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Abstract

We extend the well known notions of ambiguity and of degrees of ambiguity of
finitary context free languages to the case of omega context free languages (w-CFL)
accepted by Biichi or Muller pushdown automata. We show that these notions
may be defined independently of the Biichi or Muller acceptance condition which
is considered. We investigate first properties of the subclasses of omega context
free languages we get in that way, giving many examples and studying topological
properties of w-CFL of a given degree of ambiguity.
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1 Introduction

The notion of ambiguity is well known in the theory of finitary context free
languages. A context free grammar G is said to be non ambiguous if every word
x generated by G is generated via a unique leftmost derivation. A context free
language (CFL) L is said to be non ambiguous if it is the language L = L(G)
generated by a non ambiguous context free grammar G; otherwise the CFL
L is said to be inherently ambiguous. It was proved by Ginsburg and Ullian
that one cannot decide whether an arbitrary CFL is inherently ambiguous
[GUG66]. Every deterministic CFL is non ambiguous [ABB96] but there exist
some non deterministic non ambiguous context free languages [Her97]. Mau-
rer gave a proof of the inherent ambiguity of a simple CFL [Mau69]. Some
other examples of CFL are shown to be inherently ambiguous by Flajolet us-
ing the theory of analytic functions [Fla85] [Fla86]. The notion of inherent
ambiguity has been refined by considering degrees of ambiguity, and this led
to CFL which are inherently ambiguous of degree k, for £ an integer > 2, or
of infinite degree. Examples of CFL which are inherently ambiguous of any
degree have been given by Maurer in [Mau68]. Crestin proved that the square
of the non ambiguous CFL of palindromes is inherently ambiguous of infi-
nite degree [Cre72|. Further examples of CFL which are inherently ambiguous
of infinite degree have been recently given by Naji and Wich [Naj98] [Wic99|
[Wic00]. Remark that the notion of ambiguity may be studied in an equivalent
way from pushdown automata accepting a given CFL, as stated in [Her97],
because one can construct, from a context free grammar G generating L, a
pushdown automaton M accepting L, and conversely, in such a way that there
is a one to one correspondence between leftmost derivations of a word = by G
and accepting runs of M on z.

This paper is a first investigation of the extension of the notion of ambiguity
to context free languages of infinite words.

w-languages accepted by finite automata were first studied by Biichi in the
sixties in order to prove the decidability of the monadic second order theory



of one successor over the integers [Biic60a]. Since then the so called w-regular
languages have been intensively studied. See [Tho90] and [PPO01] for many
results and references.

As Pushdown automata are a natural extension of finite automata, Cohen
and Gold [CG77] [CG78] and Linna [Lin76] studied the w-languages accepted
by omega pushdown automata, considering various acceptance conditions for
omega words. It turned out that the omega languages accepted by omega push-
down automata were also those generated by context free grammars where in-
finite derivations are considered, also studied by Nivat and Boasson in [Niv77]
[Niv78] [BN80]. These languages were then called the omega context free lan-
guages (w-CFL). Topological properties of these w-languages have been re-
cently studied in [DFRO1] [FinOla] [FinO1b] [Fin00a] [Dup99] [Fin99], in par-
ticular in connection with the Borel hierarchy and the Wadge hierarchy which
is a great refinement of the Borel hierarchy. See also Staiger’s paper [Sta97a]
for a survey of general theory of w-languages, including more powerful ac-
cepting devices, like Turing machines.

In this paper we extend the notion of ambiguity and of degrees of ambiguity to
omega context free languages, considered as w-languages accepted by Biichi or
Muller pushdown automata, and investigate the subclasses of the class C'FL,,
of omega context free languages we obtain in that way. More precisely:

In section 2 we first review some definitions and results about w-regular and
w-context free languages.

In section 3, we recall some facts about ambiguity in context free finitary lan-
guages and we show that non ambiguous Biichi or Muller pushdown automata
define the same class of w-languages which we call the class of non ambiguous
w-context free languages. We then study first closure properties of the class
NA — CFL, of non ambiguous w-context free languages, showing it is closed
under finite disjoint union and intersection with w-regular languages. We es-
tablish some links between the finitary and the infinitary cases which lead to
some first examples of inherently ambiguous w-CFL.

In section 4 we review some definitions and properties of the Borel and pro-
jective hierarchies which will be useful in the sequel.

In section 5 we extend to w-context free languages the usual notion of degree
of ambiguity of a finitary context free language. We show that it may be
defined independently of the Biichi or Muller acceptance condition which is
considered. Then we study first closure properties of the subclasses of C'FL,,
we have obtained. We state some correspondences between the finitary and
the infinitary cases which provide some first examples of w-CFL which are
inherently ambiguous of every finite degree or even of infinite degree.



In section 6 we study topological properties of w-CFL in connection with their
degrees of ambiguity. Using Duparc’s results on the Wadge hierarchy of Borel
sets [Dup01], we prove that, for every integer n > 1, there exist some w-CFL
which are non ambiguous or inherently ambiguous of each finite degree or even
of infinite degree and which are X0 (respectively I12)-complete Borel sets.

2 w-regular and w-context free languages

We assume the reader to be familiar with the theory of formal languages and
of w-regular languages, see for example [HU69] [Tho90]. We first recall some of
the definitions and results concerning w-regular and w-context free languages
and omega pushdown automata as presented in [Tho90] [CG77] [CGTS|.
When ¥ is a finite alphabet, a finite nonempty string (word) over X is any
sequence T = x1...x, , where z; € ¥ fort=1,...,k and k is an integer > 1.
The length of z is k, denoted by |z|. 2% = x, ...z is the mirror image of the
word z.

If |z| = 0, x is the empty word (containing zero letters) denoted by .

We write x(i) = z; and z[i] = x(1)...2(:) for i <k and z[0] = .

¥* is the set of finite words over X.

The first infinite ordinal is w.

An w-word over ¥ is an w -sequence a; ...da, ..., where a; € X,Vi > 1.

When o is an w-word over ¥, we write 0 = o(1)o(2)...0(n)...

and o[n] = o(1)o(2)...0(n) the finite word of length n, prefix of o.

The set of w-words over the alphabet ¥ is denoted by »¢.

An w-language over an alphabet ¥ is a subset of ¥“.

The usual concatenation product of two finite words v and v is denoted u.v
(and sometimes just uv). This product is extended to the product of a finite
word u and an w-word v: the infinite word w.v is then the w-word such that:
(uv)(k) = u(k) if £ < |u| , and
(uwv)(k) =v(k — |u]) if & > |ul.

For VX V¥={o=uy...up... € ¥ | u; € V,Vi > 1} is the w-power of
V.

For V' C ¥*, the complement of V' (in ¥*) is ¥* — V' denoted V.

For a subset A C ¥¢, the complement of A is ¥ — A denoted A~.

The prefix relation is denoted C: the finite word u is a prefix of the finite
word v (denoted u C v) if and only if there exists a (finite) word w such that
v = u.w.

This definition is extended to finite words which are prefixes of w-words:

the finite word w is a prefix of the w-word v (denoted u C v) iff there exists
an w-word w such that v = v.w.



For uw € ¥* or u € ¥, the set of (finite) left factors (or prefixes) of u is
LF(u)={veX|vCu}

This definition is extended to a finitary language L C »* or to an w-
language L C »*:

LF(L)= |J LF(u) = {ve Y| 3u € L such that v C u}

uelL

We can now define finite state machines and Biichi and Muller automata:

Definition 2.1 : A finite state machine (FSM) is a quadruple M = (K, 3,0, qo),
where K is a finite set of states, X is a finite input alphabet, qo € K 1is the
initial state and § is a mapping from K x ¥ into 25. A FSM is called deter-
ministic (DFESM) iff : § : K x ¥ — K.

A Biichi automaton (BA) is a 5-tuple M = (K,%,9,qo, F) where M' =
(K,%,0,q0) is a finite state machine and F C K is the set of final states.

A Muller automaton (MA) is a 5-tuple M = (K,%,6,q, F') where M' =
(K,%,6,q) is a FSM and F C 2K is the collection of designated state sets.
A Biichi or Muller automaton is said deterministic if the associated FSM is
deterministic.

Let 0 = ajas...qa, ... be an w-word over X.

A sequence of states r = qiqa...qn .. is called an (infinite) run of M =
(K,X,0,q0) on o, starting in state p, iff: 1) ¢¢ = p and 2) for each i > 1,
Qi+1 € 6(qs, ;).

In case a run r of M on o starts in state qo, we call it simply "a run of M on
o ”

For every (infinite) run r = q1qa ... qn ... of M, In(r) is the set of states in
K entered by M infinitely many times during run r:

In(r)={qe K |{i >1/q = q} is infinite }.

For M = (K,%,0,q0, F) a BA, the w-language accepted by M is L(M) =
{o € X¥| there exists a run r of M on o such that In(r) N F # 0}.

For M = (K,%,6,q0, F) a MA, the w-language accepted by M is L(M) =
{o € X¥| there exists a run r of M on o such that In(r) € F'}.

The classical result of Mc Naughton [MaN66] established that the expressive
power of deterministic MA (DMA) is equal to the expressive power of non
deterministic MA (NDMA) which is also equal to the expressive power of non
deterministic BA (NDBA).
There is also a characterization of the languages accepted by MA by means
of the "w-Kleene closure”:

Definition 2.2 For any family L of finitary languages the w-Kleene closure
of L, is :
w— KC(L)={J U, V¥ |U;,V; € L,Vi € [1,n]}



Theorem 2.3 For any w-language L, the following conditions are equiva-
lent:

(1) L belongs to w— KC(REG) , where REG is the class of (finitary) reqular
languages.

(2) There exists a DMA that accepts L.

(3) There exists a MA that accepts L.

(4) There exists a BA that accepts L.

An w-language L satisfying one of the conditions of the above Theorem is
called an w-regular language. The class of w-reqular languages will be denoted

by REG,,.

We now define the pushdown machines and the classes of w-context free lan-
guages.

Definition 2.4 A pushdown machine (PDM) is a 6-tuple M = (K, %, T, 6, qo, Zo),
where K is a finite set of states, 33 is a finite input alphabet, I is a finite push-
down alphabet, qy € K 1is the initial state, Zy € I is the start symbol, and 9 is
a mapping from K x (X U{A}) x I to finite subsets of K x I'* .

If v € T describes the pushdown store content, the leftmost symbol will be
assumed to be on 7 top” of the store. A configuration of a PDM is a pair (q,~)
where ¢ € K and v € T'™.

Forae XU{N}, v,6€T* and Z €T, if (p,) is in d(q,a,Z), then we write
a:(q,27v) —wm (p,57).

%y 1S the transitive and reflexive closure of v . (The subscript M will be
omitted whenever the meaning remains clear).

Let 0 = ayas . .. a, be a finite word over . A finite sequence of configurations
r = (qi, Vi)1<i<p 15 called a run of M on o, starting in configuration (p,), iff:

(1) (Qh’)/l) = (p7 rY)
(2) for each i, 1 < i < (p— 1), there exists b; € X U {\} satisfying b; :

(Qia ’)/7,) I \Vi (Qi-‘,-la 71’—&-1) such that aias...Aa, = blbg Ce bp—l

Let 0 = ajas . ..a, ... be an w-word over X. An infinite sequence of configura-
tions = (qi, vi)i>1 is called a run of M on o, starting in configuration (p,7),

iff:

(1) (q1,m) = (p,7)

(2) for each i > 1, there exists b; € 3 U {A} satisfying b; : (qi, Vi) —wm
(Git1,Vit1) such that either ajag...an...=0bby...by ...
or biby...b, ... is a finite prefix of aias...a,...

The run r is said to be complete when ajas...a,...=biby...b, ...

As for FSM, for every such run, In(r) is the set of all states entered infinitely



often during run r.
A complete run r of M on o, starting in configuration (qo, Zy), will be simply
called 7 a run of M on o 7.

Recall first the notion of PDA:

Definition 2.5 A pushdown automaton (PDA) is a 7-tuple M = (K, 3, T, 4, qo0, Zo, F)
where M' = (K, %, 1,6, qo, Zo) is a PDM and F C K 1is the set of final states.

The (finitary) language accepted by M is L(M) = {o € ¥* | there exists a run r =
(gisVi)1<i<p of M on o such that q, € F'}.

Definition 2.6 A finitary language is context free iff it is accepted by a PDA
(by final states). The class of context free languages will be denoted C'F'L.

Remark 2.7 Other accepting conditions by PDA have been shown to be equiv-
alent to the acceptation condition by final states. Let us cite, [ABB96]:

(a) Acceptation by empty storage.

(b) Acceptation by final states and empty storage.

(c) Acceptation by topmost stack letter.

(d) Acceptation by final states and topmost stack letter.

Return now to the acceptation of infinite words by pushdown automata:

Definition 2.8 A Biichi pushdown automaton (BPDA) is a 7-tuple M =
(K,%,T,9,q0, Zo, F') where M' = (K, %,T,9,qo, Zo) is a PDM and F C K is
the set of final states. The w-language accepted by M is L(M) = {o € 3¢ |
there exists a complete run v of M on o such that In(r) N F # 0}.

Definition 2.9 A Muller pushdown automaton (MPDA) is a 7-tuple M =
(K,%,T1,08,q0, Zo, F) where M' = (K, %,T,0,q0, Zo) is a PDM and F C 2K
1s the collection of designated state sets. The w-language accepted by M 1is
L(M) ={o€X¥| there exists a complete run r of M on o such that In(r) €

Remark 2.10 We consider here two acceptance conditions for w-words, the
Biichi and the Muller acceptance conditions, respectively denoted 2-acceptance
and 3-acceptance in [Lan69] and in [CG78] and (inf,M) and (inf,=) in
[Sta97a).

Cohen and Gold, and independently Linna, established a characterization The-
orem for w-CFL:

Theorem 2.11 Let CFL be the class of context free (finitary) languages.
Then for any w-language L the following three conditions are equivalent:

(1) L €w— KC(CFL).



(2) There exists a BPDA that accepts L.
(3) There exists a MPDA that accepts L.

In [CGT77] are also studied the w-languages generated by w-context free gram-
mars and it is shown that each of the conditions 1), 2), and 3) of the above
Theorem is also equivalent to: 4) L is generated by a context free grammar G
by leftmost derivations. These grammars are also studied in [Niv77] [Niv78].
So we set the following definition:

Definition 2.12 An w-language is an w-context free language (w-CFL) iff
it satisfies one of the conditions of the above Theorem.

Unlike the case of finite automata, deterministic M PDA do not define the
same class of w-languages as non deterministic M PDA. Let us now define
deterministic pushdown machines.

Definition 2.13 A PDM M = (K,%,T',6,qo, Zo) is said to be determin-
istic (DPDM ) iff for each q € K, Z € T, and a € X:

(1) 0(q,a,Z) contains at most one element,
(2) 9(q, N\, Z) contains at most one element, and
(3) if 0(q, A\, Z) is non empty, then 6(q,a, Z) is empty for all a € .

It turned out that the class of w-languages accepted by deterministic BPDA
is strictly included into the class of w-languages accepted by deterministic
MPDA. Let us denote DC'F'L,, this latest class, the class of omega determin-
istic context free languages (w-DCFL), and DCFL the class of deterministic
context free (finitary) languages. Then recall the following:

Proposition 2.14 (1) DCFL, is closed under complementation, but not
under union, neither under intersection.

(2) DOFL, Cw— KC(DCFL) C CFL,
(these inclusions are strict).

Remark 2.15 If M is a deterministic pushdown machine, then for every
o € X%, there exists at most one run r of M on o determined by the starting
configuration.

3 Ambiguity

Remark 3.1 From now on we shall have to count the number of accepting
runs of a PDA (respectively, of a BPDA, a MPDA) M on a finite word o =

ajas . .. a, (respectively, on a infinite word o = ajas...ay,...) over X.



It is then natural to distinguish two computations of M on o for which M
enters in the same sequence (respectively, infinite sequence) of configurations
but for which \-transitions of M do not occur at the same steps of the runs.

So we shall slightly modify the definition 2.4 of a run of a PDM M as follows.

A run of M on o, starting in configuration (p,7) will be a finite sequence
T = (i, Vi, € )1<i<p Where (¢, Vi)1<i<p 5 a finite sequence of configurations of
M and for alli, 1 <i<p, e €{0,1} and:

(1) (q1.7m) = (p.7)

(2) for each i, 1 <i < (p—1), there exists b; € ¥ U {\} satisfying
b; : (Qi;%') —M (Qz+1,%+1);
and such that ajas . ..a, = biby ... b,_;.

