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Preface to the electronic edition

This electronic edition contains the first four chapters of the book which is no more
available. These are considered to be still relevant for students.
The following modifications to the printed versions appear.

Notational modifications
X,Y,Z — A, B,C
ABC—X)Y,Z
f,9.h —w,xy

Improvements in English

achieves — completes
unicity — uniqueness

ie. — that is

iff — if and only if
system of generators —  set of generators
lexicographical —  lexicographic

Improvements in proofs

Proof of Lemma 1I.3.2 has been simplified (argument of G. Cousineau).
The automaton of Example 1.4.1 has been corrected.
Errors in proofs

Errors in exercises

Exercise I11.8.3 has been removed since I am not sure it is correct as stated.
There exist several excellent introductions and presentationas of the modern
theory of automata, languages, machines, formal series, transductions.

Paris, Winter 2006 J. Berstel
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Preface

This book present a theory of formal languages with main emphasis on rational
transductions and their use for the classification of context-free languages. The
level of presentation corresponds to that of beginning graduate or advanced un-
dergraduate work. Prerequisites for this book are covered by a “standard” first-
semester course in formal languages and automata theory, e.g. a knowledge of
Chapters 1-3 of Ginsburg (1966), or Chapters 3-4 of Hopcroft and Ullman (1969),
or Chapter 2 of Salomaa (1973), or Chapters 2 and 4 of Becker and Walter (1977)
would suffice. The book is self-contained in the sense that complete proofs are
given for all theorems stated, except for some basic results explicitly summarized
at the beginning of the text. Chapter IV and Chapters V-VIII are independent
from each other.

The subject matter is divided into two preliminary and six main chapters. The
initial two chapters contain a general survey of the “classical” theory of regular
and context-free languages with a detailed description of several special languages.
Chapter III deals with the general theory of rational transductions, treated in an
algebraic fashion along the lines of Eilenberg, and which will be used systematically
in subsequent chapters. Chapter IV is concerned with the important special case of
rational functions, and gives a full treatment of the latest developments, including
subsequential transductions, unambiguous transducers and decision problems.

The study of families of languages (in the sense of Ginsburg) begins with Chap-
ter V.(...)

The notes from which this book derives were used in courses at the University of
Paris and at the University of Saarbriicken. I want to thank Professor G. Hotz for
the opportunity he gave me to stay with the Institut fiir angewandte Mathematik
und Informatik, and for his encouragements to write this book. I am grateful to
the following people for useful discussions or comments concerning various parts
of the text: J.-M. Autebert, J. Beauquier, Ch. Choffrut, G. Cousineau, K. Es-
tenfeld, R. Linder, M. Nivat, D. Perrin, J.-F. Perrot, J. Sakarovitch, M. Soria, M.
Stadel, H. Walter. I am deeply indebted to M.-P. Schiitzenberger for his constant
interest in this book and for many fruitful discussions. Special thanks are due to
L. Boasson whose comments have been of an invaluable help in the preparation
of many sections of this book. I want to thank J. Messerschmidt for his careful
reading of the manuscript and for many pertinent comments, and Ch. Reutenauer
for checking the galley proofs. I owe a special debt to my wife for her active con-
tribution at each step of the preparation of the book, and to Bruno and Clara for
their indulgence.

Paris, Spring 1978 J. Berstel
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Chapter 1

Preliminaries

This chapter is a short review of some basic concepts used in the sequel. Its aim
is to agree on notation and terminology. We first consider monoids, especially free
monoids, and morphisms. Then a collection of definitions and results is given,
dealing with finite automata and regular languages.

1 Some Notations

N ={0,1,2,...} is the set of nonnegative integers. Z = {...,—2,-1,0,1,...} is
the set of integers. Let E be a set. Then Card(F) is the number of its elements.
The empty set is denoted by (). If X, Y are subsets of E, then we write X C Y if
andonlyifr€e X =— zxze€Y,and X CY if X CY and X # Y. Further

X\Y={zreFE|zeXandax¢gY}.

A singleton is a subset of E consisting of just one element. If no confusion can
arise, we shall not distinguish elements of £ from singletons. The set of all subsets
of E, that is the powerset of E is denotes by B(E) or 2P. With the preceding
convention, £ C B(F).

The domain dom(a) of a partial function o : E — F' is the set of elements
x in E for which a(x) is defined. « can be viewed as a (total) function from E
into P(F), and with the convention F' C P(F'), as a total function from E into
FU{0}. Then dom(a) = {z € | a(x) # 0}.

2 Monoids, Free Monoids

A semigroup consists of a set M and a binary operation on M, usually denoted by
multiplication, and which is postulated to be associative: For any mq, mqg, msz € M,
my(maoms) = (mymg)ms. A neutral element or a unit is an element 1, € M (also
noted 1 for short) such that 1y,m = mly = m for all m € M. A semigroup which
has a neutral element is a monoid. The neutral element of a monoid is unique.
Indedd, if 1’ is another neutral element, then 1’ = 11’ = 1.

Given two subsets X,Y of a monoid M, the product XY is defined by

XY={zeM|IxeX yeY: :z=uy}. (2.1)

1



2 Chapter I. Preliminaries

This definition converts (M) into a monoid with unit {1,,}. A subset X of M
is a subsemigroup (submonoid) of M if X?» C X (1 € X and X? C X). Given any
subset X of M, the sets

X+:UXn, X*:UXn’

n>1 n>0

where XY = {1} and X" = X"X, are a subsemigroup resp. a submonoid of
M. In fact, Xt (resp. X*) is the least subsemigroup (resp. submonoid) for the
order of set inclusion containing X. It is called the subsemigroup (submonoid)
generated by X. If M = X* for some X C M, then X is a set of generators of
M. A monoid is finitely generated if it has a finite set of generators. The unary
operations X +— Xt and X — X* on subsets of M are called the (Kleene) plus
and star operations. The formulas XT = XX* = X*X and X* = 1U X ™. are
readily verified.

For any set A, the free monoid A* generated by A or with base A is defined as
follows. The elements of A* are n-tuples

u=(ay,as,...,a,) (n>0) (2.2)

of elements of A. If v = (by,...,by,) is another element of A*, the product uv is
by defined by concatenation, that is

wv = (a1, a9, ..., Qn, by, ..., by).

This produces a monoid with the only O-tuple 1 = () as neutral element. We shall
agree to write a instead of the 1-tuple (a). Thus (2.2) may be written as:

U= a1ag - - - Qy .

Because of this, u is called a word, a € A is called a letter and A itself is called an
alphabet. By the convention a = (a), A can be considered as a subset of A*. This
justifies the notation A*, since indeed A* is the only submonoid of A* containing A.
Further, AT = A*\ 1. In the sequel, and unless otherwise indicated, an alphabet
will be supposed to be finite and nonempty.

We shall use the following terminology concerning a free monoid A* generated
by an alphabet A. A (formal) language over A is any subset of A*. The length |u]
of a word u € A* is the number of letters composing it. The neutral element of
A* is called the empty word, and is noted 1 or . It is the only word of length 0.
Clearly |uv| = |u|+ |v|. If B C A, then |u|p is the number of occurrences of letters
b€ B in u. Thus

The reversal of a word v = ajas---a, (n > 0,a; € A) is denoted by @ or u~, and
is defined by @ = anan_q - --asa;. Clearly @ = u, 1 =1, (uv)” = vu. For X C A*,
X={a|uec X} IfY C A% then (XY) =YX, and (X*)" = (A)*.

Let u € A*. Then a word v is a factor of u if u = zvy for some z,y € A*. If
xr = 1, then v is a prefiz; if y = 1, then v is a suffix of u. v is a proper factor
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(proper prefix, proper suffix) of u if further v # u. A word v may occur at several
places as a factor of u. A fixed occurrence of v as a factor of u is called a segment.
This definition always refers to some previously defined factorization u = xvy. If
u = 2'v'y’ is another factorization, then the segment v’ is contained in the segment
v if and only if x is a prefix of 2’ and y is a suffix of 3. Finally, v is a subword of u
if u=woaywy - - aywy,, (n >0, a1,...,a, € A wy,...,w, € A*) and v =ay - - - a,.

Let M be a submonoid of A*. Then X = (M \ 1)\ (M\1)?%is a set of generators
of M, that is X* = M. Further X is minimal with this property, that is Y* = M
implies Y D X. A submonoid M of A* is free with base Z if any word u € M has
one and only one factorization u = 2129 -+ - 2,, withn >0 and z,...,2, € Z. The
base of a free submonoid M is unique and is equal to (M \ 1)\ (M \ 1)?. Thus
A* is free with base A. A base of a free submonoid is called a code. Examples of
codes are supplied by prefix and suffix sets. A subset X of A* is prefiz if and only
if XAT™ N X = (), that is if X contains no proper prefix of some of its words, and
X is suffiz if and only if AT X NX = 0. X is bifiz if it is both prefix and suffix.
Any prefix or suffix subset is a code.

Let M be any monoid, and let X, Y C M. The left and right quotients Y X
and XY ! are the sets

Y !'X={zeMB3zeX,FyeY,z=yz},
Xy '={zeMPBreX,JyeY,z=2zy}.

If M is a group and u,v € M, then v—'u and uv~"! are always singletons. If M is
a free monoid, then uv~! is non empty if and only if v is a suffix of u; thus uM !
is the set of prefixes of w.
Sometimes, we shall need the notion of semiring. A semiring consists of a set

S and of two binary operations, called addition and multiplication, noted + and
-, and satisfying the following conditions:

(i) S is a commutative monoid for the addition (s+¢ = t+s for all s,¢ € S) with

neutral element 0;

(ii) S is a monoid for the multiplication;

(iii) the multiplication is distributive with respect to the addition:

S(tl + tg) = st + sty , (tl -+ tg)S =115+ 128 for all S,t1,10 € S,

(iv) foralls€ S,0-s=5-0=0.
If M is a monoid, then P(M) is a semiring with set union for addition and the
multiplication (2.1).

Exercises

2.1 Let M7 and M> be monoids. Show that the Cartesian product M; x M> is a monoid
when multiplication is defined by (mq,mg)(mf, mb) = (mim}, ma, mb).

2.2 Show that if S is a semiring, then the set S™*™ of square matrices of size n with
coefficients in S can be made a semiring, for addition and multiplication of matrices
induced by the operations in S.

2.3 Let M be a monoid, and let X,Y,Z C M. Prove the following formulas: (XY)™1Z
=Y YX12), (XYY Z7l=X"Y vz
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2.4 Let A be an alphabet, X C A", X # (. Show that X is prefix if and only if
XX =1

2.5 Let A be an alphabet, and let z,y € AT. Show that the three following conditions
are equivalent:

(i) z = 2", y = 2° for some word z and r,s > 1;

(i) zy = ya;

(iii) ™ = y" for some m,n > 1.

2.6 Two words x and y are conjugate if xz = zy for some word z. Show that this
equation holds if and only if z = wv, y = vu, z = (uww)*u for some words u,v and k > 0.

2.7 A word x is primitive if and only if it is not a nontrivial power of another word,
that is if x = 2" implies n = 1.

a) Show that any word x # 1 is a power of a unique primitive word.

b) Show that if x and y are conjugate, and x is primitive, then y is also primitive.

¢) Show that if 2z = zy and x # 1, then there are unique primitive words u,v and

integers p > 1,k > 0 such that z = (uwv)?, y = (vu)?, z = (uv)*u.

3 Morphisms, Congruences
If M, M’ are monoids, a (monoid) morphism « : M — M’ is a function satisfying

a(mims) = a(my)a(ms) for all my,my € M (3.1)

Oé(lM) == 1M’ .

Then clearly a(M) is a submonoid of M’. If only (3.1) is postulated, then « is
called a semigroup morphism and « (M) is a subsemigroup of M’. Unless otherwise
indicated, morphism always means monoid morphism. A morphism « : A* — M’,
where A is an alphabet, is completely defined by the values a(a) of the letters
a € A. We now review some formulas. Let o : M — M’ be a function, and let
X, YCM, XY cM. Then

a(XUY)=a(X)UaY), o' (X'uY)=a (X Yua (Y,
a X' NY)=a ' (X)Nna ' (Y), alaH(X)NY)=X"NalY).

Next, if « is a semigroup morphism, then
a(XY) =a(X)aY), aXT)=(a(X))".

If @ is a morphism, then o(X*) = (a(X))*.

Note that the formula o™ (X'Y’) = o 1(X")a"1(Y”) is in general false. This
observation leads to the definition of particular morphisms, for which that formula
holds.

Let A, B be alphabets, and let o : A* — B* be a morphism. Then « is called

alphabetic if a(A) C BU 1,

strictly alphabetic if a(A) C B;

continuous or e-free if a(A) C B™;

a projection if B C A, and if a(b) = b for b € B, and a(a) =1 for a € A\ B.
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Thus projections are particular alphabetic morphisms. If o : A* — B* is an
alphabetic morphism, then

a Y (XY)=a Y (X)a  (Y), aHXT)=(a"}(X))*F

for X, Y C B*. For the proof, it suffices to show that ! : B* — PB(A*) is a
semigroup morphism. Define

C={acAlala)=1}=a'(1)NA;
Cy={acAlafa)=bl=at(b)NA forbe B.

Then

a l(1)=0C*, o '(b)=C*"C,C* (be B).
Ify="0y---b,, (b; € B), then

a y) = C*Cy, C*Cy, C* - - - C*C,,, C*;

Thus a ' (y1y2) = a y1)a"(ys) for all y;,y, € B*. This completes the proof.
Note that the formula o' (X*) = (a~1(X))* is only true if further « is continuous,
orif 1 € X, that is if X* = X+,

We shall frequently use special morphisms called copies. Let a : A* — B* be
an isomorphism. Then «(A) = B. For each subset X of A*, a(X) is called a copy
of X on B.

Another class of particular morphisms are substitutions. A substitution o from
A* into B* is a (monoid) morphism from A* into (B*); thus o verifies: o(a) C B*
for a € A, and

o(l)=1, o(w)=oc(u)o(v) foru,ve A".

Thus, if o : B* — A* is an alphabetic morphism, the function o~ is a substitution
if and only if a~!(1) = 1. A substitution ¢ is extended to B(A*) by the convention

o(X)=Jo) (XcAa.

zeX

For sake of simplicity, we write o : A* — B* for a substitution from A* into B*. If
T : B* — C* is another substitution, then the function 7o ¢ from A* into JB(C*)
is a substitution.

Finally, we note that any finitely generated monoid is the homomorphic image
of a free monoid. Consider indeed a monoid M, and let S = {my,...,my} be a set
of generators of M. Set A = {ay,...,ax}, and define a morphism « : A* — M by
ala;) = s; for i =1,..., k. Then a(A*) = (a(A))* = S* = M. Clearly this result
remains true for any monoid if infinite alphabets are considered.

Let F and F' be two sets. A relation over E and F' is a subset 0 of £ x F. For
(x,y) € 0, we also write zfy, x ~ y (mod 6) or x =y (mod ), or simply x ~ y or
x = y if no confusion can arise. If £ = F'| then 6 is a relation over F. Relations
are ordered by (set) inclusion.
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Let M be a monoid. A congruence over M is an equivalence relation 6 which
is compatible with the monoid operation, that is which satisfies

my = m)(mod 0), my = my(mod ) = mymy = mimsy(mod 6). (3.2)
For each m € M, the class of m mod 6 is

[mlg ={m' € M | m=m' (mod 0)}.
Then (3.2) is equivalent to

[ma]e[male C [mimals .

If 6 is a congruence, then the function which associates to each m € M its class [m]y
is a morphism from M onto the quotient monoid M /6. Conversely, if « : M — M’
is a morphism, then the relation 6 defined by

m ~m' (mod 6) if and only if «(m) = a(m’)

is a congruence. The number of equivalence classes of an equivalence relation 6 is
the index of . The index is a positive integer or infinite.

Given a relation 6 over a monoid M, the congruence 0 generated by 6 is the
least congruence containing #. The congruence € can be constructed as follows:
Define a relation #; on M by:

m ~m’ (mod 6;) if and only if m = uxv, m’ = uyv
and (z ~ y (mod ) or y ~ = (mod 0)) .
Next define a relation 67 by m = m’ (mod 67) if and only if there exist £ > 0

and my, ...,mp € M such that m = mgy, m" = my_and m; ~ m;y; (mod 6,) for
t=0,...,k—1. Then it is easily shown that 0] = 6.

Example 3.1 Let A be an alphabet, and define a relation over A* by
ab~ba fora,be A, a#b.

Let 6 be the congruence generated by this relation. Then u = v (mod é) if and
only if |u|, = |v|, for all a € A. The quotient monoid A*/6 is denoted by A® and
is called the free commutative monoid generated by A.

Exercises

3.1 Let M be a group, M’ be a monoid, and let o« : M — M’ be a monoid morphism.
Show that a(M) is a group and that « is a group morphism (a(m=1) = (a(m)~! for
m e M).

3.2 Give examples of morphisms « : A* — B* such that o }(XY) 2 a }{(X)a (V)
and o H(X*) D (a 1(X))*.

3.3 Let A, B be alphabets and let « : A* — B* be a morphism. Show that there are
an alphabet C, an injective morphism 5 : A* — C* and a projection v : C* — B* such
that a = v o0 (5.
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3.4 Let A be an alphabet. Given X C A*, the norm of X is the number
[X] =27“M™,  where w(X) = minf{|u| |u e X}, w(®) =oo.
If Y C A*, the distance d(X,Y) is the number
AX,Y) = X\ YUY\ X].
a) Show that || || and d are a norm and a distance in the usual topological sense, and
that d satisfies the ultrametric inequality: d(X,Y) < max{d(X, Z),d(Z,Y)}.
b) Let a : A* — B* be a morphism. Show that the mapping from B(A*) into P(B*)

defined by « is continuous for this topology if an only if a(A) C B*. (This is the reason
why an e-free morphism is called continuous.)

3.5 Let A be an alphabet, and let L. C A*. The syntactic congruence 0 of L is the
coarsest (greatest) congruence over A* which saturates L, that is such that v € L,
u=v (mod €r) implies v € L. Show that

u=wv (mod 6r) if and only if for all z,y € A* : zuy € L <= zvy € L.

The quotient monoid Synt(L) = A* /60, is called the syntactic monoid of L. Show that
Synt(L) = Synt(A* \ L).

3.6 Let M, N be monoids, « : M — N a morphism. Let X € M, Q C N, and set
Y = a(X), P=a1(Q). Show that X 1P = o }(Y1Q).

4 Finite Automata, Regular Languages

In this section, we review some basic facts concerning finite automata, mainly in
order to fix notation and to allow references in later chapters. When the proofs
are omitted, they can be found in any of the books listed in the bibliography.

Definition A finite (deterministic) automaton A = (A, Q,q_,Q+,0) consists of
an alphabet A, a finite set @) of states, an initial state q_ € @, a set of final states
@+ C Q, and a next state function § : A X Q — Q.

If no confusion can arise, we denote 0 by a dot, and we write

A = <A7 Q7 q—, Q+>

instead of the above notation. The next state function is extended to ) x A* by
setting

q-1=gq (4.1)
qg-ua=(q-u)-a ueA,acA.

Then the formula

g-uw=_(q-u)-v uveA (4.3)
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Figure 1.1

is easily verified. A word u € A* is recognized or accepted by A if and only if
q— - u € Q. The language recognized by A is

Al ={ue A g ueQ.). (4.4)

A language language L C A* is recognizable or regular if and only if L = |A] for
some finite automaton A.

Finite automata can be represented by a graph in the following way. Each state
q is represented by a vertex, and an edge labeled a is drawn from ¢ to ¢’ if and
only if ¢ - a = ¢’. The initial state has an arrow entering in it. Final states are
circled twice.

Example 4.1 Let A be defined by A = {a,b}, Q ={1,2,3,4},¢_ =1, Q = {4},
and the next state function given by

ab
21
23
41
23

B N |

Then A is represented in Figure I.1. A word is recognized by A if and only if it
has aba as a suffix. Thus |A| = A*aba.

The following result is known as Kleene’s Theorem.

Theorem 4.1 (Kleene 1956) The family of regular languages over A is equal to
the least family of languages over A containing the empty set and the singletons,
and closed under union, product and the star operation.

We shall see another formulation of this theorem in Section 2. Following closure
properties can be proved for regular languages.

Proposition 4.2 Regular languages are closed under union, product, the star and
the plus operation, intersection, complementation, reversal, morphism, inverse
morphism, reqular substitution.

A substitution o : A* — B* is called regular if and only if o(a) is a regular
language for all a € A.

There are several variations for the definition of finite automata. Thus in
a nondeterministic finite automaton, the next state function is a function from
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@ x A into the subsets of ). Thus q-a C Q for ¢ € Q),a € A. This notation is
extended by defining first

Q’~a:Uq-a for @' C Q. (4.5)

qeqQ’

Then the next state function can be defined on @ x A* by (4.1) and (4.2), and (4.3)
is easily seen to hold. The language recognized by A is then

Al ={ue A" |q--unQs #0}.

Note that this definition agrees with (4.4) in the case where A is deterministic.
Note next that (4.5) can also be considered as the definition of the next state
function of a deterministic finite automaton B = (A, P,p_, P.), where P = P(Q).
With p- = {¢_} and P, = {Q € Q | @ N Q. # 0}, it is easily seen that
|B| = |A|. Thus a language is regular if and only if it is recognized by some
nondeterministic finite automaton. Nondeterministic automata are represented
pictorially like deterministic automata, by drawing an edge labeled a from ¢ to ¢’
whenever ¢’ € ¢ - a.

Example 4.2 Figure 1.2 represents a nondeterministic finite automaton A, with
alphabet A = {a,b}. Tt is easily verified that |A| = A*aba.

Figure 1.2

Let A = (A, Q,q_,Q4) be a finite (deterministic) automaton. A state ¢ is called
accessible if q_ - u = ¢ for at least one u € A*. A is accessible if all its states are
accessible. If A is not accessible, let P C @ be the set of accessible states of A.
Then q_ € P. Define B = (A, P,q_,P,) by P, = PN (Q., and by taking as next
state function the restriction to P of the next state function of A. Then |B| = |A|.
B is called the accessible part of A.

Given a finite automaton A = (A4,Q,q_, Q) , an equivalence relation called
the Nerode equivalence, noted =, is defined by

g=q ifandonlyif forallue A", q-ue @, < ¢ -ueqQ,.

This equivalence relation is easily shown to be right regular, that is to verify
g=q¢,weA* — q-w=¢q¢ -w. Hence a next state function can be defined on
the quotient set Q) /= by [q]-a = [¢-a] ([g] is the class of ¢ in the equivalence). Let
L =|A|, and

A/==(A,Q/=lg-]{ld | ¢ € Q+})
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be the quotient automaton with the next state function defined above. Then it
can be shown that |.A/=| = |A|, and that the accessible part of A/= is the unique
automaton (up to a renaming of states) recognizing L having a minimal number of
states among all finite automata recognizing L. Therefore this automaton is called
the minimal automaton of the language L.

Another useful concept is the notion of semiautomaton. A semiautomaton
S = (A,Q,q ) is defined as a finite automaton, but without specifying the set
of final states. There is a language recognized by S for any subset Q' C Q,
defined by |S(Q')| = {v € A* | ¢— - u € Q'}. Semiautomata are used to rec-
ognize “simultaneously” several regular languages: Consider two (more generally
any finite number of) regular languages X,Y C A*, and let A = (A, Q,q_,Q),
B = (A, P,p_, P;) be finite automata with |A] = X, |B] = Y. Define a semiau-
tomaton § = (A, Q x P,(q_,p-)) by

(¢,p)-a=(q-a,p-a) a€ A, (¢,p)€EQXP.

Then X = |S(Q4+ x P)| and Y = [S(Q x Py)|. Usually only the accessible part of
S is conserved in this construction.

There exist several characterizations of regular languages. The first uses local
regular languages.

Definition A language K C A* is a local reqular language if and only if there are
subsets U,V of A and W of A? such that

K= (UA"NAV)\AWA* or K =1U (UA*NAV)\ AW A*

Clearly such a language is regular.

The terminology is justified by the following observation: In order to check that a
word w is in K, it suffices to verify that the first letter of w is in U, the last letter of w
is in V, and that no couple of consecutive letters of w is in W. These verifications are
all of local nature. The set W is called the set of forbidden transitions, and A%\ W is
called the set of authorized transitions.

Proposition 4.3 A language L C A* is reqular if and only if there are an alphabet
C, a local reqular language K C C*, and a strictly alphabetic morphism o : C* —
A* such that o(K) = L.

Proof. By Proposition 4.2, «(K) is regular for a regular language K. Conversely,
let A= (A,Q,q_,Q.) be a finite automaton such that L = |A|. Define C' by

O:{(q7a7qa)|q€Q7a€A}

and define a morphism a : C* — A* by a((¢,a,q-a)) = a. Then « is strictly
alphabetic. Next, let

UZ{(q,a,q-CLHq:q,}, V:{(Q,G,Q‘@)|Q'GEQ+},
W = {(C]h&l,%'&1)(6127012,92'&2) | q1- a1 %92}

and set K = (UC*NC*V)\ C*WC*. Then for n > 1

c= (qh ai,qi - al)(QQa a2,q2 - a2) T (an QpyQn * an) € K (4-6)
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if and only if

G =q-, Gy1=¢-a; 1=1,...,n—1, Qn'aneQ-l—' (4-7)

Consequently, a(c) = ajas---a, € L. Conversely, if u = ajas---a, € L, (n >
1,a; € A), then there are states qi,...g, such that (4.7) holds, and in view of
(4.6), u € «(K). Thus L = a(K) if 1 ¢ L. If L € L, the same equality holds if the
empty word is added to K. .

Another important characterization of regular languages is the following.

Proposition 4.4 A language L C A* is reqular if and only if there exist a finite
monoid M, a morphism o : A* — M, and a subset R C M such that L = o~ '(R).

Proof. We first show that the condition is necessary. Consider a finite automaton
A= (A 0Q,q-,Q) such that L = |A|. For each word w define a mapping w :
) — @ which associates to ¢ € () the state g - w. For convenience, we write the
function symbol on the right of the argument. Thus (¢)w = ¢ - w. Then

(@1=q-1=q. (4.9)

Let a be the function from A* into the (finite!) monoid Q@ of all functions from
@ into @ defined by o(w) = w. Then « is a morphism in view of (4.8) and (4.9).
Next, define R C Q9 by R={m € Q% | (¢_)m € Q,}. Then w € L if and only if
q_ -w € @, thus if and only if a(w) € R. Consequently, L = a~*(R).
Conversely, define a finite automaton A = (A, M, 1)/, R) by setting

m-a=ma(a) meM, acA.

Since « is a morphism, m - w = ma(w) for all w € A*. Consequently w € |A] if
and only if 1p;a(w) = a(w) € R, thus if and only if w € a~'(R). .

There exist several versions of the Iteration Lemma or Pumping Lemma for regular
languages. The most general formulation is perhaps the analogue of an Iteration
Lemma for context-free languages prove by Ogden (Lemma I1.2.3). Let A be an
alphabet, and consider a word

w=aas---a, (a; €A).

Then a position in w is any integer ¢ € {1,...,n}. Given a subset [ of {1,...,n},
a position 7 is called marked with respect to I if and only if ¢ € I.

Lemma 4.5 (Ogden’s Iteration Lemma for Regular Languages) Let L C A* be
a reqular language. Then there exists an integer N > 1 such that, for any word
w € L, and for any choice of at least N marked positions in w, w admits a
factorization w = zuy, (xr,u,y € A*) such that

(i) u contains at least one and at most N marked positions;
(i) zu*y C L.
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Proof. Let A= (A,Q,q_,Q) be a finite automaton recognizing L, and set N =
Card(Q). Let w = ajay---ay, (a; € A) be a word in L, and consider a choice
I C {1,...,n} of at least N marked positions in w. Since Card(I) > N, we have
n>N. Let 1 < i3 <iy < --- < iy <n bethe N smallest elements of I, and
define a factorization

W = Zp%1 " " ZNZN+1
by

20 = Q1 Qi—1, 21 = A4y, Rk = Q4,141 Q4 (k:2,,N),

EAN+1 = Qjp41 " Ay -

Then each z, (1 <k < N) contains exactly one marked position. Set

Go=q-"2, G==q-1-2 (E=1,....N), ¢4+ =qn - 2n+1-

By assumption ¢y € Q). Next two among the N + 1 states qo,...,qny are equal.
Thus there exist ¢, j, with 0 <7 < j < N such that ¢; = ¢; Define

m:zozl-..zi, u:Zi_"_l-..Z‘j’ y:Z]-f—l...ZN—‘rl'

Then ¢ -z = q— - xu = q_ - 2u™ = ¢; for all m > 1, whence ¢_ - zu™y = ¢, for
all m > 0 and zu*y C L. Next x contains exactly j — ¢ marked positions. Since
0 < 7 —1 < N, this proves the lemma. .

If the marked positions in w are chosen to be consecutive, the same proof gives
the following

Corollary 4.6 Let L. C A* be a regqular language. Then there exists an integer
N > 1 such that for any word w € L, and for any factorization w = zvz' with
|v| > N, v admits a factorization v = zuy such that

(i) 0 < Jul| < N;

(i) zau*yz' C L.

If B is a subset of A, and if the marked positions are chosen to be occurrences of
letters in B, we obtain

Corollary 4.7 Let L C A* be a reqular language, and let B C A. Then there is
an integer N > 1 such that for any w € L, and for any factorization w = zvz'
with |v|g > N, v admits a factorization v = xuy such that

(1) 0< ]u]B < N;

(i) zau*yz' C L.

Exercises

4.1 Let K be a local regular language, and let x,u,y be words. Show that if zuy, zu?y
€ K, then zu™y C K.

4.2 Let K C A* be a regular language. Show that there are two integers N, M such
that if zu¥y € K and k > N, then zu*(u™)*y C K.
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4.3 (continuation of Exercise 3.5). Let L C A*, and assume that L = a~(P) where «
is a morphism from A* onto a monoid M and P C M. Show that there is a morphism
B : M — Synt(L), and R C Synt(L), such that P = 8~!(R). Show that L is regular
if and only if Synt(L) is finite. (Since Synt(L) = Synt(A* \ L), such a characterization
cannot exist for context-free languages. See Perrot and Sakarovitch 1977.)
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Chapter 11

Context-Free Languages

The first section of this chapter contains the definitions of context-free or alge-
braic languages by means of context-free grammars and of systems of algebraic
equations. In the second section, we recall without proof several constructions and
closure properties of context-free languages. This section contains also the itera-
tion lemmas for context-free languages. The third section gives a description of
various families of Dyck languages. They have two definitions, as classes of certain
congruences, and as languages generated by some context-free grammars. The
section ends with a proof of the Chomsky-Schiitzenberger Theorem. Two other
languages, the Lukasiewicz language and the language of completely parenthesized
arithmetic expressions, are studied in the last section.

1 Grammars, Languages, Equations

In this section, we define context-free grammars and context-free languages. We
show how a system of equations can be associated to each context-free grammar
in such a way that the languages generated by the grammar are precisely the
minimal solution of the system of equations. For this reason, context-free languages
and more generally context-free grammars are also called algebraic grammars and
algebraic languages.

Definition A context-free or algebraic grammar G = (V,A,'P) consists of an
alphabet V' of wvariables or nonterminals, of an alphabet A, disjoint from V', of
terminal letters, and of a finite set P C V x (VU A)* of productions.

A production (&, «) € P is usually written in the form
E— .

fé&— a,& — as, ..., & — «, are the productions of G' having the same left side
&, they are grouped together by using one of the following notations

E—ai|ag| - |a, E—ar+a+--+a, £—{a,o,...,a,}.

Clearly, the above definition is equivalent to another notation consisting of a triple
T, A, P, where T is the total alphabet and A is a subset of 7. Then V =T\ A.

