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Abstract

Pin’s variety theorem for positive varieties of string languages and varieties of
finite ordered semigroups is proved for trees, i.e., a bijective correspondence
between positive varieties of tree languages and varieties of finite ordered
algebras is established. This, in turn, is extended to generalized varieties
of finite ordered algebras, which corresponds to Steinby’s generalized vari-
ety theorem. Also, families of tree languages and classes of ordered algebras
that are definable by ordered (syntactic or translation) monoids are charac-
terized.
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1 Introduction

The story of variety theory begins with Eilenberg’s celebrated variety theo-
rem [5] which was motivated by characterizations of several families of string
languages by syntactic monoids or semigroups (see [B, [12]), above all by
Schiitzenberger’s [20] theorem connecting star-free languages and aperiodic
monoids. A fascinating feature of this variety theorem is the existence of lots
of instances of it. Indeed most of interesting classes of algebraic structures
form varieties, and similarly, most of interesting families of tree or string
languages in the literature turn out to be varieties of some kind.

Eilenberg’s theorem has since been extended in various directions. One of
these extensions, which is generalized in this paper for trees, is Pin’s positive

1



variety theorem [I3] which established a bijective correspondence between
positive varieties of string languages and varieties of ordered semigroups.
Another extension is Thérien’s [24] which includes also varieties of congru-
ences on free monoids.

Concerning trees, which are studied on the level of universal algebra,
Steinby’s variety theorem [21] for varieties of tree languages and varieties of
finite algebras was the first one of this kind. The correspondence to varieties
of congruences, and some other generalizations, were added later by Almeida
[1] and Steinby [22, 23]. Another variety theorem for trees is Esik’s [6] cor-
respondence between families of tree languages and varieties of theories (see
also [1]).

As Esik [6] notes any variety theorem connects families of tree languages
to a class of some structures via their ‘syntactic structures’. One of these
syntactic structures is the syntactic semigroup/monoid of a tree language
introduced by Thomas [25] and further studied by Salomaa [16]. A different
formalism, based on the essentially same concept, was brought up by Nivat
and Podelski [IT), I5]. Very recently a variety theorem for syntactic semi-
groups/monoids was proved by Salehi [I7]. The newest syntactic structure
for binary trees is the ‘syntactic tree algebra’ introduced by Wilke [26] for
which a variety theorem is proved by Salehi and Steinby [18].

In Section 2, we review the basic notions of ordered algebras, ideals and
quotient ordered algebras. Ordered algebras play an important role in the
field, as Bloom and Wright [4] put it “Ever since Scott popularized their
use in [19], ordered algebras have been used in many places in theoretical
computer science”.

In Section 3, positive varieties of tree languages are introduced and a
variety theorem for these varieties and varieties of finite ordered algebras is
proved. Informally speaking, a positive variety is a family of recognizable lan-
guages which satisfies the definition of a variety except for being closed under
complements. Several families of (tree or string) languages are known to be
closed under all the variety operations, including intersections and unions,
but not under complementation. Pin’s positive variety theorem [I3] provides
a characterization for these families via their syntactic ordered semigroups,
see also [8], [14].

In Section 4, positive variety theorem from Section 3 is extended to gener-
alized varieties. Generalized varieties were introduced by Steinby [23] where
generalization refers to omitting the condition of having a fixed ranked al-
phabet; indeed a generalized variety of tree languages or of finite algebras
contains tree languages or algebras over any ranked alphabet. This is used
for proving a variety theorem for trees and ordered monoids in Section 5.

In Section 5, the results of [17] are extended to ordered monoids. Roughly
speaking, a triple correspondence between generalized varieties of finite or-
dered algebras, generalized positive varieties of tree languages and varieties
of finite ordered monoids is presented. This suggests the thesis that once the



condition of being closed under complements is removed from the definition
of variety, the resulted family (called positive variety) corresponds to a class
of ordered syntactic structures of the variety; see also the positive variety
theorem by Esik in [6] Section 12.

Throughout the paper some examples are presented for illustrating the
theories and their applicabilities.

2 Ordered Algebras

In this section after reviewing the terminology of ordered sets and ordered
algebras we define the notions of ideals, quotient ordered algebras and syn-
tactic ordered algebras, cf. [3].

2.1 Basic Notions

Let A be a set. The diagonal relation on A is denoted by Ay, that is Ay =
{(a,a) | a € A}. For a binary relation § C A x A, the reverse of § is the
relation 6! = {(b,a) | (a,b) € 6}, and if o is also a binary relation on A, the
composition of § and o is

doo=A{(a,c)| (a,b) € §& (b,c) € o for some b € A}.

Let 0 be a binary relation on A. The relation 0 is

reflexive, if it contains the diagonal relation, i.e., A4 C §;

e anti-symmetric, if the intersection of it with its reverse is contained in
the diagonal relation, i.e., d NI~ C Ay;

symmetric, if it equals to its reverse, i.e., § = §~!; and

transitive, if it contains its composition with itself, i.e., d o d C 9.
A binary relation on A is called
e a quasi-order on A, if it is reflexive and transitive;
e an order on A, if it is reflexive, anti-symmetric and transitive; and
e an equivalence on A, if it is reflexive, symmetric and transitive.

For an equivalence relation € on A, the equivalence #-class of an a € A is
a/f ={be A|abb} and the quotient set A/ is {a/0 | a € A}.

It is easy to see that for a quasi-order < on A, the relation § =< N <!
is an equivalence relation on A, called the equivalence relation of <, and the
relation < defined on the quotient set A/0 by a/0 < b/ <= a < b for
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a,b € A, is a well-defined order on A/f. This order < on A/ is called the
order induced by the quasi-order < on A.

A finite set of function symbols is called a ranked alphabet. If ¥ is a ranked
alphabet, the set of m-ary function symbols of ¥ is denoted by %, (m > 0).
In particular, ¥y is the set of constant symbols of ¥. For a ranked alphabet
Y., a X-algebra is a structure A = (A, X)) where A is a set, and the operations
of ¥ are interpreted in A, that is to say, any ¢ € ¥ is interpreted by an
element ¢* € A, and any f € %, (m > 0) is interpreted by an m-ary
function fA: A™ — A.

Let ¥ be a ranked alphabet. An ordered Y-algebra is a structure A4 =
(A, 3, <) where the structure (A, Y) is an algebra and < is an order on A
which is compatible with 3, that is to say, for any f € %, (m > 0) and
ag, -+ 7am,b1,"' 7bm c A’

if a1 <by, -, a, < by, then fA(al, ) < fA(bl, b))

An equivalence relation 6 on A is X-congruence, if for any f € ¥, (m > 0)
and ay, - ,Am, b1, - by € A,

if a1 0by,- ,amObm, then fA(ay, -, am)0 fA(by, - bm).

We note that any algebra (A, ) in the classical sense is an ordered algebra
(A, X, Ay) in which the order relation is equality.

Let A= (A, X, <) and B= (B, %, <) be two ordered algebras.

e The structure B is an order subalgebra of A, in notation B C A, if
(B, Y) is a subalgebra of (A, ) and <’ is the restriction of < on B.

e A mapping ¢ : A — B is an order morphism, if it is a ¥-morphism,
that is to say cip = cf and fA(a1, -+ ,am)p = fBla1p, -, amy) for any
c€ Xy, fe€X, (m>0)and ay,---,a, € A, and preserves the orders, i.e.,
for any a,b € A, if a < b then ap <’ bp. In that case we write ¢ : A — B.
The order morphism ¢ is an order epimorphism, if it is surjective, and then
B is an order epimorphic image of A, in notation B «+— A. If B is an order
epimorphic image of an order subalgebra of A, then we say that B divides
A and we write B < A. If ¢ is injective, then it is an order monomorphism.
When ¢ is bijective and its reverse is also an order morphism, then it is an
order isomorphism. We write A = B when A and B are order isomorphic.

e The direct product of A and B is the structure (Ax B, 3, < x <') where
(A x B, Y) is the product of the algebras (A, Y) and (B, X), and the relation
< x < is defined on A x B by (a,b) < X <' (¢,d) <= a<b& c< dfor
(a,b), (c,d) € A x B. Tt is easy to see that the structure (A x B, X, < x <)
is an order algebra which is denoted by A x B.

A wariety of finite ordered algebras, a VFOA for short, is a class of finite
ordered algebras closed under order subalgebras, order epimorphic images,
and direct products.



2.2 Ideals and Quotient Ordered Algebras
Let A = (A, ¥, <) be an ordered algebra.

Definition 2.1 A quasi-order on A is a quasi-order < on A that contains
<, e, < 2 <, and is compatible with 3, i.e., for any f € 3, (m > 0) and
Qy, - 7am7b17”' 7bm € A7 ifal < bla"' y Am, =< bm> then

fA(al7"' aam) ﬁff%blf" 7bm)

Let < be a quasi-order on A. The relation # =< N <! is a congruence
on (A,Y). So, the quotient structure (A/6,3) is a 3-algebra. Moreover, the
relation < defined on A/0 by a/8 < b/ <= a < b for a,b € A, is a
well-defined order compatible with 3. Hence the structure (A/6,3, <) is an
ordered algebra. It can be noticed that quasi-orders on ordered algebras play
the role of congruences on ordinary algebras.

Definition 2.2 For a quasi-order < on A, the quotient of A under < is
the structure A/ <= (A4/6,%, <) where § =< N <! is the Y-congruence
induced by < and < is the order induced by <.

Lemma 2.3 For ordered algebras A = (A, %, <) and B = (B, %, <), and
order morphism ¢ : A — B, if 5 is a quasi-order on B, then the relation
o < op ! satisfies a po < op~! ¢ &= ap < cp for all a,c € A, and is a
quasi-order on A.

Moreover, if 6 is the congruence on B induced by =, then the congruence
on A induced by po < op™tis pofop Tt

Proof. The first claim is obvious. For the second we note that
poopT i N(pogop )t =po(xN=xTopl=polfop™t. O

Proposition 2.4 Let A = (A,%,<) and B = (B,%,<’) be two ordered
algebras, < be a quasi-order on B, and ¢ : A — B be an order morphism.
Then

(1) the image of A, Ap = (Ap, X, <") where <" is the restriction of <’ on
Ay, is an order subalgebra of B,

(2) A/po < o™t =2 Ap/ <’ where <’ is the restriction of < on A, and
(3) moreover, if o is an order epimorphism, then A/po < op™! = B/ <.

Proof. The statement (1) is straightforward and (3) follows from (2). For
proving (2) we note that the mapping ¢ : A/po < op™t — Ap/ <’ defined
by (a/p o 6o p ™ = ap/l for a € A, where § =< N <7!, is an order
isomorphism, cf. Lemma [2.3] 0]



The particular case of the Proposition when <=<"is of interest: then
0 = A and @ o 6o p! = kerp, hence we get the first homomorphism
theorem for ordered algebras, namely A/po <" op™! & Ap. Similar results
for semigroups can be found in [9, [10].

Proposition 2.5 Let A = (A, %, <) be an ordered algebra, and <, <’ be
two quasi-orders on A.

(1) If K C 5/, then A/ 5’ «— A/ <.
(2) The relation < N <’ is a quasi-order on A4 and the following holds:

A/ xn<x' € A/ g xA/ K.

The proof is straightforward.
Let us recall the definition of translations of an algebra (see e.g. [21], 22]
23]). For an algebra A = (A, ), an m-ary function symbol f € %, (m > 0)

and elements ay,--- ,a,, € A, the term fA(ay,---,&, -+, a,,) where the new
symbol & sits in the i-th position (for some i < m) determines a unary func-
tion A — A defined by a — f#(a1,---,a, - ,a,) which is an elementary

translation of A. The set of translations of A denoted by Tr(.A) is the small-
est set that contains the identity function and elementary translations, and
is closed under the compositions of unary functions. The composition of
translations p and ¢ is denoted by ¢ - p, that is (¢ - p)(a) = p(g(a)) for all
a € A. We note that the set Tr(A) equipped with the composition operation
is a monoid, called the translation monoid of A.

