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CONGRUENCE BASED PROOFS OF THE RECOGNIZABILITY
THEOREMS FOR FREE MANY-SORTED ALGEBRAS

J. CLIMENT VIDAL AND E. COSME LLOPEZ

ABSTRACT. We generalize several recognizability theorems for free single-sorted
algebras to the field of many-sorted algebras and provide, in a uniform way
and without using neither regular tree grammars nor tree automata, purely
algebraic proofs of them based on the concept of congruence.

1. INTRODUCTION

The definition of recognizable language set down by Rabin and Scott in [34],
Definition 2, on p. 116, originated in the characterizations of regular languages given
by Myhill [32], in terms of congruence relations of finite index, and Nerode [33], in
terms of right invariant equivalence relations of finite index, and was formulated
for sets of elements of an arbitrary single-sorted abstract algebra by Mezei and
Wright [31]. In this setting, a subset of an algebra is recognizable if there exists
an homomorphism from it into a finite one for which the language coincides with
the inverse image by the homomorphism of a subset of the finite algebra. Such a
recognizability notion, as is well known, is equivalent to providing a congruence of
finite index on the algebra for which the language in question is saturated.

This paper is devoted to the study of several recognizability results for free many-
sorted algebras. Concretely, we generalize to the field of many-sorted algebras
the results presented by Gécseg and Steinby in Section 2.4 of [I4], in the field
of single-sorted algebras, on the preservation and, when appropriate, reflection
of the recognizability under the action of the operators of substitution, iteration,
quotient, inverse image by a tree homomorphism, and direct image by linear tree
homomorphism on terms (= trees) of free single-sorted algebras.

The device used by Gécseg and Steinby in [I4] for proving the aforementioned
results concerning recognizability was that of regular tree grammars. As in the
case of formal languages, there exists another natural device intended for the same
purpose: Tree automata. We recall that tree automata were defined, among others,
by Doner [11l [12] and Thatcher and Wright [41] 42] and that the primary goal of
the theory of tree automata was to apply it to decision problems of second order
logic. On the other hand, regular tree grammars were defined by Brainerd [4] and
the main result of [4], Theorem 4.9, on p. 230, is: “The sets of trees generated by
regular systems [= regular tree grammars, we add] are exactly those accepted by
tree automata.”

As an alternative to the above devices, regular tree grammars and tree automata,
in this paper we supply congruence based proofs of the different recognizability the-
orems for the strictly more general setting of free many-sorted algebras. All results
stated in this paper follow the same methodology: Starting from a congruence of
finite index saturating input languages, which is ultimately based on the different
syntactic congruences determined by the input languages, we provide a finite index
refinement for it recognizing the transformed language which is obtained by means
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of the aforementioned operators. This proof strategy, which, ultimately, leads to a
proof schema, has proven very effective in providing a uniform approach for each
of the cases in question, and, in addition, it has served to confirm, once again, the
fundamental role played by the notion of congruence cogenerated by an equivalence
relation on the underlying many-sorted set of a many-sorted algebra in the area of
theoretical computer science.

In this regard it is worthwhile quoting (1) a part of Atiyah’s answer in [35], p. 24,
to the question, formulated by the interviewers about the underlying motivation
for providing different proofs with different strategies for the Atiyah-Singer Index
Theorem: “Any good theorem should have several proofs, the more the better. For
two reasons: usually, different proofs have different strengths and weaknesses, and
they generalise in different directions—they are not just repetitions of each other.
[...] the more perspectives, the better!”, and (2) what Lang, referring to his own
review of the historical development of class field theory, wrote in the preface of
[26]: “As I stated in the preface to my Algebraic Number Theory, there are several
approaches to class field theory. None of them makes any other obsolete, and each
gives a different insight from the others.”

We next proceed to summarize the contents of the subsequent sections of this
paper.

In Section 2, for the convenience of the reader, we recall those notions and facts,
these latter mostly without proofs, on many-sorted sets, many-sorted algebras, and
recognizability for many-sorted algebras, that we will need.

In Section 3 we provide congruence based proofs of the recognizability theorems
for free many-sorted algebras. As a matter of fact, in order to deal with the dif-
ferent cases of recognizability, classified according to the type of operator under
consideration, we have divided this section into several subsections. In Subsection
1, entitled Basic terms, we prove that the final sets containing a variable, a constant
or an operation symbol applied to a suitable family of variables are recognizable.
In Subsection 2, entitled Substitutions, after defining several substitution opera-
tors associated to a free many-sorted algebra and investigating the relationships
between them, we state the main result of this subsection: If all input languages
for a given substitution are recognizable, then the output language is recognizable
as well. In Subsection 3, entitled Iterations, we introduce the notion of iteration
of a language with respect to a variable and we prove that, if the input language
is recognizable then its iteration with respect to a variable is also recognizable. In
Subsection 4, entitled Quotients, we introduce the notion of quotient of a language
by another, not necessarily recognizable, language with respect to a variable and
we prove that if the input language is recognizable then its quotient by another
language with respect to a variable is also recognizable. In Subsection 5, entitled
Tree Homomorphisms, we define the notion of hyperderivor from a many-sorted sig-
nature labeled with a suitable many-sorted set (the domain of the hyperderivor) to
another (the codomain of the hyperderivor) as consisting of two components: One
transforming many-sorted operation symbols from the underlying many-sorted sig-
nature of the domain into terms (with variables in the coproduct of the underlying
many-sorted set of the codomain and an “initial segment”, of a fixed standard
many-sorted set of variables, which depends on the many-sorted operation symbol)
relative to the many-sorted signature of the codomain, and the other associating
terms (with variables in the underlying many-sorted set of the codomain) relative
to the many-sorted signature of the codomain, to variables from the underlying
many-sorted set of the domain. In the particular case that, for each many-sorted
operation symbol, it is fulfilled that, for every variable, the number of its occur-
rences in the term associated to the many-sorted operation symbol is at most one,
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the hyperderivor is called linear. Then we show that each hyperderivor determines,
in a canonical way, a tree homomorphism, which is, in fact, a homomorphism from
a free many-sorted algebra obtained from the domain of the hyperderivor to an-
other many-sorted algebra of the same many-sorted signature, itself derived from
a many-sorted algebra obtained from the codomain of the hyperderivor. After this
we prove that the inverse image of a recognizable language under a tree homomor-
phism is recognizable and that the direct image of a recognizable language under a
linear tree homomorphism, which is a tree homomorphism determined by a linear
hyperderivor, is also recognizable. Finally, in Subsection 6, entitled Derivors and
recognizability, after defining the many-sorted finitary variety of Hall algebras, we
define, by means of the homomorphisms between Hall algebras, the category of
many-sorted signatures and derivors. Then we construct a category whose objects
are ordered pairs consisting of a many-sorted signature and a many-sorted algebra
of such a signature, and morphisms between them ordered pairs consisting of a
derivor between the underlying many-sorted signatures and a homomorphism from
the underlying many-sorted algebra of the source to a derived many-sorted algebra
of the sink. Following this, after showing that every derivor, together with some
additional data, gives rise to a hyperderivor, we state that the inverse image under
a convenient morphism, of the just mentioned category, labeled by a derivor, and
the direct image under a morphism, labeled by a linear derivor, of a recognizable
language is also recognizable.

Our underlying set theory is ZFSk, Zermelo-Fraenkel-Skolem set theory (also
known as ZFC, i.e., Zermelo-Fraenkel set theory with the axiom of choice) plus the
existence of a Grothendieck universe U, fixed once and for all (see [27], pp. 21-24).
We recall that the elements of U are called U-small sets and the subsets of U are
called U-large sets or classes. Moreover, from now on Set stands for the category
of sets, i.e., the category whose set of objects is U and whose set of morphisms is
the set of all mappings between U-small sets.

In all that follows we use standard concepts and constructions from category
theory, see e.g., [19], [21] and [27], universal algebra, see e.g., [2], [6], [I8], and [43],
and set theory, see e.g., [3]. Nevertheless, regarding set theory, we have adopted
the following conventions. An ordinal « is a transitive set that is well-ordered by
€, thus a« = {8 | B € a}. The first transfinite ordinal wy will be denoted by N,
which is the set of all natural numbers, and, from what we have just said about the
ordinals, for every n € N, n = {0,...,n — 1}. If ® and ¥ are (binary) relations in
a set A, then we will say that ¥ is a refinement of ® if ¥ C ®. We will denote by
Fnc(A, B) the set of all functions from A to B. We recall that a function from A to
B is a subset F' of Ax B satisfying the functional condition, i.e., such that, for every
x € A, there exists a unique y € B such that (z,y) € F. A function F from A to
B is usually denoted by (Fy)zeca. We will denote by Hom(A, B) (and, sometimes,
also by B4) the set of all mappings from A to B. We recall that a mapping from
A to B is an ordered triple f = (A, F, B), denoted by f: A——= B, in which F is a
function from A to B. Therefore Hom(A, B) = {A} x Fnc(A, B) x {B}. We will
denote by Sub(A) the set of all sets X such that X C A and if X € Sub(A), then
we will denote by 04X or A — X the complement of X in A. Moreover, if f is a
mapping from A to B, then the mapping f[-] from Sub(A4) to Sub(B), of f-direct
image formation, sends X in Sub(4) to f[X] ={y € B| 3z € X(y = f(x))}
in Sub(B), and the mapping f~![-] from Sub(B) to Sub(A), of f-inverse image
formation, sends Y in Sub(B) to f~1[Y] ={x € A| f(z) € Y} in Sub(4). In the
sequel, for a mapping f from A to B and a subset X of A, we will write Ker(f) for
the kernel of f, Im(f) to mean f[A], and the restriction of f to X will be denoted

by flx.
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2. PRELIMINARIES

In this section we collect the basic facts, mostly without proofs, about many-
sorted sets, many-sorted algebras, and recognizability for arbitrary many-sorted
algebras, that we will need.

Assumption. From now on S stands for a set of sorts in U, fixed once and for all.

Definition 2.1. An S-sorted set is a mapping A = (Ag)ses from S to U. If A
and B are S-sorted sets, an S-sorted mapping from A to B is an S-indexed family
f = (fs)ses, where, for every s in S, f, is a mapping from A, to Bs. Thus, an
S-sorted mapping from A to B is an element of [ [, 4 Hom(A,, Bs). We will denote
by Hom(A, B) the set of all S-sorted mappings from A to B. S-sorted sets and
S-sorted mappings form a category which we will denote henceforth by Set”®.

Definition 2.2. Let I be a set in U and (A%);c; an I-indexed family of S-sorted
sets. Then the product of (A")er, denoted by [],.; A%, is the S-sorted set defined,
for every s € S, as ([T;e; A°), = [1;e; AL, where
[Tes AL = {(ai)iej € Fnc(I,U,;c; AL) |VieI(a; € A;)} )

For every i € I, the i-th canonical projection, pr’ = (pri)ses, is the S-sorted
mapping from [],.; A* to A" that, for every s € S, sends (a;)ies in [];c; AL to a;
in AL. The ordered pair ([],c; A%, (pr*)ics) has the following universal property:
For every S-sorted set B and every I-indexed family of S-sorted mappings (f%)icr,
where, for every i € I, f' is an S-sorted mapping from B to A’, there exists a
unique S-sorted mapping <fi>iel from B to [],c; A* such that, for every i € I,
1t () = I

The coproduct of (A%);cr, denoted by icr A, is the S-sorted set defined, for
every s € S, as ([[;e; AY), = [1;e; A%, where

[Lics Al = UieI(Ai x {i}).
For every i € I, the i-th canonical injection, in®, is the S-sorted mapping from A’

to [[,c; A’ that, for every s € S, sends a in A to (a,i) in [[;c; AL. The ordered
pair (J],¢; A, (in");7) has the following universal property: For every S-sorted set

icl

B and every I-indexed family of S-sorted mappings (f%);cr, where, for every i € I,
f%is an S-sorted mapping from A’ to B, there exists a unique S-sorted mapping
[fiier from ,c; A’ to B such that, for every i € I, [f'];er oin’ = f°.

The remaining set-theoretic operations on S-sorted sets: x (binary product),
IT (binary coproduct), |J (union), U (binary union), () (intersection), N (binary
intersection), — (difference), and C4 (complement of an S-sorted set in a fixed
S-sorted A), are defined in a similar way, i.e., componentwise.

Definition 2.3. We will denote by 1° the (standard) final S-sorted set of Set®,
which is 1° = (1),es, and by @° the initial S-sorted set, which is @° = (@)ses.
We shall abbreviate 1% to 1 and @° to @ when this is unlikely to cause confusion.

Definition 2.4. If A and X are S-sorted sets, then we will say that X is a subset
of A, denoted by X C A, if, for every s € S, X, C A,. We will denote by Sub(A)
the set of all S-sorted sets X such that X C A.

Remark. For every S-sorted set A, the ordered pairs (B, f), where B is an S-sorted
set and f a monomorphisms from B to A, are classified by letting (B, f) = (C, g)
if and only if there exists an isomorphism A from B to C such that f = go h, and
the corresponding equivalence classes are called subobjects of A. Then Sub(A) is
isomorphic to the set of all subobjects A.
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Definition 2.5. Let § be the mapping from S x U to U° that sends (t,X)in SxU
to the S-sorted set 6% = (61X),cs defined, for every s € S, as follows: 00% = X
if s = t; 60X = @, otherwise. We will call the value of § at (¢, X) the delta of
Kronecker associated to (t,X). If X = {z}, then, for simplicity of notation, we will
write 6% instead of 6%{#}. Moreover, for a sort ¢ in S, 6*!, the delta of Kronecker
associated to (t,1), will be denoted by &' and called delta of Kronecker.

Remark. For a sort ¢t € S and a set X, the S-sorted set 6% is isomorphic to the
S-sorted set [ ],y 0*, i.e., to the coproduct of the family (6*),ex.

For every sort t € S we have a functor % from Set to Set®. In fact, for every
set X, 6% (X) = 6%, and, for every mapping f: X —=Y, 6 (f) = 6"/, where,
for s € S, 6%f =idg, if s # ¢, and 5f’f = f. Moreover, for every t € S, the object
mapping of the functor 6% is injective and §% is full and faithful. Hence, for every
t € S, 8 is a full embedding from Set to Set”.

The final object 1° does not generate (= separate) the category Set”. However,
the set {6° | s € S}, of the deltas of Kronecker, is a generating (= separating)
set for the category Set®. T herefore, every S-sorted set A can be represented as
a coproduct of copowers of deltas of Kronecker, i.e., A is naturally isomorphic to
[,cg card(As)-0°, where, for every s € S, card(A;)-6* is the copower of the family
(0°)accard(A,), i-e., the coproduct of (6°)qccara(a,). To this we add the following
facts: (1) {0° | s € S} is the set of atoms of the Boolean algebra Sub(1%), of
subobjects of 19; (2) the Boolean algebras Sub(1¥) and Sub(S) are isomorphic;
(3) for every s € S, &° is a projective object; and (4) for every s € S, every S-sorted
mapping from §° to another S-sorted set is a monomorphism.

In view of the above, it must be concluded that the deltas of Kronecker are of
crucial importance for many-sorted sets and associated fields.

Before proceeding any further, let us point out that it is no longer unusual to
find in the works devoted to investigate both many-sorted algebras and many-sorted
algebraic systems the following. (1) That an S-sorted set A is defined in such a
way that Hom(1°, A) # @, or, what is equivalent, requiring that, for every s € S,
A, # @. This has as an immediate consequence that the corresponding category is
not even finite cocomplete. Since cocompleteness (and completeness) are desirable
properties for a category, we exclude such a convention in our work (the admission
of @ is crucial in many applications). And (2) that an S-sorted set A must be
such that, for every s, t € S, if s # t, then A; N Ay = @. We also exclude such
a requirement (the possibility of a common underlying set for the different sorts is
very important in many applications). The above conventions are possibly based
on the untrue widespread belief that many-sorted equational logic and many-sorted
first-order logic are inessential variations of equational logic and first-order logic,
respectively. One can find a definitive refutation to the just mentioned belief in [17]
and [30], regarding many-sorted equational logic, and in [22], with respect to many-
sorted first-order logic.

We next define for an S-sorted mapping the associated mappings of direct and
inverse image formation, its kernel, its image, as well as its restriction to a subset
of its domain.

Definition 2.6. Let f: A——= B be an S-sorted mapping. Then the mapping
fI-]: Sub(A) —= Sub(B), of f-direct image formation, sends X € Sub(A) to f[X] =
(fs[Xs])ses € Sub(B), and the mapping f~![]: Sub(B) —=Sub(A), of f-inverse
image formation, sends Y € Sub(B) to fl[Y] = (f;![Ys])ses € Sub(A). The

kernel of f, denoted by Ker(f), is (Ker(fs))ses and the image of f, denoted by
Im(f), is f[A]. Moreover, if X C A, then the restriction of f to X, denoted by
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flx,is foinx a, where iny 4 = (inx, 4,)ses is the canonical embedding of X into
A.

Before stating the following proposition, we recall that, for an S-sorted set A,
the S-sorted set (Sub(As))ses, usually denoted by A, is the power object of A
in the topos Set®. Therefore, one should take great care not to confuse Sub(A),
which is a set, i.e., an object of Set—mnaturally isomorphic to the set [ ¢ 24—

ses )
and A¥, which is an S-sorted set, i.e., an object of Sets—naturally isomorphic to
the S-sorted set (24¢)ses. On the other hand, it is clear that there exists a natural

isomorphism between Sub(A) and [ A¥.

Proposition 2.7. Let X and Y be S-sorted sets and f an S-sorted mapping from
X to Y®. Then there exists a unique S-sorted mapping f* from (Sub(X;))ses to
Y® such that f? is completely additive, i.e., for every s € S and every L C Sub(X5),
TRUL) = Upes f2(L), and f¥ o {-}x = f, where {-}x is the S-sorted mapping
from X to X that, for every s € S, sends x € X, to {z} € Sub(Xj).

Proof. The S-sorted mapping fP from X¥® to Y¢ that, for every s € S, assigns
to L C X, the set U, fs(z) C Y is completely additive and f? o {-}x = f.
Moreover, f? is clearly the unique S-sorted mapping from X¥# to Y® satisfying the
aforementioned conditions. O
Corollary 2.8. Let Set® _ be the category whose objects are the S-sorted sets X¥,

P,ca

where X € U, and in which the set of morphisms from X to Y¥ is the set of the
completely additive S-sorted mappings from X¢ to Y. Then from Setf;_’Ca to Set®
we have a canonical inclusion, denoted by InSetg ...Sets, and, for every S-sorted set

X, the ordered pair (X%, {-}x) is a universal morphism from X to Ingeys gets-
©,ca’

Definition 2.9. We will denote by (-)¥ the functor from Set® to Setfa_’Ca that sends
an S-sorted set X to X* and an S-sorted mapping f from X to Y to the S-sorted
mapping f¢ = ({-}y o f)? from X¥ to Y¥ (the S-sorted mappings {-}x, for X

~

in U°, are the components of the unit of the adjunction: Homges (X¥,Y9) =
Broa
Homgs (X, Y#)). Thus, (-)® is a left adjoint of Ingers  gets-
©,ca’

Remark. For an S-sorted mapping f from X to Y the S-sorted mapping f¥ from
X% to Y¥ sends, for every s € S, L C X, to fs[L] C Y;, ie., f¢ = (fs[])ses-
One should be careful not to confuse f[-], which is a mapping from the set Sub(X)
to the set Sub(Y'), and f®, which is an S-sorted mapping from the S-sorted set
X¥ = (Sub(X;))ses to the S-sorted set Y = (Sub(Ys))ses. On the other hand, it

is evident that f[] and [] f¥ are essentially the same mapping.

Definition 2.10. Let A be an S-sorted set. Then the cardinal of A, denoted by
card(A), is card(]] 4), i.e., the cardinal of the set [[A = (J,c4(As x {s}). An
S-sorted set A is finite if card(A) < Ro. We will say that an S-sorted set X is a
finite subset of A if X is finite and X C A. We will denote by Subs(A) the set of
all S-sorted sets X in Sub(A) which are finite.

Remark. For an object A in the topos Set® the following assertions are equivalent:
(1) A is finite, (2) A is a finitary object of Set”, and (3) A is a strongly finitary
object of Set® (for the notions of finitary and strongly finitary object of a category
see [21], Exercise 22E, on p. 155).

In Set” there is another notion of finiteness: An S-sorted set A is called S- finite
or locally finite, abbreviated as If, if and only if, for every s € S, A, is finite. We
will denote by Subj(A) the set of all S-sorted sets X in Sub(A) which are locally
finite. Although, unless S is finite, this notion of finiteness is not categorial in
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nature, however, it plays a relevant role in the field of many-sorted algebra and in
computer science (see below, after the definition of many-sorted algebra and when
we deal with the congruences of locally finite index, respectively).

Definition 2.11. Let A be an S-sorted set. Then the support of A, denoted by
suppg(A), is the set {s€ S| As # @ }.

Remark. An S-sorted set A is finite if and only if suppg(A) is finite and, for every
s € suppg(A), As is finite.

We next recall, after fixing some notation with regard to an equivalence relation
® on an S-sorted set A, the universal property of (A/®,pr®), where A/® is the
quotient S-sorted set of A by ® and pr® the canonical projection from A to A/®;
the notion of transversal of A/® in A; the notion of ®-saturation of a subset X of
A; and those properties of this last notion which will be used afterwards.

Definition 2.12. An S-sorted equivalence relation on (or, to abbreviate, an S-
sorted equivalence on) an S-sorted set A is an S-sorted relation ® on A, i.e., a
subset ® = (P;)ses of the cartesian product A x A = (A5 x Ag)ses such that,
for every s € S, ®, is an equivalence relation on A,. We will denote by Eqv(A)
the set of all S-sorted equivalences on A (which is an algebraic closure system on
A x A), by Eqv(A) the algebraic lattice (Eqv(A4),C), by V4 the greatest element
of Eqv(A), and by A4 the least element of Eqv(A).

For an S-sorted equivalence relation ® on A, the S-sorted quotient set of A by
®, denoted by A/®, is (As/Ps)ses = ({[z]a, | © € As})ses(C AP), where, for every
s € S and every x € Ay, [z]s,, the equivalence class of x with respect to @ (or,
the ®-equivalence class of x) is {y € As | (x,y) € D5}, and prg: A—A/P, the
canonical projection from A to A/®, is the S-sorted mapping (prg_)ses, where, for
every s € S, prg_ is the canonical projection from A; to A,/® (which sends x in
A to prg_(x) = [z]e,, the ®y-equivalence class of z, in A,/®,).

The ordered pair (A/®, prg) has the following universal property: Ker(prg) is
® and, for every S-sorted set B and every S-sorted mapping f from A to B, if
Ker(f) 2 @, then there exists a unique S-sorted mapping h from A/® to B such
that hoprg = f. In particular, if ¥ is an S-sorted equivalence relation on A such
that ® C ¥, then we will denote by pg v the unique S-sorted mapping from A/®
to A/¥ such that pg g o prgy = pry.

