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1 A new look at Kleene'stheorem

Not very many results in computer science are recognised as being as basic and funda
mental as Kleene'stheorem. It was originally stated as the equality of two sets of objects,
and is still so, even if the names of the objects have changed — see for instance Theo-
rem1.4.11in Chap. | of thishandbook. This chapter proposesanew look at this statement,
in two ways. First, we explain how Kleene's theorem can be seen as the conjunction of
two results with distinct hypotheses and scopes. Second, we express the first of these two
results as the description of algorithmsthat relate the symbolic descriptions of the objects
rather than as the equality of two sets.

A two step Kleene'stheorem  In Kleene's theorem, wefirst distinguish a step that con-
sists in proving that the set of regular (or rational) languagesis equal to the set of lan-
guages accepted by finite automata — a set which we denote by Rat A*. This seems
already to be Kleene'stheorem itself and isindeed what S. C. Kleene established in [34].
But it isnot, if one considers— as we shall do here— that this equality merely statesthe
equality of the expressive power of rational expressions and that of finite labelled graphs.
Thisis universaly true. It holds independently of the structure in which the labels of the
automata or the atoms of the expressions are taken, in any monoids or even in the algebra
of polynomials under certain hypotheses.

By the virtue of the numerous properties of finite automata over finitely generated
(f.g., for short) free monoids: being apt to determinisation for instance, the family of lan-
guages accepted by such automatais endowed with many propertiesaswell: being closed
under complementation for instance. These properties are extraneous to the definition of
the languages by expressions, and then — by the former result — to the definition by
automata. It is then justified, especially in view of the generalisation of expressions and
automata to other monoids and even to other structures, to set up a definition of a new
family of languages by a new mean, that will extend in the case of other structures, these
properties of thelanguages over f.g. free monoids. It turns out that the adequate definition
will be given in terms of representations by matrices of finite dimension; we shall call the
languages defined in that way the recognisable languages and we shall denote their family
by Rec A*. The second step of Kleene's theorem consists then in establishing that finite
automata are equival ent to matrix representations of finite dimension under the hypothesis
that the labels of automata are taken in f.g. free monoids.

These two steps correspond to two different concepts: rationality for the first one, and
recognisability for the second one. This chapter focusses on rationality and on the first
step, namely the equivalence of expressiveness of finite automataand rational expressions.
For sake of completeness however, we sketch in Sec. 2 how one gets from rational sets
to recognisable sets in the case of free monoids and in Sec. 5, we see that the same
construction fails in non-free monoids and what remains true.
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Thelanguages and their representation Formal languages or, in the weighted avatar,
formal power series, are potentially infinite objects. We are only able to compute finite
ones; here, expressions that denote, or automata that accept, languages or series. Hope-
fully, these expressions and automata are faithful description of the languages or series
they stand for, al the more effective that one can take advantage of this doublelight.

In order to prove that the family of languages accepted by finite automata coincide
with the one of languages denoted by rational expressionswe proceed of course by estab-
lishing a double inclusion. As sketched in Figure 11, given an automaton A that accepts
a language K, we describe agorithms which compute from .4 an expression F that de-
notes the same language K — | call such algorithms a ®-map. Conversely, given an
expression E that denotes a language L, we describe algorithms that compute from E an
automaton B that accepts the same language L — | call such algorithmsa ¥-map.

Most of the works devoted to the conversion between automata and expressions ad-
dress the problem of the complexity of the computation of these ®- and ¥-maps. | have
chosen to study here the maps for themselves, how the results of different maps applied to
a same argument are related, rather than to describe the way they are actually computed.
The ®-maps are considered in Sec. 3, the ¥-mapsin Sec. 4.

Figure 1. The ®- and ¥-maps

The path to generalisation The main benefit of splitting Kleene's theorem into two
steps is to bring to light that the first one is a statement whose scope extends much be-
yond languages. It isfirst generalised to subsets of arbitrary monoids and then, with some
precaution, to subsets with multiplicity, that is, to (formal power) series. Thislatter exten-
sion of the realm of Kleene's theorem is a matter for the same ‘splitting’ and distinction
between series on arbitrary monoids and series on f.g. free monoids.

It would thus be possible to first set up the convenient and most general structure and
then state and prove Kleene'stheorem in that framework. My experience, however, isthat
many readers tend to be repelled and flee when confronted with statements outside the
classical realm of words, languages, and free monoids. And thisis where | shall stay in
the first three sections of this chapter. The only difference with the classical exposition
will bein the terminol ogy and notation that will be carefully chosen or coined so that they
will be ready for the generalisation to arbitrary monoidsin Sec. 5 and to seriesin Sec. 6.

Notation and definitions given in Chap. | are used in this chapter without comment
when they are refered to under the same form and with the exact same meaning.

193 (A*) denotes the power set of A*, that is, the set of all languages over A*.



4 J. Sakarovitch
2 Rationality and recognisability

Wefirst introduce here a precise notion of rational expression, and revisit the definition of
finite automatain order to fix our notation and to state, under the form that is studied here
and eventually generalised later, what we have called above the ‘first step of Kleene's
theorem’ and which we now refer to as the Fundamental theorem of finite automata.
Second, we state and prove ‘the second step’ of Kleene's theorem in order to make the
scope and essence of thefirst step clearer by contrast and difference.

2.1 Rational expressions

The set of rational languages of A*, denoted? by Rat A*, is defined as in Chap. I: it
is the smallest subset of 3 (A*) which contains the finite sets (including the empty set)
and is closed under union, product, and star. The notion of rational expression allowsto
describe precisely how every element of this family can be built.

Definition 2.1. A rational expression over A*, isawell-formed formulabuilt inductively
from the constants 0 and 1 and the letters a in A as atomic formulas, using two binary
operators + and - and one unary operator " if E and F are rational expressions, so are
(E+F), (E-F),and (E*). We denote by RatE A* the set of rational expressions over A*
and often write expression for rational expression.

With every expression E in RatE A* is associated a language of A*, which is called
the language denoted by E and we write? it as|E|. The language|E|is inductively defined
by [0]= 0, 1] = {1a-}, |a] = {a} foreveryain A, |(E + F)|=[E|U|F|, |(E - F)| = [E[F|,
and |(E*)| = {|E]}* . Two expressions are equivalent if they denote the same language.

Proposition 2.1. Alanguageis rational if, and only if, it is denoted by an expression.

Like any formula, an expression E is canonically represented by atree, whichiscalled
the syntactic tree of E. Let us denote by ¢ (E) the literal length of the expression E (that
is, the number of all occurences of letters from A in E) and by d(E) the depth of E which
is defined as the depth — or height*— of the syntactic tree of the expression.

The classical precedence relation between operators: * © > - > + ' alowsto save
parentheses in the writing of expressions: for instance, E 4+ F - G* is an unambiguous
writing for the expression (E + (F - (G*))) . But one should be aware that, for instance,

(E-(F-G)) and ((E-F)-G) aretwo equivalent but distinct expressions. In particular,
the derivation that we define at Sec. 4 yields different results on these two expressions.

In the sequel, any operator defined on expressions is implicitely extended additively
to sets of expressions. For instance, it holds:

VX CRatEA*  |X]=Ugcx[E -

2The empty word of A* isdenoted by 1 4.

3The notation L(E) is more common, but|E|is lighter in computations and more appropriate when dealing
with expressions over an arbitrary monoid or with weighted expressions.

4We rather not use height because of the possible confusion with the star height, cf. Sec. 4.
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Definition 2.2. Theconstant termof an expression E over A*, writtenc(E), istheBoolean
value, effectively computable by a bottom-up traversal of the syntactic tree of E using the
following equations:

c(0)=0, c(1)=1, Vae A c(a)=0,
c(F+G)=c(F)+c(G), c(F-G)=c(F)c(G), c(F")=1.

The constant term of alanguage L of A* isthe Boolean value c(L) that is equal to 1
if, and only if, 1 4~ belongsto L. By inductionon d(E), c(E) = c(E|) holds.

2.2 Finite automata

We denote an automaton over A* by A = (Q, A, E,I,T) where, asin Chap. |, Q is
the set of states, and is also called the dimension of A, I and T" are subsets of @, and
E C QxAx(Q istheset of transitionslabelled by letters of A. The automaton A isfinite
if £ isfinite; that is, A isfinite, if, and only if, (the useful part of) @ isfinite.

The language accepted® by A, also called the behaviour of A, denoted by |.4], is the
set of words accepted by A, that is, the set of 1abels of successful computations:

|A|={weA*‘3ie[,3teT Z’%}t} :

Thefirst step of Kleene'stheorem, which we call Fundamental theorem of finite automata
then reads as follows.

Theorem 2.2. Alanguage of A* isrational if, and only if, it is the behaviour of a finite
automaton over A*.

Theorem 2.2 is proved by building connections between automata and expressions.

Proposition 2.3 ($-maps). For every finite automaton A over A*, there exist rational
expressions over A* which denote|.A|.

Proposition 2.4 (U-maps). For every rational expression E over A*, there exist finite
automata over A* whose behaviour is equal tolE|.