(5) &p=0

Leto = ayas...a, ... be an w-word over . A run of M on o, starting in con-
figuration (p,~) will be an infinite sequence r = (q;, i, €i)i>1 where (gi, Vi)i>1
is an infinite sequence of configurations of M and, for all i > 1, ¢; € {0,1}
and:

(1) (q1,m) = (p,7)

(2) for each i > 1, there exists b; € XU {\} satisfying
bi : (@i, %) = (Qig1, Vi)
and such that either ajay...a, ... =0bby...b, ...
or biby...b, ... 1is a finite prefix of aias...a,...

In(r) is still the set of all states entered infinitely often during run r. A com-
plete run is defined as above. A complete run r of M on o, starting in config-
uration (qo, Zo), will be simply called ” a run of M on o ”.

We are going now to recall some known facts about ambiguity.

The notion of ambiguity was first defined for context free grammars generating
finite words. A context free grammar G is said to be non ambiguous iff for
every word x in the language L(G) generated by G, there exists a unique
leftmost derivation of z in G, [GUG6|.

One may also consider pushdown automata as accepting devices by final states.
But for every context free grammar G one can construct a PDA M such that
L(M) = L(G) and vice versa, [ABB96].

Since for every word z € L(M) = L(G) there is a one to one correspondence
between leftmost derivations of x in G and accepting runs of M on z, the
notion of ambiguity defined from PDA in the following way is equivalent to



the preceding one. Then from now on we shall refer to pushdown automata as
accepting devices and forget the generation by grammars.

Definition 3.2 Let M = (K, %, 1,6, qo, Zo, F') be a pushdown automaton where
F C K is the set of final states. The PDA M 1is said to be non ambiguous iff
for every word o in L(M) there exists a unique accepting run of M on o.

Definition 3.3 A context free (finitary) language L is said to be non ambigu-
ous iff it is accepted by a non ambiguous PDA. In the other case L is said to
be inherently ambiguous. In that case each PDA which accepts L is ambigu-
ous. The class of non ambiguous context free languages is denoted NA—CF'L.
The class of inherently ambiguous context free languages is denoted A — CF'L.

Remark 3.4 One can easily construct from a PDA M = (K, %, T, 6, qo, Zo, F)
accepting by final states an equivalent pushdown automaton accepting by final
states and topmost stack letters, i.e. M' = (K', 3,1V, ¢, Z}, (F', Z')) where
(K", 2,18, q, Z,) is a PDM and F' C K is the set of final states and Z' C T,
A word x € ¥* is accepted by M’ iff there exists a run r = (g;, Vi, €i)1<i<p Of
M’ on x such that q, € F" and v, = z.y for z € Z' and v € I'*.

And conversely, from a PDA M’ accepting by final states and topmost stack
letters, one can easily construct an equivalent pushdown automaton accepting
(only) by final states.

Since there is a one to one correspondence between accepting runs of M on
x and accepting runs of M' on x, the definition of non ambiguous CFL via

pushdown automata accepting by final states and topmost stack letters leads
to the same classes NA — CFL and A — CFL.

We now define the notion of non ambiguous BPDA or M PDA:

Definition 3.5 Let M = (K, %, 1,6, qo, Zo, F') be a Biichi pushdown automa-
ton where ' C K 1is the set of final states. The BPDA M is said to be non
ambiguous iff for every word o in L(M) there exists a unique accepting run
of M on o, i.e. a unique complete run r of M on o such that In(r) N F # ().

Definition 3.6 Let M = (K, %, T, 4, qo, Zo, F) be a Muller pushdown automa-
ton where F' C 25 is the collection of designated state sets. The MPDA M s
said to be non ambiguous iff for every word o in L(M) there ezists a unique

accepting run of M on o, i.e. a unique complete run r of M on o such that
In(r) € F.

We shall prove that the class of non ambiguous BPDA and the class of non
ambiguous M PDA define the same w-languages:

Theorem 3.7 Let L be an omega context free language. Then L is accepted

by a non ambiguous BPDA if and only if it is accepted by a non ambiguous
MPDA.

10



Proof. Let M = (K, %, T, 4, qo, Zo, I) be a Biichi pushdown automaton (BPDA)
where M’ = (K, 3, T, 4, qo, Zp) is a PDM and F' C K is the set of final states.
Then the w-language accepted by M is L(M) = {0 € ¥¥ / there exists a
complete run r of M on o such that In(r) N F # (}. This w-language is
also accepted by the Muller pushdown automaton M; = (K, 3, T, 0, qo, Zo, F1)
where Fy C 2% is the set of subsets of K which contain at least one state in
F:
FF={PCK|PNnF#0}

Then the machines M and M; differ only by their accepting conditions and it
is easy to see that they accept the same language: L(M) = L(M;). Moreover,
for each word o € X%, there is a one to one correspondence between accepting

runs of M on ¢ and accepting runs of M; on ¢. Thus if M is non ambiguous
the MPDA M is also non ambiguous.

Conversely assume that M, = (K,%,T,6,q, Zo, F') is a Muller pushdown
automaton where F' = {F},..., F,} is the collection of designated state sets.
The w-language accepted by My is L(My) = {o € ¥¢ / there exists a complete
run r of M on o such that In(r) € F'}. We shall construct a Biichi pushdown
automaton which accepts the same language and remain unambiguous if M,
is unambiguous.

Describe first informally the behaviour of the new BPDA M3 we are going to
construct.

The BPDA Mj begins to work like My but at some appropriate instant, the
machine M3 will guess that it is for the last time in a state which is not in Fj,
for 1 <7 < mn. Then the run will be accepting iff M3 enters infinitely often in
each state of Fj.

More formally we define

M3 = (K,, E, F, 5/, q67 ZO, F/)

where

K'=KU{¢}U Lnj{z‘} X Fy x (2 = {0})

=1

F'={(i,q,F;) | q€ F,and 1 <i <n}

and the transition relation is defined by the following transition rules:

(a) (g0, Zo) € 0'(qp, A, Zo).
(b) ((7,90,{q0}), Zo) € ' (g}, A, Zy) iff qo € F}, for 1 <i < n.

And fora e XU{A}, vy eT*, Z €T and (p,7) € 6(¢,a,Z):

11



(c) If(q ¢ 1; and p € F; then (p,7) € 0'(¢,a,2) and ((i,p,{p}),7) €
0'(q,a, 7).

(d) If P = F; and p € F;, then ((i,p, {p}),7) € 0'((i,q, P),a, Z).

(¢) 1t P+ F, and p € F, ((i,p. PU (p}),) € (i, )., 2).

The equality L(M;) = L(Ms) holds by construction. Moreover, for each word
o € X¥, there is a one to one correspondence between accepting runs of M,
on ¢ and accepting runs of M3 on ¢. Thus if M, is non ambiguous the BPDA
M3 is also non ambiguous. 0

Then one can set the following:

Definition 3.8 An omega context free language L is said to be non ambigu-
ous iff it is accepted by a non ambiguous MPDA (or equivalently by a non
ambiguous BPDA). In the other case L is said to be inherently ambiguous. In
that case each MPDA or BPDA which accepts L is ambiguous. The class of
non ambiguous omega context free languages is denoted NA—CF L. The class
of inherently ambiguous omega context free languages is denoted A — C'FL,,.

Remark 3.9 The above construction is similar to Arnold’s construction of a
non ambiguous BA accepting the same w-reqular language as a given deter-
ministic MA (which is non ambiguous). Each w-reqular language is accepted
by a deterministic MA thus each w-reqular language s accepted by a non
ambiguous BA, [Arn83b]. But in the case of pushdown automata, there exist
some omega context free languages which are not accepted by any determinis-
tic pushdown automaton and even by any non ambiguous MPDA. But starting
with a non ambiguous MPDA M, one can construct a non ambiguous BPDA
M3 which accepts the same language. We shall see later that the same con-
struction is also useful in the study of degrees of ambiguity for w-CFL.

Example 3.10 Fvery w-CFL which is accepted by a deterministic MPDA is
of course a non ambiguous w-CFL. For example each w-regular language is a
non ambiguous w-CFL, as well as the following w-language over the alphabet
{a,b,c}:

L=A{a"b"|n>1}.c{a,b,c}*

The class of non ambiguous CFL is closed under intersection with regular
languages. This result may be extended to the case of w-languages:

Theorem 3.11 The class of non ambiguous w-CFL is closed under intersec-
tion with w-reqular languages.

Proof. Let L = L(M) be a non ambiguous w-CFL accepted by a non am-

biguous MPDA M = (K, %, T, 0, qo, Zo, F) and L' = L(M’) be an w-regular
language accepted by a deterministic MA M' = (K', X, ¢, ¢}, ).
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The w-language LN L'is accepted by a MPDA which is the classical product
of the two machines M and M’ with appropriate acceptance conditions. More
formally let M” be the MPDA M" = (K", %.T",46", (0, ), Zo, F"), where

K'=K x K'

and the transition relation ¢” is defined by the following transition rules:

(1) ((¢,9),v) € 8"((p,p), a,7) iff (¢,v) € 6(p,a,7) and &'(p',a) = ¢/,
foreacha e Y andyeT'and v € '™ and p,q € K and p/,¢ € K.
(2) ((¢.p),v) € 8"((p,p'), A, ) iff (q,v) € 6(p, A7),
for each y €' and v € I'* and p,q € K and p' € K.

And the collection of designated state sets F” is defined by: a subset S of
K" is in F" if and only if its projection projx(S) onto K is in F and its
projection projg:(S) onto K’ is in F".

It is clear that the MPDA accepts L N L' and that for each w-word o € ¢
accepted by M”, there exists a unique accepting run of M” on o because M
is non ambiguous and M’ is deterministic. 0

In the case of context free languages one can derive first properties of non
ambiguous (respectively inherently ambiguous) w-CFL from the finitary case.
Let us state firstly the following result.

Proposition 3.12 Let V' C X* be a finitary context free language over the
alphabet ¥ and d be a new letter not in X, then the following equivalences
hold:

(a) V.d“ isin NA—CFL, iff V isin NA— CFL.
(b) V.d.(2U{d})* isin NA—CFL, iff Visin NA— CFL.

Proof. (a) Assume first that V' is a non ambiguous context free finitary lan-
guage. Then there exists a non ambiguous PDA M = (K,3,T,0,q, Zo, F)
where M’ = (K, %, T',0,q, Zy) is a PDM and F' C K is the set of final states
such that L(M) = V. We shall define a non ambiguous BPDA which accepts
the w-language V.d“. Let M” be the PDM M’ to which we add another state
¢y and whose transition relation ¢” is just 0 to which we add the following
transition rules:

Forqe Fand Z €T, (q,Z) isin §"(q,d, Z) and (qs, Z) is in 0"(qy, d, Z).

Now consider the BPDA N = (K U {q;}, XU {d},T',¢", q0, Zo,{qs}).- The set
of final states of N is just {¢s}. Then it is easy to see that L(N) = V.d¥
and that N is non ambiguous because M was non ambiguous. Thus the w-
language V.d“ is a non ambiguous w-CFL.
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Conversely assume that V.d* is a non ambiguous w-CFL. By Theorem 2.11
there exist some context free finitary languages U; and V;, for 1 < i < n, such
that

de: U UZ‘/;U

1<i<n

Recall now the way Linna proved that the class of w-CFL is equal to the omega
Kleene closure of the class of context free finitary languages, [Lin76] [Stad7a].

Let L = L(M) be an w-CFL accepted by a BPDA M = (K, >, T, 0, q, Zo, I).
Define for all pairs (p,z) € K x I'" and all ¢ € K the following context free

languages:

Vip,s) = {0 € ¥* | there exists a run of M on o starting in configuration (qo, Zo)
and ending in a configuration (p, z.y) for v € T'*}

This may be written :
Vipy = {0 € 2| 0 : (90, Zo) =3 (p, 2.y) for v € T}
Define also

Wi,y =10 € ¥ | there exists a run of M on o starting in a configuration (p, 2)
and ending in a configuration (p, z7y) for v € I'* and such that M enters in state ¢
during the run}

We can now express the w-language accepted by the BPDA M by means of
the languages V/{, .y and W(Z?,z) which are finitary context free languages:

L(M) = U Vi) (Wi )*

(p)2
(p,2)EKXT" and gqeF

Return now to the case L(M) = V.d¥, where V.d¥ is a non ambiguous w-
CFL and M = (K,XU{d}, T, §, qo, Zo, F') is a non ambiguous BPDA. Another
construction of Linna [Lin76] provides a pushdown automaton accepting V'
from the BPDA M. We recall it now because it will be useful for our proof
and in the next section.

Denote

R={(p,2) | (U W) n{d}" # 0}

qeF

Let then M; be the following PDA:
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Ml = (KU KI U {Qf}7Z7F7517q07ZU7 {Qf}>

where K’ = {p' | p € K}, ¢ is a new state not in K and and the transition
relation 47 is defined by:

(1) 61(p,a,Z) =6(p,a,Z) forallpe K,a€ ¥ and Z €T,

(2) a1(p, A, Z2) =6(p, A, 2) U{(d ) | (¢,7) € 6(p,d. 2)} it (p, Z) & R,
(3) d1(p. A Z) =6(p. A, Z)U{(qr, N} if (p, Z) € R,

(4) 01(p', N, Z2) ={(d.7) | (¢,7) € 6(p,d. Z)Ud(p, A, 2)} i (. Z) ¢ R,
(5) a1(p's A, Z) ={(q5, M)} if (p,Z) € R,

(6) otherwise d; is undefined.

The PDA M; accepts the context free language V. In fact M; while reading
a word u € ¥*, begins the reading as the BPDA M. Some M-transitions are
added to simulate the reading by M of letters d in the w-word u.d” until the
pushdown automaton reaches a configuration (p, z7), for v € IT'*, such that
(p,z) € R, and this ensures that the word w is in V, otherwise the word w is
not in V.

We have assumed that V.d¥ is non ambiguous and that M is also non am-
biguous. From the definition of M; we can see that for u € V there exists a
unique accepting run of M on u.d” and the simulation of an initial segment
of this run by M; is also unique. Hence there exists a unique accepting run of
Mj on u. Then M; is non ambiguous and so is the context free language V.

(b) As in the proof of (a), one can easily construct, from a non ambiguous
PDA M accepting a language V' C 3*, a non ambiguous BPDA N accepting
the w-language V.d.(X U {d})“.

Conversely assume that V.d.(X U {d})¥ is a non ambiguous w-CFL, where
V C ¥* and d is a new letter not in . Then the class of non ambiguous
w-CFL being closed under intersection with w-regular languages, the w-
language

V.d® =V.d.(2U{d})* N2 .d”
is non ambiguous and the proof of (a) implies that V isin NA—-CFL. O

Remark 3.13 In the second part of the above proof of (a), we have con-
structed a PDA My accepting V' from a BPDA accepting the w-language V.d*.
And if M is non ambiguous, My also is non ambiguous. More generally if a
word u.d”, where u € ¥*, admits less than k accepting runs of M, where k is
an integer > 1, then the word u admits also less than k accepting runs of M.
This will be useful in the next sections for the study of degrees of ambiguity.

Recall now some examples of inherently ambiguous context free languages,
(see [Fla85] [Fla86]), which will provide some inherently ambiguous w-CFL by
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proposition 3.12.

Theorem 3.14 ([Fla85][Fla86]) For an integer n > 0 let n = a"b be the
unary representation of n over the alphabet ¥ = {a,b}. Then the following
contest free languages G4, G, G, G=, H, are inherently ambiguous, where:

G ={mny...n,| for somejn;#j}

Go ={mny...n,| for somejn; <j}
Gs ={mny...n, | for some jn; > j}
G- ={mny...n, | for some jn;=j}
H,={mny...n,| for somej n; # p}
(where the variable p runs over all integers > 1 and the n; over integers > 0.)

From the preceding proposition we can infer some other results about w-CFL:

Proposition 3.15 The class of non ambiguous context free w-languages is
not closed under finite union. But it is closed under disjoint finite union.

Proof. It is well known that the class of non ambiguous context free finitary
languages is not closed under finite union. For instance let

Vi ={ad"b™c” | n,m,p are integers > 1 and n = m}

Vo = {a™b™c? | n,m,p are integers > 1 and m = p}

It is easy to show that the languages V; and V5, are deterministic context free,
i.e. that they are accepted by some deterministic pushdown automata. Hence
they are non ambiguous context free languages, [ABB96].

But their union Vi U V, is a context free language which is known to be
inherently ambiguous, [Mau69].

Then if d is a new letter the w-languages V;.d* and V5.d* are non ambiguous
w-CFL but their union

Vi.d® U Vad® = (Vi UVy).d¥

is an inherently ambiguous w-CFL by Proposition 3.12.

In order to prove that the class NA — C'FL, is closed under disjoint union,
assume now that L is accepted by a non ambiguous MPDA M; and L, is
accepted by a non ambiguous MPDA M, and that L, and L, are disjoint.