Remark. Let ClfdSet” be the category whose objects are the classified S-sorted
sets, i.e, the ordered pairs (A, ®) where A is an S-sorted set and ® an S-sorted
equivalence relation on A, and in which the set of morphisms from (A, @) to (B, ¥)
is the set of all S-sorted mappings f from A to B such that, for every s € S and
every (z,y) € A2, if (x,y) € @, then (fs(z), fs(y)) € ¥s. Let G be the functor from
Set” to ClfdSet® whose object mapping sends A to (A, A4) and whose morphism
mapping sends f: A—=B to f: (A, Aq)—=(B,Ap). Then, for every classified
S-sorted set (A, @), there exists a universal mapping from (A4, ®) to G, which is
precisely the ordered pair (A4/®,prg) with prg: (4, @) —=(A/P,A4/s).

Definition 2.13. Let A be an S-sorted set and ® € Eqv(A). Then a transversal
of A/® in A is a subset X of A such that, for every s € S and every a € Aj,
card(X; Nale,) = 1.

Remark. For an S-sorted equivalence relation ® on A, the set of all transversals
of A/® in A is isomorphic to the set of all cross-sections of prg, where an S-sorted
mappings f from A/® to A is a cross-section of prg if prg o f = id4,e. Moreover,
if ¥ is another equivalence relation on A, ¥ is a refinement of ®, i.e., ¥ C ®, and
X?® is a transversal of A/® in A, then, for every s € S and every a € Ay, there
exists a unique x € X2 such that [a]y, C [7]s,.
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Definition 2.14. Let A be an S-sorted set, X a subset of A, and ® € Eqv(A4).
Then the ®-saturation of X (or, the saturation of X with respect to ®), denoted
by [X]?, is the S-sorted set defined, for every s € S, as follows:

[X];{) ={ac A | X;Nlde, # T} = UIEXS [z]s, = [XS](I)S-
Let X be a subset of A and ® € Eqv(A4). Then we will say that X is ®-saturated

if and only if X = [X]?. We will denote by ®-Sat(A) the subset of Sub(A) defined
as ®-Sat(A) = {X € Sub(4) | X = [X]?}.

Remark. Let A be an S-sorted set and ® € Eqv(A). Then, for a subset X of A, we
have that the ®-saturation of X is (prg) ![pre[X]]. Therefore, X is ®-saturated
if and only if X D [X]®. Besides, X is ®-saturated if and only if there exists a
Y C A/® such that X = (pr®)~1[V].

Proposition 2.15. Let A be an S-sorted set and ®, U € Eqv(A). Then
® C Vif and only if YX C A ([X]¥]* = [X]Y).
Moreover, for a sort s € S, we have that
®, C U, if and only if VX C A, ([[X]¥]% = [X]").

Proof. We restrict ourselves to proving the first assertion. Let us assume that
® C ¥ and let X be a subset of A. In order to prove that [[X]¥]® = [X]¥ it suffices
to verify that [[X]¥]® C [X]Y. Let s be an element of S. Then, by definition,
a € [[X]¥]? if and only if there exists some b € [X]¥ such that a € [b]e,. Since

® C U, we have that a € [b]y,, therefore a € [X]Y.

To prove the converse, let us assume that ® ¢ W. Then there exists some sort
s € S and elements a, b in A such that (a,b) € &5 and (a,b) € ¥5. Hence b does
not belong to [§%[4v:]¥  whereas it does belong to [[§%14v:]¥]2. Tt follows that

[68,[11]\1,5]\11 75 [[68,[(1]\1;5]\11]@- O

Corollary 2.16. Let A be an S-sorted set and ®, U € Eqv(A). If ® C U, then
U-Sat(A) C ®-Sat(A). Moreover, for s € S and L C Ay, if &5 C Vg and L = [L]Ys,
then L = [L]®s.

Remark. If, for an S-sorted set A, we denote by (-)-Sat(A) the mapping from
Eqv(A) to Sub(Sub(A)) which sends ® to ®-Sat(A), then the above corollary means
that (-)-Sat(A) is an antitone (= order-reversing) mapping from the ordered set
(Eqv(A), ) to the ordered set (Sub(Sub(A)), C).

Proposition 2.17. Let A be an S-sorted set and X C A. Then X € V4-Sat(A)
if and only if, for every s € S, if s € suppg(X), then X5 = As.

Proof. Let us suppose that there exists a ¢t € S such that X; # @ and X; # A;.
Then, since [X]Y4 = Usex,[]va, and X; # @, we have that, for some y € X,
[Ylv., = A But X; C A;. Hence [X]Y4 # X;. Therefore X ¢ V 4-Sat(A).

The converse implication is straightforward. (|

Remark. Let A be an S-sorted set. Then, from the above proposition, it fol-
lows that @, A € V4-Sat(A). Moreover, for every subset T of S, we have that
User 654 € V.a-Sat(A).

Proposition 2.18. Let A be an S-sorted set, X C A, and ®, ¥ € Eqv(A). Then
X]P¥ C [X]% A [X]".

Proof. Let s be a sort in S and b € [X]®™"Y. Then, by definition, there exists an
a € X, such that (a,b) € (PN T), = &, N V. Hence, (a,b) € ¢, and (a,b) € V.
Therefore b € [X]? and b € [X]¥. Consequently, b € ([X]* N [X]¥)s. Thus

S

[X]*NY C [X]® N [X]Y. O
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Corollary 2.19. Let A be an S-sorted set and ®, ¥ € Eqv(A). Then we have that
®-Sat(A) N P-Sat(A) C (PN T)-Sat(A).

We next state that the set ®-Sat(A) is the set of all fixed points of a suitable
operator on A, i.e., of an endomapping of Sub(A).

Proposition 2.20. Let A be an S-sorted set and ® € Eqv(A). Then the mapping
[[]* from Sub(A) to Sub(A) that sends X in Sub(A) to []®(X) = [X]® in Sub(4)
is a completely additive closure operator on A. Moreover, for every nonempty set I
inU and every I-indeved family (X")ier in Sub(A), [Nic; X® € M [X]® (and,
obviously, [A]® = A), and, for every X C A, if X = [X]?, then 4 X = [C4X]%.
Besides, [-]® is uniform, i.e., is such that, for every X, Y C A, if suppg(X) =
suppg(Y), then suppg([X]®) = suppg([Y]®)—hence, in particular, [|* is a uniform
algebraic closure operator on A. And ®-Sat(A) = Fix([]?), where Fix([]?) is the

set of all fized point of the operator []®.

Proposition 2.21. Let A be an S-sorted set and ® € Eqv(A). Then the ordered
pair ®-Sat(A) = (P-Sat(A), C) is a complete atomic Boolean algebra.

Proof. The proof is straightforward and we leave it to the reader. We only point
out that the atoms of ®-Sat(A) are precisely the deltas of Kronecker stl*les  for
some t € S and some x € A, and that, obviously, every ®-saturated subset X of
A is the join (= union) of all atoms smaller than X. g

We next define the concept of free monoid on a set and several notions associated
to it that will be used afterwards to construct the free algebra on an S-sorted set
and to define, in Section 3, diverse substitution operators.

Definition 2.22. Let A be a set. The free monoid on A, denoted by A*, is
(A*, &, A), where A*, the set of all words on A, is |J, oy Hom(n, A), the set of all
mappings w: n—=A from some n € N to A, A, the concatenation of words on
A, is the binary operation on A* which sends a pair of words (w,v) on A to the
mapping w A v from |w| + |v| to A, where |w| and |v| are the lengths (= domains)
of the mappings w and v, respectively, defined as follows:

lw| + o] — 8
wAv . wi, if0<i<|uw
Z . .
Vi jw)s  if Jw] <@ < |w| + Jvl.

and A, the empty word on A, is the unique mapping from & to A. A word w € A*
is usually denoted as a sequence (a;)ie|w|, Where, for i € |wl|, a; is the letter in
A satistying w(i) = a;. We will denote by n4 the mapping from A to A* that
sends a € A to (a) € A*, i.e., to the mapping (a): 1 —= A that sends 0 to a. The
ordered pair (A*,7n4) is a universal morphism from A to the forgetful functor from
the category Mon, of monoids, to Set.

Remark. For a word w € A*, |w]| is the value at w of the unique homomorphism
|| from A* to (N,+,0), the additive monoid of the natural numbers, such that
|'|lona = k1, where k1 is the mapping from A to N constantly 1. Note that, for every
n € N, || sends w € Hom(n, A) to n. Thus, for the family of mappings (k. )nen,
where, for every n € N, k,, is the mapping from Hom(n, A) to N constantly n, and
by applying the universal property of the coproduct, we have that |-| = [kn]|nen-

Definition 2.23. Let w and w’ be words in A*. We will say that w’ is a subword
of w if there are words u and v such that w = u A w’ Av. A word w may have
several subwords equal to w’. In that case, the equation w = u A w’ A v has several
solutions (u,v). If the pairs (u;,v;) (i € n) are all solutions of w = u A w’ A v and
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if Jug| < |u1| < -+ < |up—1|, then (u;,v;) determines the i-th occurrence of w’
in w. The solution (u,v) in which either w or v is A is not excluded. Let w be
a word in A* and a € A. We will say that a occurs in w if there are words wu,
v in A* such that w = u A(a) Av. Note that a occurs in w if and only if there
exists an ¢ € |w| such that w(i) = a. We will denote by |wl|, the natural number
card({i € |w| | w(i) = a}) = card(w~t[{a}]), i.e., the number of occurrences of a
in w. Moreover, we let (ia)ac|w|, stand for the enumeration in ascending order of
the occurrences of a in w. Thus (iq)ac|w|, is the order embedding of (|wla, <) into
(Jw|, <) defined recursively as follows:

io = min{i € |w| | w(i) = a} and,
for a € |w|q — {|w]a — 1}, ta+1 = min{i € |w| — {io, ..., ia} | w(i) = a}.

If the pairs (u;,,v;,) (@ € |w|,) are all solutions of w = u A(a) A v and if |u;,| <
lui, | < -+ <ui,,, .|, then (ui,,v;,) determines the i,-th occurrence of (a) in w
and we will say that a occurs at the i,-th place of w.

Remark. Let a be an element of A. Then, for w € A*, |w|,, the number of
occurrences of a in w, is the value at w of the unique homomorphism ||, from A*
to (N,+,0) such that ||, 0o 94 = &4, where &, is the mapping from A to N that
sends a € Atol € Nand b € A —{a} to 0 € N. Therefore, since, for every
w € A*, the A-indexed family (Jw|s)eea in N is such that |w|, = 0 for all but a
finite number of elements a in A, i.e., is such that card({a € A | |w|s # 0}) < Ry,
we have that ) _,|wl, € N and, obviously, for every w € A*, |w| = >, 4|wla,
ie., || = ZaeAHa-

Definition 2.24. Let w be a word in A*. Then we will denote by (¢),c 4 (w) the
mapping from HaeA(A*)‘“"a to A* that assigns to ((¢%)ac|w|, Jaca in HaeA(A*)‘“"a
the word ((qg)aaé\w\a)aeA (w) in A* obtained by substituting in w, for every a € A
and every « € |w|q, g% for the i,-th occurrence of a in w. We call ((q;)aae‘w‘a)aeA (w)
the substitution of (qa)acjw|, for a in w for every a in A, and (%),c, (w) the
substitution operator for w. Let ¢ be an element of A. Then we will denote by
(°) (w) the mapping from (A4*)/*le to A* that assigns to (¢5)ae|w|. € (A*)¥Ie the
term ((g)ae .. ) (W) in A* obtained by substituting in w, for every a € |wlc, ¢S for
the io-th occurrence of ¢ in w. We call ((¢2).z.,,) (w) the substitution of (¢5)ac|uw).
for ¢ in w.

Remark. Therefore, for every set A, we have obtained the family of substitution
operators:

(Doen @)wear € [pear Hom(ITc 4(A7)100e, A%).

Our next aim is to provide those notions from the field of many-sorted universal
algebra that will be used afterwards.

Definition 2.25. An S-sorted signature is a function 3 from S* x S to U which
sends a pair (w,s) € S* x S to the set X, s of the formal operations of arity w,
sort (or coarity) s, and rank (or biarity) (w,s). If ¥ and A are S-sorted signatures,
then a morphism from ¥ to A is an S* x S-indexed family d = (duw,s)(w,s)es* xS
where, for every (w,s) € S* x S, d, s is a mapping from ¥, s to Ay 5. S-sorted
signatures and morphisms between S-sorted signatures form a category which we
will denote henceforth by Sig(5).

Remark. For every set of sorts S, the category Sig(S) is Set® x5,

Assumption. From now on ¥ stands for an S-sorted signature, fixed once and for
all.
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We shall now give precise definitions of the concepts of many-sorted algebra and
of homomorphism between many-sorted algebras.

Definition 2.26. The S* x S-sorted set of the finitary operations on an S-sorted
set A is (Hom(Ay, As))(w,s)es+xs, Where, for every w € S*, A, = HielwlAwi’
with |w| denoting the length of the word w (if w = A, then A, is a final set). A
structure of Y-algebra on an S-sorted set A is a family (Fiy s)(w,s)es+x s, denoted
by F', where, for (w,s) € S* x S, F, s is a mapping from ¥, s to Hom(A4,,, As) (if
(w,s) = (N, s) and 0 € y 5, then Fy, ;(0) picks out an element of Ag). For a pair
(w,s) € S* x S and a formal operation o € ¥, 5, in order to simplify the notation,
the operation F,, ;(0) from A, to A, will be written as F,. A Y-algebra is a pair
(A, F), abbreviated to A, where A is an S-sorted set and F a structure of X-algebra
on A. A X-homomorphism from A to B, where B = (B, @), is a triple (A, f,B),
abbreviated to f: A——=B, where f is an S-sorted mapping from A to B such
that, for every (w,s) € S* x S, every o € ¥, 5, and every (a;)ic|w| € Aw, we have
that fs(Fo((ai)iew])) = Gol(fuw((@i)icjw|)), where f, is the mapping Hi€|w| fws
from A, to B, that sends (a;)ic|w| in Aw to (fuw,(a:))icjw| in By. We will denote
by Alg(X) the category of X-algebras and 3-homomorphisms (or, to abbreviate,
homomorphisms) and by Alg(X) the set of objects of Alg(X).

In some cases, to avoid mistakes, we will denote by FA the structure of ¥-algebra
on A, and, for (w,s) € S* x S and o € ¥, 5, by F2 the corresponding operation.
Moreover, for s € § and o € ¥, 5, we will, usually, denote by o the value of the
mapping FA: 1— A at the unique element in 1.

We will denote by 1° or, to abbreviate, by 1, the (standard) final ¥-algebra.

Definition 2.27. Let A be a X-algebra. Then the support of A, denoted by
suppg(A), is suppg(A), i.e., the support of the underlying S-sorted set A of A.

Remark. The set {suppg(A) | A € Alg(X)} is a closure system on S.

Definition 2.28. Let A be a X-algebra. We will say that A is finite if A, the
underlying S-sorted set of A, is finite.

Remark. In Alg(X), as was the case with Set”, there is another notion of finite-
ness: A Y-algebra A is called S-finite or locally finite, abbreviated as 1f, if and only
if the underlying S-sorted set of A is S-finite. As was noted above this notion of
finiteness plays a relevant role in the field of many-sorted algebra, e.g., to define
S-finite, also called locally finite, terms and to distinguish, on the one hand, be-
tween many-sorted varieties and finitary many-sorted varieties, and, on the other
hand, between many-sorted quasivarieties and finitary many-sorted quasivarieties
(see, e.g., [T7] and [30]).

We next define the subset many-sorted algebra associated to a many-sorted al-
gebra and prove, in particular, that this is the object mapping of an endofunctor of
Alg(X). We note that, in Section 3, the subset many-sorted algebra associated to
a free many-sorted algebra will appear as the codomain of a substitution operator
which will be used to prove recognizability results.

Proposition 2.29. Let (-)® be the mapping that sends (1) a X-algebra A to the
Y-algebra A® = (A¥, F®) where A% is (Sub(As))ses and where, for every (w,s) €
5* x S and every o € Yy, FY is the mapping from A§ = [];c, Sub(Aw,) to
Sub(A;) that sends (L;)icjw| in AS, to {Fy((2i)icjw|) | (Zi)icjw| € Hz‘e|w|Li} mn
Sub(Ay), and (2) a homomorphism f from A to B to the S-sorted mapping ¥ =
(fs[])ses from A® to B®. Then (-)¥ is an endofunctor of Alg(X). The X-algebra
A¥® is called the subset algebra associated to A (this notion, but for single-sorted
algebras, is due to Mezei and Wright, cf. [31], Definition 2.2). Moreover, there
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exists a pointwise monomorphic natural transformation {-}* from Idalg(s) to (+)%,
displayed as:

ldag(s)
/_\
Alg(%) V{3 Alg®)

\/
(-)¥

Proof. To show that (-)¥ is an endofunctor of Alg(X) it suffices to verify that, for
every homomorphism f: A——=B, f¥ is, actually, a homomorphism from A¥ to
B¥®. Let f be a homomorphism from A to B, (w,s) € S* x S, and ¢ € £, ;. Then
the following diagram commutes

AP fw[]

w w

Sub(As) 4]> Sub(Bs)

S
that is, for every sequence (L;);c|,| in Af), we have that

FsIFS (Li)iepw)] = GE((fw; [Li])icjw])-

Now let {-}* be the mapping from Alg(X) to Mor(Alg(X)) that assigns to a
Y-algebra A the S-sorted mapping {-}% from A to A® that, for every s € S, sends
a in As to {a} in A?. Tt is easily seen that, for every Y-algebra A, {-}% is an
injective homomorphism from A to A¥ and that {-}* = ({-}})acalg) is, in fact,
a natural transformation from Idajg(s) to (-)¥ O

We shall now go on to define the notion of subalgebra of a ¥-algebra A and the
subalgebra generating operator for A.

Definition 2.30. Let A be a X-algebra and X C A. Given (w,s) € S* x S and
o € Xy, s, we will say that X is closed under the operation Fy: A, — Ay if, for
every (a;)iejw| € Xw, Fo((ai)icjw|) € Xs. We will say that X is a subalgebra of A
if X is closed under the operations of A. We will denote by Sub(A) the set of all
subalgebras of A (which is an algebraic closure system on A) and by Sub(A) the
algebraic lattice (Sub(A), C). We also say, equivalently, that a Y-algebra B is a
subalgebra of A if B C A and the canonical embedding of B into A determines an
embedding of B into A.

Definition 2.31. Let A be a X-algebra. Then we will denote by Sg the algebraic
closure operator canonically associated to the algebraic closure system Sub(A) on
A and we call it the subalgebra generating operator for A. Moreover, if X C A,
then we call Sga (X) the subalgebra of A generated by X, and if X is such that
Sga (X) = A, then we will say that X is a generating subset of A. Besides, Sga (X)
denotes the algebra determined by Sgu (X).

Remark. Let A be a Y-algebra. Then the algebraic closure operator Sg, is uni-
form, i.e., for every X, Y C A, if suppg(X) = suppg(Y), then we have that

suppg(Sga (X)) = suppg(Sga (V).

We next recall the Principle of Proof by Algebraic Induction. This principle will
be used in Section 3.
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Proposition 2.32 (Principle of Proof by Algebraic Induction). Let A be a -
algebra generated by X. Then to prove that a subsetY of A is equal to A it suffices
to show: (1) X CY (algebraic induction basis) and (2) Y is a subalgebra of A
(algebraic induction step).

We next state that the forgetful functor Gy from Alg(X) to Set® has a left
adjoint Ty which assigns to an S-sorted set X the free ¥-algebra Tx(X) on X.
Let us note that in what follows, to construct the algebra of ¥-rows in X, and the
free Y-algebra on X, since neither the S-sorted signature ¥ nor the S-sorted set X
are subject to any constraint, coproducts must necessarily be used.

Definition 2.33. Let X be an S-sorted set. The algebra of 3-rows in X, denoted
by Wx(X), is defined as follows:

(1) The underlying S-sorted set of Wx(X), written as Wy (X), is precisely the
S-sorted set (([[ZIL]] X)*)ses, i-e., the mapping from S to U constantly
(IIZ T ] X)*, where (JIX I [] X)* is the set of all words on the set
[IZO]]X, i.e., on the set

(U, syestxs(Bw,s X {(w, 5)}) x {0} U[(U,es(Xs x {s})) x {1}].

(2) For every (w,s) € S* x S, and every o € %, 5, the structural operation
F, associated to o is the mapping from Wy (X), to Wx(X), which sends
(Picjw] € Ws(X)w to (0) A Ajcjw Ps € Wx(X),, where, for every (w, s) €
S* x S, and every o € X, 5, (0) stands for (((o, (w,s)),0)), which is the
value at o of the canonical mapping from ¥, s to ([[EII ][ X)*.

Definition 2.34. The free Y-algebra on an S-sorted set X, denoted by Tx(X),
is the -algebra determined by Sgw, x)(({(z) | # € Xs})ses), the subalgebra of
Wy (X) generated by ({(z) | z € Xs})ses, where, for every s € S and every z € X,
(x) stands for (((z,s),1)), which is the value at = of the canonical mapping from
X to ([IZU]] X)*. We will denote by Tx(X) the underlying S-sorted of T'x(X)
and, for s € S, we will call the elements of Tx(X)s terms of type s with variables
in X or (X, s)-terms.

Remark. Since ({(z) | x € Xs})ses is a generating subset of Tx(X), to prove that
a subset T of Tx(X) is equal to Tx(X) it suffices, by Proposition 2321 to show:
(1) {(x) | = € Xs})ses C T (algebraic induction basis) and (2) T is a subalgebra
of Tx(X) (algebraic induction step).

In the many-sorted case we have, as in the single-sorted case, the following
characterization of the elements of Tx(X)s, for s € S.

Proposition 2.35. Let X be an S-sorted set. Then, for every s € S and every
P € Wx(X)s, we have that P is a term of type s with variables in X if and
only if P = (x), for a unique x € X,, or P = (o), for a unique o € Xy 5, or
P = (0) A X(Py)icw|, for a unique w € S* —{\}, a unique 0 € ¥ 5, and a unique
family (P;)icjw) € Ts(X)w. Moreover, the three possibilities are mutually exclusive.

From now on, for simplicity of notation, we will write z, o, and o (Po, ..., Py|—1)
or o((P;)ic|w|) instead of (x), (o), and (o) A A(P;)ic|w|, respectively.

From the above proposition it follows, immediately, the universal property of the
free Y-algebra on an S-sorted set X, as stated in the subsequent proposition.

Proposition 2.36. For every S-sorted set X, the pair (nx, T (X)), where nx, the
insertion of (the S-sorted set of generators) X into Tx(X), is the co-restriction to
Tx(X) of the canonical embedding of X into Wx(X), has the following universal
property: for every 3-algebra A and every S-sorted mapping f: X —= A, there
exists a unique homomorphism f*: Tg(X)—=A such that ffonx = f.
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Proof. For every s € S and every (X,s)-term P, the s-th coordinate f! of f#
is defined recursively as follows: fi(z) = fi(z), if P = x; fi(o) = o, if P =
o; and, ﬁnally, fg(O'(Po,...,P|w|,1)) = Fa(fﬁ;O(PO)a"'7f7§;‘w‘,1(P|w|fl))7 if P =
O'(Po, .. .,P‘w‘_l). (I

The just stated proposition allows us to carry out definitions by algebraic re-
cursion on a free many-sorted algebra as indeed we will be doing throughout this

paper.