Sec. 3 describes how expressions are computed from automata, Sec. 4 how automata
are associated with expressions. Before going to this matter, which is the main subject of
this chapter, let us establish the second step of Kleene's theorem.

2.3 The‘second step’ of Kleene' stheorem

Let usfirst state the definition of recognisable languages, under the form that is given for
recognisable subsets of arbitrary monoids (cf. Sec. 1.5.2).

SWe prefer not to speak of the language ‘recognised’ by an automaton, and would not say that alanguage is
‘recognisable’ when accepted by afinite automaton, in order to have a consistent terminology when generalising
automata to arbitrary monoids
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Definition 2.3. A language L of A* is recognised by a morphism « from A* into a
monoid N if L = a~(a(L)). A languageis recognisable if it is recognised by a mor-
phisminto afinite monoid. Theset of recognisablelanguagesof A * isdenoted by Rec A*.

Theorem 2.5 (Kleene). If A isafinite alphabet, then Rat A* = Rec A*.

The proof of this statement paves the way to further developmentsin this chapter. Let
A={(Q,A E I,T) beafiniteautomaton. Theset £ of transitions may be written asa
QxQ-matrix, called the transition matrix of .4, also denoted by F, and whose (p, ¢)-entry
isthe set of |ettersthat label transitionsfromp to ¢ in A. A fundamental (and well-known)
lemma relates matrix multiplication and graph walking.

Lemma 2.6. Let E be the transition matrix of the automaton A of finite dimension Q.
Then, for every n in N, E™ isthe matrix of labels of paths of length» in A:

By, ={wear

pf@@-
A

The subsets I and T" of () may then be seen as Boolean vectors of dimension Q (I as

arow and 7' as a column-vector). From the notation £* =% . E",itfollows:

A|=1-E*-T. 2.1)

The next step in the preparation of the proof of Theorem 2.5 is to write the transition
matrix Eas E = ) .4 p(a)a, wherefor every ain A, pu(a) isaBoolean Q x Q-matrix
and thus defines amorphism : A* — BP*? (the Boolean semiring B has been defined
at Chap. ). The second lemma, which involves the freeness of A *, then reads:

Lemma2.7. Let u: A* — B9 beamorphismandlet £ =3 _, p(a)a. Then, for
everyninN, E" =3 . pu(w)w andthus E* =3 . p(w)w .

Proof of Theorem2.5. By Theorem 2.2, arational language L of A * isthe behaviour of a
finite automaton A = (Q, A, E,I,T) . By (2.1) and Lemma 2.6, we write
L=A={we A" | T p(w)-T=1} .

andthus L = p~'(S) where S = {m € B¥?| I-m T =1} and L isrecognisable.

Conversely, let L be a recognisable language of A*, recognised by the morphism
a: A* - N andlet S = «(L). Consider the automaton A, = (N, A, E,{In},S)
where E = {(m,a,ma(a)) | a€Ame N} . It isimmediate that

Mol = {w e a*

dpesS 1y %p}:{weAWa(w) €St=a'(S)=1L
and L isrational by Theorem 2.2. O

We postpone to Sec. 5 the example that shows that recognisability and rationality are
indeed two distincts concepts and the description of the relationships that can be found
between them. As mentionned in Chap. |, the following holds.

Theorem 2.8. The equivalence of finite automata over A* isdecidable.
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Proposition 2.4 then implies:

Corollary 2.9. The equivalence of rational expressionsover A* is decidable.

3 From automatato expressions: the &-maps

For the rest of thissection, A = (Q, A, E,I,T) isafinite automaton over A*, and £
is viewed, depending on the context, as the set of transitions or as the transition matrix
of A. Asin (2.1), the language accepted by A is conveniently written as

|-A| =1-E"-T= Zie],tET (E*)zt :
In order to provethat |4|is rational, it is sufficient to establish the following.

Proposition 3.1. Theentries of £* belong to the rational closure of the entries of E.

But we want to be more precise and describe procedures that produce for every entry
of E* arational expression whose atoms are the entries of £ (and possibly 1). There are
(at least) four classical methods to proving Proposition 3.1, which can easily be viewed
as algorithms serving our purpose and which we present here:

(1) Direct computation of |A|: the state elimination method |ooks the most elementary
and isindeed the easiest for both hand computation and computer implementation.

(2) Computation of £* - T' as a solution of a system of linear equations. Based on
Arden’slemma, it also allowsto consider £* - T' as afixed point.

(3) Iterative computation of E*: known as McNaughton—Yamada algorithm and prob-
ably the most popular among textbooks on automata theory.

(4) Recursive computation of E*: based on Arden’s lemma as well, this algorithm
combines mathematical elegance and computational inefficiency.

Thefirst three are based on an ordering of the states of the automaton. For comparing
the results of these different algorithms, and of a given one when the ordering of states
varies, we first introduce the notion of rational identities, together with the key Arden’s
lemmafor establishing the correctness of the algorithmsaswell astheidentities. The sec-
tion ends with arefinement of Theorem 2.2 which, by means of the notions of star height
and loop complexity, relates even more closely an automaton and the rational expressions
that are computed from it.

3.1 Preparation: rational identitiesand Arden’slemma

By definition, all expressions which are computed from a given automaton .A are equiv-
alent. We may then ask whether, and how, this equivalence may be established within
the world of expressions itself. We consider ‘elementary equivalences of more or less
simple expressions, which we call rational identities, or identities for short, and which
correspond to properties of (the semiring of) the languages denoted by the expressions.
And we try to determine which of these identities, considered as axioms, are necessary,
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or sufficient, to obtain by substitution one expression from another equivalent one. It is
known — and out of the scope of this chapter — that no finite sets of identities exist that
allow to establish the equivalence of expressionsin general (see Chap. XX). We shall see
however that a basic set of identities is sufficient to deduce the equival ence between the
expressions computed by the different ®-maps described here.

Trivial and natural identities A first set of identities, that we call trivial identities,
expresses the fact that 0 and 1 are interpreted as the zero and unit of a semiring:

E+0=E, 0O+E=E, EO0=0, 0E=0, E1=E, 1.E=E, 0"=1 (T)

An expression is said to be reduced if it contains no subexpressions which is a left-hand
side of one of the aboveidentities; in particular, 0 does not appear in a non-zero reduced
expression. Any expression H can be rewritten in an equivalent reduced expression H';
thisH’ isunique and independent of the way the rewriting is conducted. From now on, all
expressionsareimplicitely reduced, which meansthat all the computations on expressions
that will be defined bel ow are performed modulo the trivial identities.

The next set of identities expresses the fact that the operators + and - are interpreted
as the addition and product in a semiring:

(E+F)+G=E+(F+G) ad (E-F)-G=E-(F-G) , (A)
E-(F+G)=E-F+E-G and (E+F)-G=E-G+F-G, (D)
E+F=F+E. (©)

Theset A A D A Cisabbreviated as (N) and called the set of natural identities.

Aperiodicidentities The product in ‘B (A*) isdistributive over infinite sums; then
VK € B (A) K'=14+K'K=14-+KK"*, (3.1
from which we deduce the identities:
E*=1+E-E" and E*=1+E"-E. (U)

From (U) and the gradation® of A* follows Arden’s lemmawhose usage is ubiquitous.

Lemma 3.2 (Arden). Let K and L betwo subsetsof A*. Then K*L isa solution of the
equation X = KX + L. If ¢(K) =0, then K*L isthe unique solution.

For computing expressions, we prefer to use Arden’slemmaunder the following form:

Coroallary 3.3. Let K and L be two rational expressions over A* with c¢(K) = 0. Then,
|K*L| denotes the unique solution of X = |K| X +|L].

The next two identities, called aperiodic identities, are a consequence of Lemma 3.2.

6That is, the elements of A* have alength which is a morphism from A* onto N (cf. Sec. 6).
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Proposition 3.4. For all rational expressions E and F over A*
(E+F)*=E*-(F-E")* and (E+F)*=(E"-F)*-E*, (S)
(E-F)*=1+E-(F-E)*-F. (P)

There are many other (independent) identities (cf. Notes). The remarquable fact is
that those listed above will be sufficient for our purpose.

| dentitiesspecial to3 (A*) Finaly, theidempotency of theunionin®3 (A*) yieldstwo
further identities:

E+E=E, @ (E) = E* . )

In contrast with the preceding ones, these two identities (I) and (J) do not hold for
expressions over arbitrary semirings of formal power series (cf. Sec. 6).

3.2 The state elimination method

The algorithm known as state elimination method, originally due to Brzozowski and Mc-
Cluskey [12], works directly on the automaton A = (Q, A, E,I,T). It consistsin sup-
pressing the statesin A, one after the other, whiletransforming the label s of thetransitions
so that the language accepted by the resulting automaton is unchanged (cf. [59, 60]).

A current step of the algorithm is represented at Figure 2. The left diagram shows the
state ¢ to be suppressed, a state p; which isthe origin of atransition whoseend is ¢ and a
state ; which is the end of atransition whose originis g (it may bethe casethat p; = ;).
By induction, the labels arerational expressions. The right diagram shows the automaton
after the suppression of ¢, and the new label of the transition from p ; to r;. Thelanguages
accepted by the automaton before and after the suppression of ¢ are equal — a formal
proof will follow in the next subsection.

