Relational morphisms, transductions and
operations on languages®

Jean-Eric Pin,
LITP, Université Paris VI and CNRS

Proceedings of the sixteenth Spring School of Theoretical
Computer Science, Ramatuelle, France, May 1988

The aim of the article is to present two algebraic tools (the representable
transductions and the relational morphisms) that have been used in the past
decade to study operations on recognizable languages. This study reserves a
few surprises. Indeed, both concepts were originally introduced for other pur-
poses : representable transductions are a formalization of automata with out-
put and have been mainly studied in connection with the theory of context-free
languages, while relational morphisms were introduced by Tilson to solve some
problems related to the wreath product decomposition of finite semigroups. But
it turns out that relational morphisms are a very powerful tool in the study of
recognizable languages and that transductions lead to some very nice problems
on finite semigroups.

Eilenberg’s variety theorem gives a one-to-one correspondence between va-
rieties of semigroups and varieties of languages. Part of the results reviewed in
this article show that, in certain cases, this correspondence can be extended to
operations. That is, an operation on languages (such as concatenation, length-
preserving morphism, etc.) is in correspondence with an operation on semi-
groups. It is therefore tempting to ask whether the most natural operations on
languages (respectively semigroups) have a natural counterpart in terms of semi-
groups (respectively languages). This leads to a number of difficult problems,
some of which are still unsolved.

1 Preliminaries.

The notions of recognizable and rational subsets are not limited to free semi-

groups. The rational subsets of a semigroup (monoid) S form the smallest class

Rat(S) of subsets of S such that

(a) the empty set and every singleton {s} belong to Rat(5),

(b) if X and Y are in Rat(S), then so are XY and X UY,

(c) if X is in Rat(S), then so is X (respectively X*), the subsemigroup
(submonoid) of S generated by X.

*This work was supported by “Programme de Recherches Coordonnées - Mathématique et
Informatique”.



A subset P of S is said to be recognizable if there exists a finite semigroup F', a
semigroup morphism ¢ : S — F and a subset @ of F such that P = Q. We
shall denote by Rec(S) the class of recognizable subsets of S. It is well known
that, if A is a finite alphabet, then Rec(A") = Rat(A™), where A" denotes the
free semigroup over A.

Let S be a semigroup. Then P(S), the set of subsets of S, is a semiring under
union as addition and under the multiplication defined, for every X,Y € P(S),
by

XY ={zy|zeXandyeY}

Note that Rat(.S), the set of all the rational subsets of S is a subsemiring of P(.S).
This structure of semiring will be useful in the study of representable transduc-
tions. Given a positive integer n, the set P(S)™*™ of n by n matrices with entries
in P(S) is also a semiring, under the usual addition and multiplication of matri-
ces over a semiring. Furthermore, every semigroup morphism ¢ : S — T extends
into semiring morphisms ¢ : P(S) — P(T') and ¢ : P(S)"*" — P(T)"*™.

Let S and T be two semigroups (or monoids). A relation 7 : S — T is a
function from S into P(T'). The graph of the relation 7 is the subset of S x T

graph(r) = {(s,t) | t € s7}.

The inverse of 7 is the relation 771 : T — S defined by t7=1 = {s € S | t € s7}.
The relations 7 and 77! can be extended to functions from P(S) into P(T)
(respectively from P(T) into P(S)) by setting

X1= U zr and X7 '={se€S|sTNX #0}.
zeX

A relation 7 : S — T'is injective if, for every s1, s € S, the condition s;7NsyT #
() implies s1 = so.

Relations are too general for our purpose — the semigroup structure is ir-
relevant so far — so we shall only consider two useful cases : the relational
morphisms and the representable transductions.

2 Relational morphisms.

A relational morphism 7 : S — T is a relation satisfying the following properties:
(1) for every s € S, s7 is non-empty,
(2) for every s,t € S, (s7)(tT) C (st)7.

If S and T are monoids, then we require a third condition :
(3) 1elr.

Example 2.1 Let BA; be the semigroup with zero presented over the alphabet
{a,b} by the relations a?> = b*> = 0, aba = a and bab = b. Then BA; =
{a,b,ab,ba,0}, and the idempotents are ab, ba and 0. This semigroup is called
the Brandt Aperiodic semigroup of size 2 x 2 (this explains the notation BAj)
and is also the transformation semigroup of the automaton represented below.
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Let 7 : BAy — Z/27 = {—1,1} be the relation defined by ar = {-1}, b7 =
{-1}, (ab)7 = {1}, (ba)r = {1} and 07 = {1,—1}. Then 7 is a relational
morphism.