It is then easy to show that there exists a non ambiguous MPDA M which
accepts the w-language L; U Ly. We explain informally this result.
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One can assume that the state sets K7 and K5 of M; and M, are disjoint, and
add a new initial state ()g. Then one add some A-transitions which are used
to choose at the first step of runs of M if the new machine simulates next the
MPDA M, or the MPDA Ms.

Let then o € L U Ly. One can assume without loss of generality that o € L
and then o ¢ L, because L; N Ly = (). There is a unique accepting run of
M on o thus there is a unique accepting run r of M on o: the machine M
chooses at the first step of the run r (using a A-transition) to simulate next
the machine M; and after this A-transition the run r of M is identical with
the unique accepting run of M; on o.

The case of a finite number £ of non ambiguous w-CFL is proved by induction
on the integer k. ([l

Proposition 3.16 [t is undecidable to determine whether an arbitrary w-CFL
is non ambiguous (respectively inherently ambiguous).

Proof. It is known that it is undecidable to determine whether an arbi-
trary CFL is non ambiguous (respectively inherently ambiguous), [GU66]. The
proposition 3.16 follows then from this result and from proposition 3.12. [J

A natural question now arises: does there exist a characterization Theorem
analogous to Theorem 2.11 for non ambiguous w-CFL? The answer is given
by the following:

Theorem 3.17 The class of non ambiguous w-CFL is strictly included into
the omega Kleene closure of the class of non ambiguous context free finitary
languages:

NA-CFL, Cw— KC(NA—CFL)

Proof. Let L = L(M) be an w-CFL accepted by a BPDA M = (K, 3, T, 4, qo, Zo, F).
Assume that L(M) is non ambiguous and that M is a non ambiguous BPDA.

Recall Linna defined in [Lin76] for all pairs (p,z) € K x I and all ¢ € K the
following context free languages:

Vip,) = {0 € ¥* | there exists a run of M on o starting in configuration (g, Zo)
and ending in a configuration (p, z.y) for v € I'*}

Vip2) = {oc € ¥* |0 :(q, %) —3 (p,z.7y) for v € T}
And

W,y = {0 € £* | there exists a run of M on o starting in a configuration (p, z)
and ending in a configuration (p, z7) for v € I'* and such that M enters in state ¢
during the run}
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Then the w-language accepted by the BPDA M is

L(M) = U Vi) (W)

(p,2)EKXT and ¢geF

In fact this union is restricted to the pairs (p, z) such that V{, .) is non empty
and such that there exists a state ¢ € F' such that W(;Z) is non empty.

We are going to show that these context free languages V/, .) and W(qpyz) are
non ambiguous.

Let o0 € ¥* be a finite word in such a language V/, .). Then there exists an
infinite word in L(M) which is in the form o.u® with u € W, and ¢ € F. But
there is a unique accepting run of M on o.u, hence there exists a unique run
on o of the pushdown machine associated with M which starts in the initial
configuration and ends in a configuration (p, zy) for v € I'*. This ensures that
the pushdown automaton accepting V/{, .y by final state p and topmost stack
letter z is non ambiguous. As remarked above this implies that V/{, . is also a
ccepted by a non ambiguous PDA accepting by final states. Hence the context
free language V/, . is non ambiguous.

Consider now a language W(?D,z) such that V{, .y is non empty and ¢ € F'. By
definition this language is also accepted by a PDA obtained from M with
initial configuration (p, z) and which accepts by accepting states and topmost
stack letter z. The exact construction is left to the reader.

Let then o € ¥* be a finite word in V[, .y and u be a finite (nonempty) word in
W, .- The word o.u® is in L(M) thus there exists a unique accepting run of M
on g.u”. As above this implies that the pushdown automaton accepting W&vz)
has a unique accepting run on u (it suffices to consider an initial segment of the
run on the finite word ¢.u). Thus this pushdown automaton is non ambiguous.
Hence the language W&,Z) is non ambiguous.

The inclusion
NA—-CFL, Cw— KC(NA-CFL)

is then proved. The inclusion is strict because the class NA — CFL,, is not
closed under finite union but w — KC(NA — CFL) is. O

One may ask for a similar result about the class of inherently ambiguous omega
context free languages. But we shall prove the following

Theorem 3.18 The class of inherently ambiguous w-CFL is not included into
the omega Kleene closure of the class of inherently ambiguous context free
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finitary languages:

A—CFL, ¢ w—KC(A—CFL)

Proof. Let V' C ¥* be an inherently ambiguous context free finitary language
and d be a new letter not in X. By Proposition 3.12 the w-language V.d” is
an inherently ambiguous w-CFL. On the other hand by Theorem 2.11 there
exist some context free languages U; and V;, for 1 < i < n, such that

de: U UZ‘/;U

1<i<n

But then for all ¢ € [1;n], V; C d*. But it is well known that a context free
language over an alphabet containing only one letter is a regular language.
Thus the languages V; are deterministic context free languages hence they
belong to the class of non ambiguous context free finitary languages. 0J

We are going now to recall some facts about Borel and projective hierarchies
which will be useful in the study of degrees of ambiguity for w-CFL.

4 Borel and projective hierarchies

We assume the reader to be familiar with basic notions of topology which may
be found in [Kur66] [LT94] [Stad7a] [PPO1].

Topology is an important tool for the study of w-languages, and leads to
characterization of several classes of w-languages.

For a finite alphabet X, we consider X* as a topological space with the Cantor
topology. The open sets of X*“ are the sets in the form W. X% where W C X*.
A set L C X“ is a closed set iff its complement X“ — L is an open set. The
class of open sets of X* will be denoted by G or by 39. The class of closed sets
will be denoted by F or by II9. Closed sets are characterized by the following:

Proposition 4.1 A set L C X“ is a closed subset of X iff for every o € X¥,
Vn > 1,3u € X¥ such that o(1)...0(n).u € L] implies that o € L.

Every closed set L C X“ may be obtained as the adherence of a finitary
language. We first recall the notion of adherence.

Definition 4.2 Let V C X* be a finitary language over the alphabet X . The
adherence of the language V is

Adh(V) = {o € X¥ | LF(0) C LE(V)}
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We can now state the following result.

Proposition 4.3 (see [Sta97a]) A set L C X¥ is a closed set of X* iff
there ezists a finitary language V- C X* such that L = Adh(V).

Define now the next classes of the Borel Hierarchy:

Definition 4.4 The classes X9 and TI2 of the Borel Hierarchy on the topo-
logical space X¥ are defined as follows:

39 is the class of open sets of X“.

19 is the class of closed sets of X“.

19 or Gs is the class of countable intersections of open sets of X*.

39 or F, is the class of countable unions of closed sets of X*.

And for any integer n > 1:

0.4 is the class of countable unions of TI2-subsets of X«.

IS, is the class of countable intersections of 32-subsets of X«.

The Borel Hierarchy is also defined for transfinite levels. The classes £° and
I1°, for a countable ordinal o, are defined in the following way:

39 is the class of countable unions of subsets of X“ in U7<QH2.
I1° is the class of countable intersections of subsets of X in UKQEQ.
Recall some basic results about these classes, [Mos80]:

Proposition 4.5

(o) ZOUIIS C X0,  NIIY,, for each countable ordinal o > 1.

[e%

(b) UycaX? = Uy oI © X0 NIIY, for each countable limit ordinal o.

a

(c) A set W C X% is in the class X0 iff its complement is in the class T12.

(d) X9 —TI% £ 0 and TI° — X0 =£ () hold for every countable ordinal o > 1.

(e) For every ordinal o > 1, the class X2 is closed under countable unions
and the class TI? is closed under countable intersections.

We shall say that a subset of X“ is a Borel set of rank «, for a countable
ordinal a, iff it is in 3 U TIY but not in U, (X9 UTIY).

There is a nice characterization of IT3-subsets of X“. First define the notion
of W?:

Definition 4.6 For W C X*, let W?° = {0 € X¥ | 3*i such that o[i] € W}.
(o € W° iff o has infinitely many prefizes in W ).

Then we can state the following Proposition:

Proposition 4.7 (see [Sta97a]) A subset L of X* is a I13-subset of X* iff
there exists a set W C X* such that L = W?.

For X a finite set, (and this is also true if X is an infinite alphabet) there
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are some subsets of X which are not Borel sets. Indeed there exists another
hierarchy beyond the Borel hierarchy, which is called the projective hierarchy
and which is obtained from the Borel hierarchy by successive applications of
operations of projection and complementation. More precisely, a subset A of
X¥ is in the class X1 of analytic sets iff there exists another finite set Y and a
Borel subset B of (X x Y')* such that € A < Jy € Y such that (z,y) € B.
We denote (z, y) the infinite word over the alphabet X xY such that (z,y)(i) =
(x(i),y(7)) for each integer ¢ > 0.

Now a subset of X*“ is in the class II of coanalytic sets iff its complement
in X*“ is an analytic set.

The next classes are defined in the same manner, 31 41-sets of X* are projec-
tions of IT}-sets and II}, ;-sets are the complements of X1 ;-sets.

Recall also the notion of completeness with regard to reduction by continuous
functions.

Let a be a countable ordinal. A set FF C X¥ is a 39 (respectively IT?)-complete
set iff for any set £ C Y (with Y a finite alphabet):

E € X0 (respectively E € TI9) iff there exists a continuous function f: Y% —
X% such that £ = f~!(F).

A similar notion exists for the classes of the projective hierarchy: in particular
A set F C X¥ is a X1 (respectively II7)-complete set iff for any set £ C Y¥
(Y a finite alphabet):

E € X} (respectively E € IT}) iff there exists a continuous function f: Y —
X% such that £ = f~1(F).

A X0 (respectively TI2)-complete set is a X0 (respectively I1%)-set which
is in some sense a set of the highest topological complexity among the 39
(respectively TI9)-sets.

39 (respectively T12)-complete sets, with n an integer > 1, are thoroughly
characterized in [Sta86].

Recall that a set F' C X“ is a X2 (respectively II2)-complete set if and only if
it is a 32 but not II9 set (respectively TI but not X2 set). This follows from
Wadge’s study of the now called Wadge hierarchy of Borel sets, see section 6
below and [Wad84] [Dup01].

5 Degrees of ambiguity

The notion of inherently ambiguous CFL has been refined by considering the
degrees of ambiguity which we now recall. We use partially the notations of
the recent paper of Herzog [Her97], but call Ry the cardinal of the countable
set of natural numbers, considered also as the supremum of the set of finite
cardinals.

21



Definition 5.1 Let M be a PDA accepting finite words over the alphabet Y.
For x € ¥* let ap(x) be the number of accepting runs of M on x, and

(a) If sup{an(z) | x € ¥*} € N, then
ay = sup{ay(z) | x € ¥*}

(b) If {ap(x) | x € ¥*} is unbounded in N,
then
Apr = NO_

We assume now that the set N U {N;} is linearly ordered by the relation <
and that for each integer k € N,

E<k+1<XNy
Then we can set the following definition.
Definition 5.2 Let k € NU{R;}. Let
PDA(a <k)={M | M is a PDA with ap; < k}

PDA(a <k)={M | M is a PDA with apr < k}
CFL(a <k)={L(M)| M is a PDA with ap <k}
CFL(a <k)={L(M)| M is a PDA with ap; <k}

A context free language L is said to be inherently ambiguous of degree k, for
k an integer > 2 if

L€ A(k)— CFL =CFL(a < k) — CFL(a < k)

A context free language L is usually said to be inherently ambiguous of infinite
degree if

LeAR;) = CFL=CFL(a <¥;) — CFL(a < Xy)

In that case we shall say also that L is of degree of ambiguity Ry, (and not
Just Ng ), for a reason which will be explained later.

Remark 5.3 For a PDA M accepting finite words over the alphabet 3, oy
is equal to zero if and only if L(M) is the empty set because in that case
ay(x) =0 for all x € ¥*. In the other cases ayp may be a finite integer > 1
or N .

Remark 5.4 The classes CFL(a < k) and CFL(a < k) are defined here by
means of PDA accepting by final states. If we consider PDA accepting by final
states and topmost stack letters, one can see that the classes CFL(a < k) and
CFL(a < k) remain unchanged, using the fact cited in Remark 8./.
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Remark 5.5 For k = N the class CFL(a < Ry) is the whole class CFL.
For k =1, the class CFL(«a < 1) is the class of non ambiguous context free
languages.

The inclusions
CFL(a<k)CCFLa<k+1)
are strict for every integer £ > 0. And so is the inclusion

CFL(a <¥N;) C CFL(a <X)

This may be shown using the following examples due to Maurer [Mau68] and
also cited in [Her97].

Example 5.6 Let k be an integer > 2 and let X = {aq,aq,...as} be an
alphabet having 2k letters and let

k
_ niy ng N2 n; ny  Mit+1 Nk Nk
Ap = (J{al ab?al? .. adi_jablayl .. ask_jast | na,na, ..., ny > 1}
i=1

Above ny,no,...ny are integers > 1 and in a word

ni N2 N2 ng ny  Mi+1 Nk Nk
a1 Ay~A3" ... Qo 109 Ao - - - Qg1 0o

for each j, 1 < j <i, letters as; and asjy1 appear in the segment agjf“.ag:gfl,

foreach j, i < j <k, letters azjyy and asjio appear in the segment ay)1.aq3 15,
Let also

Ay = A5
Then Ay, is inherently ambiguous of degree k over the alphabet ¥, and Ay, is
inherently ambiguous of infinite degree over the alphabet 5.

We want now to extend these notions in the context of w-CFL. We shall
consider first BPDA and MPDA. We denote 2% the cardinal of the continuum
which is also the cardinal of the set X* of w-words over the finite alphabet ¥
(having at least two letters).

Lemma 5.7 Let M be a BPDA or MPDA accepting infinite words over the
alphabet ¥. For x € X let apy(x) be the cardinal of the set of accepting runs
of M on x. Then

an(r) € NU {Rg, 2%}

Proof. As indicated in the proof of Theorem 3.7 one can construct, from a
MPDA M’ another BPDA M such that L(M) = L(M’) and for every word
o in L(M) = L(M') there is a one to one correspondence between accepting
runs of M on o and accepting runs of M’ on o. Hence one can prove the
lemma for BPDA first.
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Let then M = (K,%,T',9, qo, Zy, F') be a BPDA, and ¢ € ¥*. We shall show
that the set of (codes of) accepting runs of M on o is an analytic set.

To an infinite sequence r = (¢;, Vi, €i)i>1, (Where (g;,7:)i>1 is an infinite se-
quence of configurations and, for each i > 1, ¢; € {0,1}) we associate first an
w-word 7 over the alphabet I' U K U {0, 1} defined by

= q1-Y1-€1-92.72.€2 . . . 4;.7Y;-E5 - . -

Then to an infinite word ¢ € ¥ and an infinite sequence r = (g;, Vi, €i)i>1, We
associate an infinite word (o x 7) over the alphabet X =3 x (I'U K U {0, 1})
defined by

for each integer j > 1.

Explain now informally that one can construct a Turing machine 7" accepting
infinite words over the alphabet X = ¥ x (' U K U {0,1}) with a Biichi
condition and such that an w-word x € X“ is accepted by T if and only if it
is in the form (o x 7) where 0 € ¥* and r is an accepting run of M on o.

But it is well known that the w-language L(7T') accepted by a Turing machine
T is an analytic set (see for example [Sta97al).

Let 0 € ¥¥ and L(T)|o be the section of L(T) at point o defined by: an
w-word z € X% is in L(T)|o iff for all ¢ > 1, z(i) = (o(i),a(i)) for some
a(i) € UK U{0,1}).

Thus for a fixed w-word o € 3¢ the set L(T')|o is also an analytic set because
it is the intersection of the analytic set L(T') with the closed set X“|o.

But by Suslin’s Theorem [Mos80], an analytic subset of X“ is either countable
or has the continuum power, even if the continuum hypothesis fails (the con-
tinuum hypothesis says that every subset of X“ is either countable or has
the continuum power, but this has been shown undecidable in the classical
axiomatic system ZF of set theory [Sch67]). Then we can infer that the set
L(T')|o and hence the set of accepting runs of M on ¢ is either countable (and
in that case its cardinal is either an integer or ) or has the continuum power
(and in that case its cardinal is 2%0). O

Remark 5.8 Let M be a BPDA or MPDA such that L(M) C X“. The pre-
ceding lemma implies that

sup{ay (z) | v € 2¥} € NU {Rg, 2%}
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In the case sup{ay(x) | x € ¥} = Wy, two cases may happen:

(a) There exists (at least) one word x € ¥* such that ap(z) = Ry.
(b) There does not exist any word x € 3 such that ap () = No.

In order to distinguish these two cases, we shall set the following definition.