G+ K, L* H;

Figure 2. One step in the state elimination method

More precisely, the state elimination method consists first in augmenting the set @
with two new states i and ¢, and adding transitions labelled with 1 from i to every initial
state of .4 and from every final state of A to t. Then all states in ) are suppressed
according to the procedure described above and in a certain order w. At the end, there
remain only the states ¢ and ¢ with a transition from 4 to ¢ labelled with an expression
which we denote by B, (A) and which is the result of the algorithm. Thusit holds:

Al =B (A)] -

Figure 3 shows every step of the state elimination method on the automaton D 3 drawn
in the upper left corner and following the order w = r < p < ¢. It shows the result
B.(D3) = a*b(ba*b+ ab*a)*ba* + a* . One should be aware that the natural compu-
tation of B,,(.A) may silently involvetheidentities A, C, and I aswell.

@
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The effect of theorder The result of the state elimination method obviously depends
on the order w in which the states are suppressed. For instance, on the automaton D 3 of
Figure 3, theorder w; = r < p < ¢ yidds B, (D3) = a*b(ba*b + ab*a)*ba* + a*,
we =1 < q < pyieds B, (D3) = (a+ b(ab*a)*b)*, and w3 = p < ¢ < r yields
B..(D3) = a* 4+ a*b(ba*b)*ba* + a*b(ba*b)*a (b + a(ba*b)*a)*a(ba*b)*ba*.

All these expressions are equivalent modul o the aperiodic identities:

Theorem 3.5 (Conway [17], Krob [35]). Let w and w’ be two orders on the set of states
of anautomaton A. Then, NAIASAP +— B, ,(A) = B,/(A) holds

The question of the length of these expressionsis also of interest, both from atheoret-
ical aswell as practical point of view (see Notes).

-©

Figure 3. The state elimination method exemplified on the automaton D 3

3.3 The system resolution method

The computation of an expression that denotes the language accepted by afinite automa-
ton as the solution of asystem of linear equationsis nothing el se than the state elimination
method turned into a more mathematical setting.

Description of the algorithm Given A = (Q, A, E,I1,T), for every p in Q, we
write L,, for the set of words which are the label of computations from p to afina state

of A: L, = {w c A* ‘ JdteT p % t} . For asubset R of @, we write the symbol

dp,r for 1if pisin R and 0 if not. The system of equations associated with A iswritten:
|'A| - ZLP = Z Op,1 Ly (3.2) VpeQ Lp= ZlEuqqu +|5p,T| (3.3

pel PeEQ 9€Q
where the L,, are the ‘unknowns’ and the entries E,, ,, which are sums of letters of A4,
are considered as expressions and denoted as such. The system (3.3) may be solved by
successive elimination of the unknowns, by means of Arden’slemma.
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When al unknowns L, have been eliminated in the ordering w on ¢, the computation
yields an expression that we denote by E,(A) and |A| = [E,,(A)| holds. Asfor the state
elimination method, theidentities A, C, and I arelikely to have been involved at any step
of the computation of E, (A).

Comparison with the state elimination method The state elimination method and the
system resolution are indeed one and the same algorithm for computing the language
accepted by afinite automaton, as stated by the following.

Proposition 3.6 ([52]). For any order w on the statesof A, B, (A) = E,(.A) holds.

The state elimination method reproduces, in the automaton .4, the computations cor-
responding to the resolution of the system: the latter is aformal proof of the former. As
another consequence of Proposition 3.6, the following corollary of Theorem 3.5 holds:

Corollary 3.7. Let w andw’ betwo orders on the set of states of an automaton A. Then,
NAIASAP E.(4) = E, (A .

3.4 The McNaughton—-Yamada algorithm

Given A = (Q, A, E,1,T), the McNaughton—-Yamada algorithm ([42]) — called here
MN-Y algorithm for short — truly computes £ *, whereas the two preceding methods
rather compute|.4| directly. Like the former methods, it relies on an ordering of @ but it
is based on a different classification of computationswithin A.

Description of the algorithm The set @@ ordered by w is identified with the set of in-
tegers from 1 to n = Card (Q). The central idea of the algorithm is to classify the
computations between any states p and ¢ in Q) according to the highest rank of the inter-
mediate states. We denote by M,Skq) the set of labels of computations from p to ¢ which
do not pass through intermediate states of rank greater than k. And we shall compute
expressions MYY) such that [M{F)| = M) .

A computation that does not pass through any intermediate state of rank greater than 0
reduces to a single transition. Thus M) = E,, and M{") = E,,. A computation
which goes from p to ¢ without visiting intermediate states of rank greater than % is:

(a) either a computation (from p to ¢) which does not visit intermediate states of rank
greaterthank — 1;
(b) or the concatenation:
o of acomputationfromp to k£ without passing through states of rank greater than k£ —1;
o followed by an arbitrary number of computations which go from & to k& without
passing through intermediate states of rank greater than k—1;
o followed finally by acomputation from & to ¢ without passing through intermediate
states of rank greater than k—1.

This decomposition impliesthat for al p and ¢ in @, for al k < n, it holds:

B (k=1 (k—1) (k—1)\™* 4 (k=1)
M) = MED 4 (MM ) VI

p.k
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We write M, , for (E*), 4, M, 4 for an expression that denotesit. The algorithm ends
with the last equation:

Mpq =M if pq, Mpq =M +1 if p=g .

p,

For consistency with the previous sections, we write M, (A) = > ; M, , and
|A| =M., (A)| holds.

Example 3.1. The MN-Y algorithm applied to the automaton R ; of Figure 4 yields the
following matrices (we group together, for each &, the four M {¥) into amatrix M(®)):

MO _ (@ b MO — a+a(a)*a b+ ala)*d
a b))’ a+a(a)*a b+ala)*d)”’

)(b+ ala +a(a)*a)

)(b+ a(a)* +a(a)*a)

(b+ a(a)*d) + (b+ ala)*d)(b+ ala)*b)*(b+
(@)*b) + (b + a(a)*b) (b + a(a)*b)* (b +

)*b* )*a
b

a(a)*b)
a(a)*b)) '

As in the first two methods, identities A, C, and I are likely to be used at any step
of the MN-Y agorithm. Moreover, identities D and U are particularly fitted for the
computationsinvolved in the MN-Y algorithm. For instance, after using these identities,
the above matrices become:

a _ (a*a a*b @2 _ ((a*b)*a*a (a™b)*a™b
M <a*a a*b) and M ((a*b)* *a  (a*b)*a*b

S

Figure 4. The automaton R 1

Comparison with the stateelimination method Comparing the MN-Y algorithm with
the state elimination method amounts to relating two objects whose form and mode of
construction are rather different: on one hand-side, a @ xQ-matrix obtained by successive
transformations and on the other, an expression obtained by repeated modifications of an
automaton, hence of a matrix, but one whose size decreases at each step.

Proposition 3.8 ([52]). Let A=(Q, A, E,I,T) and A,,=(Q, A E,{p},{q}) for
everypandgqin Q. For everyorder won @, NAU — M, (A, 4) = Bu(A,4) holds.

Asaconsequence of Proposition 3.8, we havethe following corollary of Theorem 3.5:

Corollary 3.9. Let w and w’ be two orders on the states of an automaton .A. Then,

NAIASAP M,(A) = My (A .
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3.5 Therecursive algorithm

This last method is due to Conway (in [17]). It is based on computation on matrices via
bloc decomposition. Originally, it yields a proof of Proposition 3.1. As we did above,
we modify it so as to make it compute from E, a matrix of rational expressions which
denotes E/, amatrix E’ of rational expressionswhich denotesthe matrix £*.

Description of the algorithm  Let us write a block decomposition of £ and the corre-
sponding ones for E and E*:

F G F G ., (U V
V) R (I B (AR

where F and K (andthus F, K, U and Z) are square matrices. By (3.1) 7, it follows that

P u vy (1 0 n F G\(U V
S \w Z) \0 1 H K)\w Z)"~
an equation which can be decomposed into a system of four others equations:

U=1+[FU+[GW , Z=1+HV+[K2Z, (3.4)
V=IFV+|6Z , and W =HU +|K|W . (35)

Corollary 3.3 applies to (3.5) and then, after substitution, to (3.4). By the induction hy-
pothesis, obviously fulfilled for matrices of dimension 1, |Ff* and |K[ are denoted by
matrices of rational expressionsF’ and K’. Let uswrite

e _ ( (FHGKH)"  FGK+HFG)
“\K'H(F+GK'H)*  (K+HFG)*
and |E'| = E* holds. Another application of the induction hypothesisto |(F + GK’ H)[*

and |(K + HF' G)[* showsthat the entries of E’, which wedenoteby C(A) , wherer is
the recursive division of @ used in the computation, areall in K RatE M.

Example 3.2. The recursive method applied to the automaton R ; of Example 3.1 and
Figure 4 obviously — thereis no choice for the recursive division — gives:

_( (at+bd)a)*  a*b(b+a(a) )’
C.(R1) = (b*a(a +b(b)*a)"  (b+ala)*b)” )

Comparison with the state elimination method Both the recursive method and the
MN-Y algorithm yield a matrix of expressions. Example 3.2 shows that there is no hope
for agloba comparison of the two matrices. We state however the following conjecture.