Corollary 2.37. The functor Tx, which sends an S-sorted set X to Tx(X) and
an S-sorted mapping f from X toY to f¢(= (ny o f)F), the unique homomorphism
from Tx(X) to Tx(Y) such that f€ onx =ny o f, is left adjoint for the forgetful
functor G, from Alg(X) to Set”.

For every X-algebra it is possible to define a preorder on the coproduct of its
underlying S-sorted set. Moreover, for the case of free algebras, such a preorder is,
in fact, an order and this allows us to define the notion of subterm of a given term.

Definition 2.38. Let A = (A, F) be a Y-algebra. Then <a denotes the binary
relation on J] A consisting of the ordered pairs ((a,s), (b,t)) € (J] A)? for which
there exists a w € S* — {A}, a 0 € ¥y, and an © € A, such that F,(z) = b
and, for some i € |w|, w; = s and x; = a. We will denote by <a the reflexive and
transitive closure of <a, i.e., the preorder on [] A generated by <Aa.

Remark. The preorder <a on ][] A is defined by letting ((a, s), (b,t)) €<a mean
that s = t and @ = b or there exists an n € N — {0}, a u € S*, and a family
(¢i)ieju| € Ay such that |u| =n 41, ug = s, un, = t, co = a, ¢, = b, and, for every
1€, ((ci,ui), (ci+1,ui+1)) e<A.

Proposition 2.39. Let X be an S-sorted set. Then <t x) is antisymmetric and
does not have strictly descending wg-chains, i.e., is an Artinian order.

Definition 2.40. Let X be an S-sorted set, t € S, and P € Ty(X);. Then the
S-sorted set of all subterms of P, denoted by Subt(P), is defined as follows:

Subt(P) = ({Q € Ts(X)s [ (@, 5) <T(x) (Pr1)})ses-

Remark. Subt(P) € Subs(Tx(X)). Moreover, Subt(P) can also be characterized
as the smallest subset £ of Tx(X) which satisfies the following conditions: (1)
P € L; and (2) for every (w,s) € S* x S, every £ € ¥, 5, and every (Qi)icjw| €
Ts(X)w, if £(Qi)icjw|) € Ls, then, for every i € |w|, Q; € Ly,. Note that the
second condition is exactly the converse of the defining condition of the concept of
subalgebra of a Y-algebra.

Following this we associate to every term for ¥ of type (X, s) its S-sorted set of
variables. This will be used, in Section 3, in the proof of diverse propositions.

Definition 2.41. Let X be an S-sorted set. Then Fin(X) is the Y-algebra
which has as underlying S-sorted set (Subg(X))ses, i.e., the S-sorted set con-
stantly Subs(X), and, for every (w,s) € S* x S and every o € ¥, 5, as operation
F,: Subg(X)!“l — Subg(X) that one defined as Fy((K?)ic|w|) = Uicjw K*- Let
6% = (0X)ses be the S-sorted mapping defined, for every s € S, as

5X Xs —_— Subf(X)
Sl &z — 67
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Then we will denote by Var® the unique homomorphism (6%)* from Tx(X) to
Fin(X) such that the following diagram commutes

X X T (X)

§X (6X)ﬁ = Var® = (Varf)ses
Fin(X) = (Sub¢(X))ses

For a sort s € S and a term P € Tx(X), we will call Var) (P)(€ Subs(X)) the
S-sorted set of variables of P. Moreover, when this is unlikely to cause confusion,
we will write Var™ (P) or, simply, Var(P) for Varz (P).

Our next goal is to define the concepts of congruence on a X-algebra and of
quotient of a Y-algebra by a congruence on it. Moreover, we recall the notion of
kernel of a homomorphism between Y-algebras and the universal property of the
quotient of a ¥-algebra by a congruence on it.

Definition 2.42. Let A be a Y-algebra and ® an S-sorted equivalence on A. We
will say that ® is an S-sorted congruence on (or, to abbreviate, a congruence on) A
if, for every (w, s) € (S* —{A}) x S, every 0 € ¥y, 5, and every (a;)ic|w| (bi)ic|w| €
Ay, if, for every i € |w|, (a;,b;) € Puy,, then (Fy((ai)icjw)) Fo((bi)igjw|)) € Ps.
We will denote by Cgr(A) the set of all S-sorted congruences on A (which is an
algebraic closure system on A x A), by Cgr(A) the algebraic lattice (Cgr(A), ),
by Va the greatest element of Cgr(A), and by Aa the least element of Cgr(A).

For a congruence ® on A, the quotient X-algebra of A by ®, denoted by A /P,
is the Y-algebra (A/®, FA/®), where, for every (w, s) € S* x S and every o € £, 4,
the operation FA'? from (A/®), to Ag/Ps, also denoted, to simplify, by Fy,
sends ([aila,, Jicjw| 0 (A/P)w to [Fo((ai)icjw))]e, in As/®s, and the canonical
projection from A to A/®, denoted by prg: A——=A/®P, is the homomorphism
determined by the projection from A to A/®. The ordered pair (A/®,prg) has
the following universal property: Ker(prg) is ® and, for every X-algebra B and
every homomorphism f from A to B, if Ker(f) O ®, then there exists a unique
homomorphism h from A/® to B such that hoprg = f. In particular, if ¥ is
a congruence on A such that @ C ¥, then we will denote by ps v the unique
homomorphism from A/® to A/¥ such that ps v o prg = pry.

Remark. Let ClIfdAlg(X) be the category whose objects are the classified X-
algebras, i.e, the ordered pairs (A, ®) where A is a Y-algebra and ® a congruence
on A, and in which the set of morphisms from (A, ®) to (B, V) is the set of all
homomorphisms f from A to B such that, for every s € S and every (z,y) €
A2 if (x,y) € @, then (fs(z), fs(y)) € ¥s. Let G be the functor from Alg(X)
to ClfdAlg(X) whose object mapping sends A to (A, Aa) and whose morphism
mapping sends f: A—=B to f: (A,Aa)— (B, Ap). Then, for every classified
Y-algebra (A, ®), there exists a universal mapping from (A,®) to G, which is
precisely the ordered pair (A/®,prg) with prg: (A, @) —(A/P, Ap/q).

We next define for a Y-algebra the concepts of elementary translation and of
translation with respect to it, and provide, by using the just mentioned concepts,
two characterizations of the congruences on a Y-algebra. To this we add that the
concept of translation will allow us to define the concept of congruence cogenerated
by an S-sorted subset of the underlying S-sorted set of a -algebra, which will be
all-important in our congruence based proofs of the recognizability theorems for
free many-sorted algebras, in Section 3.
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Definition 2.43. Let A be a X-algebra and ¢ € S. Then we will denote by
Etl;(A) the subset (Etli(A)s)scs of (Hom(As, Ag))scs defined, for every s € S, as
follows: For every mapping T' € Hom(As, As), T € Etl;(A); if and only if there is
aword w € §* — {A\}, ani € |w[, a 0 € ¥y, a family (a;)jei € []j¢; Aw,, and
a family (ar)iejw|—(i+1) € [lrejuw|—(it1) Awe (recall that i +1 = {0,1,...,4} and
that |w| — (i +1) ={i+1,...,|w| — 1}) such that w; = t and, for every = € A,
T(x) = Fy(ao, ..., ai—1,2,0it1,...,0u|—1). We call the elements of Etl;(A), the
t-elementary translations of sort s for A.

Definition 2.44. Let A be a X-algebra and ¢ € S. Then we will denote by
Tl:(A) the subset (T1:(A)s)ses of (Hom(As, As))ses defined, for every s € S, as
follows: For every mapping T' € Hom(A;, Ag), T € Tl:(A)s if and only if there is an
n € N—1, aword (s;)jen+1 € S™M, and a family (7}) e, such that so = t, s, = s,
To € Etly(A)s,, T1 € Etls, (A)sy, .., Th1 € Etly, (A)sand T =T,,—10---0Tp.
We call the elements of Tl;(A), the t-translations of sort s for A. Besides, for
every t € S, the mapping id4, will be viewed as an element of Tl;(A);.

Remark. The S x S-sorted set (Tl;(A)s),s)esxs determines a category T1(A)
whose object set is S and in which, for every (¢,5) € S x S, Hommya)(t,s), the
hom-set from ¢ to s, is T1;(A),. Therefore, for every t € S, Endyya)(t) is equipped
with a structure of monoid.

Given a Y-algebra A and a translation T' € Tl;(A)s we next define, associat-
ed to the mappings T[]: Sub(A;) —=Sub(A,) and T~1[]: Sub(A,) —=Sub(A4;),
operators: T[] and T[] from Sub(A) to Sub(A), T[] from Sub(A;) to Sub(A),
and T1[-] from Sub(A;) to Sub(A). This will be used below in the characterization
of the recognizable languages.

Definition 2.45. Let A be a X-algebra, L C A, s, t € S, M C A;, N C Ag, and
T € Tl;(A)s. Then
(1) T[L] is the subset of A defined as follows: T[L]s = T[L:] and T[L], = @, if
u # s. Therefore, T[L] = §° 7,
(2) T~YL] is the subset of A defined as follows: T~'[L]; = T ![L,] and
T~ YL]. = @, if u # t. Therefore, T~![L] = stT L],
(3) T[M] is 65TM(= T[6%M]); and
(4) T7Y[N] is 64T Wl(= T~1[g=:N]).

Remark. Let A be a Y-algebra, K, LC A, s,t€ S, M C Ay, NC As;, and T €
T1:(A)s. Then T[M] C 5%V if and only if §4™ C T—1[N]. Moreover, T[K] C §%L=
if and only if §»%¢ C T~![L]. Had the operators T[] and T~![-] been defined (for
u € S—{s,t}) differently, then the suitably modified counterparts of the just stated
connections would not be met.

As announced above, we next provide, by using the notions of elementary trans-
lation and of translation, two characterizations of the congruences on a Y-algebra.
This shows, in particular, the significance of the notions of elementary translation
and of translation. We note that in [30], on p. 199, it was announced without proof
a proposition similar to that set out below.

Proposition 2.46. Let A be a X-algebra and ® an S-sorted equivalence on A.
Then the following conditions are equivalent:

(1) ® is a congruence on A.

(2) @ is closed under the elementary translations on A, i.e., for every every
t,s €S, every x, y € Ay, and every T € Etl;(A)s, if (x,y) € Py, then
(T'(2), T(y)) € Os.
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(3) @ is closed under the translations on A, i.e., for every everyt, s € S, every
z,y € Ay, and every T € TLi(A)s, if (x,y) € Dy, then (T(z),T(y)) € Ps.

Proof. Let us first prove that (1) and (2) are equivalent.

Let us suppose that ® is a congruence on A. We want to show that ® is closed
under the elementary translations on A. Let ¢t and s be elements of S and T
a t-elementary translation of sort s for A. Then T: A;——= A, and there is a
word w € S* — {A}, an i € |w|, a 0 € Xy 5, a family (a))je; € [[je; Aw;, and a
family (ax)re|w|—(i+1) € er\w\—(i+1) Ay, such that w; =t and, for every z € Ay,
T(z) = Fy(ao,...,ai—1,2,ai41,-..,0y—1). Let  and y be elements of A; such
that (x,y) € ®;. Since, for every j € i, (a;,a;) € ®u,, for every k € |w| — (i + 1),
(ak,ar) € Py, and, in addition, (z,y) € &, = Dy, then (T'(z),T(y)) € Ds.

Reciprocally, let us suppose that, for every ¢, s € S, every z, y € A, and
every T € Etl;(A)s, if (z,y) € Py, then (T'(2),T(y)) € P5. We want to show
that ® is a congruence on A. Let (w,u) € (S* — {A}) x S, 6: w—u, and
a = (ai)icjw)s b = (bi)icjw| € Aw such that, for every i € |w| we have that
(ai, b)) € ®y,. We now define, for every i € |w|, T;, the w;-elementary transla-
tion of sort w for A, as the mapping from A,, to A, which sends z € A,, to
Fa-(bo, ceey bifl, LyQigly---s a‘w‘_l) € Au Then Fg(ao, ey a|w|_1) = To(ao) and
(To(ao),To(bo)) S (I)wg- But To(bo) = Tl(al) and (Tl(al),Tl(bl)) S q)wl' By
proceeding in the same way we, finally, come to Tjy|—2(bjw|—2) = Tjw|—1(a|w|—1)
(Tiw)-1(@)w=1) Tjw|-1(Ojw|-1)) € Puwyy_y» a0d Tiw|—1(Bjw|—1) = Fo(bo, - - - bjw|—1)-
Therefore (F,,(a), Fy (b)) € ®,.

We shall now proceed to verify that (2) and (3) are equivalent.

Since every elementary translations on A is a translation on A, it is obvious that
if @ is closed under the translations on A, then ® is closed under the elementary
translations on A.

Reciprocally, let us suppose that ® is closed under the elementary translations
on A. We want to show that ® is closed under the translations on A. Let ¢
and s be elements of S, x, y elements of A;, T € TI;(A)s, and let us suppose
that (z,y) € ®;. Then there is an n € N — 1, a word (s;)jent1 € S™T1, and a
family (7});en such that so = ¢, s, = s, Tp € Etli(A)s,, Th € Etls, (A)s,, ...,
Tn-1 € Etl;, ,(A)sand T = T,_10---0Ty. Then, from (z,y) € &; = d,,, we
infer that (Tp(x),To(y)) € ®s,. By proceeding in the same way we, finally, come
t0 (Tn—1(...(To(x))...), Th-1(... (To(y))...)) € ®s = D, , i.e, to (T'(x),T(y)) €
3, 0

Our next aim is to assign, in a functional way, to every subset L of the underlying
S-sorted set A of a Y-algebra A the so-called congruence on A cogenerated by L,
and to investigate its properties. But before doing it we need to recall the following
result. For every S-sorted set A, the mapping from Sub(A) to Hom(A, (2)ses) that
assigns to L € Sub(A) precisely chy,, the character of L, i.e., the S-sorted mapping
from A to (2)ses whose s-th coordinate, for s € S, is chy,, the characteristic
mapping of L, is a natural isomorphism, in other words, (2)scs together with
T9 = (T)ses: 1 —=(2)ses, where, for every s € S, T is the mapping from 1 to
2 that sends 0 to 1, is a subobject classifier for Set®. Then, given a Y-algebra A
and a subset L of A, we associate to L the S-sorted equivalence Ker(chz) on A
determined by chy. So, for every s € S, we have that:

Ker(chy)s = Ker(chy,) = { (z,y) € A% |z € Ly <>y € L, }.

We next prove that there exists a congruence Q4 (L) on A that saturates L, i.e.,
which is such that Q4 (L) C Ker(chyz), and is the largest congruence on A having
such a property.
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Definition 2.47. Let A be a Y-algebra and L C A. Then Q4(L) is the binary
relation on A defined, for every t € .S, as follows:

VseSVYT € TlL(A)

A _ 2 t s
Q*(L): = {('rvy) €4 (T(z) € Ly ++ T(y) € Ls)}.
Proposition 2.48. Let A be a X-algebra and L C A. Then

(1) QA(L) is a congruence on A.

(2) QA(L) C Ker(chyz).

(3) For every congruence ® on A, if & C Ker(chy,), then ® C QA(L).
In other words, QA (L) is the greatest congruence on A which saturates L.

Proof. To prove (1) it suffices to take into account Proposition 246 To prove (2),
given t € S and (x,y) € Q4(L)y, it suffices to consider ida, € Tl;(A)s, to conclude
that « € Ly if and only if y € Ly, i.e., that (z,y) € Ker(chy):. We now proceed to
prove (3). Let ® be a congruence on A such that ® C Ker(chy), i.e., such that,
for every s € S and every x, y € As, if (x,y) € ®g, then © € Ly if and only if
y € L,. We want to show that, for every t € S, ®; C QA(L);. Let ¢ be an element
of S and (z,y) € ®;. Then, since ¥ is a congruence on A, for every s € S and
every T € T1;(A)s, we have that (T'(z),T(y)) € ®s. Hence, by the hypothesis on
®, T(z) € Ly if and only if T'(y) € L,. Therefore ® C Q4 (L). O

Definition 2.49. Let A be a Y-algebra and L C A. Then we call Q4(L) the
congruence on A cogenerated by L, or the syntactic congruence on A determined
by L (which is shorthand for “the congruence on A cogenerated by the equivalence
Ker(chy,) on A canonically associated to L”).

Remark. For every subset L of the underlying S-sorted set of a X-algebra A,
QA (L) can be viewed as the value at L of a mapping Q4 from Sub(A) to Cgr(A).
We will call Q2 the congruence cogenerating operator for A (with regard to subsets
of A).

With regard to the congruence cogenerated by an equivalence it is worthwhile to
quote what Biichi, in [5], on p. 113, wrote: “The notion of induced [= cogenerated,
we add] congruence therefore is clearly relevant to automata theory. For some
reason it seems to have escaped the attention of algebraists. In contrast, its mate,
the generated congruence, is widely used in algebra.”

It may be worth reminding the reader that in the theory of formal languages, a
congruence of the type oA’ (L), where L is a subset of the underlying set of a free
monoid A* on an alphabet A, is called the syntactic congruence determined by L
(or the two-sided principal congruence of L). According to Lallement (in [25], on
p. 175): “the fact that the principal equivalence of L is the largest congruence for
which L is a union of equivalence classes is due to Teissier in [39] [for demi-groups,
i.e., sets with an associative binary operation, we add].” To this we append that
these congruences were defined by Schiitzenberger (in [36], on p. 10) for monoids
(he speaks of: “demi-groupes contenant un élément neutre”). It should also be
pointed out that, for a single-sorted algebra A and for an equivalence relation ® on
A, in [20], on p. 65, Green defined the congruence on A analysed (= cogenerated, we
add) by ® as the join (= supremum) of the set of all congruences ¥ on A contained
in @ and asserted that it is the greatest congruence on A contained in ®; and
in [37], on pp. 32-33, Slomiriski proved that there exists the greatest congruence
on A contained in ®. In this respect it should be noted that in [I], and for single-
sorted algebras, Almeida addressed, in particular, the issue of the definition and
basic properties of the syntactic congruence.

The theorem of Green and Slominski is also valid for the many-sorted case, as
shown below.
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Proposition 2.50. Let A be a X-algebra and ® an S-sorted equivalence on A.
Then there exists a congruence QA(®) on A such that Q*(®) C ® and, for every
congruence ¥ on A, if U C ®, then U C QA(®). We will call @A (®) the congruence
on A cogenerated by ®.

Proof. Since: (1) the join in Eqv(A) of a family (¥*);c; of congruences on A is the

S-sorted equivalence ¥ on A whose s-th coordinate, ¥, for s € S, is:

EanlEzGAZJrl(zoza & x, =0 &}
Vp € n((zp, Tpt1) € Uie[ L9))

(2) for the join ¥ in Eqv(A) of a family (¥%);c; of congruences on A, we have

that, for every (w,s) € (S* — {A\}) x S, every 0 € X5, every j € |w|, every a,

be Ay,, every (¢i)icj € Hiej Aw,, and every (ck)re|w|—(j+1) € er‘w‘_(jﬂ) Aw,,
if (a,b) € ¥, then

)

U, = {(a,b) € A2

(FG'(COa s Ci—1,A,Ci4 1, - - ';C\w\—l)vFa'(cO; o acjflvbacjﬁ*lv e '7C|’w|—1>> € \Ijsa

(3) the join in Eqv(A) of a family (¥%),c; of congruences on A is a congruence
on A (this follows from (2)); and (4) Aa is a congruence on A contained in @, it
suffices to take as Q4 (®) the join of {¥ € Cgr(A) | ¥ C &} in Eqv(A). O

Remark. For every S-sorted equivalence ® on the underlying S-sorted set of a X-
algebra A, (NZA(q)) can be viewed as the value at ® of a mapping QA from Eqv(4) to
Cgr(A). We will call QA the congruence cogenerating operator for A (with regard
to S-sorted equivalences on A).

Remark. For every subset L of the underlying S-sorted set of a X-algebra A,
QA (L) = QA (Ker(chy)). In other words, the mapping Q4 from Sub(A) to Cgr(A)
is the composition of the mapping from Sub(A) to Eqv(A) that sends L in Sub(A)
to Ker(chz) in Eqv(A) (which in general is neither injecive, nor surjective, nor
isotone) and the mapping Q4 from Eqv(A) to Cgr(A).

Remark. It is possible to provide a proof of Proposition along the lines of
Proposition 248 Let ® be an S-sorted equivalence on the underlying S-sorted set
of a Y-algebra A. Then the S-sorted binary relation Q4 (®) on A defined, for every
t €S, as follows:

A (@), = {(:c,y) e A2

Vse SVT € TI,(A)s
(T'(2),T(y)) € ®s) }

is the greatest congruence on A contained in ®.

We next provide, for a Y-algebra A, some basic properties of the congruence
cogenerating operator Q4.

Proposition 2.51. Let A be a X-algebra. Then (NZA, considered as an endomapping
of Eqv(A), is a kernel (= interior) operator, i.e., it is contractive (= deflationary),
isotone, and idempotent. Moreover, QA(AA) = Ajp, QA(VA) = Va and, for every
nonempty set I in U and every (8');er € Bqv(A), Q4(M;e; @) = Nier Q2 (97).

Proposition 2.52. Let A be a X-algebra, ® an S-sorted equivalence on A, t, s € S,
and T € TL;(A)s. Then QA(®) C QA((T x T)~1®]), where (T x T)~'[®] stands
for the S-sorted equivalence on A defined, for every u € S, as follows:

(T X T)il[q)sL if u=t;

V4., otherwise.

QM(T x T)7'[@])u = {
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Proposition 2.53. Let f be a homomorphism from A to B and T an S-sorted
equivalence on B. Then (f x f)7HQB(Y)] C QA((f x f)~L[Y]). Moreover, if f is
an epimorphism, then (f x f)7HOQB(M)] = QA((f x £)~X]).

Remark. For every X-algebra A, QA can be regarded as the component at A
of a natural transformation € between two contravariant functors from a suitable
category of Y-algebras to the category Set. In fact, let Alg(X)epi be the category
whose objects are the X-algebras and whose morphisms are the epimorphisms be-
tween Y-algebras. Then we have, on the one hand, the functor Eqv from Alg(X)cp;,
the dual of Alg(X)epi, to Set which assigns to a X-algebra A the set Eqv(A), and
to an epimorphism f: A —= B the mapping (f x f)~![-] from Eqv(B) to Eqv(A),
and, on the other hand, the functor Cgr from Alg(E)Zgi to Set which assigns to
a Y-algebra A the set Cgr(A), and to an epimorphism f: A —=B the mapping
(f x f)71[] from Cgr(B) to Cgr(A). Then the mapping Q from Alg(X), the set
of objects of Alg(X), to Mor(Set), the set of morphisms of Set, which assigns to
a Y-algebra A the mapping Q4 from Eqv(A) to Cgr(A) is a natural transforma-
tion from Eqv to Cgr, because, for every epimorphism f: A ——B, we have that
(f < )" ] o QB = QA6 (f x f)~'[], i.e., for every S-sorted equivalence T on B,
(f x £ B (D)) = QA x £~ X))

We next gather together, for a 3-algebra A, some basic properties of the con-
gruence cogenerating operator OA.