Of course, any morphism (in the usual sense) is also a relational morphism.
Furthermore, if ¢ : S — T is a surjective morphism, then the relation 7 = ¢~ :
T — S is a relational morphism. Some of the basic properties of morphisms
still hold for relational morphisms.

Proposition 2.1
(1) The composition of two relational morphisms is a relational morphism.
(2) Let 7 : S — T be a relational morphism. If S’ is a subsemigroup of S,
then S'T is a subsemigroup of T. If T is a subsemigroup of T, then T'771
is a subsemigroup of S.

A detailed proof of this proposition (and of Propositions 2.2 to 2.5) can be
found in [9, p.67] and are not reproduced in this survey.

It is not too difficult to see that if 7 is a relational morphism from S into T,
then its graph R C S x T is a subsemigroup (resp. submonoid) of S x T, and
the projections S x T'— S and S x T' — T induce morphisms o : R — S and
B : R — T such that

(i) a is a surjective morphism

(i) 7=a718.



Figure 3:

The factorization represented in Figure 3 is called the canonical factorization of
7. Therefore

Proposition 2.2 A relation 7 is a relational morphism if and only if there exist
two morphisms o and B such that T = a1 .

Thus, if one has trouble to think in terms of relational morphisms, one can
always go back to usual morphisms. In fact, if 7 = o~ '8 is the canonical
factorization of 7, a number of properties of b are inherited by 7, and it is
usually a good idea to prove a given result on b, and then try to generalize the
proof for 7. For instance,

—1
Proposition 2.3 Let S *— R L, T be the canonical factorization of a re-

lational morphism 7 : S — T. Then
(1) 7 is injective if and only if B is injective,

(2) 7 is surjective if and only if B is surjective.

We arrive to an essential definition about relational morphisms, which is similar
in its form to the definition of a continuous function. Given a variety of finite
semigroups V, we say that a morphism (respectively a relational morphism) is a
V-morphism (respectively a relational V-morphism) if, for every subsemigroup
T of T, T' € V implies T/t~ € V. If V is the variety A of aperiodic semi-
groups, a (relational) V-morphism is simply called an aperiodic (relational)
morphism. Similarly, if V is the variety LI of locally trivial semigroups, a
(relational) V-morphism is called a locally trivial (relational) morphism. The
following proposition was to be expected :

-1
Proposition 2.4 Let S = R L, T be the canonical factorization of a re-
lational morphism 7 : S — T. Then 7 is a V-morphism if and only if 8 is a
V-morphism.

For certain varieties of semigroups V (but not for all of them!) there is a
simple characterization of the V-morphisms. This is the case in particular for
the varieties of aperiodic (respectively locally trivial) semigroups.

Proposition 2.5 Let 7: S — T be a relational morphism. Then T is an aperi-
odic (respectively locally trivial) morphism if and only if, for every idempotent
e € T, the semigroup et~ ! is aperiodic (respectively locally trivial).

Examples of relational morphisms abound in semigroup theory, but we have
selected here some examples that come from language theory. Let L; and Lo be



two rational languages of A*, and let L = L1 L,. We say that the product L Lo is
unambiguous if every word u of L has a unique factorization as u = ujus, where
uy € Ly and ug € Lo. Let n: A* — M, n : A* — My and 12 : A* — M be the
syntactic morphisms of L, L1 and Lo respectively. Let np x ny 1 A* — My x My
be the monoid morphism defined by u(n; x 72) = (un1,unz). Finally, we put
7 =n"Y(n x n2). Thus 7 is a relational morphism, represented in the following
diagram.

A*
n N X 12
’
M Ml X MQ
Figure 4:

Theorem 2.6 [17] The relational morphism T : M — M; x My is aperiodic.
Furthermore, if the product L1 Ly is unambiguous, then 7 is locally trivial.

Proof. We only give the proof of the first part of the theorem. Denote by ~,,
~r, and ~p, the syntactic congruences of L, L; and Lo respectively. Let e be
an idempotent of M; x Ms. Then e = (e1, e2) where e; and ey are idempotent
in M; and M, respectively. Let s € er~!. Then there exists a word u such that
un = s, wm = e; and unz = ez. Then by definition, w ~, u? and u ~Ly u?.
We claim that u® ~7, u*. Indeed, suppose that zu’y € L, for some z,y € A*.
Then zu3y = vivy for some v; € Ly and vy € Lo, and either zu is a prefix of

v1, or uy is a suffix of vs.