Conjecture3.10. Let A = (Q, A, E,I,T) be an automaton. For every recursive divi-
sion 7 of @ and for every pair (p, q) of states, there exists an ordering w of @ such that:

NAIAU +—  (C.(A),., = Bu(d,) .

p,q

"applied to matrices with entries in 93 (A*) rather than to elements of 5 (A*).
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Moregenrally, and as aconclusion of the description of these four methods, onewould
conjecture that the rational expressions computed from a same finite automaton are all
equivalent modulo the natural identities and I, S and P. Even if computed from is not
formal enough, the above developments should make the general idearather clear.

3.6 Star height and loop complexity

Among the three rational operators+, - and x, the operator « is the one that ‘ gives access
to the infinite’, hence the idea of measuring the complexity of an expression by counting
the number of nested uses of this operator, anumber called star height. On the other hand,
itisthecircuitsin afinite automaton that produce an infinite number of computations, ‘all
themore’ that the circuitsaremore ‘intricated’. Theintuitiveideaof intrication of circuits
will be captured by the notion of loop complexity. A refinement of Theorem 2.2 relates
the loop complexity of an automaton to the star height of an expression that is computed
from this automaton, a result which is due originally to Eggan ([20]).

Star height of an expression Let E be an expression over A*. The star height of E,
denoted by h[E], isdefined by h[E] = max(h[E’],h[E"]) if E=E'+E” or E=FE'-E",
h[E] = 1+ h[F] if E=F*,from h[0] = h[1] = h[a] =0, forevery a in A.

Example3.3. (i) h[(a+0)*] =1; hla* (ba*)*] = 2.
(if) The heights of the three expressions computed for the automaton D 3 at Sec. 3.2 are:
h[B., (D3)] =2, h[B,,(D3)] =3,and h[B,,(Ds3)] = 3.

Two equivalent expressions may then have different star heights, and thus give rise to
the star height problem (see Notes).

Loop complexity of an automaton We call loop complexity of an automaton A the
integer Ic(A) defined inductively by the following equations (whereaball isanon-trivial
strongly connected component):

lc(A) =0 if A containsno balls (in particular if A is empty);
lc(A) = max{lc(P)| P abal in A} if A isnot strongly connected;
lc(A) =1+ min{lc(A\ {s})] s state of A} if A isstrongly connected.

Theorem 3.11 (Eggan [20]). The loop complexity of a trim automaton A is the minimum
of the star height of the expressions computed on A by the state elimination method.

This theorem may be proved by establishing a more precise statement which involves
arefinement of the loop complexity and which we call the loop index.

If w isan order on the state set of A, we write & for the greatest state according to w.
If R is a subautomaton of A, we also write w for the trace of w over R and, in such a
context, w for the greatest state of ‘R according to w. Then, the loop index of A relative
to w, written 7, (A), isthe integer inductively defined by the following:

e if A containsno ball, or isempty, then 7,,(A) =0;
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e if Aisnotitself aball, then J,(A) = max ({J,(P) | P ball in A}) ;
e if Aisabal, then J,(A)=1+7,(A\ D).
The difference with respect to loop complexity is that the state that we remove from a
strongly connected automaton (to proceed to the induction) is fixed by the order w rather
than being the result of a minimisation. This definition immediately implies that
lc(A) = min{J,(A) | wisanorderon@ } .
holds and Theorem 3.11 is then a consequence of the following.

Proposition 3.12 ([38]). For any ordert w onthe statesof A, J,(A) = h[B,(A)] .
Theorem 3.11 admits akind of a converse, stated in the following proposition.

Proposition 3.13. Wth every rational expression E is associated an automaton which
accepts|E| and whose loop complexity is equal to the star height of E.

4 From expressionsto automata: the ¥-maps

Thetransformation of rational expressionsinto finite automataestablishes Proposition 2.4.
It is even more interesting than the transformation in the other way, both from a theoret-
ical point of view and for practical purposes, as there are many questions that cannot be
answered directly on expressions but requirefirst their transformation into automata.

Every expression is mapped to, or associated with, several automata, each of them
being computed in different ways. We distinguish the objects themselves, that is, the
computed automata, which we try to give definitions as intrinsic as possible, from the
algorithms that allow to compute them. We essentially present two such automata: the
Glushkov, or position, automaton and that we rather call the standard automaton of the
expression, and the derived term automaton, that was first defined by Antimirov.

The standard automaton may be defined for expressions over any monoid whereas the
derived term automaton will be defined for expressions over a free monoid only. In this
section however, we restrict ourselves to expressions over a free monoid. We begin with
the presentation of two techniques for transforming an automaton into another one, that
will help usin comparing the various automata associated with a given expression.

4.1 Preparation: closure and quotient

Closure Automatahavebeen defined (Sec. 2.2) as graphslabelled by letters of an al pha-
bet. It isknown that the family of languages accepted by finite automatais not increased if
transitions|abelled by the empty word — called spontaneoustransitions— are allowed as
well. The backward closure of such anautomaton A = (Q, A, E,I,T) istheequivaent
automaton B = (Q, A, F, I, U ) with no spontaneous transitions defined by

1 4% 1 4%
F={(p7a7r)‘3q€Q PATHL (q7aﬂ")€E} and U={p‘3q€T PAT>Q}~

It is effectively computable — as the determination of £ and U amounts to computing
the transitive closure of afinite directed graph.
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Morphisms and quotient Automata are structures; a morphism is a map from an au-
tomaton into another one which is compatible with this structure.

Definition 4.1. Let A = (Q, A E,I,T) and A" = (Q',A,E',I',T") be two au-
tomata. A map ¢: Q — Q' isamorphism (of automata) if:

) () I’y (i) o(T)<T", (i) V(p,a,q) € E (p(p),a,¢(q)) € E'.
The automaton A’ is a quotient of A if, moreover, ¢ is surjective and:

(iv) o(I)=1", (v) ¢ (T") =T,

(Vi) V(r,a,s) € E', Vp € v ' (r), g€ ¢~ !(s) (p.a,q) €E.

If o is such a morphism, we write ¢: A — A’ and the inclusion |A| C |A’| holds.
If A" isaquotient of A, then |.4| =|.A’| holds.

Definition 4.1 generalises to arbitrary automata the classical notion of quotient for
complete deterministic automata. Every automaton .4 admits a minimal quotient, which
isaquotient of every quotient of .A. In contrast with the former case, the minimal quotient
of A is canonically associated with A, not with the language accepted by A.

4.2 The standard automaton of an expression

Thefirst automaton we associate with an expression E, which we write Sg and which will
play a central rolein our presentation, has been first® defined by Glushkov (in [28]). In
order to give an intrinsic description of Sg, we define a restricted class of automata, and
then show that rational operations on sets can be lifted on the automata that accept them.

4.2.1 Operationson standard automata An automaton is standard if it has only one
initial state, whichis the end of no transition. Figure 5 shows a standard automaton, both
as a sketch, and under the matrix form. The definition does not forbid the initial state 4
from also being final and the scalar ¢, equal to 0 or 1, is the constant term of |A].

@ ()

Figure5. A standard automaton

Every automaton is equivalent to a standard one. Their special form allows to de-
fine operations on standard automata that are parallel to the rational operations. Let A
(asin Figure 5) and 1 (with obvious notation) be two standard automata; the following

8| ndependently and even earlier, McNaughton and Yamada computed directly the determinisation of Sg in
the paper [42] that we already quoted (see Notes).
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standard automata are defined:

0| J K c+d
F 0 U
A+B=<<1>7 7 > (@)
0 0 G \%
0 cK cd
of| F |[U-K Ud
A-B<(1@@), , > “2)
0 0 G

o(E)

where H = U - J + F'. Theuse of the constants ¢ and d alowsto treat uniformly the
cases when the initial states of .4 and B are final and when they are not. Straightforward
computations show that |(A + B)|=|A|+|8], |(A - B)|=|A|-|B] and |(A*)| = |A[" .

With every rational expression E and by induction on its depth, we thus canonically
associate a standard automaton, which we write Sg and which we call the standard au-
tomaton of E. The same induction also shows that the dimension of Sg is 4(E) + 1 and
that Sg answers the question, that is, the map E — Sg isa ¥-map:

Proposition 4.1. If E isarational expression over A*, then |Sg| =|E|.

Example4.1. Figure 6 shows Sg,, where E; = (a*b+ bb*a*)* .

The example of E = (((a* F0) 4 )+ d*)* ... shows that the direct compu-

tation of Sg by (4.1)—4.3) leads to an algorithm whose complexity is cubicin ¢(E). The
quest for a better algorithm lead to a construction that is interesting per se.

Figure 6. The automaton Sk, .

4.2.2 The star normal form of an expression The star normal form of an expression
has been defined by Briiggemann-Klein (in [10]) in order to design a quadratic algorithm
for the computation of Sg. Theinterest of this notion certainly goes further.
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Definition 4.2 ([10]). A rational expression E isin star normal form (SNF) if, and only
if, for any F such that F* is a subexpression of E, c(F) =0.°

Two operators on expressions: e and o, are defined by an intertwinned induction on
the depth of the expressionsin order to compute (and define by this computation) the star
normal form of the expression.