Definition 2.6 For an ordered algebra A = (A, 3, <), a subset I C A is an
ideal of A, in notation I < A, if for every a,b € A, a < b € I implies a € I.
For any a € A, (a] ={b€ A|b < a} is the ideal of A generated by a.
The syntactic quasi-order of an ideal I, denoted by <, is defined by

a<rb= (VpeTr(A))(pb) € I = pla) € 1)

for a,b € A. Note that <; is a quasi-order on A. The syntactic ordered
algebra of I is the quotient ordered algebra SOA(I) = A/ <, also denoted
by A/I (cf. [13]).

We note that the equivalence relation of <; for any ideal [ is the syntactic
congruence of I in the classical sense:

a(xrN<7)b <= (Vp e Te(A))(p(a) € I < p(b) € 1),
which is denoted by 6;, that is 6; =<; N 41_1 (see e.g. [211, 22]).

Trivially, any subset I C A of the ordered algebra A = (A, X, A,) is an
ideal of A. The following is essentailly Lemma 3.2 of [22].
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Proposition 2.7 Let A = (A,%,<) and B = (B,%,<’) be two ordered
algebras, and ¢ : A — B be an order morphism. The mapping ¢ induces a
monoid morphism Tr(A) — Tr(B), p — p, such that p(a)e = p,(ap) for all
a € A. Moreover, if ¢ is an order epimorphism then the induced map is a
monoid epimorphism.

Proof. For any elementary translation p = f4(ay,---,&, -+, @) of A where
feX, (m>0)and a,---,a, € A, the unary function p, on B defined
by b +— fB(ayp, -+ ,b,--- ,anp) is an elementary translation of B, and if

@ is surjective then every elementary translation of B is in this form. The
mapping p — p, can be extended to all translations by setting (14), = 15
and (p- q)y, = Py - ¢, The identity p,(ap) = p(a)y obviously holds for all
a€ AandpeTr(A). O

For a subset D C A and a translation p € Tr(A), the inverse translation
of D under p is p7'(D) = {a € A | p(a) € D}, and for an order morphism
¢ : B — A, the inverse image of D under ¢ is Do~! = {b € B | bp € D}.
Positive Boolean operations are intersection and union of sets, while Boolean
operations also include the complement operation.

Lemma 2.8 The collection of all ideals of any ordered algebra is closed
under positive Boolean operations, inverse translations and inverse order
morphisms. That is to say, for ordered algebras A and B, ideals I,J < A,
K < B, and order morphism ¢ : A — B, the sets I N J, I U J,p~'(I) and
Kop=! are ideals of A.

The proof is straightforward (cf. [13]). We note that the complement of
an ideal may not be an ideal.

Proposition 2.9 Let A = (A, %, <) and B = (B, %, <) be ordered algebras,
I,J <A, K <B be ideals, and ¢ : A — B be an order morphism. Then the
following inclusions hold:

(1) <y, <rus 2 <N <.
(2) <) 2 <10

(3) Skp1 2 o <k op !, and if ¢ is an order epimorphism then the
equality holds: <x,-1 = o <k op™.

Proof. The statements (1) and (2) are obvious. We prove (3): suppose
(a,b) € o <k op~! for some a,b € A. Then ap <x bp. So, for any
p € Tr(A),

p(b) € Ko™ p(b)e € K
po(bp) € K
po(ap) € K
pla)yp € K
pla) € Kot

R R



Therefore a <k -1 b, and hence po g op~t C <ky-1. In the case when ¢
is surjective we note that by Proposition every translation ¢ € Tr(B) is
in the form p,, for some p € Tr(A). Thus in this case <, C po g op~
holds and so does the equality x,-1 = @o <k oL, 0

Combining Propositions and 2.4 we get the following.

Corollary 2.10 For ordered algebras A = (A,%,<) and B = (B, %, <),
ideals I, J < A and K < B, and order morphism ¢ : A — B,

(1) SOA(I N J),SOA(I U J) < SOA(I) x SOA(J).

(2) SOA(p~(I)) + SOA(I).

(3) SOA(K¢™!) < SOA(K) and, moreover, if ¢ is an order epimorphism
then SOA(K ') =2 SOA(K).

2.3 Examples

We introduce some classes of ordered algebras and prove some of their ele-
mentary properties which will be used later.

For an algebra A = (A, Y), the set of non-trivial translations TrS(.A) of A
consists of the elementary translations f4(ay,--- ,&,--+ , ay,) for any f € ¥,
(m > 0) and ay,- - ,a, € A, and their compositions. We note that TrS(.A)
does not automatically include the identity translation 14. The set TrS(.A)
is a semigroup with the composition operation which is the translation semi-
group of A.

2.3.1 Ordered nilpotent algebras

Definition 2.11 An ordered algebra A = (A, X, <) is ordered n-nilpotent
(n € N), when p; - - p,(a) < b holds for all a,b € A and non-trivial transla-
tions py, -+, pn € TrS(A).

An ordered algebra is ordered milpotent if it is ordered n-nilpotent for
some n € N.

The class of all ordered nilpotent ¥-algebras is denoted by Nil(3).
An element ag € A is a trap of A, if p(ag) = ap holds for any p € Tr(A).

Lemma 2.12 Every order n-nilpotent algebra A4 = (A, %, <) has a unique
trap which is the least element of the algebra.

Proof. For every p1, - ,pn, @1, - ,qn € TrS(A) and a,b € A we have

p1cpala) < g qu(d) < pr---pala).

Thus py - pa(a) = q1 - - - ¢, (b) and let ay be this element. Clearly p(ag) = ao
and ag < a for every p € TrS(A) and every a € A. So, g is the unique trap
of A which is the least element. O



Proposition 2.13 The class Nil(X) of all ordered nilpotent Y-algebras is a
VFOA (variety of finite ordered algebras).

Proof. It can be easily seen that the class of ordered n-nilpotent algebras is
closed under order subalgebras and direct products. To see that it is closed
under order epimorphic images, let A = (A,%, <) and B = (B,%,<’) be
two ordered algebras such that A is an ordered n-nilpotent algebra and let
¢ : A — B be an order epimorphism. Let b,d € B be two elements and
¢, 5 qn € TrS(B) be non-trivial translations. There are a,c € A such that
b = ap and d = cp, and by Proposition there are py,--- ,p, € TrS(A)
such that (p;), = ¢; for all j < n. From p;---p,(a) < ¢, the inequality
P pu(a)e < cp follows and this implies (p1), -+« (pn)y(ap) <' cp, thus
q1 - qn(b) <’ d holds. Hence, B is an ordered n-nilpotent algebra.

Finally, the claim follows from the fact that an ordered n-nilpotent algebra
is an ordered (n + 1)-nilpotent algebra as well. 0J

Lemma 2.14 If A = (A,X,<) is an order n-nilpotent algebra, then the
translation semigroup TrS(.A) of A is a nilpotent semigroup.

Proof. For every p1, -+ ,pn,q1, -+ ,qn € TrS(A) and a € A we have

pre-pn(a) < g qula) < pr--pala).

Thus p1 -+ pn = q1°* Gn, SO p1- - P € TrS(A) is the zero element of TrS(.A)
and the product of every n elements of this semigroup is zero. OJ

2.3.2 Semilattice algebras and symbolic ordered algebras

Sequence of elements of a set D are denoted in the bold face, for example
d is a (possibly empty) sequence (dy,--- ,d,,) where dy,--- ,d,, € D. For
simplicity we write d € D to mean that the components of the sequence d
belong to D. In that case for a function symbol f € ¥,,.1, f(d,d) stands for

f(dadla"' 7dm)

Definition 2.15 An algebra A = (A, ) is a semilattice algebra, if it satisfies
the following two identities for every f,g € ¥ and a,b,c,d,a € A:

fA(aa fA<av a, b)? b) = fA(aw a, b)’
fA(a g%(c,a,d),b) = g*(c, fA(a,a,b),d).

A monoid (M, ) is a semilattice monoid, if it is commutative and idempotent,
i.e., for every a,b € M, a-a=aand a-b=1>5-a hold.

Lemma 2.16 An algebra is semilattice if and only if its translation monoid
is semilattice.



Fix a semilattice algebra A = (A, X)) where Tr(A) is its translation monoid.

Lemma 2.17 For an element a € A and translations p,q € Tr(A), if
p(g(a)) = a then p(a) = q(a) =

Proof. Suppose p,q € Tr(A). Since g-q=¢q¢, p-p=pand qg-p=p-q, we
have ¢(a) = q(p(q(a))) = a(q(p(a))) = q(p(a)) = p(q(a )) = a, and similarly
pla) = p(p(q(a))) = p(q(a)) = a. O

Corollary 2.18 For a,b € A and p,q € Tr(A), if p(a) = b and a = ¢(b) then
a =b.

Lemma 2.19 For a,b,c,a,b € Aand f € X,
(Sl) fA(a7 a7b7 b? C) = fA<a'7 b? b? a/7c>

Proof.
fA(a,a,b,b,¢) =
fAa, f (a,a,b, b,c),b,b,c) =
fA(a,a,b, fA4(a,b,b,b,c),c) =
fA(a,b,b, fA(a,a,b,b,c),c) =
( )=

p(f4(a,b,b,a,c)).
where p = fA(a, &, b, b,c). By the same argument and swapping a and b it
can be proved that f4(a, b, b, a,c) = q(f*(a,a,b,b,c)) for some q € Tr(A).
Thus, from Corollary 2.18) it follows that f#(a,a,b,b,c) = fA(a,b,b,a,c).
O

Lemma 2.20 For a,a,b€ Aand f € ¥,
(82) fA(a,a,b, a) = fA(a7b7 ba a)'

Proof. The equality of the third and fourth lines of the following is implied

by (s1) Lemma [2.19}

where p = f4(£, a,a,a). By the same argument and swapping a and b it can
be proved that f#(a,b,b,a) = q(f*(a,a,b,a)) for some q € Tr(A). Hence,
b,b

fA(a,a, b,a) = fA(a, ,b,a) by Corollary- O
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Lemma 2.21 For a,b,a,b€ A and f,g € %,
(s3) f*(g(a,a),b,b) = fA(g*(b, ), a,b).

Proof. The second equality follows from (s1) Lemma [2.19;

Lemma 2.22 For aj,as,- - ,a,, € Aand f € 3,
(S4-) fA(fA(afla"' 7@1),(12,"' 7am> - f‘A<CL1,(12,"' 7am>‘

Proof. The third equality is implied by (s2) Lemma [2.20}

fA(fA(al,--- 7a1)7a2,... Q) =
fA(al,--- ,a1,f“4(a1,a2,--' O ) =
fAar, fAlar, - a1, a1, a9), a3, a) =
fAar, fAar, -+ a1, a9, a9), a3, -, a) =
fA(ar, -+ ,ay, a9, fA(a1, as,as, -+, am)).

Now, we show for any j < m,

fA(alv"' 7a17a17a27"'7aj7fA(a17a27a37"' 7am>> -
fA(a’h"' ,al,ag,...,aj,aj+1,f“4(a1,a2,a3,~~ ,CLm)),

as follows, where the second equality follows from (s1), (s2) and Lemma|2.20),

fA(a'lv"' 7a1aa2a"'7aj7fA(a1aa'2aa37"' aam)) =
fA(ar, a9, yaj, fAar, - a1,a1,a9, .., Q5,0541), Qjag, e Q) =
fA(&lva%'“ 7aj>fA(a17"' 7&17a27"'7aj7aj+17aj+1)7&j+27"' 7am) =
fA(a’h'” 7alua’27"'7a’j7a‘j+17fA<a17a27a’37'" 7a’m))'
By repeating this argument m — 1 times, we get
fA<fA(a17"' 7a1)7a27"' 7am) =
fA<a17”' ,am_l,f'A<Cl1,(1/2,CL3,"' 7am)) =
fA(a17a27"' 7am>-

Lemma 2.23 For a,b,a,b € A and [ € X,
(s5) fA(g(a,b,a),a,b) = fA(g*(a,b,a),b,b).
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Proof. We distinguish two cases:

(1) The sequence a is empty: By using identities (s4), (s3), (s1), (s3),

(s3) and (s4) consecutively, we get:

(¢,c) and use identities (s3),

(2) The sequence a is not empty: Write a

(s1), (s2) and (s3) consecutively:

(n>2)anda,b,a,b,c € A,

the following identity, where the sequence b consists of n —m times b, holds:

where m < n

Lemma 2.24 For f € ¥,,, g € &,

(a,b,b),b,a),c).