| o | v |

Suppose, for instance, that v; = xus, for some s € A* such that svy = u?y (the
other case is dual). Then since u ~r, u?, we have zu?s € L and zu?svy =
ruty € L. Conversely, if zu*y € L, then zu*y = vivy for some v; € Ly and
vy € Ly. Then either v; or vy contains an occurrence of u2, and the argument
above shows that zu®y € L. Thus zu®y € L if and only if zu*y € L, proving
the claim. It follows that s® = u3n = u'n = s*. Therefore, er~! is an aperiodic

semigroup, and 7 is aperiodic. O

In particular, if My and My are aperiodic, M is also aperiodic. This theorem
motivates the following definition. Given two varieties of finite monoids V and
W, we denote by V™'W the class of all monoids M such that there exists a
V-relational morphism from M into a monoid N of W. This class V™'W is in
fact a variety, called the Malcev product of V. and W. Now, Theorem 2.6 can
be reformulated as follows: if M; and My belong to a variety of finite monoids
V, then M belongs to the variety A~'W. Furthermore, if the product L, L is



unambiguous, then M belongs to LI"'W. The converse of this result is true,
and can be informally summarized by saying that “concatenation corresponds
to aperiodic morphisms” and that “non-ambiguous concatenation corresponds
to locally trivial morphisms”. More precisely, let V be a variety of monoids and
let V be the corresponding variety of languages. Let V' (respectively V") be the
smallest variety of languages such that, for every alphabet A,

(a) A*V' (respectively A*V") contains A*V,

(b) A*V’ (respectively A*V") is closed under concatenation (respectively non-

ambiguous concatenation).

Then we have the following theorem.

Theorem 2.7 [16, 11] The variety of monoids corresponding to V' (respectively
V?) is A"'V (respectively LIV ).

We say that a variety of languages V is closed under (unambiguous) con-
catenation product if, for every alphabet A, the conditions L1, Ly € A*V imply
LiLy € A*V (if the product is unambiguous).

Corollary 2.8
(1) A variety of languages V is closed under concatenation product if and only
if ATV =V.
(2) A wariety of languages V is closed under non-ambiguous concatenation
product if and only if LIT'V = V.

The star operation gives another example of relational morphisms in lan-
guage theory. Let L be a recognizable language of A*. A submonoid L* of A*
is pure if, for every n > 0, and every u € A*, u"™ € L implies u € L. Let
n:A* — M and ¢ : A* — N be the syntactic morphisms of L and L* respec-
tively. Then 7 = ¢~ '7 is a relational morphism from N into M, represented in
the following diagram.

A*

Figure 5:

Theorem 2.9 [17] If L* is a pure submonoid of A*, then T is an aperiodic
relational morphism.

Proof. Denote by ~; and ~p« the syntactic congruences of L and L* respec-
tively. Let e be an idempotent of M and let s € er~!. Then there exists a word
u € A* such that wp = s and un = e. In particular, u? ~7 u. We claim that,
for every n > |u|, and every z,y € A*, zu™y € L* implies zu"Tly € L*. In-
deed, suppose that zu™y = vivs - - - v, where k > 0, and v1,vs,--- ,v; € L. The
integers |vjvg - -+ v;], for 1 < i < k, are called the scansions of the factorization
V1V - - - V. We consider two cases.



(a) There exists an index ¢ such that v; contains an occurrence of u (as vq
in the diagram below).

IS I B O T

Then v; = s;ut;, and since u? ~p u, s;ut; € L. Therefore zu™tly € L*.

(b) Every occurrence of u contains a scansion of the factorization vyvs - - - vy.
Therefore, there exists a sequence jo < j1 < -+ < jp—1 such that, for 0 <7 <
n — 1, we have zu’p; = v1vg - - - v;, for some prefix p; of u (different from w, but
possibly empty). Now since n > |u|, there exist two indices ¢ < ¢’ such that
pi = pir. Let u = p;s;. This yields

T1 =V1v2 - V5, = TU'DL,

Ty = Vi1 vy = siu’ T hpy = (sypi)’ T € L,

T3 = ViV = siu”ﬂ'l*ly,
and since L* is pure, s;p; € L*. Therefore (s;p;)* ~*+1 € L*, and thus zu" 1y =
1 (Sipi)i/_i+1$3 e L*.

This proves the claim. But since L* is recognizable, there exist two inte-
gers m > 0 and p > 0 such that, for every n > m, u™ ~p. u"P. If we take
n > max(m, |u|), then zu™y € L* implies zu™*1y € L* by the claim. Conversely,
zu™tly € L* implies zu™ Py € L* by the claim, and since u™ ~p- u™*P, zu™*Py
L* implies xu"y € L*. Therefore u™ ~r- u"*! and hence s" = u"p = u" Tty =
s"t1. Thus er ! is aperiodic, and 7 is an aperiodic relational morphism. O

Corollary 2.10 [17]. If L is star-free, and if L* is a pure submonoid of A*,
then L* is star-free.