Definition 5.9 Let M be a BPDA or MPDA accepting infinite words over
the alphabet Y. Then

(a) If sup{apy(z) | x € ¥} € NU {28}, then
ay =sup{ay(z) |z € ¥¥}

(b) If sup{an(z) | € £} = Ry and there does not exist any word x € 3¢
such that apr(z) = Ro, then

CYM:N(;

(c) If sup{an(z) | z € £} = Ry and there exists (at least) one word x € ¥
such that ap(z) = N, then

OéM:NO

We assume now that the set NU{Ry, R, 2%} is linearly ordered by the relation
< and that for each integer k € N,

E<k+1<N; <®<2%

We can now define a hierarchy of BPDA and MPDA:
Definition 5.10 Let k € NU {R;, Ny, 2%} and
BPDA(a <k)={M | M is a BPDA with ap; < k}

MPDA(a <k)={M | M is a MPDA with ap; < k}
BPDA(a < k)={M | M is a BPDA with aps < k}
MPDA(a <k)={M | M is a MPDA with ap; < k}

As in the finitary case, the class BPDA(a < 1) (respectively MPDA(a < 1))
is the class of non ambiguous BPDA (respectively MPDA). We have seen in
Theorem 3.7 that Biichi or Muller acceptance conditions lead to the same class
of non ambiguous omega context free languages. This result may be extended
to the other classes defined above:

25



Theorem 5.11 For all k € NU {X;, R, 2%},
(L(M)| M € BPDA(a < k)} = {L(M) | M € MPDA(a < k)}

{L(M) | M € BPDA(a < k)} = {L(M) | M € MPDA(a < k)}

Proof. Return to the proof of Theorem 3.7. We have shown that one can
construct, from a BPDA M accepting the w-language L(M) C X¢ a MPDA
M; such that L(M) = L(M), and vice-versa. Moreover, for every w-word
o € X¥, there was a one to one correspondence between accepting runs of M
on ¢ and accepting runs of M; on o. 0

Then one can set the following definition:
Definition 5.12 For all k € NU {X;, Ng, 2%}, et
CFL,(a <k)={L(M)| M e BPDA(a <k)} ={L(M)| M € MPDA(a < k)}

CFL,(a < k) = {L(M) | M € BPDA(a < k)} = {L(M) | M € MPDA(a < k)}

For every k, being an integer > 2 or in {Xy,No,2%}, a context free w-
language L is said to be inherently ambiguous of degree k, if

L€ A(k) — CFL, = CFL,(o < k) — CFL, (a0 < k)

Remark 5.13 As in the finitary case, for a BPDA or MPDA M accepting
infinite words over the alphabet 3, capy is equal to zero if and only if L(M) is
the empty set because in that case cpr(x) =0 for all x € X¢.

Remark 5.14 For k = 2% the class CFL(a < 2%0) is the whole class CFL,,.
For k=1, the class CFL,(a < 1) is the class of non ambiguous context free
w-languages.

We shall now extend Theorem 3.11:

Theorem 5.15 For all k € NU{Ry, R, 2%} The classes CFL,(a < k) and
CFL,(a < k) are closed under intersection with w-reqular languages.

Proof. We use the same construction as in the proof of Theorem 3.11. Let L =
L(M) be an w-CFL in the class CFL,(a < k) (respectively CFL,(a < k))
accepted by a MPDA M = (K, X.T,9,qo, Zo, F) in MPDA(a < k) (respec-
tively MPDA(a < k)) and L' = L(M') be an w-regular language accepted
by a deterministic MA M’ = (K', 3,0, q,, F").

The w-language LNL'is accepted by a MPDA M" which is the classical prod-
uct of the two machines M and M’ with appropriate acceptance conditions,
formally written in the above proof.
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It is clear that M" isin M PDA(« < k) (respectively M PDA(« < k)), because
each accepting run of M” on a word o € L(M") is derived from an accepting
run of M on ¢ in a unique way. 0

Considering closure under union we shall prove the following result:

Theorem 5.16 (a) For all k € NU {X;, R, 2%} the classes CFL,(a < k)
and CFL,(a < k) are closed under disjoint finite union.

(b) For all k € {Xy, R, 2%} the classes CFL,(a < k) and CFL,(a < k)
are closed under finite union.

(c) Let ky,...,k, be some positive integers and for all i € [1,n] let L; €
CFL,(a <k;), then

U Li€ CFLy(a < (ki + ko + ...+ ky))

1<i<n

Proof. In order to prove (a), we can make a similar construction as in the
proof of proposition 3.15.

The same construction implies (b) because a finite union of finite sets is a
finite set, a finite union of countable sets is a countable set, and a finite union
of sets of cardinal < 2% is a set of cardinal < 2%,

(c) follows easily from the above construction of a BPDA M accepting Uy <<, Li
from BPDA M; accepting L;. O

We can now study first some links between the case of finite words and the
infinitary case.

Proposition 5.17 Let V' C ¥* be a finitary context free language over the
alphabet 2 and d be a new letter not in 3, then the following equivalences hold
for all k € NU{R; }:

(a) V.d* is in CFL,(a < k) iff V isin CFL(a < k).
(b) V.d.(XU{d}) is in CFL,(a < k) iff V is in CFL(a < k).

Proof. (a) Return now to the proof of Proposition 3.12. Let V' C ¥* be a
finitary context free language in CFL(a < k), for £ € NU {X;}. We have
constructed from a PDA accepting V' a BPDA accepting V.d*. This construc-
tion preserved non ambiguity and it is easy to see that it preserves also the
degrees of ambiguity and that V.d¥ € CFL,(a < k).

Conversely by the Remark 3.13, the inverse construction implies that V' is in
CFL(a<k)if V.d¥is in CFL,(a < k).
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(b) Assume first that V is in CFL(a < k). As for (a), an easy construction
shows that V.d.(X U {d})* is in CFL,(a < k).

Conversely assume that V.d.(X U {d})* is in CFL,(a < k). Then the class
CFL,(a < k) being closed under intersection with w-regular languages, the
w-language

V.dY =Vd.(2U{d})“ n¥*.ad”
is in the class CFL,(a < k) and then the proof of (a) shows that V is in
CFL(a <k). OJ

Example 5.18 We have now first ezamples of w-CFL which are inherently
ambiguous of degree k, for k > 2 and k € NU{Ry }. We have seen in Example
5.6 that if k is an integer > 2 and

k
_ ny ,ng N n; ny , MNi+1 Nk Nk
Ap = J{al ab?as? .. abi_jablayty .. oayk_jask | na, ..o ng > 1}
i=1
*

Then Ay, is inherently ambiguous of degree k over the alphabet Xy, = {ay, ... ag}
and A, s inherently ambiguous of infinite degree over the alphabet 5. Then
if d is a new letter the w-languages Ag.d” and Ay.d. (¥ U{d})* are w-CFL
which are inherently ambiguous of degree k, and As.d* and Ax.d.(X U {d})*
are inherently ambiguous of degree N .

Remark 5.19 Using these examples one can prove that, for each integer k >
1, the class CFL,(a < k) is not closed under finite union, as we have already
proved that the class NA — CFL, = CFL,(a < 1) is not closed under finite

union (see proposition 3.15).

It is natural to ask now whether there exist some w-CFL which are inherently
ambiguous of degree Xy or 2% . We first give examples of w-CFL in the class
A(Xg) — CFL, and next in the class A(2%) — CFL,,.

Example 5.20 For an integer n > 0 let n = ba™ be the unary representation
of n over the alphabet ¥ = {a,b}. Then the following context free w-languages
Gy, G, G, G, GL are inherently ambiguous of degree Yo, where:

G\ ={mny...n,... | nj =ny holds for some j > 2}

G, = {1miy...1m,...| for some j n; # j}

G = {mmy...nm,...| forsomejn; < j}
G = {miy...m,...| forsomejn; > j}
G = {mny...nm,...| forsomejn; = j}

(where the variable p runs over all integers > 1 and the n; over integers > 0.)
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It is easy to see that each of the above w-languages is in the class CF L, (a <
No) by finding a BPDA in BPDA(« < Rg) accepting it. Explain for example
the behaviour of such a BPDA M accepting G__. The pushdown store of M
is used like a counter. The counter is increased of one when a letter b is read
until the BPDA M, after reading the j'* letter b, decreases the counter of
one for each letter a read. If then the counter value is zero and the following
letter is a b the BPDA works like a deterministic BA and just checks that
there is infinitely many letters b in the w-word. Then the non determinism
has been used to guess the integer j. And in an w-word niny...n,... such
that for some j, n; = j, there exist only countably many such choices. Thus
an w-word o € G has only countably many accepting runs by the BPDA M
and G_ € CFL,(a < Ny).

In a similar manner a BPDA M; accepting G| need only a counter as a
pushdown store. The machine M;, when reading an w-word niny...n,...
has to keep the integer n; in the memory of the stack and then it guesses,
using the non determinism, an integer j > 2 and checks that n; = n;. We can
see that for a given w-word o € G, there are only countably such choices,
hence o € G has only countably many accepting runs by the BPDA M; and
G| € CFL, (a0 < Ny).

In order to prove that G is not in CFL,(a < Xp), we will use in [Fin00d] an
extension of Ogden’s Lemma which has been already often used to prove the
inherent ambiguity of some context free finitary languages, [Her97].

Example 5.21 Let as above
Vi ={a"b™c? | n,m,p are integers > 1 and n =m}

Vo ={a"b™c? | n,m,p are integers > 1 and m = p}

The languages Vi and Vy are deterministic context free, i.e. that there are ac-
cepted by some deterministic pushdown automata, hence they are non ambigu-
ous context free languages. But their union V = Vi3 UV, is an inherently am-
biguous context free language, [Mau69]. And the context free w-language V¥
is in A(2%) — CFL,,.

As for the preceding example, we will show this result, using Ogden’ s Lemma,
in another paper [Fin00d].

Some other examples of context free w-languages of maximum degree of am-
biguity, i.e. of degree 2% will be given in next section using topological prop-
erties of w-CFL (see example 6.3 below).

We strongly conjecture that some other examples may be provided by the
following
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Conjecture 5.22 Let V C ¥* be a finitary context free language over the
alphabet ¥ and d be a new letter not in X, then the following equivalence
holds:

(V.d)* is in A(2%) — CFL, iff V isin A— CFL

Remark that the following proposition is easy to prove:

Proposition 5.23 Let V' C X* be a finitary context free language over the
alphabet X and d be a new letter not in X, then the following equivalence
holds:

(V.d)® isin NA—CFL, iff Visin NA—CFL

Proof. If Visin NA—CF'L one can easily construct a non ambiguous BPDA
M accepting (V.d)*.
Assume now that (V.d)* isin NA—CFL,, and let u € V. Then the w-language

V.(dw)® = (Vd)* N S*.(dw)?

is also in NA — CFL,, because this class is closed under intersection with
w-regular languages. But then with a similar argument as in the proof of
proposition 3.12 one can find a non ambiguous PDA accepting the finitary
language V' thus V isin NA — CFL. O

6 Topological properties

6.1 Recall of previous results

When considering regular or context free w-languages, natural questions arise:
are they all Borel sets of finite rank, Borel sets, analytic sets ...?7

Landweber studied first the topological properties of w-regular languages.
McNaughton’s Theorem implies that w-regular languages are boolean combi-
nation of G4 sets, [MaN66]. Landweber characterized the w-regular languages
in each of the Borel classes F, G, F,, G4, and showed that one can decide, for
an effectively given w-regular language L, whether L is in F, G, F,, or Gy.
It turned out that an w-regular language is in the class Gy iff it is accepted
by a DBA. These results were extended to deterministic w-CFL by Linna
[Lin77]. In the non deterministic case, Cohen and Gold proved in [CGT78] that
one cannot decide whether an w-CFL is in the class F, G or Gs. We proved
in [FinOla] that there are w-CFL in each Borel class of finite rank. And that,
for any Borel class X9 or TI2, n being an integer, one cannot decide whether
an w-CFL is in 32 or II2. Every w-CFL is an analytic set but we showed in
[Fin00a] that there exist some w-CFL which are analytic but non Borel sets.
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One may ask for a similar investigation for the subclasses of C'F'L,, defined
above by means of the notion of ambiguity.

From a general study of topological properties of transition systems due to
Arnold [Arn83a] we know that every non ambiguous w-CFL is a Borel set
(one considers a BPDA as a transition system with infinitely many states).
Pierre Simonnet, using a uniformization theorem of descriptive set theory, has
extended this result by proving the following Theorem:

Theorem 6.1 (Simonnet [SimO00]) Let L(M) be an w-CFL accepted by a
BPDA M such that L(M) is an analytic but non Borel set. Then there exist
2% w-words, each of which having 28 accepting runs by M.

With our notations we can infer from this result the following one:

Corollary 6.2 Let L C 3¢ be an w-CFL. If L is non ambiguous or inherently
ambiguous of degree k, with k an integer > 2 or k € {X;,Ro}, then L is a
Borel subset of .

Example 6.3 Recall here the construction of a simple context free w-language
is analytic but not Borel, [Fin00a]. Let ¥ = {0,1} be an alphabet containing
two letters 0 and 1, A be a new letter and

D ={uAv / u,v e ¥ and (Jv| =2Ju|) or (Jv|=2Jul+1) }

Then D is a context free language over the alphabet (X U {A}). Let then g be
the substitution ¥ — P((X U {A})*) defined by a — a.D.

Let then W = 0*.1. The image of W by the substitution g is g(W) which is a
finitary context free language such that (g(W))* is an analytic but non Borel
context free w-language.

Thus Sitmonnet’s Theorem implies that

(gW))” € A(2%) — CFL,

Recall that we have proved in proposition 3.16 that one cannot decide whether
an arbitrary w-CFL L is non ambiguous, i.e. whether L € CFL, (o < 1). We
can now extend this result by proving the following Theorem:

Theorem 6.4 Let k be an integer > 2 or k € {Ry,Ro}. Then it is undecidable
to determine whether an arbitrary w-CFL is in the class CFL,(a < k) (re-
spectively CF L, (o < k)). So one cannot decide whether an arbitrary w-CFL
is inherently ambiguous of degree 2%0.

Proof. Recall that we proved in [Fin00a] that one cannot decide whether an
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arbitrary w-CFL is a Borel set. In fact we found a family of w-CFL D(X,Y)
over a finite alphabet >4 such that only two cases may happen. In the first
case, D(X,Y) = (¥4)“, therefore D(X,Y) is an w-regular language and it
is a non ambiguous w-CFL hence D(X,Y) € CFL,(a < 1) and D(X,Y) €
CFL,(a < k) hold for every integer k > 2 and for k € {Ry, No}.

In the second case D(X,Y) is a 31-complete subset of (34)“, and then by
Theorem 6.1, D(X,Y) € A(2%) — CFL, holds and D(X,Y) is not in any
class CFL,(a < k) or CFL,(a < k) for k an integer > 2 or k € {¥;,Ng}.

But one cannot decide which case holds and this ends the proof. 0

From now on, we shall pursue the study of links between topological properties
and ambiguity of w-CFL .

We have previously proved that the class of context free w-languages exhausts
the finite ranks of the Borel hierarchy (it meets every finite level of the Borel
hierarchy), using previous results of Duparc on the Wadge hierarchy of Borel
sets. We shall see that these results will be still useful in the present context.
Hence we introduce now the Wadge Hierarchy which is a great refinement of
the Borel hierarchy:

6.2 Wadge hierarchy

Definition 6.5 For E C X“ and F C Y, E is said Wadge reducible to F
(E <w F) iff there exists a continuous function f : X*“ — Y*“ such that
E=f"YF).

E and F are Wadge equivalent iff E <y F and F <y E. this will be denoted
by E =w F. And we shall say that E <y F iff E <y F but not F <y E.

The relation <y is reflexive and transitive, and =y is an equivalence relation.
The equivalence classes of =y are called Wadge degrees.

A set E C X¥ is said to be selfdual ifft £ =y, E~; otherwise E is said to be
non selfdual.

W H is the class of Borel subsets of a set X, where X is a finite set, equipped
with <y and with =y .

For E C X¥and F C Y* if E <y F and E = f~}(F) where f is a
continuous function from X* into Y“, then f is called a continuous reduction
of E to F'. Intuitively it means that E is less complicated than F because
to check whether x € F it suffices to check whether f(x) € F where f is a
continuous function. Hence the Wadge degree of an w-language is a measure
of its topological complexity.

Remark 6.6 In the above definition, we consider that a subset E C X* s
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given together with the alphabet X .
Then we can define the Wadge class of a set F"

Definition 6.7 Let F' be a Borel subset of X¥. The wadge class of F' is [F]
defined by: [F| ={E | E CY¥ for a finite alphabet Y and E <y F'}.

Recall that each Borel class X9 and 12 is a Wadge class.