15
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Example 1.1 Let V = {{}, A = {a,b}, P = {{ — &£, — a}. Then the
productions can be written as & — ££ + a.

Example 1.2 Let V = {{,&,,&}, A = {a, b}, and let P be the set given by:

6 — 1+ &fabg + bfb&é‘; ga — 1+ &fabfa;
& — 1+ b&paly -

Let G = (V, A, P) be a context-free grammar, and let z,y be in (V U A)*. Then
we define

1.1
T —y (1.1)

if and only if there are factorizations = u&v, y = uav, with £ € V, u,a,v €
(VUA)* and £ — a € P. If no confusion can arise, we write x — y instead of
(1.1). For any p > 0, define

r 2
E Yy
if and only if there exist xg, x1,...,x, € (V U A)* such that

T =g, Y= Tp, and z;_; 5 i fore=1,...,p.
(In particular z % x for any z € (V U A)*.) The sequence

([L’Q,.Tl, .. .,[L‘n)

is a deriwation from x into y, and p is the length of the derivation. Finally, we
define

x%y if and only if x%yforsomepz();

x%y if and only if x%yforsomep>0.

In the first case, we say that = derives y in GG, in the second case that x properly
derives y in G. If no confusion can arise, the index G is dropped. For any variable
¢ € V, the language generated by £ in G is

La(€) ={w e A" | € = w}.
More generally, the language generated by x € (V U A)* in G is
Lo(z) ={we A" |z 5 w}.

Clearly, Lg(x) = {z} for x € A*. The language of sentential forms generated by
re€ (VUA) in G is

Lo@)={we (VUA" |z 5 w}.
Of course

Lg(l‘) = ﬁg(I) NA*".
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As noted by Schiitzenberger (1961a), there is a close relation between the derivations
in a context-free grammar and derivations in an algebra. Recall that a derivation in an
algebra M is a linear function 0 satisfying

Izy)=0(z) - y+z-0y) zyeM.
Given a grammar G = (V, A, P), define 9 : (VUA)* — P((V U A)*) by

y € d(x) if and only if = R

and for X € (VUA)*, 0(X) = Ugex9(x). Then (see Lemma 1.1 below) we have
IXY)=0(X) - YUX-0(Y).

Further
La(X) = 0"(X),

where 0*(X) = U,>00"(X). Thus Lg(z) = 0*(x) N A*.

A context-free grammar G = (V, A, P) generates a language L C A* if and only
if L = Lg(€) for some £ € V. Thus a grammar G generates Card(V') languages,
not necessarily distinct.

Definition A language L is context-free or algebraic if there is some grammar G
that generates L. The set of all context-free languages of A* is denoted by Alg(A*).

Example 1.1 (continued) The language generated by § is Lg(§) = a™; further
LG(&) = {&>€}+‘

Example 1.2 (continued) The language generated by &, is the so-called restricted
Dyck language D} over A, with opening parenthesis a, and closing parenthesis b
(see also Section 3); L¢(&p) is obtained from L (&,) by exchanging a and b. Finally,
L¢(€) is the Dyck set over A, consisting in all words w such that |w|, = |w|,.

Let G = (V, A, P) be a context free grammar. The following lemma is very useful.

Lemma 1.1 Let x1, 29,y € (VU A)*, and let p > 0 be an integer. Then
p
T1Ty — Y

if and only if there are y1,y2 € (VU A)*, p1,p2 > 0 such that

P1 D2 . _
1 — Y1, T2 — Yo, Y=Y1Y2, DP=p1+Dp2.

Proof. If 2y 2 yy and x5 23 ys, then

p1 P2
T1T2 — Y12 — Y1y,
and thus z2- LN Y.
Assume conversely that 2,20 > y. If p = 0, there is nothing to prove. Arguing
by induction on p, suppose p > 0. Then

p—1
1Ty — 2 — Y
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for some z € (V U A)*, and by induction there is a factorization
2 =22 withz 5 Z1, T z Zo, 1 +q=p—1.
Since z — y, there are £ — o € P and words u, v with
z =uév, y = uav.
If |u&| < |z1], then z; = u&u for some word u. Thus setting
Y1 = uau, Yz = 2z,
we obtain

1+q q2
Y=Y1Y2, L1 — Y1, T2 — Y2.
Otherwise, |€v| < |z|, and a symmetric argument completes the proof. .

Corollary 1.2 For any x1,22 € (VU A)*, Lg(z122) = La(z1)La(x2).

Proof. By the preceding lemma, w € Lg(x1x9) if and only if there is a factorization
w = wywy such that wy € Lg(x1), we € Lg(xs). .

Since Lg(1) = {1}, the mapping x — Lg(z) is a substitution from (V U A)*
into itself. We denote it by Lg. The same is true for Lo (Exercise 1.2).

Lemma 1.3 Let G = (V, A, P) be a context-free grammar, £ € V. Then

Lo(§) = |J Lela)=Le({a ¢ —aeP}).

E—a€cP

Proof. For £ — a € P, clearly Lg(a) C Lg(§). Conversely, let w € Lg(§). Since

w € A*, we have ¢ & w. Thus there is a production £ — a € P such that
¢ —a = w. Thus w € Lg(a). .

Now we associate to each context-free grammar a system of equations. We
shall see that the minimal solution of the system of equations is formed of the
languages generated by the grammar. In certain special cases, the system has a
unique solution. This gives a characterization of context-free languages by systems
of equations.

Definition Let V = {¢;,...,{y} and A be two disjoint alphabets. A system of
algebraic equations is a set

=P i=1,....N (1.2)

of equations, where P, ..., Py are finite subsets of (VV U A)*. The letters &; are
called the variables of the system.

The terminology comes from the analogy with systems of algebraic equations over,
say the field of real numbers. Such a system is given by a set of polynomial equations
Qi(y1,...,yn) =0, (i=1,...,N). In the case where, in each @);, there is a monomial y;,
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the system can be written in the form y; = Q' (y1,...,yn), with each Q) a polynomial.
In the same manner, the sets P; of (1.2) can be considered as “polynomials” by writing

Pi=) a

a€EP;

with coefficients in the Boolean semiring. The theory of systems of algebraic equations
over arbitrary semirings allows in particular to take into account the ambiguity of a
grammar. This is beyond the scope of the book. See Salomaa and Soittola (1978),
Eilenberg (1978).

The correspondence between systems of algebraic equations and context-free
grammars is established as follows. Given a context-free grammar G = (V, A, P),
number the nonterminals such that V' = {&,...,&y} with N = Card(V) and
define

P={a|&eP} i=1,...,N.

Then (1.2) is the system of equations associated to G.
Conversely, the context-free grammar associated to (1.2) has as set of produc-
tions

P={{—alaeP,1<i<N}.

We now define a solution of (1.2) as a vector X = (X7,..., Xy) of languages
such that the substitution in P; of the languages X; to each occurrence of ; yields
precisely the language X;.

Formally, given (1.2), let X = (X1,...,Xy) with X; € (VU A)* for i =
1,..., N. Define a substitution X from (V' U A)* into itself by
X(a)={a} ac€A;

X&) =X, i=1,....,N.

Definition A vector X = (Xi,..., Xy) is a solution of the system of equations
(1.2) if and only if

XP)=X; i=1,...,N. (1.3)
Example 1.1 (continued) The equation & = &€ + a has the solution a™ since

at = aTa™ Ua and also the solutions A* and (V U A)*, since A* = A*A* U a and
similarly for the second set.

Example 1.2 (continued) As will be shown below, the vector (Lg(£), La(€a),
L (&)) is the unique solution of the system

§=1+alabl +05al, &o=1+alabla, & =1+ bEad,.

A system of equations (1.2) may have several, and even an infinity of solutions.
We order the solutions by setting, for X = (X1,..., Xy), Y = (Y1,...,Yy), X CY
if and only if X; C Y; fore=1,..., V.
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Theorem 1.4 Let G be a context-free grammar, and let (1.2) be the system of
algebraic equations associated to G. The vector Lg = (Lg(&1), ..., La(€n)) is the
minimal solution of (1.2).

The result contains a converse statement: given a system of algebraic equa-
tions, the components of the minimal solution are context-free languages. For this
reason, context-free languages are called algebraic languages. Note that only the
components of the minimal solution are claimed to be context-free. There are
solutions of systems which are not context-free (Exercise 1.4).

Proof. By definition, we have L (z) = Lg(x) for all x € (V U A)*. We shall verify
that the substitution L¢ satisfies (1.3). Indeed, in view of Lemma 1.3,

Lo(P) = | Lo(e) = La(&) i=1,...N.

OtEPZ'

This shows that Lg = (Lg(&1),. .., La(§n)) is a solution of (1.2). Next, let X =
(X1,...,Xn) be another solution of (1.2). We show that

Lo(z) c X(x) ze (VUA) (1.4)

by induction on the length of the derivation of the words of Lg(z). Let w € Lg(z).

Ifz > w, thenz =w € A* and w € X(z). Assume now z - w and p > 0. There

exist a word y such that
p—1
r—Yy —w,

and factorizations z = u&;v, y = uawv such that § — « € P. Since w € X(y) by
induction, it follows that

w € X(g) = X(u)X(a)X(v) C X(u)X(F)X(v).
Since X (P;) = X; = X (&), we have

X(u)X(P)X(v) = X(uv) = X(2).
Thus w € X(z). From (1.4), we obtain

La(&) C X(&)=X; i=1,...,N. =

We now show that in some cases a system of algebraic equations has a unique
solution.

Definition An algebraic grammar G = (V, A, P) is strict if and only if for each
production £ — «a € P, either &« = 1 or « contains at least one terminal letter,
thus if and only if

aclUVUAFAVUA)".
A system of equations is strict if the associated grammar is strict.

By Greibach’s Normal Form Theorem, a strict grammar can be supplied for any
context-free language (see the books listed in the bibliography).
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Theorem 1.5 Let G = (V, A, P) be a context-free grammar. If G is strict, then
Lo = (Lg(&), ..., Lg(&n)) is the unique solution of the system of equations asso-
ciated to G.

Proof. Let (1.2) be the system of equations associated with G, and let X =
(X1,...,XNn), Y = (Y1,...,Yy) be two solutions of this system. We prove:

fori=1,...,N, we€ X;, |lw| <nimplies w € Y; (1.5)

by induction on n. This shows that X C Y, and X =Y by symmetry.

If 1 € X; =X(P,), then 1 € X(«) for some o € P; and since G is strict, this
implies a« = 1. Thus 1 € P, and 1 € Y(F;) =Y;. Assume w € X; and |w|=n > 0.
As before, w € X(«) for some o € P;. If « € A*, then « = w € P; and w € ;.
Thus suppose the contrary. Then

o = Uofz‘lul T ur—lfi,«ur
with r > 1, ug, ..., u, € A*, &,,...,&,. € V. Therefore
W = UV U1 * - Up—1Ur Uy

with vy € X(&,) = X, for k = 1,...,7. Now wyuy---u, # 1 since G is strict.
Since r > 1, |vg] < n for all k = 1,...,r and by the induction hypothesis, v;, €
Y, =Y(&,) for k=1,...,r. Thus

w € upY (&, )ur - up 1Y (&, )u, = Y (a) C Y. .

Note that the finiteness of the sets P; was used in the proofs of neither Theo-
rem 1.4 nor 1.5. Thus these remain true if the sets P; are infinite, provided gram-
mars with infinite sets of productions are allowed or alternatively, if the connections
with grammars are dropped in the statements. Thus especially Theorem 1.5 can
be used to prove uniqueness of the solution of equations (Exercise 1.5).

We conclude this section with a result that permits transformations of systems
of equations without changing the set of solutions. This is used later to show that
systems of equations which are not strict have a unique solution by transforming
them into strict systems.

Definition Two systems of equations

=P (1<i<N) and &=Q; (1<i<N)
with the same set of variables are equivalent if they have the same set of solutions.
Proposition 1.6 (Substitution Lemma) Let

=P i=1,...,N (1.6)

be a system of equations. Assume that a = u&;v € Py for some j,k € {1,...,N}
and some words u,v. Define QQ; = P; fori # k and Qr = (P \ o) UuPjv. Then
(1.6) is equivalent to

&=0Q 1=1,...,N. (1.7)
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Example 1.1 (continued) Starting with £ = P where P = a + ££, we single out
a =& and form Q@ = P\ aUEP = a + ££€ + €a The substitution lemma claims
that the equation & = a + £££ + £a is equivalent to the initial one.

Example 1.3 Let A = {a, b}, and consider the system
§=14+n; n=ad.

Taking @ = €&, and replacing n by a&b, yields the strict system
E=14+albf; n=akb.

By the substitution lemma, the first system has a unique solution.

For the proof of Proposition 1.6, we need a technical lemma.

Lemma 1.7 Let B be an alphabet, and let X,Y, Z, L and M be subsets of B*. If
L=XUYMZ and M=XUYLZ
then L = M.

Proof f Y =0 or Z =0, then L =M = X. Next, if 1 € Y and 1 € Z, then by
the first equation M C YMZ C L, and similarly L C M, hence L = M. Thus
we may assume that 1 ¢ YZ. Then 1 € L if and only if 1 € X, hence if and
only if 1 € M. Arguing by induction on the length of words, consider w € B*,
|lw| =p >0, and assume w ¢ X. Then W € L if and only if w € YMZ, hence if
and only if w = yw'z with y € Y, 2z € Z, w' € M and |w'| < p. Thus w' € L and
weYLZ C M. Similarly w € M implies w € L. This proves the lemma. n

Proof of Proposition 1.6. Let X = (Xj,...,Xx) be a solution of (1.6). By
definition, X(P;) = X fori = 1,..., N. Thus

X(Q)=X;, i=1,...,N, ik,
X(Qr) = X (P \ o) UX(u)X(P)) X (v) = X(Pe \ o) UX(a) = X,

showing that X is a solution of (1.7).
Conversely, let Y = (Y1, ..., Yn) be a solution of (1.7). Then

Y(P)=Y, i=1,....N, i#k,
Y(P) =Y(Fp \ o) UY () = Y(F \ o) UY ()Y ()Y (v)
=Y (P \ a) UY (u)Y(Q;)Y(v) (1.8)
If j # k, then Q; = P;. Thus
Y(P) = Y(B: \ aUuPjv) = Y(Q;) = Vi
and Y is a solution of (1.6). If j = k, then by (1.8)

Y(P,) =Y(P: \ o) UY (u)Y(Qr)Y (v);
Y(Qr) =Y(P\ o) UY ()Y (Py)Y (v)

by definition. In view of Lemma 1.7, we have
Y(Py) = Y(Qr) = Yi;
thus Y is a solution of (1.6). n
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Exercises

1.1 A context-free grammar G = (V, A, P) is called proper if each production £ — a € P
verifies « ¢ 1UV. A vector X = (X1,..., Xy) of languages is called proper if 1 ¢ X; for
t=1,...,N. Prove that the system of equations associated to a proper grammar has a
unique proper solution.

1.2 Show that Corollary 1.2 remains true if L¢g is replaced by f)g, and that Lemma 1.3
becomes false.

1.3 Show that the languages of sentential forms of a context-free grammar are context-
free.

1.4 Show that there are non context-free languages among the solutions of the equation
of Example 1.1.

1.5 Use Theorem 1.5 to show that the equation & = X U Y has the unique solution
XY™ provided 1 ¢ Y.

2 Closure Properties, Iteration

We recall here some closure properties of the family of context-free languages, and
also some iteration lemmas for these languages. We give no proof: we just recall
some constructions that will be used later. Proofs of the results stated here can
be found in standard books on formal languages (see Bibliography).

Theorem 2.1 Context-free languages are closed under union, product, star opera-
tion, reversal, morphism, inverse morphism, intersection with reqular sets, context-
free substitution.

A context-free substitution is a substitution 6 : A* — B* such that 6(a) is a
context-free language for each a € A.

We now recall the usual constructions employed to prove closure under mor-
phism, inverse morphism, intersection with regular sets and substitution. Let
L C A* be an algebraic language, let G = (V, A, P) be an algebraic grammar and
let 0 € V be such that L = Lg(0).

a) Morphism Let ¢ : A* — B* be a morphism. Extend % to a morphism from
(VUA)* into (V U B)* by setting ¢(§) = £ for £ € V. Define a grammar

VG = (V,B,YP)
by

VP ={{—v(a)|{ ~aecP}.
Then is is readily shown that

VLa(§) = Lya(§) £€V.

Thus ¢ L = Ly(0) is a context-free language.
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b) Inverse alphabetic morphism Let ¢ : B* — A* be an alphabetic mor-
phism. As above, extend ¢ to (V U B)* by setting ¢(§) = & for £ € V. De-
fine C = {b € B | ¢(b) =1} and T'= B\ C. Finally, let w be a new letter
(w ¢V UAUB). Define a grammar

¢'G=(wUV.B,P)

where

P’:P’/U{w—>1+2wc}

ceC
and where P” is defined as follows: For £ € V, k>0, by, by, ..., b, € VUT
£ — whiwbyw - - whyw € P <= & — ¢(biby---by) € P.

Since the restriction of ¢ to (V UT)* is strictly alphabetic, P” is finite. Next, it is
easy to prove that

¢ La(§) = Ly-1)(§) €€V,

and Lg-1(c)(w) = C*. Thus ¢ '(L) is a context-free language. Any inverse mor-
phism can be factorized into an inverse alphabetic morphism, followed by the
intersection with a regular language, followed by a morphism. Thus closure under
arbitrary inverse morphism can be deduced from above and from the following
construction.

c) Intersection with a regular language Let K C A* be a regular language,
and A = (A, Q,q_, Q) be a finite automaton such that K = |A|. Let & be a new
symbol, and define a grammar

Gk = (6U(QxV xQ),A,Pg)
where Px = P’ UP”, with
P'={6—(¢-,0,q+) | ¢+ € Q+},

and P” composed of the following productions: For k& > 0, &,m,...,m € V,
Uo, - ux € A%, ¢, ¢ q1s Qs 15, G € Q

(Q7 57 q,) - uO(Qla m, qi)ul(q% n2, qé) U (qk7 Nk, q],g)uk S 7)/
if and only if

§ — ugmuinz - - - mru, € P and

q-u=q, ¢ u=q¢n (i=1,...,k=1), ¢ -u,=¢.
It is not difficult to show that

LGK (Q757 q,) - LG(g) N Kq,q’ (q7 q/ € Q?g € V)
where

Kyy={reA |qg-xz=¢}.
Thus LN K = Lg, ().
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d) Context-free substitution Let 6 : A* — B* be a context-free substitution.
For each a € A, let

Ga - <Va7 B7 Pa>

be a context-free grammar such that 6(a) = Lg, (0,) for some o, € V,. Clearly the
alphabets V, may be assumed pairwise disjoint and disjoint from V. Define a copy
morphism v : (VUA)* - (VU {o,:a € A})* by v(§) = for £ € V, y(a) = o,
for a € A, and let vG = (V, {0, : a € A},7P) be defined as in a). Let

H=(W,B,Q)

be the grammar with W = VUJ,c4 Vo, @ = YPUU,c 4 Pa- Then it can be shown
that

Ly(§) =0(La(&)) V.

Consequently (L) = Ly(o).

The iteration lemmas for context-free languages are not as accurate as the
corresponding lemmas for regular sets. It can be shown (Exercise 2.1) that a strict
analog of the iteration lemmas for regular languages does not exist. The most
frequently used iteration lemma is due to Bar-Hillel, Perles and Shamir.

Lemma 2.2 (Iteration Lemma for Algebraic Languages) Let L C A* be an alge-
braic language. There exists an integer N > 1 such that any word w € L with
|lw| > N admits a factorization w = zuyvz (x,u,y,v,z € A*) satisfying

(i) zu™yv"z € L for alln > 0;

(i) 0 < |uv] < N.

There is some difficulty in the use of this lemma arising from the fact that
the position of the segments v and v in W cannot be predicted. The following
refinement of the above lemma states that at least the position of one of the two
segments can be located with some precision. The notion of marked position is
the same as in Section 4.

Lemma 2.3 (Ogden’s Iteration Lemma for Algebraic Languages) Let L C A* be
an algebraic language. There exists an integer N > 1 such that any word w € L,
and for any choice of at least N marked positions in w, w admits a factorization
w = zuyvz (r,u,y,v,z € A*) satisfying

(i) zu"yv"z € L for alln >0;

(ii) (each of v and w and y) or (each of y and v and z) contains at least one

marked position ;
(i) uv contains at most N marked positions.

If all positions in w are marked, we obtain Lemma 2.2. Assume that N consec-
utive positions are marked, hence that a segment s of w has been distinguished.
Then (ii) implies that either u or v is a segment of s. Thus we have

Corollary 2.4 Let L C A* be an algebraic language. There exists an integer N
such that any word w € L and for any factorization w = tst' (t,s,t’ € A*) with
|s| > N, w admits a factorization w = zuyvz (z,u,y,v,z € A*) satisfying
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(i) zuyv"z € L for alln >0;
(i) either u is a segment of s and |u| > 0 or v is a segment of s and |v| > 0.

We do not prove these lemmas (see (Ogden 1968, Aho and Ullman 1972, Aute-
bert and Cousineau 1976)). The proof is on derivation trees and the lemmas are
in fact results on derivations in algebraic grammars. We give this version of the
lemma for later use.

Lemma 2.5 (Ogden’s Iteration Lemma for Algebraic Grammars) Let G = (V, A,

P) be an algebraic grammar. There exists an integer N such that, for any deriva-
tion & 5 wwithé €V, w e (V. UA)*, and for any choice of N marked positions
i w, there is a factorzzatzon w = zuyvz (r,u,y,v,z € A*) andn €V such that
(i) & = anz, n = wpv, n = y;

(ii) (x and w and y) or (y and v and z) contain at least one marked position ;

(iii) uv contains at most N marked positions.

Note that the integer N is independent of the nonterminal £&. Note also that
the lemma is true for sentential forms as well as for words in A*.

A context-free grammar G = (V, A, P) can be “reduced” in several ways. Let
o € V. Then G is:

reduced in o if for each € € V, Lg(€) # 0 and 0 = uév for some words
u,v € A*,

strictly reduced in o if G is reduced in o and if further L (€) is infinite for each
EeV.

Lemma 2.6 Let L. C A* be a context-free language. If L is nonempty, then L =
Lg(0) for some context-free grammar G = (V, A, P) which is reduced in o. If L is
infinite, then G can be assumed to be strictly reduced in o.

We only give the construction. Let L = Lg(o) for some context-free grammar
G = (V,A,P), and let V' be the set of ¢ € V such that Lg(¢) # 0 and ¢ = uév
for some u,v € A*. If L # (), then 0 € V'. Let G’ = (V', A, P’), where P’ = {{ —
aeP|&eV ae (V'UA*}L Then G is reduced in o, and Lg(§) = Lai(€) for
each £ € V',

Next, let V" = {{ € V' | Le(§) is infinite}, and define a grammar G” =
(V" A, P") as follows. Let 6 : (V' UA)" — (V"UA)* be the substitution given by

0(a) =a(ac ), 0§ =¢(EeV"), 0§ =La() eV \V),

and set

Pr={—-p3|E—aeP,feba)}.

If L is infinite, then o € V", G” is strictly reduced in o, and Lgv(§) = L (§) for
each £ € V.

Exercise

2.1 Show that Corollary 2.4 cannot be strengthened to assert the existence, for each
factorization w = tst’s't” of w € L of a factorization w = zuyvz satisfying (i) and such
that both u is a segment of s and v is a segment of s'.
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3 Dyck Languages

The Dyck sets are among the most frequently cited context-free languages. In view
of the Chomsky-Schiitzenberger Theorem proved below, they are also the most
“typical” context-free languages. In Chapter VII, we shall see another formulation
of this fact: The Dyck languages are, up to four exceptions, generators of the cone
of context-free languages.

A Dyck language consists of “well-formed” words over a finite number of pairs
of parentheses. There are two (and in fact even four) families of Dyck languages
defined by different constraints on the use of parentheses. The restricted Dyck
languages D!, (n > 1) are formed of the words over n pairs of parentheses which
are “correct” in the usual sense. Thus

(LO OO

is a word of Dj". For the Dyck languages Dy, the interpretation of the parentheses
is different. Two parentheses of the same type are rather considered as formal
inverses for each other. A word is considered as “correct” if and only if successive
deletion of factors of associated parentheses (say of the form aa and aa) yields the
empty word. Thus

aaaabbaa

is a word of Dj. This interpretation is used for the construction of free groups.
Finally, D,, and D, are the sets of Dyck-primes and restricted Dyck-primes, that
is the words of D} (resp. D!*) which are not product of two nonempty words of
D (resp. D).

The appropriate framework to formalize the definitions of D" and D} are con-
gruences. We first give this definition, and prove then that the four families con-
sist of context-free languages. The section ends with a proof of the Chomsky-
Schiitzenberger Theorem.

Let n > 1 be an integer, and let A, = {a1,...,a,}, A, = {a1,...,a,} be two
alphabets of n letters. Each couple ay, a; can be considered as a pair of parentheses
of the same type. Define C,, = A,UA,. We introduce the following useful notation.
For c € C),, let

_ Qg ifC:CLk;
C: . —
a, ifc=a.
Thus ¢ = c.

Definition The restricted Dyck congruence 6], is the congruence of C? generated
by

The Dyck congruence 4, is the congruence generated by (3.1) and by
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Thus two words w and w’ are congruent modulo ¢/, or modulo §,,, and we write
w=w (modd,) or w=w (modyd,)

if and only if w’ can be obtained from w by a finite number of insertions or deletions
of factors of the form agay (resp. arpay or apay).

Definition The restricted Dyck language D!f is the class of 1 in the congruence
on: Dy = [l . The Dyck language D} is the class of 1 in the congruence d:
Dy = [1s,

Clearly by definition both D;" and D}, are submonoids of C.
Definition The set D!, of restricted Dyck primes is
D), = (D \ )\ (D \ 12,
The set of Dyck primes is D,, = (D \ 1)\ (D} \ 1)

The notation is consistent since D! and D,, indeed generate the submonoids
D! and D} (see Section 1.2). In fact, we shall see that D], and D, are bifix codes,
thus D)’ and D}, are free submonoids of C};. In order to give a unified treatment,
we follow an idea of M.-P. Schiitzenberger and introduce a more general family
of congruences and languages. It will appear that the restricted and the general
Dyck languages are just extremal cases in the new formalism.

Definition Let [ be a subset of {1,...,n}. The congruence ¢; is the congruence
generated by

agapy ~1(k=1,...,n) and aa;~1(i€).
The language D7 is the class of the empty word in the congruence 9;.

Clearly Dj is a submonoid of C}, justifying thus the notation. Anyone of the
2™ subsets of {1,...,n} defines a “Dyck-like” language. If I = (), then §; = ¢/, and
Dy =D it I ={1,...,n}, then 6; = 6,, and D; = D}.

Our aim is to prove that D} and Dy = (D3 \ 1) \ (D} \ 1)? are context-free
languages for any I C {1,...,n}. For this, we first introduce a new relation. Let
u,v € Cy, and set u —— v if and only if there are z,y € C}, such that u = zay,
v = xy, and either o = agay for some k € {1,...,n} or a = a;a; for some i € I.
The reflexive and transitive closure —~ of — is called the Dyck reduction. Clearly,
if u = v, then |u| > |v|, and |u| = |v| implies u = v. The congruence d; and the
reduction —~ are linked by

u = v (mod Jy)

it and only if there are & > 0, uyg, ..., u; € C; such that
Uy = U, Up =V,

and

(Up = Upy1 OF Upyy —up) p=0,... k—1.
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Thus u +*~ v implies u = v (modd;), but the converse is false.

A word is reduced mod ¢§; if and only if it contains no factor of the form
aray or a;a; (i € I). Thus u is reduced if and only if {v | u — v} = (). For
any word w € C; there is at least one reduced word u congruent to w (mod 6y).
Usually, there are several ways to compute a reduced word. We shall prove that all
computations lead to the same reduced word which is unique. We follow Autebert
and Cousineau (1976) rather than the standard exposition as treated in Magnus
et al. (1966). Indeed, the presentation below is closer to the extensions to more
general congruences over free monoids as considered by Cochet and Nivat (1971),
Benois and Nivat (1972).

Example 3.1 For n = 2, I = {1,2}, consider the word aaaabbaa. It can be
reduced to the empty word in at least the two following manners:

w = aaaabbaa w = aaaabbaa
wy = aabbaa w) = aabbaa
wy = bbaa wy = aada
w3 = aa wh = aa
Wy = 1 wﬁl =1

From now on, we write — and ~* instead of — and .

Lemma 3.1 (Confluence Lemma) If w —= w; and w —= ug, then there ezists a
word v such that uy = v and uy —— v.

Thus the lemma asserts the existence of a word v such that the following
diagram holds (Figure I1.1). We first prove the lemma in a special case.

N
A

Figure II.1

Lemma 3.2 If w — wuy; and w —— wuso, then there exists a word v such that
U M= v and ug —= 0.

Proof. There are words 1, y1, T2, yo € C* and 21, zp € C? such that
W = T121Y1 = T222Y2, U1 = T1Y1, U2 = T2Y2 .

If Juy| = |ug|, then u; = uy and there is nothing to prove. Assume for instance
|ur| < |uz|. We distinguish two cases.

a) lui| + 2 < |ug|. Then us = uyzt for some word ¢, thus w = z;21t29y9, and
v = z1tzy satisfies uq — v, uy — .
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b) |ui| + 1 = |ug|. The uy = uyc for some letter ¢, hence z; = ¢¢ and z = ce.
(This implies that ¢ = a; or ¢ = a; with i € I.) Thus w = zycécys, and u; =
r1cYs = uo. Hence v = wu; satisfies the conditions. "

Proof of Lemma 3.1 By induction on |w|. If |w| = 0, then u; = w = uy = 1, and

v = w satisfies the lemma. Assume |w| =p > 0. If |u3| = |w]|, then u; = w and
the lemma holds for v = uy. Thus we may suppose |ui| < p and similarly |us| < p.
There exist two words vy, vy with |v1] = |ve| = p — 2 such that

W V] F= Uy, W Uy — Usy .

Thus, in view of Lemma 3.2, there is a word ¢ such that
U1 e t, Vo ——t.

Since v; —= uy, vy H= t and |v1| < p, by induction there is a word w; such that
U1 = w1, t wi .

Since vy H— ug, vy =t == wy and |vy| < p, by induction there is a word v such
that

Ug H= v, Wy ——v.
This show that u; = w; = v and us - v. "

The construction of the proof is reflected in Figure I11.2.
/ w\

Figure 11.2

Corollary 3.3 Let u,v € C; then w = v (mod &1) if and only if there exists a
word w such that u —— w and v — w.

Proof Assume u = v (mod d;). Then there are k > 0, ug, ..., ur € C; such that
Uy = u, ur = v and

Up F— Upq1 OF Upyq —— U, forp=0,... . k—1.
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If £ = 0, then v = v and there is nothing to prove. Arguing by induction on k,
there is a word w; such that

u; —— wy and v = wy .

If ug — wuq, then uy —= w; and the corollary is true with w = wy. If uy — wuy,
there exists, by the Confluence Lemma, a word wsy such that uy —— wsy and w;
wsy, whence v = wy. The converse is obvious. "

Remark The Confluence Lemma can be considered as a property of some binary rela-
tions: Let —* be the relation opposed to —-. Then the congruence ¢y is the least con-
gruence containing —~ and —~. Corollary 3.3 states that d; is the product (of relations)
of +* and —*; the Confluence Lemma asserts the existence of a weak commutativity
property: the product of = by +* is contained in the product of — by —.

We list two other corollaries

Corollary 3.4 If v is reduced and u = v (mod 0;), then u +—* v.

Proof. By Corollary 3.3, there is a word w such that u — w and v — w. Since
v is reduced, v = w. .

Corollary 3.5 Any class of the congruence d; contains exactly one reduced word.

