Topology and ambiguity in ω-context free languages

Olivier Finkel Equipe de Logique Mathématique U.F.R. de Mathématiques, Université Paris 7 2 Place Jussieu 75251 Paris cedex 05, France.

E Mail: finkel@logique.jussieu.fr

Pierre Simonnet UMR CNRS 6134 Faculté des Sciences, Université de Corse Quartier Grossetti BP52 20250, Corte, France E Mail: simonnet@univ-corse.fr.

Abstract

We study the links between the topological complexity of an ω-context free language and its degree of ambiguity. In particular, using known facts from classical descriptive set theory, we prove that non Borel ω-context free languages which are recognized by Büchi pushdown automata have a maximum degree of ambiguity. This result implies that degrees of ambiguity are really not preserved by the operation W → W^ω, defined over finitary context free languages. We prove also that taking the adherence or the δ-limit of a finitary language preserves neither ambiguity nor inherent ambiguity. On the other side we show that methods used in the study of ω-context free languages can also be applied to study the notion of ambiguity in infinitary rational relations accepted by Büchi 2-tape automata and we get first results in that direction.

Keywords: context free languages; infinite words; infinitary rational relations; ambiguity; degrees of ambiguity; topological properties; borel hierarchy; analytic sets.

AMS Subject Classification: 68Q45; 03D05; 03D55; 03E15.

1 Introduction

ω-context free languages (ω-CFL) form the class CF L_ω of ω-languages accepted by pushdown automata with a Büchi or Muller acceptance condition. They were firstly studied by Cohen and Gold, Linna, Boasson, Nivat, [CG77] [Lin76] [BN80] [Niv77], see Staiger’s paper for a survey of these works [Sta97a]. A way to study the richness of the class CF L_ω is to consider the topological complexity of ω-context free languages when the set Σ^ω of infinite words over the alphabet Σ is equipped with the usual Cantor topology. It is well known that all ω-CFL as well as all ω-languages accepted by Turing machines with a Büchi or a Muller acceptance condition are analytic sets. ω-CFL accepted by deterministic Büchi pushdown automata are Π^0_2-sets, while ω-CFL accepted by deterministic Muller pushdown automata are boolean combinations of Π^0_2-sets. It was recently proved that the class CF L_ω exhausts the finite ranks of the Borel hierarchy, [Fin01], that there exists some ω-CFL which are Borel sets of infinite rank, [Fin03b], or even analytic but non Borel sets, [Fin03a].

Using known facts from Descriptive Set Theory, we prove here that non Borel ω-CFL have a maximum degree of ambiguity: if L(A) is a non Borel ω-CFL which is accepted by a Büchi pushdown automaton (BPDA) A then there exist 2^{ℵ0} ω-words α such that A has 2^{ℵ0} accepting runs reading α, where 2^{ℵ0} is the cardinal of the continuum.

The above result of the second author led the first author to the investigation of the notion of ambiguity and of degrees of ambiguity in ω-context free languages, [Fin03c]. There exist some non ambiguous ω-CFL of every finite Borel rank, but all known examples of ω-CFL which are Borel sets of infinite rank are accepted by ambiguous BPDA. Thus one can make the hypothesis that there are some links between the topological complexity and the degree of ambiguity for ω-CFL and such connections were firstly studied in [Fin03c]. The operations W → Adh(W ) and W → W^δ, where Adh(W ) is the adherence of the finitary language W ⊆ Σ^⋆ and W^δ is the δ-limit of W , appear in the characterization of Π^0_1 (i.e. closed)-subsets and Π^0_2-subsets of Σ^ω, for an alphabet Σ, [Sta97a]. Moreover it turned out that the first one is useful in the study of topological properties of ωcontext free languages of a given degree of ambiguity [Fin03c]. We show that each of these operations preserves neither unambiguity nor inherent ambiguity from finitary to ωcontext free languages. We deduce also from the above results that neither unambiguity nor inherent ambiguity is preserved by the operation W → W^ω. This important operation is defined over finitary languages and is involved in the characterization of the class of ωregular languages (respectively, of ω-context free languages) as the ω-Kleene closure of the class of regular (respectively, context free) languages [Tho90] [PP02] [Sta97a] [Sta97b].