0°=0°=0, 1"=1"=0, VacAd a =a"=a,

FF4+ G if c(F)=c(G) =1,

(F+G) =F +G, (F) =F, (F-G) { F*.G* otherwise ,

(F+G)*=F"+G*, (F-G)*=F"-G*, (F")*=(F)*.
Example4.2. If E; = (a*b*)* ,then Ex® = (a + b)*.
Theorem 4.2 ([10]). For any expression E, E® isin star normal formand Sge = Sg .
Asthe computation of E® islinear in £(E), the goal is achieved by the following:

Theorem 4.3 ([10]). The computation of Sg. has a quadratic complexity in ¢(E).

4.2.3 The Thompson automaton A survey on W-maps cannot miss out the method due
to Thompson [56]. It was designed to be directly implementable as a program, primarily

for searching rational expressionsintext. It isbased on the use of spontaneoustransitions.

Figure 7 shows the basic steps of the construction, which, by induction, associates with an
expression E a unique (and well-defined) automaton 7. This construction corresponds
indeed to another way of defining the standard automaton:

Proposition 4.4. The backward closure of 7¢ isequal to Sg.

4.3 Thederived term automaton of an expression

Let usfirst recall the (left) quotient operation on languages:
VL € P (A", Yu e A* uw'L={ve A |uvel} .

The quotient is a (right) action of A* on B (A*): (uv)™'L = v=! (u"'L) . A fun-
damental, and characteristic, property of rational languages — which is another way to
express that they are recognisable — is that they have a finite number of quotients.

The principle of the construction we present in this section, and which we call deriva-
tion, is to transfer the quotient on languages to an operation on the expressions. First
introduced by Brzozowski [11], the definition of the derivation of an expression E has
been modified by Antimirov [4] (cf. Notes) and yields a non deterministic automaton A g,
which we propose to call the derived term automaton of E. This construction concerns
thus expressions over free monoids only. Inthe sequel, E isarational expression over A *.

9The definition, aswell as the construction, have been slightly modified from the original, for simplification.



Automata and rational expressions 19

(c) union (d) star
Figure 7. Thompson's construction

Definition 4.3 (Brzozowski—Antimirov [4]). The derivation of E with respect to aletter a
of A, denoted by % E, isaset of rational expressionsover A*, inductively defined by:

o . 9. 9., ({1} if b=a,
50= g,1=0  WheAd o 0y - { 0 otherwise, (44)
4 (F+G) = (4.5
da 8 8 '
8 0
o .. [0
5 (F) = (6(1 F) F* (4.7)

Equation (4.6) should be understood with the convention that the product x X of a
set X by aBoolean value z is X if z = 1 and @ if x = 0. The induction involved
in Equations (4.5)—(4.7) should be interpreted by extending derivation additively (as are
always derivation operators) and by distributing (on the right) the - operator over sets
aswell. Finally, every operation on rational expressions is computed modulo the trivial
identities (T'), but not modulo the other natural identies (N).

Definition 4.4. The derivation of E with respect to a non-empty word v of A *, denoted
by % E , istheset of rational expressions over A*, defined by (4.5)—4.7) for lettersin A
and by induction on the length of v by:

0 0 0
V2 + v A -~ 4
u€e AT, Vae A " E <uE) . (4.8)

The derivation of expressionsis parallél to the quotient of languages and we have:

VE € RatEA*, Vue A" |a% e[ =g . 4.9
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Example 4.3. Thederivationof E; = (a*b+ bb*a)* (cf. Example4.1) yields:

8 8 * 8 * *
%El—%El—{a bEl}7 %(El) —{El,b aEl},
SaVE = (B}, (B = {1}, (e = {VaEL}
aba 1 — 15, 8a (27 =51 — 15, ab aty — atiy.

4.3.1 The derived term automaton Derivation thus associates a pair of an expression
and aword with a set of expressions. We now turn this map into an automaton.

Definition 4.5. We call true derived term of E every expression that belongsto % E for
some word w of A*; wewrite TD (E) for the set of true derived terms of E:

TD(E) = Upear 255 E - (4.10)
Theset D(E) = TD (E) U {E} istheset of derived terms of E.

Example 4.4 (Example4.3 cont.). D (E;) = {E1,a*bE;,b*aE;}.

The sets of derived terms and the rational operations are related by the following
equations, from which most of the subseguent propertieswill be derived.

Proposition 4.5. Let F and G betwo expressions. Then, TD (F + G) = TD (F) UTD (G),
TD(F-G) = (TD(F))- G U TD(G),and TD (F*) = (TD (F)) - F* hold.

Starting from TD (0) = TD (1) = 0 and TD (a) = {1} for every a in A, TD (E)
can be computed from Proposition 4.5 by induction on d(E) and without reference to the
derivation operation (cf. the prebases in [43] and Definition 6.2 below). It follows in
particular that Card (TD (E)) < ¢(E) andthus:

Corollary 4.6. Card (D (E)) < ¢(E)+1.
The computation of D (E) isa ¥-map, as expressed by the following.

Definition 4.6 (Antimirov [4]). The derived term automaton of E is the automaton A g
whose set of statesis D (E) and whose transitions are defined by:

(i) if Kand K’ arederivedtermsof E and a aletter of A4, then (K, a, K’) isatransition
if, and only if, K’ belongsto 2 K;
(i) theinitia stateisE;
(iii) aderivedterm K isfina if, and only if, c(K) = 1.

Theorem 4.7 ([4]). For any rational expression E, |E| = |Ag|.

Example 4.5 (Example 4.4 cont.). The automaton A g, is shown at Figure 8.
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a N\, b

S
a b b

Figure 8. The automaton Ag, .

4.3.2 Relationship with the standard automaton The constructions of the standard
and derived term automataof an expression are of different nature. But both arise fromthe
same inner structure of the expression by two inductive processes, and the two automata
have a structural likeness which yields another proof of Corollary 4.6:

Theorem 4.8 ([16]). For any rational expression E, Ag isa quotient of Sg.

4.3.3 Derivation and bracketing The derivation operator is sensitive to the bracketing
of expressions; on the other hand, it does commute to the associativity identity (A).

Example4.6. Let ab(c(ab))* beanexpressionwhichisnot completely bracketed. The
derivation of the two expressions obtained by different bracketingsyields:

D (a(b(c(ab))")) ={a(b(c(ab))), b(c(ab))”, (c(ab))”, (ab)(c(ab))"} .
D ((ab)(c(ab))”) = {(ab)(c(ab))", b(c(ab))", (c(ab))"} .

More precisely, we have the following.

Proposition 4.9 ([3]). Let E, F and G bethreerational expressions. Then:

Card (D ((E-F)-G)) < Card (D (E- (F-G))) and A — D((E-F)-G) =D (E- (F-G)) .

5 Changing the monoid

Most of what has been presented so far extends without problems from languages to
subsets of arbitrary monoids, from expressions over a free monoid to expressions over
such monoids. We run over definitions and statements to transform them accordingly.
The main difference will be that rational and recognisable sets do not coincide anymore,
making the link between finite automata and rational expressions even tighter, and ruling
out quotient and derivation that refer to the recognisable ‘side’ of rational languages.

Non-free monoids of interest in the field of computer science and automata theory
are — among others — direct products of free monoids (for relations between words),
among which free commutative monoids for counting purpose, partially commutative, or
trace, monoids (for modellisation of concurrent or parallel computations), free groupsand
polycyclic monoids (in relation with pushdown automata).

In the sequel, M isamonoid, and 1,, itsidentity element.
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5.1 Rationality

Rational setsand expressions Product and star are defined in 3 (M) asin‘B (A*) and
the set of rational subsets of 1, denoted by Rat M, is the smallest subset of 3 (1)
which contains the finite sets and which is closed under union, product, and star.

Rational expressions over M are defined as those over A*, with the only difference
that the atoms are the elements of 1/; their set is denoted by RatE M. We also write|E|
for the subset denoted by an expression E. Two expressions are equivalent if they denote
the same subset and we have the same statement as Proposition 2.1:

Proposition 5.1. A subset of M is rational if, and only if, it is denoted by a rational
expression over M.

A subset G of M isagenerating set if G* = M . Thedirect part of Proposition 5.1
may be restated with more precision as: any rational subset of M isdenoted by a rational
expression whose atoms are taken in any generating set. It follows from the converse part
that arational subset of M iscontained in afinitely generated submonoid.

Finiteautomata Anautomatonover M, denotedby A = (Q, M, E,I,T),isdefined
like an automaton over A*, with the only difference that the transitions are labelled by
dementsof M: EC Qx M xQ. Then, Aisfiniteif E isfinite.

The subset accepted by A4, called the behaviour of A and denoted by |.A4| as above, is

the set of labels of successful computations: |A| = {m € M‘ Jiel,3teT i 4’;» t}.

The fundamental theorem of finite automata In this setting, the statement appears
more clearly different from Kleene's theorem. Its first appearance’® seems to be in Elgot
and Mezei’'s paper on rational relations.