Proof. 1t is clear that any class contains at least one reduced word. Assume u,v
are reduced and u = v (mod d;). Then by Corollary 3.4 v+ v and v —— u, thus
u ="n. n

We denote by p;(w) the unique reduced word congruent to w mod 6;. If I = 0,
we write p/ and if I = {1,...,n}, we write p instead of p;. The language p;(C)
of reduced words is a local regular set, since

pr(Cy) = CR\ CRVICy
with
‘/]:{CLICC_L]€ | k:zl,...,n}U{ELiai\iEI}.

The next lemma describes the words which reduce to a given word. It is the key
lemma for the proof that the languages Dj are context-free.

Lemma 3.6 Let z,w € C}, w = ci1¢y - - Cm, (¢, € CF). Then
T w

if and only if there exist Yo, y1,...,Ym € C; such that
T = YoC1Y1C2 - Ym—1CmYm

and
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Proof. The conditions are clearly sufficient. The proof of the converse is by induc-
tion on |z| — |w|. If |x| = |w|, then x = w; if |z| > |w], then there exists a2’ such
that |2/| = |z| — 2 and  — 2/ +* w. By induction,

' = Yoc1y1C2 *  Ym—1CmYm
for some words y, with y, — 1, (r =0,...,m). Next, there is a factorization
x = uzv, with 2’ = uv,

and z = agay for some k € {1,...,n} or z = a;a; for some ¢ € I. Hence there is
an integer j, (0 < j <m) and a factorization y; = y'y", (v, y” € C;) such that

U = Yol1 - 'ijla v= y”Cj+1 * CmYm -
Set t; = y'zy". Then t; — y; =~ 1 and

T =YoC1- - CiliCiqy1 - CmlYm - n

Theorem 3.7 The languageD7 is context-free. More precisely, D7 is the language
generated by the grammar G with productions:

=1+ abar+ Y aika. (3.3)
k=1

iel
First, we introduce the notation
B[:AnU{C_Li|i€]}.
Thus By = A, if [ =0, and By =C, if I ={1,...,n}.

Proof The grammar G| is strict. Thus it suffices to show that Dj is a solution of
the equation associated to (3.3). Assume w = cw’cw” with v’ = w” =1 (mod ;)
and ¢ € B;. Then w = ¢¢ =1 (mod ¢7) and w € Dj. This shows the inclusion

D;>1u |J aDja.D; Ul Ja;Dja:D; .
1<k<n el

Conversely, let w € D7, w # 1. Since 1 is reduced, w —= 1 by Corollary 3.4. Since
w # 1 there is a letter ¢ € By such that w —— c¢. By Lemma 3.6, w factorizes in

W = YoCY1CY2

with yo, 41,92 € Dj. If yo = 1, then w € eDjeDy. If yo # 1, then |yo| < |w]| and,
arguing by induction, yo € bD7bD7 for some b € B;. Thus w € bD1bDicDieDr C
bD7bD7. This completes the proof. ]

We now investigate the language
Dy = (D \ 1)\ (D \ 1)%.
For c € C,,, define
DI,C == D[ N CO:; .
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Proposition 3.8 (i) The language Dy is bifix;
(ii) Do # 0 if and only if ¢ € By;
(iii) of Dy. # 0, then any w € Dy, admits a unique factorization

W= cugly - - Uy with m >0, uy,..., Uy € Dy \ Dyz.

Proof (i) Let w € Dy, and assume w = uv with u € Dy,v € C¥. Then 1 = uv =
v (mod ¢y), thus v € Dj. Thus v = 1 by the definition of D;. This shows that D;
is prefix. A symmetric argument shows that D; is suffix.

(ii) Let w € Dy.. Then w = cu for some word u. Since w ~* 1, there is a letter
b € By such that w —— bb. In view of Lemma 3.6, w factorizes in w = yoby1bys,
with yo,y1,y2 € Dj. Since w € Dy, yo = yo = 1 and b = c¢. This proves the
assertion, since clearly Dy . # 0 if ¢ € By.

(iii) We just have seen that a word w € Dy, factorizes in w = cy,¢ with
y1 € Dj. Thus either y; = 1 or y1 = uqug - - - Uy, with uy, ..., u, € Dy. Assume
that u, € Dy, for some p. Then u, = cyc for some y € D7, and

w = (cuy - up_18)y(Cups1 - unc) € (DF\ 1),

contrary to the definition of D;. The uniqueness is immediate since Dj is a code.

By Proposition 3.8,

D;= | Di. (3.4)
CEB[
DI,C = CA[,CE (C S B[) (35)

where Aj . is the submonoid of C generated by Dy \ Dy
Are= < U DI,b) . (3.6)

Finally, since D; generates D7, we have
D;=1UD;D;. (3.7)

From Equations (3.4)—(3.7), we deduce the following grammar H; = (V;, C,, Py).
Set

Vj’:{fun}u{gwnc|C€BI}7

and let P; contain the productions:

E=14ns =) N 7= c&E;

CGB[
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By the Substitution Lemma, the system of equations associated to H; is equivalent
to

=1+ &t &=1+ Y bgbe. (c€ By (3.8)
cEBy beBr\é
=Y ne; me=c&e; (c€B).
CGB[

The equations (3.8) are strict, thus the system associated to H; has a unique
solution, and Equations (3.4)-(3.7) show that H; generates the various languages
related to the Dyck sets:

D7:LHI(§)’ DI:LHI(T,)? DI,c:LHl(nC)> AI,C:LHI(SC)‘

Corollary 3.9 The languages Dy are context-free. .

If I =0, the grammar H; reduces, after short-cutting the 7., to the grammar with
productions

= 1408 n— > apba.

k=1

Thus we have, for D/*, D!/ D! D, the following formulas:

DI =1UD,DY; D, = |J aDya;
1<k<n
D:=1UD,D:; Dy, = |J Du;
CECn
Due=cApee (c€C)i Ane=( | Dus) (c€C).
beCn\c

It can be shown (Exercise 3.1) that D! is also generated by the grammar with
productions

E—= &+ apbap+1,
k=1

and that D) is generated by the grammar with productions
§—E+ ) arar+ Y arbap+1.
k=1 k=1

Let ALY = C /0, be the quotient monoid; we denote by 6, the canonical morphism
from C onto AL defined by op(w) = [w]s,. For w = cica---¢p € CF, (¢; € Cy),
define w = ¢,,G,p—1 * - - €1. Since

ww = ww =1 (mod 4,),
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A is a group, and 8, (@) = (8, (w))~". In particular, 6,(¢) = (6,(c))~! for ¢ € C,.
It can even be shown that A{) is a free group (see Magnus et al. 1966). A% s

called the free group generated by A,. Since each class [w]s, contains exactly one
reduced word p(w), there is a bijection from AL onto p(C*) which associates to
any u € A the unique reduced word w such that u = 4, (w). If no confusion can
arise, the index n will be omitted in the above notations.

Note that any word in A% is already reduced. Thus A% C p(CF). It is sometimes
convenient to identify A’ with its image in A%, This identification allows use
of inverses and may simplify considerably certain formulations. However, it is
important not to confuse the product 'y in A&*’, where z,y € A}, with the left
quotient operation defined in Section 1.2: Viewed as an operation in Aﬁj‘), x 1y is
always a well-defined element of AS) and z~'y = z € A* if and only if zz = y.
Viewed as an operation in A*, xly is either the empty set or a word in A%,
according to z is not, or is a prefix of y. The embedding of A’ into A% will be
used only in Sections IV.2 and IV.6. In all other circumstances, 'y should be
interpreted as the left quotient defined in Section I.2.

The Dyck languages are known by the Chomsky-Schiitzenberger Theorem. We
prove the following

Theorem 3.10 (Chomsky-Schiitzenberger Theorem) Let L C B* be an algebraic
language. Then there are an integer n > 1, an alphabetic morphism ¢ : C’ — B*,
and a local reqular language K such that

L=¢(D,NK)=¢D;NK)=¢(DnNK)=¢(D,NK).

Proof. Assume the theorem proved in the case where 1 ¢ L. Then 1 ¢ K. Thus
setting K’ = K U1, K’ is still a local language and the theorem holds for L U 1.
Thus we may assume 1 ¢ L.

The idea of the proof is simple: each production in a grammar generating L is
bracketed by a distinct pair of parentheses, and new letters are added to make the
new grammar generate a subset of D}, and in fact of D/ . Thus it has only to be
shown that none of the generated words is in D} \ D,.

We assume that L is generated by a grammar G = (V, B, P) in quadratic form,
that is such that each production ¢ — « € P satisfies « € BUV?2. Such a grammar
can always be obtained (see e.g. the books listed in the bibliography). We set

V=A{&,....&n}, B={b,...,b},
and define

An:B U {ai,jvk,bm,k|i,j,k:1,...,N}
U{dis|i=1,...,N, s=1,...,q},

where the a; ; i, bi j k, d; s are new letters. Thus n = 2N3 + Ng+q. Set A, = {a |
a€ A,y and C, = A,UA,. Let H = (V,C,,, Q) be the grammar with the following
productions:

For i,j,k € {1,..., N},

& — a;jxbi jk€ibij1xti g € Q (3.9)
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if and only if

& — & €P.
Further, fori € {1,...,N}, s=1,...q,

& — disbsbdi s € Q (3.10)
if and only if

& — b, eP

Fori=1,...,N, set M; = Ly (&), and let ¢ : C¥ — B* be the projection. Then
clearly

¢(M;) = La(&) -
We shall prove that

M;=D:NK,=DNK,=D,NK;,=D,NK; i=1,....,N (3.11)
where

K, = (X,C5N CiX)\ CLY €
is the local regular set defined by:

Xi:{aimk‘j,k’zl,...,N}U{di’s|S:1,...,Q},
XZ:{.CE’.CEGXZ}, C?Z\Y:W1UW2UW3,

with
Wl = {ai7j7kbi7j,k ‘ /L.ajak = 177N}7 (312)
Wy = {di,sbs,l_)scﬁs li=1,...,N, s= 1,...,q}U{b353 ls=1,...,q}
(3.13)
W3 = U bi,j,ka U Ei,j,ka U Xj5i7‘j7k U )Z]CC_LZ‘J’]€ . (314)
i,k

a) M; C D} NK;, (i=1,...,N). Let indeed w € M;. Then either, by (3.10),

w = di,sbsgs 1,8
for some s € {1,...,q}, and clearly w € D} N K;, or by (3.9)
W = a; j kbij kub; j kUG j

for some j, k € {1,...,n} and u € M;, v € M. Arguing by induction, u € D} NK;,
v e D! N Ky, thus w € D} and, in view of (3.12) and (3.14), w € K.

b) DiNK;, C DIFNK; (i=1,...,N). First, we verify

DaNCI\NCYC: =0 forac A,. (3.15)
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Assume the contrary, and let w € D, ; N C;\ C!Y C¥ be of minimal length. Then
|lw| > 2 since aa € Y. In view of Proposition 3.8(iii), w = auy - - - ua, with
u, € D, N A,C:A,, (p=1,...,m) by the minimality of w. Since the first letter
of u; is not barred, @ = b; ;, for some indices 4, j, k by (3.14). Thus, by (3.12), the
last letter of wu,, is a; ; and u,, ¢ D, N A,C*A,. This proves (3.15).

Now let w € D} N K;, w = wyws - - - w, with w, € DnﬂAnCZ/_ln forp=1,...r
by (3.15). Then w; € X;C*X; for some i, thus if 7 > 1, the first letter of w, would
be barred by (3.14). Thus r =1 and w € D,,. Next, if w begins with a letter d; s,
then w = d; ;bsbsd; s by (3.13) and w € D!,. Finally, if w begins with the letter a; ; ,
then w = a; jyua; ;) for some u € D} and in view of (3.12), u = b; jxv1b; j Vo for
some vy, ve € Df. In view of (3.14), v; € K;, vy € K, and arguing by induction,
v € D), NKj, va € D;, NKy. Thus w € D).

¢c) D,NK; CM;, (i=1,...,N). Let w € D, N K;. If w begins with a letter d;,
then by (3.13) w = d; sbsbsd; s and w € M; by (3.10). Otherwise, w = a; ; yua, j j for

some indices j,k and w € D/*. By (3.12), u = b; j v1b; ; xv2 for some vy, vy € D).
Moreover, v; € K; and v, € K. Thus v; € D N K; C D], N K; and similarly
vy € D! N Ky, by part b) of the proof. Therefore by induction v; € M;, vy € M,
and w € M; by (3.9).

Thus we proved

M;cDinK,cD,NK;CcM; i=1,...,N,

and (3.11) follows. .

Exercises

3.1 Show that for any I C {1,...,n}, Dj is the language generated by the grammar
with productions

n
£+ wlar+ Y aka;+1.
k=1 icl
3.2 Same question as in Exercise 3.1, for the grammar
n
§— &+ wméar + Y ailla; +1.
k=1 iel
3.3 (Magnus et al. (1966)) Define a function 0; : C} — C} inductively as follows:

0r(1) =1, 67(c) = ¢ for ¢ € Cy, and if O7(w) = c1c2- - ¢y (¢; € Cp), then

0, (we) cico -1 if ¢y € By and ¢, = ¢,
I = .
cico - ¢mc  otherwise.

Show that 07 = py.
3.4 Show that ww' € D}, = w'w € Dj,.

3.5 Show that for each w € C}, the class [w];, is a context-free language.
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3.6 For w € C},, define

n
lwll = fwla, = wlz, =D lwla, = wla,
k=1

Show the following assertions:
a) we D! = |w|]|=0.
b) w e DJf = ||u'| > 0 for each prefix w’ of w.
c) we D], = ||w'|| > 0 for each proper nonempty prefix w’ of w.

d) we D} < |w||=0.
3.7 (Requires knowledge in ambiguity.) Show that the grammars H; are unambiguous.

3.8 Assume that the grammar G = (V,B,P) for L in the proof of the Chomsky-
Schiitzenberger Theorem is in Greibach Normal Form, that is £ — « implies a €
BUBVUBVV.

a) Show that G can be transformed in such a way that for any two productions £ — b3,
E=VE (b)Y € B),if b#£1, then 8 #£ .

b) Replace the productions of the form

& — 088k by & — a;j k€ kék
§ —b§; by & — bjbi&;
§&i—b by & — did;

and prove that L = ¢(D}* N K) where K is a local regular set and where ¢ erases
barred letters, and replaces unbarred letters according to the above rules.

c) Show that each word in D) N K ends by exactly one barred letter, and that no
word in D} N K contains a factor of more than two barred letters.

d) Show that any context-free language L can be represented in the form L = ¢(D/*NR)

with R local and ¢ e-limited on R (that is k-|¢(w)| > |w]| for all w in R and for
some k > 0).

4 'Two Special Languages

We present some properties of the Lukasiewicz language, and of the language of
completely parenthesized arithmetic expressions.
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a) The Lukasiewicz language £ over A = {a,b} is the language generated by
the grammar with productions

E—aké+0b.
Thus £ is the unique language satisfying

L=alL Ub. (4.1)
The first words of L are

b, abb, aabbb, ababb, aaabbbb, aababbb, . . .

The language of Lukasiewicz is the simplest of a family of languages constructed
in order to write arithmetic expressions without parentheses (prefix or “polish”
notation). The letter a represents a binary operations, say +, and b represents the
operand. Thus the word abb represents the expression b+ b, and aababbb represents
the expression ((b+ (b+ b)) + b).

For w € A*, define

[w]| = Jwla = [wle.-
Clearly [Jww'[| = [[w]| + [[w'[]

Proposition 4.1 Let w € A*. Then w € £ if and only if w satisfies the two
following conditions:

(i) fJw| = —1;
(ii) ||w']| = 0 for each proper prefiz w' of w.
Clearly, Proposition 4.1 implies that £ is prefix.
Proof. Let w € L. If w = b, then (i) and (ii) are satisfied. Assume |w| > 1. Then

by (4.1), w = auv with u,v € £. Thus ||w] = 1+ ||u|| + ||v| = —1. Next, let w’
be a proper prefix of w. If w' = a, or if w' is a proper prefix of au, then clearly
|w'|| > 0. If w" = auv” and v’ is a proper prefix of v, then ||w'|| = [[v/|| > 0.

Conversely, let w be a word satisfying (i) and (ii). If |w| = 1, then w = b € L.
Arguing by induction on |wl|, assume |w| > 1. First note that by (ii) w begins
with the letter a. Thus w = aw’ for some w’. Next, since ||w| = —1, there exists
a shortest nonempty prefix u of w’ such that |Jau|| = 0. Set w = auv. Then
|ul| = —1, and for any nonempty proper prefix v’ of u, ||u’|| > 0 by the minimality
assumption on u. Thus u € £. Next ||v]| = [|w|| = —1, and ||v||" = |Jau?v’|| > 0 for
any proper prefix v’ of v since w satisfies (ii). Thus v € £ and w € £ by (4.1). .

Proposition 4.1 can be used to draw a pictorial representation of a word w in
L. This is given by the graph of the function w’ — ||w’||, where w’ ranges over the
prefixes of w. Thus, for w = aabaabbabbabaaabbbb, we obtain Figure I1.3. Next,
consider the restricted Dyck language D7* over A, that is with a; = a,a; = b.
Then Df* is defined by

D =1UaD{bDY .

Multiply this equation by b on the right. This gives
Db =bUaDybDTD.

Thus Db is a solution of (4.1), and therefore Db = L.
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_1”aabaabbabbaaabbb\6
Figure I1.3

Corollary 4.2 Let w € A*. Then w € D" if and only if w satisfies:
(i) [Jw] =0;
(i) ||w'|| = 0 for each proper prefiz w' of w. .

Recall that v and v are conjugate if and only if v = zy and v = yx for some words
x,y.

Proposition 4.3 Let u € A* with ||u|| = —1. Then there exists one and only one
word v conjugate to u such that v € L.

Proof. We show first the uniqueness. Assume v = zy,v = yxr € £, v # 1. Then
by Proposition 4.1, ||z] > 0, thus ||u|| = —1 = ||z|| + ||v|| > ||v||, and v cannot be
a proper prefix of v. Thus z =1 and u = v.

Next, let p = min{||/|| | v’ proper prefix of u}. If p > 0, then u € £. Assume
p < 0, and let  be the shortest prefix of u such that ||z|| = p. Write u = xy. Then

|2'|| > p+1 for any proper prefix z' of x (4.2)
by the minimality of x. Next

vl >0 for any proper prefix y' of y (4.3)

since p < ||zy/|| = p+ ||¢/|| by definition of p and

lyll=—-1-p=>0. (4.4)
Let v = yx. Then ||v|| = ||u]| = —1. Let v’ be a proper prefix of v. If v/ is a prefix
of y, then ||v/|| > 0 by (4.3) and (4.4). Otherwise, v' = ya/, where 2’ is a proper
prefix of z, and ||v'|| = —1 —p + ||2/|| > 0 by (4.2). In view of Proposition 4.1,
v € L. L]

b) The language of completely parenthesized arithmetic expressions FE
over A = {a,b,c,d} is the language generated by the grammar with productions

& — akbéc+d.
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Thus F is the unique language satisfying

E =aEbEcUd. (4.5)
The first words of E are

d, adbdc, aadbdcbdc, adbadbdce, aadbdcbadbdcce, . . .

The terminology is from Nivat (1967). Write indeed “(” for “a”, «)” for “c”, “4”
for “b” and “” for “d”. The words listed above become

i, (1 41), (i 4+0)+9), e+ (G +10), ((E+1)+ (@ +1)),...

Consider the morphism that erases ¢ and d. Then by (4.5) the image of E is the
language D" over {a,b}. If b and c are erased, then the image of F is the language
L over {c,d}. Thus E is closely related to these languages. In fact, we shall prove
later (Chapter VII) that the language E is a generator of the cone of context-free
languages.

Lemma 4.4 Let w € E. Then
(1) |wla = [w]y = Jw|e = |wlg —1;
(ii) If w' is a proper nonempty prefix (resp. suffiz) of w, then |w'|, > |w'|. (resp.
w'la < [w'le)-

The easy proof is left to the reader. Note that (ii) implies that the language F is
bifix.
Let n be the congruence over A* generated by the relation

adbde ~ d .

Theorem 4.5 The language E is equal to the class of d in the congruence n:
E = [d],.

Proof. Clearly d € [d],. Let w € E, w # d. Then w = aubvc for some u,v € E
by (4.5). Arguing by induction, u = v = d (mod 7)), thus w = adbdc = d (mod 7).
This shows the inclusion E C [d],,.

To show the converse inclusion, it suffices to prove that for any two words
w = udv and w’' = uadbdcv,

weE < weEkE. (4.6)

We verify (4.6) by induction on |w| = |w'| — 4. If u = 1, then w € E if and only
if w = d, and w’ = adbdc, since FE is prefix. Thus we may assume u # 1. Suppose
w € E. Then w = aw;bwyc for some wy,ws € E. Then either |ud| < |aw;| or
|dv| < |wgce|. In the first case, w; = uidvy for uy and vy defined by au; = u,
v = vibwye. By induction, w] = ujadbdcvy belongs to E. Thus awjbwsc = w' € E
by (4.5). The second case is handled in the same way. Conversely, suppose v’ € E.
Then

w' = wadbdcv = aw bwhe
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for wi,wy € E. If Jaw]| = |uad|, then w] = d since F is suffix, hence u = 1
contrary to the assumption. Thus either |uad| < |aw]| or |dve| < |whe|. It suffices
to consider the first case. Clearly, it implies that |uadbde| < |aw]|, thus w] =
ujadbdcv] with au) = v and v = v{bw)c. By induction, wy = ujdv] € E, hence

awbwye =w € E . .

Theorem 4.5 admits the following

Corollary 4.6 Let u,u’' € E. Then zuy € E if and only if xu'y € E.
Proof. xuy = zu'y (mod n). Thus zuy = d (mod n) if and only if xu'y = d (mod 7).

Exercises

4.1 Show that £ = [b]), where A is the congruence over {a,b}* generated by the relation
abb ~ b.

1 2
4.2 Let p, = Card(A?"*' N L). Show that p, = —— < n> Show that p, = ¢,, where
n

n+1
qn = Card(A"H N E).
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Rational Transductions

Rational transductions are defined by rational relations, that is rational subsets
of the product of two free monoids. The chapter therefore begins with two sec-
tions concerned with recognizable and rational subsets of an arbitrary monoid.
The next two sections contain the definition and basic properties of rational re-
lations and rational transductions. Examples of rational transductions are given
in Section 5. Then the machines realizing rational transductions are introduced.
Matrix representations of rational transductions are investigated in Section 7. In
the last section we show that most of the usual decision problems are unsolvable
for rational transductions.

1 Recognizable Sets

Kleene’s Theorem gives a characterization of the regular languages of a finitely
generated free monoid, but the theorem cannot be extended to arbitrary monoids.
Therefore we can investigate the class of monoids where Kleene’s theorem remains
true. An example of such a monoid was given by Amar and Putzolu (1965). A
wider family of semigroups where Kleene’s Theorem is partially true is formed by
the equidivisible semigroups of McKnight and Storey (1969). S. Eilenberg had the
idea, formulated for instance in (Eilenberg 1967), to distinguish in each monoid
two families of subsets, called the recognizable and the rational subsets. These
two families are of distinct nature and Kleene’s Theorem precisely asserts that
they coincide in finitely generated free monoids. Properties of regular languages
like closure properties can be proved some for recognizable subsets, others for the
rational subsets of a monoid. This gives also insight in the structure of regular
languages by showing from which of their two aspects originate their properties.

This section deals with recognizable, the next section with rational subsets
of a monoid. We are mainly interested in properties which are of later use for
rational transductions, but we also touch slightly on properties of rational subsets
of groups.

We want recognizable sets to be, in free monoids, exactly the languages recog-
nized by finite automata. Instead of a generalization of finite automata, we prefer
to use as definition a characterization via morphism into a finite monoid. This
simplifies the exposition.

Definition Let M be a monoid. A subset X of M is recognizable if there exist

43
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a finite monoid N, a morphism « from M into N and a subset P of N such that
X =a }(P).

If this holds, then a(X) = P N a(M), and consequently X = a!(a(X)).
Next, « considered as a morphism onto (M) is surjective, and X = o 1(Q)
with @ = PN «a(M). Thus we may assume that « is surjective in the above
definition. An equivalent condition for X C M to be recognizable is the existence
of a congruence relation 6 on M of finite index such that X is saturated for 6, that
is X is a union of equivalence classes of 6.

The set of all recognizable subsets of M is denoted by Rec(M).

Example 1.1 Let M be any monoid, and let N = {1} be the monoid consisting of
a single element. Let o be the unique morphism from M onto N. Then () = a~1(()
and M = o '(N). Thus M, € Rec(M) for any monoid M.

Example 1.2 If M is a finite monoid, then any subset of M is recognizable.

Example 1.3 If M = A* and A is an alphabet, then X € Rec(A*) if and only if
X is recognized by a finite automaton (Proposition 1.4.4).

Example 1.4 Consider the additive group Z of integers. Let a be a morphism
from Z onto a finite monoid N. Then « is a group morphism and N = a(Z) is a
finite group, thus N = Z/nZ for some integer n > 1 (Exercise 1.3.1). Consequently
N can be identified with the set {0,1,...,n—1}, and for p € N, a~'(p) = p+nZ.
Thus for P C N, o }(P) = U,ep p +nZ. Conversely, any subset of Z of this form
is recognizable. It follows that X € Rec(Z) if and only if X is a finite union of
arithmetic progressions. In particular, any nonempty recognizable subset of Z is
infinite.

Proposition 1.1 Let M be a monoid. Then Rec(M) is closed under union, in-
tersection and complementation.

Since 0, M € Rec(M), it follows that Rec(M) is a boolean algebra.
Proof. Let X € Rec(M), let N be a finite monoid, let & : M — N be a sur-
jective morphism and let P be a subset of N such that X = a~!(P). Then
M\ X =a }(N\P). Thus M \ X € Rec(M). This proves the closure under
complementation.

Next, let Y € Rec(M), Y = 571(Q), where 3 is a surjective morphism from
M onto some finite monoid N" and Q € N’. Let N” = N x N’ be the product
monoid and define v : M — N” by v(m) = (a(m), 5(m)), m € M. Then v is a
morphism. Further v(m) € P x @ if and only if a(m) € P and B(m) € @, thus if
and only if m € a7 (P) N 371(Q). Consequently X NY =~ (P x Q), and since
N" is finite, X NY € Rec(M). Thus Rec(M) is closed under intersection. Closure
under union follows from de Morgan’s rule. .

Corollary 1.2 If X,Y € Rec(M), then X \'Y € Rec(M). .

An important property of recognizable sets is the closure under inverse mor-
phisms.
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Proposition 1.3 Let M and M’ be monoids, and let v : M — M’ be a morphism.
If X’ € Rec(M'), then v~ 1(X') € Rec(M).

Proof. Let o : M — N be a surjective morphism onto a finite monoid NV, and let
P C N be such that X’ = a~}(P). Then v 1(X’) = 8~!(P), with 3 = ao~. Thus
7 HX') € Rec(M). J

If the monoid M’ in Proposition 1.3 is finitely generated, then M can be chosen
to be the free monoid generated by an alphabet. It follows that v~!(X”) is a regular
language.

Corollary 1.4 Let «y be an isomorphism from M onto M'. Then X € Rec(M) if
and only if v(M) € Rec(M"). .

The following example shows that the homomorphic image of a recognizable
set is not recognizable in general.

Example 1.5 Let A = {a,b}, and let v : A* — Z be the morphism defined by
Y(w) = |w|, — |w]p (w € A*). Then {1} € Rec(A*), and v({1}) = {0}. In view
of Example 1.4, {0} ¢ Rec(Z). This can also be seen by applying Proposition 1.3.
Assume indeed {0} € Rec(Z). Then 7~ 1(0) is a recognizable subset of A*, that is a
regular language. Since v~'(0) = Dj, the Dyck language over A (Exercise 11.3.6),
this yields a contradiction.

In general, the family Rec(M) is closed neither under product nor under star
operation. This is shown by the following example which is credited to S. Winograd
by Eilenberg (1974).

Example 1.6 Consider the additive group Z, and add to Z two new elements &
and a. The set M = Z U {e, a} is a commutative monoid with addition extended
as follows:

e+m=m (meM), a+a=0,a+x=z(x€Z).

Thus ¢ is the neutral element of M. We first show that {c}, {a} € Rec(M).
Consider indeed the commutative monoid N = {&,a,0} with neutral element &,
and with addition defined by 0+0 =0+a@ =a+a =0. Then o« : M — N
given by a(e) = ¢, a(a) = a, a(z) =0, (z € Z) is a morphism, and {e} = a~1(),
{a} = a™(a). Next if X € Rec(M), then X NZ € Rec(Z). Let indeed 3 be a
morphism from M onto a finite monoid N’, let 8; be the restriction of 5 on Z, and
set Ny = 3,(Z). It X = 371(P) for P C N’, then

BrYPNAN) =8 Y (PONN)NZ=FYP)NZ=XNTZ.

Consequently, X NZ € Rec(Z). Define now X = {a}. Then X € Rec(M), and
X+ X ={0}, X* ={0,a}, X* ={0,¢,a}. None of these subsets is in Rec(M),
since otherwise their intersection with Z, that is {0} would be a recognizable subset
of Z in contradiction with Example 1.4.

The following theorem gives a description of the recognizable subsets of the
product of two monoids. Eilenberg (1974) attributes it to Mezei.
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Theorem 1.5 (Mezei) Let My, My be monoids and M = M; x My. Then'Y €
Rec(M) if and only if Y is a finite union of sets of the form X; x Xs, with
X; € Rec(M;) and X, € Rec(M3).

Proof. The condition is sufficient. Let indeed m; : M — M;, (i = 1,2) be the
canonical projections. If X; C M;, Xy C M,, then

X1 X X2 = (X1 X MQ) N (Ml X XQ) = Wfl(Xl) m’ﬂ';l(Xg) .

Thus, if X; € Rec(M;), Xo € Rec(Ms), then X; x Xy € Rec(M) in view of
Propositions 1.3 and 1.1. Since Rec(M) is closed under union, Y € Rec(M).
Conversely, assume Y € Rec(M). Then there exists a finite monoid N, a
morphism 3 : M — N, and a subset P of N such that Y = $7(P). Consider the
morphisms «; : M; — P defined by
ar(my) = f(my, 1), az(me) = B(1,m)

and let v: M — N x N be the morphism defined by

v(my, ma) = (a1(ma), aa(mz)) .

In N x N consider the set

Q = {(nlan2) | niNg € P}

Then v(my, ms) € @ if and only if ay(my)as(msy) € P. Since

ar(my)az(mg) = B(my, ma),

and since (my, my) € Y if and only if 3(my, ms) € P, it follows that Y = ~v71(Q).
Next v~ (ny,n2) = a7 (n1) x oy '(ng), whence

Y= U ') = |J er'(m)xaz'(ng,

(n1,n2)€Q (n1,m2)€Q

Since the sets «; '(n;) are recognizable subsets of M;, (i = 1,2), the required
decomposition of Y is obtained. .

Exercises

1.1 Let M’ be a monoid, M a submonoid of M’. Show that if X’ € Rec(M’), then
X'NM € Rec(M). Give an example showing that Rec(M) is in general not contained in
Rec(M'), even if M € Rec(M’). (Hint (Perrin): Consider M = (ab*)* € Rec({a,b}*).)

1.2 Let M be a monoid. Define a finite automaton A over M by a finite set of states
@, an initial state q_, a set of final states )+ and a next state function Q x M — Q
satisfying the following conditions

q-1=¢q (g€ Q)
g-mm' =(qg-m)-m' (¢eQ, m,m € M).

The subset of M recognized by A is by definition |A| = {m € M | g— -m € Q+}. Show
that X € Rec(M) if and only if X is recognized by a finite automaton over M. (For
further discussion on these lines, see Walljasper (1970) and Vogel (1972).)
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1.3 Let G be a group. Show that X € Rec(G) if and only if there exists an invariant
subgroup H of G of finite index (that is G/H is finite) such that X is a union of cosets
of H. Show that a subgroup of G is recognizable if and only if it is of finite index.