Proposition 2.54. Let A be a X-algebra, L a subset of A, and ® € Cgr(A). Then
L € ®-Sat(A), i.e., L = [L]®, if and only if & C QA(L). Moreover, for s € S and
L C A, we have that L = [L]®s if and only if ®, C QA(65F),.

Proof. Let us suppose that L = [L]®. Then, since Q* (L) is the greatest congruence

on A such that L = [L]QA(L), we have that ® C QA(L).

Reciprocally, let us suppose that ® C Q4(L) then, by Corollary I8, we have
that QA(L)-Sat(A) C ®-Sat(A). Since L belongs to Q4(L)-Sat(A), we conclude
that L € ®-Sat(A). O

Proposition 2.55. Let A be a X-algebra and L a subset of A. Then it happens
that QA (L) = QA(CAL).

Proposition 2.56. Let A be a X-algebra, I a nonempty set in U, and (L);cr
an I-indexed family of subsets of A. Then (\,c; Q*(LY) € Q%N LY, iee.,
Nicr OA(Ker(chy:)) C QA(Ker(chniEI i)

Proof. To prove that (;c; Q4 (L") € Q4(N,c; L") it suffices, by part (3) of Propo-
sition A8, to verify that (., Q4(L") C Ker(chn,_ r:). But (g, QALY C
Nier Ker(chy:) and, in addition, we have that (,c; Ker(chz:) € Ker(chn,_ 1:).
Therefore (,c; Q4 (LY) C Ker(chn,_, 1+)- O

el

With regard to the following proposition, it must be borne in mind that, for
every set C, Ker(chgy) = Ker(che) = Ve.

Proposition 2.57. Let A be a X-algebra, L a subset of A, t, s € S, and T' €
TL(A)s. Then QA(L) € QA(TL]), i.e., Q4 (Ker(chy)) € Q*(Ker(chp-1(1))),
where, for every u € S — {t}, Ker(chp-1[z)), = Ker(chg) = Va4, and

Ker(chp-1(r))¢ = Ker(chp-1.,;) = {(z,y) € A7 | T(z) € Ly <> T(y) € Ly}
Proposition 2.58. Let f be a homomorphism from A to B and M a subset of B.
Then (f x f)~HQB(M)] C QA(f~1[M]). Moreover, if f is an epimorphism, then
(f x /)7HQB(M)] = QA (f 1 [M]).
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Remark. Let P~ be the functor from Alg(X)c); to Set which assigns to a -
algebra A the set Sub(A), and to an epimorphism f: A —=B the mapping f~![/]
from Sub(B) to Sub(A). Then the mapping 2 from Alg(X) to Mor(Set) which
assigns to a Y-algebra A the mapping Q* from Sub(4) to Cgr(A) is a natural
transformation from P~ to Cgr, since, for every epimorphism f: A —— B, we have
that (f x f)7'[]o QB = QAo f71[], ie., for every M C B, (f x f)7QB(M)] =
QA (f 1 [M]).

We finish this section by reviewing a few aspects of recognizability for subsets
of the underlying many-sorted set of an arbitrary many-sorted algebra. But before
going any further it is worth noting what Gécseg and Steinby, in [I4], at the begin-
ning of Chapter 2, wrote: “...one should note that there are often many ways to
generalize from languages [sets of words of the underlying set of a free monoid on a
set, we add] to forest [sets of terms of the underlying set of a free algebra on a set,
we add], and a right choice among the alternatives is essential if one wants to gener-
alize the corresponding results, too.” In this regard, concerning the congruences on
a many-sorted algebra—on which, ultimately, the notion of recognizability will be
founded—we have two nonequivalent ways of defining the concept of congruence of
“finite” index on it, depending on the notion of finiteness we choose: The categorial
or the non-categorial notion of finiteness.

We shall now go on to define both notions of congruence of finite index on a
many-sorted algebra.

Definition 2.59. Let A be a Y-algebra and ® € Cgr(A). We will say that & is
of finite index, abbreviated as fi, if A/® € Sub;(AP), i.e., if card(suppg(A/P)) is
finite and, for every s € suppg(A/®), As/P; is finite. We will denote by Cgrg(A)
the set of all congruences on A of finite index. Moreover, we will say that & is of
S-finite index or of locally finite index, abbreviated as Ifi, if A/® € Subjs(A4%) i.e.,
if, for every s € S, card(A4,/®;) < Ng. We will denote by Cgrjz(A) the set of all
congruences on A of locally finite index.

Let us note that in [9], on p. 99, and in [I0], on p. 30, and for a set of sorts
S, eventually infinite, and a many-sorted algebra A such that, for every s € 5,
A # @, Courcelle says that a congruence on A is locally finite if it has finitely
many classes of each sort. To this we add that he uses such a type of congruence
to investigate, for a many-sorted algebra A, subject to satisfy the above condition,
and a sort s € S, the recognizable subsets of A;. So, if we disregard the condition
imposed by Courcelle on the many-sorted algebras, our notion of congruence of
locally finite index coincides with Courcelle’s notion of locally finite congruence.

Proposition 2.60. Let A be a X-algebra. Then Cgrg(A) # & if and only if
suppg(A) is finite. Moreover, card(S) < Ro if and only if, for every X-algebra A,
Cgrs(A) # @. Therefore, the following conditions are equivalent: (1) for every
Y-algebra A, suppg(A) is finite, (2) for every X-algebra A, Cgrg(A) # @, and (3)
S is finite.

Proof. Since the first assertion is straightforward, we restrict ourselves to verify
the second one. If the set of sorts S is finite, then, for every Y-algebra A, Va €
Cgrgs(A). If S is infinite, then the final ¥-algebra 1 is such that Cgrg(1) = 2. O

Remark. If S is finite, then, obviously, for every X € U, suppg(Tsx (X)) is finite.
If S is infinite, then there exists an X € U such that suppg(Tx(X)) is infinite, e.g.,
for X =1 = (1)s¢cg, we have that suppg(Tx(1)) = S, thus suppg(Tx(1)) is infinite.
Hence, if, for every X € U, suppg(Tx(X)) is finite, then S is finite. Therefore,
the following conditions are equivalent: (1) for every X € U®, suppg(Tx(X)) is
finite, (2) for every X € U¥, Cgrg(Tx(X)) # @, and (3) S is finite.
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Proposition 2.61. Let A be a X-algebra. Then
(1) for everyn € N—{0} and every (®")ic, € Cgrg(A)™, MN;e, @ € Cgrg(A);
(2) Cgrg(A) is an upward closed set of the lattice Cgr(A), i.e., for every ®, ¥ €
Cgr(A), if @ C U and @ € Cgrg(A), then ¥ € Cgrg(A).
Therefore, if suppg(A) is finite, then Cgrg(A) is a filter of the lattice Cgr(A).
Proof. Let n be a non-zero natural number and (®%);c, € Cgrs(A)™. Then the
congruence [);c,, ® on A is of finite index because [];.,, A/®" is finite and the

homomorphism p(®)ier from A/ (e, ®* to [, A/®", defined, for every s € S,
as follows:

1EN

p(}qﬂ)iEn As/ ﬂiEn P — HiGn Ay /L
[a]mi@ i [a]cpg ien

&' into [;.,, A/®". Let us note that p(*")ien is
' to [[;,, A/® such

is a subdirect embedding of A/
<pm_€ q>i,q>i> (the unique homomorphism from A/
ren i€En

S

1EN 1EN

that, for every ¢ € n, prg: o <pﬂ_ i @> =Pn,. &i,ai, where pn i ¢ and
iEN ? icn iEN " iEN . ’

prg: are the canonical homomorphisms from A/(,., ®* and [].., A/®’, respec-

tively, to A/®?).

Now let ® be a congruence on A of finite index and ¥ a congruence on A such
that @ C W. Then, since A/® is finite and prg y (the unique homomorphism from
A/® to A/V such that prg g o prgy = pry) is surjective, A/V is finite. Hence
U € Cgrg(A). O

iEN €N

Proposition 2.62. Let A be a X-algebra. Then Cgri(A) is a filter of the lattice
Cgr(A).

As for congruences of finite index on a many-sorted algebra, for many-sorted
languages we have, on the one hand, those whose definition is based on the categorial
notion of finiteness and which will be called recognizable, and, on the other, those
whose definition is founded on the notion of local finiteness and which will be called
locally finitely recognizable, abbreviated to If recognizable.

Definition 2.63. Let A be a X-algebra, T C S, and L C Alr= (At)ier.

(1) We will say that L is T-recognizable if there exists a finite X-algebra B, a ho-
momorphism f: A —=B, and a subset M of B|r such that (f|7)"'[M] =
L, where (f]7)"'[M] = (f; ' [My))ier. We will denote by Recr(A) the set
of all subsets of AJ7 which are T-recognizable.

(2) We will say that L is (If, T)-recognizable if there exists a locally finite (=
S-finite) X-algebra B, a homomorphism f: A——=B, and a subset M of
Bt such that L = ((f7)"'[M]. We will denote by Recit 7(A) the set of
all subsets of Al which are (If, T')-recognizable.

For T = S we will denote by Rec(A) and Reci(A) the sets Recs(A) and
Recir,s(A), respectively. We will call the elements of Rec(A) and Recit(A) rec-
ognizable and 1f-recognizable, respectively.

For s € S we will denote by Recs(A) and Reci s(A) the sets Recgs)(A) and
Recy, (53 (A), respectively. We will call the elements of Recs(A) and Recy s(A)
s-recognizable and (1f, s)-recognizable, respectively.

Remark. Let A be a Y-algebra, T C S, and s € S. Then Recr(A) C Recir,r(A),
Rec(A) C Recjs(A), and Recs(A) C Recir,s(A). If S is infinite, then the converse
inclusions are not valid. Let 7" be an infinite subset of S and A a 3-algebra such
that T C suppg(A). Then Alr is a language in Recy s 7(A), but not in Recp(A).
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Remark. If S is finite, T C S, s € S, and A is a X-algebra, then Recyr(A) =
Recig,r(A), Rec(A) = Recir(A), and Recs(A) = Recyr s (A).

In what follows, among other things, we investigate, for a many-sorted algebra
and a language of it, the relationships between the different notions of recogniz-
ability for the language and the two notions of congruence of finite index on the
many-sorted algebra saturating the language. In particular, we investigate such a
relationship for the case of the congruence cogenerated by a many-sorted language.

Proposition 2.64. Let A be a X-algebra, T C S, and L C A[r. Then the following
assertions are equivalent:

(1) L is T-recognizable.

(2) There exists a congruence ® on A of finite index such that L = [L]¥7,
where ®)p= (By)er and, for every t € T, [L]FT = [Ly]®.

(3) QA([L,2°T)) is of finite index, where @5~ is the mapping from S—T to
U constantly @ and [L,@°~T] the unique mapping from S to U such that
(L, 25 T)\p= L and [L, 25 T||s_r= @5~ 7.

Proposition 2.65. Let A be a 3-algebra and L C A. Then the following assertions
are equivalent:

(1) L is recognizable.
(2) There exists a congruence ® on A of finite index such that L = [L]®.
(3) QA(L) is of finite index.

Proof. We first prove that (1) = (2).

Let us suppose that L is recognizable, i.e., that there exists a finite X-algebra
B, a homomorphism f: A——=B, and a subset M of B such that L = f~1[M].
Then, since Im(f) is a subalgebra of a finite algebra, Im(f) is finite. Therefore
A /Ker(f) is finite, because it is canonically isomorphic to Im(f). Hence Ker(f) is
a congruence on A of finite index. Let us check that L = [L]¥**(¥). The inclusion
L C [L]¥er($) is always true. To show that [L]X*(f) C L, let s be asortin S, a € A,
x € Lg, and let us suppose that (a,z) € Ker(fs), i.e., that fs(a) = fs(x). Then,
since L = f~[M], we have that Ly = f;}[M;], thus fs(z) € Ms, but fs(a) = fs(z),
therefore f,(a) € My, consequently a € L. From this it follows that [L]Xe*(f) C L.

We next prove that (2) = (3).

Let us suppose that there exists a congruence ® on A such that ® is of finite
index and L = [L]®. Then, by Proposition .54} we have that ® C Q4(L). Thus,
by Proposition 2611 since, by hypothesis, ® € Cgrg(A), QA(L) € Cgrp(A).

Finally, we prove that (3) = (1).

Let us suppose that QA (L) € Cgrg(A). Then A/QA(L) is finite. Let M be the
subset proapy[L] of A/QA(L), where Proapy is the canonical projection from A
to A/QA(L). To verify that L = (proar))~![M] it suffices to check the inclusion
from right to left. Let s be an element of S and b € prgi( 1), [Ms] (recall that
(proa(r)) ' M] = (pr&i@)s[/\/ls)ses). Then proa (), [b] € M. Hence, there ex-
ists an a € Lg such that [a]oa (), = [bloa(z),. But, by Proposition2.54 L is QA(L)-
saturated and, since a € L, we have that b € L. Therefore (proar))~'[M] C
L. O

Proposition 2.66. Let A be a X-algebra, s € S, and L C As. Then the following
assertions are equivalent:

(1) L is s-recognizable.

(2) There exists a congruence ® on A of finite index such that L = [L]®=.

(3) QA(5%L) is of finite index.
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Proposition 2.67. Let A and B be X-algebras. Then
(1) @, A € Rec(A).
(2) If K,L € Rec(A), then KUL,KNL,K — L € Rec(A).
(3) If T € TL(A),, and L € Rec(A), then T—[L] = 64T '[L] € Rec(A).
(4) If f: A—=B and M € Rec(B), then f~'[M] € Rec(A).

Proposition 2.68. Let A be a X-algebra, s € S, and L C A;. Then L € Recs(A)
if and only if 65 € Rec(A). Thus Recs(A) is isomorphic to a subset of Rec(A).

Assumption. To prove the following proposition we will assume that the set of
sorts S is finite.

Proposition 2.69. Let A be a X-algebra and L C A. Then L € Rec(A) if and only
if, for every s € S, Ly € Recs(A). Thus there exists an embedding from Rec(A)
into [],cq Recs(A) and Rec(A) is a subdirect product of (Recs(A))ses-

Proof. If L € Rec(A), then, from the definitions, it follows that, for every s € S,
Ls € Recs(A).

Conversely, let us suppose that, for every s € S, L; € Recs(A). Then, for every
s € S, there exists a finite X-algebra B®, a homomorphism f®: A——=B® and
M, C B? such that (f5)"'[M,] = Ls. Let [[,cqB® be the product of (B®)¢s,
which is finite—since, for every s € S, B? is finite and, by hypothesis, S is finite—,
and (f®)ses the canonical homomorphism from A to [[,. ¢ B®. Let N = (N¢)es be
the subset of [ [ g B* = ([[,c5 Bf)ies defined, for every t € S, up to isomorphism,
as: Ny = M; x HSGSf{t} B;. Then ({f*)ses) }[N] = L. Consequently, L is
recognizable.

Before proceeding any further, we provide another proof of the just proved result.
If, for every s € S, Ly € Recs(A), then, for every s € S, by Proposition 2.68
§%Ls € Rec(A). Therefore, by part (2) of Proposition 2.67and since, by hypothesis,
S is finite, J,cg 657 = L € Rec(A).

The mapping from Rec(A) to [[,cgRecs(A) that sends L in Rec(A) to L in
[[,c5Recs(A) is well-defined and injective. Moreover, for every s € S and every
K € Recs(A), the S-sorted set 65X is in Rec(A) and its s-th projection is K. [

From the just stated proposition (which, we recall, has been obtained under
the assumption that S is finite) and since, for a Y-algebra A and an L C A,
L =U,es §%Ls it follows that in order to investigate the languages in Rec(A) it
suffices to investigate, for every s € S, the languages in Recg(A).

Proposition 2.70. Let A and B be X-algebras and s,t € S. Then
(1) @, A € Recs(A).
(2) If K,L € Recs(A), then KUL, KNL,K— L € Recs(A).
(3) If T € TI(A)s, and L € Recs(A), then T~1[L] € Rec,(A).
(4) If f: A—=B and M € Recs(B), then f;71[M] € Recs(A).

For the notions of lf-recognizability and congruence of locally finite index there
are results similar to those we have just stated for recognizability and congruence
of finite index. By way of illustration, here are some examples of it.

Proposition 2.71. Let A be a X-algebra, T C S, and L C A[r. Then the following
assertions are equivalent:
(1) L is lif-recognizable.
(2) There exists a congruence ® on A of S-finite index such that L = [L]™7,
where ®)r= (By)er and, for every t € T, [L]FT = [Li]®.
(3) QA([L,2°~T]) is of S-finite index.
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Proposition 2.72. Let A be a X-algebra, s € S, and L C As. Then L is (If, s)-
recognizable if and only if 6% is If-recognizable, i.e., L € Recit s(A) if and only if
§%L € Recig(A). Thus Recis s(A) is isomorphic to a subset of Recir(A).

Proposition 2.73. Let A be a X-algebra and L C A. Then the following assertions
are equivalent:

(1) Le Reclf(A).
(2) There exists a congruence ® on A of S-finite index such that L = [L]®.
(3) QA(L) € Cgrig(A).

3. RECOGNIZABLE SUBSETS OF A FREE MANY-SORTED ALGEBRA

This section is devoted to provide congruence based proofs of the recognizability
theorems for free many-sorted algebras. Actually, in order to deal with the different
cases of recognizability, classified according to the type of operator under considera-
tion, we have divided this section into several subsections. In Subsection 1, entitled
Basic terms, we prove that the final sets containing a variable, a constant or an
operation symbol applied to a suitable family of variables are recognizable. These
results will be used later on to prove that the set of recognizable languages of a
many-sorted term algebra forms an algebra of the same signature. In Subsection
2, entitled Substitutions, after defining several substitution operators associated to
a free many-sorted algebra and investigating the relationships between them, we
prove that, if all input languages for a given substitution are recognizable, then the
output language is recognizable as well. In Subsection 3, entitled Iterations, we
introduce the notion of iteration of a language with respect to a variable and we
prove that, if the input language is recognizable then its iteration with respect to a
variable is also recognizable. In Subsection 4, entitled Quotients, we introduce the
notion of quotient of a language by another with respect to a variable and we prove
that if the input language is recognizable then its quotient is also recognizable.
In Subsection 5, entitled Tree Homomorphisms, we introduce the notion of hyper-
derivor as a way of transforming terms relative to a signature into terms relative to
another signature. We show that tree homomorphisms are, really, homomorphisms
from a free many-sorted algebra to another many-sorted algebra, itself derived from
a many-sorted algebra relative to another signature. Then we prove that the inverse
image of a recognizable language under a tree homomorphism is recognizable and
that the direct image of a recognizable language by a linear tree homomorphism,
which is a particular type of tree homomorphism, is also recognizable. Finally,
Subsection 6 is devoted to the study of derivors. We first introduce the category of
many-sorted signatures and derivors. Next, after defining a contravariant functor
from this category to the category of U-locally small categories and functors, we
obtain by means of the Grothendieck contruction, the category of ordered pairs
consisting of a many-sorted signature and an algebra of the same signature and
the pairs of derivors and derived homomorphisms of algebras as morphisms. As a
consequence, after showing that every derivor, together with some additional data,
gives rise to a hyperderivor, the counterparts of the two main results in Subsection 5
are immediately obtained.

From now on, following a strongly rooted tradition in the fields of formal lan-
guages and automata, we agree to call languages the subsets of the underlying
many-sorted set of the free many-sorted algebra on a many-sorted set.

3.1. Basic terms. In this subsection we prove some basic recognizability results
relative to a free algebra on an S-sorted set. Concretely, we prove that the final
sets consisting, respectively, of a variable, a constant, and the action of an operator
symbol on a family of variables, are recognizable.
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Assumption. In this subsection we will assume that S' is finite.

Proposition 3.1. Let X be an S-sorted signature, X an S-sorted set, s € S, and
x and element in X,. Then the language {x} C Tx(X)s is recognizable.

Proof. We will denote by 29 or, to abbreviate, by 2, the S-sorted set (2)ses, where
2 = {0,1}. Let 2 = (2,G?) be the finite S-algebra defined as follows: For every
(w,t) € S* x S and every 0 € X, 4, the structural operation associated to o,
G?:2,—=2, is the constant mapping with value 0. Let f: X —=2 be the S-
sorted mapping such that fs: X —=2 is chy,y, the characteristic mapping of {z},
and, for t € S — {s}, f; is the mapping constantly 0. Then, for f* the unique
homomorphism from Tx(X) to 2 such that f% onyx = f, we have that, for every
P € Tx(X)s, f(P) = chyyy(P) = 1 if and only if P = x. Hence, since {z} =
(fH~L[{1}], the language {x} is recognizable. O

Proposition 3.2. Let ¥ be an S-sorted signature, X an S-sorted set, and o € X ;.
Then the language {o} C Tx(X)s is recognizable.

Proof. Let 2 = (2, H?) be the finite ¥-algebra defined as follows: H2 is the mapping
from 2 to 2 that sends the unique member of 2, to 1, and, for every (w,t) € S* x S
and every T € Xy, H?: 2,,—=2 is the constant mapping to 0. Let k: X —=2
be the S-sorted mapping constantly zero at each sort. Then, for s, the unique
homomorphism from Tx(X) to 2 such that x* o nx = k, we have that, for every
P € Ts(X)s, k8(P) = 1 if and only if P = 0. Hence, since {0} = (k#)~[{1}], the
language {o} is recognizable. O

Proposition 3.3. Let ¥ be an S-sorted signature, X an S-sorted set, (w,s) €
(S8* = {A\}) x S, 0 € Xy, and (x;)icjw| a family of variables in X,,. Then the
language {o((z:)icjw|)} € Tx(X)s is recognizable.

Proof. For w € S* — {A}, let Jw be the S-sorted set defined, for every t € S
as follows: (Jw); = {i € |w| | w; = t}, ie.,, (Qw); = w[{t}]. Therefore, for
every t € S — Im(w), (Jw); = &, while, for every ¢t € Im(w), (Jw); # @. For
every S-sorted set X, the sets Hom(Jw, X) and X,, are naturally isomorphic. If
T = (2i)iejw| € Xuw, i-e., if z is a mapping from |w[ to J;c|,| Xw, such that, for
every i € |w|, x; € X,,, then we will denote by T the S-sorted mapping from Jw
to X which is associated, in virtue of the natural isomorphism, to x and is defined
as follows: For every t € S and every i € (Jw);, then T;(i) = z;. Let us note that,
for every t € S — Im(w), T; is the unique mapping from @ to X;. Thus, given
we S* —{A} and = = (2i)ic|w| € Xuw, let k= (kt)ies be the S-sorted set defined,
for every t € S, as ky = card((Im(%;))) = card({x; | i € w™[{t}]}). Then, for every
t € S, k; is the number of different variables of type ¢ in .