A (g

Proof. Use identities (s1), (s3) and (s4) alternatively:

(s6) fA(f4(g*(a,b,2),b),c)

__ SN TN TN

® -0 0 .
T~ N N
-~ = = = .=

S 8§ ==

RNy
OIS S 2
ST~ PRy
S N N N N N

SN N e L s —

S N T N N e e e T

N S S S &=

S = 1 also holds,
= fAg*(g(a))).

fAg™(a))

We note that the identity corresponding to (s6) for m =n

ie., fA(fA(g"(a)))
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Definition 2.25 An ordered algebra A = (A, X, <) is symbolic, if it is a
semilattice algebra and f4(ay, - ,a,,) < a; holds for every ay,- -+ ,a,, € A,
f e, (m>0)and j <m.

An ordered monoid M = (M, -, <) is symbolic, if it is a semilattice monoid
and the unit is the greatest element of the monoid, i.e., m < 1,; holds for all
m € M and the unit element 1;; € M.

The class of all semilattice -algebras is denoted by SL(X) and Sym(X)

denotes the class of all symbolic ordered Y-algebras.
The proofs of the followings are easy and thus we omit them.

Lemma 2.26 An ordered algebra A = (A, ¥, <) is symbolic if and only if it
is a semilattice algebra such that p(a) < a holds for all a € A and p € Tr(A).

Proposition 2.27 The class SL(X) is a variety of finite algebras and the
class Sym(X) is a VFOA.

3 Positive Variety Theorem

Recall that a ranked alphabet is a finite set of function symbols, and if ¥ is
a ranked alphabet, the set of m-ary function symbols of ¥ is denoted by 3,
(for every m > 0); in particular, ¥ is the set of constant symbols of 3. For
a ranked alphabet ¥ and a leaf alphabet X, the set of XX -trees T(X, X) is
the smallest set satisfying

(1) ¥oUX CT(X,X), and for any m > 0
(2) f(tla 7tm) GT(E7X) for all f € Ema ly," tm € T(EvX)

Any subset of T(3, X) is a tree language.
The Y. X-term algebra T (%, X) = (T(3, X), X) is defined by setting

(1) ¢7®X) = ¢ for each ¢ € ¥, and

(2) fTEX(ty, -+ ty) = f(ty, -+ ,ty) for all m > 0, f € %, and
ty -t € T(S, X).
Let £ be a (special) symbol which does not appear in any ranked alphabet or
leaf alphabet considered here. The set of ¥.X -contexts, denoted by C(%, X),
consists of the ¥(X U{{})-trees in which £ appears exactly once. For P, Q €
C(X,X) and t € T(X, X) the context @ - P, the composite of P and @,
results from P by replacing the special leaf ¢ with (), and the term t - P
results from P by replacing & with ¢. Note that C(X, X)) is a monoid with
the composition operation, and that t-(Q-P) = (t-Q)- P holds for all P,Q €
C(%,X), t € T(X, X). There is a bijective correspondence between C(X, X)
and the translations of the term algebra Tr(7 (X, X)) in a natural way: an
elementary context P = f(ty,---,&, -+ ,t,,) corresponds with P7*»%) =
fEEX) (4 - -v € -+ t,), and the composition P - @Q of the contexts P and
Q corresponds with the composition P7*X) . Q7(X) of translations.

13



Definition 3.1 For a tree language 7' C T(X, X)) the syntactic quasi-order
<7 of T is defined by the following for ¢, s € T(X%, X)

t <r s < (VPeCE,X))(s-PeT=t-PeT).

We note that the equivalence relation 67 =<r N 4;1 of <Xt is the syn-
tactic congruence of T":

trs < (VPeC((E,X))(t-PeT & s-PeT).
The syntactic ordered algebra of T is the structure
SOA(T) = (T(%, X) /01,5, <r),
where <r is the order induced by <r:
t/0r <t s/0r <t Zr s fort,s e T(3X).

The syntactic morphism of T is the mapping ¢r : 7 (X, X) — SOA(T)
defined by tpr =t/0r for t € T(X, X).

It can be easily seen that not every ordered algebra is the syntactic ordered
algebra of a tree language. However, these syntactic ordered algebras can be
characterized as follows (cf. [22] Proposition 3.6).

Proposition 3.2 A finite ordered algebra A = (A, X, <) is order isomorphic
to the syntactic ordered algebra of a tree language if and only if there exists
an ideal I < A such that <;=<.

Proof. First, suppose A = SOA(T') for some tree language 7. Then the
subset I =T /0y = {t/0r | t € T} is an ideal of SOA(T) and <;=<r holds.
Next, suppose for I <A, ;=< holds. Let the ¥-morphism ¢ : 7 (X, A) — A
be resulted by extending the identity mapping 14 : A — A. Since p is
an epimorphism then <;,-1= o =< op~' by Proposition (3) Hence,
Propositionimplies that 7(X, A)/ <,1= A/ <y, and since <;=<, then
SOA(Ip™!) >~ A. ]

3.1 Recognizability by ordered algebras

Let 3 be a ranked alphabet, X be a leaf alphabet, and A = (A, %, <) be
an ordered algebra. A tree language 7" C T(X, X) is recognized by A, if
there exist an ideal I < A and a ¥-morphism ¢ : 7 (3, X) — A such that
T=1Ipt.

In fact every homomorphism ¢ : 7 (%, X) — A is uniquely determined
by a mapping « : X — A which is an nitial assignment for A. It can be
extended to the homomorphism o : 7 (%, X) — A inductively by ca? = ¢4
and f(ty, -, tm)at = fA(LaA, - t,aft) for all c € By, f € 5, (m > 0)
and ty, -+ ,t, € T(X,X). In that case we say that T is recognized by (A, a, I)
or, in other words, T = {t € T(X, X) | ta™ € I}.

14



Proposition 3.3 For a tree language T' C T(3, X) and an ordered algebra
A= (A% <), SOA(T) < A if and only if T is recognized by A.

Proof. Suppose T' = Ip~! for a morphism ¢ : 7 (3, X) — A and an ideal
I<4A. Let the ordered Y-algebra B be the image of ¢, and define the mapping
Y B — SOA(T) by (te)y =t/0p for t € T(X, X).

We show that ty < sp implies t <7 s for all ¢, s € T(X, X). This also
proves that v is well-defined. Suppose tp < sp, then tp <1 sp since < C <.
Now, for any translation p € Tr(.A),

p(s) €T = p(s)pel
= pu(sp) el
= pulty) €l
= p(
= p(t)

That is ¢ <7 s. It can also be seen that ¢ is a X-morphism. Thus ¢ is an
order epimorphism, hence SOA(T) «+ B C A.

Now suppose for an ordered algebra B, SOA(T) «— B C A, and let
¥ : B — SOA(T') be an order epimorphism. A ¥-morphism ¢ : 7 (X, X) — A
can be defined by choosing z¢ to be an element of B such that (z¢)y = z/0r
for every x € X U Xy. By induction on t it can be shown that tpy = t/0r
holds for every t € T(X, X). The set {t/0r € SOA(T) | t € T} " is an ideal
of B. If I is the ideal of A generated by this set, then T' = I~ O

From Proposition it follows that the syntactic ordered algebra of a
tree language is the least ordered algebra which recognizes the tree language.

Let us recall that for a tree language 7" C T(X,X), a context P €
C(%,X), and a X-morphism ¢ : 7(X,Y) — T(%,X), the inverse trans-
lation of T under P is P™HT) = {t € T(X,X) | t- P € T}, and the inverse
morphism of T under ¢ is Tp~! ={t € T(X,Y) | tp € T} (cf. [22]).

The following is an immediate consequence of Corollary [2.10}

Corollary 3.4 For tree languages T, 7" C T(X, X)), a context P € C(X, X),
and a Y-morphism ¢ : 7(2,Y) — 7 (2, X),

(1) SOA(T'NT"),SOA(TUT') < SOA(T) x SOA(T").

(2) SOA(P~YT)) «+ SOA(T).

(3) SOA(T¢™!') < SOA(T) and, moreover, when ¢ is surjective then
SOA(Tp™') =2 SOA(T).

From the clause (2) of the above corollary it follows that for a recognizable
tree language T' the set {P~1(T) | P € C(X, X)} is finite, since the ordered
algebra SOA(T) is finite.
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3.2 Positive Variety Theorem

Let X be a fixed ranked alphabet.

Recall that a class of finite ordered -algebras is a variety (of finite ordered
algebras) if it is closed under order subalgebras, order epimorphic images, and
finite direct products.

Definition 3.5 An indexed family of recognizable tree languages is a family
¥ ={¥(X)} in which ¥ (X) consists of a collection of recognizable ¥ X-tree
languages for any leaf alphabet X. An indexed family is a positive variety of
tree languages, abbreviated by PVTL, if it is closed under positive Boolean
operations (intersections and unions), inverse translations, and inverse mor-
phisms.

Definition 3.6 For a variety of finite ordered algebras £, let the indexed
family #* = {JF*(X)} be the family of tree languages whose syntactic
ordered algebras are in ¢, that is

HH(X) = {T CT(2,X) | SOAT) € 7.

For a positive variety of tree languages 7, let #* be the variety of finite

ordered algebras generated by syntactic ordered algebras of tree languages
in 7, that is 7* is the VFOA generated by the class

{SOA(T) | T € 7(X) for a leaf alphabet X}.

By Corollary [3.4], for a variety of finite ordered algebras %, the family
't is a positive variety of tree languages.

Lemma 3.7 (1) The operations .# + J£* and ¥ +— ¥ are monotone, i.e.,
if ¥ C L and ¥V C W, then #* C £L* and ¥ C w2,
(2) ¥ C ¥, and A C X .

Proof. The statement (1) and the inclusion ¥ C ¥** are obvious. For the
inclusion £ C J# we note that if A € J#**, then for some T, -, 7T, in
H*, A < SOA(T)) x --- x SOA(T,,) holds. Since Tj’s are in %, then by
definition, SOA(T}) € # for every j, hence A € 7. O

The following was proved for classical algebras in [16].

Lemma 3.8 For any finite ordered algebra A = (A3, <) there are tree
languages 17, - - - ,T,, recognizable by A such that

A C SOA(T)) % - x SOA(T}).
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Proof. Let A = (A, X, <) be a finite ordered algebra, and suppose the epi-
morphism 1 : 7 (X, A) — A is obtained by extending the identity mapping
Ay i A — A Recall that for any a € A, (a] = {b € A | b < a} is the
ideal of A generated by a. By Corollary 2.10{3), SOA((a]yt) = A/(a] for
every a € A. We show A C ] .4 A/(a]. This will finish the proof since
(a]! is recognizable by A. Define the mapping ¢ : A — [],c4A/(a]
by u¢p = (u/ﬁ(a})aeA for u € A. Clearly ¢ is an order morphism. All
we have to show is that ¢ is injective. Suppose u¢p = v¢ for u,v € A.
Then u/0y = v/0y for every a € A. In particular /0, = v/fy) and
u/0) = v/0(,, which imply v € (u] and u € (v], respectively. So, u < v and
v < u, thus u = v. O

Corollary 3.9 (1) Every VFOA is generated by syntactic ordered algebras
of some tree languages.

(2) For any PVTL 7 and any finite ordered algebra A, if every tree
language recognizable by A belongs to ¥, then A € 72

Lemma 3.10 For every variety of finite ordered algebras ¢, & C JZ*2.

Proof. By Corollary [3.9(1), it is enough to show that ordered syntactic
algebras of tree languages that belong to J# are in £ **. Suppose for a tree
language T', SOA(T') € # . Then T is in #* by definition, so SOA(T') € #*2
which finishes the proof. O

The essential part of the positive variety theorem is the following.
Lemma 3.11 For every positive variety of tree languages 7', 72 C 7.