On the other side we prove that the same theorems of classical descriptive set theory can also be applied in the case of infinitary rational relations accepted by 2-tape Büchi automata. The topological complexity of infinitary rational relations has been studied by the first author who showed in [Fin03d] that there exist some infinitary rational relations which are not Borel. Moreover some undecidability properties have been established in [Fin03e]. We then prove some first results about ambiguity in infinitary rational relations.

The paper is organized as follows. In section 2, we recall definitions and results about ω-CFL and ambiguity. In section 3, Borel and analytic sets are defined. In section 4, we study links between topology and ambiguity in ω-CFL. In section 5, we show some results about infinitary rational relations.

2 ω-context free languages

We assume the reader to be familiar with the theory of formal languages and of ωregular languages, [Ber79] [Tho90] [Sta97a] [PP02]. We shall use usual notations of formal language theory. When Σ is a finite alphabet, a non-empty finite word over Σ is any sequence x = a_1 . . . a_k, where a_i ∈ Σ for i = 1, . . . , k, and k is an integer ≥ 1. The length of x is k, denoted by |x| . We write x(i) = a_i and x[i] = x(1) . . . x(i) for i ≤ k. We write also x[0] = λ, where λ is the empty word, which has no letter; its length is |λ| = 0. Σ^⋆ is the set of finite words over Σ, and Σ^+ is the set of finite non-empty words over Σ. The mirror image of a finite word u will be denoted by u^R.

The first infinite ordinal is ω. An ω-word over Σ is an ω -sequence a_1 . . . a_n . . ., where ∀i ≥ 1 a_i ∈ Σ. The set of ω-words over the alphabet Σ is denoted by Σ^ω. An ωlanguage over an alphabet Σ is a subset of Σ^ω. For V ⊆ Σ^⋆, the ω-power of V is the ω-language V^ω = {σ = u_1 . . . u_n . . . ∈ Σ^ω | ∀i ≥ 1 u_i ∈ V − {λ}}. LF (v) is the set of finite prefixes (or left factors) of the word v, and LF (V ) = ∪_{v∈V} LF (v) for every language V of finite or infinite words.

We introduce now ω-context free languages via Büchi pushdown automata.

Definition 2.1 A Büchi pushdown automaton is a 7-tuple A = (K, Σ, Γ, δ, q_0, Z_0, F ), where K is a finite set of states, Σ is a finite input alphabet, Γ is a finite pushdown alphabet, q_0 ∈ K is the initial state, Z_0 ∈ Γ is the start symbol, F ⊆ K is the set of final states, and δ is a mapping from K × (Σ ∪ {λ}) × Γ to finite subsets of K × Γ^⋆ . If γ ∈ Γ^+ describes the pushdown store content, the leftmost symbol will be assumed to be on “top” of the store. A configuration of the BPDA A is a pair (q, γ) where q ∈ K and γ ∈ Γ^⋆.

For a ∈ Σ∪{λ}, γ, β ∈ Γ^⋆ and Z ∈ Γ, if (p, β) is in δ(q, a, Z), then we write a : (q, Zγ) →_A (p, βγ).

Let σ = a_1a_2 . . . a_n . . . be an ω-word over Σ. A run of A on σ is an infinite sequence r = (q_i, γ_i, ε_i)_{i≥1} where (q_i, γ_i)_{i≥1} is an infinite sequence of configurations of A and, for all i ≥ 1, ε_i ∈ {0, 1} and:

1. (q_1, γ_1) = (q_0, Z_0)

2. for each i ≥ 1, there exists b_i ∈ Σ ∪ {λ} satisfying

b_i : (q_i, γ_i) →_A (q_{i+1}, γ_{i+1}) and ( ε_i = 0 iff b_i = λ ) and such that a_1a_2 . . . a_n . . . = b_1b_2 . . . b_n . . .