Let ¢: Im(T) —=k be a fixed S-sorted mapping such that, for every t € S,
r: Im(Ty) —=k; is a bijection. Let K be the S-sorted set such that, for every
teS—{s}, Ki=ki+1and K, = ks +2. Then let K = (K, I¥) be the ¥-algebra
defined as follows: For (u,t) € S* xS and 7 € 3, 4, if (u,t) # (w, s) or 7 # o, then
I¥: K, —s K, is the constant mapping with value k;, and for 7 = o, I¥ is the
mapping:

K, — K

I(If a ks +1, ifa:‘p(x);
ks, otherwise.
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Let f: X —= K be the S-sorted mapping defined, for every s € .S, as follows:

X, — K,
fs NN ps(2), if zis a variable in Im(T)s;
ks, otherwise.

Then, for the unique homomorphism f¥ from Tx(X) to K such that f#onyx = f,
we have that, for every P € Tx(X)s, f*(P) = k,+1if and only if P = o((2;)icw|)-
Hence, since {o((2;)icjw|)} = (f*)7 ' [{ks + 1}], the language {o((zi)ien)} is recog-
nizable. O

3.2. Substitutions. In this subsection we introduce several substitution operators
associated to a free algebra with the aim of proving that, if the languages under
consideration are recognizable, then the language that results from the substitution
operator applied to these languages is also recognizable.

Definition 3.4. Let X be an S-sorted set, s € S, and P € Tx(X)s. Then
we will denote by ((=:")) ()] X (P) the mapping from [](, ;ep1x Tg(X)LPl’” to

Tx(X)s that assigns to ((ngt)ae‘ph)(z’t)eux in T, e x TZ(X)LP‘I the term
( (@) )( el (P) in Tx(X)s obtained by substituting in P, for every ¢t € S,
z,t)E

(Qz’t)ae\mm

every x € Xy, and every a € |P|,, Q%" for the i,-th occurrence of z in P. We will

(z,t) . . x,t ;
call ((Qi’t)ae\f’\z)(x,t)e]_[x (P) the substitution of (Q%")ae|p|, for x in P for every

t € S and every x in X¢, and ((zjt)) (.)€l X (P) the global substitution operator for
P.

Let u be a sort in S and z € X,,. Then we will denote by (%) (P) the map-
ping from Tg(X)LPlZ to Ts(X)s that assigns to (QF)ae|p|, in Tg(X)LPlZ the term
((@2)acip.) (P) in Tx(X), obtained by substituting in P, for every o € |P|., QZ
for the iq-th occurrence of z in P. We will call ((@z).c 5. ) (P) the substitution of
(Qg)ae‘p|z for z in P.

Remark. For an S-sorted set X, asort s € S, and a term P in Tx(X)s, the domain
of ((I-’t))(z,t)e]_[X (P) is the set of all choice functions for (Tg(X)ltP‘“)(m,t)eL[X.
Regarding the index set [ X, since Var™ (P), the S-sorted of the variables of P, is
finite, we can, without loss of generality, replace it by U, cqors(varx () (Xt X {t}),
where sort(Var™ (P)) is the finite set of the sorts of the variables which appear in
P. However, for uniformity, we will continue using J] X.

Remark. Let X be an S-sorted set, s a sort in S, and P a term in Ts;(X),. Then
we will denote by (V)¢ . (P) the mapping from [, . T;;(X)Lpl”c to Tx(X)s that

. x . Pl x .
assigns to ((Qa)ae\Plz)zeXS in [[ex. TE(X)L | the term ((Qﬁ)ae\P\m)mexs (P) in
Tx(X)s obtained by substituting in P, for every € X; and every a € |P|,, Q% for
the i,-th occurrence of x in P. We will call ((Qg)zE\P\m)zexs (P) the substitution of
(Q%)ac|p|, for x in P for every z in X, and (7),c . (P) the substitution operator
for P.

Since (1) for every s € S, X = X, x {s}, (2) by the associativity of the product,
H(z,t)EUX TE(X)ltP‘I = HtES(HmEXt TE(X)‘tplm)a and (3) HIEXS TE(X)LP‘I is
vex, Te(X)71%), we have that (%), . (P)
is, essentially, the restriction of ((Ift))(x,t)e]_[x (P) to [[,ex. Ts(X)1* . Similarly

(P) to Tx(X)IFl.

naturally isomorphic to a subset of [ [,c o (I

(%) (P) is, essentially, the restriction of ((=:*)) (e0)e][ X
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We next prove that, for every s € S and every P € Tx(X), ((””jt)) (.)€l X (P)
is, actually, a mapping from [], 4eq1x T;;(X)Lpl”c to Ty (X)s.

Proposition 3.5. Let X be an S-sorted set, s € S, and P a term in Tx(X)s.

Then, for every ((Qg’t)a€|P‘I)(z7t)€HX in H(z,t)euXTZ(X)l‘fple we have that

(z,t) . . (a,t .
((szt)aéu’\r)(z,t)e]_[x (P) is a term in Tx(X)s. Therefore ((* ))(m,t)e]_[X (P) is

a mapping from [, yerpx To(X)y ™ to Tx(X)s.
Proof. Let T be the subset of Tx(X) defined, for every s € S, as follows:

(@), perrx (P) € (X))

To prove that 7 = Tx(X) it suffices to show, by Proposition 232 that X C T and
that 7 is a subalgebra of Tx(X).

We first prove that X C 7.

Let s be a sort in S and z € Xg. Then we have that |z|, = 1, whilst, for every
x € Xy —{z}, |z]l = 0, and, for every t € S — {s} and every x € X; |z], = 0.
Therefore, for a term Q** in Tx(X), associated to z, the global substitution of
Q** for z in z is equal to @**. Hence is a term in Tx(X);. Consequently X C 7.

We next prove that 7 is a subalgebra of Tg(X).

Let s be a sort in S and o € £ ;. Then, for every ¢t € S and every z € X;, we
have that |o|, = 0. Hence the global substitution operator leaves ¢ invariant.

Let (w,s) € (S* = {A}) x S, 0 € By 5, and let (P;);cw| € Tx(X)w be such that,
for every i € |w|, P; satisfies the given requirement. Then, for every ¢t € S and
every ¢ € X;, we have that

|U((Pi)i€\w\)|w = Zz‘e|w||Pi|z-

T, = {P e Ts(x),

But we have that

(,t)

31 (@2 acrotmnerie) ey (P Viclu) =

(z,t)
x,t Pl
’ <<<(Q“i2k€ipkm)agpi1) (e, t)e[1X ( )) iew>

(,t)
(inzkgu’mz)“é‘ﬂ‘r) (z,t)el[ X
is a term in Tx(X),,. Therefore the left side of the above equation is a term in
Tx(X)s. Consequently T is a subalgebra of Tx(X). Thus T = Tg(X). Hereby
completing our proof. O

and, by induction hypothesis, for every i € |w|, ( (P)

Corollary 3.6. Let X be an S-sorted set, u € S, z € Xy, and P a term in Tx(X)s.
Then, for every (Q7F)ac|p|. in TZ(X)‘lez, we have that ((Qz).c ) (P) is a term

in Tsy(X)s. Therefore (?) (P) is a mapping from TE(X)LP‘Z to Tx(X)s.

Remark. For every S-sorted set X the family (((””jt)) (P)) 5 of global
KIS

(z,t)e[1X
substitution operators is in [ p ;)11 g (x) Hom(I T, peqy x TE(X)LPL”,TE(X)S).

We next prove that every homomorphism from Ty (X) is compatible with the
substitution operator.

Lemma 3.7. Let X be an S-sorted set, s € S, W € Tx(X)s, A a X-algebra, and
g a homomorphism from Tx(X) to A. Then, for every ((ngt)ae‘wh)(z_t)eux,
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x Wiz
((Qo‘7t)a€|w‘1)(m,t)euX € H(z,t)e]_[XTE(X)lt = if, for every (x,t) € [IX and
every a € |[W|,, we have that gi(P*') = g(Q%*"), then

(z,t) o (z,t)
o <((P5’t>a€Wr)<myt>eux (W>> — % <(<Q3’t>aw:)<myt>eux (W>> '

Proof. We prove it by algebraic induction on W. But for W, either (1) W = z, for a
unique z € X, , or (2) W = o, for a unique o € ¥ 5, or (3) W = o((W;)ig|w)), for a
unique w € S* —{A}, a unique o € ¥, 5, and a unique family (W;);cjw| € T(X)w.

In case (1), |W|, = 1, whilst for every z € X — {z}, |W|, = 0, and for every
t € S—{s} and every z € Xy, |W|, = 0. Therefore, for two terms P** and Q**° in
Tx(X)s with gs(P**) = g(Q*?®) then it holds that

95(P7*) = g5 ((£2+) (2)) = 95 (@) (2)) = 95(Q*"):

In case (2), we note that no constant symbol o € X  has variables in X and,
consequently no proper substitution is made. To prove the statement, we need to
show that gs(c) = gs(o), which trivially holds.

Finally, in case (3), we have the following equations

(I7t)
Js (((Pi’t)aewz) (o)l X (W>>

(z,t)
= 9s (((P;’%Ea«wmew)I)W)eux (U((Wi>ie|w|)))

=0s (U ((((Pifzkei(;:)x)“gwi””)(m,t)eLIX (Wi))i€|w|>> "
= ((g“ﬂ' <(<P§fzkei(;:)m>a€Wif)u,t)eux (Wi>>)z'e|wl> )
- <<gwi <((in2k€i(:[;:)m)a€WiI)(I,t)EHX (Wi>>)ielwl> )
=9s (U ((((Qiizkgi(:;:)m>aewiI)@,t)eux (Wi)>ie|w|>> i

(z:t)
s (((Qi’t)aeauwmewu) (e.)el [ X (U((Wi)iew))) (1)
_ (1)
= s (((Qi’t)aewz)(z,t)gux (W)) ’

where, to shorten notation, we let (f1), (12), and (f3) stand for (by equation B.T]),
(by definition of homomorphism), and (by inductive hypothesis), respectively. [

As a consequence of the last lemma we have the following corollary, that states
that every congruence on T (X) is compatible with the substitution operator.

Corollary 3.8. Let X be an S-sorted set, s € S, W € Tx(X)s, and ® be a congru-
ence on Tx(X). Then, for every ((P$7t)a€‘W|m)(m,t)eux7 ((Qi’t)aelwu)(m,t)eux €
I perrx TE(X)LW‘I, if, for every (z,t) € [[ X and every a € |W|,, we have that
[Py']e, = Q4 e, then

(z,t) _ (z,t)
[((Pff’t)aewm)(z,t)e]_[X (W):| o, - |:<(Qz’t)aewm)(z7t)€UX (W):| [N .

Since it will be used in the following definition we recall that, as a particu-
lar case of Proposition 229 for an S-sorted set X, we have the power X-algebra
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Ts(X)¥ associated to Tx(X), which has as underlying S-sorted set Ty(X)% =
(Sub(Tx(X)s))ses and, for every (w,s) € S* x S and every o € 3, s, as structural
operation associated to o, the mapping % from Tx(X)§ = [];c ), Sub(Ts(X)w,)
to Tx(X)8 = Sub(Tx(X),) that sends (L;);e|w| in Tx(X) to

o ((Li)ietw) = {o((Pieqw)) | (P)iejw| € e Lit

in Ty (X)®. We remind the reader that in accordance with what is established in

Proposition 2.35] we have let, for abbreviation, for every (w, s) € S* x S and every
Ts(X)
Fs

i€|lw

0 € Xy,s, 0 stand for , the structural operation of Tx(X) associated to o.

Definition 3.9. For every t € S, let (L, ).cx, be a mapping from X; to Tx(X)Y =

Sub(Ts(X):), also written, in this context, as (f,),cx,- Then, for the S-sorted

#
mapping ((LI“’)IGXt)tES from X to Tx(X)®, we will denote by (((Lzm)zeXt)tes)
the unique homomorphism from Tx(X) to Tx(X)® such that

((Eeex)rcs) omx = (E)rex)rs

Let u be a sort in S, z an element of X, and L € Tx(X)%. Then, for the S-
sorted mapping (7) from X to Tx(X)¥ defined as: (7), is the mapping from X, to
Sub(Tx(X),) that sends z to L and y € X, —{z} to {y}, while, for t € S—{u}, (),
is the mapping from X; to Sub(Tx(X);) that sends x € X; to {z}, we will denote by
(f)‘i the unique homomorphism from Ts(X) to Tx(X)® such that (f)ti onx = (§)-

#
We recall that the homomorphism (((fm)zext)tes) from Tx(X) to Tx(X)® is

defined, by algebraic recursion, as follows. Let s be a sort in S and P € Tx(X)s.
Then we know that P either has the form (1) z, for a unique z € X, or (2), o, for a
unique o € ¥y 5, or (3) o((F;)ic|w|), for a unique w € S* — {A}, a unique o € X, 5,
and a unique family (7;);ejw| € T2 (X)w.

#
In case (1), we have that (((Lxr)zeXf,)tes) () =L..

#
In case (2), we have that (((Lmr)zeXt)tes) (o) = {o}.
Finally, in case (3), and under the hypothesis that, for every i € |w|, the subset

#
(((sz>r€Xt)teS)w_ (P;) of Tg(X)., has been defined, we have that

((E)sexrcs) (Pieu)) =

o <<(((Lzm>zext)tes)ii (B>>ie|wl> B

{U((Qi)ie\w\) ‘ (Qi)ictw| € [Ticul (((Lzr)wext)teS)

We next prove that, for every S-sorted mapping (( L)

ﬁ (Pi)}-

from X to Tx(X)¥,

w;
IEXt)tES

#
every s € S, and every P € Tx(X)s, (((Lzr)meXt)tes (P) is given by collecting

(1)

together the terms ((Qi’t)aé\l’\x)(x,t)e]_[x

(P) with ((Q£7t>a€|P\w)(z,t)eux varying
in H(z Hell X L\zle_ Let us note that, since, for every = € Xy, L\zle is embedded
into TE(X)LP‘“, [Lex, LP! is also embedded into 11 Tg(X)LPl””. Therefore
H(z,t)e]_[XL‘rplx is embedded into H(z,t)e]_[xTZ(X)LP‘I and, consequently, the
restriction of ((%:*)) (P) to [Tzmyerx L1 is available.

reXy

(z,t)el] X
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Proposition 3.10. Let X be an S-sorted set, s € S, and P a term in Tx(X)s.
Then, for every S-sorted mapping ((me)zEXt)tes from X to Tx(X)®, we have that

#
(((LII)IGXf,)teS) (P) =Im (((Z7t)) (z,t)e]1X (P) rH(_—c,t)e]_[X L‘mp‘m) :

Proof. Let T be the subset of Tx(X) defined, for every s € S, as follows: For every
P € Tx(X)s, P € T; if and only if

#
(((g“)mext)tes)s (P) = Im (((zjt))(z,t)eLIX (P) rH(I,t)GHX LLP"“) '

To prove that 7 = Tx(X) it suffices to show, by Proposition 232 that X C T and
that 7 is a subalgebra of Tx(X).
We first prove that X C 7.

#
Let s be a sort in S and z € X;. Then (((me)zeXt)tes) (2) = L,. On the

other hand, we have that |z|, = 1, whilst, for every z € X, — {z}, |z]. = 0, and,
for every t € S — {s} and every z € X; |z|, = 0. Therefore, since, for every

Q € L., it happens that ($) (2) = Q, we have that Im (((Z;t))(m el X (P)) =

Lo Thus Tm ((@9) oo P e
Consequently X C 7.
We next prove that 7 is a subalgebra of T (X).
#
Let s be a sort in S and ¢ € ¥y 5. Then (((Lzz)zeXt)tes) (¢) = {0}, which

S
is the interpretation of the constant symbol ¢ in the subset algebra. On the

other hand, Im ((@vt))

S

= L,. Hence both sets coincide.

(e[l X (P) [H L‘P‘“)’ which is the result of collect-
T, (z,t)el] X “=

. (,t) T 1 1
ing together the terms ((Qi’t)aé\l’\z)(x,t)e]_[x (o) when ((Qa’t)ae\mm)(z,t) varies in

H(z,t)e]_[X L‘mplm, is, simply, {o}. Consequently

(,t) _
Im (( ! )(%t)EUX (P) rH(m,t)EHX L‘IP‘I) {J}
Let (w,s) € (S*—={A}) X S, 0 € Xy, and let (P;);cjw| € Ts(X)y be such that,
i
for every i € |w|, P; satisfies the given requirement. Then, since (((ib"’:)mext)tes)

is a homomorphism from Tx(X) to Tx(X)®, we have that
#

(((Lﬁ)zext)tes)s (@((Pictw))) = 0° (((((me)xeXt)tes)i}i (Pi))iew> .

On the other hand, by the induction hypothesis, bearing in mind that, for every ¢ €
S, every x € Xy, |0((Pi)ien)lz = 2_icnlPilz, and taking into account Equation B.1]
we have that

Im (((z.’t))(z,t)e]_[X (P) rn(m,weux LLP‘I) =o¥ <<(((ﬁm)z€Xt)t€S)iji (B)>ie|w|> .

Consequently 7 is a subalgebra of Tx(X). Thus T = Tx(X). Hereby completing
our proof. (I

Remark. Given an S-sorted mapping ((Lzz)zeXt)tes from X to Ty (X)®, and P a

#
term in Tx(X)s, for some s € S, we have that (( li”)mext)tES) (P) is equal to

S

(1) ) P
U((Qﬁ't’)ae\P\I)(I,t)g]_[xel_[(z’ﬂéux LiPle {((Qz’t)aEPz (@.)e][ X ( )} .
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#
In other words, the value of (((sz)fbext)tes) at P is the union of the image of

. P x
the mapping {-}ry(x),© (((zft)) (zt)El1 X (P) rH(I,t)GH x L‘IP‘I) from [T nerr x Ls

to Sub(Tx (X)), where (1)) IPle 18 the restriction of the

@oertx Ve s
substitution mapping ((I-’t))(z,t)e]_[x (P) to H(Lt)EuXLLCPl””, and {-}ry(x), the
canonical embedding of Ty (X); into T (X)¥.
Corollary 3.11. Let s and u be sorts in S, z € Xy, L € Tx(X)$, and P a term
in Ts(X)s. Then

(2% (P) =1m(() (P)Iiri.)

Definition 3.12. Let ((7, be an S-sorted mapping from X to Tx(X)?.

)IEXt)tES
tp

Then we will denote by («LzI)IGXt)teS) the S-sorted mapping from T (X)® to

Ty (X)¥ that, for every s € S, sends K in Tx(X)? to

((E)eex)es)

fp
in Ty(X)®. Therefore (((Lmr)cveXz)teS) is the canonical extension of the under-

() = Upere ((£)aex)es) (P)

S S

#
lying S-sorted mapping of the homomorphism (((Lzz)xeXt)tes) from Tx(X) to
T (X)9.
Let u be a sort in S, z € X, and L € Tx(X)%. Then we will denote by (f)tip

the canonical extension of the underlying mapping of the homomorphism ( f)ﬁ from
TE (X) to TZ (X)@

Remark. Let ((£,),cx,),. o be an S-sorted mapping from X to Tx(X)?, s € S,

tesS
i
K C T(X),, and W € Ts(X),. Then W € (((£),ex,),c5) (K) if and only if

there are P € K and ((Qz’t)ae‘Ph)(m Delrx € [ nerrx L1 such that

o (z,t)
W= ((szt)ae\mm)(m,t)eux (P)
In particular, for z € X and L € Sub(Tx(X)s), we have that W € (E)Ep (K) if and
only if there are P € K and (QZ)ae|p|. € LITl* such that W = ((@z)5,p..) (P).

We next prove the many-sorted version of Theorem 4.6, on p. 74, in [I4]. The
proposition states that, for every sort s € S, every s-recognizable language K,

and every operator ((me)zeXt)tes such that, for every ¢ € S and every z € Xq,
ftp

Ly € Rec,(Tx (X)), ((( Li)xext)tes) (K) is s-recognizable.

S

Assumption. To prove the following proposition we will assume that S and X are
finite.

Proposition 3.13. Let s be a sort in S, K € Recy(Tx(X)), and ((
an S-sorted mapping from X to (Rec(Tx(X)))ies. Then
N o
((£)eex)es) . (K) € Ree(Ts(X)).

S

T
LI)IEXt)teS

Proof. Let ® be the congruence on Ty (X) defined as follows:
® = V((Upes QT (0052 | 2 € Xi}) U {QT=) (625)}).

By the assumption and Proposition [2.61] ® is of finite index. Moreover, for every
t €S —{s} and every x € X;, ®; saturates L,, and, for t = s, O saturates K.
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From now on, for every r € S, k, and Ws, = {W,; |l € k,} stand for the index
of @, and a fixed transversal of Tx(X),/®, in Tx(X),, respectively. Moreover, k
and We denote the S-sorted sets (ky)rcs and (Wa, )res, respectively.

Let ¥ = (U,.),cs be the binary relation on Tx(X) defined as follows: For every
r € S, U, is the subset of Tx(X)? consisting of all ordered pairs (P, Q) in Tx(X)?2
such that the following two conditions are satisfied:

(1) (P,Q) € ®,.
(2) For everyl € k,

(P e ((@rexdrcs) (Wa.)).

By definition, for every r € S, W, is a refinement of ®,. and an equivalence
relation on Tx(X),. Moreover, for every r € S, the index of ¥, on Tx(X), is
bounded by k,.2%". Consequently, the S-sorted set T (X)/¥ is finite.

Let us check that ¥ is a congruence on Ts(X). Let (w,u) € (S* — {A}) x S,
0 € Yyu, and let (P;)icjw and (Q;)injw| be sequences of terms in Tx(X), such
that, for every i € |w|, (P;, Q;) € ¥,,. We want to show that

(((Ph)icjuw)), o((Qi)iclw))) € Pu.

Let us note that, by definition of ¥, for every i € |w|, we have that (P;, Q;) € o, .
Since @ is a congruence on T (X), we conclude that (o((Pi)icjw|) 0((Qs)ic|w)) 18
a pair in ®,, so o((F;)ie|w|) and o((Qi)icjw) satisty the first condition for being
related under V.

Regarding the second condition, let [ be an element of k,. Assume that

tp ftp

(Wrile,) ¢ Q € (((Lzm)mEXt)tes)

T T

o(Piera) € ((Eaex)rcs) . (Wadls,).

i
Then there are W1 € [W,]s, and ((Ucf’t)ae\wflm)(z el X in JT, e x LWl
such that

(3.2) o((P)iciw|) = ((Uiyt(%t)

;
)ae\wm) (z.t)el[ X (W

But for W, either (a) Var(W') N X = @ or (b) Var(W') N X # o°.