Recall now that a set X is well ordered by a binary relation < iff < is a linear
order on X and there is not any strictly decreasing (for <) infinite sequence
of elements in X.

Theorem 6.8 (Wadge) Up to the complement and =y, the class of Borel
subsets of X¥, for X a finite alphabet, is a well ordered hierarchy. There is
an ordinal |W H|, called the length of the hierarchy, and a map d% from W H
onto |WH|, such that for all A,B € WH:

dyyA < dyyB «— A<y B and

AV A=d)B « [A=w B or A=y B].

If we restrict the study to Borel sets of finite rank, the Wadge hierarchy
has then length 'ey where ey is the limit of the ordinals w;(n) defined by
wi(1) = w; and wy(n + 1) = ™™ for n a non negative integer, w; being the
first non countable ordinal.

The length of the whole Wadge hierarchy of Borel sets is a much larger ordinal.
It is described using Veblen functions in [Wad84] [Dup01].

Wadge gave first a description of the Wadge hierarchy of Borel sets, [Wad&84].
Duparc recently got a new proof of Wadge’s results and he gave a normal form
of Borel sets, i.e. an inductive construction of a Borel set of every given degree
[Dup95a] [Dup01]. His proof relies on set theoretic operations which are the
counterpart of arithmetical operations over ordinals needed to compute the
Wadge degrees.

In fact Duparc studied the Wadge hierarchy via the study of the conciliating
hierarchy. He introduced in [Dup95a] [Dup01] conciliating sets which are sets
of finite or infinite words over an alphabet X, i.e. subsets of X*UX¥ = X=¥ It
turned out that the conciliating hierarchy is isomorphic to the Wadge hierarchy
of non self dual Borel sets, via the following correspondence:

For A C X=* and d a letter not in X, define
At ={z € (X U{d})* / x(/d) € A}

where z(/d) is the sequence obtained from x when removing every occurrence
of the letter d.
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Considering conciliating sets, we shall sometimes simply say " A is a Borel
set” instead of 7 A% is a Borel set”. In the same way we shall say " A is in
the Borel class 3¢ (respectively I1°)” instead of ” A% is in the Borel class 3¢
(respectively II2)”.

The set theoretic operations are then defined over conciliating sets. We shall
use in this paper the operation of exponentiation.

6.3 Operation of exponentiation of conciliating sets

We first recall the following:

Definition 6.9 Let X4 be a finite alphabet and «¢ X4, let X = X4 U {«}.
Let x be a finite or infinite word over the alphabet X = X4 U {«}.
Then x* is inductively defined by:

AT =,

For a finite word u € (X4 U {«})*:

(w.a) =u“.q, ifa € Xa,

(u. «=)" = u*“" with its last letter removed if [u*| > 0,

(. )= = X if [u™] =0,

and for u infinite:

(u)* = limye,(uln)), where, given (3, and v in X},

v C limye, B, < InVp >n Byllv]|] = v.

“«

Remark 6.10 Forx € X=%, 2 denotes the string x, once every « occuring
in x has been "evaluated” to the back space operation (the one familiar to your
computer!), proceeding from left to right inside x. In other words x*~ = x from
which every interval of the form "a « 7 (a € X4) is removed. So we may
consider the letter «— as an eraser.

For example if u = (a «)", forn > 1, u = (a «)* or u = (a ««)* then
(u) ™ = A,

if u = (ab «)“ then (u)“ = a¥,

if u=0bb(« a)” then (u)“ =b.

We can now define the operation A — A™ of exponentiation of conciliating
sets:

Definition 6.11 For A C X5* and « ¢ X, let X = X, U {«} and
A ={z e (XaU{«})=¥ |z € A}.

The operation ~ is monotone with regard to the Wadge ordering and produce
some sets of higher complexity, in the following sense:
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Theorem 6.12 (Duparc [Dup01] )a) For A C X3¥ and B C X3*, A?
and B borel sets, A <y B? + (A™)? <y (B™)%

b) If A2 C (X4 U {d})* is a X2-complete (respectively TIO-complete) set (
for an integer n > 1 ), then (A™)? is a 32 ;-complete (respectively II9_ -
complete) set.

We proved in [FinOla] that the class CF'L,, is closed under this operation ~.

Theorem 6.13 Whenever A C X4 is an w-CFL, then A~ C (X U {«})* is
an w-CFL.

We shall now extend this result by proving the following:

Theorem 6.14 (1) AC XY isin NA— CFL, if and only if
A~ C (XqaU{«})? isin NA—CFL,.

(II) A C XY is inherently ambiguous of degree k, where k is an integer > 2
or k € {Ry,Ng, 2%} if and only if A~ C (X4 U {«})¥ is inherently
ambiguous of the same degree k.

Proof. We reason firstly as in the proof of Theorem 6.13 in [FinOla].
Let A be an w-CFL which is accepted by a Biichi pushdown automaton M =
(K7 XA> Fa 57 qo, ZO? F)

An w-word ¢ € A~ may be considered as an w-word ¢~ € A to which we
possibly add, before the first letter o (1) of 0 (respectively between two
consecutive letters 0 (n) and 0 (n+1) of ), a finite word v, (respectively
Unt1 ) Where:

Un41 belongs to the context free (finitary) language L3 generated by the context
free grammar with the following production rules:

S — aS « S with a € X4,

S —a« S with a € Xy,

S — X (X being the empty word).

this language L3 corresponds to words where every letter of X4 has been
removed after using the back space operation.

And v; belongs to the finitary language Ly = («=)*.(Ls.(«=)*)*. This language
corresponds to words where every letter of X4 has been removed after using
the back space operation and this operation maybe has been used also when
there was not any letter to erase. L; is a context free language because the
class CFL is closed under star operation and concatenation product.

Remark 6.15 Recall that a one counter automaton is a pushdown automa-
ton with a pushdown alphabet in the form I' = {Zy, z} where Zy is the bottom
symbol and always remains at the bottom of the pushdown store. And a one
counter language is a (finitary) language which is accepted by a one counter
automaton by final states. It is easy to see that in fact Lz and Ly are deter-
ministic one-counter languages, i.e. Ly and Ly are accepted by deterministic
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one-counter automata. And for a € X 4, the language Ls.a is also accepted by
a deterministic one-counter automaton.

Then we shall construct from M another BPDA M~ which accepts the w-
language A~ over the alphabet X = X, U {«}.

Describe first informally the behaviour of the machine M~ when it reads an w-
word o € A~. Recall that this word may be considered as an w-word ¢~ € A
to which we possibly add, before the first letter 0 (1) of o* (respectively
between two consecutive letters 0“ (n) and 0*(n + 1) of 0*7), a finite word
vy (respectively v,41 ) where vy belongs to the context free language L, and
vpa1 belongs to the context free language Ls.

M~ starts the reading as a pushdown automaton accepting the language Ly.
Then M™ begins to read as M, but at any moment of the computation it may
guess (using the non determinism) that it reads a finite segment v of L3 which
will be erased (using the eraser «). It reads v using an additional stack letter
E which permits to simulate a one counter automaton at the top of the stack
while keeping the memory of the stack of M. Then, after the reading of v, M~
simulates again the machine M and so on.

More formally M~ = (K™, X4 U {«}, T U{E},07,qp, Zo, F'), where

K~ =KU{g}U{d |q€ K}

FE is a new letter not in T,

And the transition relation ¢~ is defined by the following cases (where the
transition rules (a)-(d) are used to simulate a pushdown automaton accepting
L, and the BPDA M™ enters in a state ¢!, for ¢ € K, when it simulates a one
counter automaton accepting L3):

(a) 6N(q67 “ ZU) = (Q67Z0>'
(b) (Q67EZ0) € 5N<Q67a7 ZO)?
for each a € Xy4.
(c) 0~(q0: «= E) = (g5, A)-
(d) 6™ (a0, a, E) = (g, EE),
for each a € X 4.
(e) (q7 V) € 5N(Q670J7 ZO) iff (CI?y) € 5((]07&7 ZO)7
for each a € X4 U{\} and v € ' and ¢ € K.
(f) (¢ v) € 6~(g.a,v) iff (¢',v) € d(q,a,7),
for each a € X, U{A\} and y €T and v € T* and ¢,¢ € K.
(8) (¢". Ev) € 0~(q,a,7),
for each a € X4 and vy €' and ¢q € K.
(h) 6~(¢",a, E) = (¢", EE),
for each a € X4 and q € K.
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(i) 0~(¢",« E) = (¢, N).
(i) (¢',v) €0™(¢" a,7) iff (¢, v) € 6(q,a,7),

for each a € Xy andyeTl'and v € '™ and ¢,¢ € K.
(k) (¢", Ev) € 0~(¢",a,7),

foreacha € X, and vy € I" and ¢ € K.

(I) We claim now that if M is a non ambiguous BPDA then M™ is also a non
ambiguous BPDA. This comes from the fact that the operation of erasing in an
w-word o € A~ is uniquely determined. Moreover the A-transitions occurring
in the reading of o by M~ simulate the A-transitions occurring in the reading
of 0= by M and they can not appear from a state of K! (transition rule (j)).
Hence they may appear just before but not just after the reading of a segment
v which will be erased. This ensures that the accepting run of an w-word
o € A”™ is unique. And in an w-word o accepted by M~ there exist infinitely
many letters of X4 which induce an infinite word ¢“= of (X4)* which is in
A (because otherwise at some moment M~ would enter in a state of K and
then remain in states of K1).

This proves that if Aisin NA— CFL, then A~ isin NA— CFL,,.

Conversely assume that A~ is in NA — CFL,,. Then there exists a non am-
biguous BPDA N which accepts the w-language A™. But it is easy to see
that

AV (XA = A

Hence one can get a BPDA M accepting A from the BPDA N by suppressing
the transition rules involving the input letter «—. Each accepting run of M on
an w-word o € A comes from an accepting run of N on ¢. Thus M is non
ambiguous because N was non ambiguous. And A = L(M) isin NA—CFL,,.

(IT) Assume now that A C X is inherently ambiguous of degree k, where k is
an integer > 2 or k € {Xg, Ny, 2% }. Let then M € BPDA(« < k) accepting
A. For the same reasons as for (I) above, M~ € BPDA(a < k) holds. Thus
A~ € CFL,(a < k). Now if A~ € CFL,(o < k) we could construct, from
a BPDA N € BPDA(a < k) accepting A~, another BPDA M’ accepting
A by suppressing the transition rules involving the input letter «—. And then
M’ would be in BPDA(a < k). This would lead to a contradiction thus
A~ ¢ CFL,(a < k) and A~ € A(k) — CFL,.

Assume conversely that A~ € A(k) — CFL,, where k is an integer > 2 or
ke [R5, Rg, 2%},

Let M be a BPDA in BPDA(«a < k) accepting A™~. Like above we can con-

struct from M, by suppressing the transition rules involving the input letter
« another BPDA N in BPDA(«a < k) accepting A. Thus A € CFL,(a < k).
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And if A € CFL,(a < k) held, the BPDA M~ accepting A~ we have
constructed above would be in BPDA(a < k). This is impossible because
A~ € A(k) — CFL,. Then A ¢ CFL,(a < k) and finally A € A(k) — CFL,,.

O

We have just considered above the case of a conciliating set containing only
infinite words. We are going to consider the case of a conciliating set containing
only finite words.

Theorem 6.16 (1) AC X} isin NA— CFL if and only if
A~ C (XaU{«1})=¥ is the union of a language in NA—CFL and of an
w-language in NA — CFL,.

(II) A C X% is in A(k) — CFL, where k is an integer > 2 or k = Ny, if and
only if A~ C (X4 U {«})=¥ is the union of a context free language in
A(k) — CFL and of an w-language in A(k) — CFL,.

Proof. Let A C X3 be a context free language. The set A~ is a subset of
(X4 U {«})=* which is constituted of finite and infinite words. Let h be the
substitution: X4 — P((X4 U {«})*) defined by a — a.Ls where L3 is the
context free language defined above. Then it is easy to see that the finite
words of A~ are obtained by substituting in A the language a.Ls for each
letter a € X4 and concatenating on the left by the language L.

But CFL is closed under substitution and concatenation [Ber79], then this
language is a context free finitary language D 4.

The infinite words in A™ constitutes the w-language
Dy.(Ls—{\})¥if A ¢ A, and
Dia—py-(Ls = {A}) U (Ls — {A})¥ i A € 4,

The languages Ly — {\} and L3 — {\} are context free, thus the set of infinite
words in A~ is an w-CFL D’y because w — KC(CFL) C CFL, by Theorem
2.11.

With similar ideas as in the preceding case of a conciliating set A containing
only infinite words, we shall construct a PDA accepting D4 and a MPDA
accepting D',.

Let then A C X7 be a context free language which is accepted by the PDA
M = (K, X4,T,0,q0, Zo, (F,T')) by final states and topmost stack letters,
where F' is the set of final states (remark that the accepting condition is just
by final states and nonempty storage). And let M7 be the PDA

M = (K7, XaU{«}, TU{EY}, 67,40, Zo, (FU{gr},T)
where

K =KU{q|qe K} U{g}VU{qr}
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qr and g are new states not in K U{q | ¢ € K},
E is a new letter not in I,

and the transition relation 07" is defined by the following cases (where the
transition rules (a)-(d) are used to simulate a pushdown automaton accepting
L, and the PDA M7 enters in a state ¢;, for ¢ € K, when it simulates a one
counter automaton accepting L3):

(a) 07 (g9, « Zo) = (40, Zo)-
(b) (QE),EZ()) € 5T(Q(l)7a7 ZU)7
for each a € X 4.
(C) 5T(Q6,«—,E> = (q67)‘>'
(d) o7 (g0, a, E) = (g0, EE),
for each a € X 4.
(e) (q,v) € 67 (qp, a, Zo) iff (q,v) € d(qo, a, Zo),
for each a € X4 U{\} and v € I and ¢q € K.
(f) (¢',v) € 67(q,a,7) iff (¢',v) € 6(q,a,7),
foreacha € XqaU{A} andy €T and v € I'* and ¢,¢' € K.
(8) (q1,Ev) € 07(q,a,7),
for each a € X4 and vy € ' and ¢ € K.
(h) 51N(qlvaa E) = (Q1aEE>7
for each a € X4 and ¢ € K.
(i) 51N(Q17 «_7E> = ((h?)‘)'
(i) (¢',v) € 67 (a1, a,7) iff (¢, v) € 0(g, a,7),
for each a € Xy andyel'and v € '™ and ¢,¢ € K.

(k) (Q1,E’7) € 5;((]17@7’7)’
for each a € X4 and vy € ' and ¢q € K.

(1) (gr,7) € 07 (q1,4,7)
for each vy € I"and ¢ € F' .

The transition rules of M7 are similar to those of the BPDA M~ of the
preceding proof, except for the last transition rule [(1)] which is used to accept
words with a final segment v € Ls which will be erased using the eraser «—.
We have used a PDA accepting by final states and topmost stack letters
because we wanted to be able to continue the computation on such a segment
and then we had to avoid a final configuration with empty storage after the
reading of a word in A.

By construction L(M7') = D4 holds.

We are going to prove now the parts of (I) and (II) involving the language
Dy.

Assume now that A isin NA — CF L. For the same reasons as in the proof of
Theorem 6.14 the language D4 is in NA — CFL (we shall show below that
D'y isin NA—CFL,). Conversely assume that D, is in NA— CFL then one
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can construct, from a non ambiguous PDA accepting D4, a non ambiguous
PDA accepting A because Dy N X% = A; hence A isin NA - CFL.

Assume that A is in A(k) — CFL, where k is an integer > 2 or k = X;. Then
if M is a PDA in PDA(a < k) accepting A by final states and topmost stack
letters, the PDA M7 we have constructed is in PDA(«a < k) hence Dy, is in
CFL(a < k). But if Dy was in CFL(a < k), the language A = Dy N X}
would be in CFL(« < k) because this class is closed under intersection with

regular languages and X% is regular. Thus Dy is not in CFL(a < k), and
Dy € A(k) — CFL. (We shall show below that D', is in A(k) — CFL,).

Conversely assume that Dy € A(k) — CFL. Then A = D, N X} is a context
free language in CF L(« < k) because the class CFL(« < k) is closed under
intersection with regular languages. If A was in CF L(« < k), the above con-
struction of M7 would provide, from a PDA M in PDA(a < k) accepting
A by final states and topmost stack letters, another PDA in PDA(a < k)
accepting D 4. This is impossible because Dy € A(k) — CFL, therefore

Ae A(k)—CFL=CFL(a<k)—CFL(a<k)

Return now to the w-language D’, which is
Dy.(Ls—{A})¥ift A ¢ A, and
D(A_{)\}).(Lg — {)\})w U (L4 — {)\})w if A e A.