In(r) is the set of all states entered infinitely often during run r. The ω-language accepted by A is

L(A) = {σ ∈ Σ^ω | there exists a run r of A on σ such that In(r) ∩ F ≠ ∅}

The class CF L_ω of ω-context free languages is the class of ω-languages accepted by Büchi pushdown automata. It is also the ω-Kleene closure of the class CF L of context free finitary languages, where for any family L of finitary languages, the ω-Kleene closure of L, is: ω − KC(L) = {∪^n_{i=1}U_i.V^ω_i | ∀i ∈ [1, n] U_i, V_i ∈ L}.

If we omit the pushdown stack and the λ-transitions, we get the classical notion of Büchi automaton. Recall that the class REG_ω of ω-regular languages is the class of ω-languages accepted by finite automata with a Büchi acceptance condition. It is also the ω-Kleene closure of the class REG of regular finitary languages, [Tho90] [Sta97a] [PP02].

Notice that we introduced in the above definition the numbers ε_i ∈ {0, 1} in order to distinguish runs of a BPDA which go through the same infinite sequence of configurations but for which λ-transitions do not occur at the same steps of the computations. We can now briefly recall some definitions of [Fin03c] about ambiguity.

We shall denote ℵ_0 the cardinal of ω, and 2^{ℵ0} the cardinal of the continuum. It is also the cardinal of the set of real numbers and of the set Σ^ω for every finite alphabet Σ having at least two letters.

Definition 2.2 Let A be a BPDA accepting infinite words over the alphabet Σ. For x ∈ Σ^ω let α_A(x) be the cardinal of the set of accepting runs of A on x.

Lemma 2.3 ([Fin03c]) Let A be a BPDA accepting infinite words over the alphabet Σ. Then for all x ∈ Σ^ω it holds that α_A(x) ∈ N ∪ {ℵ_0, 2^{ℵ0} }.

Definition 2.4 Let A be a BPDA accepting infinite words over the alphabet Σ.

(a) If sup{α_A(x) | x ∈ Σ^ω} ∈ N ∪ {2^{ℵ0} }, then α_A = sup{α_A(x) | x ∈ Σ^ω}.

(b) If sup{α_A(x) | x ∈ Σ^ω} = ℵ_0 and there is no word x ∈ Σ^ω such that α_A(x) = ℵ_0, then α_A = ℵ^−_0 .

(ℵ^−_0 does not represent a cardinal but is a new symbol that we introduce to conveniently speak of this situation).

(c) If sup{α_A(x) | x ∈ Σ^ω} = ℵ_0 and there exists (at least) one word x ∈ Σ^ω such that α_A(x) = ℵ_0, then α_A = ℵ_0

Notice that for a BPDA A, α_A = 0 iff A does not accept any ω-word. N ∪ {ℵ^−_0 , ℵ_0, 2^{ℵ0} } is linearly ordered by the relation < defined by ∀k ∈ N, k < k + 1 < ℵ^−_0 < ℵ_0 < 2^{ℵ0} . Now we can define a hierarchy of ω-CFL:

Definition 2.5 For k ∈ N ∪ {ℵ^−_0 , ℵ_0, 2^{ℵ0} } let CF L_ω(α ≤ k) = {L(A) | A is a BP DA with α_A ≤ k} CF L_ω(α < k) = {L(A) | A is a BP DA with α_A < k} NA − CF L_ω = CF L_ω(α ≤ 1) is the class of non ambiguous ω-context free languages. For every integer k such that k ≥ 2, or k ∈ {ℵ^−_0 , ℵ_0, 2^{ℵ0} }, A(k) − CF L_ω = CF L_ω(α ≤ k) − CF L_ω(α < k) If L ∈ A(k)−CF L_ω with k ∈ N, k ≥ 2, or k ∈ {ℵ^−_0 , ℵ_0, 2^{ℵ0} }, then L is said to be inherently ambiguous of degree k.