Proof. We keep the previous notations. If L is star-free, then M is aperiodic
by Schiitzenberger’s theorem. Now, since L* is pure, 7 is an aperiodic rela-
tional morphism, so that N = M7~! is aperiodic. Therefore, L* is star-free by
Schiitzenberger’s theorem. 0O

Corollary 2.11 Let V be a variety closed under concatenation product. Then
V s closed under the operation L — L* when L* is pure.

Proof. Let V be the variety of monoids corresponding to V. Then, by Theorem
2.8, A7'V = V. Therefore, by Theorem 2.9, V is closed under the operation
L — L* when L* is pure. O

H. Straubing asked whether the converse of Corollary 2.11 was true, but this
problem is still open. The next result is a very special case of this problem.

Theorem 2.12 [8]. The star-free languages form the smallest variety closed
under the operation L — L* when L* s pure.



To conclude this section, we shall give an application of relational morphisms
to sets recognized by finite groups. Rational sets are preserved under monoid
morphisms, but recognizable sets are not in general. However, we have

Theorem 2.13 Let m : M — H be a surjective monoid morphism from a
monoid M onto a group H. If L is a subset of M recognized by a finite group
G, then L is a recognizable subset of H recognized by a quotient of G.

We need the following result on relational morphisms.

Lemma 2.14 Let G be a finite group, H an arbitrary group, and 7 : G — H
be a surjective relational morphism. Then G' = 177! is a normal subgroup of
G, H' = 17 is a normal subgroup of H, and G/G' = H/H'. Furthermore, for
every g € G, gt is a coset of H'.

Proof. We first claim that for every g € G, h € g7 implies h~! € g~ '7. Indeed,
since T is surjective, there exists = € G such that h=! € z7. Let n be the order
of G. Then h™' = (R"H"h""! € (z7)"(97)""' C (2"g" ') = g~ '7 since
" =g" =1.

In particular, H = 17 is a subgroup of H. Furthermore, if h € g7 and
x € 17, then by the claim, hah~! € (¢7)(17)(¢7'7) C (997 ') = 17.Thus H' is
normal in H. Furthermore, the following property holds :

(1) for every h € g, g7 = H'h.

Indeed, H'h C (17)(g7) C g7 and, on the other hand, (g7)h~! C (¢97)(977) C
17. Thus 7 induces a group morphism from G onto H/H’, the kernel of which
is the group

N={geG|gr=17}.

We claim that N = G’ = {g € G | 1 € g7}. Indeed, since 1 € 17, N is contained
in G'. Conversely, if g € G’, then 1 € g7, whence g7 = (17).1 = 17 by (1).
Thus N = G, G is normal in G and G/G' = H/H'. o

We now prove Theorem 2.13. Let ¢ : M — G be the monoid morphism
recognizing L, and let P C G be such that Pp~! = L. We may assume that
 is surjective (otherwise it suffices to replace G by M, since a submonoid of
a finite group is a group). Then 7 = =7 : G — H is a surjective relational
morphism and we may apply Lemma 2.14. In particular L7m = Pr7 is a finite
union of cosets of H' = 1r. Thus L is recognized by H/H' = G/G'. O

A recognizable language is called a group language if it is recognized by a
finite group.

Corollary 2.15 Let w : A* — H be a surjective monoid morphism from A*
onto a group H, and let S be a subset of H. Then

a) S is rational if and only if there exists a rational language R C A* such
(a) y guag

that S = Rm,
(b) S is recognizable if and only if there exists a group language L C A* such
that S = L.



3 Representable transductions.

Besides relational morphisms, one mainly considers relations of the form 7 :
A* — M where A* is a finitely generated free monoid and M is a monoid.
Relations of this form are called transductions. The definition of a representable
transduction is a little more abstract. Informally, a transduction 7 : A* — M
admits a representation u : A* — P(M)™*" if

(a) p is a morphism: for every wuy,us € A*, (uguz)p = (uip)(uzp),

(b) for every u € A*, ur can be expressed from the up, ; (1 < 1,5 <n).
The following list of examples should help the reader to understand the meaning
of the expression “expressed from the wpy; ;”. Here, A = {a,b} and 7, -+, 7
are transductions from A* into A*:

(1) um =wupr1 +upy2 + upz 1,
(2) ure = a*(up1,1)aba + (upy,2)A*babA* + {a,ba}* (upz 2),
(3) urz = bab* (up1,1)3(a + ba)(uur 2)b + (ups1){ua® | u € A*Y,

(4) uta =3, a"(uul,g)b%(uul,l)a"2.
In the two first examples, ur is a fixed linear combination of the u; ;. We say in
this case that 7 admits a linear representation. Formally, a linear representation
of a transduction 7 : A* — M is a triple (X, u,Y"), where X, Y € P(M)™, such
that, for every u € A*,

() ur= > Xi(up;)Y;.