Proof. Suppose T' € 72*(X). Then there are leaf alphabets Xy, - X,
and tree languages T} € ¥ (X),---, T, € ¥ (X,) such that SOA(T") divides
the product A = SOA(T}) x --- x SOA(T,,). So, by Proposition 3.3} T is
recognized by A, and so there is an order morphism ¢ : 7 (%, X) — A and
an ideal I <A such that T'= ITo~!. Let SOA(T;) = A; = (A;, %, <;) for each
J < n. Recall that (a] is the ideal of A generated by a € [[. A;, and similarly
(a;] is the ideal of A; generated by a; € A;. Forany a = (a1, -+ ,a,) € [[; 4
we have (a] = (a1] x -+ x (a,]. Let ¢; : T(3, X) — A; be the composition
of ¢ with the j-th projection mapping [[, A; — A;. Then

T=Io"=J@e " = U e

acl (a1, ,an)€l j<n

We aim at showing T' € #/(X). It is enough to show (a;]¢;" € #(X) for
every j < n. Fixaj < n. Let ¢r, : T(3,X;) — A; be the syntactic
morphism of 7j. One can construct a ¥-morphism y; : 7 (X, X) — 7 (%, Xj)
such that x;jor, = ¢;. Then (aj]ng;1 = (aj]go;jlxj’l, and since ¥ is closed
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under inverse morphisms, for showing (a;]¢;" € #/(X) it is enough to show
(ajler, € V(X;).
There exists a t € T(X, X;) such that a; = tpr;. We show

(a7} = ([{P7H(T)) | P € C(S,X,), P(t) € T}

For any s € T(X, X;),

s € (aj]SD%jl sor; 5 aj =ty

S <Tj t

(VP e C(X, X;))(P(t) e T; = P(s) € T})
(VP e C(E, X)) (Pt)eT;=s¢€ P‘l(Tj))
s € N{PI(T)) | P € C(S.X,), P(t) € Ty)}.

LR

By T; € 7(X,) and the fact that ¥ is closed under inverse translations and
positive Boolean operations, it follows that (aj]go}jl € V(X;). So, (ajle;!
belongs to ¥ (X) for all j, thus T' € 7 (X). O

Summing up, we showed the following.

Proposition 3.12 (Positive Variety Theorem) The operations 2 +—
't and ¥ — ¥? are mutually inverse lattice isomorphisms between the
class of all varieties of finite ordered algebras and the class of all positive
varieties of recognizable tree languages, i.e., #2* = ¥ and ™ = % .

3.3 Examples

Here, we introduce some families of tree languages and provide some instances
for Positive Variety Theorem (Proposition [3.12]).

3.3.1 Cofinite tree languages

Definition 3.13 A tree language 7' C T(3, X)) is cofinite if its complement
T(3, X)\ T is finite.

The family of cofinite X X-tree languages is denoted by Cof(%, X), and
Cofy, = {Cof(X, X)} is the family of cofinite tree languages for all leaf al-
phabets X.

Proposition 3.14 A language 7' C T(3, X) is cofinite if and only if it can
be recognized by a finite ordered nilpotent algebra.

Proof. Suppose T' C T(X, X) is cofinite. There exists an n € N such that
Py --- P,(t) € T holds for all P,--- P, € C(X,X)\ {¢} and t € T(3, X).
Therefore, Py --- P,(t) <r s holds for all P,---, P, € C(X,X)\{{} and all
t,s € T(X, X). This immediately implies that the syntactic algebra SOA(T)

18



of T satisfies py--- py(a) <p b for all py,--- ,p, € TrS(SOA(T)) and all
a,b € SOA(T). Thus, SOA(T) is an ordered n-nilpotent algebra.

Conversely, suppose that a tree language 7' C T(X, X)) is recognized by
an ordered n-nilpotent algebra A = (A, 3, <). Let ¢ : T(3,X) — A be an
order morphism and I < A be an ideal such that 7 = I¢~!. The mapping
. 1 C(E, X))\ {{} — TrS(A) obtained from setting

f(tla"' 757"' 7tm)90* :fA(tlgpf" 757"' ,thO)

forall f € ¥, (m > 0) and ¢y, - ,t,, € T(Z,X), and (P - Q)p. = P, -
Q¢+, is a semigroup morphism which satisfies Py, (tp) = P(t)y for all t €
T(X,X), P € C(X,X)\ {{}. Since A is an ordered n-nilpotent algebra,
then py---pp(a) € I holds for all py, - ,p, € TrS(A) and a € A. In
particular, Pyp, -+ Pop.(ty) € I holds for all P,---, P, € C(X,X) \ {¢}
and t € T(3,X). The statement Py, --- Pyp.(tp) € I is equivalent to
Py---P,(t)peland P ---P,(t) € Io' =T. Hence, T is cofinite. O

Corollary 3.15 The family Cofy, is a PVTL and Cofy = Nil(X)*.

Proof. This follows immediately from Propositions and [3.12}
though it can be verified directly that the family of cofinite tree languages is
closed under finite unions and intersection, inverse translations and inverse
morphisms. [l

3.3.2 Semilattice and symbolic tree languages

We can assume that the leaf alphabets X are always disjoint from the ranked
alphabet 3.

Definition 3.16 For a tree t € T(3, X), the contents c(t) of ¢ is the set of
symbols from > U X which appear in ¢. It can be defined inductively as:
(1) ¢(z) = {x} for z € Ly U X;;
(2) c(f(tr, - tm)) = {f}Uc(t1)U---Uc(ty,) for ty,--- ,t, € T(X, X) and
f e

For a subset Z C X UX, the tree language T'(Z) consists of trees in which
all symbols of Z appear, i.e.,

T(Z)={te T(S,X) | Z Cc(t)}.

A tree language T' C T(X, X)) is symbolic, if it is a union of tree languages of
the form 7T'(Z) for some subsets Z C ¥ U X.

The family of symbolic ¥ X-tree languages is denoted by Sym(X%, X), and
Symy, = {Sym(X%, X)} is the family of symbolic tree languages for all leaf
alphabets X.
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Lemma 3.17 For a tree language T' C T(X, X)) the following properties are
equivalent:

(1) T is symbolic;
(2) For all trees t,t' € T(X, X), c¢(t) Cc(t') and t € T imply t' € T
(3) T = User T(c(t))-

Proof. The implications (1) = (2) and (3) = (1) are straightforward. For
the implication (2) = (3), the inclusion 7" C |J;c, T'(c(t)) always holds.
Suppose t' € T'(c(t)) for some ¢ € T. Then c(t) C c(t'), thus ¢’ € T. Hence,
the opposite inclusion (J,., T'(c(t)) € T holds too. O

Definition 3.18 A tree language T C T (X, X) is a semilattice tree language,
if for all trees t,t' € T(X,X), c(t) =c(t') and t € T imply ' € T..

The family of semilattice X X-tree languages is denoted by SL(X, X), and
SLy = {SL(X, X)} is the family of semilattice tree languages for all leaf
alphabets X.

The rest of this subsection is devoted to proving the facts that semilattice
tree languages are definable by semilattice algebras and symbolic tree lan-
guages are definable by symbolic ordered algebras, i.e., SLy = SL(X)* and
Symy, = Sym(X)*.

Fix a ranked alphabet > and a leaf alphabet X. The sequences of trees
are denoted by bold face fonts, e.g., t is a sequence like (tq,--- ,t,,) for
t1,- tm € T(X, X).

Let o be a ¥-congruence on 7 (X, X) such that 7 (X, X) /o is a semilattice
algebra, i.e., it satisfies the following relations for all function symbols f, g €
¥ and trees t,r,u,v,t € T(X, X):

(d1) f(t, f(t,t,r),r) o f(t,t,r); and
(d2) f(t,g(u,t,v),r) o g(u, f(t,t,r),v).

The following lemma is implied by Lemmas [2.19] [2.20] [2.21] [2.22] [2.23
and [2.24]

Lemma 3.19 The following relations hold for any f € ¥,,, g € ¥,,, and any
Y. X-trees t,s,r, t,s:

(s1) f(t,t,r,r,u) o f(t,r,r t,u);
(s2) f(t,t,rt) o f(t,r,rt);

(s3) f(g(t,t),r,x) o flg(r,t),t,1);
(s4) f(f(t,---,1),8) o f(2,t);
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(85) f(g(t’ T7t)7t7r) 9 f(g(t7r’t)7r’ r)7
(s6) f(f(g(t;s:t),r),0) o f(g(g(t,r,T),7,t), )

where m < n and the sequence 7 consists of n —m times 7.

The family of 3-congruences on 7 (X, X) satisfying (d1) and (d2) is closed
under intersections and contains the universal relation T(X, X) x T(X, X),
and so has the smallest element 7.

In the forthcoming we prove that for any trees ¢; and t,,

tl T t2 iff C(tl) = C(tg).

Suppose the elements of ¥\ ¥ are linearly ordered in such a way that the
function symbols with smaller arity are smaller than the function symbols
with greater arity. Similarly suppose the leaves X U Y, are linearly ordered.

Let cx(t) € X\ X be the set of nodes of a tree t € T(3, X) and cx(t) C
X U Xy be its set of leaves.

A tree t is in the canonical form if:

(1) either t € X U, or

(2) t = f(t1,2,...,2,) where

(a) tp is in the canonical form and xs,--- ,x,, € ¥gU X,
(b) f is the smallest in cx(t),

C; either f ¢ cx(ty) or cx(t1) = {f},

(d) if |ex(t)| = m—1, then x, ..., z,, are the smallest m — 1 elements
in cx(t) in that order, and

(e) otherwise, if cx(t) = {xo,..., 2} With 2o S ... £ z,, n < m,
then x,.1 = ... =z, = x, and cx(t1) = {z,}.

In other words, a tree is in the canonical form if on each its level only the
leftmost node is from X\ Xy, all the others are leaves from ¥y U X, nodes
grow from root downwards and the leaves grow from left to right and from
top to down. As soon as the set of nodes or leaves are exhausted, the last
symbol from the set is repeated as long as there are still symbols in the other
set to be used.

Let us fix o to be any congruence on 7 (X, X) satisfying (d1) and (d2).
Our aim is to show that every tree t is o-equivalent to a tree ¢’ in the canonical
form where c(t) = c(t).

We are proving this by induction on the complexity of ¢. The claim clearly
holds for ¢ € ¥y U X. Suppose t = f(t1,ta,...,t,) and that t1,... ¢, are in
the canonical form. The transformation consists of several phases:

Step 1. Shaping the tree into a leftmost branching tree while arranging the
nodes in the increasing order from top to down.

Step 2. Organizing repetitions of nodes so that any repetition of a smaller
node is changed by a repetition of the next greater node.

21



Step 3. Arranging the order of leaves.

Step 4. Organizing repetitions of leaves so that any repetition of a smaller
leaf is changed by a repetition of the next greater leaf.

Step 5. Fold the unnecessary part.

Step 1 : Let g = min{root(t,),...,root(t,)}. Without loosing generality, by
(s1), we can assume that g = root(t,). Write t; = g(t}, z2,...,z,). We
distinguish two cases:

First ¢ < f: Then n < m and by (d2) we have

t=flg(t),za, ..., xn) ta, ... tm) 0 g(f(th ta, .. tm), Toy ..o Tp),
and now we can apply the induction hypotheses to f(t],ta,...,tm).
Second f < g: Then m < n and by (d2),(s3) we have
t=f(g(t,za,...,xn),ta, ..., ty) O

o flg(ti te, . tm, Tay o Tymt1), Tnoma2y - - - T )y

and then we can continue by induction.

We get a tree of the the desired shape, the order of the nodes is in-
creasing from top to down, but there may be repetitions of a same node
following each other.

Step 2 : The clause (s6) of Lemma [3.19] provides a transformation that pushes
repetitions, i.e.; if f < g then the transformation will replace a copy of
f by a copy of g.
After these transformations we get a tree o-equivalent to t, branching
only in the leftmost node and with increasing nodes where only the
greatest node is possibly repeated. The tree is still not in the canonical
form since leaves are not necessarily already arranged.

Step 8 : The sequence of leaves is read starting from left to right and from top
downwards. This sequence can be sorted using standard algorithms for
sorting sequences which assumes comparing the first symbol with the
rest one by one and when a smaller one appears swap them and continue
comparing with the rest of the variables. After this the smallest leaf
is on the first place. Repeat the same with the second one and rest of
the sequence, etc. We note that this swapping is supported by o, since
places of leaves on the same level can be changed by (s1), and if they
are on different levels then (s3) is applied.

After this, leaves will be in increasing order, but there are possibly

repetitions of those leaves which are not the greatest.

Step 4 : The idea is the same as in Step 2, the repetition of a smaller leaf is
replaced by the repetition of the next greater leaf, so that repetitions
are pushed trough the sequence and finaly only the greatest leaf may
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be repeated. In other words, if x < y then the subsequence zzy is
replaced by xyy. We distinguish four cases.