Recall that one can define in a similar way the degree of ambiguity of a finitary context free language. If M is a pushdown automaton accepting finite words by final states (or by final states and topmost stack letter) then α_M ∈ N or α_M = ℵ^−_0 or α_M = ℵ_0. However every context free language is accepted by a pushdown automaton M with α_M ≤ ℵ^−_0 , [ABB96]. We shall denote, with similar notations as above, the class of non ambiguous context free languages by NA − CF L and the class of inherently ambiguous context free languages of degree k ≥ 2 by A(k) − CF L. Then A(ℵ^−_0 ) − CF L is usually called the class of context free languages which are inherently ambiguous of infinite degree, [Her97].

Now we can state some links between cases of finite and infinite words.

Proposition 2.6 ([Fin03c]) Let V ⊆ Σ^⋆ be a finitary context free language and d be a new letter not in Σ, then the following equivalence holds for all k ∈ N ∪ {ℵ^−_0 }:

V.d^ω is in CF L_ω(α ≤ k) iff V is in CF L(α ≤ k)

3 Borel and analytic sets

We assume the reader to be familiar with basic notions of topology which may be found in [Mos80] [LT94] [Kec95] [Sta97a] [PP02].

For a finite alphabet X we shall consider X^ω as a topological space with the Cantor topology. The open sets of X^ω are the sets in the form W.X^ω, where W ⊆ X^⋆. A set L ⊆ X^ω is a closed set iff its complement X^ω − L is an open set. Define now the hierarchy of Borel sets of finite ranks:

Definition 3.1 The classes Σ^0_n and Π^0_n of the Borel hierarchy on the topological space X^ω are defined as follows:

Σ^0_1 is the class of open sets of X^ω. Π^0_1 is the class of closed sets of X^ω. And for any integer n ≥ 1:

Σ^0_{n+1} is the class of countable unions of Π^0_n-subsets of X^ω. Π^0_{n+1} is the class of countable intersections of Σ^0_n-subsets of X^ω.

The Borel hierarchy is also defined for transfinite levels, but we shall not need them in the present study. The class of Borel subsets of X^ω is the closure of the class of open subsets of X^ω under complementation and countable unions (hence also under countable intersections) There are also some subsets of X^ω which are not Borel. In particular the class of Borel subsets of X^ω is strictly included into the class Σ^1 of analytic sets which are obtained by projection of Borel sets.

Notice that if Σ and Γ are two finite alphabets then the product Σ^ω × Γ^ω can be identified with the space (Σ × Γ)^ω and we always consider in the sequel that such a space Σ^ω × Γ^ω is equipped with the Cantor topology.

Definition 3.2 A set A ⊆ Σ^ω is an analytic set if there is a finite alphabet Γ and a Borel set B ⊆ Σ^ω × Γ^ω such that A = {α ∈ Σ^ω | ∃β ∈ Γ^ω (α, β) ∈ B}.

A set C ⊆ Σ^ω is coanalytic if its complement Σ^ω − C is analytic. The class of analytic sets is denoted Σ^1 and the class of coanalytic sets is denoted Π^1.

Recall also the notion of completeness with regard to reduction by continuous functions. For an integer n ≥ 1, a set F ⊆ X^ω is said to be a Σ^0_n (respectively, Π^0_n, Σ^1, Π^1)- complete set iff for any set E ⊆ Y^ω (with Y a finite alphabet): E ∈ Σ^0_n (respectively, E ∈ Π^0_n, E ∈ Σ^1, E ∈ Π^1) iff there exists a continuous function f : Y^ω → X^ω such that E = f^{−1}(F ).

Σ^0_n (respectively, Π^0_n)-complete sets, with n an integer ≥ 1, are thoroughly characterized in [Sta86].

4 Topology and ambiguity in ω-context free languages

Let Σ and X be two finite alphabets. If B ⊆ Σ^ω × X^ω and α ∈ Σ^ω, the section in α of B is B_α = {β ∈ X^ω | (α, β) ∈ B} and the projection of B on Σ^ω is the set P ROJ_Σω (B) = {α ∈ Σ^ω | B_α ≠ ∅} = {α ∈ Σ^ω | ∃β (α, β) ∈ B}.