Theorem 5.2 ([22]). A subset of amonoid M isrational if, and only if, it is the behaviour
of a finite automaton over M whose labels are taken in any generating set of M.

Thereis not much to change in Propositions 2.3 and 2.4 to establish Theorem 5.2.

Proposition 5.3 (®-maps). For every finite automaton .4 over M, there exist rational
expressions over M which denote|A|.

All four methods described in Sec. 3 apply for arbitrary M, even if their formal proof
may be slightly different (Arden’s lemmadoes not hold anymore).

Proposition 5.4 (¥-maps). For every rational expression E over M, there exist finite
automata over A/ whose behaviour is equal to|E|.

Here again, the algorithms and results described in Sec. 4.2 for the construction of the
standard automaton, Thompson automaton, etc. pass over to expressions over M. On
the contrary, quotientsin M define recognisable subsets of M and not rational ones (see
below) and derivation of expressions over M does not make sense anymore.

1OHjdden in afootnote!
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5.2 Recognisability

Definition 2.3 may be rephrased verbatim for arbitrary monoids. A subset P of M is said
to be recognised by a morphism a: M — N if P = a~!(a(P)). A subset of M is
recognisable if it is recognised by a morphism from M into a finite monoid. The set of
recognisable subsets of M is denoted by Rec M.

Recognisable and rational subsets We can then reproduce almost verbatim the con-
verse part of the proof of Theorem 2.5. Let P bein Rec M, recognised by amorphism a.
We replacethe alphabet A by any generatingset G of M inthe construction of the automa-
ton A,,. If M isfinitely generated, G isfinite, sois. A, and P isrational by Theorem 5.2:

Proposition 5.5 (McKnight [41]). If M isfinitely generated, then Rec M C Rat M .

On the other hand, the first part of the quoted proof does not generalise to non-free
monoids and the inclusion in Proposition 5.5 is strict in general. For instance, the set
(a,¢)* = ((a,1)(1,¢))" isarationa subset of a* x c*. It is accepted by a two state
automaton which induces a map . from the generating set of a * x ¢* into B><:

u((a,l))z(B (1)) and u((l,c)):<(1) 8) .

But this map does not define amorphism from a* x c* into B2,

Decision problemsfor rational sets Ingeneral, Rat M is not aBoolean algebra. This
is also accompanied with undecidability results. The undecidability of Post Correspon-
dence Problem, easily expressed in terms of monoid morphisms implies for instance:

Theorem 5.6 (Rabin-Scott [46]). It is undecidable whether the intersection of two ratio-
nal sets of {a,b}* x {c,d}* isempty or not.

From which one deduce:

Theorem 5.7 (Fischer—Rosenberg [23]). The equivalence of finite automata, and hence
of rational expressions, over {a,b}* x {c,d}* isundecidable.

In contrast, the caseswhere Rat M isan effective Boolean algebra— such aswhen M
is a (finitely generated) free commutative monoid [27] or free group [25] — play a key
rolein model checking issues which involve counters or pushdown automata.

6 Introducing weights

Most of the statements about automata and expressions established in the previous sec-
tions extend again without much difficulties in the weighted case, as we have taken care
to formulate them adequately. There are two questions though that should be settled first
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in order to set up the framework of this generalisation. First, the definition of the star
operator requires some mathematical apparatus to be meaningful. Second, the definition
of weighted expressions has to be tuned in such a way former computations such as the
derivation remain valid.!

6.1 Weighted languages, automata, and expressions

6.1.1 Theseriessemiring The weights, with which we enrich the languages or subsets
of monoidsaretakeninasemiring, so asto givethe set of serieswe build thedesired struc-
ture. We are interested in weights as they actually appear in the modelisation of phenom-
enathat we want to be able to describe (and not because they fullfil some axioms). These
are the classical numerical semirings N, Z, Q, etc., the less classical (Z U +co, min, + ),
etc. None of them are Conway semirings (cf. Chap. XX), N is a quasi-Conway semir-
ing but not the others. In the sequel, K is a semiring. The unweighted case corresponds
to K = B and will be refer to as the Boolean case.

As in the Boolean case, free monoids give rise to results which do not hold in non-
free ones (the Kleene-Schiitzenberger theorem). But not all non-free monoids alow to
easily define series with weights in arbitrary semirings. We restrain ourselvesto graded
monoids, that is, which are equipped with alength function. They behave exactly like the
free monoids as far as the construction of series is concerned, they cover many monoids
that are considered in computer science, and they are sufficient to make clear the differ-
ence between the free and non-free cases as far as rationality is concerned. In the sequel,
M isafinitely generated graded monoid.

Series Any map s from M to K isaformal power series (seriesfor short) over M with
coefficientsin K. Theimage by s of an element m in M iswritten <s,m> andiscalled
the coefficient of m in s. The set of these series, written K (M), is equipped with the (left
and right) ‘exterior’ multiplications, the pointwise addition, and the (Cauchy) product:
for every m in M, <st,m> =,  _  <s,u><t,v>. As M is graded, the product is
well-defined, and the three operations make K((M)) asemiring (cf. Chap. 1V).

The support of a series s is the subset of elements of M whose coefficient in s is
not Ox. A series with finite support is a polynomial; the set of polynomials over M with
coefficientsin K iswritten K(M).

Topology The definition to come of the star as an infinite sum callsfor the definition of a
topology on K{(M)). The semirings K we consider are equipped with atopology defined
by a distance, whether it is a discrete topology (N, Z, (Z U +co0, min, + ), €tc.) or amore
classical one (Q, R, another L{N)), etc.). Since M isgraded (and finitely generated) itis

11 The definition of the behaviour of weighted automata also conceals a problem due to the existence of
spontaneous or e-transitions). This is out of the scope of this chapter where we focus on the relationships
between automata and expressions. All usual definitions eventually allow to establish that every automaton
whose behaviour is defined is equivalent to a proper automaton. Thisis the definition we take for a weighted
automaton and where we begin our presentation. We thus save asignificant amount of foundation results. On this
subject, we refer to other chapters of this handbook (Chapters IV and XX) and other works ([55, 8, 37, 52, 19]).
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easy to derive a distance which defines on K{(M)) the simple convergence topol ogy:
sn convergesto s if, and only if, for all m in M, <s,,m> convergesto <s,m>.

Along the same line, a family of series {s;}ic; is summable if for every m in M the
family {<s;, m>};cs is summable (in K). An obvious case of summability is when for
every m in M there is only a finite number of indices i such that <s;, m> is different
from Ok, in which case the family {s; }.c; issaid to belocally finite.

All quoted semirings that we consider are topological semirings, that is, not only
equipped with a topology, but their semiring operations are continuous. We aso use
silently in the sequel the following identification: if @ is a finite set, K({(M)) @<, the
semiring of Q x Q-matrices with entries in K((A)) is isomorphic to K@@ (M), the
semiring of series on A/ with coefficientsin K@<,

Star The star, denoted ¢*, of an element ¢ in an arbitrary topological semiring T (not
only inasemiring of series) isdefined if the family {¢"},,en issummableand in this case,
t* = ent" . If t* isdefined, then t* = 1t +t¢* = 1p + ¢*t hold. If moreover T
isaring, this can bewritten (1 —¢)¢t* =¢*(1 —¢) =1 and ¢* istheinverseof 1 —¢.
Coming back to general semirings, it means that computing the star can be considered as
a substitute of taking the inverse in poor structure that has no inverse. Hence the name of
rational given to objects that can be computed with the star.

The constant term of aseries s isthe coefficient of theidentity of M: c(s) = <s, 1> .
A seriesisproper if its constant termis zero. If s isproper, thefamily {s™},,en islocaly
finite since M is graded and the star of a proper series of K((M)) is thus always defined.

Lemma6.1. Let s andt betwo seriesin K{(M)). If s* isdefined, then s*¢ isthe unique
solution of the equation X = sX + s.

6.1.2 Rational seriesand expressions The rational operationson K{(M)) are: the two
exterior multiplications by elements of KK, the addition, the product, and the star whichis
not defined everywhere. A subset £ of K((M)) isclosed under star if for every sin & such
that s* is defined then s* belongsto £. Therational closure of aset £, written KRat &, is
the smallest subset of K({(M)) closed under the rational operations and which contains €.
The set of K-rational series, written KRat M, istherational closure of K(M).

Rational weighted expressions A rationa expression on M with weight in K — a
weighted expression — is defined by completing Definition 2.1 with two operations for
every k in K: if E is an expression, then so are (kE) and (Ek). The set of weighted
rational expressions is written K RatE M. As for the languages, we write |E| for the
series denoted by E, with the supplementary equations: |(k E)| = k|E| and |(E k)| = |E|%.

The constant term c(E) is defined as in Definition 2.2 but for the last equation
(c(F*) = 1) which is replaced by: ‘c(F*) = c(F)" if the latter is defined’. An ex-
pression is valid if its constant term is defined. As M isgraded, c(E) = <E| 1,/> holds
for every valid weighted rational expression E. Finaly, the following holds:

Proposition 6.2. A series of K{(M)) isK-rational if, and only if, it is denoted by a valid
rational K-expression over M.
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In this framework, we reformulate Lemma 6.1 as:

Corallary 6.3. Let U and V be two expressions in KRatE M. If c(U) is starable,
then U* V denotes the unique solution of the equation X = |U|X +|V].