1.4 Let M be a monoid, X € Rec(M). Show that for any Y € M, Y7'X = {m |
YmnN X # 0} is a recognizable subset of M. (Hint: use Exercise 1.3.6.)

2 Rational Sets

In this section, we study the rational subsets of a monoid and their relation to
recognizable subsets.

Definition Let M be a monoid. The family Rat(M) of rational subsets of M is
the least family R of subsets of M satisfying the following conditions:

i) 0VeR,{m}eRfiorallme M;
(i) i X,Y€eR, then XUY,XY €R;
(111) if X € R, then )(Jr = Unlen ER.

In presence of (i) and (ii), the condition (iii) is equivalent to
(iii') XeR = X"eR.

Assume indeed X* € R. Since {1} € R by (i), it follows by (ii) that X* =
{1} UX* € R. Conversely, if X, X* € R, then by (ii) XT = XX* € R.

Any subset X of M obtained from the singletons by a finite number of unions,
products and plus or star operations is in Rat(M). Moreover, the family of subsets
of M obtained in that way, together with the empty set satisfies conditions (i)—
(iii), and therefore is the family Rat(M). Thus a rational subset of M is either
empty or can be expressed, starting with singletons by a finite number of unions,
products, and plus or stars. Such an expression is called a rational expression. It
is the simplest way to show that a given set is rational.

Example 2.1 Any subset of a finite monoid is rational.

Example 2.2 Let A be an alphabet, and let A® be the free commutative monoid
generated by A. We claim that X is a rational subset of A% if and only if X is a
finite union of sets of the form

xyiy;y;; (nZOa x>y1a"'>yn€A®)' (24)

Unions of sets (2.4) are also called semilinear. Clearly, any set of the form (2.4) is
rational, thus any semilinear set is rational. Next, if X, Y C A®, then (X UY)* =
X*Y* and (zyfys---yi)* = x*yjys---y.:. This shows that semilinear sets are
closed under the star operation. The empty set and the singletons are semilinear,
further semilinear sets are obviously closed under union and product. Thus any
rational set is semilinear. This proves that the semilinear sets are exactly the
rational subsets of A®.
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Example 2.3 If A is an alphabet, then the rational subsets are, according to
Kleene’s Theorem, exactly the languages recognized by finite automata.

Thus Kleene’s Theorem can be formulated as follows:

Theorem 2.1 (Kleene) Let A be a (finite) alphabet. Then Rat(A*) = Rec(A*).

In view of this theorem, we also call regular languages indistinctly rational or
recognizable languages.
We now prove that rational sets are closed under morphism.

Proposition 2.2 Let M, M’ be monoids, and let o : M — M’ be a morphism.
If X € Rat(M), then a(X) € Rat(M’'). Further if a is surjective, then for any
X' € Rat(M'), there is a set X € Rat(M) such that a(X) = X'.

Proof. Let R be the family of subsets X of M such that a(X) € Rat(M’). Then
) € R and {m} € R for m € M. Next

a(XUY) =a(X)Ua(Y), a(XY) = a(X)a(Y), a(X) = (a(X))* (2.5)

for any subsets X,Y of M. Thus X,Y € R implies that X UY, XY, X+ € R.
Thus R satisfies conditions (2.1), (2.2), (2.3). Consequently R D Rat(M) and the
first statement is proved.

Consider now the family S of subsets X’ of M’ such that X’ = «(X) for some
X € Rat(M). Since « is surjective, {m'} € S for all m’ € M’. Obviously 0 € S.
In view of (2.5), S is closed under union, product and the plus operation. Thus
SO Rat(M’). n

Corollary 2.3 Let o be an isomorphism from M onto M'. Then X € Rat(M) if
and only if a(X) € Rat(M"). .

Note that the second part of Proposition 2.2 only claims the existence of a
rational set X such that o(X) = X’ € Rat(M’). Obviously this does not imply
that any subset X of M with a(X) € Rat(M’) is rational. In particular, the
inverse image o 1(X’) is generally not rational for rational subsets X’ of M’.

Example 2.4 Consider, as in Example 1.5 the alphabet A = {a, b} and the mor-
phism v : A* — Z defined by vy(w) = |w|, — |w|y (w € A*). Then {0} € Rat(Z),
and v71(0) = {w € A* | |lw|, = |w|p} = D} ¢ Rat(A*).

Although Kleene’s Theorem is not true in arbitrary monoids, there is a weak-
ened version for finitely generated monoids.

Proposition 2.4 (McKnight 1964) Let M be a finitely generated monoid. Then
Rec(M) C Rat(M).

Proof. Since M is finitely generated, there exist an alphabet A and a surjective
morphism « : A* — M. Let X € Rec(M). Then a~!}(X) € Rec(A*) by Propo-
sition 1.3. By Kleene’s Theorem, o~ '(X) € Rat(A*). In view of Proposition 2.2,
ala (X)) = X € Rat(M). .

Proposition (2.4) is not true in monoids which are not finitely generated. Con-
sider indeed such a monoid M. Then M € Rec(M), but M ¢ Rat(M) in view of
the following lemma.
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Lemma 2.5 Let M be a monoid. For any X € Rat(M), there exists a finitely
generated submonoid My of M such that X C M;.

Proof. Let R be the family of subsets X of M contained in some finitely generated
submonoid of M. Obviously ) € R and {m} € R for m € M. Next let X,Y € R,
and let R, .S be finite subsets of M such that X € R*, Y C S*. Then XUY, XY C
(RUS)* and X* C R*. Consequently X UY, XY, X* € R and R D Rat(M).

Proposition 2.6 Let M be a monoid. If X € Rat(M) and Y € Rec(M), then
X NY € Rat(M).

Proof. Let X be a rational subset of M. Then there exists a finitely generated
submonoid M; of M such that X C M, and consequently X € Rat(M;). Next,
there is an alphabet A and a morphism « : A* — M that maps A" onto M;.
Thus by the second part of Proposition 2.2, there is a rational language X’ C A*
such that a(X’) = X. Let Y be a recognizable subset of M. Then Y’ = o~ 1(Y)
is a recognizable subset of A* by Proposition 1.3. In view of Kleene’s Theorem,
7' = X'NY’ is a regular, thus a rational language, and «(Z’) € Rat(M) by
Proposition 2.2. Since

a(Z)=a(X'Na” (V) =a(X)NY =X NY,
it follows that X NY € Rat(M). .

The following example shows that the intersection of two rational sets is not
necessarily rational.

Example 2.5 Let M = {a}* x {b,c}*, and consider the sets
X = (a,b)*(1,¢)* = {(a™, b"") | n,k > 0},
Y = (1,0)*(a,c)* = {(a",b*c") | n,k > 0}.

Clearly, X,Y € Rat(M). Suppose that
Z=XnY =A{(@",b"c")|n>0}

is rational, and define a morphism 7= : M — {b,c}* by w(a,1) = 1,7(1,b) =
b,m(1,¢) = c. Then w(Z) = {b"c" | n > 0} would be a rational subset of {b, c}* by
Proposition 2.2. Thus Z is not rational.

Sometimes the notion of starheight of a rational set is useful. Let M be a
monoid, and define inductively sets Rato(M) C Raty (M) C --- by:

X € Ratg(M) if and only if X is a finite subset of M ;
X € Raty1(M) if and only if X is a finite union of sets
of the form Y Y5---Y,,,

where either Y; is a singleton or Y; = Z for some Z; € Rat,(M). It is readily
shown (Exercise 2.1) that

Rat(M) = ] Raty(M).
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The sets in Raty, \ Rat,_; are said to have starheight h.
We use starheight in the proof of the following result which gives an interpre-
tation of rational sets in groups.

Theorem 2.7 (Anissimow and Seifert (1975)) Let G be a group, and let H be a
subgroup of G. Then H is finitely generated if and only if H is a rational subset
of G.

Proof. For any subset X of G, let (X) denote the subgroup generated by X, and
let X' = {27! |z € X}. Then (X) = (X U X )*. This shows that a finitely
generated subgroup is rational.

In order to prove the converse, we first consider the following situation. Let X
be a subset of GG such that

X =0T72T5 - 2,1 241 (2.6)

with z1,...,2,401 € G, T1,...,T, C G, and define

Yi=z120---2 1=1,...,n+1 (2.7)
X' =y, nUSIU---US,. (2.8)

Then we claim:
(X) = (X7 (2.9
Indeed, observe that by (2.6), Y11, ¥, t1 € (X). Further
Si fy (Zl .. .Z’iﬂzi#»l .. .Zn+1)y;j:1 X
Thus S; C (X), whence X’ C (X) and (X’) C (X). Next
S (iTiy: )" =yl y;
Since z; =y and z; = y; Ly (2 <i<n+1),
X =y Ty e T5ys yn D Yo = S1S5 -+ Sinin -
Thus X C (X’), whence (X) C (X’). This proves (2.9).
Consider now a subgroup H of G such that H € Rat(G). Since H = (H), H
has a rational set of generators. We have to show that H has a set of generators

of starheight 0. Let R be the rational set of generators of minimal starheight A,
and assume A > 0. Then

R=XUXoU---UX,,

where each Xy, (1 <k <r) has the form (2.6), and at least one X}, has starheight
h. Set

R=XjuX,U---UX,,
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where each X is deduced from Xy by (2.7) and (2.8). Then clearly R’ has
starheight h — 1. By (2.9), each X} is contained in (R'), and conversely each
X} is contained in R. Thus (R) = (R') = H, and R’ is a set of generators of H of
starheight h — 1, in contradiction with the minimality of A. Thus A = 0 and the
theorem is proved. .

In the case of free groups, a more precise description of rational sets can be
given. Consider an alphabet A = {ay,...,a,}, let A = {a | a € A}, and set
C = AUA. Let A® be the free group generated by A (see Section I1.3), and
let § : C* — A®™ be the canonical morphism. As already mentioned, there exists
an injection ¢ : A®) — C* which associates, to each element u € A®), the unique
reduced word ¢(u) = w € p(C*) such that §(w) = u. The following result describes
a property of the mapping p.

Proposition 2.8 (Benois (1969)) Let K C C* be a reqular language. Then the
language p(K) is also regular.

This theorem yields the following characterization of rational subsets of A®).

Theorem 2.9 (Benois (1969)) Let K C A®). Then K € Rat(A™) if and only if
LK) is a regular language.

Proof. Let K € Rat(A™). In view of Proposition 2.2, there exists a regular
language K’ C C* such that §(K’) = K. Thus K" = p(K’) is regular by Proposi-
tion 2.8. Now p =t 04, whence K" = ((K). Thus ¢(K) is regular. Conversely, as-
sume ((K) € Rat(C*). Then the homomorphic image 6(:(K)) = K is in Rat(A™)
by Proposition 2.2. .

The following corollary is interesting.

Corollary 2.10 (Fliess (1971)) Rat(A®) is closed under intersection and com-
plementation.

Proof. Tt suffices to show closure under complementation. Let K € Rat(A(*)).
Then «(K) € Rat(C*) by Theorem 2.9. Next p(C*) is regular, thus p(C*) \ ¢(K) is
regular. Since ((K) C p(C*), it follows that 6(p(C*)\ t(K)) = A®\ K € Rat(A®)
by Proposition 2.2. .

It remains to prove Proposition 2.8. For this, we first establish a lemma derived
from (Fliess 1971). Consider an alphabet B, and let X C B* be an arbitrary
language. Define a function Ay from B* into the subsets of B* as follows. For
w,w" € B*, w' € Ax(w) if and only if there exists a factorization

w = xob1x1bs - - - xp_1 by,
with r > 0, xg,21,...,2, € X, b1,...,b. € B such that
w/:blbg"'br.

Thus Ay (w) consists of all subwords of w obtained by deleting, in w, factors in X
which are separated by letters.
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Lemma 2.11 For any X C B*, and for any regular language K C B*, Ax(K) is
a reqular language.

Proof. Let A = (B,Q,q-,Q+) be a finite automaton recognizing K. Set K, =
{weB*|p-w=q}forp,ge Q. Let s ¢ Q, and let B= (B,Q Us,s,Q’") be the
nondeterministic finite automaton with next state function define by

gepb = bXNK,,#0 be B, pgeQ;
ges-b <= XbXNK, ,#0 beB,qgeq.

Next, let

S lsuQy EXNKA£0D.

Then clearly
MAx(K)=|B|={weB"|s-wnQ #0}. .

Proof of Proposition 2.8. Choose in Lemma 2.11 X = D} = p~!(1), and B = C.
Then for w € C*,

p(w) = Ap; (w) N p(C7).
Consequently, for K € Rat(C*), p(K) = Ap: (K) N p(C*). Since p(C*) is regular,

p(K) is a regular language. .

Exercises

2.1 Show that Rat(M) = (J;,»o Raty(M). Compute Raty(AP) for h > 0.
2.2 Let G be a group. Show that K € Rat(G) implies K ! € Rat(G).

2.3 Prove the following group theoretic result: let G be a finitely generated group, and
let H be a subgroup of G. If H is of finite index, then H is finitely generated (Hint. Use
Exercise 1.3.)

2.4 (Anissimow and Seifert (1975)) Prove the following theorem of Howson: The inter-
section of two finitely generated subgroups of a free group is again a finitely generated
subgroup.

2.5 Show that for any rational subset K of A®), §~1(K) is a context-free language.
(Hint (Sakarovitch 1977). Write K = (K~!)~! -1 and use Exercise 1.3.6.)

2.6 Show that in Proposition 2.8 and in the following statements, p can be replaced by
p' and in fact by p; as defined in Section I1.3.



3. Rational Relations 53

3 Rational Relations

A relation can be considered as a subset of the Cartesian product of two sets, or as
a mapping from the first set into the set of subsets of the second. For the exposition
of rational transductions we use in this section the first, “static” aspect, and in the
next section the second, more “dynamic” point of view. Rational transductions
(more precisely rational relations) are defined as rational subsets of the product
of two monoids. Several characterizations are given. The examples are grouped in
Section 5.

Definition Let A and B be alphabets. A rational (resp. recognizable) relation
over A and B is a rational (resp. recognizable) subset of the monoid A* x B*.

The family Rec(A* x B*) of recognizable relations is described by Mezei’s The-
orem 1.5. More precisely, we have

Proposition 3.1
(i) Rec(A* x B*) C Rat(A* x B¥);
(ii) if X,Y € Rec(A* x B*), then XY € Rec(A* x B*).

Thus, recognizable relations are closed under product. It follows from the proof
below that they are not closed under the star operation.

Proof. (i) Since A* x B* is a finitely generated monoid, then inclusion Rec(A* x
B*) C Rat(A* x B*) follows from Proposition 2.4. To show that the inclusion is
proper, let a € A, b € B and consider X = (a,b)* = {(a",0") | n > 0}. Clearly
X is a rational relation. Assume X is recognizable, let C' = {a, b}, and consider
the morphism v : C* — A* x B* defined by v(a) = (a,1), v(b) = (1,b). Then
7 HX) ={w € C* | |w|z = |w|;} is recognizable, thus a regular language. This
yields the contradiction.
(ii). In view of Mezei’s Theorem,

X:ORiXSiu Y:OR;XSJ,,
1=1

j=1

with R;, R; € Rat(A*), S;, S; € Rat(B*). Consequently

i=1j=1

and R; R, € Rat(A*), S;S; € Rat(B*). By Mezei’s Theorem, XY € Rec(A* x B*).

We extend the notion of copy defined in Section 1.3 as follows: A* x B* is a
copy of A™ x B™ if A* is a copy of A™* and B* is a copy of B”*. Then A* x B*
and A™ x B are isomorphic, and recognizable and rational relations are preserved
through isomorphism by Corollaries 1.4 and 2.3.

The following characterizations of rational relations are fundamental.

They allow to express rational relations by means of regular languages and
morphisms of free monoids, and thus rely the algebraic definition to more combi-
natorial notions. Further, we shall see later that in view of the theorem, a family
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of languages is closed under rational transduction if and only if it is closed under
morphism, inverse morphism and intersection with regular sets.

Theorem 3.2 (Nivat (1968)) Let A and B be alphabets. The following conditions

are equivalent:

(i) X € Rat(A* x B*);

(ii) There exist an alphabet C, two morphisms ¢ : C* — A*, ¢ : C* — B* and a
reqular language K C C* such that

X ={(¢z,¢vz2) | z € K}

(iii) There exist an alphabet C, two alphabetic morphisms o : C* — A*, B : C* —
B* and a reqular language K C C* such that

X ={(az,02) | z € K};

(iv) There exist an alphabet C, two alphabetic morphisms o : C* — A*, f: C* —
B* and a local regular language K C C* such that

X ={(az,82) | z€ K};

If AN B =10, then (i) is equivalent to
(v) There exist a reqular language K C (AU B)* such that

X ={(maz,mpz) | z € K},

where T4 and wp are the projections of (AU B)* onto A* and B* respectively.

A couple (¢,1) of morphisms ¢ : C* — B* and ¢ : C* — A* is called a
bimorphism.

Proof. The implications (iv)=-(iii)=-(ii) are obvious. We prove (ii)=-(i). Define
v C* — A" X B* by vz = (¢z,¢z) (2 € C*). Then ~ is a morphism and
7(K) = X. Since K € Rat(C*), X € Rat(A* x B*) by Proposition 2.2.

Next, we prove (iii)=(iv). There exist an alphabet C’, an alphabetic morphism
v : C™ — C* and a local regular language K’ C C"* such that y(K') = K (see for
instance Section 1.4). Thus X = {(a(v2'),5(v7")) | # € K’} and the morphisms
a o, 3o~ are alphabetic.

Assume now ANB = (), and define 7 : (AUB)* — A* X B* by 1z = (742, 75%2).
Obviously 7 is a surjective morphism. Thus, if X € Rat(A* x B*), there exists,
by the second part of Proposition 2.2, a regular language K C (AU B)* such that
7(K) = X. This proves (i)=(v).

Conversely, if (v) holds, then 7(K) = X € Rat(A* x B*) by the first part of
Proposition 2.2.

Finally, we prove (i)=-(iii). Assume X € Rat(A* x B*). If AN B = (), then
(iii) follows from (v). Otherwise, let A x B be a copy of A* x B* with A’ N
B =0, let wy : A* — A* wp : B* — B™ be the copy isomorphisms and set
X" = {(waz,wpy) | (z,y) € X}. Then X’ is a rational relation, and in view
of (v), X' = {(raz,mpz) | z € K} for some regular language K C (A" U B')*.
Consequently X = {((wy o ma)z, (wg' omp)z) | 2z € K}. .

Theorem 3.3 can be used to derive an iteration lemma for rational relations.
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Lemma 3.3 (Iteration Lemma for Rational Relations) Let X C A* x B* be a
rational relation. There exists an integer N > 1 such that any (w,w') € A with
|lw| 4+ |w'| > N admits a factorization

(w,w') = (z,2")(u, ) (y,y)  zuyeA, v,y eB

such that
(i) O0<|ul+|W|<N;
(i) (x,2)(u,u)*(y,y) C X.

Proof. After a copy, we may assume AN B = (), and by Theorem 3.2(v), X =

{(maz,mpz) | z € K} for some regular language K. Since |z| = |maz| + |7p2|,
then lemma follows directly from the iteration lemmas for regular languages (see
Section 1.4) applied to K. .

Remark Several versions of the iteration lemma for regular languages can be
transposed to rational relations. Thus we may assume that in addition to (i) and
(ii), the following condition holds:

o] + 2" + [u] + [u'] < N
The definition of rational relations holds also for arbitrary monoids.

Definition Let M and M’ be monoids. A rational relation over M and M’ is a
rational subset of M x M’.

We shall see in the next section how this definition can be used to define
interesting rational transductions. Here we just note the following:

Proposition 3.4 Let M, M’ be monoids. Then X is a rational relation over M
and M’ if and only if there exists an alphabet C, two morphisms o : C* — M,
B:C*— M and a regqular language K C C* such that X = {(az,(z) | z € K}.

Proof. Let X € Rat(M x M’). Then X C N, in view of Lemma 2.5, where N is a
finitely generated submonoid of M x M’. Thus there exist an alphabet C, and a
morphism 7 : C* — M x M’ such that v(C*) = N. Since X € Rat(N), X = v(K)
for some regular language K C C*. Next define o : C* — M, 3 : C* — M’ by
vz = (az,fz), (z € C*). This yields the desired representation. The converse is
clear. .

Exercises

3.1 Let M be a finitely generated, infinite monoid. Show that X = {(m,m) | m € M}
is a rational and not a recognizable subset of M x M.

3.2 Let A be an alphabet with at least two letters. Show that the relation R = {(w, ) |
w € A*} is not rational.

3.3 Give a counter example to the following version of the Iteration Lemma: For X €
Rat(A* x B*) there is an integer N > 1 such that for any (s,s’) € X and for any
factorization

(5,8") = (21, 2))(w,w)(29,2%) with |w| + |w'| > N,
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(w,w") admits a factorization (w,w’) = (z,2")(u,u')(y,y’) such that 0 < |u| + |u'| < N
and

(Zlv Zi)(xv x/)(u7 u,)*(y7 y,)(z27 Zé) cX.

3.4 A right linear system of equations over A* x B* is a system of equations of the form

N
&=> Ci&+D; i=1,...,N,

J=1

where C; j,D; C A* x B*. The system is strict if and only if (1,1) ¢ C;; for i,j =
1,...,N. A vector X = (X1,...,Xn) of subsets of A* x B* is a solution of the system
if and only if

N
Xi:UCi,ijUDi i1=1,...,N,
j=1

a) Show that a strict right linear system has a unique solution.

b) Show that R C A* x B* is a rational relation if and only if R is a component of the
solution of a strict right linear system of equations with C; ;, D; finite. (Hint. Use the
fact that a) and b) hold in free monoids and apply Nivat’s Theorem.)

4 Rational Transductions

The “static” notion of rational relation is now transformed into the “dynamic”
notion of rational transduction.

A transduction T from A* to B* is a function from A* into the set P(B*) of
subsets of B*. For commodity, we write 7 : A* — B*. The domain dom(r) and
the image im(7) are defined by

dom(r) = {x € A° | 7(x) £ 0}
im(r) ={ye B |xc A" :yer(x)}.

The transduction 7 is extended to a mapping from P(A*) into P(B*) by setting

(X)=Jrx) Xca.

€A

The graph of 7 is the relation R defined by
R={(x,y) e A*x B*|ye1(x)}.

Conversely, for any relation R C A* x B*, the transduction 7 : A* — B* defined
by R is given by

T(r) ={y € B"| (z,y) € R}.
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Definition A transduction 7 : A* — B* is rational if and only if its graph R is a
rational relation over A and B.

Let 7: A* — B* be a rational transduction, and let R C A* x B* be the graph of
7. The monoids A* x B* and B* x A* are isomorphic. Thus the relation

R ={(y,2) | (x,y) € R}

is rational, and the transduction 77! : B* — A* defined by R™! is rational. 77! is
the inverse transduction of 7. Clearly

T Y)={r € A |r(x)NY # 0} Y C B*.

In general, 7(771(Y)) # Y, and 77 1(7(X)) # X, (X C A*). The domain dom(7)
and the image im(7) are homomorphic images of the rational relation R, and
consequently are regular languages.

Let 7,7 : A* — B* be rational transductions, and let R;, Ry be the graphs
of 71 and 7. We denote by 71 U 79, 7475 and 7'1+ the transductions with graphs
R1U Ry, RiRs, Rf. Obviously these transductions are rational. They verify:

(7’1 U ’7'2)(1’) = ’7'1(55) U TQ(.CE) 3 (717'2)(.CE) = U 7'1(.(51)7'2([[’2) )

T1x2=2

U{Tl (1) Tu(zp) | n>1, 212, =2}

If dom(71)Ndom(7y) = ), we also write 71475 instead of 71U7,. Finally, we associate
to 7 : A* — B* a transduction 7 : A* — B* by setting 7(r) = (7(¥))". Let R be
the graph of 7, and let R be the graph of 7. Then R = {(%,7) | (z,y) € R}. The

formulas
(XUY)y=XUY; (XY)y=YX; (X" =(X)" (X,Y CA xB

show that R is rational if and only if R is rational. Thus the transduction 7, the
reversal of 7 is rational if and only if 7 is rational.

Nivat’s Theorem proved in the preceding section can be formulated as follows
for rational transductions.

Theorem 4.1 (Nivat (1968)) Let A* and B* be alphabets. The following condi-

tions are equivalent:

(i) 7:A" — B* is a rational transduction;

(ii) There exist an alphabet C, two morphisms ¢ : C* — A*, ¢ : C* — B* and a
reqular language K C C* such that

r(z) = Hz)NK) x e A*; (4.1)

(iii) There exist an alphabet C, two alphabetic morphisms o : C* — A*, 3 : C* —
B* and a regqular language K C C* such that

7(z) = BlaH(z)NK) x€ A*;

(iv) There exist an alphabet C, two alphabetic morphisms o : C* — A*, f: C* —
B* and a local reqular language K C C* such that

7(z) = BlaH(z)NK) x€ A*;
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Further, if AN B =10, then (1) is equivalent to
(v) There exist a reqular language K C (AU B)* such that

7(z) = mp(n (x) N K) x € A*;

where T4 and wp are the projections of (AU B)* onto A* and B* respectively.

From (4.1), we deduce immediately that

T y) =o(w(Y)NK) ye B
It follows also from (4.1) that

T(X) =9y "(X)NK) X CA.
Thus:

Corollary 4.2 FEach rational transduction preserves rational and algebraic lan-
guages. That is, for each rational transduction T, 7(X) is rational if X is rational,
and 7(X) is algebraic if X is algebraic. .

Example 4.1 Let A = {a,b}, B = {c,d}, and consider the transduction 7 : A* —
B* defined by

7(z) = {@ if 7 ¢ atb;

~\(ctd) md itz =a"b", n>1, m>0.

Obviously, dom(7) = a*b*, im(7) = (¢*d)*(c*)*d. We claim that the transductions
7 is rational. This can be shown in several ways. First, let R be the graph of 7.
Then

R = ({a} x ctd)*(b,c*)*(1,d) € Rat(A* x B*).
Next, let C' = {r, s, t,u} and define ¢ : C* — A* ¢ : C* — B* by

o(r)=a, ¢(s)=1, ¢(t)=b, ¢(u)=1;
Y(r)=d, ¥(s) =c, Y(t)=c*, P(u) =d.

Let K = (s™r)Tt*u. Then ¢ K = a™b*, v K = (c*d)"(c?)*d. Further
pHa" V") NK = (str)"t™u n>1, m>0,

thus 7(x) = ¥(¢~(z) N K) for all z € A*.
Finally, since AN B = (), we can represent 7 by projections. Consider indeed
the regular language

K' = ac{e,dac}*d(bc*)*d C (AU B)*.
Then m4(K') = aa*b*. Next, if x = a™b™, (n > 1,m > 0), then

. (2) N K' = ac(c*dac)" c*d(bc*)"d
mp(nH(2) NK') = c(c*de)"  e*dc*™d = (ctd)"c*™d.
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As for rational relations, the definition of rational transductions can be ex-
tended to arbitrary monoids.

Definition Let M, M’ be monoids. A rational transduction 7 : M — M’ is a
function from M into P(M’) such that the graph R = {(m,m') | m' € 7(m)} of 7
is a rational subset of M x M’.

From Proposition 3.4, we immediately obtain:

Proposition 4.3 Let M, M’ be monoids. A transduction 7 : M — M’ is rational
if and only if there exist an alphabet C, two morphisms o : C* — M, 3 : C* — M’
and a rational language K C C* such that

7(m) = B(a(m) N K) me M. .
If X C M, then
7(X) =Bl HX)NK). (4.2)

Thus, if X is a recognizable subset of M, then a~!'(X) is recognizable, hence
regular, a~!(X) N K is regular, hence rational, and finally 7(X) is a rational
subset of M’. Note that 7(X) is not necessarily recognizable, and that 7(X) is not
necessarily rational if X is rational. This follows from Examples 1.5 and 2.4 since
morphisms and inverse morphisms are particular rational transductions.

We now consider composition of rational transductions. If 7 : M — M’ and
7' M’ — M" are transductions, then the composition 7/ o7 : M — M" is defined

m/ €T (m)

First we settle the case of free monoids.

Theorem 4.4 (Elgot and Mezei (1965)) Let A, B,C be alphabets, and let T :
A* — B* and 7 : B* — C* be rational transductions. Then the transduction
T oT: A* — C* is rational.

We first prove the theorem in a special case. The general case follows then from
the special case.

Lemma 4.5 Let A, B,C be three pairwise disjoint alphabets. Set A = AU B,
C'"=BUC,D=AUBUC, and let

OC:A,*—>B*, ﬁ:cvbk_)B*7 O/ZD*HA,*, ﬁ,:D*HC/*
1

be the projections. Then oo =3 oa'1.

Lemma 4.5 is represented in Figure III.1.

Proof. The mappings 37! o a and 3/ o o/~! are morphisms of the semigroup A’
into the (multiplicative) semigroup B(C"*). Thus it suffices to prove that they are
equal on A’ U 1. First

5 oa(l) =57 (1) =, Foa (1) = F(CT) = C°.

1
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(AuBUC)*

e 5’
(AUB) - Bloa=pFod ! (BUC)*
X /

B*

Figure II1.1

Then, for a € A, 7' oa(a) = 71(1) = C* and 3 o o/~ !(a) = B'(C*aC*) = C*.
Finally, if b € B, then 8~ oa(b) = 7(b) = C*bC* and o/~ (b) = B/(C*bC*) =
C*bC*. This proves the lemma. .

Proof of Theorem 4.4. After a copy if necessary, we may assume that the alphabet
A, B, C are pairwise disjoint. Set A’ = AU B, C' = BUC. In view of Nivat’s
Theorem, there exists a regular language K C A™ such that

7(z) = a(r Y (w) N K) re A, (4.3)

where 7 : A — A* and «a : A — B* are the projections. Next, there is a regular
language M C C"* such that

(y) =w(@ y)NnM) ye B, (4.4)

where  : C™ — B* and w : C™ — (C* are the projections. Thus we have
Figure II1.2.

A/* NK A/* C/* *

Flgure II11.2

According to Lemma 4.5, 3 toa = 3 oa’~! where D = AUBUC, and ',/
are the projections of D* onto C"* and A™ respectively. Thus the above diagram
can be completed to Figure I11.3.

Next, setting 7 = 7" o 7, we have by (4.3), (4.4), for x € A*,

r(2) =w[(87 e a)(m @) N K) N M].

Since f~toa =3 oo/,

7"(x)

(870 (@ ()N K) N M]

[ﬁ'((ﬂoa’)—1($) N O/_I(K)) N M} ' (45)

w
w
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288

Al* mK Al*

A \/ Y

T

/*

Flgure I11.3

Define ¢ : wo 8 : D* — C* ¢ : moad' : D* — A* and set K’ = o' 71(K),
M' = p3~Y(M), N=K' N M. Then (4.5) implies

(z) =w[F (o7 () NK') N M] =w[f' (¢~ (z) N K' N M")]
=v(¢ ' (x) N N).

Since N C T* is a regular language, the transduction 7” is rational by (4.6). .

(4.6)

If M, M’', M" are arbitrary monoids, then the composition of two rational trans-
ductions 7 : M — M’ and 7/ : M" — M" is not necessarily rational.

Example 4.2 Let a,b, ¢ be letters, M = a*, M’ = b* x ¢*, M" = {b, c}*. Define
7:M — M and 7 : M' — M" by

(") = (", "), 70", ") =b"c (n,k>0).
The graphs R and R’ of 7 and 7’ are:

R =(a, (b)), R =((b1),0)((1,¢)0),
thus 7 and 7’ are rational. Next

(T"o1)(@") =0b"c" n>0.