1<i,j<n

This linear representation is rational if p is a map from A* into Rat(M)"*"
and if X,Y € Rat(M)"™. The general definition of a representation, as given
in [12, 13], replaces linear expressions by polynomials, as in (3), or even by
power series, as in (4), but we shall not use it in this survey. Representable
transductions cover a great variety of situations, and are related to recognizable
sets by the following proposition.

Proposition 3.1 [12, 13] Let 7 : A* — M be a representable transduction.
Then for every recognizable subset P of M, the language Pt~ is recognizable.

More precisely, suppose that a transduction 7 : A* — M admits a represen-
tation p : A* — P(M)™*™. Let ¢ : M — N be a monoid morphism, and let
P be a subset of M recognized by ¢. Then ¢ induces a semigroup morphism
@ : P(M)™>*™ — P(N)"*" and we have

Proposition 3.2 [12,13] The language P71 is recognized by the monoid A* uep.

The precise description of this monoid A*ue is the key to understand several
constructions, that otherwise would seem awkward. Some examples are given
below.

A transduction which admits a linear rational representation is called a ratio-
nal transduction. It is not difficult to see from the definition that every monoid
morphism is a rational transduction. Similarly, for every rational subset R of
A*, the transduction Idg : A* — A*, defined by

U ifue R
ur =
undefined otherwise



is rational. Rational transductions have been extensively studied in connection
with the theory of context-free languages [1] and admit various characteriza-
tions.

Theorem 3.3 Let 7 : A* — M be a transduction. Then the following condi-
tions are equivalent :

(1) 7 is a rational transduction,

(2) the graph of T is a rational subset of A* x M,

(3) there exist an alphabet C, two morphisms ¢ : C* — A* and ¢ : C* — M,
and a rational set R C C* such that 7 = o~ Idg1.

In particular, if 7 : A* — B* is a rational transduction, then the transduction
71 B* — A* is also rational. Every rational transduction is representable,
but the converse is not true (see example (b) below). Condition (3) of Theorem
3.3 is known as Nivat’s theorem, and should be compared with the canonical
factorization of relational morphisms. The transductions considered in the ex-
amples (a), (c), (d), (e), (f) below are rational. Other examples of rational
transductions can be found in [1].

We now give some examples of application of Proposition 3.2.

(a) Inverse morphisms.

Let ¢ : A* — M be a morphism. Then y = ¢ is a linear representation for ¢,
and the construction above shows that if L is a subset of B* recognized by a
monoid N, then Ly~! is also recognized by N — a well-known result.

(b) Inverse substitutions.

Recall that a substitution s from A* into M is a monoid morphism o : A* —
P(M). Therefore p1 = o is a linear representation for o, and the construction
above shows that if L is a subset of B* recognized by a monoid N, then Lo~}
is recognized by P(N).

(c) Length preserving morphisms.

Let ¢ : A* — B* be a length preserving morphism. Then the transduction
o~ 1 : B* — A* is a substitution. Thus, by (b), if L be a subset of B* recognized
by a monoid N, then Ly is recognized by P(N). This result can be extended
to varieties as follows. Given a variety of monoids V, denote by PV the variety
of monoids generated by all monoids of the form P(M), where M € V. Given
a variety of languages V, let V' be the smallest variety of languages such that
Ly € B*V' for every L € A*V and every length-preserving morphism ¢ : A* —
B*.

Theorem 3.4 [14, 15] Let V be a variety of monoids, and let V be the corre-
sponding variety of languages. Then V' is the variety of languages corresponding
to PV.

A similar result was obtained for inverse substitutions [14]. Thus, roughly
speaking, power varieties correspond to length preserving morphisms or to in-
verse substitutions. Theorem 3.4 has been the starting point of the study of
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the operation V. — PV, and more generally, of the classification of the varieties
of the type PV. Although a number of interesting results have been obtained,
this classification is far from being complete. See the survey [10] and the recent
(or forthcoming) articles by J. Almeida for more information.

