;e) = f(x;x) or f(x;z) = h(e;x),

i.e., h(z;e) =e or h(e;x) = e. It means that |Q| = 1.
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Thus, (3) and (6), (4) and (6) are parastrophically primarily non-equivalent.
4. Equalities "f1(z;y) = z+vy, "f3(z;y) = 2+ 2y follow from the definition of the
functions f1, f3. Since 1 ; ‘ # 0, then (17) is true. Note that f; is an invertible

diagonal operation and

ha =ba@=(§ 3 5 1 )@

Therefore the quadruple (f1, fo, f3, f4) is a quasigroup solution of (4). Besides ac-
cording to the construction, fo has no orthogonal mate.

Suppose that (3) and (4) are parastrophically primarily equivalent. According
to Corollary 1, the quadruple (7'7f1., 7% faor, 737 f3,,747f4;) is a solution of (3). But
by virtue of Corollary 3, fo has an orthogonal mate. A contradiction.

Thus, (3) and (4) are parastrophically-primarily non-equivalent. O
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