6.1.3 Weighted automata and the fundamental theorem An automaton A over M
with weight in K, a K-automaton for short, still written A = (Q,M,E,I,T), isan
automaton where the sets of initial and final states are replaced with maps from @ to K,
that is, every state has an initial and afinal weight, and where the set F of transitionsis
contained in @ x K x (M \ 1p) x Q, that is, every transition is labelled with a monomial
in K(M), different from a constant term. The automaton A isfiniteif E isfinite.

Alternatively, the same automaton is (more often) written A = (I, E,T), with the
convention taken at Sec. 2: E isthetransition matrix of .4, a @ x Q-matrix whose (p, q)-
entry isthe sum of the labels of all transitionsfrom p to ¢, and I and 7" are vectorsin K .
Inthis setting, A isfiniteif every entry of E isapolynomia of K({M).

Thelabel of acomputationin A is, asabove, the product of thelabels of thetransitions
that form the computation, multiplied (on the left) by the initial weight of the origin and
(on the right) by the final weight of the end of the computation. With the definition we
have taken for automata (no transition labelled with a constant term), and because M is
graded, the family of labels of al transitions of A is summable and the series accepted
by A, aso called behaviour of .4 and written|4], is its sum. The fundamental theorem of
automata then reads:

Theorem 6.4. Let M be a graded monoid. A series of K{(A)) isrational if, and only if,
it isthe behaviour of a finite K-automaton over M.

6.2 From automata to expressions. the ®&-maps

With the definition taken for a K-automaton A = (I, E,T), every entry of E isa
proper polynomial of K(M), E isinK(M)<*?, hencea proper polynomial of K @@ (1),
and E* iswell-defined. Lemma 2.6 generalisesto K-automataand |A| = I- E*-T holds.

In every respect, the weighted case is similar to the Boolean one. The direct part of
Theorem 6.4 follows from the generalised statement of Proposition 3.1:

Proposition 6.5. The entries of the star of a proper matrix £ of K({(M ) ®*? belong to
the rational closure of the entries of E.

The same algorithms as those presented at Sec. 3: the state elimination and system
resolution methods, the McNaughton—Yamada and recursive algorithms, will establish
the weighted version of Proposition 2.3:

Proposition 6.6. Let M be a graded monoid. For every finite K-automaton A over M,
there exist rational K-expressions over M/ which denote|A|

If the algoritms are the same, one has to establish neverthelesstheir correctnessin this
new and more complex framework. We devel op the case of the system resol ution method,
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the other ones could betreated in the same way. To beginwith, we haveto enrich the set of
trivial identitiesin order to set up the definition of reduced weighted expressions, whichin
turn is necessary to define computations on expressions. The set T as defined at Sec. 3.1
isnow denotedas T ,;:

E+0=E, 0+E=E, E0=0, 00E=0, E1=E, 1.E=E, 0"=1 (T,

and augmented with three other sets of identities:

OkE=0, EOx =0, k0=0, 0k=0, 1xkE=E, Elx=E (Tk)
k(hE)=khE, (Ek)h=Ekh, (kE)h=k(Eh) (Ax)
lk=k1l, E-(k1)=Ek, (kl)-E=EE (Uk)

From now on, all computationson weighted expressionsare performed modulo the (trivial

identities T = T, A Tk A Ax A Uy . Besidesthetrivia identities, the natural identities
N = A ADAC hold ontheexpressionsof K RatE M for any K and (graded) M, and,
in contrast, the identitiesT and J that are special to 3 (M) do not hold anymore.

The system resolution method  starts from a proper automaton A = (I, E,T) of
dimension Q whose behaviouris |A|= -V where V = E* - T isavector in K{M)?.
Lemma®.1 easily generalisesand as E is proper (inK <@ (A1), V istheuniquesolution
of theequation X = E'X + T which we rewrite as a system of Card (@) equations:

Vp e Vp = quQlEp,qlvq +|T, 1] (6.1)

where the V,, are the *unknowns’ and the entries £, ,, which are linear combinations of
letters of A, are considered as expressions and denoted as such. The system (6.1) may
be solved by successive elimination of the unknowns, by means of Corollary 6.3. When
al unknowns V; have been eliminated in an ordering w on ¢, the computation yields an
expression that we denote by E,,(A), asin Sec. 3.3, and |A| = |E,, (A)| holds.

The parallel with the Boolean case can be carried on: given a K-automaton A of
dimension @, an ordering w, and a recursive division 7 on @, the expressions B ,(A),
M,,(A), and C,(A) that all denote|.A| are computed by the state elimination method, the
M cNaughton—Yamadaand recursive algorithms respectively. The results on the compari-
son between these expressions also extend to the weighted case.

Proposition 6.7. For every order w on @, B, (A) = E,(A) holds.
Proposition 6.8. For everyorder won @, NAU — M, (A, 4) =By (Ap,4) holds.

Theorem 3.5 also extend to the weighted case, with the important change that the
identity I does not comeinto play anymore.

Theorem 6.9. Let w and w’ be two orders on the set of states of a K-automaton A.
Then, NASAP +— B,(4) = B (A) holds.
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6.3 From expressionsto automata: the ¥-maps

6.3.1 Thestandard automaton of a weighted expression The definition of a standard
weighted automaton is the same as the one of a standard Boolean automaton: a unique
intial state on which the initial map takes the value 1k and which is not the end of any
transition. Such an automaton may thus be represented as in Figure 5 and every weighted
automaton is equivalent to, and may be turned into, a standard one.

Asinthe Boolean case, operations are defined on standard weighted automatathat are
parallel to the rational weighted operators. With the notation of Figure 5, the operators
A+ Band A - Baregivenby (4.1) and (4.2), kA and Ak by

e (- ()

and A*, which is defined when ¢* is defined, by the following modification of (4.3):

(e () o)) e

where H =U - ¢*J + F'. Asin Sec. 4.2, these operations allow to associate with every
weighted expression E and by induction on its depth, a standard weighted automaton S g
which we call the standard automaton of E. Straightforward computations show that
|(k A)[ = KA, [(Ak)| = Ak, [(A+ B)|=|A+|B|, |(A- B)|=|A|B] and |(A")] = A"
From which one concludes that the construction of Sg isa ¥-map:

Proposition 6.10 ([13, 39]). If E is a weighted expression over A*, then |Sg| =|E|.

The automaton Sg has ¢(E) + 1 states. Computing Sg from (4.1), (4.2) and (4.3') is
cubicin ¢(E) and astar normal formfor weighted expressionsis something that does not
seemto exist inthegeneral case. Figure 9 showsthe standard Q-automaton S g, associated
with Es = (§a* + 3 b*)* and Z-automaton Sg, associated with E4 = (1 — a)a*.

ig

2 3

Figure 9. The Q-automaton Sg, and the Z-automaton Sk,

It isthe necessary definition of k.4 and A k that rules out the equivalence km = mk ,
with m in M, from the set of trivial identities.

6.3.2 The derived term automaton of a weighted expression The (left) quotient op-
eration also extends from languages to series: for every s in K{A*)), and every w in A*,
u~ls isdefined by <u~l!s,v> = <s,uv> for every v in A*. The quotient is a (right)
actionof A* onK({(A*): (uv)~'s=v"" (u"ts).
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In contrast with the Boolean case, a series in KRat A* may have an infinite number
of distinct quotients. However, the quotient operation allows to express a characteristic
property of rational series. Let uscall stableasubset U of K({(A*)) closed under quotient.
Then, a characterisation due to Jacob reads: a series of K({{A*)) is K-rational if, and only
if, it is contained in a finitely generated stable submodule of K{(A*)), cf. [8, 54].

K-derivation The derivation of rational K-expressions implements the lifting of the
quotient of series to the level of expressions. It yields an effective version of the charac-
terisation quoted above.

In the sequel, addition in K is written & to distinguish it from the + operator in ex-
pressions. The set of (left) linear combinations of K-expressions with coefficientsin K
is denoted, by abuse, by K(K RatE A*). In the following, [k E] or k E is a monomial
in K(K RatE A*) whereas (k E) is an expression in K RatE A*. An external right multi-
plication on K(K RatE A*) by an expression and by a scalar is needed in the sequel. Itis
first defined on monomiasby ([kE]-F) =k (E-F) and ([kE] k') = k(Ek’) and then
extended to K(KK RatE A*) by linearity.

Definition 6.1 ([39]). TheK-derivationof E inK RatE A* withrespecttoa in A, denoted
by % E, isalinear combination of expressionsin K RatE A* defined by (4.4) for the base
cases and inductively by the following formulas.

) ) o o o ) o
5o (RE) =k 5-E, = (Ek) = ({%E} k) 5o (EHF) = 5 E® o F

g(EF) = (L% E] -F) ® (E) %F, ad () = c(E)’ q% E} -(E*)) .

a

The last equation is defined only if (E*) is avalid expression. The K-derivation of
an expression with respect to aword w is defi ned by induction on the length of u: for
every uin A* andevery ain 4, 52-E = -2 (2 E) andthedefinition of K-derivation
is consistent with that of quotient of serlessmcefor every uin A* |%(E)| = u~!|E| holds.