Consider firstly the case where A ¢ A and D’y = D4.(L3 — {\})* and assume
again that A C X7 is a context free language which is accepted by the PDA
M = (K, X4,T,6,q0, Zo, (F,I')) by final states and topmost stack letters,
where F' is the set of final states. We shall construct, from the PDA M, a

MPDA M3 accepting D'y, with similar ideas as above for the construction of
M~ and M7.

Let M3 be the MPDA

M; = (KéV?XAU{*}aFU{E}a(S;;qgaZOaFé)
where

Ky =KU{q |¢e K} U{q|qe€ K} U{q}

o is a new state not in K U{q1 | ¢ € K} U{q2 | g € K}

FE is a new letter not in I
Fo={{q1,¢}|qe F}

And the transition relation 3" is defined by the following cases (where the
transition rules (a)-(d) are used to simulate a pushdown automaton accepting
L, and the PDA M3 enters in a state ¢q, for ¢ € K, when it simulates a one
counter automaton accepting Ls):
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(a) 5;(%/), “, ZU) = (q67ZO)
(b) (Q67EZO) € 65<q67a7 ZU)?
for each a € X 4.
(c) 05 (g0, « E) = (qg: A).
(d) 63 (a9, a, E) = (9, EE),
for each a € X 4.
(e) (Q7 V) € 5;(Q6aa’7 ZO) iff <Q7V> € (S(Q0,0/, Z0>7
for each a € X4, U{\} and v € '™ and ¢ € K.
(f) (¢',v) € 05(q,a,7) iff (¢, v) € 6(q,a,7),
for each a € XqU{A\} and y € 'and v € ['* and ¢, ¢ € K.
(g) (QIaEPY) S 55(%@7’7),
for each a € X4 and y €' and ¢q € K.
(h) 55((]17@7 E) - <QI7EE)7
for each a € X4 and q € K.
(1) 52N(q17«_7E) = (qla)‘)'
() (¢.v) € 65 (a1, a,7) iff (¢',v) € 6(q,a,7),
for each a € Xy and y € 'and v € [* and ¢,¢' € K.

(k) (g2,7) € 05 (q1, A7)
for each v € I' and ¢ € K.

() (a1, Ev) € 65 (g2, a,7)
for each a € X4 and vy € ' and ¢q € K.

The differences between the transition rules of M7 and those of M3 rely on
transition rules [(k)] and [(1)]. We have introduced new states ¢q, for ¢ € K,
which are used in A-transitions and appear during the reading of a segment
v = v;.0;41 which is in L3z, with v; and v; 1 minimal words in L (i.e. containing
none strict initial prefix in L3); such a state go appears after the reading of
the word v; and before the reading of the word v;,.

By construction L(MJ*) = D'y

Assume now that A isin NA—CFL and that M is a non ambiguous PDA. By
construction the MPDA M is non ambiguous and then D', is non ambiguous.

If we assume that A isin A(k)—CF L, where k is an integer > 2 or k = Y, then
we can construct M3 from a PDA in PDA(a < k) accepting A by final states
and topmost stack letters, and the resulting MPDA M5 isin MPDA(a < k).
Thus Dy € CFL,(a < k). If D'y was in CFL,(« < k), then for a fixed letter
b € X4, the w-language

A.(b. «) =Dy N X5.(b. «)¥
would be in CFL,(a < k) because the class CFL,(a < k) is closed under

intersection with w-regular languages and the w-language X7%.(b. «)¥ is
regular.
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But then one could construct, from a BPDA in BPDA(« < k) accepting
A.(b. «-)¥, a PDA in PDA(a < k) accepting A (with similar ideas as in the
proof of Theorem 3.12). But by hypothesis A is in A(k) — CFL hence A is
not in CFL(« < k). Thus D’y is not in CF L, (o < k) and

D', € A(k) — CFL,

Consider now the case where A € A and

D)y = Dia—py)-(Ls — {A)” U (Ls = {A})”

It is easy to show that the w-language (Ls—{A})* is a non ambiguous context
free w-language. In fact it is accepted by a deterministic BPDA.

Assume now that A € NA — CFL. Then A — {A\} = AN X} is also a non
ambiguous context free language because the class NA — CFL is closed under
intersection with regular languages. Then the preceding case shows that

D(A_{)\}).<L3 — {/\})w e NA—CFL,

We can conclude that D)y € NA — CFL, because the class NA — CFL, is
closed under disjoint finite union.

Assume now that A € A(k) — CFL, where k is an integer > 2 or k = Ng.
Then it is easy to show that A — {A} is also in A(k) — CFL. The preceding
case shows that

Dia-pay-(Ls = {A})* € A(k) — CFL,

Hence
Da—py-(Ls —{A})” € CFLy(a < k)

and we can infer that D’y € CFL,(a < k) because the class CFL,(a < k) is
closed under disjoint finite union.

And if D’y wasin CF L, (a < k), then for a fixed letter b € X4, the w-language
(A={}).(b. «) =Dy N X5.(b. « )

would be in CFL,(a < k) because the class CFL,(a < k) is closed under
intersection with w-regular languages and the w-language X1.(b. «)“ is
regular.

But then one could construct, from a BPDA in BPDA(a < k) accepting

(A—{A}).(b. «-)¥, a PDA in PDA(«a < k) accepting (A — {A}) (with similar
ideas as in the proof of Theorem 3.12). But by hypothesis (A4 — {A}) is in
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A(k) — CFL hence (A — {\}) is not in CFL(a < k). Thus D/, is not in
CFL,(a < k) and
D', € A(k) — CFL,
U

Duparc’s operation of exponentiation is defined over conciliating sets which
are sets of finite and infinite words. So we consider now conciliating sets
which are unions of a finitary context free language and of a context free w-
language. These conciliating sets are infinitary context free languages studied
by D. Beauquier in [Bea84a] [Bea84b| and they also appear in the study of
processes which may terminate or not.

Let then
L=AUB
where A is a CFL and B is an w-CFL over the same alphabet X4 = Xp.

With the preceding notations
L~ =A"UB~”=D,UD,UB"~
It is easy to see that this union is disjoint, because

(1) If x € D4 then z is a finite word.
(2) If x € D'y then z is an infinite word and z* is a finite word (in A).
(3) If x € B™ then x is an infinite word and z* is an infinite word (in B).

The degree of ambiguity of D4 is the same as the degree of ambiguity of A
by the preceding Theorem.

We want now to determine the degree of ambiguity of D’y U B~ which is an
w-CFL over the alphabet X4 U {«}. Let us state the following proposition.

Proposition 6.17 Let L = AU B where A is a CFL and B is an w-CFL
over the same alphabet X4 = Xp. With the preceding notations the degree of
ambiguity of D'y U B™ is given by the following cases:

(1) f Ae¢ NA—CFL and B€ NA— CFL, then
(D,UB~) € NA— CFL,

(2) If Ae NA—CFL and B € A(k) — CFL,, (with k > 2) then
(D'yuB~) e A(k) — CFL,

(3) If Ae A(k) — CFL (with k> 2) and B € NA— CFL, then

(D, UB™) € A(k) — CFL,
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(1) If A€ A(k) — CFL (with k >2) and B € A(K) — CFL, (with ¥ > 2)
then
(D', UB™) € A(sup(k, k")) — CFL,

Proof.
[(1)] Assume that A € NA - CFL and B € NA — CFL,. By preceding
Theorems 6.14 and 6.16, D’y € NA— CFL, and B~ € NA— CFL,. Thus

(D),UB~) € NA—CFL,

because the class NA — CFL, is closed under finite disjoint union and (D', N
B~) =10.

[(2)] Assume that A € NA—CFL and B € A(k)—CFL, where k is an integer
> 2or k€ {N;,Ng,2%}. Then by Theorems 6.14 and 6.16, D'y, € NA—CFL,
and B~ € A(k) — CFL,. Hence D'y and B~ are in CFL,(a < k) and

(D)yUB~) € CFL,(a < k)
because the class CF L, (« < k) is closed under finite disjoint union.
And if (D/y U B™) was in the class CFL,(« < k) then the w-language
B=(D,yUB~)n XY

would be in CFL,(a < k) because the class CFL,(a < k) is closed under
intersection with w-regular languages. But this is not possible because B €
A(k) — CF L, holds by hypothesis. Thus

(D', UB™) € A(k) — CFL, = CFL,(a < k) — CFL,(ax < k)
[(3)] Assume that A € A(k) — C'FL, where k is an integer > 2 or k = X, and

B € NA—CFL,. Then by Theorems 6.14 and 6.16, D’y € A(k) — CFL,, and
B~ e NA— CFL,. Hence

(D)yUB~) € CFL,(a < k)
because the class CF L, (« < k) is closed under finite disjoint union.

And if (D’ UB~) was in the class CF L, (o < k) then for a fixed letter b € X4,
the w-language

A.(b. «) = X}.(b. «)* N (D'y U B")
would be in CFL,(a < k) because the class CFL,(a < k) is closed under

intersection with w-regular languages. But then, as stated in the proof of
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Theorem 6.16, one could construct a PDA in PDA(« < k) accepting A. This
is not possible because A € A(k) — CFL holds by hypothesis. Thus

(D'yUB™) € A(k) — CFL, = CFL,(a < k) — CFL,(a < k)

[(4)] Assume that A € A(k) — CFL, where k is an integer > 2 or k = X, and
B € A(K') — CFL, where k is an integer > 2 or k' € {X;, ¢, 2%}. Then by
Theorems 6.14 and 6.16, D', € A(k) — CFL, and B~ € A(k') — CFL,,.

Hence D'y and B~ are in CF L, (o < sup(k, k")) and
(D'yUB~) e CFL,(a < sup(k, k"))

because this class is closed under finite disjoint union. With similar arguments
as in the preceding cases, one can prove that (D’yUB") is neither in CF L, (a <
k) nor in CFL, (o < k). Hence (D’y U B™) is not in CFL,(a < sup(k,k’))
and finally
(D', U B™) € A(sup(k, k")) — CFL,
U

In order to obtain further results about w-languages from results about con-
ciliating sets, we shall use the above defined correspondence A — A? between
the conciliating hierarchy and the Wadge hierarchy. We shall then prove the
following proposition.

Proposition 6.18 a) if A C X* is a context free language in NA — CFL
(respectively in A(k) — CFL), then A? is an w-CFL in NA — CFL,
(respectively in A(k) — CFL,).

b) if AC XY is an w-CFL in NA — CFL, (respectively in A(k) — CFL,),
then A4 is an w-CFL in NA — CF Ly, (respectively in A(k) — CFL,).

c) If A is the union of a finitary context free language B and of an w-CFL
C' over the same alphabet 33, then A¢ = BYU O is an w-CFL such that:

[B€ NA—CFL and C € NA—CFL,] — A*c NA—CFL,

[B€ NA—CFL and C € A(k) — CFL,) — A% € A(k) — CFL,
[B € A(k) —CFL and C € NA—CFL,| — A c A(k) — CFL,
[B € A(k)~CFL and C € A(K)~CFL,| — A% € A(sup(k,k'))—~CFL,

Proof of a).

Let A C ¥* be a finitary context free language. We have proved in [Fin0Ola]
that A? is an w-CFL. An easy construction, left to the reader, provides, from
a PDA M such that L(M) = A, a BPDA M’ such that L(M’) = A% Moreover
if M € PDA(a < k) then M’ € BPDA(a < k), hence if A is non ambiguous
A4 is also a non ambiguous w-CFL and if A is in A(k) — CFL then one can
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construct such a M’ in BPDA(«a < k). It remains to show that if A is in
A(k) — CFL then A% is not in CFL,(a < k). But

Ad® = AN Sr .

Thus if A% was in CFL,(a < k), the w-language A.d* would be in CFL,(a <
k) because this class is closed under intersection with w-regular languages.
And by proposition 5.17 the language A would then be in CF L(a < k) which
would lead to a contradiction because we have assumed that A is in A(k) —

CFL.

Proof of b).

Let A C ¥ be an w-CFL. We have proved in [FinOla] that A¢ is an w-
CFL. An easy construction, left to the reader, provides, from a BPDA M
such that L(M) = A, a BPDA M’ such that L(M’') = A? (intuitively the
BPDA works as M but is blind to letters d). Again if M € BPDA(«a < k)
then M’ € BPDA(a < k), hence if A is non ambiguous so is A%. And if A
is inherently ambiguous of degree k, then one can construct, from a BPDA
M € BPDA(a < k) accepting A, a BPDA M’ € BPDA(a < k) accepting A%.
It remains to show that if A is in A(k)—CF L, then A% isnot in CFL,(a < k).
But

A=ANxY
Thus if A? was in CFL,(a < k), the w-language A would be also in

CFL,(a < k) and this is not possible because by hypothesis A was in
A(k) — CF L.

Proof of c¢). Let A be the union of a finitary context free language B and of an
w-CFL C over the same alphabet Y. Then a) and b) imply that A? = B*UC?
is an w-CFL and that

[BE NA—CFLand C € NA—-CFL,] — A€ NA— CFL,

[B€ NA—CFL and C € A(k) — CFL,) — A% € OF L (o < k)

[Be A(k) —CFL and C € NA— CFL,| — A% € CFL (o < k)
[Be€ A(k) —CFL and C € A(K') — CFL,) — A% € OF L, (o < sup(k, k')

because the classes NA — CFL, and CFL,(a < k) are closed under finite
disjoint union and B4 N C? = 0.

It remains to show that in the second and third cases, A? is not in CF L, (a <
k) and in the last case that A is not in CFL,(a < sup(k,k’)). This may be
seen with similar methods as above, because:

B.d¥ = ANy .
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C=A'Ny~

6.4 Borel hierarchy and non ambiguous w-CFL

From preceding theorems we first deduce that non ambiguous w-CFL exhaust
the finite ranks of the Borel hierarchy.

Theorem 6.19 For each integer n > 1, there exist 32 -complete non ambigu-
ous w-CFL E, and II%-complete non ambiguous w-CFL F,.

Proof. For n = 1 consider the 3%-complete w-regular language
Ey={ae{0,1}*/3i «i)=1}

and the I1%-complete w-regular language

Fi={ae{0,1}¥/Vi «a(i)=0}.

These languages are non ambiguous omega context free languages because
REG, C NA—-CFL,.

Now consider the X9-complete w-regular language

Ey ={a € {0,1}¥/3<¥i «af(i) =1}

and the T19-complete w-regular language

Fy={ae{0,1}¥/3¥ a(i) =0},

where 3“7 means: ” there exist only finitely many 4 such that ...” , and

3“7 means: ” there exist infinitely many ¢ such that ...”.

Es5 and F, are non ambiguous omega context free languages because they are
w-regular languages.

To obtain non ambiguous omega context free languages further in the Borel
hierarchy, consider now O; (respectively C; ) subsets of {0,1}=% such that
(01)4 (respectively (C1)? ) are X9-complete ( respectively IT19-complete ) .
For example O; = {z € {0,1}=* / i z(i) = 1} and

Cy1 = {\}.

We have to apply n > 1 times the operation of exponentiation of sets.
More precisely, we define, for a set A C Xf‘”:

A~V =A

A~ = A~ and

A1) = (g

Now apply n times (for an integer n > 1) the operation ~ (with different new
letters «—1, «—g, «—3,..., «,) to Oy and C}.

By Theorem 6.12, it holds that for an integer n > 1:
(O™ is a 9_ ;-complete subset of {0, 1, «—, ..., «, d}*.
(C™)4 is a TI2, ;-complete subset of {0, 1, «1,..., %, d}*.
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And it is easy to see that O and C are in the form AU B where A is a finitary
regular language and B is a regular w-language, hence A is a non ambiguous
context free finitary language and B is a non ambiguous context free w-
language. Then it follows from Theorem 6.16 and proposition 6.17 that the
conciliating sets O7"" and CT"" are also in that form. Then the w-languages
(O7™)® and (C7™)4 are in NA — CFL, by proposition 6.18.

Hence the class NA — C'FL, exhausts the finite ranks of the hierarchy of
Borel sets: we obtain the non ambiguous w-CFL E,, = (Of‘(nfl))d and F, =
(" for n > 3.

6.5 Borel hierarchy and w-CFL which are inherently ambiguous of degree
< Ry

We shall study w-CFL which are inherently ambiguous of degree < V.

Recall that we have seen in Example 5.6 that if k£ is an integer > 2 and

k
_ niy ng N M4 niy MNi+1 Nk Nk
Ap = Har"az?az? . ayi_yapiag iy - asf_qast | s ng > 1}
i=1
*

Then Ay is inherently ambiguous of degree k over the alphabet X = {ay, ..., ax}
and A, is inherently ambiguous of degree Ny over the alphabet .