(d) Shuffle product.
Recall that the shuffle of two words u and v is the set
wov = {uviugvy - - UpVy | ULUg - - Uy = w and ViV -V, = V]
More generally, the shuffle of two languages L1 and L is the language

LioLy = U U1 ° Us.

u1€L1,u2€L>

Now, if 7: A* — A* x A* is the transduction defined by
ur = {(u1,u2) € A* X A | u € ug ous},

then (Ly x Ly)7~! = Lyo Lo, and 7 is a substitution, defined, for every a € A, by
at = {(a,1),(1,a)}. Thus, by (b), if the languages L; and Ly are recognized by
the monoids M7 and Ma, respectively, then Lj o Lo is recognized by P(M7 x Ma).

However, contrary to the case of length-preserving morphisms or inverse
substitutions, it is not known whether this result can be extended to varieties.
For instance, the following problem is still open.

Conjecture If a variety of languages is closed under shuffle and contains a
non-commutative language', then it contains all rational languages.

(e) Concatenation product.

Let 7: A* — A* X A* x -+ x A* be the transduction defined by
ur = {(ur,ug, -+ ,up) € A" x A" x -+ x A" |ugug -+ up = u}.

Then, for every Ly,...,L, C A*, (L1 X ---x L,)7~! = Ly --- L,,. Furthermore,
T is a representable transduction since, for every u € A*, ur = upy,, where
i A¥ — P(A*)"*™ is the morphism defined by

0 ifi>j
UHi,j =
Hig {(17"'717ui7ui+17"'7uj717"'71)|uiui+1"'uj:u} lflg]
Now, if the languages L1, ..., L, of A* are recognized by the morphisms ¢; :
A* — My, ..., pn : A* — M, respectively, the product L;---L, is rec-
ognized by the monoid A*up, where ¢ = @1 X -+ X ¢,. This monoid is
called the Schiitzenberger product of the monoids My, --- , M, and is denoted
<>(M17 U 7Mn)
Formally, let K be the semiring P(M; x --- x M,,) and let M,,(K) be the
semiring of matrices of size n by n over K. Then (M, - -+, M,) is the multi-

plicative submonoid of K, «,, consisting of all matrices p satisfying the following
conditions.

1A language L is non-commutative if there exist two words u and v such that uwv € L and
vu ¢ L

11



(1) Fori>j, pi; =0,

(2) fori=j,pii={1,...,1,mi,1,...,1)} for some m; € M;,

(3) fori<j,pij C{1}x -+ x {1} x M; x -+ x M; x {1} x--- x {1}.
Condition (1) says that p is upper-triangular, condition (2) enables us to identify
pi,; with an element of M;, and condition (3) states that p; ; can be identified
to a subset of M; x --- x M;. Finally, we have the following result, due to
Schiitzenberger for n = 2 and to Straubing for the general case.

Theorem 3.5 Let Ly,..., Ly be languages recognized by monoids My, ..., M,.
Then the language Ly - - - L, is recognized by the monoid (M, -+, My,).

The converse of Theorem 3.5 is not true, but a very similar statement admits
a partial converse (Theorem 3.7 below, due to Reutenauer for n = 1 and to the
author in the general case).

Theorem 3.6 Let Lo,..., L, be languages recognized by monoids My, ..., M,
and ai,asg,- - ,ay, be letters. Then the language LoayLias - - - an Ly, is recognized
by the monoid $(Mo, - -+, My,).

Theorem 3.7 If a language L of A* is recognized by (Mo, -+, My,), then L
is a boolean combination of languages of the form L; ai1Li az---arL;, where
0<ip<ii<---<ir<m,and forl1 <k<r, a, € A and L;, is a language
recognized by M;, .

We refer the reader to the article of P. Weil in this volume for other appli-
cations of the Schiitzenberger product.

(f) Sequential functions.

A sequential function o : A* — B* is a function from A* to B* whose be-
haviour is described by a machine called a “sequential transducer”. Formally,
a sequential transducer is a set T = (Q, A, B, qo, ., *) where (Q, 4,.) is a finite
automaton, qo is an element of () called the initial state and * is an output func-
tion, i.e. a function (g,a) — ¢ * a from @ x A into B* which can be extended
to a function

Q x A* — B*

by putting ¢ * 1 =1 and, for u € A* and a € A, ¢ xua = (¢ * u)((q.u) * a).

A function o : A* — B* is called sequential if there exists a sequential
transducer 7 = (Q, A, B, qo, ., *) such that, for every word u € A*, uoc = g *
u. A sequential function is a rational transduction, which admits the linear
representation p : A* — P(B*)9*? defined, for every a € A, by

gxa ifga=¢q
a 1=
Ha.a ] otherwise.