First, zxy appears on the same level, i.e., as the components of the
same node. This case is solved by applying (s2).

Second, the first x is on one level and x and y are both on the next.
This is solved easily by applying first (s5) and so changing the first x
into y, and then applying (s3) to swap x and outer y:

flg(t,z,y,x),2,y) o flgt,z,y,x),y,y) o flgt,y,y,X),2,y).

Third, both z’s are on the upper level and y is on the lower. We proceed
as
flg(t,y,x),y, 2, x)
flg(z,y.x),y,z,1)
fl9(z,y,%),y,y,1)
flg(t.y,x),y,y, @)
flg(t,y, %)y, 2z, y).

Note that t plays an important role here and existence of such a tree
follows from the fact that f < g and thus the arity of g is at least 2.

g
g

Q 9 9 Q9

Fourth, all three leaves appear on different levels. The tree is in
the form f(g(h(t,y,2),x),z) where f,g € 35. The first 2 should be
changed into y. The transformation is as follows:

flg(h(t,y,2),x),v)
o flg(h(z,y,2),t),z)
o flg(h(z,y,2),x),t)
o flg(h(z,y,2),y),1)
o flg(h(z,y,2),t),y)
o flg(h(t,y,2),),y)
o flg(h(t,y,2),y), ).

After this, our tree has almost the canonical form, the only disturbing
thing may be too long subtree at the end having only the greatest
symbol from ¢x(t) as nodes and the greatest element from cx(t) as
leaves.

Step 5 : Applying (s4) as many times as needed the tree is folded into one
without repetitions of the greatest symbol from cx(t), or with its repe-
titions but not with only the greatest element of cx(t) as leaves on the
deepest level.

Clearly, the procedure results a unique tree in the canonical form which
is o-equivalent to a given tree.

For example suppose h € Y3, f,g € Yo, ¢ € ¥y, x € X, and the
ordering on the nodes and leaves are as f < g < h and © < c¢. Let
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t = h(g(z, f(z,¢)),z,g(x,c)). Then by applying the above steps we get
the tree r; in the j-th step as follows:

to 7“1:f(g(g(h(ac,x,x),c),c),x)
o ro= f(g(h(h(z,x,x),2,1),¢),7)
o r3= f(g(h(h(c,z,z),x,z),x), 1)
o r4=f(g(h(h(c,c,c),c,c),c),x)
o 15= f(g9(h(c,c,c),c),x)

It can be noticed that the canonical form tree corresponding to a given tree
t is determined by ¢(t) and can be constructed from this set. The procedure
can roughly be described as follows:

1. put the smallest node in the root of the tree, draw the necessary
branches, put the next smallest symbol from ¢x(t) in the left most
node, continue doing this as long as ¢x(t) is not exhausted;

2. put the smallest leaf in the first drawn leaf place, choose the next
smallest and put in the next place, etc.

3. if there are still empty nodes put the greatest symbol from cx(t) there;

4. if not all cx(t) is used, continue building the tree by shifting all symbols
from X U X on the last level by one place to the right, return the last
leaf to cx (t), put the greatest element of cx(t) to the leftmost place, add
its arity new branches, fill them with remaining symbols from cx (%),
and repeat this step as many times as needed.

Recall that 7 is the smallest congruence satisfying (d1) and (d2).
Lemma 3.20 For any trees ¢, and to, t;7t5 iff c¢(t1) = c(t2).

Proof. Define 7 by 7'ty iff c¢(t1) = c(t2). Then 7’ satisfies (d1) and (d2).
Let o be any congruence satisfying (d1) and (d2). We are proving that 7’ C o.
Assume t17'ty. There are canonical trees ¢} and ¢}, such that ¢,0t] and ty0t),.
Then c¢(t]) = c(t,) and since the canonical tree is uniquely determined by
its contents, it follows that ¢| = t, which immediately implies that ¢,0ts.
Therefore, 7 = 7. OJ

For a context P € C(X, X), the set of contents c(P) of P is the set of
symbols from ¥ U X which appear in P. We note that ¢(P(t)) = c¢(P)Uc(t)
holds for any context P € C(X, X) and tree t € T(3, X).

Proposition 3.21 (1) A tree language 7' C T(X, X) is semilattice if and
only if it is recognizable by a finite semilattice algebra.

(2) A tree language T' C T(X, X) is symbolic if and only if it is recogniz-
able by a finite symbolic ordered algebra.
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Proof. (1) By Lemma T is a semilattice tree language if and only if
7 C 07 if and only if the syntactic algebra of T is a semilattice algebra.

(2) Every symbolic tree language is also a semilattice tree language. So,
if T is symbolic then the syntactic algebra of T' is semilattice. On the other
hand, since ¢(t) C ¢(P(t)) holds for all t € T(X, X) and P € C(3, X), then
P(t) <r t always holds. This shows that SOA(T) is a symbolic ordered
algebra. Conversely, if SOA(T') is a symbolic ordered algebra, then 7 C 67
and P(t) <7 t. Suppose for trees t and t', ¢(t) C c¢(t') and t € T hold. Then
there exists a context P such that c¢(#') = ¢(P(t)). By Lemmal[3.20 ¢’ 7 P(¢),
and so t’ Oy P(t) holds. On the other hand P(t) <7 t implies ¢’ <7 ¢, and
this by ¢t € T implies t' € T'. Hence, T is a symbolic tree language by Lemma
B.17 O

Corollary 3.22 The family SLy, is a variety of tree languages and SLy =
SL(X)*®, also the family Symy, is a positive variety of tree languages and
Symy, = Sym(X)*.

We note that SLy, is closed under complements while Symy, is not. Clearly,
varieties of tree languages are special cases of positive varieties, thus theory
of positive varieties applies to varieties in general.

4 Generalized Positive Variety Theorem

Generalized varieties of tree languages and generalized varieties of finite al-
gebras were introduced by Steinby [23] who proved a generalized variety
theorem for these classes. A variety of finite algebras is a class of finite
algebras over a fixed ranked alphabet as the notions of subalgebras, homo-
morphic images and direct products are defined for algebras over the same
ranked alphabet. These notions can be generalized for algebras over different
ranked alphabets. A generalized variety of finite algebras is a class of finite
algebras over any ranked alphabet that satisfies certain closure properties.
Similarly a generalized variety of tree languages is defined.

In this section we generalize our Positive Variety Theorem for gen-
eralized positive varieties of tree languages and generalized varieties of finite
ordered algebras.

The following definition is the ordered version of Definitions 3.1, 3.2, 3.3,
3.14 from [23].

Definition 4.1 Let A= (A, %, <) and B = (B, 2, <) be ordered algebras.
e The algebra B is an order g-subalgebra of A, in notation B C, A, if
B C A Q, CX, for all m > 0, fB is the restriction of f* to B for every
f € Q,,, and < is the restriction of < on B.
e An assignment is a mapping £ : ¥ — Q such that x(%,,) C ,, for
all m > 0. An order g-morphism from A to B is a pair (k,¢) where the
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mapping k : X — () is an assignment and ¢ : A — B is an order preserving
mapping satisfying f4(a1,--- ,am)e = (fr)2(arp, -, apmyp) for any m > 0,
feXx, and ay, -+ ,a, € A. Note that order preserving means that a < b
implies ap <" by for all a,b € A. If both k and ¢ are surjective, then (k, @)
is a order g-epimorphism, and in that case we write B <+, A meaning that
B is an order g-epimorphic image of A. When B is an order g-epimorphic
image of an order g-subalgebra of A, we write B <, A. When both x and
¢ are bijective and (k71,7 !) is an order g-morphism, (k,¢) is an order
g-isomorphism, and B =, A means that B and A are order g-isomorphic.

e Let X', ... . ¥" and I" be ranked alphabets. The product X! x --- x X"
is a ranked alphabet such that (X! x -+ x "), =31 x ... x X" for every
m > 0. For any assignment x : I' — 3! x ... x ¥" and any finite number of
ordered algebras A; = (A, 21, <4),-+ A, = (A,, 2", <), the r-product of
Ay, -+, A, is the ordered I'-algebra

H(Al,”-,An):(A1><---><An,F,<1><-~'><<n)

defined by the following:

ForceTly, fel, (m>0)and a; = (a;1, -+ ,ain) € A1 X -+ X A, (i <m),
(1) CH(Al’M’An) = (CJ1417 U 7cvn4n) where ¢k = (Cl7 e 7Cn>7
(2) fﬁ(Ah.‘-’An)(al)"' 7am) = (flAl(alla"' 7am1)7"' af;:‘n(alnf" 7amn))

where fx = (f1,---, fa), and

(B)ar <t X x Kpay = an <y an & - &ay, < agn.

Without specifying the assignment x, such algebras are g-products.
A generalized variety of finite ordered algebras, a gVFOA for short, is a class
A = {2 (X)} which consists of a class of finite ordered Y-algebras J£ (X)
for any ranked alphabet X, and is closed under order g-subalgebras, ordered
g-epimorphic images, and g-products.

In the sequel we prove the necessary facts about generalized algebras
needed for generalizing our positive variety theorem.

Proposition 4.2 Let A = (A, %, <) and B = (B,Q, <’) be two ordered al-
gebras, < be a quasi-order on B and (k, ¢) : A — B be an order g-morphism.
Then

(1) the image of A, A(k,¢) = (Ap, Xk, <") where <" is the restriction of
<’ on Agp, is an order g-subalgebra of B,

(2) the relation po < op~! is a quasi-order on A and when <’ is the
restriction of < on A, then A/po < op™! 22, Ap/ </, and

(3) moreover, if ¢ is an order g-epimorphism, then A/po < op™! =, B/

A

The proof is a direct generalization of that of Proposition [2.4]
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Proposition 4.3 Let A = (A,%,<) and B = (B,Q,<’) be two ordered
algebras, and (k, ¢) : A — B be an order g-morphism. The mappings (x, )
induce a monoid morphism Tr(A) — Tr(B), p — p(s,,) such that p(a)p =
D(rp)(agp) for all @ € A. Moreover, if (k, @) is an order g-epimorphism then
the induced map is a surjection.

Proof. For any elementary translation p = f4(ay, - ,&, -+, a,) of A where
f e, (m>0)and ay,---,a, € A, the unary function p. ) defined by
b (fr)B(arp, -+ ,b,-++ ,amp) is an elementary translation of B, and if x

and ¢ are surjective then every elementary translation of B is of this form.
OJ

Lemma 4.4 For ordered algebras A = (A, %, <) and B = (B, Q, <), ideal
K < B, and order g-morphism (k,¢) : A — B, K¢~ ! is an ideal of A and
k-1 D o <k op 1, also SOA(K¢™') <, SOA(K).

Moreover, if (k, ) is an order g-epimorphism, then <x,-1 = @o <x op™?
and SOA(Ky™') =2, SOA(K).

The proof is very similar to that of Proposition [2.9
Let ¥ and © be ranked alphabets, X be a leaf alphabet, and A = (A, Q, <)
be an ordered algebra. A tree language T' C T(X, X) is g-recognized by A, if
there exist an ideal I < A and an order g-morphism (k,¢) : 7(3,X) — A
such that T = I~

Lemma 4.5 A tree language 7" is g-recognized by A if SOA(T) <, A.

Proof. If SOA(T') «—, B C, A and (¢,¢) : B — SOA(T) is an order g-
epimorphism, then there exists an order g-morphism (x,¢) : 7(X,X) — A
such that (tp)y = t/07 and (fk)e = f forany t € T(X, X), f € ¥. Moreover,
if I is the ideal of A generated by the set {t/0r | t € T}, then T = Ip~".
U

Contrary to Proposition [3.3] the converse of Lemma does not hold, for
more details see the definition of reduced syntactic algebra in Section 6 of
[23].

By Lemma [4.4] for any g-morphism (k,¢) : 7(,Y) — 7(X,X) and
tree language T C T(X, X ), SOA(T ') <, SOA(T) holds, and if (k, p) is a
g-epimorphism then SOA(T¢ ') =2, SOA(T).