Let then e be a new letter and

By = Ag.eday, ... ag,e}”
Cr = Ar.e{ay, ... am,e}”
Dy = By UCy = Ap.efay,. .., ay, e}~
By = Ax.efay, ... aq4,e}"
Coo = Ax-e{ay, ... aq,e}”
Dy = Boo UC = Ag.efay, ... a4, e}~

We can infer from proposition 5.17 that Cj (respectively Cy) is an w-CFL
which is inherently ambiguous of degree k (respectively N;), and one can
easily prove in a similar manner that By, (respectively B,) is a context free
language which is inherently ambiguous of degree k (respectively X; ), i.e.

B, € A(k}) — CFL and C}, € A(k‘) — CFL,
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B € ARy) —CFL and Cy, € A(Ry) — CFL,,

Remark now that the w-language (Dy)? = (Bj, U Cy)? (respectively (Dy,)? =
(BsoUC4)?) is an open subset of {ay, . .., agy, e, d}* (respectively {ay, ..., a4, e, d}*).
But (Dy)? (respectively (Ds)?) is not a closed set because otherwise the w-
word (a1)® would be in (Dy)?¢ (respectively (D )¢). This follows from the
characterization of closed sets given in proposition 4.1, because for each inte-

ger n > 1 the finite word (a;)" is an initial prefix of some w-word in (Dy)?
(respectively (Do )?). Therefore (Dy)? (respectively (Dy)?) is a X9-complete
subset of {ay,...,as,e,d} (respectively {ay,...,aq,€,d}).

Hence we can generate some w-CFL which are inherently ambiguous of degree
k (respectively X ) and further in the Borel hierarchy, using the operation of
exponentiation of sets.

By Theorem 6.12, for every integer n > 1, (Dy™)? (respectively (Dy™)?) is a
0 1-complete subset of (Xj U {«1,...,«p, e, d})“ (respectively (Xo U {«

e

Dy, (respectively D) is the union of a context free language in A(k) — CFL
(respectively A(Ry) — CFL) and of an w-CFL in A(k) — CFL,, (respectively
A(Ry) — CFL,). But then it follows from Theorem 6.16 and proposition 6.17
that the conciliating sets D™ (respectively D3™) are also in that form. Then
the w-languages (D ™)¢ (respectively (DZ™)?) are in A(k) — CFL,, (respec-
tively A(Xy) — CFL,) by proposition 6.18. So we have proved the following
result:

Proposition 6.20 Let k be an integer > 2 or k = X, . For each integern > 1,
there exist 32-complete w-CFL in A(k) — CFL,, i.e. which are inherently
ambiguous of degree k.

In order to construct w-CFL which are inherently ambiguous of degree k < Ny
and in the corresponding TT? classes, we look first for some closed w-CFL.

Return to the above example 5.6, for £ an integer > 2:

_ ni n2 ny MNi+1 Nk Nk
Ay = U{a’l ay*az® . LAy Q] Ajt1 - - - Qop 1G9k | Ny, ey Mg 2 1}
i=1

Then Ay, is inherently ambiguous of degree k over the alphabet ¥ = {aq, ..., a}.
Let then e be a new letter and
By = Ag.eday, ... ag,e}”

Gy = Adh(By,)
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Consider first the case of Gy = Adh(Bz). It is easy to see that if ¢ is an w-word
in G5 then either the word o contains at least an occurrence of the letter e
and o € Cy = Ag.e.{ay,a9,as3,a4,e}* or o is in the following form:

ay, or

atay, for an integer n > 1, or

N 4T W 3
atayay, for an integer n > 1.

Cy is in A(2) — CFL, and each of the w-languages: {ay}, {atay | n > 1},
{atabay | n > 1}, is a deterministic w-CFL, hence is a non ambiguous w-
CFL. But the union of C'; and of these three w-languages is disjoint thus
Gy = Adh(Bs) is in CFL,(a < 2) because this class is closed under finite
disjoint union. But Gg is not in NA — CF L,,: otherwise Cy = Go N 3¥5.e.(Xo U
{e})¥ would be non ambiguous because the class NA — CF L, is closed under
intersection with w-regular languages. Thus Gy = Adh(By) isin A(2)—CFL,,

Gy = Adh(Bs) is a closed subset of (XyU{e})* but (Adh(Bs))? is not a closed
subset of (X9 U {e,d})¥. If it was closed the word a.d¥, for n > 1, would be
in (Adh(By))? by proposition 4.1 because every initial segment af.d? of af.d*
may be extended to the w-word af.dP.a¥ € (Adh(By))? (a4 € Adh(Bs)). But
every word in (Adh(Bsy))? contains infinitely many letters in XoU{e} (Adh(Bs)
contains only infinite words) thus a?.d is not in (Adh(By)).

We are now looking for a conciliating set in the form AU B C X=¥ where
A€ A(2) —CFL and B € A(2) — CFL, and (AU B)? is a closed subset of
(X U{d})~.

The set By U Adh(Bs) is still not convenient for our purpose: (B, U Adh(Bsy))?
is not closed. If it was closed (for example) the w-words a}.d”, for n > 1, would
be in (By U Adh(Bz))? because every initial segment a}.dP? may be extended
to the w-word af.dP.a% which is in (By U Adh(Bs))? (a¥ is in By U Adh(By)).
But a}.d” is not in (By U Adh(Bs))? because the finite word a7 is neither in
By nor in Adh(Bs).

We see that we must add to BoUAdh(Bs) the set of finite words u over ¥oU{e}
such that every prefix of u is a prefix of a word of Bs, i.e. the set of prefixes
of words of B;. By analogy with the adherence of a language we can set the
following definition:

Definition 6.21 Let V C X* be a finitary language over the alphabet X . The
finite adherence of the language V is

Adh'™(V)={o € X*| LF(c) C LF(V)} = LF(V)

Proposition 6.22 Let V C X* be a finitary language over the alphabet X .
Then the w-language (Adh/™(V)YUAdh(V))? is a closed subset of (X U{d})~.
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Proof. Let V' C X* be a finitary language over the alphabet X. And let
W = (Adh/™(V) U Adh(V))%. We shall show, using proposition 4.1 that W
is a closed subset of (X U {d})“. Let then ¢ € (X U {d})¥, such that [Vn >
1,3u € (XU{d})¥ such that (1) ...0(n).u € W]. We see that for each integer
n > 1 the word o[n|(/d), obtained from o[n] by removing every occurrence
of the letter d, may be extended to a word in Adh/™ (V') or to an w-word in
Adh(V'). Hence for each integer n > 1 the word o[n](/d) is a prefix of a word
of V and then the (finite or infinite) word o(/d) is in (Adh/™ (V') U Adh(V)).
Thus ¢ is in W = (Adh/™(V) U Adh(V))? and this ends the proof that W is
a closed subset of (X U {d})~. O

Consider then the set Adh/™(Bsy). It is constituted of words of By and of words
in one of the following sets of words:

By ={aj | n >0},

B2 ={atdy |n>1and p > 1},

B3 = {atayal |n>1and p > 1},

B ={a}ayata |n>1and p>1and 1< ¢ < p},

By ={a}dbal|n>1and p>1and 1 <q<p},

BS = {atdbakal |n>1and p>1and 1 < ¢ <n},

It is easy to see that these languages BS, for 1 < i < 6, are deterministic hence
non ambiguous context free languages.

The union U<;<y Bb is a disjoint union thus the language Uj<;<y B is in
NA — CFL. In a similar manner the union Us<;<¢ BS is disjoint then the

language Us<;< BS is in NA — CFL.

By a similar result for finitary languages as Theorem 5.16 ¢) for w-CFL, we
can deduce that U;<;< Bs is in CFL(a < 2) and then that

Adh'"™(By) = BoU | J By isin CFL(a <2)

1<i<6

because the union of By and U;<;<¢ B} is a disjoint union. Moreover we can
see that

Adhi™(By) € A(2) — CFL
because otherwise Adh/™(By) would be non ambiguous and then
By = Adh?™(By) N S5.e.(Xy U {e})*

would be also non ambiguous because the class NA — C'FL is closed under
intersection with rational languages.

Now the conciliating set Wy = Adh/™(By)UAdh(Bs) is the union of a language
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in A(2) — CFL and of an w-language in A(2) — CFL, and
(Adh/™(By) U Adh(By))*

is a closed subset of (33 U {e,d})”. The w-language (Ws)? is not an open
subset of (X2U{e, d})* because otherwise there would exist a finitary language
V C (23U {e,d})* such that (Wy)? = V.(X5 U {e,d})*. But the w-word d* is
in (Wy)4 (because the empty word is in Adh/™(Bs)) hence there would exist
a finite word v € V such that v = d" for some integer n > 0. Then the w-word
d™.e* would be in (W5)? but this is not possible because the w-word e is not

in (Adh/"(By) U Adh(By)).

W5)4 is a closed and not open subset of (XsU{e, d})“ hence it is a II-complete
1
subset of (33U {e,d})“.

Now as above we can generate some w-CFL which are inherently ambigu-
ous of degree 2 and of greater topological complexity, using the operation of
exponentiation of sets.

By Theorem 6.12, for every integer n > 1, (W5")% is a II2 ;-complete subset
of (22 U {(—%1’ ey &, 6 d})w

W5 is the union of a context free language in A(2) — CFL and of an w-CFL
in A(2) — CFL,. But then it follows from Theorem 6.16 and proposition 6.17
that the conciliating sets W3" are also in that form. Then the w-languages
(Ws~™)4 are in A(2) — CFL, by proposition 6.18. So we have proved the
following result:

Proposition 6.23 For each integer n > 1, there exist TI®-complete w-CFL
in A(2) — CFL,, i.e. which are inherently ambiguous of degree 2.

We are going now to extend this result to every finite degree of ambiguity. We
then consider

Bk = Ak.e.{al, ey Ao, 6}* and
Wy = Adh/™(By) U Adh(By,)
Firstly the w-language Adh(By) is the union of the following w-languages:
Cr = Ap.efay, ... as,e}*

A={ay}, andforl<j<k:

w Y ni _ns N9 n; ni  Mi+1  Mit+1 w
Ajas; = Uis{at ey as® . agi_jayiaghasys - asy g [ na, .y > 1,
J _ [,m1 N2 N2 75 5 w
Oy ={al'ay*ay’ .. ay}_sas]_1as; | ny, ... ,n; > 1},
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The w-language A is regular hence it is a non ambiguous w-CFL. And
for every integer j, 1 < j < k, the context free language A; is inherently
ambiguous of degree j hence the w-CFL Aj.a3;, is also inherently ambiguous
of degree j by proposition 5.17. The union of these w-languages is disjoint
thus

AU | Ajas,, €CFLy(a<k)=CFLy(a<k-1)

1<5<k

because the class CF L, (o < k) is closed under disjoint finite union.

On the other side it is easy to see that, for every integer j € [1,k — 1], the w-

language C,z is a deterministic context free w-CFL, hence C} € NA—CFL,,.
The languages CY are disjoint thus their union is a non ambiguous w-CFL by
Theorem 5.16 (a).

And by Theorem 5.16 (c),

Au U 4505, U ¢ € CFL,(a<(k—1)+1)=CFL,(a <k)

1<j<k 1<j<k

We know also that Cy € CFL,(a < k) but Cy, and the preceding union are
disjoint, hence

Adh(By) = CL,UAU |J Ajag, U U €] € CFL.(a<k)

1<j<k 1<j<k

because the class CFL,(a < k) is closed under finite disjoint union. And
Adh(By) is not in CFL,(« < k) because otherwise the w-language

Ok == Adh(Bk) n (Ek)*e(Zk U {6})w
would be also in CFL,(a < k) because this class is closed under intersec-
tion with w-regular languages. But this is not the case as C} is inherently
ambiguous of degree k.

Finally we have proved that Adh(By) € A(k) — CFL,.

Consider now the set of finite words Adh/"(By). This set is the union of the
following sets of finite words:

Bka

B ={a}|n >0},
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and for 1 < j < k:
J

. . + ni N2 N2 Nng ny Mi+1  Mi4+1 p )
Aj(azj)" = U{al Ay*A3” ... Qoi_1Qg; Qg 1Ggiyy - - Ay | M1y o3 Ny P 2 1},
i=1

Aj = Aj-{agjﬂ-agjw |[p=Tand1<gq<p}

j _ ny n2 _no n; n; p
By = {a}"a3*as - Qoj_olgf 1095 | n1, ..y, p > 1},
2J _ {1, n2 no nj o onj p g
B ={a"ay*a3’ ... ay]_sa5]_ya5;a5; 4 | n1,...,nj,p>1and 1 < q <p},
> ni _n _n2 ng N p
By, = {al"ay?a5? .. a5f_sa5f jas, | ny, ..., ng,>1and 1 <p<mny}.

The language B is regular thus it is a deterministic, hence non ambiguous,
context free language. For each integer j € [1,k — 1], the language A, is an
inherently ambiguous context free language of degree 7, thus A;.(ag;41)* is also
an inherently ambiguous context free language of degree j < k, (by a similar
result as proposition 5.17 for finitary languages). It is also easy to see that the
language A; is in CFL(a < j), because one can find a PDA in PDA(a < j)
accepting A; from a PDA in PDA(a < j) accepting A;.

The union B U U, <jcr Aj.(azj41) T UUi<jor 4, is disjoint thus

BU U Aj.(a2j+1)+ U U Aj is in CFL(OZ < k) = CFL(Oé < k— 1)
1<j<k 1<j<k
because the class CF L(« < k) is closed under finite disjoint union.

Considering the other languages above, it is easy to see that the languages
B}, B, for 1 < j < k, and By, are deterministic hence non ambiguous context
free languages.

These languages are disjoint, then
B.u |J BiU |J Blisin NA—CFL
1<j<k 1<j<k
because the class NA — C'F'L is closed under disjoint finite union.

By a similar result for finitary languages as Theorem 5.16 ¢) for w-CFL, we
can deduce that

o4



BU U Aj.(a2j+1)+u U A]U U BiU U B_iUBk

1<j<k 1<j<k 1<j<k 1<j<k
isin CFL(a < (k—1)4+1)=CFL(a < k).

And Adh/™(By,) is the union of By, and of this above language in CFL(« < k).
Then Adh/™(By) is in CFL(a < k) because it is the disjoint union of two
languages in CFL(a < k).

But Adh/™(B},) is not in CFL(a < k) because otherwise

By, = Adh/™(By) N Sf.e. (S U {e})*

would be also in CFL(a < k) because this class is closed under intersection
with regular languages. And By, € A(k)—CFL hence it is not in CF L(a < k).

Finally we have proved that
Adh'™(By) € A(k) — CFL

And the conciliating set Wy = Adh/"(By)UAdh(By) is the union of a language
in A(k) — CFL and of an w-language in A(k) — CFL, and

(Adh/™(By) U Adh(By))*

is a closed subset of (3, U {e,d})”. The w-language (W},)? is not an open
subset of (X U{e, d})“ because otherwise there would exist a finitary language
V C (2 U{e,d})* such that (W) = V.(X, U {e,d})*. But the w-word d* is
in (W) (because the empty word is in Adh/™(B},)) hence there would exist
a finite word v € V' such that v = d" for some integer n > 0. Then the w-word

d™.e* would be in (W) but this is not possible because the w-word e is not
in (Adh/™(By,) U Adh(By,)).

W% is a closed and not open subset of (3,U{e, d})“ hence it is a II-complete
1
subset of (3; U {e,d})*.

Now we can again generate some w-CFL which are inherently ambiguous of
degree k and of greater topological complexity, using the operation of expo-
nentiation of sets.

By Theorem 6.12, for every integer n > 1, (W;")% is a II2_ ;-complete subset
of (BpU{«1,...,«p, e d})".

W) is the union of a context free language in A(k) — CFL and of an w-CFL
in A(k) — CFL,. But then it follows from Theorem 6.16 and proposition 6.17
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that the conciliating sets W™ are also in that form. Then the w-languages
(Wg ™4 are in A(k) — CFL, by proposition 6.18. So we have proved the
following result:

Proposition 6.24 Let k be an integer > 2. For each integer n > 1, there
exist TI2-complete w-CFL F,(k) in A(k) — CFL,, i.e. which are inherently
ambiguous of degree k.

In order to extend this result to w-CFL which are inherently ambiguous of
degree N, we shall use a result of Crestin:

Theorem 6.25 (Crestin [Cre72]) Let ¥ = {a,b} and
C={uv /uvec{ab}l" and u® =u and v = v}

Then the language C' is a context free language which is inherently ambiguous
of infinite degree (i.e. C € A(Xy) — CFL).

In fact ¢ = L where L, = {v € {a,b}" / v" = v} is the language of
palindromes over the alphabet {a,b}.

Consider now the language
D = C.e{a,b,e}*

where e is a new letter. Then it is easy to see that

Adh(D) = {a,b}* UC.e{a,b,e}”
Adh'™(D) = {a,b}* U C.e{a,b,e}*

because every word u € {a, b}* is a prefix of a palindrome (for example of the
palindrome u.u?) hence it is also a prefix of a word of C' and of a word of D.