The derived term automaton At Sec. 4.3.1, we have defined the derived terms of a
(Boolean) expression as the expressions that occur in a derivation of that expression.
Proposition 4.5 then established properties that allow to compute these derived terms,
without derivation. For the weighted case, we take the same properties as the definition.

Definition 6.2 ([39]). The set TD (E) of true derived terms of E in KRatE A* isin-

ductively defined by' TD (kE) = TD(E), TD(Ek) = (TD(E) k), TD(E+F) =
TD(E) U TD(F), TD(E-F) = (T (E)) Fu TD(F), TD(E*) = (TD(E)) - E*,
starting from the base cases TD (0) = TD (1) = (), and TD (a) = 1 for every ain A.

TD (E) isaset of unitary monomials of K(K RatE A*), with Card (TD (E)) < ¢(E) .
Theset of derivedtermsof Eis D (E) = TD (E)U{E} . Theorem 6.11insures consistency
between Definitions 6.1 and 6.2; the usefulness of the latter follows from Theorem 6.12.
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Theorem 6.11 ([49, 39]). LetE beinKRatE A* and D (E) = {Ky,...,K,,}. For every a
in A, there exist an n x n-matrix 1(a) with entriesin K such that

Vi € [n] o Ki = D 1la)i; K-

The K-derivation of an expression E in K RatE A* with respect to every word in A*
isthus alinear combination of derived terms of E. Hence the derived terms of an expres-
sion denote the generators of a stable submodule that contains the series denoted by the
expression. Theorem 6.11 yields the the derived term automatonof E, Ag = (I, X,T'),
of dimension D (E), with I = 1k if K; = E and Ok otherwise, X = @, 4 u(a)a, and

T; = c(K;) . The K-derivationis another ¥-map since |Ag| = |E| holds.

Morphisms and quotients of (Boolean) automata are generalised to K-coverings and

K-quotients of K-automata (cf. [54]). Theorem 4.8 is then extended to the weighted case.

Theorem 6.12 ([39]). Let E bein K RatE A*. Then Ag isaK-quotient of Sg.

Remark 6.13. This statement is a justification for Definition 4.5. The monomials that
appear in the K-derivations of an expression E arein D (E). The converseis not neces-
sarily true when K is not a positive semiring: some derived terms may never appear in a
K-derivation, asit can be observed for instance on the Z-expression E4 = (1 —a)a* (cf.
Figure 10). With a definition of derived terms based on K-derivation only, Theorem 6.12
would not hold anymore.

Lo o ©®© ©
—a a
?

Figure 10. The Z-automaton Sg, and its Z-quotient Ag,

6.4 Recognisable series

Thedistinction between rational and recognisabl e carries over from subsets of amonoid A/
to series over M. The equivalence between automata over free monoids and matrix rep-
resentation (cf. Sec. 2.3) paves the way to the definition of recognisability.

A K-representation of M of dimension @ isatriple (\, u, v) where pi: M — K@@
is amorphism, and \ and v are two vectors of K?. The representation (), u1, v) realises
theseries s = >/ (A-pu(m)-v)m ; aseriesin K((M)) isrecognisableif itisrealised
by arepresentation and the set of recognisable series is denoted by KRec M. The family
of rational and of recognisable series are distinct in general, and, a proof which is very
similar to the one given at Sec. 2.3, and independent from K, yields the following.

Theorem 6.14 (Kleene-Schiitzenberger). If A isfinite, then KRat A* = KRec A* .
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7 Notes

Most of the material presented in this chapter has appeared in previous work of the author [52, 53,
54]. A detailed version of this chapter istobefound atht t p: // ar xi v. or g/ abs/ xxx. yyy

Sec. 1. New look at Kleene' stheorem A detailled history of the development of ideas at the
beginning of the theory of automatais given in [45]. Berstel [6] attributes to Eilenberg the idea of
distinguishing the family of recognisables from that of rationals.

Besides the already quoted Elgot and Mezei’s paper [22], other authors have certainly noticed
the equality of expressiveness of automata and expressions beyond free monoids. It is part of
Walljasper’s thesis [57]; it can be found in Eilenberg’s treatise [21]. The splitting of Kleene's
theorem has been proposed in [51].

Sec. 3. From automata to expressions First note that this section is mostly of theoretical
interest: for which practical purpose would one exchange an automaton for an expression?
Identities. As mentioned, the axiomatisation of rational expressions, even hinting at biblio-
graphic references, is out of the scope of this chapter. Conway showed that besides the identities S
and P (that are at the basis of the definition of the so-called ‘ Conway semirings’, cf. Chap. XX),
each finite simple group gives rise to an identity that is independant from the others [17]. Krab,
who showed that this set of identities is complete, coined S and P the aperiodic identities [35].
Sate elimination method. The example D3 of Figure 3 is easily generalised so as to find an
exponential gap between thelength of expressions for two distinct orders. Finding an order on states
that yields a shortest expression is PSPACE-complete cf. [32]. The search for short expressionsis
performed by heuristics; as reported in [29], the naive one, modified asin [18], appears to be good.
McNaughton—Yamada algorithm is the implementation in the semiring of languages of the
comtemporary Floyd-Roy—Warshall algorithms (in the Boolean or tropical semirings) [26, 47, 58].
Sar height. The star height of a rational language L is the minimum of the star heights of the
rational expressions that denote L. Whether the star height of alanguage is effectively computable
has been along standing open problem until it was positively solved first by K. Hashiguchi [30] and
then by D. Kirsten [33].

Sec. 4. From expressions to automata The presentation of the standard automaton given
here is not the classical one, and not only for the chosen name. The recursive definition, also used
in [24] for instance, avoids the definition of Fi r st , Last , and Fol | owfunctions that are built in
most papers on the subject. Based on these functions, other automata may be defined: e.g. in [42]
they are used to compute directly the determinisation of Sg, in [31] positions with the same image
by Fol | oware merged, giving riseto a possibly smaller automaton, called follow automaton.

Attributing derivation to Brzozowski and Antimirov together is an unusual but sensible fore-
shortening. Original Brzozowski’s derivatives [11] are obtained by replacing ‘U’ by a‘+’ in (4.5)
and (4.6). Derivatives are then expressions, and there is a finite number of them, modulo the A, C,
and I identities. By replacing the ‘+' by a‘U’ in Brzozowski’s definition, Antimirov [4] changed
the derivatives into a set of expressions, which he called partial derivatives, as they are ‘parts’ of
derivatives. Asthey are applied to union of sets, and not to expressions, the A, C, and I identities
come for free, and are no longer necessary to insure the finiteness of derived terms.

A common technique for defining ¥-maps has been the linearisation E of the expression E, that
is, making al lettersin E distinct by indexing them by their position in E (eg. [42, 31]). Berry—
Sethi [5] showed that the (Brzozowski) derivatives of E coincide with the states of Sg, whereas
Berstel-Pin [7] observed that |E|is alocal language T and interpreted Berry-Sethi’s result as the
construction of the deterministic automaton canonically associated with L.
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The similarity between Mirkin's prebases [43] and Antimirov’s derived terms was noted by
Champarnaud-Ziadi [15], who called equation automaton the derived term automaton. Allauzen—
Mohri have generalised Proposition 4.4 and Theorem 4.8 and computed .4z and the follow automa-
ton of E from 7¢ by quotient and elimination of marked spontaneous transitions [2].

In [14], an agorithm is given which is a kind of converse of a ¥-map: it recognises if an
automaton is the standard automaton Sg of an expression E and, in this case, computes such an E
in star normal form. The problem of inverting a ®-map has been given a partial answer in [40]: it
is possible to compute .4 from B, (A) for certain A (and any w); this has lead to the definition of
avariant of the derivation: the broken derivation, that has been further studied in [3].

Sec. 5. Changing the monoid Proposition 5.5 leads naturally to consider monoids M in
which Rat M = Rec M holds, and which one could call Kleene monoids. In [50], was defined the
family of rational monoids which contains all previously known examples of Kleene monoids; still
theinclusion is strict [44]. Commutative Kleene monoids, aswell asfinitely generated submonoids
of Rat a" arerational monoids [48, 1].

Sec. 6. Introducingweights  If thedefinition of rational (and algebraic) seriesin non-commuting
variables as generalisation of rational (and context-free) languages on one hand-side, as well as the
formalisation of rational expressions on the other, date back to the beginning of automata theory,
the formalisation of weighted rational expressions seem to have appeared in various papers in the
years 2000 only [13, 49, 39]. A satisfactory definition of trivial identities for weighted expressions
proves to be tricky and has evolved in the publications of the author.

By replacing quotient and derivation by co-induction, Rutten formulated the equivalent of The-
orem 6.11 [49].

Krob [36] and Berstel-Reutenauer [9] have considered ‘weighted rational expression’ dlightly
different from those dealt with in this chapter. With their differentiation and derivation, they have
tackled different problems than the construction of ¥-maps.
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