Definition 4.6 A family of recognizable tree languages is a family 7 =
{7 (%, X)} where 7 (X, X) consists of a collection of recognizable ¥.X-tree
languages for any ranked alphabet > and leaf alphabet X is a generalized
positive variety of tree languages, abbreviated by gPVTL, if it is closed under
positive Boolean operations (intersections and unions), inverse translations,
and inverse g-morphisms.
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Definition 4.7 Let 2 = {#(X)} be a gVFOA. Define the family £ =
{2, X)} to be the family of tree languages whose syntactic ordered al-
gebras are in ', that is

HEHE,X) = {T CT(Z,X) | SOA(T) € # (D)},

For a gPVTL ¥ = {¥(X, X)}, let 2 = {7*(X)} be the gVFOA generated
by the class {SOA(T) | T € ¥(X, X) for some ¥, X }.

Both of the following lemmas can be proved by arguments similar to their
classical counterparts, Lemmas and Corollary [3.9]

Lemma 4.8 (1) The operations % +— £ and ¥ +— ¥ are monotone, i.e.,
if # C L and ¥ C W, then #* C L% and 72 C W2

(2) v C ¥ and = C X .

(3) For a gVFOA 7, the family #* is a gPVTL, and % C £ ** holds.

Lemma 4.9 (1) Every gVFOA is generated by syntactic ordered algebras
of some tree languages.

(2) For any gPVTL ¥ and any finite ordered algebra A, if every tree
language recognizable by A belongs to ¥, then A € 72

The essential part of the positive variety theorem can be generalized as
follows.

Lemma 4.10 For every gPVTL ¥, 72 C 7.

Proof. Suppose T' € ¥2%(X, X). There are ranked alphabets X! .- X"
leaf alphabets Xy, ---, X, and tree languages

e V(S X)), -, T, € V(2" X,)

such that SOA(T) <, k(SOA(Ty),- - ,SOA(T,)) where s : I’ — Xl x- - x X"
is an assignment for a ranked alphabet I'. Let A; = SOA(T}) for j < n. By
Lemma 4.5, T is g-recognized by k(Aj, - ,A,). So, there exist an order g-
morphism (A, ¢) : T(3,X) — k(A -+, A,) and an ideal I Ik(Ay,--- | A,)
such that T = I'p~!. Let p; : T(X, X) — A; be the composition of ¢ with the
j-th projection function []; A; — A;, and \; : ¥ — 37 be the composition of
Ak Y — B x ... x X" with the j-th projection X! x -+ x X" — 37, Then
(Aj,5) : T(X,X) — A; is an order g-morphism, and similarly to the proof
of Lemma [3.11],

T=Ip"' =J@e'= U [ale"

acl (a1, an)€l j<n

For showing T' € ¥/ (X, X) it is enough to show (aj]goj_l € ¥ (3, X) for every
j<n. Fixaj<n. Let or : T(X,X;) — A; be the syntactic morphism
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of T;. One can construct a g-morphism (\;,x;) : 7(X,X) — 7(¥, X))
such that y;er, = @;. Then (a;]p;" = (aj]go;jlxj_l, and since ¥ is closed
under inverse g-morphisms, for showing (a;]¢; ' € #(3, X) it is enough to
show (aj]go;jl € ¥ (3, X;). In the proof of Lemma it was shown that
(ajlpz, = {PU(Ty) | P € C(X,X;), P(t) € T;} for some t € T(X, Xj).
So, by T; € ¥ (X7, X;) and the fact that ¥ is closed under inverse translations
and positive Boolean operations, it follows that (a;]p7" € #(X7, X;). So,

J

(a]p; " € ¥ (3, X) for all j, thus T € ¥(3, X). O

Proposition 4.11 (Generalized Positive Variety Theorem) The oper-
ations & — #* and ¥ +— ¥® are mutually inverse lattice isomorphisms
between the class of all gVFOA’s and the class of gPVTL’s, ie., 72 =¥
and % = X% .

4.1 Examples

The examples of families of recognizable tree languages and classes of finite
ordered algebras in the previous sections do not heavily depend on their
ranked alphabets. Here we will see that the collection of those varieties for
various ranked alphabets form generalized varieties.

4.1.1 Order nilpotent algebras and cofinite tree languages

Let Nil = {Nil(X)} be the class of all ordered nilpotent algebras for every

ranked alphabet ¥, and Cof = {Cof(X, X)} be the family of all cofinite tree
languages for all ranked alphabets ¥ and leaf alphabets X.

Proposition 4.12 The class Nil is a gVFOA, the family Cof is a gPVTL,
and Cof = Nil".

That Cof is a gPVTL can be verified directly: the family is closed under
positive Boolean operations, inverse translations and inverse g-morphisms.
Similarly, Nil can be proved to be a gVFOA. From Proposition it follows
that for all tree languages 7' C T(X, X),

T € Cof(Z, X) < SOA(T) € Nil(%),

which implies that Cof = Nil®.

4.1.2 Semilattice algebras, semilattice tree languages, symbolic
ordered algebras and symbolic tree languages

Let SL = {SL(X)} and Sym = {Sym(X)} be respectively the classes of all
semilattice algebras and symbolic ordered algebras for every ranked alphabet
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¥, and SL = {SL(X, X)} and Sym = {Sym(%, X)} be respectively the fami-
lies of all semilattice and symbolic tree languages for all ranked alphabets ¥
and leaf alphabets X.

The following instance of generalized positive variety theorem holds.

Proposition 4.13 (1) The class SL is a generalized variety of finite algebras
and the family SL is a generalized variety of recognizable tree languages,
moreover SL = SL*

(2) The class Sym is a gVFOA and the family Sym is a gPVTL, moreover
Sym = Sym"*.

Proposition 4.14 For a semilattice algebra A = (A, X)), the structure A, =
(A, 3, <) where < is defined by

a <b <= thereis a p € Tr(A) such that a = p(b)
for all a,b € A, is a symbolic ordered algebra.

Proof. The relation < is an order:
e a < a holds since 14(a) = a for the identity translation 14;
o ifa <band b < athen a =p(b) and b = ¢g(a) for some p,q € Tr(A), so
a = b by Corollary
e if a <bandb < cthen a = p(b) and b = ¢(c) for some p,q € Tr(.A) thus
a = p(q(c)) whence a < c.

The order < is compatible with > since :
o if a < b then a = p(b) for some p € Tr(.A), so g(a) = ¢(p(b)) = p(q(b)) for
every q € Tr(A), thus ¢g(a) < ¢(b) for every g € Tr(A); and
e it satisfies p(a) < a since p(a) = p(a).

Hence, Ay is a symbolic ordered algebra by Lemma [2.20] O

Definition 4.15 For a semilattice algebra (A, ), a subset D C A is trans-
lation closed, if d € D then p(d) € D for all p € Tr(A).

Lemma 4.16 A subset D C A for a semilattice algebra A4 = (A4,%) is
translation closed if and only if D is an ideal of the symbolic ordered algebra
A where Ay is defined in Proposition [4.14]

Proposition 4.17 Let T'C T(X, X) be a tree language.

(1) T is a semilattice tree language if and only if there exist a finite semilattice
algebra A = (A,Y), a morphism ¢ : 7 (X, X) — A and a subset F' C A such
that T = Fp~ !

(2) T is a symbolic tree language if and only if there exist a finite semilattice
algebra A = (A,Y), a morphism ¢ : 7(3, X) — A and a translation closed
subset F' C A such that T'= Fp~ 1.
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5 Definability by Ordered Monoids

An important class of ordered algebras is the class of ordered monoids. Let
us recall that an ordered monoid is a structure M = (M, -, <) where (M, )

is a monoid and < is an order on M compatible with - (called “stable order”
in [13]), i.e., for any a,b,m,m’ € M,if a <bthenm-a-m' <m-b-m'.

5.1 Ordered Algebras Definable by Ordered Monoids

The translations of ordered algebras can be ordered as follows:

Definition 5.1 For an ordered algebra A = (A, X, <), the ordered transla-
tion monoid of A is the structure OTr(A) = (Tr(A), -, <a) where (Tr(A), )
is the translation monoid of A and the binary relation < 4 is defined on Tr(.A)
by the following for p, ¢ € Tr(A),

pSaq <= (Vae A)(p(a) <qla)).

The relation <4 is indeed an order on Tr(A) compatible with the com-
position of translations: if p Sqqthenp-r Sy q-randr-p Syqr-q for any
p,q,r € Tr(A).

The following proposition is the ordered version of Lemma 10.7 of [23].

Proposition 5.2 For any finite ordered algebras A and B,
(1) if A C, B, then OTr(A) < OTr(B);
(2) if A, B, then OTr(A) «+ OTr(B); and
(3) OTr(k(A, B)) C OTr(A) x OTr(B) for any g-product (A, B).

Proof. Let A= (A,%,<) and B=(B,Q,<).

(1) Let M be the order submonoid of OTr(B) generated by the elementary
translations of the form f5(ay,---,&,--- ,a,,) for any f € 3,, (m > 0) and
ay,- -+ ,a, € A. The mapping

fB(al,--- € 7am),_>f«4(a1,... )

can be uniquely extended to an order monoid epimorphism M — OTr(A).
Thus OTr(A) «— M C OTx(B).

(2) Suppose (k,p) : B — A is an order g-epimorphism. By Proposition
, the mapping OTr(B) — OTr(A), p — P is a monoid epimorphism.
We show that it also preserves the translation orders. For any p,q € OTr(B),

) forallbe B

b)p for allb € B

< Q) (bp) for all b € B
< Qrp)(a) for alla € A

pf,zsq

L84y
=



(3) Let T" be a ranked alphabet and x : ' — 3 x Q be an assignment. It
is easy to verify that the mapping

gH(Aﬁ) ((ala bl)a T 757 Ty (am? bm)) =

(fA<a17"' o ), BB (b, € 7bm>>
for ay, - ,a,, € A/by,-+- b, € Band g € T, (m > 0) where gk = (f, h),
can be extended to a monomorphism ¢ : OTr(k(A, B)) — OTr(A) x OTr(B)
which satisfies p(a,b) = (p1(a),pie(b)) for all a € A, b € B and p €
Tr(k(A, B)), where ¢ and 19 are the components of ¥: py = (piy, pihs).
We show that 1 is also order preserving. For p,q € Tr(k(A, B)),

pla,b) < x <" q(a,b) foralla € A,be B

p1(a) < qi(a) & pa(b) < qiba(b) for all a € A,b € B
P Sa qhr & pe S qibe

(ph1, pba) Sa % S (g, qiba)

pY Sa X Spqy.

P Sk(AB) 4

R R R

O

Definition 5.3 A wvariety of finite ordered monoids, VFOM in notation, is
a class of finite ordered monoids closed under order submonoids, order epi-
morphic images and finite direct products.

For a VFOM M, M? is the class of all finite ordered algebras whose
ordered translation monoids are in M, i.e.,

M?® = {A | Ais an ordered algebra such that OTr(A) € M}.

A class of finite ordered algebras J# is said to be definable by ordered
translation monoids, if there is a VFOM M such that M?® = 7.

Corollary 5.4 For any VFOM M, the class M* is a gVFOA.

It is well-known that not every gVFOA is definable by syntactic ordered
monoids. In this section we give necessary and sufficient conditions for a
gVFOA to be of the form M?* for some VFOA M.

Definition 5.5 For any set D, let Ap = {d | d € D} be the unary ranked
alphabet consisting of unary function symbols d for each d € D.

Let M = (M, -, <) be a finite ordered monoid. The unary ordered algebra
MY = (M, Ay, <) is defined by m™"(a) = a - m for all a,m € M.

The structure M for a finite ordered monoid M is indeed an ordered
algebra, since for any a,b,m € M,

a<b=a-m<b-m=m"(a) M ().

N
3|
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Proposition 5.6 For a finite ordered monoid M = (M, -, <),
OTr(M") = M.

Proof. The elementary translations of M" are of the form m™M”(¢) where

m € M, and clearly m™" () -WMV(E) = WW(Q for all m,m’ € M. For
the identity element 1,; of M, the translation mMU (€) is the identity trans-
lation of M". This means that Tr(M") = {m™"(¢) | m € M}. Moreover,
mM (&) # WMV(@ whenever m # m/, since m™M" (£) = WMu(f) implies

m =1y -m=m""(1y) = WMu(lM) =1y -m =m

Hence, the mapping M — OTr(M¥), m — m™"(£) is a monoid isomor-
phism. We show that it is also an order isomorphism. For any m,m’ € M,

m<m < a-mSa-mforallae M
& M (a) <" (a) foralla e M
& T S ().