We are going to prove the following lemma which will be useful in the sequel:

Lemma 4.1 Let Σ and X be two finite alphabets having at least two letters and B be a Borel subset of Σ^ω × X^ω such that P ROJ_Σω (B) is not a Borel subset of Σ^ω. Then there are 2^{ℵ0} ω-words α ∈ Σ^ω such that the section B_α has cardinality 2^{ℵ0} .

Proof. Let Σ and X be two finite alphabets having at least two letters and B be a Borel subset of Σ^ω × X^ω such that P ROJ_Σω (B) is not Borel.

In a first step we shall prove that there are uncountably many α ∈ Σ^ω such that the section B_α is uncountable.

Recall that by a Theorem of Lusin and Novikov, see [Kec95, page 123], if for all α ∈ Σ^ω, the section B_α of the Borel set B was countable, then P ROJ_Σω (B) would be a Borel subset of Σ^ω.

Thus there exists at least one α ∈ Σ^ω such that B_α is uncountable. In fact we have not only one α such that B_α is uncountable.

For α ∈ Σ^ω we have {α} × B_α = B ∩ [{α} × X^ω]. But {α} × X^ω is a closed hence Borel subset of Σ^ω × X^ω thus {α} × B_α is Borel as intersection of two Borel sets.

If there was only one α ∈ Σ^ω such that B_α is uncountable, then C = {α} × B_α would be Borel so D = B − C would be borel because the class of Borel sets is closed under boolean operations.

But all sections of D would be countable thus P ROJ_Σω (D) would be Borel by Lusin and Novikov’s Theorem. Then P ROJ_Σω (B) = {α} ∪ P ROJ_Σω (D) would be also Borel as union of two Borel sets, and this would lead to a contradiction.

In a similar manner we can prove that the set U = {α ∈ Σ^ω | B_α is uncountable } is uncountable, otherwise U = {α_0, α_1, . . . α_n, . . .} would be Borel as the countable union of the closed sets {α_i}, i ≥ 0.

For each n ≥ 0 the set {α_n} × B_{αn} would be Borel, and C = ∪_{n∈ω}{α_n} × B_{αn} would be Borel as a countable union of Borel sets. So D = B − C would be borel too. But all sections of D would be countable thus P ROJ_Σω (D) would be Borel by Lusin and Novikov’s Theorem. Then P ROJ_Σω (B) = U ∪ P ROJ_Σω (D) would be also Borel as union of two Borel sets, and this would lead to a contradiction.

So we have proved that the set {α ∈ Σ^ω | B_α is uncountable } is uncountable.

On the other hand we know from another Theorem of Descriptive Set Theory that the set {α ∈ Σ^ω | B_α is countable } is a Π^1-subset of Σ^ω, see [Kec95, page 123]. Thus its complement {α ∈ Σ^ω | B_α is uncountable } is analytic. But by Suslin’s Theorem an analytic subset of Σ^ω is either countable or has cardinality 2^{ℵ0} , [Kec95, p. 88]. Therefore the set {α ∈ Σ^ω | B_α is uncountable } has cardinality 2^{ℵ0} .

Recall now that we have already seen that, for each α ∈ Σ^ω, the set {α} × B_α is Borel. We can then infer that B_α itself is Borel by considering the function h : X^ω → Σ^ω ×X^ω defined by h(σ) = (α, σ) for all σ ∈ X^ω. The function h is continuous and B_α = h^{−1}({α} × B_α). So B_α is Borel because the inverse image of a Borel set by a continuous function is a Borel set. Again by Suslin’s Theorem B_α is either countable or has cardinality 2^{ℵ0} . ¿From this we deduce that {α ∈ Σ^ω | B_α is uncountable } = {α ∈ Σ^ω | B_α has cardinality 2^{ℵ0} } has cardinality 2^{ℵ0} . □

We can now infer some results for ω-context free languages.

Theorem 4.2 Let L(A) be an ω-CFL accepted by a BPDA A such that L(A) is an analytic but non Borel set. The set of ω-words, which have 2^{ℵ0} accepting runs by A, has cardinality 2^{ℵ0} .