In case (a), since for every t € S and = € X;, [Wt|, = 0, we derive from
Equation that W1 = o((P;)iejw|)- It follows that, for every i € |w], for every
t € S and z € Xy, |Pi|y = 0. Therefore, for every i € |w|, the term P; is a term in

tp
<((LZI)16Xt)tES) ([Pi]s,,)- Thus, by assumption, for every i € |wl, the term @Q;
T\
is in (((LZI)IGXt)teS) ([P]a,, ) Hence, for every i € |w], there are W € [P]s,,

1 4
and ((Vﬁx’t’l)ﬁawii‘z) in T, nerr x LYl such that

(z,t)e]1X
(Ivt)

Qi = ((Varytﬂ

_ W),
)ae\wii\m)(x,t)eL[X( )

Let us denote by W* the term o((W# ),¢|,)- Since, for every i € |w|, W¥ is a term
in [P]e,, and @ is a congruence on Tx(X), we have that (W, W#) € &,,,. Thus
Wt € [Wy]s,. Moreover, let us note that, for every t € S and z € Xy, [WH, =

i z,t
Liicpu) [WHla. Let <(Vﬂ )ﬂelwilm)(z,t)eux

obtained by joining, in order, the family (((V;7t,i)ﬂe|wii ‘m)

be the element in H(z el X L\zwilm

) . Then,
(@ )ell X/ je)w)
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from Equation B.]], it follows that

(z,t) )
0’((Qi)i€|w|) =0 ((((ij)aewiiI)(gg,t)e]_[X (Wil)) i€|w|>

B (z,t) 1
- ((Vf‘t)ae\wiu)(m,t)e]_[x W)

tp
Therefore, o((Q:)ic|w|) € (((sz)zeXt)tes) (Wui]s,)- The other implication fol-

u
lows by a similar reasoning, thus proving case (a).

In case (b), either (b.1) WT is a variable or (b.2) W1 has the form of an operation
symbol applied to a suitable family of terms. Let us note that the case in which W
is a constant is excluded because a term of such type does not contain any variable.

In case (b.1), we have that W' = z, for some z € X,,. Thus, |WT|, = 1, whilst,
for every x € X,, — {2}, |[WT|, =0, and, for every r € S — {u} and every z € X,,
|Wt|, = 0. Therefore, from Equation we obtain the following equation

(z,t) o (z,t) _7rEu AP
((Ui'”ae\wm)(x,t)eux W) = ((Uﬂ%awm)(z,t)e]_[x (2) = U5 = o((P)iejw))-
Hence o((P;)icjw|) is a term in L. Let us consider the term V5™ = o((Q:)ic|w|)
in L,. Since, for every i € |w|, (P;,Q;) € ®u,, we have that (U, Vy"") € @y,
and, since L, is ®,-saturated, we have that Vj"" is a term in L,. Moreover,

#(@ictu) = (1+) (2). Therefore o(Qu)ictat) € (((£)rex,) ) (Wadlo,)

u
The other implication follows from a similar reasoning, thus proving case (b.1).

In case (b.2), we conclude, from Equation B2 that the term W' has the form
o((W1);cpw|) for some sequence of terms (WT¢)c|,| € T (X)w, since no substitu-
tion replaces the operation symbol. From Equation Bl for every i € |w|,

P, = <(U” o ) > Wty | .
CH»Z]‘G-L‘WT]‘ | ag|Wlily (m,t)E]_[X

ftp
Hence, for every i € |w|, P; € (((sz)xeXt)tgs) ([Wh]@wi)'
. tp
By definition of ¥, for every i € |w|, Q; € (((fw)zext)tes) ([W’fi](bwi), There-
] i i x,t,1 ' .
fore, for every i € |w|, there are W#: ¢ [W le,,, and <(VB )ﬁ€|Wii‘I)(CE,t)€HX in

H(z,t)e]_lx L‘zwiil’” such that

(,t)

- i ti
Q= <(Vaz’ ’ )QG\WIUI)(IJ)GL[X ().

. z, Wi,
For Wi = o((WH);ciu) and (Vi) sepwe), ) of Tiwerpx LY ob-

(z,t)el I X

tained by joining, in order, the family (( Yt 1 ) ) , we have
( B )BE‘W |w (I,t)EHX 1€‘w‘
#tp
that o((Qi)ic|w|) is in (((Lxr)weXt)tes) ([Wu,i]®,)- The other implication follows
by a similar reasoning, thus proving case (b.2).

Therefore ¥ is a congruence of finite index in Cgrg(Tx(X)).

tp
Finally, we prove that (((me)zeXt)tes) (K) is Us-saturated. Note that, by

’ tp
definition of ¥, for every r € S and every [ € k., (((Lmr)zeXt)tes) (Wrile,) is

T



CONGRUENCE BASED PROOFS OF THE RECOGNIZABILITY THEOREMS 35
V,.-saturated. Moreover,

((E)rex)rcs)

tp
Hence, (((sz)wext)tes)s (K) is W,-saturated because it is a finite union of ¥-

saturated languages. The statement follows from Proposition 2.67] (I

(K) = UWS,LEW% & [Wsleo, CK (((Li)weXt)teS)ﬁp (Wsile.,)-

S S

Corollary 3.14. Let u and s be sorts in S, z € X,, L € Rec,(Tx(X)), and
K € Recy(Tx(X)). Then (3)¥ (K) € Recy(Ts(X)).

We next state the many-sorted version of Corollary 4.12, on p. 78, in [14].

Corollary 3.15. Let (w,s) be an element of S* x S, 0 € ¥y s, and (L;)iejw| €
[Ticjw Recw, (Ts(X)). Then the language 0% ((Li)icjw|) € Recs(Ts(X)).

Proof. Tt follows from Proposition B3] and Proposition B.13 O

Corollary 3.16. The S-sorted set (Recs(Ts(X)))ses is a subalgebra of T (X).
We will denote by Rec.(Tx(X)) the X-algebra canonically associated to the subal-
gebra (Recs(Tx(X)))ses of Te(X)®.

3.3. Iterations. In this subsection we introduce the notion of iteration of a lan-
guage with respect to a variable with the aim of proving that, when the considered
language is recognizable, then its iteration with respect to a variable is also a rec-
ognizable language.

We begin by stating the many-sorted counterpart of the single-sorted notion of
z-iteration as defined by Gécseg and Steinby in [14], Definition 4.7, on p. 76.

Definition 3.17. Let s be a sort in S, z € X, and L € Ty(X)?. Then the
z-iteration of L is the language
[*% = U_jeN Lj,z7
where (L7%);en is the family of subsets of Tx(X)s defined recursively as follows:
L% = {2}, and, for j € N, L7t = [I7 (Lyz',z)gp (L).

Remark. The language L*? is obtained as follows. First include z. New members
of L*# are obtained by substituting in some term of L, for every occurrence of z,
some term already known to be in L*#. Let us note that L'* = L U {z} and that
(L9%) en is an ascending chain of subsets of Tx(X)s, i.e., that, for every j € N,
L)z C [ithz,

We next prove the many-sorted version of Theorem 4.8., on p. 76, in [I4]. The
proposition states that, for every sort s € S and z € Xj, if the input language
L C Tx(X), is recognizable, then its z-iteration is also recognizable.

Assumption. To prove the following proposition we will assume that .S is finite.

Proposition 3.18. Let s be a sort in S and z € Xs. If L € Recs(Tx(X)), then
L** € Recs(Tx(X)).

Proof. Let ® be the congruence on Tx(X) defined as follows:
O — QTz(X)((SS,L) N QTE(X)(és,Z).

By Proposition 2.61] ® is of finite index (recall that, by Proposition B {z} C
Ty (X)s is recognizable). Moreover, for the sort s € S, @ saturates L and {z}.

From now on, for every r € S, k, and Ws, = {W,; |l € k,} stand for the index
of @, and a fixed transversal of Tx(X),/®, in Tx(X),, respectively. Moreover, k
and Wg denote the S-sorted sets (ky)recs and Wa,.)res, respectively.
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Let ¥ = (U,.),cs be the binary relation on Tx(X) that is defined as follows: For
every r € S, U, is the binary relation on Tx(X), consisting of all ordered pairs
(P,Q) € Tx(X)?2 such that the following two conditions are satisfied:

(1) (P,Q) € ®,.
(2) For every [ € k,, (P S (sz)ﬁp (Wrile,) < Q € (sz)ﬁ'“ ([Wr,l]':br))-

By definition, for every r € S, W, is a refinement of ®,. and an equivalence
relation on Tg(X),. Moreover, for every r € S, the index of ¥, on Tx(X), is
bounded by k,.2%". Consequently, the S-sorted Ts:(X)/W is finite.

Let us check that WU is a congruence on Tx(X). Let (w,u) € (S*—{A\} xS),0 €
Ywu and let (P;)icjw| and (Qi)iecjw| be sequences of terms in T (X),, such that for
every i € |’LU|, (Rsz) € W,,. We want to show that (U((Pi)i€|w|>ﬂO—((Qi)ie\w\)) €
.

Let us note that, by definition of ¥, for every i € |w|, we have that (P;, Q;) € Py, .
Since ® is a congruence on Tx(X), we conclude that (o((P)icjw)); 0((Qi)ic|w|)) is
a pair in ®,, s0 o((P;)ic|w|) and o((Qi)icjw) satisfy the first condition for being
related under ¥,,.

Regarding the second condition, let [ be an element of k,. Assume that

o((Pietuw)) € (52 (Wuile,):
Then there are W1 € [Wy]o, and (U2)aepwi). in (L*Z)|WT|Z such that

(3.3) U((Pi)i€|w|) = ((Ué)a;w’f\z) (WT) :

Note that, for W, either (a) z ¢ Var(WT), or (b) z € Var(W1),.

Case (a) follows by a similar argument to that presented in case (a) of Proposi-
tion

In case (b), either (b.1) W is the variable z (and u = s) or (b.2) W has the
form of an operation symbol applied to a suitable family of terms.

In case (b.1), from Equation B3] we obtain the following equation:

((U;)azwm) (wt) = ((U;)a;mz) (2) = U5 = o((Py)iefuw|)-

It follows that o((P;)ic|w|) is @ term in L*#. Thus, there exists a j € N such that
o((Pi)icw|) € L7%. Let j € N be the smallest natural number satisfying the just
mentioned property. Since L%* = {z} it follows that j # 0. Therefore, we have
that

o((Piew)) € L% = LIV U (15500)F (L),

By the minimality of j, we conclude that o((P;);c|w|) € (Ljfl,z)gp (L). Then there

are W' € L and (UZ)ae\WW € (Lj_lvz)‘W”Z such that

5.4) o(Piee) = (@), r,.) (7).

For WT, either (b.1.i) z ¢ Var(WT)S or (b.1.ii) z € Var(WT)s.

In case (b.1.i). since we are assuming that [WW'|, = 0, the substitution leaves
W' invariant. Hence W' = o((Pi)icjw|). It follows that o((Pi)icjw)) € L. Let
Vi = 0((Qi)icw|)- Let us note that, for every i € |wl|, (P;,Q;) € ®u,. Therefore,
(U, V§) € @5 and, since L is ®,-saturated, we conclude that VF € L C L**. It
follows that o((Q:)icjw|) is a term in (sz)gp ([Ws,i]a, ), as desired.

In case (b.1.ii), where we are assuming that |WT|Z # 0, we claim that W' cannot
be the term z. Otherwise, from Equation 3.4l we can conclude that o((F;)ic|w|)
is a term in L/~1? contradicting the minimality of j. Thus, from Equation 3.4
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we conclude that W' = J((Wh)iew), for a unique (Wh)iew € Tx(X)yw. Hence,
from Equation Bl for every i € |w|, we have that

P = ((ﬁ;zkeiwlz)aewnz) (WT) € (Liz)ﬂui ([Wh]@wi) .

By construction, for every i € |w|, Q; € (sz)ffi ([W“]@wi ). Therefore, for every

i € |w|, there are W' e [Wh]dmi and (V;Z) € (L*z)‘Wii‘z such that

ﬂEIW“\z

I N 7t
@i= ((Vﬂ )ﬂe\Wiuz) (W )
Let us note that the term W' = 0((Wii)i6n) is in L because, for every i € |w|, the
pair (WTi,Wii) is in @y, w' € L, and L is ®4-saturated.
Let (Vig)gerw). .
|w|-indexed family ((VZZ)

be the element of (L*Z)‘Wﬂz obtained by joining, in order, the

. I77 . . .
ﬁe‘WTi|z)ie|w|' Since (Vﬁ)ﬁelwt\z is finite, there exists

a t € N such that, for every 5 € |Wi|m, the term V; is in L»#. On the whole, we
conclude that

o((Qi)iepw)) € (,7-)F (L) € L*=.

Therefore o((Q;)ic|w|) is a term in (sz)ﬁsp ([Wsile,), as desired. The other impli-
cation follows by a similar reasoning, thus proving case (1.b.ii).

Case (b.2) follows by an argument similar to that used in case (b.2) of Proposi-
tion

Therefore ¥ is a congruence of finite index in Cgrg(Tx(X)).

Finally, we prove that L** is W,-saturated. Note that, by definition of W, for
every r € S and [ € k,, the language (sz)ﬁp (Wrile,) is ¥ -saturated. In particu-
lar, since @4 recognizes {z}, we conclude that L** = (sz)ip ({z}) is ¥4-saturated,
thus proving the stamement. O

3.4. Quotients. We next define the notion of quotient of a language by another
with respect to a variable of a specified sort with the aim of proving that, when one
of the languages is recognizable, then the resulting quotient is also recognizable.
We begin by stating the many-sorted counterpart of the single-sorted notion of
z-quotient as defined by Gécseg and Steinby in [14], Definition 4.9., on p. 77.

Definition 3.19. Let s be a sort in S and L € Ty (X)®. Let ¢t be a sort in S, z an
element of X;, and K € Tx(X)f. Then the z-quotient of L by K is the language

KL= {U € Ts(X), | (2)F (U)NL # @} .

This operation may be seen as a converse of the z-substitution. If K = {z} is a
final set, then we will write %L instead of K ~*L.

We prove now the many-sorted version of Theorem 4.10., on p. 77, in [I4]. The
proposition states that, for a sort s in S, if L € Tx(X)¥ is recognizable, then, for
every t € S, z € X; and every K € Tx(X)f, the z-quotient of L by K is also
recognizable.

Assumption. To prove the following proposition we will assume that .S is finite.

Proposition 3.20. Let s be a sort in S. If L € Recs(Tx(X)), then, for every
t €S, every z € Xy, and every K € Tx(X)f, K *L € Recs(Tx(X)). Moreover,
the number of different z-quotients K=*L for any fized L € Recs(Tx(X)) is finite.
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Proof. Let ® be the congruence on Ty (X) defined as follows:
P = QT=(X) (550,

Then @ is of finite index because it is the syntactic congruence of a recognizable
language. Moreover, for the sort s € S, &, saturates L.

From now on, for every r € S, let k, and Ws, = {W,; | | € k,} stand for
the index of ®, and a fixed transversal of Tx(X),/®, in Tx(X),, respectively.
Moreover, k and Ws denote the S-sorted sets (k. ).cs and (Ws, )rcs, respectively.

Let ¥ = (U,.),cgs be the binary relation on Tx(X) that is defined as follows: For
every r € S, U, is the binary relation on Tx(X), consisting of all ordered pairs
(P,Q) € Tx(X)2 such that the following two conditions are satisfied:

(1) (P,Q) € ®y.

(2) for every l € k, (P € K~ *[W,]s, ¢ Q € K~ *[W,]s,)-
By definition, for every r € S, ¥,. is a refinement of ®,. and an equivalence relation
on Tx(X),. Moreover, for every r € S, the index of ¥, on Tg(X), is bounded by
k.2Fr. Consequently, the S-sorted set Tx(X)/V is finite.

Analysis similar to that in the proof of Proposition shows that ¥ is a
congruence on Ty (X).

Finally, we prove that K%L is Us-saturated. Note that, by definition of ¥, for
every r € S and every | € k., the language K~ *[W, s, is U,-saturated. Moreover

K™*L= UWS,lqu>S & [Weile.CL K2 [Wsile,.

Hence, K%L is Ws-saturated because it is a finite union of ¥¢-saturated languages.
The statement follows from Proposition 2.67] O

3.5. Tree Homomorphisms. Tree automata and tree homomorphisms were de-
fined for the first time by Thatcher in [40]. In the just cited paper Thatcher
proved, among other things, that linear tree homomorphisms preserve recogniz-
ability. We shall now consider a class of many-sorted homomorphisms, the tree
homomorphisms—which are the generalization to the many-sorted field of the tree
homomorphism defined by Gécseg and Steinby in [I4], Definition 4.13., on p. 78—
which go from a free many-sorted algebra (of a certain many-sorted signature (S, X))
to another many-sorted algebra (of the same many-sorted signature), itself derived
from a free many-sorted algebras (of another many-sorted signature (7, E)). These
tree homomorphisms, as we will prove, have the property of reflecting suitable rec-
ognizable languages. Moreover, we will define a proper subset of the set of the tree
homomorphisms, the linear tree homomorphisms, and we will prove that they have
the remarkable property of preserving recognizable languages.

Definition 3.21. Let ¢: S——=T be a mapping. Then we will denote by A,
the functor from Set” to Set® that sends a T-sorted set A the S-sorted set A, =
(Agp(s))ses, i-e., Aoy, and a T-sorted mapping f: A—— B to the S-sorted mapping
f«p = (ft,a(s))SES: A«p_>BLp-

Remark. The functor A, has a left and a right adjoint.

Let ¢: S——=T be a mapping, ¢* the canonical homomorphism from S*, the
free monoid on S, to T*, the free monoid on T, and w € S*. Then, for a stan-
dard T-infinite countable T-sorted set of variables VT = ({v} | n € N});er, which
is assumed to be disjoint from all other alphabets, we will denote by pr* (w) =
(V(ﬂa*(w)),,)tGT the T-sorted set, where, for every t € T', (| ¢*(w)): = (¢*(w)) " [{t}]

and ‘/Y({@*(w))t is the subset of V;I' defined as follows:

Viierwy, = i 11 € (Le™(w))e} = {v] | i € l¢* (w)] & p(w;) =t}
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Since VT «(w) 18 isomorphic to | ¢*(w), we abbreviate VW ) to Ly*(w). Let us
note that card(VW «(w))> the total number of variables, is |w| |<,0 (w)|. Moreover,
for every i € |w|, the number of variables of type ¢(w;) is |@* (w)|y(w,) (while, for

T J—
teT —Im(e*(w)), Vo), =9)

Remark. For Vﬁ;*(w), if we disregard the classification into types, then we have
the following variables:

»(wo) w(wl) P(W)ow|— 1)
vy PN O s Vll—1

On the other hand, instead of Vw*(w) we can, equivalently, use the T-sorted set
( Ufw*(w)h)tET, where, for every ¢t € T, Lvﬂo*(w)‘t is the set of the first |¢*(w)|:
variables in V,T. Therefore, ivltsa*(w)\f, = o, if t ¢ Im(¢*(w)); while | v}

. . lo* (w)le —
{v] 1 € le*(w)le}, if t € Im(p* (w)).
Thus, preserving the classification into types of the variables, we have:

4/7(1110) e (wo)
O e |‘p*(w)‘kp(w0)71
vtp(w\w\fl) Lp(w\w\fl)
0 N “P*(w)lﬂo(w\w\—l)_l

Definition 3.22. A many-sorted signature is an ordered pair 3 = (S, X) where S
is a set (of sorts) and ¥ an S-sorted signature.

We next define the notion of hyperderivor from a pair (3, X), where 3 is a many-
sorted signature and X an S-sorted set, to another pair (2,Y), where E = (T, =)
is a many-sorted signature and Y a T-sorted set.

Definition 3.23. Let ¥ and E be many-sorted signatures, X an S-sorted set, and
Y aT-sorted set. A hyperderivor from (X, X) to (E,Y) is an ordered pair ((p, ¢), f),
denoted by (c, f), where ¢ is a mapping from S to T', ¢ = (Cw,s) (w,s)es5* x5 an S* x.S-
sorted mapping from ¥ to (T=(YU | ©*(w))y(s))(w,s)esxs, and f an S-sorted
mapping from X to T=(Y),. We will say that a hyperderivor (c, f) from (3, X)
to (B,Y) is linear if, for every (w,s) € S* x S, every o € ¥, 5, and every i € |w],

W( 1)

no variable v; appears more than once in ¢y s(0), L.e., [cw,s(0)] e < 1.
i

Remark. The reason for the terminology hyperderivor lies in the analogy with the
notion of derivor defined by Goguen, Thatcher, and Wagner in [16], on p. 137.

We show now that, for every hyperderivor (c, f) from (X2, X) to (8,Y), the S-
sorted set T=(Y), is equipped, in a natural way, with a structure of Y-algebra.
But for this we need to show that, given a mapping ¢ from a set of sorts S to
another 7" and a T-sorted set Y, it happens that, for every w € S* and every
(Pi)icjw] € T=(Y)pr(w), there exists a canonical homomorphism S?fpi)iaw‘ from

) 6

T=(YU L¢*(w)) to T=(Y). In what follows we will assume that, for every w € S*,
YN lo*(w) = oT.

Remark. Let us note that the just stated assumption is not, in anyway, a loss
in generality. Actually, given a T-sorted set A and an I-indexed family (B%);c; of
T-sorted sets there exists a T-sorted set C such that A = C and, for every i € [,
C N B = @T. In fact, it suffices, by the Axiom of Regularity, to take as C the
T-sorted set defined, for every t € T, as Cy = Ay x {{(i, B}) | i € I}}.

Let w be an element of S*. Then the sets T=(Y")+ () and Hom(] ¢*(w), T=(Y))

. . . (wq;)u
are naturally isomorphic. On the basis of this isomorphism, we let (”fp ol
i 1€ |w
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stand for the T-sorted mapping from | ¢*(w) to T=(Y) canonically associated to
_ #
(P)icjw| € T=(Y)p*(w)- And then we let (Uf; 1)) ‘ ) stand for the unique
i i€|w

homomorphism from Tz (| ¢*(w)) to T=(Y') such that

#
,U;_P(wi)) ° _ (,U;_P(wi))
<( Pi Jic|w| e (w) Pi Jiglw|

On the other hand, since Tz has a right adjoint, the =-algebras T=(YU | ¢*(w))
and Tz(Y) [ T=(} ¢*(w)) are naturally isomorphic. Then, finally, we let SEUPi)-e\ ‘

) #
stand for |idp_(y), <(uf1(3w1>) | l) ] , the unique homomorphism from T=(YU |
i i€ |w
p(w;) ¢
©*(w)) to T=(Y) obtained, from idp_(y) and ((viP ) ‘ ) , by the universal
i i€|lw

property of the coproduct.

Proposition 3.24. Let (c, f) be a hyperderivor from (X,X) to (E,Y). Then the
S-sorted set T=(Y), is equipped, in a natural way, with a structure of X-algebra.

Proof. Let ¢(T=(Y)) be the 3-algebra defined as follows: The underlying S-sorted
set of ¢(T=(Y)) is T=(Y'), while, for (w,s) € S* x S and o € £, 5, the operation
o(T=(Y)) from T=(Y )y (w) 10 T=(Y)y(s) associated to o is defined as:
Se(T=(Y) T=(Y)pr () = T=(Y)y(s)
(]Di)ielwl — S(wpi)ie‘w‘(cw,s(o—))

Thus 0°T=)((P,);c)w) is the term obtained by substituting in ¢ (o), for ev-
ery i € |w|, P; for ’U;P(wi). Let us note that since (U, Var(£;)) N VT = o7,
Var(o®T=OD((P);cjw))) N VT = 7. Therefore o¢T=D((P));cjw|) € T=(Y)
Consequently, the operation o¢(T=(*)) is well-defined.

w(s)"

O

Definition 3.25. Let (c, f) be a hyperderivor from (X, X) to (E,Y). Then the
unique homomorphism f# from Tx(X) to ¢(T=(Y)) such that f¥ony = f will be
called the tree homomorphism determined by the hyperderivor (c, f). Moreover, f*
will be called linear if (c, f) is linear.