Since the image im(7" o 7) = {b"¢" | n > 0} is not a regular language, 7’ o 7 is not
rational.

Despite this example, we have

Proposition 4.6 Let M, M’ be monoids, and let B be an alphabet. If 7 : M — B*
and 7" . B* — M’ are rational transductions, then 7" o 7 is rational.

Proof. In view of Proposition 4.3,

7(m) =pa'(m)NK) meM
T(y) =00y (y)NL) yeB

where A, C are alphabets, K € Rat(A*), L € Rat(Z*), and

a:A*—= M, 3:A"—= B v:C*"—=B", §:C"—> M



62 Chapter III. Rational Transductions

are morphisms. It follows that
(7"or)(m) =68[(v o B)(at (m)NK)NL] meM.

Since v~ o 3 : A* — C* is the composition of two rational transductions, it is a
rational transduction by Elgot and Mezei’s Theorem. Thus

(v opB)(z)=v¢(¢ (z)NN) zeA

for some alphabet D, morphisms ¢ : D* — A* ¢ : D* — B* and some N €
Rat(D*). Thus as in the proof of Theorem 4.4,

(T"oT)(m) = (do)[(aod)™ (m)N (¢ (K)NNNy~(L))] me M,
showing that 7/ o 7 is rational. .

It is natural to look for a generalization of rational transductions involving
context-free languages. This can be done by developing a theory of algebraic sets
in arbitrary monoids analogue to the theory of rational sets (see Eilenberg (1978),
also Exercises 4.5, 4.6). This yields an analogue of Nivat’s Theorem. We prefer in
this context to take that analogue as a definition.

Definition A transduction 7 : A* — B* is algebraic if there exist an alphabet C*,
two morphisms « : C* — A*, §: C* — B* and a context-free language X C C*
such that

7(z) = BlaH(z)NX) x€ A",

It follows immediately that 7(L) is context-free if L C A* is regular, and it is easy
to see that 7(L) is not necessarily context-free if L is context-free. The following
result is proved in the same way as Theorem 4.4.

Proposition 4.7 Let 7 : A* — B* and 7' : B* — C* be transductions. If one of
them is rational and the other is algebraic, then 7' o T is algebraic. .

If both transductions are algebraic, then 7/ o 7 is not necessarily algebraic.

Exercises

4.1 Give an example of a transduction 7 : A* — B*, and of subsets X € A*, Y C B*
such that 771(7(X)) # X and 7(r~}(Y)) # Y.

4.2 Prove Proposition 4.7.

4.3 Give an example of two algebraic transductions 7, 7’ such that the composition /o7
is not algebraic.

4.4 Consider the Dyck reduction p : C}) — C). Show that p is an algebraic transduction.
Show that p is not a rational transduction.
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4.5 (Eilenberg (1978)) Let M be a monoid and let V' be an alphabet disjoint from M.
The set M[V] of words

w = mo&1my - - - mp_1§My

with £ > 0, mg,...,mg € M, &1,...,& € V is a monoid when multiplication of w with
w' = noly -+ (eny is defined by

ww' = moéy -+ - E(mino)Cr-- - Cene -

An algebraic grammar G = (V, M, P) over M is given by a finite subset P of V' x M[V].
Derivations are defined as in free monoids. The language L (€) generated by ¢ is the
set of all m € M derived from £. Languages generated by algebraic grammars over M
are called algebraic subsets of M.

a) Show that for any algebraic grammar G = (V, M, P), there exists an algebraic gram-
mar G = (V, M;,P), where M; is a finitely generated submonoid of M, such that
Lg(g) =Lg, (5) forall £ € V.

b) Show that X is an algebraic subset of M if and only if there exists an alphabet A, a
morphism ¢ : A* — M and a context-free language L C A* such that ¢(L) = X.

c¢) Show that any rational subset of M is algebraic.

d) Show that a transduction 7 : A* — B* is algebraic in the sense given in the text if
and only if its graph is an algebraic subset of A* x B*.

4.6 (continuation of 4.5) Show that in a free commutative monoid A®, any algebraic
subset is rational. (This is Parikh’s Theorem. For a proof, see Conway (1971), Ginsburg
(1966).) Show that the same result holds in any commutative monoid.

4.7 Nivat’s Theorem implies that morphisms and inverse morphisms can be represented
by means of projections, inverse projections, and intersection with regular sets. Give
such representations explicitly.

4.8 (Elgot and Mezei (1965)) Let 7 : A* — B* be a rational transduction. Then
T = 79 + Tso, Where

70(z) () Too(x) =0 if Card(rz) < 00}

-
() =0 Too(z) =7(x) if Card(rz) = 0.
Show that 79, 7o, are rational transductions.

4.9 Let M, M', M" be finitely generated monoids, and let 7: M — M’', 7/ : M’ — M" be
transductions. Show that if one of them is recognizable (that is its graph is recognizable)
and the other is rational, then 7/ o7 : M — M" is rational, and even recognizable,
provided M, M', M" are free monoids. Show that if 7 and 7 are recognizable, then 7’/ o7
is always recognizable.

5 Examples

The explicit description of a rational transduction is a simple method to prove
that certain transformations preserve regular and context-free languages. Rational
transductions can also be used to prove that a given language is context-free, by
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representing it as the image of a language “known” to be context-free. One of
the most important applications of rational transductions will be shown in later
chapters: They are used as a tool of comparison of subfamilies of the family of
context-free languages. The proof of the rationality of a given transduction is
frequently realized through one of the versions of Nivat’s Theorem, or else through
a rational expression for the graph of the transduction.

5.1 The identity mapping x — x from A* into itself is a rational transduction.
This is straightforward by Nivat’s Theorem. The graph of this mapping is

A={@a)|vea}=(U@a) .
acA
5.2 The rational constants T : A* — B* defined for a fixed regular language
K C B* by 7x(z) = K are rational. The graph of 7 is A* x K.

5.3 Any morphism, any inverse morphism is a rational transduction.

5.4 A rational substitution is a substitution o : A* — B* such that o(a) € Rat(B*)
for a € A. The graph of ¢ is

(Utat x o@)
acA
thus o is a rational transduction.
5.5 The union (and of course the intersection) with a regular language is per-

formed by a rational transduction. Let K C A* be a regular language, and consider
the transduction w — w U K from A* into A*. Then its graph is A U (A* x K).

5.6 The product with a rational language: let K € Rat(A*) and consider the
transduction w — Kw for w € A*. Its graph is ({1} x K)A.

5.7 The (left or right) quotient by a rational language. Let K C A* be a rational
language. The transduction A* — A* defined by

w— K 'w={2€ A" | ue K :ur=w}

is the inverse of the transduction of Example 5.6, and consequently is rational.
(This proves that KL is context-free if L is a context-free language.)

5.8 The transduction 7 : A* — A* with 7(z) = 27'K = {y € A* | zy € K} is
rational if K C A* is a regular language. Consider indeed its graph
R={(z,y)|ry e K}.
Let A= {a|a € A} be a copy of A, disjoint from A, set C = AU A, and define
morphisms «, 3,7 : C* — A* by
ala)=a, Bla)=1, ~v(a)=a a€A;
ala)=1, pa)=a, v@ =a aeA.
Consider the regular language K’ = v~ 1(K) N A*f_lf C C*. Any word z € K’
factorizes in a unique way into z = xy, (x € A*,y € A*). Tt follows that

R={(az,B2)|z€ K'}.
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5.9 The transduction A* — A* which associates to any word x € A* the set of
its subwords (resp. factors, prefixes, suffixes) is rational. Let indeed A, C,a,~ be
as above. Then the set of subwords of x is a(y~!(x)), the set of factors of x is
a(y~Hx) N A*A* A*), etc. (Note that the set of prefixes of x is #(A*)~L. Thus the
rationality of this transduction follows from Example 5.7.)

5.10 Let 7 : A* — A* be defined for z = ajay---a,, (n > 1,a; € A) by 7(z) =
ajagas -+ -, and 7(1) = 1. With the notations of Example 5.8,

7(z) = a(y ' (z) N[(AA)" U (AA)"4]).
5.11 The transduction 7 : a* — {b, c}* defined by

(a") b" n even,
T(a™) =
" nodd,

is rational. Indeed, its graph is (a?, b*)* U (a, ¢)(a?, ¢*)*.

5.12 According to Greibach (1973), the “hardest” context-free language is the
language Ly C A*, with A = {ay,as,a1,a9,¢,|,#} defined in the following way.
Set B = A\ #. Then x € Ly if and only if either z =1 or

T = Uy |v |wy Fus|va|weH# - - - Hup|vn|wy,

with wy, wy, ... Uy, w, € B*, vy,...,0, € {ay,a9,a1,a2}" and vjve---v, € ¢DF.
In order to show that Lg is indeed context-free, consider two transductions 7,7 :
A* — A

7(2) = #B*|2|B* 71(2) = B*|¢2|B* (2 € A").

In view of Example 5.6, these transductions are rational. Consequently, the trans-
duction 7" = 77" is rational. Since Ly = 1 U 7/(D%"), Ly is context-free.

5.13 The transduction A* — A* which associates to any x € A* its reversal &
is not rational if Card(X) > 2 since its graph {(z,Z) | x € A*} is not a rational
relation (Exercise 3.2). (This is an example of an irrational relation that preserves
regular and context-free languages.)

All the transductions given above are unary operations. Some of the examples,
like product, union, etc. are binary operations. Thus we consider them now as
binary transductions.

5.14 The transduction (z,y) — zy from A* x A* into A* is rational. Its graph is
indeed

X ={(a,1,a) |a € A} {(1,a,a) |a € A}".
5.15 The shuffle x LIy of two words x,y € A* is defined as

v Wy ={z1y1 - TpYn | T1, o Ty Y1y Yn € AT,
Ty Xy =T, Yio Yo = Y)-

The transduction (z,y) — x LLI y is rational, since its graph is X*, with X given
as in Example 5.14.
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5.16 Finally, we show that addition of nonnegative integers in some fixed base
k > 2 can be performed by a rational transduction. (For & = 1, this is done by
Example 5.14.)

Let £k > 2, and let k = {0,1,...,k — 1}. The empty word of k* is denoted by
e. For each = = agay - - - an, (a; € k), let

n

(x) = Z aik""

1=0

be the integer represented by « in base k. Then (¢) = 0, and for any m € N, there
is a unique x € k*\ 0k* such that (x) = m. The transduction

@:]k*x]k*—ﬁk*

which associates to any (z,y) € k* x k* the unique word z € k* \ 0k* such that

(z) = (x) + (y)isrational. The construction is in three steps. The first step just

adds leading zeros in order to make the two arguments of the same length.
Consider a transduction

k' x k' — (k x k).

In order to avoid confusion, elements of k x k are noted [a,b]. If z = ajay-- - a,,
Yy =biby - by, (a;,b; € k), 71(z,y) is defined to be equal either to

[0,01"[a1, 0]+ - [an—m;, O)[@n—m-+1, b1] - - - [, br]
or to
[0,01710, ba] - - [0, bm—n][ar, bm—na] - - [an, O]
according to n > m or m > n. Define R, S,T C k* x k* x (k x k)* by

S ={(e,b,[0,0]) | b€ k}* U{(a,¢,]a,0]) ]| ac k},
T ={(a,b,[a,b] | a,b €k}, R=(e¢e/]0,0))"ST.

Then R is rational and is the graph of 7. Next, we define
7 (k x k) — k*
to perform the addition step: For
w = [ag,bo| -+ [an,by), ao=by=0, x=0ag---an,, y=by---b,, (5.1)

7 (w) will be the word z = ¢q - - - ¢, such that (z) = (x)+(y). For this, we introduce
an auxiliary alphabet B = {0,1} x k x k x k composed of quadruples [r, ¢, a, b].
During the computation, c+7-k represents the number a+b+1 or a+b+0, according
to the existence or not of a “carry” from a previous computation. Formally, we
define morphisms

¢:B" — (kxk), :B —k'
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by
olr,c,a,b] =la,b] Ylr,c,a,b] =c [r,c,a,b] € B.
Next, we define a local regular language
K = (UB*NB*V)\ B'WB*
U=1{[0,1,0,0],[0,0,0,0]}, V =A{[r,c,a,b]|c+rk=a+b},
B*\W = {[r,¢,a,b|[r',c,d V]| c+rk=a+b+1"}.
Then, for w given by (5.1),
d)_l(w) NK = [T()? Co, Ao, bO] e [Tna Cny Qn,y bn]

with a, + b, = ¢p + kry, a; +b; + 141 =c¢; +kr; (i=n—1,...,0, 7g = 0). Hence
Y(¢p~ (w) N K) = 1p(w) and 75 is rational. The final step just deletes initial zeros
from the result. It is performed by the transduction

3k = k*, m(2) = (0972 Nk 0k

which is clearly rational. Thus, by Proposition 4.6, the transduction @ = 3007
is rational.

(For further properties of arithmetic operations considered as rational trans-
ductions, see Eilenberg (1974) and Exercises 5.3, 5.4.)

Exercises

5.1 Let A= {a1,a9,...,a;}. Define an order on A* by

y = zu for some u € AT or
T <y < ) o
14 T = ua;v, Yy =ua;v and i < j;
this is the lexicographic order. The “radix” order is defined by

_ | <y
oY |x\:\y|anda:§y.

Show that the four transductions from A* into itself which associate to x the sets

{yly>=x} (vesp. {y |y <=x})

are rational for both orders.

5.2 Show that a transduction 7 : A* x B* — C* is rational if and only if there are an
alphabet D, three morphisms

ar:D*— A", «ay:D"—B*, pB:D"—C"
and a regular language K C D* such that
T(z,y) = Blar (@) Nag l(y) N K) (z,y) € A" x B*.

Show that for R C A*, the transduction 7’ : B* — C* given by 7'(y) = 7(R x {y}),
(y € B*) is rational if R is regular, and is algebraic if R is context-free. Use this to
deduce Example 5.5 from Example 5.14.
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5.3 Show that multiplication @) from k* x k* into k* is not a rational transduction.
(Hint (Messerschmidt). Compute for & = 2 the language ®(10*1 x 1*).)

5.4 Show that for a fixed ¢ > 1, the multiplication by ¢:k* — k* which associates to
x € k* the word 2’ € k* \ 0k* such that (z’) = ¢ - (x) is rational.

5.5 Let A = {a,b}, and let o be the congruence generated by baa ~ abb. Show that the
transduction 7 : A* — A* which associates to x the class [z], = {y | y = « (mod o)} is
rational. (Note that this is not true for all congruences: thus the result does not hold
for the Lukasiewicz congruence A of Section I11.4.)

6 Transducers

The machines realizing rational transductions are called transducers. As for trans-
ductions, transducers can be regarded either in a static or in a dynamic way. In
the first case, a transducer is a finite nondeterministic acceptor reading on two
tapes. It then recognizes the pairs of words of a rational relation. In the second
case, the automaton reads input words on one tape, and prints output words on a
second tape. The automaton thus realizes a rational transduction. Both aspects
clearly are equivalent. In the following presentation, we adopt the second point of
view which corresponds to the use of transductions as a tool for transformation of
languages.

Definition A itransducer T = (A, B,Q,q-,Q+, E) is composed of an input al-
phabet A, an output alphabet B, a finite set of states ), an initial state q_, a set
of final states ()4, and a finite set of transitions or edges FE satisfying

ECQxA"xB xQ. (6.1)

The terminology stems from Elgot and Mezei (1965) and Eilenberg (1974). Ginsburg
(1975) uses the term “a-transducer”, the letter “a” emphasizing the presence of accepting
states. Transductions are defined by means of transducers in the paper of Elgot and
Mezei (1965). They prove then that a transduction is realized by a transducer if and
only if its graph is a rational relation.

Transducers have a graphical representation very similar to the usual repre-
sentation of finite automata. Each state ¢ is represented by a circle, labeled ¢
an to each transition e = (¢, u,v,q’) is associated an arrow directed from ¢ to ¢’
and labeled u/v. The initial state has an arrow entering in it, and final states are
doubly circled.

Example 6.1 Consider the transducer given by A = B = {a, b}, Q = {s,t}, ¢_ =
s, Qy = {t}, E={(s,a®b,1,s),(s,1,1,t),(t,a,a,t), (t,b,b,t)}. Its representation
is shown in Figure I11.4.

We now introduce some additional definitions. Consider the free monoid E*
generated by the set F of transitions. The empty word of E* is denoted by e.
Given a word

€ = (p17u17U17q1)"'(pnaunavn7Q7L)7 (62)
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Figure I11.4

the label of e is the pair of words |e| = (z,y) defined by x = uy -+ - up, y = vy - - - Uy.
By convention, |¢| = (1,1). Clearly the function e — [e| is a morphism from
E* into A* x B* which can be decomposed into two morphisms « : E* — A*,
B : E* — B* defined by |e| = (ae,fe). ae and fe are the input label and the
output label of e. The word e given by (6.2) is a path or a computation in 7 from
1 to @, if and only if ¢; = piy1, (i=1,...,n—1). For p,q € Q, A(p, q) is the set
of all paths from p to ¢q. By convention, € € A(p,p) for all p € Q). We extend the
notation by setting

AMp,@)=JApg) @ cQ.

qeq’

Finally, define

T(p,q) = {lel - e€ AMp,q)}, T, Q) ={le] : e Alp,Q")}.

A path e from p to q is successful if p = q_ and ¢ € Q.. Thus the set of all
successful paths is A(q_, Q4 ).

Definition The transduction |7|: A* — B* realized by 7T is defined by
Tl(x) ={y € B"| (x,y) € T(q-, Q4)} - (6.3)

Thus y € |7 |(x) if and only if there exists a successful path in 7" with label (x,y).
With the morphisms « and 3, (6.3) can be reformulated as

|71(x) = Bl (2) N Ag-, Q) - (6.4)

Example 6.1 (continued) The set of successful paths is
A(s,t) = (s,a%b,1,8)"(s,1, 1, ){(t,a,a,t), (t,b,b,t)}*.
The set of labels of successful paths is
T(s,t) = (a®b,1)*{(a,a), (b,b)}*
The transduction 7 realized by the transducer is

7(z) = K 'z with K = (a®b)*.
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Theorem 6.1 A transduction T : A* — B* is rational if and only if T is realized
by a transducer.

Proof. Let T = (A, B,Q,q_,Q+, E) be a transducer. The rationality of |7 | follows
immediately from (6.4), provided A(q_, @) is a regular language. To show this, it
suffices to show that the set A(p, ¢) of all paths from p to ¢ is regular. This follows
from the fact that

Alp.q) = QU (U,E" N E*Vy) \ E*WE”,
where

Up = {(CI1,U,U>C]2) € E ’ q1 :p}> ‘/q = {(Q1auav7q2) € E ’ q2 ZQ}?
W = {(q1,u1,v1,47) (g2, u2, v2,¢5) € E* | g1 # g5}, Q= A(p,q) N{e}.

Conversely, let 7 : A* — B* be rational transduction. After a copy, we may assume
AN B =10. Thus

7(z) = mp(r ' (z) N K) xe A,

with K C (AU B)* a regular language and 74, mp the projections of (AU B)* onto
A* and B*. Let A = (AU B,Q,q_,Q4) be the finite automaton recognizing K,
and define a transducer

T = <A7BaQ7Q—7Q+7E>
E = {(g:ma(c),mp(c),q-¢) | g € Q,c € AUB}. (6.5)

Then 7 realizes 7. "

We easily obtain the following corollary

Corollary 6.2 Any rational transduction T : A* — B* can be realized by a trans-
ducer T = (A, B,Q,q_,Q+, E) such that

EcCc@x(AU{l})x (BU{1}) xQ (6.6)

and further Q4 consists of a single state qy # q—, and (p,u,v,q) € E implies
p#q+ and q # g-—.

Proof. The condition (6.6) is fulfilled with F satisfying (6.5). Next, add to @ two
new states ¢° and ¢*, and to 7the new transitions

{(¢*,u,v,¢) | (g-,u,v,¢) € E}
{((Lu?anl) ‘ (q,u,v,q/) S E and q/ € Q+}

and
(q07 ]-7 17 ql) if q- € Q-i— .

Let 7" be the transducer obtained in this way with initial state ¢° and unique final
state ¢'. Then obviously 7 = |7"|. .
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Remark If 7(1) = (), then (6.6) can be replaced by

ECc(@QxAx{1} xQ)U (Qx{l} xBxQ).

Note that the proof of Theorem 6.1, and equation (6.4) give an effective pro-
cedure to construct a transducer from a bimorphism and conversely. For the con-
struction of the bimorphism, it is frequently easier to take as alphabet the set of
labels of transitions instead of the set of transitions itself.

Example 6.1 (continued) Consider the alphabet C' composed of the three “let-
ters” a*b/1, a/a, b/b. Define morphisms ¢, ¢ from C* into A* by ¢(u/v) = u,
Y(u/v) =v. Then

T(s,t)={(¢z,92) | z€ R}  with R = (a’b/1)*{a/a,b/b}*.

Example 6.2 Consider the transduction 7 : A* — B* with A = {a, b}, B = {c,d}
of Example 4.1 defined by

T(x):{w if x ¢ ath*,;

(ctd)"c*d ifx =a" 0™, n>1, m>0.

With the notations of this example, a finite nondeterministic automaton for K =
(sTr)*Tt*u is given in Figure II1.5. Thus we obtain the following transducer realiz-

Figure II1.5

ing 7 (Figure IIL.6).

1/c

5 a/d () 1/d@
BB

1/c

b/c?

Figure I11.6

Exercise

6.1 Let 7 be a transducer realizing a transduction 7. Show how finite automata recog-
nizing dom(7) and im(7) can be obtained from 7.
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7 Matrix Representations

Matrix representations are another equivalent definition of rational transductions.
They constitute a compact formulation of transducers, obtained by grouping in one
matrix all output words corresponding to a fixed input word by considering all pairs
of states. The multiplication of matrices corresponds then to the concatenation of
paths in the transducer, and to the union of sets of output words of these paths.

Let S be a semiring, and let @) be a finite set. Then the set S@*? of all Q x Q-
matrices with entries in S is again a semiring for addition and multiplication of
matrices induces by the operations in S (see Section 1.2). The identity matrix is
denoted by 1.

Let A be an alphabet. A morphism p : A* — S9*% is a monoid morphism
from A* into the multiplicative monoid S@*?. Thus

plry) = p@)uly)  x,y €A (7.1)
p(l)y=1. (7.2)

If only (7.1) is verified, then p is a semigroup morphism. In this case, u(A*) =
{p(z) | x € A*} is a monoid of Q) x Q-matrices with neutral element p1, and pl
is idempotent (ul - pl = pl) by (7.1). We are interested here in matrices whose
entries are regular languages over the alphabet B. Thus the semiring S is Rat(B*).
Consequently, the identity matrix I is given by

;! if p=gq;
P10 otherwise.

For simplicity, we frequently write 0 instead of (.

Definition A matriz representation M = (11, Q,q_, Q) from A* into B* is com-
posed of a finite set of states @), an initial state q_, a set of final states (), and
a semigroup morphism p : A* — Rat(B*)?*?. The transduction | M| : A* — B*
realized by M is defined by

M(2) = | 1eq-q (7.3)

qEQ+

For p,q € @, note p, , the transduction w — p,,p, ¢. Then (7.3) can be written as

(M| = U Hq_q -

qEQ+

Example 7.1 Let A be an alphabet and ag € A. Set Q = {1,2}, and define a
monoid morphism p : A* — Rat(B*)**? by

00 01
ua—{oa] a€ A\ ag, ,uao—{oao].
Then

00 . *
UT = [Ox] if v ¢ agA*, z #£1,
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and
U = [gz] if x =agy.

Thus for M = (u,Q,1,{2}), IM|(2) = pi.1,2 = ag 'z, (x € A*).

Theorem 7.1 A transduction T : A* — B* is rational if and only if there exists
a matrixz representation M = (u, Q, q—, Q) realizing 7. Then the following hold:

(i) if 7(1) =0 or 7(1) = 1, then u can be chosen to be a monoid morphism;
(il) Q4 can be assumed to consist of a single state q. # q_, and p.q,q- =
UeQy,q =0 forallz € AT, g € Q.
(iii) of 7(1) =0, both (i) and (ii) can be satisfied simultaneously.

Note that 1 cannot always be chosen to be a monoid morphism. Indeed in this
case 7(1) = quQ+ pl, 4 is equal to 1 or 0 according to ¢— € Q4+ or ¢— ¢ Q.
The fact that semigroup morphisms are necessary is equivalent to the possibility
for transducers to have transitions with the empty word as input label. This
complicates the proof of the theorem.

Proof. We first prove the existence of a matrix representation. Let 7 = (A, B, Q,
q—,Q+, F) be a transducer realizing 7. In view of Corollary 6.2, we may suppose

that Qv = {¢+}, ¢+ # ¢,
EcCc@x(AU{l})x B*xQ,

and moreover (q,u,v,q") € E implies ¢ #_,q #+. Let a: E* — A* and §: E* —
B* be the input and output morphism as defined in the preceding section. Then

7(z) = Bla™ (@) N Alg-, q4)) - (7.4)

Next note that for p,q € Q,

Alp,q) = [ J Alp,r)A(r,q) .
reQ

Since « is an alphabetic morphism by the assumption on F, we have o !(zy) =
a (z)a " (y) for z,y € A*. Consequently

a M zy) N A, q) = [ J (@ (@) N A, 1) (y) N Ar,q)); (7.5)
reQ

Define a mapping p : A* — PB(B*)9*? by
papg = Bla™ () AP, q) pgeQ, ve A, (7.6)

In view of (7.5), p is a semigroup morphism, and by (7.6), pz,, is a regular
language. Let M = (u, @, q—,q+). Then by (7.4)

(M(2) = pig_q, = 7(2).
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This proves the existence of a matrix representation. Further, since A(q,q_)NET =
A(q,q) N ET =1 for ¢ € Q by the assumptions on 7, condition (ii) holds. Next,
define the (monoid) morphism g by

fr=pur (x€AY), pl=1.

and M = (ji,Q,q_,q,). Since ¢_ # q, |M| = 7 in the case where 7(1) = 0. This
proves (i) in that case and proves also (iii). It remains to prove (i) in the case
where 7(1) = 1. For this, consider u given by (7.6), let gy ¢ @, set P = ¢y UQ and
define

,U/ S AF Rat(B*)PxP
by p'1 = I and

HTp g it pge@;
[y = pre o ifp=qoqeQ; (€ A7)
0 otherwise .

Then p/ is easily seen to be a morphism, and

7(x) = Mlﬂyqo,tpr U /‘/%qo,qo (reA).

Thus 7 is realized by the matrix representation (i, P, qo, {qo, ¢+ })-

Conversely, let 7 : A* — B* be the transduction realized by a matrix represen-
tation M = (i, Q,q_,Q+). In order to prove the rationality of 7, we proceed in
several steps.

First, we show that @), can be assumed to consist of a single state ¢, # ¢_.
Let indeed s ¢ @, set P = sU @ and define a semigroup morphism v : A* —
Rat(B*)P*F for u € 1U A by

VUp,qg = Hlpq (p,q € Q)
Vg g = ptls s = 0 (g € Q)
Vlg,s = Upe@ Hllg,p (€ Q).

Then these formulas hold for any word € A*. This is obvious for the two first
formulas; the third follows by induction from:

V(xy)q,s = U HTqrVYr s = U U HZqr WY rp = U ,u(xy)q,p :
reQ PEQ+ rEQ peEQ+

Thus

T(z) = U Hlg_p = VTq_.s-
PEQ+

Consequently, we may assume @), = {q,} and ¢, # ¢_. Next, define the monoid
morphism fi : A* — Rat(B*)¥*? by fia = pa (a € A). Then jiz, 4, = pz, 4. =
7(z) for x € A*, and 1, ,, = 0. Thus

T=T1UT,
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where 7 is the transduction realized by (ji,@,q_,q.), and where 73 : A* — B*
is defined by 71(1) = pl, 4, € Rat(B*) and 7i(z) = 0 for € A*. Since 7 is
obviously a rational transduction, it suffices to show that 7 is rational.

Thus we may assume that g is a monoid morphism and 7(1) = 0. Let C =
@ X A x @ and define a strictly alphabetic morphism ¢ : C* — A* by

¢((p,a,q)) =a.
Let

K=[(¢xAx Q)" NC*Q x Axqy)]\ C*WC*
with

W ={(¢,a,¢)(p,0,p) € C* | ¢ # p}.

Then K is a local regular language, ¢~'(1) N K = (), and for x = ajay - - - a,,
((ZZ' — A),

o (@) NK ={(q-,a1,¢1)(q1, a2, ¢2) - - (Gn—1,Cn, 44) | @1, - - - g1 € Q}.

(7.7)
Define a rational substitution o : C* — A* by
o((pa,q)) = papg -
Then
ol DHNK)=0=17(1) (7.8)
and, in view of (7.7),
o(¢7(2) N K) = pz_,7(2)  (a € A7) (7.9)

Consequently, 7 is a composition of rational transductions and therefore is rational.

The proof of Theorem 7.1 yields the following corollary which is another vari-
ation of Nivat’s Theorem.

Corollary 7.2 Let 7 : A* — B* be a transduction with 7(1) = 0 or 7(1) = 1.
Then T 1s rational if and only if there exist an alphabet C, a strictly alphabetic
morphism ¢ : C* — A*, a rational substitution o : C* — B* and a local regular
language K C C* such that

7(z) = o(¢™(z) N K) (x e A"). (7.10)

Proof. Let T be given by (7.10). Then 7 is rational. Conversely, the conclusion
holds if 7(1) = 0 in view of (7.8) and (7.9). If 7(1) = 1, then it suffices to replace
the language K of the preceding proof by K U 1. .
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1/c

5 a/dQ 1/d@
e

1/c

b/c?

Figure II1.7

Example 7.2 Consider for A = {a,b}, B = {c, d}, the transducer of Example 6.2
(Figure I11.7). Formula 7.6 gives the following semigroup morphism :

1et 00 ctdctdet 0 0 000 O
1= 0c 00 - c*d c*det e*d ¢t d? b 000 O
=1oo01dl "™~]0o 0o o o Fo= 100 2 2d
0001 0 0 0 0 000 O

Theorem 7.1 shows a relationship between rational transductions and formal power
series. In the terminology of Eilenberg (1974) or Salomaa and Soittola (1978), a trans-
duction 7 : A* — B* is rational if and only if the formal power series » 4. 7(z) -
with coefficients in the semiring Rat(B*) is recognizable. The following theorem is the
analogue to a well-known characterization of recognizable formal power series.

Proposition 7.3 A transduction 7 : A* — B* is rational if and only if there exist
a finite set Q, a monoid morphism p : A* — Rat(B*)?*%  a row Q-vector \, a
column Q-vector p with entries in Rat(B*) such that
T(x) = Apap (x € A"). (7.11)
Proof. Let T be given by (7.11). Then
T(z) = U ApHip,gPyq -
P9eQ

By Theorem 7.1, the transductions p,, : © — px,, are rational. Since \,, p, are
regular languages, the transductions p,, : © — Apux, 4p, are rational. Thus 7 is
rational.

Conversely, let T be realized by the matrix representation M = (v, P,q_, {q:})
with ¢ # q,. Let s ¢ P, set Q = sU P and define a monoid morphism g : A* —
Rat(B*)@*? by

fapq = Vapg  D,q € P (a € A)
pay,, =0 p=so0rq=-=s

Then clearly
VTp, D,q€EP
Hlpq = {@ i (v e AT).
p=sorq=s
Next, define the @-vectors A and p by

As = (Vl)q—,% 7 Ps = {1}’ A = {1}7 Pqy = {1}7
Ay = pg =0 otherwise.
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Then

Mlp =X p=Xps =7(1), Muzp= N, pxq q.pg =7(x), TEA". u

Example 7.3 Let A = {a}, B={b,c}, Q@ ={1,2,3,4}, and let p be the monoid
morphism defined by

ja = A=[1,0,1,0] p=

o O o O
o OO o
o O OO
o o0 OO
_ o O =

A simple computation shows that

" (6", 0, ¢™, 0] if n is even;
Apa™ = L
[0, 0", 0, ¢"] if n is odd.