Indeed, uo = quQ Uflgy,q, and thus, if a language L of B* is recognized by
a morphism ¢ : B* — M, the language Lo~! is recognized by the monoid
A*pp. Now, if M(o) is the transition monoid of the automaton (Q, A, .), the
monoid A*puep is a submonoid of the “wreath product” Mo M (o). We recall the

definition of this important construction.

12



Let M and N be two monoids. We write M additively (although M is not
assumed to be commutative) and N multiplicatively. The wreath product M oN
is the monoid defined on the set M x N by the multiplication given by the
following formula (where f1, fo are applications from M into N, and nq, ng are
elements of N)

(f1,n1)(f2,m2) = (f,n1n2)

where f is the application from M into N defined, for all n € N, by nf =

nfi + (nnl)fg.
Therefore, we can state

Theorem 3.8 Let o : A* — B* be a sequential function realized by a sequential
transducer T = (Q, A, B, qo, ., *) and let M (o) be the transition monoid of the
automaton (Q, A,.). If a language L of B* is recognized by a monoid M, then
the language Lo~ is recognized by the monoid M o M (o).

Again, this statement admits a partial converse, called the “wreath product
principle”, and stated for the first time by Straubing. Let M and N be two
monoids, and let n : A* — M o N be a morphism. Denote by 7: M o N — N
the morphism defined by (f,n)m = n and let ¢ = nm : A* — N. Let B =
N x A and 0 : A* — B* be the sequential function defined by (a1 - --ay)o =
(1,a1)(a1p,a2) -+ ((a1 -+ an—1)p, an). Then we have:

Theorem 3.9 If a language L is recognized by n : A* — M o N, then L is a
finite boolean combination of languages of the form X NY o~ where Y C B* is
recognized by M and where X C A* is recognized by N.

Despite its technical appearance, the wreath product principle, with its vari-
ants, is one of the most useful tools of the theory of finite automata.

4 Transductions and decidability problems on
semigroups.

Transductions can lead to some very difficult problems of semigroup theory.
As an example, we would like to mention some decidability problems recently
solved by Hashiguchi. Let £ = {Lq,---,L,} be a finite set of rational lan-
guages. Denote by Rat(£) the smallest set of languages containing L and closed
under finite union, product and star operation. Similarly, denote by Pol(L)
the polynomial closure of £, that is, the smallest set of languages containing L
and closed under finite union and product. Therefore, a language L belongs to
Pol(£) if and only if it is a finite union of products of the form L; L, --- L;,,
where L;,, L;,,--- L;, € L. Hashiguchi studied the following decidability prob-
lems.

Problem 1 Given L and a rational language L, is it decidable whether L €
Rat(L)?

Problem 2 Given £ and a rational language L, is it decidable whether L €
Pol(L)?

13



Both problems are decidable, but the first problem is easy to solve, while
the second one is much more difficult. We introduce a second alphabet B =
{1,---,n} and the substitution ¢ : B* — A* defined, for 1 < i < n, by
ioc = L;. Clearly, L € Rat(L) (respectively Pol(£)) if and only if there exists
a rational (respectively finite) subset R of B* such that Ro = L. We first
examine the language R(L) = {u € B* | uoc C L}. This language can be
computed effectively:

Lemma 4.1 For every rational language L, R(L) = B*\ (A*\ L)o~!. In
particular, R(L) is a rational subset of B*.

Proof. We have, by definition,
(A* L)o™! = {ir---ir € B | Li, Liy -~ Li, N (A*\ L) # 0}.
Therefore,

B*\ (A*\ Lo ' ={iy--+ir, € B* | LjyLiy --- L;, N (A*\ L) = 0}
:{il'-'ik € B* |L“L12sz CL}
={u€e B*|uo C L} = R(L).

Now L is rational, and so is (A* \ L), since the rational sets of A* are closed
under complement. It follows that (A* \ L)o~! is a rational set of B* (see
Section 3.b above). Therefore B* \ (A* \ L)o~! is rational. O

This gives the solution to the first problem.

Proposition 4.2 A rational language L belongs to Rat(L) if and only if (R(L))o =
L. Problem 1 is decidable.

Proof. By Lemma 4.1, R(L) is a rational set. Therefore, (R(L))o € Rat(L).
Thus if (R(L))o = L, then L € Rat(£). Conversely, if L € Rat(£), then there
exists K € Rat(B*) such that Ko = L. Now, if v € K, then uoc C K, and
therefore u € R(L). Tt follows that K is contained in R(L), so that L = Ko C
(R(L))o C L. Therefore (R(L))o = L. This establishes the first sentence of the
proposition.