The just defined tree homomorphisms are a generalization of those proposed by
Gécseg and Steinby, in [14], Definition 4.13., on p. 78, for single-sorted algebras,
which, in its turn, generalize those of Thatcher in [40].

Gécseg and Steinby in [14], on p. 70, wrote: “Tree homomorphisms are not really
homomorphisms in the sense of algebra.” Literally speaking the above assertion
is true due, simply, to the fact that the signatures of the domain and codomain
of a tree homomorphism are, in general, not identical. However, as we have seen
T=(Y), is equipped with a structure of X-algebra and f* is a homomorphism of
Y-algebras from T'x(X) to c¢(T=(Y)).

In [I4], Theorem 4.18.; on p. 82, Gécseg and Steinby proved, in the single-sorted
case, that the inverse image of a recognizable language under a tree homomorphism
is a recognizable language. We next extend Gécseg and Steinby’s result to the
many-sorted case.

Proposition 3.26. Let (c, f) be a hyperderivor from (2,X) to (E,Y), A a E-
algebra, and g a surjective homomorphism from Tg(Y) to A. Then there exists a
structure of S-algebra F®) on A, such that g, is a homomorphism from c(Ta(Y))
to c(A) = (A,, FeA)).
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Proof. Let (w,s) be an element of S* x S and ¢ € ¥,, ;. Then we denote by F(S(A)

the mapping from A () to Ay, defined as follows:

re(A) { Apr(w)y —= Ag(s)
7 (@ictul = 9p(s) (@ T=OV(P)igtu)
where, for every i € |w|, P; € TA(Y)y(uw,) such that gy, () = a;.
The operation Fiy ) is well-defined. In fact, let (a;);c|w| be an element of A
and (P;)ejw|, (Qi)icjw| elements of TA(Y"),x(w) such that, for every i € [w],

P*(w)

Jo(wi) (Pi) = @i = Gop(w,)(Qi)-
But we have that:

P wi)

o) (0TS (PED ) i) = Gots) <<P}<wn). | l(cw,s(o))> (1)

S <<@>w <cw,s<a>>> (t2)

= w;
= 9o (0T (@7 icw)) (1)
where, to shorten notation, (1) and (f2) stand for (by definition of ¢(T=(Y"))) and
(by Lemma B.7)), respectively. Therefore
9e(s) (UC(TE(Y))((Pi)ie\M)) = Gp(s) (UC(TE(Y))((Qi)ie\w\))-

It is obvious that g, is a homomorphism of 3-algebras.
By construction gfo is a homomorphism from T, (Y)7 to gﬂ[TA(Y)]E. Indeed,

for 0 € ¥, 5 and a family (Pf(wi))ie‘w‘ € TA(Y )+ (w) we have that

P w; # = Wy
Gy (@A (P i) = o B ONE (g4 (PF)) ).

Proposition 3.27. Let (c, f) be a hyperderivor from (2,X) to (E,Y), f* the
tree homomorphism from Tx(X) to ¢(T=(Y)) determined by (c, f), s € S, and

L € Recy (o) (T=(Y)). Then ( 7 (S))_1 L] € Rec,(Tx(X)).

Proof. Tt follows from the definition of recognizability relative to a sort and from
Proposition [3.26] O

Our immediate goal is to prove the many-sorted version of Theorem 4.16., on
p. 80, in [I4]. The proposition states that, for a sort s € S, if the language
L is s-recognizable, then its direct image by the s-th coordinate of a linear tree
homomorphism f¥ is ¢(s)-recognizable.

Assumption. To prove the following proposition we will assume that S, T', ¥ and
X are finite.

Proposition 3.28. Let (c, f) be a linear hyperderivor from (2, X) to (E,Y), f* the
linear tree homomorphism from Tx(X) to c(T=(Y)) determined by (c, f), s € S,
and L € Tx(X)8. If L € Recy(Tx (X)), then fEHL] € Recy(s)(T=(Y)).

Proof. Let ® be the congruence on T=(Y) defined as follows:
® = (y.err x QT=) (5e(m):Afr (@)},

Since f: X —=T=(Y), we have that, for every r € S and every z € X,, the
language {f.(z)} is in Recyy(T=(Y)). Hence, QT=) (§9)ASr @)1 g of finite
index. Therefore, by the assumption and Proposition 2.61l ® is of finite index.
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Moreover, for every r € S and every € X,, the language {f.(z)} is ®y,()-
saturated.

For abbreviation we let © stand for QT=(X)(§%L), the syntactic congruence on
Tyx(X) determined by L. Since L is a language in Recs(Tx (X)), © is of finite
index. Moreover, for s € S, L is O4-saturated.

From now on, for every r € S, k, and We, = {W,; |l € k,} stand for the index
of ©, and a fixed transversal of Tx(X)/©, in T(X),, respectively. Moreover, k
and Weo denote the S-sorted sets (k. )res and (We,.)res, respectively.

Let ¥ = (Uy)ter be the binary relation on Tz(Y') defined as follows: For every
t € T, ¥, is the binary relation on Tz(Y); consisting of all ordered pairs (M, N) €
T=(Y)? such that the following two conditions are satisfied:

(1) (M,N) € ®,.
(2) V(w,r) € S*x 8, Vo € Xy, VR € Subt(cw,r(0)):, Vi € |w], VI; € ky,

# #
PP (W) v;f’(“’i)
M e ((fg.[[wwi,li]@w.])_ ) (B) & N e ((fg_[[wwi,Li]@w_])_ ) (R)
i i/iglwl/ i i/iglwl/

By definition, for every ¢t € T, ¥, is a refinement of &, and an equivalence
relation on T=(Y);. Moreover, if a = card(T=(Y)/®), b = card(X),

d = max{card(Subt(cy (o)) | (w,7) € S* xS, 0 €y, t €T}

and e = max{|w| | (w,r) € S* x S & Xy, # }, then the index of ¥, is bounded
by a2b4card(k)° 1n addition, all different possibilities defining ¥ are bounded. Con-
sequently, the T-sorted set T=(Y)/¥ is finite.
Let us check that U is a congruence on Tz(Y). Let (u,t) be an element
of (T* —{A}) x T, §& € Eyy, and let (Mj)jcjy and (Nj)jejy be elements of
T=(Y)u. such that, for every j € |u], (M;,N;) € ¥,;. We want to show that
(E((Mj) jeul), 5((]\7 )jelu)) is an element of W;. Let us note that, by definition
of ¥, for every j € |u|, we have that (Mj;, N;) € ®,,. Therefore, since ® is
a congruence on T=(Y), (§((M;)je|ul), E((Nj)jeul)) belongs to @;. So the pair
(E((Mj)jeul)> E((Nj)jeu))) satisfies the first condition for being related under ;.
Regarding the second condition, let us assume that, for (w,r) € S*x S, 0 € 3y r,
R € Subt(cy,(0))t, i € |w|, and I; € ky,,, we have that

#
Uw(ﬂ)ﬂ
E((Mj)jeu)) € <<fﬁ (W, u]@wll)iew>t o

However, given that the tree homomorphism f* is linear, we have that, for every
w,r) € S* x5, every 0 € £, , and every ¢ € |w|, no variable v“a( wi) appears more
(w, ) y ; y pp

than once in cwyr(o). Thus, for every i € |w|, |R|U§o(wl) <1 Hence there exists a
family (W;);ejw| in Tx(X), such that, for every i c lw|, W; € Wy, 1.]e,, and

Wi

P (wi)

(35) Onhsea) = (o), O

Now, for R, either (a) | ¢*(w) N Var(R) = @7 or (b) L¢*(w) N Var(R) # 7.

In case (a), Equation [3.5] turns into ((M;);e|u) = R. It follows that, for every
i € |w| and every j € |ul, |M;| ow; = 0. Moreover, since R € Subt(cy,r(0)):, we
have that, for every j € |ul, M; € Subt(cy,-(0))y,. In addition, for every j € |u],

#
P wi)
Mj e ((ffui [[Wwi,zi]ewi]) i€|w|> (Mj) = {M;}.
uj
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Since, for every j € |u|, (M;,N;) € W¥,,, it happens that N; = M;. Thus
E((Nj)jetu)) = §((Mj) jepu)) = R. Therefore this case is settled.

In case (b), in its turn, either (b.1) there exists an i € |w| such that R = vf?)
or (b.2) there exists a unique (R;);e|, € T=(Y )y such that R = {((R;) eu|)- Note
that if R starts with an operation symbol from Z, then, from EquationB.5 it follows
that ¢ is the only possibility.

In case (b.1), Equation 3] turns into

(3.6) E((M;)jepu) = f5,(W5).

Note that in this case t must be equal to p(w;).

Case (b.1) still needs to be further refined attending to the different possibilities
for W; according to the definition of the tree homomorphism f*. Either (b.1.i)
there exists a unique x € X,,, such that W; = x or (b.1.ii) there exists a unique
w' € S* a unique v € Yy y,;, and a unique ((Qi)ieu|) € Tu(X)w such that
Wi = v((Qi)irejw))-

In case (b.1.i), the value of the tree homomorphism f£ at W; is fu,(z). Let us
recall that @ was defined so that the set {fu,,(7)} is recognized by ®,,,). Since,
for every j € |ul, (Mj, Nj) € @y, it follows that £((N;) cju|) € {fuw,(x)}. Therefore
this case is settled.

In case (b.1.ii), the value of the tree homomorphism fﬁji at W; is given by

e (w!,)
f )= ,
i’ i €|w’

In virtue of Equation B.6] this last term is equal to {((M;);e|y|). On the other
hand, since no substitution changes the operation symbol, we have that dy ., ()
has the form £((R;);e|y) for a unique (Rj);eju € T=(Y Ulp*(w)),. Moreover, for
every j € |ul, R; is a subterm of sort w; of dy w, (v). Hence, by the linearity of the
tree homomorphism f*, we have that

@ (wl)) e (wl))

<f5/' (%)) » (E((R))jeru)) =€ <f5/' (%)) » (R;)
i i elw! i i’ elw’

w(w;/)
v,
i

Consequently, for every j € |u|, M; = <fjj @ )> (R;). Thus, for ev-
v drelw|

J€|ul

#

’
SO(W,L/)
v.

) (R;). However, since, for every
i elw’|

#
50(7—0/-/)
i v, °
J € |ul, (M, N;) € ¥, we can assert that N; € <f5ﬂ_ [EQi/]ew/ ]> » (R;).
’ ! Zle w/

i

Therefore, for every i € |w/|, there exists a Q; € [Qi]o,, such that N; =

49("'“2/) L _
(fﬁi// (Qu)) (R;). Let W; stand for v((Q;)irjuwr|)-
Wi ifelwrl

Before proceeding any further, let us note that

£, (W) = (M @,)> (dw aw; (V) = E((Nj) jelul)-
i €lw’|
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Now, since, for every i’ € w', Q; € [Qile,, , it follows that W, € Wile, and

f#

e(w;)
. CHA w(wi) . .
E((Nj)jeru)) € <<flﬁui [[W'L]@wi]) . ) (v/*""). Therefore this case is settled.
3 w t

It only remains to consider the case (b.2), in which R = {((R;);eu|)- Again, by

the linearity of the tree homomorphism f*, it follows, from Equation [3.5] that

&((My)jepu) = € ((HQ))) » <Rj>>

U;p(wi)
£, Qi)
handled in much the same way as in case (b.1.ii).

Therefore ¥ is a congruence on T=(Y') of T-finite index.

Finally, we prove that [ff [L]]g(s) = fIL], ie., that fE[L] is W, -saturated.
Since, obviously, f¢[L] C [f¢ [L]]g(s), we restrict ourselves to prove the other inclu-
sion.

Let M be a term in [f? [L]]:ID’(S), then there exists a term P € L such that M and

fE(P) are U, (s)-related. Now, for P, either (a) P = z, for a unique variable v € X,
or (b) P = o((F;)ic|w|), for a unique w € S*, a unique o € X, s, and a unique
(P)iejw| € Tx(X)w. Before proceeding any further, let us explain the reason why,
in the second case, it is unnecessary to take into account sorts r € S — {s}. The
reason is simple, terms of the form o((F;)icjw|), for o € Xy, with r # s and
(P)igjw| € Ts(X). are terms of sort r, and, consequently, terms that are not in L.

In case (a), ff(z) = fs(z). By construction of ®, the set {f(z)} is ®u(s)-
saturated. Moreover, since W, (,) is a refinement of ®,(,y, we conclude that {f,(z)}
is W, (s)-saturated. In this case, sinece M is related to f; (x) for U (s), we conclude
that M must be equal to f,(x) and, consequently, M is an element in f3[L].

JE|ul

Hence, for every j € |u|, M; = ( > (R;). Then the statement may be
i€ |w|

(wq)
In case (b), fA(0((P)icjw)) = (;ﬁf (P_)) (cw,s(0)). Note that
wi i€ w|
#
Uf(wi) 'U;.p(wi)
(fﬁii(m)iew (Cuslol € <(f&inpi1ew1)ie|w|> (ol

#
(wy)
By construction of W, it follows that M € <fn U[{P] ]) (cw,s(0)). There-
w LHOw; i€|w|

S
fore, there exists, for every i € |w], terms Q; in [P;]e,, such that

P wi)
M= (f?ui(Qi))ie'w' (€us(0)

It follows that M = f#(o((Q:)iejw|))- Since Q; € [Ple,,, and © is a congruence
on Tx(X), we conclude that o((F;)icjw|) and o((Qs)icjw|) are O4-related. More-
over, since L is O -saturated and o((F;)icjw|) is a term in L, we can assert that
o((Qi)icjw|) is also a term in L. Consequently, M is a term in fE[L].

Hence, f![L] is W4 -saturated. O

In [15], Proposition 7.7, on p. 18, Gécseg and Steinby state that, for a homo-
morphism f: Tx(X)—Tx(Y) between single-sorted algebras and a subset L of
Tx(X), if L € Rec(Tx (X)), then f[L] € Rec(Tx(Y)). Moreover, they, seemingly,
provide a proof of it. One can obtain a plain proof of such a result, as an immediate
corollary of Proposition [3.28 and particularizing it to the single-sorted case, taking
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into account the following fact: Every homomorphism f: T5(X)—Tx(Y) be-
tween many-sorted algebras is an instance of a linear tree homomorphism. Indeed,
for ((ids, c), f onx ), where ¢ = (Cw,s)(w,s)es* xs is the family of mappings defined,
for every (w,s) € S* x S, as follows:

{ Sus —> Tx(YU [w),
Cw,s

wo w\w\ 1
o o (o)

we have that (f onx)*: Ts(X)—Tx(Y), the tree homomorphism determined
by the pair ((ids, c), f o 7x), is /.

Corollary 3.29. Let f be a homomorphism from Tx(X) to Tx(Y), s € S and
L eTx(X). If L € Recs(Tx(X)), then fs[L] € Recs(Tx(Y)).

We next provide, among other things, a categorial rendering of the just indicated
result, but for a suitable class of homomorphisms.

Proposition 3.30. Let Recy be the mapping that sends an S-sorted set X to
the Y-algebra Rec.(Tx (X)) and an S-sorted mapping [ from X to Y to the S-
sorted mapping (f*)° = (f[)ses from (Recs(Ts(X)))ses to (Recs(Tx(Y)))ses,
where, we recall, f€ is the unique homomorphism from Tg(X) to Ts(Y) such that
f@onx = ny o f—let us note that (f¢)% is an S-sorted mapping from Tx(X)®
to Tx(Y)¥®, and that to simplify notation we have used the same symbol for its
restriction to (Recs(Tx(X)))ses and (Recs(Ts(Y)))ses- Then, for every (w,s) €
5* x S and every o € S5, fE[]00¥ = 0¥ 0 O[], ie., for every (Li)icw| €
[Ticjw Recw, (Ts(X)), the sets

([0 o) (Li)iepw) = {fS(@((P)ien)) | (P)icjw| € [Tigjw Li} and
(@ 0 f[D((Li)ierw)) = {0((Qi)ien) | (Qi)iejw| € [Tigjw) fu [Lil}

are equal. Thus (f©)% is a homomorphism from the $-algebra Rec.(Tx (X)) to the
Y-algebra Rec.(Tx(Y)). Therefore Recs, is a functor from Set® to Alg(X) and a
subfunctor of (-)¥ o Tx.

Let f be an S-sorted mapping from X to Y, {}& the canonical extension of the
S-sorted mapping {-}x from X to (Recs(Tx(X)))ses that, for every s € S, sends
x in X to {z} in Recs(Tx (X)), and {}g, the canonical extension of the S-sorted
mapping {-}v fromY to (Recs(Ts(Y)))ses. Then the following diagram commutes

Al
TZ (X) % Rec(TE(X))

e (f)®

Ts(Y) ———— Rec.(T5 ()
{5

Therefore ({'}ﬁx)xeu is a natural transformation from Ty to Recy.
Let X be an S-sorted set, (w,s) € S* x S, 0 € Yy, @ € |w], and (L;i)icjw| €
[Licjw Recw, (Ts(X)) such that Ly = L' U L". Then

O-p((Lz)ze\w\) = O’KJ(LO, .. .,LI, .. .,L|w|,1) U U@(Lo, .. .,L”, .. .,L‘w‘,l).

Hence Rec.(Ts(X)) is a many-sorted Boolean Algebra with operators, i.e., a X-
algebra such that, for every s € S, Recs(Tx(X)) is a Boolean algebra and the
structures of X-algebra and of Boolean algebra are compatibles as stated above (for
the concept of single-sorted Boolean algebra with operators see [23] and [24] ).
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Finally, let f: X —=Y an S-sorted mapping. Then the homomorphism (f©)% =
(f@[])ses is such that, for every s € S, f&[-] is a Boolean algebra homomorphism
from Recs(Tx(X)) to Recs(Tx(Y)).

From the just stated proposition and Proposition .69 we obtain the following
corollary.

Corollary 3.31. Let X be an S-sorted set. Then the Boolean algebra Rec(Ts (X))
is a subdirect product of the family of Boolean algebras (Recs(Ts(X)))ses. More-
over, if f: X —=Y is an S-sorted mapping, then f¢[-] and [[(f®)® = [l.cs e
are compatible with the subdirect embeddings of Rec(Tx (X)) and Rec(Tx(Y)) into
[[,csRecs(Ts(X)) and [],.g Recs(Tx(Y)), respectively.

Remark. From the results stated above it seems natural to consider categories of
the type BoolOpS, where BoolOp is a category of Boolean algebras with opera-
tors, and to investigate a duality theory for them. Toward this end it is perhaps
worth pointing out that, for a finite set of sorts .S, since the discrete category de-
termined by S is loopless (it has no non-identity endomorphisms), Pro(Set;) is
equivalent to (Pro(Set))S. But (Pro(Set;))® and Stone® are equivalent, because
Pro(Set¢) and Stone are equivalent. Thus Pro(Seth ) and Stone” are equivalent.
Therefore (Bool®)°? and Stone® are equivalent.

3.6. Derivors and recognizability. Thatcher in [40], on p. 132, wrote: “Gener-
ally, the term ‘transformation’ will mean any map from Ty, [the free algebra T (2),
we add] into Tq [the free algebra T (@), we add] where ¥ = (X, r) and Q = (£, s)
are ranked alphabets. We will, in the sequel, define several types of transformations
which are of particular interest. In formulating these definitions, there were three
principal considerations or objectives: (1) It was intended that the transformations
be, in some sense, natural in that they would fit the algebraic framework within
which we are working; (2) We should be able to generalize the conventional con-
cept of finite state mapping ... to the case for trees; and (3) It was hoped that the
end result would be a unified approach taking into account various formulations
of ‘transformation,’ ‘transduction,” and ‘translation” which have appeared in the
literature.”

Following Thatcher’s first dictum, in this subsection, after defining the variety
of Hall algebras, we introduce the notion of derivor between many-sorted signa-
tures. This will allow us, using the homomorphisms between Hall algebras, to
obtain Sig,, the category of many-sorted signatures and derivors—we recall that
we were unable to show that hyperderivors are the morphisms of a category with
objects ordered pairs (2, X), where 3 = (5,X) is a many-sorted signature and X
an S-sorted set. Next, after defining a suitable contravariant functor from Sig, to
Cat, the category of U-locally small categories and functors, we obtain, by means
of the Grothendieck construction, Alg,, the category with objects the ordered pairs
((S,%), (A, F)), with (S,X) a many-sorted signature and (A, F) a X-algebra, and
morphisms from ((S,X%), (A4, F)) to ((T,A),(B,G)) the ordered pairs ((¢,d), f),
with (p,d) a derivor from (S,%) to (T,A) and f a homomorphism of ¥-algebras
from (A, F) to (B, G*9), a canonically derived algebra of (B,G). Finally, after
showing that every derivor is a hyperderivor, we state the counterparts of Proposi-
tions 327 and for suitable morphisms of Alg,.

Before defining the notion of Hall algebra, we recall that (1) a finitary specifica-
tion is an ordered triple (S, X, £), where S is a set of sorts, 3 an S-sorted signature,
and £ C Eqys(X) = (TZ(X)?)(X,S)eSubf(VS)XS, i.e., a set of finitary Y-equations,
where V¥, the S-sorted set of the variables, is a fixed S-countably infinite S-sorted
set; and that (2) a Y-algebra A is a (5,3, £)-algebra if A =* &, i.e., if, for every
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(X, s) € Sub(VS) x S and every (P, Q) € Ex.s, A is a model of (P, Q), in symbols
A |:)E(s (P, Q), which in turn means that, for every a € Hom(X, A), a(P) = a%(Q).

Definition 3.32. Let S be a set of sorts and V1S the S* x S-sorted set of variables
(Viw,s) (w,s)es+xs where Vi, o = {vj® | n € N}, for every (w,s) € S* x S. A Hall
algebra for S is a Hg = (S* x S, ¥Hs gHs)_algebra, where L5 is the S* x S-sorted
signature, i.e., the (S* x §)* x (8* x S)-sorted set, defined as follows:

HS;. For every w € S* and i € |w|,
s A— (w, w;),

where |w| is the length of the word w and A the empty word in the underlying
set of the free monoid on S* x S.
HSs5. For every u, w € S* and s € S,

Suyw,st ((w,5), (w,wo), .. ., (U, Wiy —1)) — (u, 5);

while E15 is the sub-(S* x S)* x (§* x S)-sorted set of Eq(Xs), where

Eq(X1) = (Txms (0)7y o)) (@, (u.5)) €(S* x S)* x (5% x 5)
defined as follows:

H;. Projection. For every u, w € S* and i € |w|, the equation

G, (717,07 w ) = 0
of type (((ua ’LUO), ) (ua w\w\fl))’ (ua wl))
Hy. Identity. For every u € S* and j € |u|, the equation
€u,u,uj (’U;‘L’uj ) ﬂ-ga ) ﬂ-ﬁl‘\fl) = ’U;‘L’uj
of type (((u, 1)), (u, u;)).
Hs. Associativity. For every u, v, w € S* and s € S, the equation

w,s  U,wo VyW|w|—1 w,vo U V|p|—1y
gu,v,s(gv,w,s(vo sV e Uy )3U|w|+1a"'av‘w‘+|v‘ ) =

w,s v, Wo u,vo U, V|p|—1
gu,w,s(vo agu,v,wo (Ul 7'U|w|+17 s 7’U|w|+‘7j| )a R

Eu,0,0)00 1 (“f}ﬁ‘w“l’“fﬁflTiu e ’Uﬁﬁ:\‘;ll))
of type (((w, s), (v,wo), . .., (V, Wyw|—1), (U, V0), - -+, (U, V|y)—1)), (U, §)).