Proposition 5.7 For all finite ordered monoids M and P,
(1) if M C P, then M” C, P;
(2) if M — P, then M” «—, P"; and
(3) M x P)” =, k(M",P¥) for some g-product x(M",P").

Proof. Write M = (M, -, <) and P = (P,-, <).

The statement (1) is obvious. For (2), we note that if ¢ : P — M is an
order monoid epimorphism, then (@, ¢) : P¥ — MY, where g : Ap — Ay is
defined by (m)p = mp, is an order g-epimorphism. For proving (3) define
the assignment x : Aprxp — Ay X Ap by (m,p)k = (m,p) form € M,p € P,
and let k(MY ,P") be the corresponding g-product of M” and P”. It is easy
to verify that the mappings (A, ¢) : (M x P)¥ — k(MY,P¥) where X is the
identity mapping on Ay/«p and ¢ is the identity mapping on M x P, is an
order g-isomorphism. O

The clause (3) of Proposition can be generalized to any finite number of
finite ordered monoids My, - -+, My,: (Mg X+ x M,,)" =5 k(MY -+, MY)
for some g-product k(MY -+, MY).

Definition 5.8 For a finite ordered algebra A, the unary algebra A” is de-
fined to be (OTr(A))".
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An immediate consequence of Proposition [5.7] is the following.

Corollary 5.9 For any finite ordered algebras A, Ay, -, A,,
if OTr(A) < OTr(A;y) x --- x OTr(A,) then A” <, k(A7 -+, A")

for some g-product k(A7 -+, AL).

Our characterization of gVFOA’s definable by syntactic ordered monoids is
the following.

Proposition 5.10 For a class J# of finite ordered algebras the following
conditions are equivalent:

(1) & is definable by ordered translation monoids;

(2) 2 is a gVFOA such that for all finite ordered algebras A and B, if
OTr(A) 2 OTr(B) and A € % then B € ¥

(3) A is a gVFOA such that A € % if and only if A”? € JZ for any A.

Proof. The implication (1) = (2) is obvious, and (2) = (3) follows from
Proposition For (3) = (1), suppose the gVFOA J# satisfies the equiv-
alence A € # < A? € # for any finite ordered algebra A. Let M
be the VFOM generated by {OTr(A) | A € #}. We show that # =
M?. Obviously .# C M?. For the opposite inclusion let B € M?. So,
OTr(B) < OTr(A;) x --- x OTr(A,) for some Ay, ---, A, € #. By Corol-
lary p.9) B? <, k(Af,---,A?) for some g-product x(Af,---,A%). Since

Do AP € J then B € ¥, hence B € . Thus M? C 7. O

Remark 5.11 Proposition and the proof of Proposition [5.10] also yield
the fact that for any gVFOA ¢ definable by ordered translation monoids,
the class {OTr(A) | A € %'} is a variety of finite ordered monoids.

5.1.1 Examples
Ordered nilpotent algebras
Lemma 5.12 If A = (A, X, <) is an ordered n-nilpotent algebra, then the

ordered translation semigroup OTrS(A) = (TrS(A), -, <) of A is a nilpotent
semigroup where zero element is the least element.

Proof. It was shown in Lemma that TrS(.A) is a nilpotent semigroup,
where p; -« p, is the zero element for every pi,---,p, € TrS(A). On the
other hand p; ---p,(a) < ¢(a) holds for all ¢ € TrS(A) and a € A. Thus
PP SAa g, SO zero is the least element of the semigroup TrS(.A). O

The converse of Lemma [5.12] does not hold:
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Example 5.13 Let A = Ay = {a} and A = {a,b}, B = {a,b,c}. De-
fine the ordered A-algebras A = (A, A, <) and B = (B, A, <) by a*(a) =
at(b) = b, aB(a) = aB(b) = b, a®(c) = ¢, and <= {(a,a), (b,a), (b,b)},
<'={(a,a), (b,a),(b,b),(c,c)}. Then the ordered translation semigroups of
A and B are the trivial semigroup which consists of a single zero element,
while A is an ordered nilpotent algebra and B is not.

Hence, Nil is not definable by ordered translation monoids or semigroups.

Semilattice algebras
By Lemma the class SL is definable by semilattice monoids.

Symbolic ordered algebras

Lemma 5.14 An ordered algebra is symbolic if and only if its ordered trans-
lation monoid is a symbolic monoid.

Proof. By Lemma [2.26] an ordered algebra A = (4, X, <) is symbolic if and
only if (A,3) is a semilattice algebra and p(a) < a holds for all @ € A and
p € Tr(A). The statement “p(a) < a for all a € A” is equivalent to p Sy 14.
Thus, from Lemma [2.16] it follows that A is symbolic if and only if OTr(A)

is a symbolic ordered monoid. 0

So, the class Sym is definable by symbolic ordered monoids.

5.2 Tree Languages Definable by Ordered Monoids
Let X be a ranked alphabet and X be a leaf alphabet.

Definition 5.15 For any tree language 7" C T(X, X)), the quasi-order 37 is
defined on ¥ X-contexts by

PZrQ < (VReC(E,X))VteT(E,X))(t-Q-ReT=1t-P-ReT)
for P,Q € C(%, X).

We note that the equivalence relation of 37 is the m-congruence of T
Pur@Q < (VReCE, X)) Vte T(X,X))(t-P-ReT<t-Q-ReT).
Note that the quotient structure (C(X, X)/ur,-) is a monoid where the op-
eration (-) is defined by P/ur-Q/ur = (P-Q)/ur for P,Q € C(X, X). This

is called the syntactic monoid of T
The syntactic ordered monoid of T is the structure

SOM(T) = (C(%, X) /07, -, <),
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where <r is the order induced by Zr: P/ur <r Q/ur < P Zr Q for
P,Q € C(X,X); cf. [23] or [25]. Tt is easy to verify that P ¢ @ implies
R-P-S Zp R-Q-8 for any P,Q,R,S € C(X,X). Thus the structure
SOM(T') is indeed an ordered monoid.

It is known that the syntactic monoid of a tree language is the translation
monoid of the syntactic algebra of the language ([16, 23]). Here we show
the corresponding proposition for ordered translation monoids and syntactic
ordered algebras.

Proposition 5.16 For a tree language 7' C T(3, X),
OTr(SOA(T)) = SOM(T).
Proof. It is easy to see that the mapping

flty, - & e ) fSOA(T)(tl/gty... &t/ 07)

can be extended to a monoid epimorphism ¢ : C(X,X) — OTr(SOA(T))
which satisfies Pp(t/0r) = (t - P)/6r for all t € T(X,X), P € C(3, X). We
show that for any P,Q € C(X,X), P Zr Q iff Py Ssoar) Q:

PZrQ (Vte T(2,X)) VReC(8, X)) (t-Q-ReT —t-P-ReT)
t-P<rt-QforallteT(X X)

(t-P))0r <7 (t-Q)/0r for all t € T(X, X)

Po(t/07) <1t Qu(t/07) for all t € T(X, X)

Py Ssoairy Q.

teoT e

Thus po Ssoar) op~! = =7, and then from Proposition it follows that
SOM(T) = OTr(SOA(T)). O

The following is implied by Corollary Lemma [£.4] and Propositions
(.2l and E.16

Corollary 5.17 For ranked alphabets ¥ and (2, leaf alphabets X and Y, a
Y. X-context P € C(3, X), an order g-morphism (k,¢) : 7(2,Y) — 7 (X, X),
and tree languages T, 7" C T(X, X),

(1) SOM(T N T"), SOM(T UT") < SOM(T) x SOM(T").

(2) SOM(P~YT)) « SOM(T).

(3) SOM(T'¢™!) < SOM(T) and, moreover, if (x, ) is a g-epimorphism then
SOM(Tp™') = SOM(T).

Definition 5.18 For a VFOM M, let M* be the family of all recognizable
tree languages whose syntactic ordered monoids are in M, that is to say, for
any tree language ' C T(X, X), T € M*(X, X) < SOM(T) € M holds.

A family of recognizable tree languages 7 is said to be definable by syn-
tactic ordered monoids if there is a VFOM M such that M* = 7.
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By Corollary [5.17] the family M* for any VFOM M is a gPVTL. In
this subsection we characterize the gPVTL’s that are definable by syntactic
ordered monoids.

Lemma 5.19 For any VFOM M the following hold:
(1) M2t = M*,
(2) M*™ = M>.

Proof. (1) For any tree language 7' C T(X, X) by Proposition [5.16]

T € M*(X, X) < SOA(T) € M® < OTr(SOA(T)) € M < SOM(T) €
M & T € MY (X, X).

(2) By (1) and Lemma 4.8 (M*)® = (M?®*)2 = (M?)** = M. O

Corollary 5.20 (1) A gPVTL ¥ is definable by syntactic ordered monoids
iff 7 is a gVFOA definable by ordered translation monoids.

(1) A gVFOA # is definable by ordered translation monoids iff Z* is a
gPVTL definable by syntactic ordered monoids.

Definition 5.21 Let X, () be ranked alphabets and X,Y be leaf alphabets.

A tree homomorphism is a mapping ¢ : T(3, X) — T(Q,Y) determined
by some mappings px : X — T(Q,Y) and ¢, : X, = T(Q, YU{&, -+, &n))
where ¥, # () and the &’s are new variables, inductively as follows

(1) zp = px(x) for x € X, cp = @y(c) for ¢ € ¥, and

(2) f(t1, - sta)p = @alf)61 — tip, -+ 6« tap] in which & is re-
placed with t;p for all i <n (cf. [23], page 7).
A tree homomorphism ¢ : T(X, X) — T(,Y) is regular if for every f € ¥,
(m > 1) each &, -+ , &, appears exactly once in ¢,,(f), cf. [16].

For a regular tree homomorphism ¢ : T(X, X) — T(€,Y), the unique exten-
sion @, : C(X, X) — C(£,Y) to contexts is obtained by setting . (&) = & (cf.
[23], Proposition 10.3). We note that the identities (Q - P)p. = Q. - Py,
and (t-Q - P)p = to-Qp.- Py, hold for all P,Q € C(X,X) and t € T(X, X).

For a tree language 7' C T(X, X) the syntactic monoid morphism of
T is the mapping Ar : C(2,X) — SOM(T) defined by PA\r = P/ur for
PeC(E X).

Definition 5.22 A regular tree homomorphism ¢ : T(3, X) — T(Q,Y) is
said to be full with respect to a tree language T" C T(€2,Y), if the mappings
wpr : T(X, X) — SOA(T), topr = te/0r and ¢ Ap : C(X, X) — SOM(T),
P, Ar = Py, /pr are surjective.

An equivalent definition is:

Lemma 5.23 A regular tree homomorphism ¢ : T(X, X) — T(Q2,Y) is full
with respect to T' C T(Q,Y") iff for every @ € C(Q2,Y) and every s € T(Q2,Y),
there are P € C(X, X) and t € T(3, X) such that Q pur Py, and s 67ty hold.
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Lemma 5.24 If ¢ : T(X, X) — T(Q,Y) is a regular tree homomorphism
and T C T(Q,Y), then SOM(T¢ ™) < SOM(T), and if ¢ is full with respect
to T, then SOM(T'¢~!) = SOM(T).

Proof. We note that ¢, : C(3, X) — C(€Q,Y) is a monoid homomorphism.
Let S C C(£2,Y) be the image of ¢,, = be the restriction of X7 to S and u
be the equivalence relation of <. Then S/ is a submonoid of C(2,Y")/pur.
We show that Py, 3 Q. implies P Zr,-1 @ for all P,Q € C(3, X).
Suppose Py, 3 Qg. and take arbitrary t € T(X,X) and R € C(X, X).
Then
t-Q-ReTp™t = to-Qp,-Rp, €T
= to-Pp,-Rp, €T
= t-P-RecTp !,

that is P Zr,-1 Q. So the mapping ¢ : S/p — C(X, X)/pr,-1 defined by
((Pps)p)tp = Pupy—1 is well-defined, order preserving and surjective. It is
also a monoid morphism, since ((Py,)p - (Qus)p) = (P - Q)psp)) = (P -
Q),UTgo—l = P,UTap—l .QILLTSO_l = ((PSO*)MW((QSO*)MW forall P,Q) € C(EaX)
Hence SOM(T¢™!) «+ S/ 3 C SOM(T), so SOM(Typ ') < SOM(T).