The w-language C being in A(X;) — CFL, the w-language C.e.{a,b, e} is
an w-CFL which is in A(X;) — CF'L,, by proposition 5.17. On the other side
the w-language {a,b}* is regular hence it is a non ambiguous w-CFL. Thus

Adh(D) € CFL,(a < Xgy) because the class CFL,(a < X;) is closed under
finite disjoint union. And Adh(D) is not in CF L, (a0 < X)) because otherwise
the w-language

C.efa,b,e}” = Adh(D) N{a,b}*.e{a,b, e}

would be also in CFL,(a < Ry) because the class CFL, (o < Xy) is closed
under intersection with w-regular languages. But this is not possible because
C.e{a,be}¥ € A(Ry) — CFL,. Finally we have proved that

Adh(D) € A(Ny) — CFL,
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Consider now the finitary language Adh/™(D) = {a,b}* U C.e.{a,b,e}*. In a
similar manner (details are here left to the reader) we can show that

Adh'™(D) € A(Ry) — CFL
Consider now the conciliating set
W = Adh(D) U Adh!™(D)

which is the union of a language in A(X;) — CFL and of an w-language in
A(Ry) — CFL,. Then

(W) = (Adh'™(D) U Adh(D))*

is a closed subset of {a,b,e,d}*. The w-language (W)? is not an open subset
of {a,b,e,d}* because otherwise there would exist a finitary language V' C
{a,b,e,d}* such that (W)? = V.{a,b,e,d}*. But the w-word d* is in (W)?
(because the empty word is in Adh/™(D)) hence there would exist a finite
word v € V such that v = d" for some integer n > 0. Then the w-word d".e*

would be in (W)? but this is not possible because the w-word e* is not in
(Adh/™(D) U Adh(D)).

(W)4 is a closed and non open subset of {a, b, e, d}* hence it is a TI9-complete
subset of {a,b, e, d}*.

Now reasoning as above, by Theorem 6.12, for every integer n > 1, (W~")4
is a T2, ;-complete subset of {«1,...,«p,a,b e, d}*.

W is the union of a context free language in A(Ry) — CFL and of an w-CFL
in AX,) — CFL,, thus it follows from Theorem 6.16 and proposition 6.17
that the conciliating sets W™ are also in that form. Then the w-languages
(W~m4 are in A(Ny) — CFL, by proposition 6.18. So we have proved the
following result:

Proposition 6.26 For cach integer n > 1, there exist TI®-complete w-CFL
which are inherently ambiguous of degree N .

We can now summarize the preceding propositions in the following Theorem:
Theorem 6.27 Let k be an integer > 2 or k = Ny . Then for each integer

n > 1, there exist X9-complete w-CFL E,(k) and TI2-complete w-CFL F, (k)
which are in A(k) — CFL,, i.e. which are inherently ambiguous of degree k.
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7 Concluding remarks and further work

We will pursue the study of the above section by considering in [Fin00d] Borel
sets which are w-CFL in A(Xg) — CFL, or in A(2%) — CFL,,.

The Wadge Hierarchy is a great refinement of the Borel hierarchy and it is
natural to ask for the restriction of the Wadge Hierarchy to several classes
of w-languages. In fact there is an effective version of the Wadge Hierarchy
restricted to w-regular languages. This hierarchy is now called the Wagner
hierarchy and has length w“. Wagner [Wag79] gave an automata structure
characterization, based on notion of chain and superchain, for an automaton
to be in a given class. And one can also compute the Wadge degree of any
w-regular language. Wilke and Yoo proved in [WY95] that one can compute
the Wadge degree of any w-regular language in polynomial time.

The Wadge hierarchy of deterministic w-CFL has been determined. It has
length w*”. It has been recently studied in [DFRO1] [Dup99] [Fin99] [Fin01c].

We proved in [Fin01b] that the length of the Wadge hierarchy of w-CFL (in-
cluding non deterministic w-CFL) is an ordinal greater than or equal to the
Cantor ordinal &.

Using the results and methods of this paper and of [Fin01b], we will show
in [Fin0Ob] that the Wadge hierarchy restricted to the class NA — CFL,
(respectively A(k) — CFL,, for k > 2) has still a length > &.

In the last section we have constructed closed w-CFL in A(k) — CFL, by
taking the adherence of a finitary language in A(k) — C'F'L. One may ask for
the preservation of unambiguity (respectively of inherent ambiguity) by the
operation: V — Adh(V) and also by the operations: V — V¢ and: V — V?,
which are fundamental operations from finitary languages to w-languages.
We prove in another paper that each of these operations preserves neither
unambiguity nor inherent ambiguity, [Fin0Oc].

A further line of research is the study of context free grammars generating
context free w-languages. It seems that one could extend the equivalence
between the existence of a non ambiguous grammar generating a CFL L and
the existence of a non ambiguous PDA accepting L to the case of w-languages.
We then could study the links between the ambiguity of a finitary language
L(G) generated by a context free grammar G and the ambiguity of the context
free w-language L, (G) generated by the same grammar G.

In a recent work, Wich distinguishes ambiguous grammars of infinite degree
by the growth-rate of their ambiguity with respect to the length of the words.
He shows in [Wic99] that each cycle-free context-free grammar G is either ex-
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ponentially ambiguous or its ambiguity is bounded by a polynomial. It should
be possible, as suggested by Simonnet, to show, at least for special classes
of grammars, that a grammar which is exponentially ambiguous generates an
w-CFL in A(2%) — CFL, and that a grammar (of infinite degree of ambi-
guity) whose ambiguity is bounded by a polynomial generates an w-CFL in
A(Rg) — CFL,,.

Acknowledgements. Thanks to Jean-Pierre Ressayre and Jacques Du-
parc for many useful discussions about Wadge and Wagner Hierarchies, and
to Pierre Simonnet for communicating his result on analytic omega context
free languages.

References

[Arn83b] A. Arnold, Rational Omega-Languages are Non-Ambiguous, Theoretical
Computer Science 26 (1983), 221-223

[Arn83a] A. Arnold, Topological Characterizations of Infinite Behaviours of
Transition Systems, ICALP 1983: 28-38.

[ABB96] J-M. Autebert, J. Berstel and L. Boasson, Context Free Languages and
Pushdown Automata, in Handbook of Formal Languages, Vol 1, Springer Verlag
1996.

[Bea84a] D. Beauquier, Langages Algébriques Infinitaires, Ph. D. Thesis, Université
Paris 7, 1984.

[Bea84b] D. Beauquier, Some Results about Finite and Infinite Behaviours of a
Pushdown Automaton, Proceedings of the 11*" International Colloquium on
Automata, languages and Programming (ICALP 84) LNCS 172, p. 187-195
(1984).

[Ber79] J. Berstel, Transductions and Context Free Languages, Teubner
Studienbiicher Informatik, 1979.

[BN80] L. Boasson and M. Nivat, Adherences of Languages, J. Comput. System Sci.
20 (1980) 3, 285-309.

[Biic60a] J.R. Biichi, Weak Second Order Arithmetic and Finite Automata,
Zeitschrift fur Mathematische Logik und Grundlagen der Mathematik, 6 (1960),
pp 66-92.

[Biic60b] J.R. Biichi, On a Decision Method in Restricted Second Order Arithmetic,
Logic Methodology and Philosophy of Science, ( Proc. 1960 Int. Congr. ).
Stanford University Press, 1962, 1-11.

[BL69] J.R. Biichi and L. H. Landweber, Solving Sequential Conditions by Finite
State Strategies. Trans. Amer. Math. Soc. 138 (1969).

29



[BS73] J.R. Biichi, D. Siefkes, The Monadic Second Order Theory of All Countable
Ordinals, Decidable Theories 2, 1973, S.L.N.M. , number 328.

[CP97] O. Carton and D. Perrin, Chains and Superchains for w-Rational Sets,
Automata and semigroups, International Journal of Algebra and Computation
Vol. 7, no. 7(1997), p. 673-695.

[CP99] O. Carton and D. Perrin, The Wagner Hierarchy of w-Rational Sets,
International Journal of Algebra and Computation, Vol. 9, no. 5 (1999), p.
597-620.

[Cre72] J.P. Crestin, Un Langage non Ambigu dont le Carré est d’ Ambiguité
Inhérente non Bornée, Proc. 1st ICALP Colloquium, pp. 377-390, North
Holland (1972).

[CGT77] R. S. Cohen and A. Y. Gold, Theory of w-Languages, Parts one and two, J.
Computer and System Science 15 (1977) 2, 169-184 and 185-208.

[CGT78] R. S. Cohen and A. Y. Gold, w-Computations on Deterministic Pushdown
Machines, J. Computer and System Science (1978) 3, 257-300.

[Dup95a] J. Duparc, La Forme Normale des Boréliens de Rang Fini, Ph.D. Thesis,
Université Paris 7, 1995.

[Dup95b] J. Duparc, The Normal Form of Borel Sets, Part 1: Borel Sets of Finite
Rank, C.R.A.S. Paris, .320, Séric 1, p.651-656, 1995.

[Dup01] J. Duparc, Wadge Hierarchy and Veblen Hierarchy: Part 1: Borel Sets of
Finite Rank, Journal of Symbolic Logic, 66 (2001), no. 1, p. 56-86.

[Dup99] J. Duparc, A Hierarchy of Context Free Omega Languages, Theoretical
Computer Science, to appear.

[DFRO1] J. Duparc, O. Finkel and J-P. Ressayre, Computer Science and the Fine
Structure of Borel Sets, Theoretical Computer Science, Vol 257 (1-2), April
2001, p.85-105.

[Eil74] S. Eilenberg, Automata, Languages and Machines, Vol. A, Academic Press,
New York, 1974.

[EH93] J. Engelfriet and H. J. Hoogeboom, X-Automata on w-Words, Theoretical
Computer Science 110 (1993) 1, 1-51.

[Fin99] O. Finkel, Wadge Hierarchy and Deterministic Omega Context Free
Languages, in preparation.

[Fin00a] O. Finkel, Borel Hierarchy and Omega Context Free Languages,
Theoretical Computer Science, to appear.

[Fin0Ob] O. Finkel, Wadge Hierarchy and Ambiguity in Omega Context Free
Languages, in preparation.

[Fin00c] O. Finkel, Non Preservation of Ambiguity from Finitary to Omega Context
Free Languages, preprint, 10 pages.

60



[Fin00d] O. Finkel, On Omega Context Free Languages which are Inherently
Ambiguous of Infinite Degree, in preparation.

[FinOla] O. Finkel, Topological Properties of Omega Context Free Languages,
Theoretical Computer Science, Vol 262 (1-2), July 2001, p. 669-697.

[Fin01b] O. Finkel, Wadge Hierarchy of Omega Context Free Languages, Theoretical
Computer Science, Volume 269 (1-2), 2001, p.283-315.

[FinOlc] O. Finkel, An Effective Extension of the Wagner Hierarchy to Blind
Counter Automata, Proceedings of Computer Science Logic 2001, Lecture Notes
in Computer Science, Volume 2142, p. 369-383.

[Fin01d] O. Finkel, On Omega Context Free Languages which are Borel Sets of
Infinite Rank, Theoretical Computer Science, to appear.

[F1la85] P. Flajolet, Ambiguity and Transcendence, Research Report Number 397,
INRIA, May 1985.

[F1la86] P. Flajolet, Analytic Models and Ambiguity of Context Free Languages,
Research Report Number 483, INRIA, January 1986.

[Gin66] S. Ginsburg, The Mathematical Theory of Context Free Languages, Mc
Graw-Hill Book Company, New York, 1966.

[GU66] S. Ginsburg and J.S. Ulllian, Ambiguity in Context Free Languages, JACM
13 (1), 62-89 (1966).

[Her97] C. Herzog, Pushdown Automata with Bounded Nondeterminism and
Bounded Ambiguity, Theoretical Computer Science 181, 1997.

[HU69] J.E. Hopcroft and J.D. Ullman, Formal Languages and their Relation to
Automata, Addison-Wesley Publishing Company, Reading, Massachussetts,
1969.

[Kur66] K. Kuratowski, Topology, Academic Press, New York 1966.

[Lan69] L. H. Landweber, Decision Problems for w-Automata, Math. Syst. Theory
3 (1969) 4,376-384.

[LT94] H. Lescow and W. Thomas, Logical Specifications of Infinite Computations,
In:” A Decade of Concurrency” (J. W. de Bakker et al., eds), Springer LNCS
803 (1994), 583-621.

[Lin76] M. Linna, On w-Sets Associated with Context-Free Languages, Inform.
Control 31 (1976) 3, 272-293.

[Lin77] M. Linna, A Decidability Result for Deterministic w-Context-Free
Languages, Theoretical Computer Science 4 (1977), 83-98.

[MaN66] R. Mac Naughton, Testing and Generating Infinite Sequences by a Finite
Automaton, Information and Control 9 (1966), 521-530.

61



[Mau68] H. A. Maurer, The Existence of Context Free Languages which are
Inherently Ambiguous of any Degree, Dept. of Mathematics, Research Series,
University of Calgary, 1968.

[Mau69] H. A. Maurer, A Direct Proof of the Inherent Ambiguity of a Simple
Context Free Language, Journal of the Association for Computing Machinery,
Vol 16, Number 2, April 1969, 256-260.

[Mos80] Y. N. Moschovakis, Descriptive Set Theory, North-Holland, Amsterdam
1980.

[Naj98] M. Naji, Grad der Mehrdeutigkeit Kontextfreier Grammatiken und
Sprachen, Diplomarbeit, FB Informatik, Johann-Wolfgang-Goethe-Universitat,
Frankfurt am Main, 1998.

[Niv77] M. Nivat, Mots Infinis Engendrés par une Grammaire Algébrique, RAIRO
Infor. théor. 11 (1977), 311-327.

[Niv78] M. Nivat, Sur les Ensembles de Mots Infinis Engendrés par une Grammaire
Algébrique, RAIRO Infor. théor. 12 (1978), 259-278.

[PP01] D. Perrin and J.-E. Pin, Infinite Words, Book in preparation, available from
http://www.liafa.jussieu.fr /jep/Resumes/Infinite Words.html

[Sch67] J.R. Schoenfield, Mathematical Logic, Addison-Wesley, Reading, MA, 1967.

[Sel98] V. Selivanov, Fine Hierarchy of Regular w-Languages, Theoretical Computer
Science 191(1998) p.37-59.

[Sim92] P. Simonnet, Automates et Théorie Descriptive, Ph. D. Thesis, Université
Paris 7, March 1992.

[Sim00] P. Simonnet, personal communication, April 2000.

[Sta86] L. Staiger, Hierarchies of Recursive w-Languages, Jour. Inform. Process.
Cybernetics EIK 22 (1986) 5/6, 219-241.

[Sta97a] L. Staiger, w-Languages, Chapter of the Handbook of Formal Languages,
Vol 3, edited by G. Rozenberg and A. Salomaa, Springer-Verlag, Berlin, 1997.

[Sta97b] L. Staiger, On w-Power Languages, in New Trends in Formal Languages,
Control, Coperation, and Combinatorics, Lecture Notes in Computer Science
1218, Springer-Verlag, Berlin 1997, 377-393.

[SW74] L. Staiger and K. Wagner, Automatentheoretische und Automatenfreie
Charakterisierungen Topologischer Klassen Regularer Folgenmengen. Elektron.
Informationsverarb. Kybernetik EIK 10 (1974) 7, 379-392.

[Tho90] W. Thomas, Automata on Infinite Objects, in: J. Van Leeuwen, ed.,
Handbook of Theorical Computer Science, Vol. B ( Elsevier, Amsterdam, 1990
), p- 133-191.

[Wad84] W.W. Wadge, Reducibility and Determinateness on the Baire Space, Ph.
D. Thesis, Berkeley, 1984.

62



[Wag79] K. Wagner, On Omega Regular Sets, Inform. and Control 43 (1979) p.
123-177.

[Wic99] K. Wich, Exponential Ambiguity of Context-free Grammars, Proc. of
4th Int. Conf. on Developments in Language Theory 1999, World Scientific,
Singapore.

[Wic00] K. Wich, Sublinear Ambiguity, Proc. of MFCS 2000, Lecture Notes in
Computer Science Vol. 1893, Springer, 2000, p. 690-698.

[WY95] Th. Wilke and H. Yoo, Computing the Wadge Degree, the Lifschitz Degree
and the Rabin Index of a Regular Language of Infinite Words in Polynomial
Time, in: TAPSOFT’ 95: Theory and Practice of Software Development (eds.
P.D. Mosses, M. Nielsen and M.I. Schwartzbach), L.N.C.S. 915, p. 288-302,
1995.

63