We call the formal constants 7" projections, and the formal operations &, s
substitution operators. Furthermore, we will denote by Alg(Hg) the category of
Hall algebras for S and homomorphisms between Hall algebras. Since Alg(Hg) is
a variety, the forgetful functor Gu, from Alg(Hg) to Set® *“ has a left adjoint
Th,, situation denoted by Ty, 4 Gug, or diagrammatically by

G,
—_— *
Alg(Hg) T Set® <9
Ta,

which assigns to an S* x S-sorted set 3 the corresponding free Hall algebra Ty (X).

Remark. From Hj, for w = A, the empty word on S, we get the invariance of
constant functions axiom in [I7]: For every u, v € S* and s € S, we have the

equation
Uy V|| —1

fu,v78(‘£v,>\,8(%\7s)a vy Y| )= ‘EuA,S(Ué\’S)

of type (((A,s), (u,v0), ..., (U, v}y-1)), (1, 5)).
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For every S-sorted set A, Opy (A) = (Hom(Aw, As))(w,s)es+ x5, the S* x S-
sorted set of operation for A, is naturally equipped with a structure of Hall al-
gebra, as stated in the following proposition, if we realize the projections as the
true projections and the substitution operators as the generalized composition of
mappings.

Proposition 3.33. Let A be an S-sorted set and Opy,(A) the XHs -algebra with
underlying many-sorted set Opy (A) and algebraic structure defined as follows:

(1) For every w € §* and i € |w]|, (7)OPus() = priy ;i Aw —> Ay,

(@) A
(2) For every u,w € S* and s € S, §u7517{55( ) is defined, for every f € Adw

Opg (4)
and g€ A'ﬁ‘;u; as gu,wi:g (fa g0, - - - 7g|w|71) = f © <gi>i€\w\7 where <gz>z€\w\

is the unique mapping from A, to A, such that, for every i € |w|, we have
that

priy i © (gi)iejw| = i-
Then Opy, (A) is a Hall algebra, the Hall algebra for (S, A).

Remark. The closed sets of the Hall algebra Opy (A) for (S, A) are precisely the
clones of (many-sorted) operations on the S-sorted set A. On the other hand, every
Y-algebra A has associated a Hall algebra. In fact, it suffices to consider Opy(A),
denoted by Opy, (A). Moreover, the finitary term operations on A and the finitary
algebraic operations on A are subalgebras of the Hall algebra Opy (A).

For every S-sorted signature X, Terpg(X) = (Ts(lw)s)(w,s)es x5 is also e-
quipped with a structure of Hall algebra that formalizes the concept of substitution
as stated in the following proposition.

Proposition 3.34. Let X be an S-sorted signature and Tery4 (X)) the X5 -algebra
with underlying many-sorted set Terny(X) and algebraic structure defined as fol-
lows:

(1) For every w € S* and i € |w|, (7*)Te*us®) js the image under 1w .,
w;

of the variable v;"", where Ny, = (Nyw,s)ses s the canonical embedding of

Jw into Tx({w). Sometimes, to abbreviate, we will write 7" instead of
(ﬂ_@u)TerHS(E).
K3

(2) For every u,w € S* and s € S, gi’f,iis(m is the mapping

TE(J,M)S X TE(\LU)wO X X TE(iu)w\w\fl E—— TE(J,U)S
Terug (X) #

s (P.(@0)ictu) = ((5).) @

S
where, for (gi) ol the S-sorted mapping from Jw to Tx(lu) canonically
v/ig|w
e
Qi
unique homomorphism from Tx({w) into Tx(lu) such that

wi # wi
v, — (v °
((Ql)z€|w|) © Mw (Ql)z€|w| ’
Terng (%)

Sometimes, to abbreviate, we will write &, s nstead of Eu,w,s .
Then Tery,(X) is a Hall algebra, the Hall algebra for (S, X).

#
associated to the family (Q;)ie|w|» (( ) ‘ ) , also denoted by QF, is the
1€ |w

Remark. For every ¥-algebra A there exists a homomorphism from the Hall al-
gebra Terp, (X) to the Hall algebra Opg(A) and its image is the Hall subalgebra
of the finitary term operations on A.
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Proposition 3.35. Let ¥ be an S-sorted signature. Then Terp,(X)® is a Hall
algebra.

Our next goal is to prove that, for every S* x S-sorted set X, Ty, (X), the free
Hall algebra on ¥, is isomorphic to Tery, (X). We remark that the existence of this
isomorphism is interesting because it enables us to get a more tractable description
of the terms in Ty (X).

To attain the goal just stated we begin by defining, for a Hall algebra A, an
S-sorted signature X, an S* x S-mapping f: ¥ ——= A, and a word u € S*, the
concept of derived Y-algebra of A for (f,w), since it will be used afterwards in the
proof of the isomorphism between Ty, (X) and Tery, (X).

Definition 3.36. Let A be a Hall algebra and ¥ an S-sorted signature. Then, for
every f: ¥ —=A and u € S*, Af% the derived S-algebra of A for (f,u), is the
Y-algebra with underlying S-sorted set Af* = (A, s)ses and algebraic structure
Ffu defined, for every (w,s) € S* x S, as

E'w,s - Opw (Aﬁu)s

F’L{)",? o — { Hie‘w‘Au,wi > Au,s
(ao,...,a‘w‘_l) — §$w7s(f(w,s)(a),ao,...,a‘w‘_l)

icw| Au,w;
where Op,, (A7), = A .

Furthermore, we will denote by p* the S-sorted mapping from Ju to AF* de-
fined, for every s € S and i € |ul, as p*(vf) = (7#)A, and by (p*)* the unique
homomorphism from Tx(Ju) to Af* such that (p*)* oy, = p™.

Remark. For a Y-algebra B = (B,G), we have that G: ¥ —Opy,(B) and
B = Opy, (B)&, where X is the empty word on S. Besides, for every u € S*, we
have that B+, the direct B,-power of B, is isomorphic to Opy (B)“".

Lemma 3.37. Let 3 be an S-sorted signature, A a Hall algebra, f: ¥ —= A and
u € S*. Then, for every (w,s) € S* x S, P € Ty(lw)s and a € Hielwl Ay, we
have that

fou w
pA (ao,...,a‘w‘_l)zfﬁwﬁs((p )g(P),ao,...,a|w|_1).

Proof. By algebraic induction on the complexity of P. If P is a variable v, with
i € |w]|, then

AT
v} (ag,...,apy—1) = ai, (v5)

:gvﬁw,s((ﬁ;u)Aaa()a-'-aa\w\—l) (by Hl)

= gvﬁw,s((pw)ﬁs(vf)a ao, - - - aa\w\—l)'
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Let us assume that P = 0(Qo,...,Q|z|-1), With 0: 2——5s and that, for every
J € x|, Q; € Te(lw),, fulfills the induction hypothesis. Then we have that

(U(Qoa---,Q|x|71))Af’u(ao,---,a|w|71)
:aAf’u( OAf'u(aO,...,a‘w‘,l),...,Qf;lffl(ao,...,a|w|,1))
= £ o (£(0). Q8" (a0, 1), QB (a0, - g -1))
= fu“(f( )s uA,w,zo((pw)io(QO)vaOv'-'7a|w|—1)ﬂ'"5
B (P4 (Qaj=1): a0, -, auj—1))  (by Ind. Hypothesis)

:gvﬁws(éﬁzs( £(o), (@), (Qo), ---7(pw)i‘m‘,l(@ﬂ—ﬁ),ao,---,a\w\—l)(by H3)
=& (0 (0)5,(Qo), - (p )i‘m‘,l(Q|E|—1)),ao,-~-,a\w\—1)

=& (050, Qo, -, Qluj=1) €0, - - -, Qg —1)

= Eoruws(0)E(P), a0, - -, @ -1)-

Next we prove that, for every S* x S-sorted set %, the Hall algebra for (S, X) is
isomorphic to the free Hall algebra on 3.

Proposition 3.38. Let X be an S-sorted signature, i.e., an S* X S-sorted set. Then
the Hall algebra Terpy(X) is isomorphic to Tug ().

Proof. Tt is enough to prove that Tery, () has the universal property of the free
Hall algebra on X. Therefore we have to specify an S* x S-sorted mapping h from
Y to Tery, (X) such that, for every Hall algebra A and S* x S-sorted mapping f

from ¥ to A, there is a unique homomorphism J?from Tery,(X) to A such that
foh=f. Let h be the S* x S-sorted mapping defined, for every (w, s) € S* x S,
as

hws

)

{ Zw,s - TE(\L'LU)S

wo w\w\ 1
N

Let A be a Hall algebra, f: ¥ ——= A an S* x S-sorted mapping and fthe S* x S-
sorted mapping from Tery, () to A defined, for every (w,s) € S* x S, as fu s =
(p®)t, where, we recall, (p*)Ff is the unique homomorphism from Tx(Jw) to AS®

S
such that (p*)* o ny, = p*. Then f is a homomorphism of Hall algebras, because,
on the one hand, for w € S* and i € |w| we have that

Fuw (1) Teras By = £, (0%)
= P, (v;7)
:(W@H)A

7 9

and, on the other hand, for P € Tx(lw), and (Q;);cjw| € Tx(lu)w Wwe have that

Terug (X)

J?u,s( waw,s® (P Qo Qluj—1))
= (p")4(Q4(P))
=<< ) Q)4(P)  (because (p")* o QF = ((p")* 0 Q)¥)
TP Qo). (0, (Qpui-1)
= & (0)E(P), (P")ey (Q0)s - (), (Qpui=1))  (by Lemma B37)
=2 (Fus(P), Fuwn(Q0)s -, Fuswyy 1 (Qpuj—1)).
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Therefore the $* x S-sorted mapping fAis a homomorphism. Furthermore, jA’oh = f,
because, for every w € S*, s € S, and ¢ € ¥, 5, we have that

Funs(huo,s(0)) = (0*)E(o (0 v’ 3H)

= A (), ()
= gs,w,s(f(w,s) (U>a (WE)U)Av SERE) (Wﬁ;\fl)A>

= fw,s(0> (by HQ)

It is obvious that fis the unique homomorphism such that fo h = f. Henceforth
Tery, (X) is isomorphic to Ty, (2). O

This isomorphism together with the adjunction Ty + Gug has as an immedi-
ate consequence that, for every S-sorted set A and every S-sorted signature 3, the
sets Hom(X, Opg,(A)), in the category Set® ¥ and Hom(Tery, (%), Opy,(4)),
in the category Alg(Hg), are naturally isomorphic. Actually, (1) the mapping
that assigns, for an S-sorted set A, to a structure of 3-algebra F on A (i.e., an
S* x S-sorted mapping F' from ¥ to Opy, (A)) the homomorphism of Hall algebras
A = (Triw’(A’F))(wﬁs)eS*XS from Tery,(X) to Opy,(A), where, for every
w € S*, the subfamily Ty (4 F) — (Triw’(A’F))ses of Tr) is the unique ho-
momorphism from Tg(lw) to (A, F)4w, the direct A,-power of (A, F), such that
Tyt (A F) ONpw = pfw, where pfw is the S-sorted mapping from Jw to A4» defined,
for every s € S and v € (Jw)s, as pfms(vf) = prﬁ,i; together with (2) the map-
ping that sends an homomorphism % from Terp,(X) to Opy,(A) to, essentially,
the algebraic structure Gy, (h)ons on A, where 7y, is the canonical embedding of ¥
into T4 (X), which are mutually inverse bijections, provide the mentioned natural
isomorphism.

The derived operation symbols of an signature can be considered as the operation
symbols of a new signature. The mappings that assign to operation symbols of a
signature terms relative to another signature, together with mappings between the
corresponding sets of sorts, form a new class of morphisms denominated derivors.

Definition 3.39. Let ¥ = (S5,%) and A = (T,A) be many-sorted signatures.
A derivor from ¥ to A is an ordered pair d = (p,d), where p: S——=T and
d: ¥ —Terg, (A)y xp. Thus, for every (w,s) € S* x S,

dw,s: Ew,s%TerHT (A)Lp*(w),gp(s) = TA(¢<p*(w))¢(s)

Remark. While derivors are not the most general type of morphism that might
be considered between many-sorted signatures—for instance, one could consider,
in addition to hyperderivors, polyderivors, see [7]—, they are an important class of
such morphisms. One reason for its relevance is its formal properties (see below),
another that there are many mathematical examples of them which are of interest
(see [T]).

We next introduce the linear derivors, which, as we will see later on, are a remark-
able subclass of the class of the derivors, especially in regards to recognizability,
the same as linear hyperderivors are with respect to hyperderivors.

Definition 3.40. Let d: 3 ——= A be a derivor from X to A. We will say that d
is linear if, for every (w, s) € S* x S, every o € ¥, 5, and every i € |w|, no variable
vf(wi) appears more than once in dy, s(0), i.e., [duw,s ()| s < 1.

For every many-sorted signature A, Terg, (A) is the underlying many-sorted
set of Tery, (A), the Hall algebra for T'. Since by, Proposition B38 Tery, (A) is



52 CLIMENT AND COSME

isomorphic to Ty, (A), the derivors can be defined, alternative, but equivalently,
as ordered pairs d = (p,d) with d: ¥ — Ty, (A).

On the other hand, every mapping ¢: S——=T determines a functor from the
category Alg(Hr) to the category Alg(Hg), so Terg, (A)yxx, is in its turn e-
quipped with a structure of Hall algebra for S, which will allow us, in particular,
to define the composition of derivors. We next show the existence of such a functor
by defining a morphism of algebraic presentations from (XHs, gHs) to (LHr gHT),

Proposition 3.41. Let p: S——=T be a mapping between sets of sorts and h¥ the
S* x S-sorted mapping from LHs to Zg*wa defined as follows:

(1) For every w € S* and every i € |w|, h?(m¥) = F;P*(w).

(2) For every u, w € S* and every s € S, h¥(Euw,s) = Epx (u),0* (w),0(s)-
Then (p* x @, h?): (S* x S, xHs gHs) — (T* x T, X0 gHT) 4s ¢ morphism of

algebraic presentations.

The morphisms of algebraic presentations determine functors in the opposite
direction between the associated categories of algebras. Therefore, each mapping
p: S—=T between sets of sorts, determines a functor (¢* x ¢, h¥)* from Alg(Hr)
to Alg(Hg), which transforms Hall algebras for T into Hall algebras for S. The
action of the functor on the free Hall algebra on a T-sorted signature A is a Hall
algebra for S, whose underlying S* x S-sorted set is Terg,. (A)ps x -

If d: ¥ ——= A is a derivor, then d: ¥ ——Terp, (A),+x, determines a homo-
morphism of Hall algebras d*: Tery,(X) — Terp, (A)y-x,. Thus, for every
(w,s) € §* x S, d¥, , sends terms in Tx(lw)s to terms in Ty (Lo*(w))y(s)-

Definition 3.42. Let d: ¥ ——= A and d: A——= be derivors. Then eod =
(1, e) o (¢, d), the composition of d and e, is the derivor (¢ o ¢, e?p*xgj od), where

el x © d is obtained from

©
A d
A Ter (A) Terty (A) e xp ——9—— %)
# as ef
e € ©* X
Terp,, () xyp Tery,, (Q)w*x¢<,a*x<,a

being ef the canonical extension of e to the free Hall algebra on A.
For every many-sorted signature X = (S, X)), the identity at (S,X) is (idg, nx).

The just stated definition allows us to form a category of many-sorted signatures
whose morphisms are the derivors.

Proposition 3.43. The many-sorted signatures together with the derivors consti-
tute a category, denoted by Sig,.

Remark. Let Sig be the category whose objects are the many-sorted signatures
and whose morphisms from X to A are the ordered pairs (@, d), where ¢ is a map-
ping from S to T and d an S* x S-sorted mapping from ¥ to Ay« (thus a mapping
in Sig(95)). Note that Sig is the category obtained by means of the Grothendieck
construction for an appropriate contravariant functor from Set to Cat. We next
show that the category Sig, can be obtained as the Kleisli category for a suitable
monad. In fact, for every set of sorts .S, we have the adjoint situation Tx, 4 Gug
and, thus, a monad on Sig(S) which we will denote by Tu, = (Tug,n™s, uts).
Then the ordered triple @ = (9,7, ¢) in which (1) 9 is the endofunctor at Sig that
sends (5,%) to (S, Tug (X)) and a morphism (p,d) from (S,%) to (T,A) to the
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morphism (@, d*) from (S, Tr, (X)) to (T, Tu,(A)), (2) 1 the natural transforma-
tion from Idg;g to 0 that sends (S, %) to ns,x) = (id, nu®), and (3) p the natural
transformation from 9 00 to 0 that sends (S, %) to psx) = (id, pi%), is a monad
on Sig and K1(9), the Kleisli category for 9, is isomorphic to Sig,. This shows,
in our opinion, the mathematical naturalness of the notion of derivor. Moreover,
by defining a suitable notion of transformation between derivors one can equip the
category Sig, with a structure of 2-category (this was, in fact, already done in [7]
for polyderivors).

Remark. Since Sig has coproducts, K1(0) 2 Sig, has coproducts.

We next associate to every derivor d: ¥ —— A a functor from Alg(A)(= Alg(A))
to Alg(X)(= Alg(%)).

Proposition 3.44. Let d: X —= A be a morphism in Sig,. Then Alg,(d) is
the functor from Alg(A) to Alg(X) that sends (B,G) to (By,,GY) and a homo-
morphism f from (B,G) to (B',G') to the homomorphism f, from (By,,G9) to
(B, G’d), where, for every A-algebra (B,G), G9 = G

od is obtained from

P*Xp
J— Terg, (A) Terp, (A)pr x e 4 5
i
a Gt as Gorxo
OpHT (B) OpHT (B)W*X‘P = OpHS (B4P)

Proof. For every A-algebra (B,G), G: A——=Opy,(B), and since Opy,.(B) is a
Hall algebra, G can be extended up to the free Hall algebra on A. Moreover, we
have that Opy,.(B)y+ x, = Opy, (B,) since, for every (w, s) € S* x S it holds that

(OPHT (B)ap* Xgo)w,s = OPHT (B><,a*(w),<p(s)
=B

o (w) = Bo(s)
= Blp(wo)..iplwuy—1) T Bo(s)
= [1(By(wy) | i € [w]) —=By(s)
=I((By)w; | i € [w]) —=(By)s
= (Bso)w—>(Bso)s

= OpHS (Bt,a)w,Sa

thus, so defined, G is an algebraic structure on B,.

Let f: (B,G)—=(B’,G") be a homomorphism of A-algebras, (w,s) € S* x S,
and 0 € X, 5. Then f,: (By, G4) — (B, G’d) is a homomorphism of ¥-algebras,
because G4(c) is a term operation and, consequently, the following diagram

G (q)

- * < B

B

Pw Ps

f&pw f‘Ps

B - - pB
Pw G/(«ﬂ,d)(a) #s

commutes. Moreover, (g o f), = g, o f,, so that Alg,(d) is a functor. O
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From the definition of the functor Alg,, for every derivor d: ¥ ——A, it is
obvious that the following diagram

Alg(Z) €2 getS
Alg,(d) A,
Alg(A) N Set”

comimutes.
The previous construction can be extended up to a contravariant functor from
the category Sig, to the category Cat.

Proposition 3.45. From Sig, to Cat there exists a contravariant functor, denoted
by Alg,, that sends (S,X) to Alg(S,X) and a morphism (¢, d) from (S,X) to (T, A)
to the functor Alg,(¢,d) from Alg(T,A) to Alg(S,Y).

Proof. Given (¢,d): (8,%X)—=(T,A) and (¢, e): (T, A)— (U, Q), we show that

Algb(@v d) o Alga (1/% 6) = Algb((wv 6) o (905 d))
Let (A, F) be a (U, 2)-algebra. Then Ay, = Ayo,. Moreover, we have that

PO (oo

= (Fju sy 0 ©)fuxy 0d

_ pt
= Flpopyx o) © (Corxp ©d)

— p(Wop)el. od)
= Fb.e)o(p,d)

thus (Awa(w,e)(“o’d)) = (Apop, FW°(¢:d)) Finally, if f is a homomorphism of
(U, Q)-algebras, then fop = fyop- O

Definition 3.46. The category Alg, is fSig° Alg,, i.e., the category obtained by
means of the Grothendieck construction applied to the contravariant functor Alg,.

The category Alg, has as objects the ordered pairs (X, A), with X a many-
sorted signature and A a Y-algebra, and as morphisms from (X, A) to (A, B) the
ordered pairs (d, f), with d a derivor from ¥ to A and f a homomorphism of
Y-algebras from (A, F) to (B, G#D),

Remark. There exists a pseudo-functor Alg, from the 2-category Sig, to the 2-
category Cat, contravariant in the 1-cells, i.e., the derivors, and covariant in the

2-cells, i.e., the transformations between derivors (this was already done in [7] for
polyderivors).

Proposition 3.47. Let d = (¢,d) be a derivor (resp., a linear derivor) from X
to A, X an S-sorted set, Y a T-sorted set, and f an S-sorted mapping from X
to TA(Y),. Then (dY,f) = ((p,dY), f), where d¥ is, for every (w,s) € S* x
S, the composition of dy. s, which is a mapping from Xy s to Ta(l ©*(w))p(s),
and (ini@w*(w)7YU¢W*(w))¢(s), the underlying mapping of the component at p(s) of
the canonical A-homomorphism ini@w*(w)luw*(w) from Ta(] ¢*(w)) to To(YU |
©*(w)), is a hyperderivor (resp., a linear hyperderivor) from (3, X) to (A,Y).



CONGRUENCE BASED PROOFS OF THE RECOGNIZABILITY THEOREMS 55

In other words, some hyperderivors, but not all of them, are factorizable through
a derivor.

Proposition 3.48. Let d be a derivor from X to A, X an S-sorted set, Y a
T-sorted set, f an S-sorted mapping from X to Tx(Y),, f% the canonical ho-
momorphism of 3-algebras from Tx(X) to Algy(d)(Ta(Y)), s € S, and L €

Rec(s)(Ta(Y)). Then ( 7 (S))_1 [L] € Recy(Ts(X)).

Proof. It follows from Proposition B.27 O

Assumption. For the following proposition, as was the case with Proposition [3.28]
we will assume that S, T', ¥ and X are finite.

Proposition 3.49. Let d be a linear derivor from 3 to A, X an S-sorted set,
Y a T-sorted set, f an S-sorted mapping from X to TA(Y),, ft the canonical
homomorphism of Y-algebras from Tx(X) to Alg,(d)(Ta(Y)), s € S, and L €
Ts(X)?. If L € Recy(Tx(X)), then f}[L] € Recy(s)(Ta(Y)).

Proof. 1t follows from Proposition [3.28 O
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