Now, suppose ¢ is full with respect to 7. We show P Zp,1 @ iff
Py, Zp Q. for any P,Q € C(X,X). Clearly, Pp. Zr Q. implies
P Zrp-1 Q (see above). For the converse, suppose P Zr,-1 @, and take
arbitrary R € C(Q,Y) and ¢ € T(,Y). There are R € C(X,X) and
t € T(X, X) such that Ry, ur R and tp 07 t'. Hence

t/'QQO*'RIGT t(;DQQD*RQO*ET
(t-Q-R)peT
t-Q-ReTpt
t-P-ReTpt
t'-Pp,-R €T,

R R

which shows that Py, Zr Qp.. Hence P Zp,1 Q iff Po, Zr Q. and
since the function ¢, : C(3, X) — C(€,Y") is a monoid homomorphism, then
by Proposition 2.4, SOM(T¢™1) = SOM(T). O

In the following two lemmas some connections between tree languages
recognizable by a finite ordered algebra A and tree languages recognizable
by A” are presented. Recall that unary ranked alphabet of the algebra A” is
{p | p € Tr(A)}; for simplicity we denote this alphabet by A 4.

Suppose A = (A, Y) is a finite algebra. Every context in C(3, A) cor-
responds to a translation in Tr(A) in a natural way: With the elemen-
tary context f(ay,---,&, -+ ,a,) we associate the elementary translation
fAay,--- & a,) where f € X, (m > 0) and ay,--- ,a,, € A. This
correspondence can be extended to a mapping —4 : C(X, A) — Tr(A) which
satisfies &4 = 14 (the identity translation) and (P - Q)* = P4 . QA for all
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P,Q € C(3,A). We note that for any translation p € Tr(A), there is a
P € C(X, A) such that PA = p and this P may not be unique. In other
words, —* is a non-injective monoid epimorphism.

We also note that the mapping —4 : C(X, 4) \ {¢} — TrS(A) is a semi-
group epimorphism that assigns non-unit contexts of C(3, A) to translations

of A.

Lemma 5.25 Let A = (A, X, <) be a finite ordered algebra, and X be a leaf
alphabet disjoint from A. For any tree language L C T(A 4, X) recognized by
AP there exists a regular tree homomorphism ¢ : T(A4, X) — T(Z, X U A)
and a tree language T C T(3, X U A) such that L = T~ and T can be
recognized by a finite power A" where n = |A|.

Proof. Let a : X — Tr(.A) be an initial assignment for A” and F C Tr(A)
be an ideal of OTr(A) such that L = {t € T(A4, X) | ta” € F}. Define
the tree homomorphism ¢ : T(A4, X) — T(3, X U A) by px(x) = z for
all z € X, and for every p € Tr(A) choose a ¢1(p) € C(X,A) such that
©1(p)* = p. Obviously ¢ is a regular tree homomorphism. Suppose that A =
{a1, -+ ,a,}. Let F’ be the ideal of A™ generated by {(p(ai1),--- ,p(an)) €
A" |p € F}, ie.,

(b, -+ ,by) € F' & for some p € F (bj < p(aj) for all j gn),

and define the initial assignment 5 : XUA — A" for A" by af = (a,--- ,a) €
A" for all a € A and 20 = ((za)(a1),-- -, (za)(a,)) for all z € X,

Let T be the subset of T(3, X U A) recognized by (A", [, F’), that is
T={teT(X,XUA)|tpA € F'}. We show that L = T'p~l. Every tree w
in T(A 4, X) is of the form

wzp_l(p_(~-p_k(:c)--~))
for some py,--- ,pr € Tr(A) (k> 0) and z € X. For such a tree w,
Ae

wa™ =xa PR ... ps-p1, and

(wSO)ﬁAn = (aza~pk~...~p2'p1(a1),--~ 7$Oé'pk'-~-'p2'p1(an)>- So,

we €T < (wp)BA" € F
& forsomepe F, za-p-...-py-pi(a) < pla) foralla € A
& forsomep € F, xav-pr-... P2 p1 SaAp
&S xacpg...opy-pr €F
& wat el
& we L.

39



Lemma 5.26 Let A = (A,X,<) be a finite ordered algebra and X be a
leaf alphabet disjoint from A U 3. For any tree language 7' C T(X, X)
recognized by A there exists a unary ranked alphabet A and a regular tree
homomorphism ¢ : T(A, X U¥g) — T(3, X) such that ¢ is full with respect
to T, and for every z € X U Xy, T ' N'T(A, {z}) can be recognized as a
subset of T(A, {z}) by A”.

Proof. Let B = (B,3,<’) be the syntactic ordered algebra of 7. Then
B < A. Suppose T = {t € T(%,X) | tB® € F} where 3 : X — B is an
initial assignment for B and F' < B. Since B is the least ordered algebra that
recognizes T', the algebra B is generated by G(X). The mapping g : X —
B can be uniquely extended to a monoid homomorphism . : C(3, X) —
C(%, B). Since B is generated by 3(X), the mapping 3° : C(X, X) — Tr(B),
B5(Q) = B.(Q)" is surjective. Define the tree homomorphism ¢ : T(Ag, X U
o) — T(E,X) by px(z) = z for all z € X U Xy, and for every ¢ € Tr(B)
choose a 1 (q) = Q € C(3, X) such that 3.(Q)® = q. Note that ¢ is a regular
tree homomorphism. It remains to show that ¢ is full with respect to 7" and
that for every z € X UXy, L, = T ' N T(A,{z}) can be recognized as a
subset of T(A, {z}) by B?. This will finish the proof since OTr(B) < OTr(.A)
follows from B < A by Proposition 5.2 and so B? < A” by Proposition [5.7]
which implies that L, can also be recognized by A”.

First, we show that ¢ is full with respect to T'. Let @ € C(X, X)) be a context.
For ¢ = 3.(Q)® € Tr(B), q(&)p. ur Q holds. By induction on the height of ¢
we show that for any ¢ € T(X, X) there is an s € T(Ag, X U ¥y) such that
tOrsp. Ift =x € X UX,, then spfOrt for s =t. If t =t - P for some
P e C(X,X)andt' € T(X, X) such that the height of ¢’ is less than the height
of ¢, then by the induction hypothesis there is an s € T(Ag, X U Xg) such
that t' 07 s'¢. Also, for some p € Tr(B), p(§)p. pur P holds. Let s = p(s).
Then s = s'p - p(&)p.O0r t' - P = t. Thus, ¢ is full with respect to T by
Lemma [5.23l

Second, we show that L. can be recognized by B* for a fixed z € X U .
Let 15 be the identity translation of B. Define the initial assignment « :
{2} — Tr(B) for B? by za = 1p, and let F, = {q € Tr(B) | q(28°) € F}.
We show that F, < B” and L, is recognized by (B?, a, F,). For p,q € Tr(B),
if p <p q € F., then p(28°) < q(28°) € F, so p(z8°) € F, thus p € F..
Hence F, < B*. Every w € T(Ag, {z}) can be written in the form

w:ﬁ(@(q—h(z)n

for some ¢, ,q, € Tr(B) (h > 0). For such a tree w,
wd® =1g-q,-...-q2-qu, and (wgp)ﬁB =qn-... Qo ql(zﬁlg). Thus,
weL, & wpeT & (wp)fPeF
S quoq@eq(zBP) eF
S qn- @ q EF
& wadb e F,.
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So, L, = {w € T(A,{z}) | wa?" € F.}. O

Now, we are almost ready to characterize the gPVTL’s definable by syn-
tactic ordered monoids. Before that we note a remark.

Remark 5.27 Let A be a unary ranked alphabet. For every leaf alphabet
X and every subset Y C X, C(A,Y) = C(A, X), and the quasi-order Zr for
a tree language ' C T(A,Y’) on C(A,Y) is the same relation Z7 on C(A, X)
when T is viewed as a subset of T(A, X).

So, if a family of tree languages ¥ = {7# (X, X)} is definable by syntac-
tic ordered monoids, then for any unary ranked alphabet A, and any leaf

alphabets X and Y, if Y C X then 7(A,Y) C 7(A, X).

Proposition 5.28 A family of recognizable tree languages 7 is definable
by syntactic ordered monoids if and only if ¥ is a gPVTL that satisfies the
following properties:

(1) The family ¥ is closed under inverse regular tree homomorphisms.

(2) For every unary ranked alphabet A, and any leaf alphabets X and Y, if
Y C X then ¥ (A,Y) C 7(A, X).

(3) For any regular tree homomorphism ¢ : T(X, X) — T(,Y) which is
full with respect to a tree language T' C T(,Y), if To™! € ¥(X, X) then
TeV(QY).

Proof. The fact that for any VFOM M, M* is a gPVTL follows from Corol-
lary [5.17] that it satisfies the conditions (1) and (3) follows from Proposition
and that it satisfies the condition (2) follows from Remark

For the converse, suppose a gPVTL ¥ = {7/ (X, X)} satisfies the con-
ditions of the proposition. By Corollary it is enough to show that ¥2
satisfies the condition of Proposition |5.10]

Let A = (A, X, <) be a finite ordered algebra in #2. By Lemma5.25 any
tree language L C T(Ay4, X) recognized by A” can be written as L = Tp™!
where ¢ : T(Ay, X) — T(Z, X U A) is a regular tree homomorphism, and 7'
is a tree language recognized by some power A" of A. Then A™ € ¥ implies
that T € ¥ (X, X UA), and hence L = Tp~! € ¥ (A4, X) by (1). This holds
for every tree language L recognizable by A”, so by Lemma [£.9, A” € 72

Now, suppose A” € ¥ for a finite ordered algebra A = (A,3,<). Let
T C T(Z, X) be a tree language recognizable by \A. By Lemma [5.26] there
exists a unary ranked alphabet A and a full regular tree homomorphism
v T(A, X Uy — T(X,X) with respect to T' such that for every z in
XU, L, =Te ' NT(A,{z}) can be recognized as a subset of T(A, {z})
by A”. So, L, € ¥ (A, {z}), thus L, € ¥ (A, X U3X,) by (2). Hence, T~ =
U.exus, L= € P(A, X U Xg). Since ¢ is full with respect to T, then T' €
Y (X, X) by (3). This holds for every tree language T' recognizable by A,
hence A € ¥® by Lemma [4.9] a

41



5.2.1 Examples

Cofinite tree languages

It can be shown that the gPVTL Cof is closed under inverse regular tree
homomorphisms. Since Nil = Cof® is not definable by ordered translation
monoids, then Cof is not definable by syntactic ordered monoids. We can
show this directly: Let A = A; = {a} be a unary ranked alphabet and
X = {z,y} be a leaf alphabet. Let T = {a(y), a(a(y)), a(a(a(y))), - }.
Clearly T € Cof(A,{y}), but T" &€ Cof(A, X). Hence, Cof does not satisfy
the condition (2) of Proposition [5.28

Semilattice tree languages

The family SL is definable by syntactic monoids, since a tree language is
semilattice if and only if its translation monoid is a semilatiice monoid.

Symbolic tree languages

A tree language is symbolic if and only if its ordered translation monoid
is a symbolic ordered monoid, thus the family Sym is definable by syntactic
ordered monoids.

6 Conclusions

We proved three variety theorems:

(1) a variety theorem connecting families of recognizable tree languages
to classes of finite ordered algebras,

(2) generalized form of the above variety theorem, and

(3) a variety theorem connecting families of recognizable tree languages
to classes of finite ordered monoids.

We also characterized classes of finite ordered algebras that are definable
by ordered monoids.

Three examples were studied along the paper:

(1) the family Cof of cofinite tree languages is a gPVTL, is characterizable
by ordered nilpotent algebras but is not definable by ordered monoids or
semigroups,

(2) the family SL of semilattice tree languages is a generalized variety
of tree languages, is characterizable by semilattice algebras and definable by
semilattice monoids, and

(3) the family Sym of symbolic tree languages is a gPVTL, is charac-
terizable by symbolic ordered algebras and definable by symbolic ordered
monoids.
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