Thus

b n even;
Apa”p = ’
pap {C” n odd.

We conclude this section by considering a useful technical notion.

Definition Let M = (u,Q,q_, Q) be a matrix representation from A* into B*.
Then M is trim if the following condition is satisfied. For any ¢ € @, there exist
x,y € A*, q4 € Q4 such that

Py o # 0 and pygq, #0. (7.12)

Proposition 7.4 Let 7 : A* — B* be a transduction with dom(7) # (), and let
M = (u,Q,q-, Q) with i a monoid morphism be a matriz representation realizing

7. Then there exists a trim matriz representation M’ = (v, P,q_, P,) realizing T
with P C QQ and P = Q4+ N P.

Proof. Let P C @ be the set of states such that (7.12) holds. Since dom(7) # ()
and g is a monoid morphism, we have g_ € P and P, = Q. N P # (). Moreover,
for any ¢ € Q4, ¢ € Py if and only if pz, , # 0 for at least one word z € A*.
Consequently

M| = U Hq_.q = U Fq_,q - (7.13)

q€Q+ qePy
Define a monoid morphism v : A* — Rat(B*)"*" by
Vapg = [ap, P, qE P, acA.
In order to prove the desired result, it suffices to show that

VIpg = PTpg D.qE P, veA". (7.14)
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since then, in view of (7.13)

(M| = U Vo—.q = U Hg_ g = [M].

qePy qeP}

To show (7.14), we first verify that for p,q € P, r € Q \ P,
iy =0 or py., =10 (7.15)

for any pair of words x,y. Assume the contrary. Then there exist words x,y such
that both ux,, # 0 and uy,, # 0. Since p € P, there is a word 2’ such that
py_, # 0, and similarly MWYgq, 7 () for some word ' and some ¢, € ;. But then
0 # pry vy, C pa'zy . and O # py,opyy,, C pyY,,., and by (7.12), r € P
contrary to the assumption. This proves (7.15).

Now (7.14) is true if || < 1. Arguing by induction, let z € A*, a € A. Then
for p,q € P,

(Hza)pyq U HZpr g = U HZp [ g
req repP

by (7.15). Consequently

(pzxa), U VT Vg = (VTQ)p - .
reP

Exercises

7.1 Show that M = (u,Q,q—,Q4) is trim if and only if for any ¢ € @Q, there exist
¢+ € Q4+ and z,y € A* with |z|, |y| < Card @ such that pz,_ 4 # 0 and pygq, # 0.

7.2 A transduction 7 : A* — B* is faithful if 771(y) is finite for all y € B*, and is
continuous if 7(x) C BT for x € AT. Show that a rational transduction 7 : A* — B* is
faithful and continuous if and only if

m(z) = (¢ H(z)NK) zec A*

for some alphabet C, K € Rat(C*), ¢ : C* — A* a morphism and 1 : C* — B* a strictly
alphabetic morphism. (Hint: Apply Corollary 7.2 to 77 !.) Show that the composition
of two faithful (continuous) transductions is still faithful (continuous).

7.3 Let R be the least family of subsets of A* x B* closed under union, product and the
plus operation, and containing @}, {(1,1)} and the relations {(u,b)} for u € 1U A,b € B.
a) Show that RS, SR € R for all R € R such that (1,1) ¢ R and S € Rat(A* x B¥).

b) Show that R € R if and only if the transduction with graph R is rational, faithful
and continuous.
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8 Decision Problems

We show in this section that most of the usual questions are undecidable for rational
transductions. We shall see in the next chapter that some of these questions become
decidable for rational functions. The results of this section are mainly from Fischer
and Rosenberg (1968).

The proof of undecidability are “relative” in the following sense: We give (with-
out proof) a particular undecidable problem (Post’s Correspondence Problem) and
we prove that some property is undecidable by showing that the existence of a
decision problem for this property would imply a decision procedure for the Cor-
respondence Problem.

Post’s Correspondence Problem Given an alphabet A with at least two let-
ters, and given two sequences

L1, L, Ly, and Yi, Ug, .., Yp (8.1)
of words of A*, decide whether there exists indices iy,1s, . .., 1, (k> 0) such that

Theorem 8.1 Post’s Correspondence Theorem. Post’s Correspondence Problem
1s undecidable.

For a proof, see for instance Davis (1958) or Schnorr (1974). The theorem means
that there exists no algorithm that has as input two sequences (8.1), and yields as
output “yes” or “no” according to the existence or the non-existence of a sequence
i1, 19, ..., 1 such that (8.2) holds.

First we give two decidable properties. As usual for decision problems, the
word “given” in the statement should be interpreted to mean that an explicit
description of the object, here of the rational relation R is provided. This can be
done in the present context by a rational expression, by a matrix representation, by
a transducer or by a bimorphism. From the constructions of the previous sections,
it should be clear that any of the above descriptions of a rational relation can be
obtained effectively from another one.

Proposition 8.2 Given a rational relation R C A* x B*, it is decidable whether
R is empty and whether R is finite.

Proof. R is empty if and only if one of the two projections m4(R) and 7y (R) on A*
and Y™ is empty, and R is finite if and only if both are finite. Each projection is a
regular language, and an explicit description of these languages is readily obtained
from an effective description of R. Since emptiness and finiteness are decidable for
regular languages, the conclusion follows. .

We now prove a lemma which will be of use later. Let A = {a,b}, let B be an
alphabet, and let u;,...,u, € B*. Define

U = {(ab,u), (ab®, uz), . .., (ab®, up,)} .

Clearly U, hence U* is a rational relation over A and B.
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Lemma 8.3 The relation (A* x B*)\ U" is rational.

Usually, Rat(A* x B*) is not closed under complementation, thus Lemma 8.3 has
to be proved.

Proof. We show that W = (A* x B*) \ U™ is rational by writing W as a union of
four rational relations. First the relation H composed of all (z,y) € A* x B* such
that

v ¢ {ab,ab?, ... ab’}"
is rational and even recognizable since
H = (A*\ {ab,ab?, ... ,ab’}") x Y*.
Next
(x,y) e W and (z,y) ¢ H
if and only if
r =abab?---ab' forsomer >0,1<iy,...,i, <p (8.3)
and
Y 7F Uiy Uiy U, (8.4)
Now (8.4) holds if and only if one of the three following conditions hold
Yl <l w, - w, | (8.5)
Yl > Jwiws, g, |
lyl = lwiws, i,
and there is a factorization y = ¢'2y” and k € {1,...,p} with
Y= w1 2] = g ], e i, 1Y) = gy, o cu ]
Define the following relations which are clearly rational:
F = Oabi x Bl G = Oabi x (BMil\ w;) = F\U;
i=1 =

p p
D=|Ja' x BBt =F-(1x B"); C=|]Jab' x B,
=1 =1
with
B ={ue€ B* | |u| < |u}.
Then CF = FC, DF = FD, and

{(x,y) | (z,y) verifies (8.3) and (8.5)} = CTF*;
{(x,y) | (z,y) verifies (8.3) and (8.6)} = D F*;
{(z,y) | (z,y) verifies (8.3) and (8.7)} = F*GF™.

Thus
W=HUCTF*UD"F*U F*GF* € Rat(A* x B"). "
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Theorem 8.4 Let A, B be alphabets with at least two letters. Given rational re-
lations X, Y C A* x B*, it is undecidable to determine whether
i) XNY =0;
(i) X C Y
(iii) X
(iv) X = A* X B*;
(v) (A* x B*)\ X is finite;
(vi) X s recognizable.

Proof. We assume that A contains exactly two letters, and set A = {a,b}. Consider
two sequences

U, U, ..., Uy and vy, vg, ..., U (8.8)
of words of B* and define
U={(ab,uy),...,(ab’,u,)}, V ={(abv1),...,(ab" v,)}.

Then U*, VT are rational relations, and by the preceding lemma, U = (A* x B*)\
Ut and V = (A* x B*) \ V* are rational relations.

(i) Let X =U", Y =V*. Then X NY # () if and only if there exist integers
i1,...,% such that w;, ---w; = v; ---v;,, thus if and only if the Correspondence
Problem 8.8 has a solution. Thus if the emptiness X NY = () would be decidable,
Post’s Correspondence Problem would be decidable. This proves (i).

(i) Let X =UT, Y =V. Then X C Y if and only if Ut N V* = (). Thus (ii)
follows from (i).

(iii) is a consequence of (iv) since A* x B* is rational.

(iv) Let X = UUV. Then X = A*x B*if and only if A*x B*\X = UtNV* = .
Thus (iv) is undecidable by (i).

(v) Let again X = U U V. Then (m,u) € A* x B*\ X if and only if there
exist 4y, ...,4, such that m = ab™ ---ab" and u = w;, ---u;, = v;, ---v;.. Thus
(m,u) € A* x B*\ X implies (m*, u*) € A* x B*\ X for any k > 1. Consequently,
A* x B*\ X is finite if and only if A* x B*\ X is empty, and the last property is
undecidable.

(vi) Let again X = UUV. Then X is recognizable if and only if A* x B*\ X =
Ut NVT is recognizable since Rec(A* x B*) is closed under complementation. We
shall see that Ut NV is recognizable if and only if UT NV = (). Assume UTNV T
recognizable. Then by Mezei’s Theorem

Urnvt= P1XQ1 UPgXQg

for Py,..., P, € Rat(A*), Q1,...,Q, € Rat(B*). Next assume (m,u) € UTNVT.
Then (m*,u*) € UT NV for k > 1, thus there exist integers r, s, (r > s > 1) such
that

(m",u"), (m®, u’) € P; x Q)

for some j, (1 < j < /¢). Then (m®,u") € P; x Q;, but (m*,u") ¢ UT NV since
s#r. Thus U NVt =0, and (vi) follows from (i). .
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Exercises

8.1 Show that all properties of Theorem 8.4 are decidable for recognizable relations.

8.2 Let M = (u,Q,q-,Q+) : A* — B* be a matrix representation. Show that a trim
matrix representation realizing | M| can effectively be constructed.

8.3 ) (continuation of Exercise 4.8) Assume that a rational transduction 7 : A* — B*
is effectively given. Show that the rational transductions 79 and 7., can be computed
effectively.



Chapter 1V

Rational Functions

The present chapter deals with rational functions, that is rational transductions
which are partial functions. Rational functions have remarkable properties. First,
several decision problems become solvable. This is shown in Section 1. Then there
exist special representations, called unambiguous representations for rational func-
tions. They are defined by the property that there exist at most one successful
path for each input word. Two different methods for constructing unambiguous
representations are given in Sections 3 and 4, the first by means of a cross-section
theorem due to Eilenberg, the second through so-called semimonomial representa-
tions and due to Schiitzenberger. Section 2 is concerned with sequential functions
which are a particular case of rational functions. In Section 5, bimachines are de-
fined as composition of a left sequential followed by a right sequential function. In
Section 6, we prove that it is decidable whether a rational function is sequential.

1 Rational Functions

In this section, rational functions are defined and some examples are given. Further
a decidability result is proved. A more detailed description of rational functions
will be given in Sections 4 and 5.

Definition A rational function o : A* — B* is a rational transduction which is a
partial function, that is such that Card(aw) < 1 for all w € A*.

In order to simplify statements and proofs, we first make a general observation.
Given a transduction

T: A" — B*
define two transductions 71,7, : A* — B* by

n(1)=7(1); 7:(1)=0;
n(w)=0; 7 (w)=7(w) weA".

Then 7 = mUr, (and even 7 = 71 +7, ), and 7 is rational if and only if 7y and 7, are
rational. Further, any transduction 7’ : A* — B* with 7/ = 7, is rational if and
only if 7 is rational and 7/(1) is a rational language. Thus, rational transductions
can always be considered “up to the value 7(1)”. Therefore we stipulate that in this

83
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chapter, 7(1) is always equal to () or {1}. Then, according to Theorem II1.7.1, the
morphism of a matrix representation M = (u, Q,q_, Q) realizing 7 can always
be chosen to be a monoid morphism.

Further, we recall that if 7(1) = 0, then we may assume that @, = {¢;} and
g+ # q—, and that pw,, = pwqs,q = 0 for w € A*, ¢ € Q). As a result of the
above discussion we thus may assume that this relation also holds if 7(1) = 1,
and that Q4 = {¢_,¢+}. Then indeed 7(1) = pl, , =1, and 7(w) = pw,_,, if
we At.

A matrix representation which satisfies the above conditions and which is trim
is called normalized. Normalization clearly is effective.

Proposition 1.1 Let 7 : A* — B* be the transduction realized by a normalized
matriz representation M = (u, Q,q—, Q+). Then T is a partial function if and only
if Card(pw, ) <1 for any w € A*, (p,q € Q).

Proof. 1If the conclusion holds, then Card(pw, ,,) < 1 for any w € A*, thus
Card(7r(w)) < 1 for any w € A*. Conversely, assume that Card(pw,,) > 2 for
some w € A*, (p,q € Q). Then w € A™ since ul is the identity matrix. Since M
is trim, pz,_p # 0 and pz . # 0 for some 2, 2" € A*. Then

T(szl) = u(zwzl)q—vq-‘r ) /’qu—vpuwpvquz(/l7q+7
and Card 7(zwz’) > 2. .

Let a : A* — B* be a rational function realized by a normalized matrix
representation M = (u,Q,q_,Q+). Then we associate to M the transducer
T = <A>BaQ>q7aQ+aE> with

E - {(p7 CL, :uap,qvq) ‘ paq E Q7 a E A7 :uap,q 7é 0} N

Thus £ C Q x A X B* x @, and for any (p,a,q) € Q X A x @, there is at most one
z € B* such that (p,a,z,q) € E. Conversely, if F satisfies these conditions then
the formula

)z if(px,z,q9) € B
Hipa = 0 otherwise

defines a matrix representation M = (1, Q,q_, Q). The transducer 7 and the
matrix representation M are called associated, and we sometimes identify them.
Thus we speak about a normalized transducer, of a path in a matrix representation

and so on.

Example 1.1 Let o : a* — {b,c}* be given by

(a") b™ n even,
a(a) =
" n odd.

Then « is a rational transduction (Example II1.7.3), hence a rational function.
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a/b a/l

a/l

1 3) a/b

Figure IV.1

Example 1.2 Let A = {a}, B = {b}, and consider the transducer in Figure IV.1
corresponding to the matrix

pa =

o O o

b1
01
0b

The transduction « realized by this transducer is given by «(1) = 0 and «a(a") =
b"~1, (n > 1); hence « is a rational function.

Example 1.3 (Choffrut) Let again A = {a}, B = {b}, and consider the trans-
ducer in Figure IV.2. Let o be the transduction realized. It is easy to see that
there are 3 nonempty paths from state 1 to itself without internal node 1. They
are of length 3 and 4 and have labels (a?, %) and (a?, ®). Thus, if a(a™) # 0, then
a(a™) = b*, and thus « is a partial function. Further dom(a) = 1Ua® Ua* Ua®a*.

a/b?

Figure IV.2

The above example shows that it is not always easy to determine whether the
transduction realized by a transducer is a (partial) function. However, this prop-
erty has been shown to be decidable by Schiitzenberger (1975) (see also Blattner
and Head (1977)):

Theorem 1.2 Let 7: A* — B* be a transduction realized by a normalized matriz
representation M = (u,Q,q_,q.), and let m = Card(Q). Then 7 is a rational
function if and only if Card(pw,,) < 1 for all p,q € Q and all w € A* with
|lw| < 1+2m(m —1).

Proof. By Proposition 1.1 the condition is necessary. Assume the converse is false.
Then, still by Proposition 1.1, Card(pw,,) > 2 for some w € A™ and p,q € Q.
Choose a word w of minimal length such that Card(pw, ,) > 2 for some p,q € Q.
Then |w| > 14 2m(m — 1). Set w = ay---a, with a1,...,a, € A. There is a
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sequence of n + 1 pairs of states (g;,¢}),(j = 0,...,n) such that ¢o = ¢, = p,
qn = q,, = q, and such that with

uj = (aj)g; 10y, Vj = (:uaj)q;,pq; )

the words u = u; - - -u, and v = vy - - - v, are two distinct elements of pw,,. Since
w has been chosen of minimal length, ¢; # q} forj=1,...,,n—1. Indeed, assume
q; = q;- for some j. Then either wuy---wu; # vy v; OF Ujy1 - Uy F Vjp1- - Up.
Next, since n —1 > 2m(m — 1), there are three indices 1 <i < j <k <n—1 such
that

(9i:4) = (95, 45) = (k> G) - (1.1)
Define

Wy =ay---0i, W2 =041 0j, W3=0aj41" 0, W4 = k41" 0n;
LTy =Up---Upy T2 =Upr-- Ui, T3 = Ujpr- - Up, L4 = U1 Un;

Yo =010, Yo2o=Vip1- V5, Y3 =Ujp1"""Vk;, Y4 = V41" Un.

Then by (1.1)

T1%4,Y1Y4 € M(w1w4)p,q§ T1X2%4, Y1Y2Y4 € M(w1w2w4)p,q§

12374, Y1Y3ya € p(Wiwzwy)p,g -

By the minimality of w, we have

T1T4 = Y1Y4, T1X2T4 = Y1Y2Y4, T1X3T4 = Y1Y3Y4 - (1‘2)

We shall deduce from (1.2) that u = v, in contradiction with the assumption. By
symmetry, we may suppose |z1| < |y1|, hence y; = x1z for some z € B*. Then
the first of the equations (1.2) implies x4 = zy4. Reporting this in the two other
equations (1.2) yields z22z = zys and z3z = zys. It follows that

U = T1X2X3T4 = XT1X2X32Y4 = T1X2RY3Y4s = T12Y2Y3Ys = V. u

Given two rational functions «, 3 : A* — B* we write o C g if a(w) #0 =
a(w) = p(w), (w e A*).

Corollary 1.3 Given two rational functions o, : A* — B*, it is decidable
whether o C 3, and whether a = 3.

Proof. Clearly a C 3 if and only if the two following conditions hold:
(i) dom(a) C dom(f3);
(i) U is a rational function.
Condition (i) is decidable since dom(a) and dom(f3) are regular languages. Con-

dition (ii) is decidable by the previous theorem. Next o = 3 if and only if « C /3
and # C «, thus equality of functions is decidable. .
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Exercises

1.1 Show that it is decidable whether a rational function « is recognizable (that is its
graph is a recognizable relation).

1.2 Show that it is decidable, for rational functions «, 3 : A* — B*, whether there exists
a word w € A* such that a(w) = f(w).

2 Sequential Transductions

For practical purposes, a rational transduction is required not only to be a partial
function, but also to be computable in some sequential way. Such a model is pro-
vided by sequential transductions. In fact, transducers which are used for instance
in compilation are more general, since there is usually an output after the lecture
of the last letter of the input word. In order to fit into the model of sequential
transducers, the input word is frequently considered to be followed by some “end
marker”. Another way to describe this situation is to add a supplementary output
function to a sequential transducer. This is the definition of the subsequential
transducers.

In this section, we define sequential and subsequential transductions, and give
a “machine independent”characterization of these particular rational functions.
Sequential transductions are among the oldest concepts in formal language theory.
For a complete exposition, see Eilenberg (1974). Subsequential transductions are
defined in Schiitzenberger (1977). A systematic exposition can be found in Choffrut
(1978).

Definition A left sequential transducer (or sequential transducer for short) £ con-
sists of an input alphabet A, an output alphabet B, a finite set of states (), an initial
state ¢_ € @, and of two partial functions

0:QxA—->Q, N:QxA—- DB

having the same domain and called the next state function and the output function
respectively.

We usually denote 6 by a dot, and A by a star. Thus we write ¢ - a for §(q, a)
and ¢ * a for A(q,a). Then L is specified by

L=(AB,Q,q-).

With the conventions of Section 1.1, ) can be considered as a subset of P(Q), and
q - a is undefined if and only if ¢-a = () (or ¢ - a = 0 by writing 0 for (). Further
0-a =0 for all a € A. Thus, the next state function can also be viewed as a total
function from QU {0} x A into QU {0}, and 0 can be considered as a new, “sink”
state.

A sequential transducer is called a generalized sequential machine (gsm) by Eilenberg
(1974) and Ginsburg (1966).



88 Chapter 1V. Rational Functions

The next state function and the output function are extended to () x A* by
setting, for w € A*, a € A

q-1=¢q; q-(wa)=(q-w)-a;
gx1=1; ¢qx*(wa)=(g*xw)((qg-w)=*a). (2.1)

The parentheses in (2.1) can be omitted without ambiguity. We agree that con-
catenation has higher priority than the dot, and that the dot has higher priority
than the star. For x,y € A*, (¢ € @), the following formulas hold

q-ry=I(q- ) y; (2.2)
gxvy=(q*7)(q-x*y).

Indeed (2.2) is clear, and (2.3) is proved by induction on |y|: the formula is obvious
for |[y| = 0. If y = za with z € A* a € A, then

gxry =q*rza=(qg*xxz)(q-xz*a)
= (gxz)(qg-zx2)((q-x) 2xa) = (¢ x)(q-z*za)
= (gx2)(g-a*y).

The partial function |£|: A* — B* realized by L is defined by
L|(w) = q-*+w (weE A").

Definition A partial function « : A* — B* is a (left) sequential transduction or
(left) sequential function if a = |L]| for some sequential transducer L.

If & = |£] with £ as above, then
a(l)=1
a(zy) = a(z)(g- -z xy).

By (2.4), dom(«) is nonempty. Say that a partial function «a : A* — B* preserves
prefizes if (2.4) holds and if further
(

a(zy) #0 = o(vy) € a(x)B".

Then by (2.5) a sequential function preserves prefixes. Not that this is a rather
strong constraint. In particular, the domain of such a function is prefix-closed,
that is it contains the prefixes of its elements. Of course, this is due to the lack of
final states.

To each sequential transducer £ = (A, B,Q,q-) we associate a transducer

7T =(A,B,Q,q-,Q, F) by setting @, = @ and
E={(¢,a,qxa,q-a)| g€ Q,a€ A,q-a+#0}.
Then clearly |£]| = |7|. Thus
Proposition 2.1 Any sequential function is rational. .

Example 2.1 Any morphism is a sequential function.
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Figure IV.3

Example 2.2 Let A = {a,b}, B = {c,d}, and define a : A* — B* by

celif ¢ e aA*,
@) =14 i
d otherwise.

Then « is a sequential function realized by the following transducer (Figure IV.3).
Example 2.3 The function 7 : a* — {b, c}* defined by

(a") b" n even,
T(a") =
" n odd.

is rational, but not sequential, since it does not preserve prefixes.

Sometimes, it is useful to have some “reversal” of a left sequential transducer.

Definition A right sequential transducer R = (A, B, (), q_) is given by the objects
A, B,Q,q_ which have the same meaning as for left sequential transducers, and
by two partial functions

AXQ—Q; AxQ— B”

which have same domain, called next state and output function and denoted by a
dot and by a star respectively.

As above, these functions are extended to A* x ) by setting

l-g=q; av-gq=a (w-q);
lxg=1; awxq=(axw-q)(w*q).

Then the “reversal” of formulas (2.3) and (2.4) hold:
zy-q=z-(y-q); zyxq=(x*xy-qy*q). (z,yecA)
The partial function |R| realized by R is defined by
R|(z) =xxq- (z€A);

and a partial function realized by a right sequential transducer is called a right
sequential transduction or a right sequential function.
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Proposition 2.2 Let o : A* — B* be a partial function, and define 3 : A* — B*
by B(w) = [a(w)]™, (w € A*). Then « is left sequential if and only if (5 is right
sequential.

Proof. Note first that a(w) = [G(w)]~, (w € A*). Thus it suffices to show that if
« is right or left sequential, then [ is left or right sequential. Assume that « is
realized by some right sequential transducer R = (A, B, @, q_), and define a left
sequential transducer £ = (A, B, ), q_) by setting

gra=a-q; gra=(axq)”.
Then

grw=w-qgand gxw = (W*q)"~.
since by induction, for z € A*,a € A,

qg-za=(q-z)-a=a-(Z-q) = (za)~ -q,
gxza=(q*x2)(q-zxa)=(Z*xq) (a*x2-q)"
= [(axZ-q)[z*q)]” = [(za)” * ¢~

Thus |£(w)| = [|R|(w)] " for all w € A*, and 3 = |L]. .

Corollary 2.3 A right sequential function is rational.

Proof. Let a : A* — B* be a right sequential function, and let § be defined by
B(w) = [a(w)]~. Then [ is sequential, hence rational, and its graph S is a rational
relation. Let R be the graph of @. Then R = {(Z,9) | (z,y) € S}, and R is
rational (see Section I11.4). n

Example 2.2 (continued) The function « is not right sequential since it does not
preserve suffixes.

Example 2.3 (continued) For the same reason, the function 7 is not right se-
quential.

Example 2.4 The basic step for addition in some base k is realized (see Exam-
ple I11.5.16) by a function o which associates, to two words u,v € k* of the same
length, the shortest word w such that (u) + (v) = (w). The number (u) can be
defined, for u = apay - - - a,, (a; € k) either as in Example I11.5.16, or by

(uy =ap + a1k + -+ -+ a,k".

This is the “reversal interpretation” which is more convenient when the input is
read from left to right, as will be done here. Since u and v have the same length,
«a can be considered as a function o : k* x k* — k*. If v = byby - - - b, then the
argument of « is x = (ag, by)(ay,b1) - - - (an, by,). For simplicity, we write indistinctly
a(u,v) or a(x). By Example I11.5.16, « is known to be rational, but « is neither
left nor right sequential. Consider for instance k = 2. Then

a(11,10) = wy; = 001 «(11111,10010) = wy = 000101 .
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(1,1)/0
(0,0)/0 (0,1)/0
(0,1)/1 - (1,0)/0
(1,0)/1 e@ @‘ (1,1)/1

(0,0)/1

Figure IV 4

The word z; = (1,1)(1,0) is both a prefix and a suffix of z, = (1,1)(1,0)(1,0)
(1,1)(1,0), but wy is neither a prefix nor a suffix of wy. Now consider the following
(left) sequential transducer (Figure IV.4) and let 3 be the sequential function
realized. Then

a(z) = Blx) ifq -z=q;
Blx)l ifqg -x=q.

Thus « is “almost” a sequential function. This leads to the following definition.

Definition A (left) subsequential transducer S = (A, B, Q, q—, p) is composed of
a sequential transducer (A, B, @, q_) and of a partial function p : @ — B*. The
partial function |S|: A* — B* realized by S is defined by

S|(z) = (¢- *x)p(q- - @) (2.6)

A subsequential function is a partial function realized by some subsequential trans-
ducer.

According to the discussion at the beginning of this section, p(¢_ - z) has the
value 0 in (2.6) whenever ¢_ -z = 0.

Example 2.4 (continued) The function « is subsequential with p(¢_) = ¢, p(q) =
1.

Example 2.5 Any sequential function is subsequential: it suffices to define p(q)
to be the empty word for all ¢ € Q.

Example 2.6 Any partial function with finite domain is subsequential (this is not
true for sequential functions). Consider indeed « : A* — B* and suppose dom(«)
is finite. We define a subsequential transducer & = (A, B,Q,q_, p) as follows:
Q = dom(a)(A*)7! is the set of prefixes of words in dom(a); ¢- = 1. The next
state and the output functions are defined for u € ),a € A by

{ua if ua € Q; {1 if ua € Q;
u-aq= u*xa =

0 otherwise 0 otherwise

Finally

u€e Q.

a(u) if u € dom(a);
plu) = .
0 otherwise

Then clearly a = [S].
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Example 2.7 The function 7 of Example 2.3 is not subsequential. Assume indeed
that 7 = |S| for S as in the definition and set K = max{|p(q)| : p(q) # 0,q € Q}.
Let n be even. Then

S|(a") = (g * a")p(g- - a™) = V"

|S|(a™) = (¢_ *a")(q_ - a" x a)p(q_ - ™) = "1

If n > K, then w = ¢g_ % a” is not the empty word, and w € b* N ¢*, which is
impossible.

Proposition 2.4 A subsequential function is rational.

Proof. Consider a subsequential transducer S = (A, B, @, q_, p) and define a mor-
phism g : A* — Rat(B*)¥*? by

pxa ifp-a=gq;
Hlp,q = . (a € A) (2.7)
0 otherwise.

Then an obvious induction shows that (2.7) still holds when a is replaced by a
word w € A*. Next consider p as a column ()-vector, and define a row vector A by

1 ifg=gq-;
Ay = ]
0 otherwise.

Then
Mwp = | pwg_qp(q) = (g % w)plg— - w) = [S|(w).
qe@
Thus |S| is rational by Proposition I11.7.3. .

Note that the matrices pw of the preceding proof are row monomial, that is for each
p € @, there is at most one ¢ € () such that pw, , # 0. Thus the transductions w —
pwy_ 4 for ¢ € @ have disjoint domains, and the same holds for the transductions

w — pwy_ qp(q).

Proposition 2.5 Let o : A* — B* and 3 : B* — C* be subsequential functions.
Then foa : A* — C* is subsequential. If further o and (3 are sequential (right
sequential), then [3 o « is sequential (right sequential).

Proof. Consider two subsequential transducers
8:<A>BaQ>qf>p>a T:<Bacapap770—>

realizing o and [ respectively. Elements of the product P x @ are noted [p, ] for
easier checking. Define
ToS=(ACPxQ,[p-q]w)

[p,ql-a=[p-(g*a),q-a
[p,gl*a=px(g*a) peEPqgeR,acA

w(lp,q]) = (p*p(q)a(p-plq))- (2.10)
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We prove that (2.8) and (2.9) remain true if a is replaced by a word w € A*. This
is clear for x = 1. Arguing by induction, consider x = za, with z € A*, a € A, and
set

w=q*xz, wW=q-z%xa.
Then ww' = g * za = ¢ x x by (2.3). Next

p.q)-z=p-(g*2).,q-2]-a=[p-wq-z]-a
Z[p-w~(q-z*a),q~z~a]
= (p-ww',q-zal =[p-(qg*),q- 2]
[p.a] xx = ([p,a] *2)([p,q] - 2% a) = (px(g*2))([p- (g% 2),q- 2] xa)
(pxw)([p-w,q-2]*a)
(prw)(p-wx*(qg-z%a))=(pxw)(p-w*w)=pxww

=px*(qg*x).
Finally
w(lp-,q-]-z) = w(lp- - (¢- * ), q- - z])

=(p- - (q-*7)*plg-2))o(p- - (¢—*x) plqg- - v))
= (p- - (¢- * ) x p(q- - 2))o(p- - () .

Consequently

)ola- - 2)o(p- - alz))
p- *a(@)o(p- - alx) = Blalx)).

Thus |7 oS| = foa. If both a and 3 are sequential, then p and o can be assumed
to have always the value 1. Then by (2.10), w([p, q]) = (px1)o(p-1) = 1 and Soa is
sequential. For right sequential functions, the result follows from Proposition 2.2.

( )

= (p—* (q- ) (p— - (q— x ) * p(q— - x))o(p- - a(x))
( .
(

If one of the two partial functions « and 3 is left sequential and the other
is right sequential, then 3 o « is a rational function. It is quite remarkable that
conversely any rational function can be factorized as a composition of a left and a
right sequential function. This will be proved in Section 5.

A sequential function preserves prefixes. We show now that a subsequential
function which preserves prefixes is sequential.

Proposition 2.6 Let o : A* — B* be a partial function. Then « is sequential if
and only if the following conditions hold:

(i) « is subsequential;

(ii) « preserves prefizes.