Given L and L, there exists an algorithm to compute the rational set (R(L))o
and to test whether L = (R(L))o. Therefore Problem 1 is decidable. O

We now consider Problem 2. To each word v € A*, associate the minimal
length of all the words u = i1 ---4x € R(L) such that v € woc = L;; Ly, --- Ly,
(if no such word exists, we map v onto 0o). This defines a mapping v : A* —
N U {oc}, and, for every v € A*,

vy =min{|u| | u € B*,uoc C L and v € uc}.

Note that vy < oo if and only if there exists u € R(L) such that v € uo, that
is, if and only if v € R(L)o. Put S = A*y. The next proposition shows that
Problem 2 reduces to deciding whether S is finite.

Proposition 4.3 L belongs to Pol(L) if and only if L € Rat(L) and S is finite.

14



Proof. If L € Pol(£), then L € Rat(£) and L = (R(L))o by Proposition 4.2.
Furthermore, there exists a finite set F' C B* such that L = Fo. Let n be the
maximum length of the words of F. If v € L, then v € uo for some u € F and
thus vy < n. On the other hand, vy = 0o if v ¢ L, since L = (R(L))o. Thus S

is contained in {0,1,--- ,n} U {oo} and is finite.
Conversely, suppose L = (R(L))o and S finite. Then S is contained in the
set {0,1,--- ,n} U {oo} for some n. Therefore vy < n if and only if v € L. It

follows that Fo = L, where F = {u € R(L) | |[u| <n}. Thus L € Pol(£). O

It remains to compute the set S. Since R(L) is rational, and since o is a
rational substitution, the transduction 7 : A* — B* defined by v7 = R(L)Nvo~*
is rational. By Theorem 3.3, it admits a rational linear representation (X, u, '),
where p : A* — Rat(B*)™*" is a monoid morphism, and X,Y € Rat(B*)".
Furthermore, this linear representation can effectively be computed, given L
and L. Thus, for every v € A*,

vT = Z Xi(’U/J,iJ)Y}.

1<ij<n

Let K be the semiring (N U {oco}, min, +) and let ¢ : Rat(B*) — K be the
mapping defined by

X =min{|z| | z € X} and 0p = .
Then ¢ is a semiring morphism, and it induces a monoid morphism
¢ : Rat(B*)™*" — K<™,
Now, v = 7, and hence, for every v € A*,

vy = IEE_H{(Xi<P) + (vpeig) + (Yip) -

Note that this formula is very close to the relation (x) defining linear representa-
tions, except that the semiring K is not of the required form. This obstacle can
be overcome by noticing that K is isomorphic to the semiring P (M) where M is
the monoid of all subsets of a* of the form a”a* under concatenation (consider
the application n — a™a*). Thus + is in fact a representable transduction from
A* into M.

Put T = A*up: T is a submonoid of K™*" generated by the finite set
{apep | a € A}. Setting

I'={i| X; #0} ={i| Xsp <oc}and J={j | Y; # 0} = {j | Y;p < o0},
we obtain

Proposition 4.4 The set S is finite if and only if there existsi € I and j € J
such that the set {m; ; | m € T} is finite.

Therefore, Problem 2 reduces to deciding whether, for a given pair ¢, j, the
set {m;; | m € T} is finite or not. This problem is now a problem of pure
semigroup theory, that has been solved positively by Hashiguchi.
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Theorem 4.5 [4] Given i,j,n such that 0 < i,j < n, given a finite set F of
matrices of K™*" generating a submonoid T, one can effectively decide whether
the set {m; ;j | m € T} is finite or not.

The proof is too difficult to be given here, but has motivated some very
interesting developments.

Corollary 4.6 Problem 2 is decidable.

5 Conclusion.

We have seen that, for the most part, natural operations on (varieties of) lan-
guages correspond to natural operations on (varieties of) monoids : concate-
nation corresponds to aperiodic relational morphisms and to Schiitzenberger
products, non ambiguous concatenation to locally trivial relational morphisms,
length preserving morphisms to power monoids, sequential functions to wreath
products, etc. In some cases, the corresponding operation is still unknown : for
instance, it would be interesting to find an operation on languages corresponding
to nilpotent relational morphisms, and an operation on monoids corresponding
to shuffle. This correspondence between languages and monoids has motivated
numerous research articles, and a number of problems are still open : on the
semigroup side, the complete classification of the varieties of the form PV or the
(many) decidability problems about varieties of the form V7 !'W or V+«W; on
the language side, the characterisation of varieties closed under shuffle or under
pure star, and all problems related to the star operation and to the concatena-
tion product (see the articles of P. Weil and K. Hashiguchi in this volume).
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