Proof. Clearly, the conditions are necessary. Conversely, assume that o satisfies
(i) and (ii), and consider a subsequential transducer S = (A, B, @, q_, p) realizing
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a. We first put S into some standard form. Consider a state ¢ € Q). If ¢ is not
accessible, that is if there is no word u such that ¢_ - u = ¢, then the state ¢ can
clearly be deleted. Thus we may assume that all states are accessible. Next, if
p(q) =0, then a(u) = 0 for all u € A* such that ¢_ - u = ¢, and further a(uv) =0
for all v € A* since « preserves prefixes. Consequently, if the next state function
and the output function are modified be setting ¢'-a = 0, ¢'*xa = 0 for all (¢, a) such
that ¢’ - @ = ¢, then the new subsequential transducer realizes the same function.
Thus ¢ can be deleted (since it is no longer accessible), and consequently we can
assume that p(q) # 0 for all g € Q.

Next, we claim that for all ¢ € Q, a € A, there exists A(q,a) € B*U {0} such
that

p(Q)A(g;a) = (g*a)p(q - a) (2.11)
Mg,a) #0 <= gxa #0. (2.12)

Indeed, (2.12) follows from (2.11) since p(q) # 0 for all ¢ € Q. Next, in order to
prove (2.11), let u be a word such that ¢_ - u = ¢q. If ¢ * a # 0 then

a(ua) = (¢- *u)(g*a)p(q-a) #0,

and since « preserves prefixes,

a(ua) = a(u)y = (¢ *u)p(q)y

for some word y € B*. Thus

p(q)y = (g*a)p(q - a)

showing that y is independent of u. We define

if g% a # 0;
A<q,a>={y vz

0 otherwise.

Then A has the same domain as the output function of S.

Consider now the sequential transducer £ = (A, B, @, ¢_) with the same next
state function as S, and with output function \. We claim that a = |£|, that is
that a(x) = A(g—,x) for x € A*. By (i), this holds for z = 1. If x = za with
z € A* a € A, then

Mg, #) = Mg, 2) Mg~
= (g- % 2)plg- - 2)Ag- - 2, a)
=(qg_*2)(q_-zxa)p(q_ - za) = a(za).

cz,a) = a(z)\(g- - z,a)

Subsequential functions preserve prefixes only if they are sequential. However,
they satisfy a property which is closely related to the preservation of prefixes.
Consider indeed a subsequential transducer S = (A, B, Q,q_, p), and let a = |S|.
If uy, uy € dom(ar) are “near” in the sense that u; = uvy, us = uve and |v1| + |vg|
is “small”, then a(u;) and «a(ug) are also near, since

a(uvy) = (q- *u)(q- - u*xv)p(qg- - uv;) i=1,2,
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and the length of the words (¢_ - u * v;)p(¢_ - uv;) are bounded by some function
of |u1| and |vg|. This observation expresses some topological property. In order to
explain it, we introduce some definitions.

For words u,v € A*, we define

u A v = the greatest common prefix of v and v .
More generally, if X is a nonempty language, define
/\ X = the longest word which is a prefix of all words in X .

The notation is justified by the following remark: Define a relation < by: u =< v if and
only if u is a prefix of v. Then = is a partial order, sometimes called the “prefix order”.
Since u < v if and only if u A v = u, A* is a semi-lattice, and u A v is the greatest lower
bound of u and v.

Definition The (left) distance of u and v is the number
lus vl = Jul + v = 2Ju Aol

Thus, ||u, v]| is the sum of the length of those words which remain when the greatest

common prefix of u and v is erased. In order to verify that we get a distance, we

first observe that ||u, v|| = 0 if and only if |u|+ |v| = 2|uAv|. Since [uAv| < |ul, |v],

this is equivalent to |u A v| = |u| = |v|, that is to u = v. Next, we verify that
[w, o] < flu, wll + flw, ol u,v,we A”.

A straightforward computation shows that this inequality is equivalent to

lu Aw|+ JwAv| < |w|+ |uAv].

Since u A w and v A w are prefixes of w, either u A w is a prefix of v A w, thus of u
and of v, and |[uAw| < JuAv| or v Aw is a prefix of w and of v, and [vAw| < |[uAv|.
Both cases give the desired inequality.

From |u A v| < |u], |v], we obtain immediately

[ful = [ol] < llu ol u,ve A (2.13)
Another useful inequality is the following: if X C A*, X # (), and w = A X, then

|lw,u|| < max ||z,y]| weX. (2.14)
z,yeX

Indeed, for any u € X, there is some v € X such that u Av = w (since otherwise w
would be a proper prefix of all v’ Av, (v € X) for some v’ € X, thus of all v € X).
Consequently ||w,u|| = ||[u Av,ul| < ||v,u]] < max, ex ||z, Y-

Definition A partial function a : A* — B* has bounded variation if and only if
for all £ > 0, there exists K > 0 such that

u,v € dom(a), ||lu,v|| <k = |[a(u),a(v)|| < K.
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Example 2.8 A subsequential function has bounded variation. Let indeed o =
|S| with § = (A, B,Q, q_, p), and set

M =max{|g*a|: g€ Q,a € A,g*xa#0},
N = max{[p(q)| : ¢ € Q,p(q) # 0} .

If uwv € dom(e), then a(uv) = (¢- * u)(g- - u *x v)p(q— - wv). Thus |a(uv)| <
lg— *u|+ |v]- M + N. Let k > 0, and define K = k- M + 2N. If uy, us € dom(«)
and ||uy, us]| < k, then u; = wvy, ug = uvy, with |vi| + |va| < k. Consequently
a(uvy) = (q_ * u)wy, a(uvy) = (¢_ * u)ws and

ler(uvr), a(uvy)|| < fwi] + [we] < (Jor| + |v2[)M + 2N < K.
Note that for M" = max(M,2N), we have a stronger inequality:
lov(ur), a(uz) | < M(1 + [y, u2]]) .
The following result gives a characterization of subsequential functions.

Theorem 2.7 (Choffrut (1978)) Let oo : A* — B* be a partial function. Then o
15 subsequential if and only if

(i) « has bounded variation;

(ii) for all L € Rat(B*), a™ (L) € Rat(A*).

This theorem is an extension of a characterization of sequential functions:

Theorem 2.8 (Ginsburg and Rose (1966)) Let o : A* — B* be a partial function.
Then « s sequential if and only if

(i) « preserves prefizes;

(ii) there exists an integer M such that, for allu € A*, a € A:

ua € dom(«), a(ua) = a(u)y imply |yl < M;

(iii) for all rational languages L C B*, a~Y(L) is a rational language.

Proof. In order to deduce Theorem 2.8 from Theorem 2.7, it suffices to show that
a has bounded variation. The desired conclusion then follows by Proposition 2.6.
Let k£ > 0, and let uvy, uve € dom(ar) be such that v; A vy = 1, and |Juvy, uvs|| =
|v1]| + |v2] < k. Then a(uvy) = a(u)y, a(uvy) = a(u)ye and, by (ii), |yi| < |v1|M,
ly2| < |vo| M. Consequently ||a(uvy), a(uws)|| < |y1| + |yo| < kM. .

Proof of Theorem 2.7. This proof is an adaptation of the proof of the Ginsburg-
Rose Theorem, as given for instance in Ginsburg (1966) or in Eilenberg (1974).
Since a subsequential function verifies (i) and (ii), we have to prove that these
conditions are sufficient.

The proof is in four parts. We first associate to « a finite set R of partial
functions from A* into B*. We then prove that a certain family X, (r € R) of
subset of A* is composed of regular languages. This enables us to construct a
machine realizing «, which works like a subsequential transducer excepted that
the output function has its values in the free group B®*) generated by B. The last
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step consists in replacing this transducer by a sequential transducer satisfying our
definition. We use the following abbreviation:
If C'is an alphabet and n > 0 is an integer, then

CW=1UCU---UC"=C*"\C"C™.

Let a : A* — B* satisfy (i) and (ii). Then dom(a) = a~!(B*) is a regular language
by (ii). Let N be the number of states of a finite automaton recognizing dom(«).
Then we note, for later reference, that

uA* N dom(a) # 0 if and only if wA®Y Y N dom(a) # 0. (2.15)

Indeed, if uv € dom(«) and |v| > N, then there exists, by the Iteration Lemma
for Regular Languages, a word v’ such that |[v'| < |v] and uv” € dom(«).
For u € A*, define

J(u) = {ve AN | a(uv) # 0}
and define a partial function g : A* — B* by

) = 0 if J(u) = 0;
flw) {/\{@(uv) |ve J(u)} otherwise.

Thus B(u) # 0 if and only if J(u) # 0 if and only if uA™) N dom(a) # . In this
case there exists, for v € J(u), a word r,(v) € B* such that

a(uv) = Blu)ry(v) (2.16)
and further there are words vy, vy € J(u) such that
ru(v1) Aru(ve) = 1. (2.17)

(Note that (2.17) holds even if J(u) is a singleton v since then r,(v) = 1.) We
complete the definition by setting r,(v) = 0 for v € AW\ J(u). Thus, for any
u € A*, there is a partial function 7, from A®W) into B* satisfying (2.16), with
dom(r,) = J(u). Further a(u) # 0 if and only if 1 € J(u) if and only if r,(1) # 0.

a) We prove that there exists an integer M such that max{|r,(v)| : v €
dom(r,)} < M for all u € A*. For this, consider vy, vy € J(u). Then |Juvy, uvy|| <
|v1 4 |vo] < 2N. In view of condition (i), there exists an integer M such that

|a(uvy), a(uvg)|| < M vy,v9 € J(u).
Consequently, by (2.14),

ru(®) = 18, alw)|| < max la(ur), afu)| < M

for all v € J(u). Thus each r, is a partial function AN — BM) and the set
R,={r,|ue A"}

as a subset of the finite set of all partial function from A®) into B™) is itself
finite. We note 0 the partial function A®) — BM) with empty domain.
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b) For r € R, define X, = {u € A* | r, = r}. We claim: the languages X, are
rational. To prove this, define for i = 0,...,2M and z € BM:

D;,,={ye B":|y| =i (mod 2M + 1) and (y € Bz or z € BY)}.

(Note that there is at most one y € D; , such that z € B*y.) Clearly the language
D, . is rational. Consider a fixed r € R and define

Ly = [a(Dy.r(v))v! for v € dom(r)
K, = [A"\ dom(a)jv™ for v e A™M\ dom(r).

By (ii), these languages are rational. Set

2M
K= () K Le () Lus Y=60(U U L)

ve AN \dom(r) vedom(r) i=0 2z BM

Then Y, is a rational language. We show that Y, = X,., which proves the claim.

Consider first v € Y,. We must show that r, = r. There exist ¢ € {0,...,2M},
z € BM such that uw € K N L;,. Thus if v € dom(r), a(uww) € D, r(v), and if
v € AN\ dom(r), then a(uv) = 0. Thus dom(r) = dom(r,). If r = 0, then r = r,.
Next if dom(r) is a singleton v, then since r = r, for some v’ € A*, r(v) = 1 by
the remark following (2.17), and r = r,. Thus assume Card(dom(r)) > 2. Then
for each v € dom(r), there is a word y, € D, , such that

a(uv) = B(u)ry(v) = yor(v), (2.18)

and it suffices to show that y, = B(u) for v € dom(r). Let v,v" € dom(r). By
(2.13), we have

[yol = lywr| = le(uv)| = [a(ue))] + |r(W')] = |r(v)]
< |la(uwv), a(ud)|| + M < 2M |

thus ||y.| — |yw|| < 2M. Since further |y,| = |yw| (mod 2M + 1), it follows that
lyo| = |yw| for all v,0" € dom(r). Let n be the common length of the words v,
(v € dom(r)).

Since r = 1, for some u' € A*, there exist, by (2.17), words vy, vy € dom(r)
such that r(vy) A r(ve) = 1. Consider (2.18) for these words. This shows that
|B(u)] < mn. Next, let vy, v9 be two words in dom(r) such that r,(vy) A7y, (ve) = 1.
By (2.18) there are words v, y2 of the same length such that

ru(vr) = yir(vr),  Tu(ve) = yor(ve) -

Therefore |y;| = |yo| < M and y;,y2 are both suffixes of z. Thus y; = y,. Since
ru(v1) Ary(v2) =1, 1 = yo = 1 and |S(u)| = n. Thus u € X,.

Conversely, let v € X,. If r = r, =0, then L, , = A* for all 7+ and all z, and
clearly u € K. Thus u € Y, in this case. Thus assume dom(r) # (}, and let ¢ be the
integer such that 0 < i < 2M and |B(u)| =i (mod 2M + 1). Next let z be either
the unique suffix of length M of 8(u) if |3(u)| > M, or any word in BM N B*((u)
otherwise. Then a(uv) € D; r(v) for any v € dom(r), and consequently u € L; ..
Since clearly u € K, we have u € Y.
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c) Let &' = (A, @', q_) be an accessible semiautomaton recognizing simultane-
ously all X, for r € R (for the construction, see Section I.4). Then for each r € R,
there is a subset ), of )’ such that

X =18(@Q) ={uec A" [q--ue}.
Clearly the ), are pairwise disjoint and @' = U,cr@,. Next set
Ry={reR[r(l)#0} Q+=Urer Q.
Then 0 ¢ R, and dom(a) = |S'(Q4)|. Observe that
ueXg <= q--u€ Qo < fu)=0 (2.19)
and that further, in view of (2.15),
u€ Xo <= uA*Ndom(a) =0 <= vA®¥ Y ndom(a)=0. (2.20)

Thus u € X implies uA* C X (in other terms, Xy is a right ideal). Thus g € Qg
implies ¢ - x € Qp for all x € A*, and further ¢_ ¢ Qg since otherwise a = 0 and
there is nothing to prove.

Define S = (A, Q,q-) by setting @ = @'\ Qo, and by defining the next state
function of S to be the partial function obtained by restriction of the next state
function of &’ to Q. Thus ¢-a =0in S if and only if ¢-a € Qg in §’. Then for
€, CQ,ac A

q¢-a=0 ifand only if dom(a)NaA®™~D =0, (2.21)
Indeed, let u € A* be such that ¢_ - u = ¢q. Then by (2.20), ¢ - a = 0 if and only if
ua AN N dom(a) = @, and this holds if and only if dom(r) N aAN=1 = 0.

After these preliminaries, we now construct a subsequential transducer realizing
«, but with output function into the free group B™ generated by B. (Since each
word in B* is reduced, B* can be identified with its image in B®, and hence B*
can be viewed as a submonoid of B®). In particular, if u,v € B* then v 'v is
always a well defined element of B®, and u~'v is in B* if and only if u is a prefix

of v. See also 11.3.) Consider a new state qp, and extend the next state function
of § be setting

Q-a=q_-a (a€A).
Next define

Qo *a=p(a) (a€A),
and for g € Q,, a € A,

. it ¢-a=0;
a =
! r(av)r'(v)™' if q-a € Qu, v € dom(r) NaAN-Y

First we verify that the definition is correct. If ¢-a = ¢ € Q.+, then dom(r) N
aAN=D = () by (2.20). Thus if u € A* is such that ¢_ - u = ¢, then for v €
dom(r) N aAWN—1),

0 # a(uav) = B(u)r(av) = B(ua)r'(v), (2.22)
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showing first that r’'(v) # 0, and next that r(av)r’'(v)™! = B(u)"!'B(ua) is an
element of B which is independent of the choice of v in dom(r) NaA®™ =Y. Thus
the next state function and the output function have the same domain. We claim:

Go+u=PB(u) ueA. (2.23)

This holds for |u| = 1. Arguing by induction, consider u € A", a € A. If f(u) =0,
then u € X, and ua € Xo. Consequently qp *x ua = 0 = [(ua) by (2.19). If
B(u) # 0, then gy - u = ¢ for some q € Q,, (r € R\ 0). Then by (2.22),

xua = B(u)(q*xa) = ’ fq-a=0
" N ! | B(w)B(u) " B(ua) otherwise.
Since by (2.19) ¢ - a = 0 if and only if S(ua) = 0, (2.23) is proved. Finally define
p:qoUQ — B* by p(q) = a(l) and

~J0 ifg¢ Qs+
p(Q)_{T(l) ifge @, andr € R,. 1€ @

Then (go * u)p(qo - v) = a(u) for all u € A*.
d) It remains to transform the above transducer into a subsequential transducer
which agrees with our definition. For ¢ € Q) U qq, set

Uy={ue A |[q-u=q}

o(q) = the longest suffix common to the words ¢o * u (u € U,).

Then for all u € U,, there is a word 6(u) such that f(u) = qo * u = 0(u)o(q).
Extend the definition by setting 6(u) = 0 whenever ¢y -« = 0. Then 6 : A* — B*
is a partial function with the same domain as 3. Let ¢ € @ U qo, and let u € U,
and suppose that there is a letter a such that ¢ - a # 0. Then

qo * ua = 0(u)o(q)(q * a) = O(ua)o(q - a).

Since qo * u, g * ua € B*, and ¢ x a € B®, there are words z,y, 2 € B* such that
O(u)o(q) = 2z, 2~ 'y = gxa. The last relation shows that z, y are independent of the
choice of u in U,. Thus z is a common suffix to all gy * u for u € U,. Consequently
o(q) = tz for some t € B*, and 0(q)(q*a) = w € A* with w = tzz~'y = ty. Thus

O(u)w = 0(ua)o(qg-a) uwel,.

Assume |w| < |o(g - a)|. Then the words #(u) have a nonempty common suffix, in
contradiction with the definition of o(¢). Thus |w| > |o(q-a)|, and there is a word
(g, a) € B* such that

O(u)A(g,a) = 0(ua) (ueUy,). (2.24)

Define A(q,a) = 0 whenever ¢ - a = 0, and consider S equipped with the output
function A. A and the next state function have the same domain, further A\(qo, 1) =
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1 and by (2.24) 6(u) = Xqo,u) for all w € A*. Define 7 : QU gy — B* by
7(q) = o(q)p(q). Then

a(u) = B(u)p(qo - u) = Mqo, u)7(qo - u) u€ A",

and « is realized by the sequential transducer S = (A, Q U qo, o, 7) with output
function . .

Remark Consider a partial function a : A* — B* realized by a “generalized” se-
quential transducer defined as a sequential transducer, but with an output function
from A* into the free group B™. Such a transducer can erase suffixes of an already
computed output word, and can replace it by another word. The last part of the
preceding proof shows that such a transducer can be simulated by a subsequential
transducer working without erasing, that is « is subsequential.

Exercises

2.1 Let o : A* — B* be a partial function, and let # be a new symbol. Show that «
is subsequential if and only if there exists a sequential function 3 : (AU #)* — B* such
that a(u) = S(u#) for all u € A*.

2.2 Let ay,ay : A* — B* be sequential functions. Show that if a7 U g is a partial
function, then a; U ag is sequential. Show that aq U a is not necessarily subsequential
if aq, o are subsequential.

2.3 Let a: A* — B* be a subsequential function, and let R C A* be a rational language.
Show that the restriction a|g is subsequential.

3 The Cross-Section Theorem

The following theorem is due to Eilenberg (1974). It will be used in the next
section in order to construct special representations for rational functions.

Theorem 3.1 (Cross-Section Theorem) Let o : A* — B* be a morphism. For
any rational language X C A*, there exists a rational language Y C X such that
a maps Y bijectively onto a(X).

Set Z = a(X). The theorem asserts that in each class X Na~1(z), (z € Z) a
unique word wu, can be chosen in such a way that the language Y = {u, | z € Z}
is rational. The language Y is called a cross-section of o on X. We shall see
that the proof is effective. Thus given o and X, a cross-section of a on X can be
constructed effectively.

Proof. We shall factorize o in morphisms of special form. Therefore we first verify
that if g : B* — (™ is a second morphism, and if the conclusion holds for o and
B, it also holds for foa : A* — C*. Indeed, let X C A* be rational, and let Y be
a rational cross-section of v on X. Set Z = a(X) = «(Y), and let T' C B* be a
rational cross-section of 3 on Z. Define U =Y Na (7). Then U is rational, o
is injective on U, and «(U) = T. Since [ is injective on T, it follows that (o «
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is injective on U. Further fo a(U) = B(T) = 5(Z) = Boa(X). Thus U is a
cross-section of o« on X.

Next note that if « is injective, the conclusion holds trivially by taking ¥ = X.
Since any morphism « : A* — B* can be factorized into a« = o+, where v : A* —
C* is injective and 8 : C* — B* is alphabetic, it suffices to consider the case where
« is alphabetic. Further, any alphabetic morphism factorizes into projections and
strictly alphabetic morphisms. Thus it suffices to consider the following two cases:

A=A{a,...,a,}, B=A{ay,...,a,1} (n>2)

ala;))=a;, i=1,...,n—1

ala,) =a,—1 or «fa,)=1.
Define the lexicographical order on A* by setting u < v if either one of the following
cases holds

v =wuw,with w # 1 or u=zay, v=uray , withi<j.
Next define a transduction 7 : A* — A* by setting

T(u) ={v|v>wuand a(v) = a(u)},
and set

Y =X\7(X).

Thus for each u € X, the smallest element of a'a(u) N A is selected, and Y is the
set of all elements so selected, thus Y is a cross-section of v on X.

Figure IV.5
1/a,
8 1/an @ vV % an/1
Vv 1/an Vv
Figure IV.6

To prove that Y is rational, it suffices to show that the transduction 7 is
rational. This will be done by constructing transducers realizing 7. If a(a,) = a,_1,
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we define a transducer by Figure IV.5 with V' = {a;/a; | i = 1,...,n}. Ifa(a,) =1,
then we consider the transducer in Figure IV.6. Then it is easily seen that these
transducers realize 7. .

Note that any morphism can be factorized into an injective morphism followed
by a projection (Exercise 1.3.3). Thus in the above proof, the case a(a,) = a,—1
can be skipped. We conserved it since in the construction of unambiguous rep-
resentations for rational functions, precisely this case appears, and it is easier to
handle directly than through an additional decomposition.

We emphasize the fact that the cross-section Y can be obtained effectively from
X. Assume «a(a,) = a,—1. Then we can proceed as follows. Let b and ¢ be new
letters, define C'= AU {b, c}, and let ¢,v : C* — A* be the morphisms

P(a;) = ¥(a;) = a;, 1=1,...,n
P(b) = (c) = an-1, o(c) = () = a, .

Then for X C A*,

(3.1)

T(X) = ¢(¢~ (X) N K)

where K is the rational language over C' recognized by the automaton in Fig-
ure IV.7. Thus, if X is given by a finite automaton, finite automata recognizing

»HX), o HX)N K, 7(X) and X \ 7(X) can be effectively constructed.

58

A C

Figure IV.7

Example 3.1 Let A = {a,b} and let « : A* — a* be the morphism given by
a(a) = a(b) = a. Further, let X C A* be given by Figure IV.8. The lexicographical
order is given here by a < b. Then

7(X) = bA*
and the desired cross-section is
Y =X\7(X)=aba" Ub.
Example 3.2 Let A = {a,b,¢,d}, and let o : A* — a* be the morphism given by
a(A) = a, and let X C A* be recognized by Figure IV.9. Thus
X = [(bdbUbc U cb)a] "
Define a factorization oo = a3 0 avg 0 vy

AT 2 {a b, e} 2 {a, b} 25 o
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Figure IV.9

by ay(d) = ¢, aa(c) = b, a3(b) = a, the other letters being unchanged. We compute
a cross-section of o on X.
First

X1 = a(X) = [(bebUbc U cb)al ",
and o is injective on X. Next
Xo = ap(Xy) = [(b* Ub*)a] "
We have b < ¢, and
X; = [(bebUbc)a] C X;
is a rational cross-section of ay on X;. Then
X = ap(Xo) = [a* Ud®]".
Since a < b, the construction of the proof yields
X5 = (b*a)*(1U b a U (b%a)?)
as a rational cross-section of a3 on X5. By backward computation
X! =X Nay (X)) = (bea)*(1 U beba U (beba)?)
is a rational cross-section of az o ay on X, and
Y = X Na;*(A)) = (bea)*(1 U bdba U (bdba)?)

is a rational cross-section of o on X.
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Exercise

3.1 Replace a in Example 3.1 by a(a) = a(b) = b, and compute a cross-section of a on
X.

4 Unambiguous Transducers

We use the Cross-Section Theorem to construct particular representations for ra-
tional functions. An alternative construction is also presented which allows a direct
computation of these representations.

In this section, a transducer

T: <A7BaQ7Q—7Q+7E>

is assumed to satisfy the two conditions

EFECcQxAxB" xQ, (4.1)
(p7a’ Z7q)’(p7a’ Z/’Q) e E i Z:Z/' (4'2)

Definition The transducer 7 is called unambiguous if any word x € A* is the
input label of at most one successful path e in 7.

Let 7 be the transduction realized by 7. If 7 is unambiguous and if x € dom(7),
then there exists a successful path e in 7 with input label z. Let y be the output
label of e. Then 7(x) =y. Thus

Proposition 4.1 The transduction realized by an unambiguous transducer is a
partial function. .

Conversely, we have

Theorem 4.2 (Eilenberg (1974)) Let 7 : A* — B* be a rational function (with
7(1) =0 or 7(1) = 1). Then there ezists an unambiguous transducer realizing 7.

Proof. By Corollary II1.7.2, there are an alphabet C', a strictly alphabetic mor-
phism « : C* — A*, a rational substitution ¢ : C* — B* and a regular language
K C C* such that

7(z) = ol (z)NK) x€ A",

Clearly we may assume C' minimal, that is each letter ¢ € C has at least one
occurrence in a word in a~*(A*) N K. Then ¢ is a morphism, since 7 is a partial
function.

Since dom(7) = «a(K), there exists, by the Cross-Section Theorem, a rational
language R C K that maps bijectively onto dom(7). Let

A= <07 Q? q-, Q+>
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be a finite automaton recognizing R, and define

T = <A7BaQ>q77Q+7E>
EZ{(Q,O&C,O’C,C]'C) | QEQ,CGO}

Note that 7 satisfies (4.1) and (4.2). Indeed, since « is strictly alphabetic, ac € A
for ¢ € C'. Next consider two paths

€ = (q77u1avlaq1) e (qnflaunaUTMQ)

¢ = (q—v u,17 Ui? qi) to (Qm—b u;n, U:na q/)

and let ¢;, ¢; € C be such that ac; = u;, (1 <i<n), ad; = uj, (1 <j<m).
Assume that e and €’ have the same input label x = az = a2’ with z = ¢;-- - ¢,
2= ---c,. Since z,2/ € R and « is injective on R, it follows that z = 2’ and
e = €’. This shows that 7 is unambiguous. .

Corollary 4.3 Let 7 : A* — B* be a rational function. Then there exists a
normalized unambiguous transducer realizing 7.

Proof. Let T = (A,B,Q,q-,Q+, E) be an unambiguous transducer realizing 7.
Add two new states qg, ¢; to , and the transitions

{(QO7G7 Z?Q) | (Q—7a7 Z?Q) € E} U {(q7a7 Z?Ql) | (q7a7 Z?Q-I—) € E7 q+ € Q-{—}

to E. Take ¢ as a new initial state and {q;} or {qo,q1} as final states, according
to 7(1) = 0 or = 1. Next the resulting transducer can be made trim by deleting
unnecessary states. Clearly it is unambiguous. .

Example 4.1 Consider a left sequential transducer. Any path starting at the
initial state is successful, and two distinct successful paths have distinct input
labels. Thus any left sequential transducer is unambiguous.

Example 4.2 Let A = {a}, B = {b,c}, and consider the transducer in Fig-
ure [V.10 realizing the function

(a") b" n even,
T(a") =
" nodd

The transducer is unambiguous since if n is even the only sucessful path leads
to state 3, and if n is odd the only successful path leads to state 2.

Example 4.3 Consider the transducer of Example 1.2 (Figure IV.11). This trans-
ducer is ambiguous. Take as alphabet C' the labels of the transitions: C' =
{(a/b), (a/1)}, and consider the morphism « : C* — a* defined by «((a/b)) =
a((a/1)) = a. Then up to a renaming, we are in the situation of Example 3.1.
Thus Y = (a/b)(a/1)(a/b)* U (a/1) is a suitable cross-section, giving the unam-
biguous transducer in Fig IV.12.
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Figure IV.10

a/b a/l

a/l

1 3) a/b

Figure IV.11

Example 4.4 Consider the ambiguous transducer of Example 1.3 (Figure IV.13).
Take again the alphabet C' = {(a/b), (a/b?), (a/b%), (a/b?)} and the morphism «
mapping all letters onto a. Then, after a renaming, we are in the situation of
Example 3.2. Thus the language

Y = [(a/b)(a/b*)(a/b%)]" U (1 U (a/b)(a/b")(a/b)(a/b?)
U [(a/b)(a/b")(a/b)(a/t?)]?)

is a suitable cross-section. This gives the unambiguous transducer in Figure IV.14.
The simpler transducer in Figure IV.15 cannot be obtained in that way.

Let T = (A, B,Q,q-,Q+, F) be a transducer satisfying (4.1) and (4.2). Define
a matrix representation M = (u, Q,q_, Q) by

z if (p,a, z,q) € E;
a _—
Hipa 0 otherwise.

Proposition 4.4 Assume T trim. Then T is unambiguous if and only if M
satisfies the two conditions

(i) Forp,q € Q, x,a’ € A*, there is at most one r € Q such that px,, # 0 and

py, 7 0.
a/b a
D@ @ e

a/l

Figure IV.12
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a/b?

Figure IV.14

(ii) dom(ﬂq—m) N dom(luq—,qz) =0 for 1,42 € Q4+, @1 # ¢o-

Proof. If T is unambiguous, then (ii) is clearly satisfies. Next, since 7 is trim,
for any p,q € Q, there are 2,2 € A* such that uz, , # 0, phy,, # 0 for some
g+ € Q4. Thus if (i) fails for some p,q € Q, z,2’ € A*, then zzz'2’ is the input
label of at least two successful paths.

Conversely, consider two paths e; and e, from ¢_ to some final states ¢; and g,

and assume they have the same input label z. Then ¢; = ¢o by (ii), and e; = e
by (i). .

If M is normalized, then (ii) is satisfied by definition. Thus the unambiguity
of T is equivalent to condition (i).

Definition A morphism g satisfying condition (i) of Proposition 4.4 is called
unambiguous.

Example 4.5 If the matrices p,, (x € A*) are row monomial, then p is unam-
biguous. Similarly, if the matrices u,, (r € A*) are column monomial, then pu is
unambiguous.

An unambiguous morphism g : A* — Rat(B*)?*?Q is called a (0,1)-morphism
(Schiitzenberger (1976), Nivat (1968)) for the following reason. Associate to each matrix
Uy, (z € A*) a Q x Q-matrix Ouz with integral entries by

1 if pxy, 4 #0;
Our, , = P4 ’
Hpa {O otherwise.

a/b? a/b? a/b? a/b? a/b? a/b?
oEligCaptlle Ut o ELotld g i

Figure IV.15
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Then 6 is a morphism if and only if x is unambiguous. Thus the product of two such
matrices, computed in N9*@ | is still a matrix with entries 0 or 1.

Row monomial and column monomial matrix morphisms are special cases of a
more general construction.

Definition Let ;1 : A* — P(B*)9*? be a morphism. Then y is called semimono-
mial if the set @) is of the form @Q = V x P, and if, for any a € A, the following
hold:

(i) For any v € V| there is at most one v' € V such that the submatrix

(ﬂ@)vxP,v/XP = (ﬂ&(v,p),(v’,p’))p,p/EP

is nonzero.
(ii) any submatrix (4a)yxpwxp 18 column monomial.

Thus the matrix pa, considered as a V' x V matrix, whose entries are P X
P-matrices is a row monomial matrix, and each of the P x P-block is column
monomial. Clearly, the product of two semimonomial matrices with the same
index set V' x P is also semimonomial.

Example 4.6 For V = {1,2,3} and P = {1,2,3}, the following matrix is semi-
monomial.

0b1
O 000 0
000
000
O O 001
000
000
0 0 000
I 00b |

Any semimonomial morphism g is unambiguous. Consider indeed two words
x, 2’ and assume

:U'r(vyp)(v',P/) 7£ 0 and Iu/(v/,p’)(v",p") 7£ 0.

Then v’ is uniquely determined by v in view of condition (i), and p’ is uniquely
determined by p” in view of (ii).

The following theorem asserts the existence of a semimonomial representation
for any rational function.

Theorem 4.5 (Schiitzenberger (1976)) Let 7 : A* — B* be a rational function.
Then there exists a matriz representation M = {(u, Q, q_, Q) realizing T such that
W18 semimonomial and

T = Z Hq_,q -

4+ E€Q+
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Recall that we use the symbol ) when the domains dom(y, ,, ) are disjoint.

Proof. Let M = (1, Q, q_,Q+) be a normalized matrix representation realizing 7.
The proof is in two steps. First, the usual power set algorithm for the determiniza-
tion of an automaton is employed to obtain the set V. Then, “unnecessary” entries
in the matrices pa, (a € A) are deleted to get the row monomial part.

Let V' be the family of subsets of () defined by

veV <<= dJreA rv={qeQ|pr, 4#0}.

Thus v € V if and only if v is the set of states accessible in M by paths starting
in ¢_ and with input label z. A “next state” function V' x A — V is defined by

v-a={¢ €Q|3q€v,pagy #0}.

This function is extended to V x A* by setting, as usual, v -1 = v, v-ax =
(v-z)-a,(x € A*,a € A). Then clearly

veazy=(v-xz)-y x,y,€ A",

For each v € V, a € A, define a @) x -matrix fi,a in the following way. Set
v' = v -a, and for each ¢’ € v/, let p(¢’) be an arbitrary element of v such that
Hapgy,g 7 0. Then

(Fva)gy =0 ¢€Q, ¢ E'; (4.3)
= Hapye fa=pld); , _

. )= cv . 4.4

(F00)q.q {O it g (). qgcv (4.4)

By definition fi,a is column monomial. It is obtained from pa by deleting all but
one nonempty element in each column ¢’ € v’, and by setting equal to zero the
other columns.

Next, let S =V x @, and define the morphism

A A* — Rat(B*)%*%
by blocks for v,v" € V, a € A:

0 if v £wv-a;

fpa if v =wv-a.

()‘a)vXQ,v/XQ = {

Then the matrices Aa are semimonomial. Further if z = ajas - - - a,, (r > 1,a; € A),
then clearly

0 if v/ #£ v -

o _ e
[y fly @2 - -+ [y, @ fV =02,

()‘x)vXQ,v/XQ = {

where v =v-ay,...,v, = Up_1 - ap_; and v = v, - a,.
Next, we prove that forv_ ={q_}, 2 € AT, v=0v_ -z,

AT g ) (0a) = HTq_q 4 E Q. (4.6)
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For |z| = 1, (4.6) results from (4.4). Arguing by induction, let x = ya with y € AT,
a€ A, and let v/ =v_ -y. Then v =" - a, and

() gy wa) = | 1a_r(AQ) @ 0,00
rev’

since (AY)(w_,q_), (') = WYq_r = 0 for r ¢ v'. Next if ¢ & v, then (fiya),q = pa, 4 =
0 for r € " and px, , = 0. Thus (4.6) holds if ¢ ¢ v. If ¢ € v, then there is a
unique p € v’ such that (fiya),, = pay, # 0. Thus

(AT) (0 g-).(v.0) = HYq—p Hllpq = HTq_q -
This proves (4.6). Finally, set V, = {v € V | ¢; € v} and let

S, = Vi x{q+} if Qr ={aq+};
(Vi x{gsH U (v-,q-) if Qy ={g-,q+}.
Then (A1)_ 4 )5, = 0 or 1 according to (v_,q-) ¢ S; or (v_,q-) € S, and for
xre At:
()\:L‘ (v—g- U AT(o_g),(v,as) = HTq_qy - (4.7)
veVL

Indeed, (4.7) holds if v_-z € V (by (4.6)). Ifv_-z ¢ V,, thatisif ¢, ¢ v_-z, then
pg_ g, = 0and (Ax)w_ 4 )s, = 0by (4.5). Since there is at most one v € V; such
that v = v_ -« for any « € A*, the functions A\(,_ 4 ) (v4,) have disjoint domains.
This completes the proof. .

Example 4.7 Consider the rational function « : a* — b* of Example 4.3, with
matrix

001

pa= 1001
00b

We first compute V: vy =v_ = {1}, s =v1-a={2,3}, v3=v2-a={3} =v3-a
The matrices fi; (we write fi; instead of fi,,) are:

001 000 000 000
jpa= 1001 pea= (001 or jisa= (000 pza= 1000
000 000 00b 00b

Thus, there are two possible choices for fio: each choice yields another matrix Aa:
0 /11& 0
Aa= (0 0 /]2(1
00 ﬂga
With the first matrix jisa, the matrix aa is the matrix of Example 4.6. Next,

Vi = {vg,v3}. Thus Sy = {(ve,3), (v3,3)}. In the usual notation, these are the
columns 6 and 9. For both morphisms A, the row with index (v_, 1) of Aa" is

(0,0,0;0,b,1;0,0,0) n=1;
(0,0,0;0,0,0;0,0,6" ") n>2.
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Figure IV.16

Note that A is not trim. The trim transducer associated to A for the first choice of
itoa is given in Figure IV.16. Thus we get the same transducer as in Example 4.3.

Semimonomial morphisms are particular unambiguous morphisms. Clearly, an
unambiguous morphism is not necessarily semimonomial. There is nevertheless
an interesting relation between unambiguous and semimonomial morphisms: any
unambiguous morphism can be obtained from some semimonomial morphism by
choosing in that morphism some fixed rows and by collapsing columns. This yields
some procedure for constructing unambiguous morphisms.

Definition Let u : A* — Rat(B*)?*? and X : A* — Rat(B*)**® be two mor-
phisms. Then p is summed up from A if there exist two functions ¢ : ) — S and
c:@Q — 29 such that

iy = Afiﬁe@a),c(q)( U W(pw) (P.g€Q, v €A").
)

rec(q

Thus p is obtained from A by conserving just one row of A\ for each p € @, and
by summing up elements of that row according to some rule which is independent
from p.

Proposition 4.6 Let M = (1, Q,q_,Q+) be a trim matriz representation from
A* anto B*. If p is unambiguous, then p is summed up from some semimonomial
morphism.

Proof. Assume g is unambiguous. We shall verify that p can be extracted from
the semimonomial morphism A constructed in the proof of Theorem 4.5. We keep
the notations of that proof. First, we claim that for the matrix fi,a defined by
(4.3) and (4.4), we have

B pag s ifqev, ¢ €Q;
(pa)gqy = R , (4.8)
0 ifqédvqdeq.

Thus fi,a and pa have the same rows with index ¢ € v. Indeed, (fi,a),, = 0 for
q ¢ v by (4.4), and (f1,a)qy = pagy = 0 for ¢ € v, ¢ € Q \ v by definition of
v' = v -a. Next, for any ¢’ € v/, there exists a unique p € v such that pa, , # 0,
since for any z such that v_ - x = v, one has pxz,, # 0 and pa,, # 0, and thus
p is unique by Proposition 4.4(i). Therefore (ji,a),, = pa,, for that p, and
(fiy@) gy = pragy =0 for all ¢ € v\ p. Thus (4.8) is proved.
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Next, we prove that forz € AT, veV, v =v-ua,
Py ifpev,qged;
Ao =94 (4.9)
0 ipg¢uvqgeQ.

For |z| = 1, (4.9) holds by (4.8) in view of the definition of A\. Arguing by induction,
let © = ya with y € AT, a € A, v" =v -y, thus v/ = v” - a. Then clearly

(A2)wp) ) =0 ifpdv,qeqQ.

Thus assume p € v. Then

A2)wp).0r0) = U OW) w0 (A0 @ 0,0
req

and since (Aa) ), w,q) = 0 if 7 ¢ 0", it follows from (4.8) that

(AZ) 0,p),(07,0) = U HYp,rHQr.qg = [Tpq -

TE'U//

Note that in view of (4.5)

)\:L‘(mp)(vr,q) =0 if Ul 7'é v-x (p, q € Q) .

Thus it follows from (4.9) that

PTp g = U )\x(up)(v/,q) (p S U) . (410)

v eV

Now define a function ¢ : () — S as follows. For any p € @), choose a v € V such
that p € v and set £(p) = (v, p). Such a v exists since u is trim. Next, define ¢ by

clq) ={(W,q) | v e V}.

Then by (4.10)

[Zpg = ALe(p),c(q) - "

For a more exhaustive treatment of related questions, especially in connection
with codes, see Boé (1976), Césari (1974), Perrin and Schiitzenberger (1977).

Exercises

4.1 Compute the trim transducer associated to the second of the two semimonomial
morphisms A of Example 4.7.

4.2 Use Exercise 3.1 to give a second unambiguous transducer for the transduction of
Example 4.3, and compare with the transducer of Exercise 4.1.

4.3 A partial function 3 : A* — C* is length preserving if Sz # 0 implies |z| = |Sz|.
Show that any rational function a : A* — B* can be written in the form o = o3, where
B : A* — C* is a length preserving rational function and ~ : C* — B* is a morphism.
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4.4 Let M be a monoid. The family of unambiguous rational subsets of M is the least
family of subsets of M containing () and the singletons {m}, (m € M) and closed under
the following operations: unambiguous union, unambiguous product, unambiguous star.
(A union X UY is unambiguous if XNY = . A product XY is unambiguous if z, 2’ € X,
v,y €Y, zy = 2'y imply x = 2/ and y = /. A star X* is unambiguous if X* a free
submonoid freely generated by X.)

Show that if a: A* — B* is a rational function, then the graph of a is an unambiguous
rational subset of A* x B*.

4.5 (Choffrut) Show that for any rational function o : A* — B*, there is a rational
subset X of dom(«) such that o maps bijectively X onto a(A*) = im(«). (This is an
extension of the Cross-Section Theorem to rational functions.)

4.6 (Choffrut) Show that for any rational function o : A* — B*, there exists a rational
function 3 : B — A* such that aof: a(A*) — a(A*) is the identity function (Hint: Use
Exercise 4.5).

4.7 (Choffrut) Use the previous exercise to show that if a : A* — B* and §: B* — C*
are partial functions, and if & and 5 o o and 3 are rational, then the restriction [ a(A%)
is rational. Show that if 7o o« and (3 are rational, then « needs not to be rational.

5 Bimachines

Bimachines are, in some sense, simultaneously left sequential and right sequential
transducers. We show that a partial function is rational if and only if it is re-
alized by a bimachine, and use this fact to prove that any rational function can
be obtained as the composition of a left sequential function followed by a right
sequential function.

Definition A bimachine B = (Q,q_, P,p_,~) over A and B is composed of two
finite sets of states @, P, two initial states q_ € @), p_— € P, of two partial next
state functions Q x A — @ and A x P — P denoted by dots, and a partial output
function v: Q) x A x P — B*.

The next state functions are extended to () X A* and A* x P in the usual way by
setting

q-1=1, 1l-p=p
q-(va)=(qg-7)-a (ax)-p=a-(v-p)

forq e Q, p e P, x € A", a € A. Next the output function ~ is extended to
Q x A* X P by

v(q,1,p) =1;
Y(q,za,p) = v(¢,z,a-p)y(q- z,a,p)

forz e A*, a€ A, g € QQ, p€ P. Then it is easily verified that

(g, zy,p) =v(q, 2,y - p)y(q-z,y,p) (v,y € A).
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and if z = ajay - - - ap, (a; € A), then

(g, z,p) = v(q,a1,a2...a, -p)y(q- a1, az,as...a, - p)
""7((]'@1 .. 'an—laanap)‘

The partial function A* — B* realized by B is defined by

|B|(7) = v(q—,7,p-).

If P ={p_}, then B is, up to considerations concerning the domains, a left sequen-
tial transducer. Similarly, if @ = {¢_}, then B is a right sequential transducer.
Bimachines were introduced by Schiitzenberger (1961b). See also Nivat (1968).

Example 5.1 Let o : a* — {b,c}* be given by

ala") = b" if n is even;
| ifnis odd.

Consider P = {p_,p1}, @ = {q—, 1} and define the next state functions by a-p_ =
p1,a-p1=p_,and q_ -a = qi, q1 - a = q_. Further, let v be givens by the table

pP- N
g-| ¢ b
| b c

Then a simple calculation shows that a(a™) = vy(q_,a", p_) for n > 0.

Note that in the above definition, no assumption was made about the domains
of the next state functions and . Call a bimachine state complete if both next
state functions ) x A — ) and A x P — P are total functions.

Theorem 5.1 (Eilenberg (1974)) Let o : A* — B* be a partial function with
a(l) = 1. Then « is rational if and only if it is realized by some bimachine over

A and B.

We shall see that a rational function can always be realized by a state complete
bimachine.

Proof. Let B = (Q,q_, P,p_,~) be a bimachine over A and B, define S =@ x P
and consider the transducer 7 with set of states S, and set of transitions £ C
S x A x B* x § given by:

((¢;p),a,2,(¢,p) € E

(g1, 1), a1, 21, (¢1, 1)) - - - ((Gn, Pn)s Gy 20, (€, D))

in 7, with = a1as---apn, y = 2122+ -+ 2,. Then clearly ¢ -z = ¢, p1 = - pl,,
and y = v(q1,z,p),). For any ¢ € Q, p € P, define the rational transduction
Typ i A — B* by

Tap(T) =Y
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if and only if there is a path from (¢_,p) to (¢, p_) with input label x and output
label y, and set 7,,(z) = 0 otherwise. Then 7,,(z) = y # 0 if and only if

y=(q-,z,p-), and

E:qu

(g:p)€S

Thus « is a rational function.
Conversely, let a be realized by an unambiguous normalized matrix representa-
tion M = (u, @, q—,{q-,q+}). Define two families V, W of subsets of @) as follows:

veV <<= JreA v={qe Q| puxr, 4#0};
weW < JrcA:w={qeQ|pryy #0}.

Then define functions V- x A -V, A x W — W as follows:

vea={¢d €Q|Iqev:pa,y #0} veV,
aw={d€Q|qgew: pay, #0} weW.

Extend them to words in the usual way by setting:

v-l=wv, wv-(xa)=(v-2)-a;

l-w=w, (ax) - w=a-(x-w)
for x € A*, a € A. Then clearly for x € A*

veoe={¢ €Q|Iqev: prgy #0}  vEV;

5.1
rrw={¢d€Q|Iqcw: pry,#0} weW. (5.1)

Next, we prove
CardlvnNnw) <1 forveV, weW. (5.2)

Assume indeed that r,7" € v N w. By definition, there exists a word x such that
pxy r # 0, prg_, # 0, and similarly there exists y € A* such that uy,, # 0,
LYy g, 7 0. Then r =7’ by Proposition 4.4.

Define a partial function

v: VXA xW — B*
by

y(v,1,w) =1
and for z € A*,

0 ifoNnez-w=0orv-zNw=_0;

V(v 2, w) = { . (5.3)

pr,, ifvNz-w=pandv-zNw=q.
We claim

Y(v, 22" w) = (v, 2,2 - w)y(v- 2,2 w) 2,2 € A, (5.4)
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Clearly, (5.4) holds if z =1 or 2/ = 1. Thus we may assume z, 2z’ € A*. Next, if
vNzz-w =0 orv-zz’Nw = @, then both sides of (5.4) are empty. If p =vNz2 -w
and ¢ = v - 22’ Nw, then by definition (v, 22", w) = pzz,, # 0. Since p is
unambiguous, there is exactly one r € () such that

H2Z) = WeprilZy, - (5.5)

Thus, by (5.1) r € v-z and r € 2/ -w. Consequently r =wv-zNz"-w by (5.2), and
therefore g(v, 2, 2" - w) = pz,, and y(v - 2,2',w) = pz . Thus (5.4) follows from
(5.5).

Define v_ = {¢_}, wy = {¢+}. Then in view of (5.4),

B: <‘/,U_,WM+,’7>

is a bimachine over A and B, and by construction B is state complete. Next let
xz € AT. Then by (5.1)

@t EV_ T = Uy 4, 70 <= ¢ €z -wy < z € dom(a).
Thus (5.3) implies

Aoy wy) = pzg_ g, (x € AY).

Since

'}/(’U,, 1>w+) =1 )
it follows that o = |B|. n

We conclude this section by the following nice “decomposition theorem”.

Theorem 5.2 (Elgot and Mezei (1965)) Let a : A* — B* be a partial function
with (1) = 1. The « is rational if and only if there are a left sequential function
A AY — C* and a right sequential function p : C* — B* such that a = po \.
Moreover \ can be chosen to be total and length preserving (that is |\(x)| = |x| for

all x € A*).

Thus in order to compute «(z) for some = € A*, one first reads = sequentially
from left to right and transforms it into a word y by some left sequential transducer;
then the resulting word y is read from right to left and transformed into «(x) by
a right sequential transducer.

Proof. If a« = po A, then « is a partial function and « is rational since the
composition of two rational transductions is a rational transduction.

Conversely, consider a bimachine B = (Q,q_, P,p_,v) over A and B realizing
«. We may assume that B is state complete, that is the next state functions
Q@ xA—Qand Ax P — P are total. Set C'= @ x A, and define a left sequential
transducer

L=(AC0Q,q)
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as follows. The next state function of £ is the next state function @ x A — @ of
B, and for g € Q,a € A,

qg*a=(q,a).

Define A = |£]|. Then A is length preserving. Next define a right sequential
transducer

R=(C,B,P,p_)

(¢,a) xp=(q,a,p)

0 ify(g,a,p)=0;
(q,a) -p= .
a-p otherwise,

where a - p is the next state of p in B. Thus the next state function and the output
function of R have the same domain. Set p = |R]|.
Let x = ayas -+ - a,, (n > 1,a; € A). Then

A@) = (¢-*a1)(q- - ar % az) -+ (q- - araz -+ - ap—1 * ay)
= (q,, &1)((]17 a2) e (anb an) 5
where ¢; = q_ - ajas---a; for v =1,... n — 1. Consequently,
p(A(w)) = AMz) * p- = ((q—, a1) * pn_1)((q1, a2) * Pr_2)
e ((Qn—% an—l) * pl)((Qn—h an) *p—)

where p; = (¢n—i, n—i+1) -+ (Gn-1,a,) - p— fori =1,...,n — 1. Thus

p(A(x)) =v(q—, a1, pn-1) - Y(Gn-1, n, p-) = ().

(This computation holds also if a(z) = 0 with the usual convention that a-0 = 0.)
Thus @ = p o A\, and the theorem is proved. .

Exercises

5.1 Prove that a partial function o : A* — B is rational if and only if a = X\ o p, where
p: A* — C* is a right sequential function and A : C* — B* is left sequential.

5.2 Let a,b be letters. A partial function « : a* — b* can be viewed as a partial function
«a : N — N by identifying a word with its length. Show that a : N — N is rational if
and only if @« = a1 + -+ - + a,, where each «; is a partial function with domain r;N + s;,
(ri,si € N) given by a;(rin + s;) = rin+ s} (n € N) for some 7}, s, € N.

17 %1
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6 A Decidable Property

In this section, we continue the investigation of sequential and subsequential func-
tions started in Section 2.

Theorem 6.1 (Choffrut (1977)) Given a matriz representation M from A* into
B*, it is decidable whether | M| is subsequential, and whether |M| is sequential.

According to Proposition I11.7.4 (and Exercise 111.8.3), M can be supposed
to be trim. In view of Theorem 1.2, it is decidable whether |M| is a rational
function. Further, the results of Section 4 show that then an unambiguous repre-
sentation realizing | M| can effectively be constructed. Thus we may assume that
the representation M in Theorem 6.1 is unambiguous and normalized.

We use the notations and definitions of Section 2. We consider B* as a sub-
monoid of the free group B®), according to the discussion of Section I1.3. Let
M = (1,Q,q_,Q+) be an unambiguous normalized matrix representation from
A* into B*, and set o = |M|. Then in particular Q; = {q_,q:+} or Q;+ = {q.+},
according to 1 € dom(«) or 1 ¢ dom(«). First, we define a property on M which
will appear to express that a has bounded variation.

Definition Two states ¢i, g, € @) are twinned if and only if for all z,u € A* the
following condition holds

0#y = HZq_q 0#2 = HUqy,q

-1 1
= A =Yk 6.1
0F Y2 =g g, 07 22 = piligy g, } i Yaerle (6.1)

M has the twinning property if any two states are twinned.
A pair z,u € A* which satisfies the hypotheses of (6.1) is called admissible for
¢1,q2- The conclusion of (6.1) can be formulated as follows without use of inverses.

Proposition 6.2 Let y,ys, 21,20 € B*. Then

Y12y = Yozays (6.2)

iof and only if one of the following conditions is verified:
(1) 21 — R9 — 1 5
(ii) 21 # 1 # 2 and there exists t € B* such that either
(ii.1) yo = 1t and tzeg = zit; or
(ii.2) y1 = yot and tz; = 2ot .

Proof Assume (i) holds. Then (6.2) is obvious. Next, suppose for instance (ii.1).
Then yozoy; ' = yitzot 7y = yrzatt "yt = yrzay;

Conversely, suppose that (6.2) holds. Then z; = 1 if and only if z = 1.
Thus assume z; # 1,25 # 1, and let y be the longest common prefix of y; and
y2. Set y1 = ys1, Yo = ySz. Then (6.2) becomes 512151_1 = 522252_1. If s7 =1,
then (ii.1) holds with ¢ = so; if so = 1, then (ii.2) holds with ¢t = s;. If both
s1,82 # 1, then they differ by their initial letter by definition of y. Thus the
equation slzlsfl = 592254 Uimplies 21 = 25 = 1, contrary to the assumption. "
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Example 6.1 Consider the following unambiguous normalized transducer (Fig-
ure IV.17). The function « : a* — {b, c,d}* realized by this transducer is given

a(l) =1; afa®) =d(ch)", n>1; a(a®) =d(cb)"™, n>0.

In order to verify that the matrix representation M associated to the transducer

a/dcb

a/de
Figure IV.17

has the twinning property, it suffices to show that the states 2 and 3 are twinned.
For this, let z = a*"*!,u = a®™ be an admissible pair for 2,3. Then y; = pux; o =
d(cb)”, z1 = pugy = (cb)™, and yo = px13 = de(be) = d(cb)"c = yit with
t =c, and z = puzz = (bc)™, whence tzy = zt. Thus y1219; " = y222y; " by
Proposition 6.2, and 2, 3 are twinned.

We note the following corollary.

Corollary 6.3 Let y1,y2, 21,2 € B*. If y128y; ' = yozbys ! for some k > 0, then

Y121y = yazays

Proof. We may assume zi, zo # 1 and for instance |ys| > |y;|. Then there exists,
in view of Proposition 6.2, a word ¢ € B* such that y» = yit and t25 = 2.
We prove that this implies tzo = 2t by induction on |t|, the case |t| = 0 being
immediate. If [t| < |z, then z; = ts for some word s, hence tz5 = (ts)*t = t(st)".
Therefore z, = st and tzo = tst = zt. If |t| > |z]|, then ¢ = zt’ for some ¢
Next tz5 = z1t'25 = 282 t', thus t/25 = 28t and t'25 = zt' by induction. Thus
tZQ = th. n

We note also that if yy21y; " = 922095 *, then for all 71,7y

ly12171, yozoral| < [|ya7r1, yoral| (6.3)

Indeed, (6.3) is obvious if z; = 25 = 1. Otherwise, we may assume by Propo-
sition 6.2 that for instance y, = wy1t, and tzg = zt for some word t. Then
Yazo = y121t, and consequently |yi2171 A yazora| > |y121]. This proves (6.3).

Proposition 6.4 The following two conditions are equivalent:

(i) M has the twinning property;
(ii) « has bounded variation.
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Proof. Assume that M has the twinning property. Let n be the number of states
of Q). Consider an integer k£ > 0, and define

K = max{|la(x)), a(xs)] : 71,72 € dom(a), |1, 22|| < k, |21 Axo| < 0}

Note that ||z1, zs|| < k and |xy A 29| < n? imply |z1| + |22 < k + 2n2 Thus K is
finite. We prove that ||z1, 25| < k and z1, 29 € dom(«) imply: ||a(z1), a(xs)| < K.
This holds by definition if |z; A 5] < n?. Arguing by induction on |x; A x|, we
assume |z; A o3| > n?. Then there exist words s, vy, vo with s = 1 A 29, T; = sv;,
i = 1,2, |s| > n® Consider the successful paths in M with input labels z; and
T9. Since |s| > n?, there exists a factorization s = wuwv, |u| > 0, and two states
¢1, @2 such that a(x;) = yzri, where y; = pwg_ g, 2% = [Ug g0 Ti = (VV3)giq4
(i=1,2).
Since ¢; and ¢y are twinned, we have by (6.3)

lae(z1), @) [| < flyar, yarall = lla(zy), alas)]

where 2] = wvvy, zh, = wvvy € dom(a). Further zf A x}, = wv is strictly shorter
than s. Consequently ||a(z1), a(z2)|| < K and « has bounded variation.

Conversely, let g1, g2 be two states in M, and consider a pair z, u of words which
is admissible for ¢, g, that is satisfying the hypotheses of (6.1). Since M is trim,
there are words vy, vy € A* such that r; = (uv;)g,4, 7 0 for i = 1,2. Consequently
zu™v; € dom(a) for m > 0,i = 1,2. Next ||zu"vy, xu™vs|| = ||v1, v2|, and since «
has bounded variation, there exists an integer /K such that

ly127'r1, y2z9're|| < K m>0.

Consequently, there exist words sy, so, with |s1]| + |s2| < K such that s; is a suffix
of y;z"r; (i = 1,2) for an infinity of exponents m. In particular, there are integers
p >0, k> 0 such that

D -1 _ D -1,
Y12 TS = Yazhrasy (6.4)

k+p -1 _ k+p -1
y12] Tris] T = Yoze TSy . (6.5)

(6.5) can be written as:

ViYL A TIST = yazyy geshrasy
In view of (6.4), this implies:

DAY = Y22y

and by Corollary 6.3, y1219; " = %222y5*. Thus ¢; and ¢ are twinned. This
completes the proof.

The following proposition provides the main argument for the proof of Theo-
rem 6.1.

Proposition 6.5 Let n = Card(Q). Then M has the twinning property if and
only if for all g1, q2 € Q, (6.1) holds for all pairs x,u € A* with |ru| < 2n?.



122 Chapter 1V. Rational Functions

Proof. We argue by induction on |zu|, that is we assume that (6.1) holds for all
G, %2 € Q, and for all pairs 2/, u’ of words admissible for ¢, go such that |z'v/| <
|zu|. Consider ¢, ¢ € @, and consider a pair z, u of words such that the hypotheses
of (6.1) hold. Clearly we may assume |zu| > 2n? and |u| > 0. Thus either |z| > n?
or |u| > n? If |z| > n®+ 1, then there exist a factorization z = z vz,, with v # 1,
and P1, P2 € Q, T, Sl,tl,TQ,SQ,tQ € B* such that Y1 = Tlsltl, Yo = TQSQtQ and

r = M(xl)Q—,pl ;81 = [Wpypy s T = :U(xQ)pl,m )

o = H(Il)qﬂm ; 82 = [Wpypy s 2= N(@)pa,qg .

Thus z1, v is an admissible pair for p;, p» and 25, u is an admissible pair for ¢, gs.
Consequently by induction

rlslrfl = 7"2527“2’1 and Tltlzltflrfl = rgtgzgtglrgl
Hence

iyt = (risiry ) (rtvaty D (s e

-1_-1,.-1 -1
= TroSqlozaty Sy T9 = Y222y, .

Next assume |u| > n?+1. Then similarly there exist a factorization v = ujvus with
v # 1, and py,ps € Q, 11, 51,t1,72,So,to € B* such that z; = ris1ty, 20 = rosstsy
and

T = :U’(ul)th,m y S1 = HUpyp1s = M(UQ)PMH )
o = N(ul)m,pz ;52 = [WUpypy s lo = ,U(u2)p2,qQ .

If ug = 1, then p; = q1, p2 = q2, t1 =t = 1. Thus (x,u1) and (z,v) are admissible
pairs for ¢, ¢2, and by induction

yiriyr = yorays ' and  yisiyy = yasays
Then
iz = yirsiyr = (yiryr D) (isiyr )
= (yorays ') (Y252y5 ") = yo2ays .

Finally, if us # 1, then z,ujus is an admissible pair for ¢;,¢, and xuq,v is an
admissible pair for pq, po. By induction

yiritiyy = yaratays t and  yyrisiry YT = yaresary yy
It follows that

yizyr = yirsitiyy = (yrsiry tyy D (waritiyy Y
= (yorasory Ys ) (yaratays ') = yarasatoys | = yozoys . m

Proposition 6.6 If M has n states and has the twinning property, then o pre-
serves prefizes if and only if (1) =1 and for any x € A* with |z| < n?, and for
any a € A, a(xa) # 0 implies a(za) € a(x)B*.
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Proof. The conditions are obviously necessary. Conversely, let x € A*, a € A such
that za € dom(a). Arguing by induction, we may assume |z| > n?. There exists
a factorization x = xjvxy with v # 1, and q1, ¢ € Q, y1, 21,71, Yo, 22,72 € B* such
that

a(r) =y, a(ra) = yazors,
h = :u(xl)qﬂth y Rl = HUqy,qp 5 T1 = :U’(xQ)QMH )

Y2 = :u(xl)qﬂtm y A2 = HUggq0 5 T2 = :U’(x2a)q2,tZ+ )

It follows that a(xixe) = w171, a(ximea) = yory. Since M has the twinning
property, and since x1, v is an admissible pair for ¢q, go,

Y2y = YaZals (6.6)
Next, since |r1z5| < |z|, there is a word w € B* such that

YaTo = a(T1220) = a(T122)U = Y1710 . (6.7)
Combining (6.6) and (6.7), we obtain

a(ra) = yszory = y222y;1ygrg = ylzlyflylrlu =y zriu = a(z)u. .

Proof of Theorem 6.1. Since « is realized by M, « is rational. Consequently
a~!: A* — B* is a rational transduction and by Corollary I11.4.2, o' preserves
rational languages. Thus in view of Theorem 2.7, « is subsequential if and only
if o has bounded variation, and by Proposition 6 this holds if and only if M has
the twinning property which is decidable by Proposition 6.5. Thus it is decidable
whether « is subsequential. Further, « is sequential if and only if M has the
twinning property and a preserves prefixes. By Proposition 6.6, this is decidable.
Thus the proof is complete. .
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matrix representation, 72
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semimonomial, 109
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nondeterministic automaton, 8
norm of a language, 7
normalized matrix representation,

84
output label, 69

path

Index

successful, 69
prefix, 2
prefix code, 3
production, 15
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— transduction, 57, 59
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— transduction, 63
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right sequential

— function, 89

— transduction, 89

— transducer, 89
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semilinear subset, 47
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— transducer, 87
— transduction, 88
shuffle, 65
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subsequential function, 91
subsequential transducer, 91
subset
algebraic, 63
rational, 47
recognizable, 43
semilinear, 47
unambiguous rational, 114
substitution, 5
context-free, 23
regular, 8
subword, 3
successful path, 69
suffix, 2
suffix code, 3
syntactic
— congruence, 7
— monoid, 7

transducer
right sequential, 89
sequential, 87
subsequential, 91
unambiguous, 105
transduction, 56
algebraic, 62
continuous, 78
faithful, 78
inverse, 57
recognizable, 63
reversal, 57
right sequential, 89
sequential, 88
transitions, authorized, forbidden,
10
trim matrix representation, 77
twinned states, 119
twinning property, 119

unambiguous
— morphism, 108
— rational subset, 114
— transducer, 105

variable, 15

word, 2