Proof. Let A = (K, Σ, Γ, δ, q_0, Z_0, F ) be a BPDA such that L(A) is an analytic but non Borel set.

To an infinite sequence r = (q_i, γ_i, ε_i)_{i≥1}, where for all i ≥ 1, q_i ∈ K, γ_i ∈ Γ^+ and ε_i ∈ {0, 1}, we associate an ω-word r̄ over the alphabet X = Γ ∪ K ∪ {0, 1} defined by

r̄ = q_1.γ_1.ε_1.q_2.γ_2.ε_2 . . . q_i.γ_i.ε_i . . .

Then to an infinite word σ ∈ Σ^ω and an infinite sequence r = (q_i, γ_i, ε_i)_{i≥1}, we associate the couple (σ, r̄) ∈ Σ^ω × (Γ ∪ K ∪ {0, 1})^ω .

Recall now that Π^0_2-subsets of a Cantor set Σ^ω are characterized in the following way. For W ⊆ Σ^⋆ the δ-limit W^δ of W is the set of ω-words over Σ having infinitely many prefixes in W : W^δ = {σ ∈ Σ^ω | ∃^ωi such that σ(1) . . . σ(i) ∈ W }. Then a subset L of Σ^ω is a Π^0_2-subset of Σ^ω iff there exists a set W ⊆ Σ^⋆ such that L = W^δ, [Sta97a] [PP02].

It is then easy to see that the set

R = {(σ, r̄) | r̄ is the code of an accepting run of A over σ}

is a Π^0_2-subset of Σ^ω × X^ω = (Σ × X)^ω as intersection of two Π^0_2-sets. In fact we have R = (R^′)^δ ∩ (R^{′′})^δ where R^′ ⊆ (Σ × X)^+ is the set of couples of words (u, v) in the form:

u = a_1.a_2. . . . a_p

v = q_1.γ_1.ε_1.q_2.γ_2.ε_2 . . . q_n.γ_n.ε_n

where for each i ∈ [1, p] a_i ∈ Σ, for each i ∈ [1, n] q_i ∈ K, γ_i ∈ Γ^+ and ε_i ∈ {0, 1}. Moreover |u| = |v|, ε_n = 1, and

1. (q_1, γ_1) = (q_0, Z_0)

2. for each i ∈ [1, n − 1], there exists b_i ∈ Σ ∪ {λ} satisfying b_i : (q_i, γ_i) →_A (q_{i+1}, γ_{i+1}) and ( ε_i = 0 iff b_i = λ ) and such that b_1b_2 . . . b_{n−1} is a prefix of u = a_1.a_2. . . . a_p.

And R^{′′} ⊆ (Σ × X)^+ is the set of couples of words (u, v) ∈ Σ^+ × X^+ such that |u| = |v| and the last letter of v is an element q ∈ F .

In particular R is a Borel subset of Σ^ω × X^ω. But by definition of R it turns out that P ROJ_Σω (R) = L(A) so P ROJ_Σω (R) is not Borel. Thus Lemma 4.1 implies that there are 2^{ℵ0} ω-words α ∈ Σ^ω such that R_α has cardinality 2^{ℵ0} . This means that these words have 2^{ℵ0} accepting runs by the Büchi pushdown automaton A. □

Example 4.3 Let Σ = {0, 1} and d be a new letter not in Σ and

D = {u.d.v | u, v ∈ Σ^⋆ and (|v| = 2|u|) or (|v| = 2|u| + 1) }

D ⊆ (Σ ∪ {d})^⋆ is a context free language. Let g : Σ → P((Σ ∪ {d})^⋆) be the substitution defined by g(a) = a.D. As W = 0^⋆1 is regular, g(W ) is a context free language, thus (g(W ))^ω is an ω-CFL. It is proved in [Fin03a] that (g(W ))^ω is Σ^1-complete. In particular (g(W ))^ω is an analytic non Borel set. Thus every BPDA accepting (g(W ))^ω has the maximum ambiguity and (g(W ))^ω ∈ A(2^{ℵ0} ) − CF L_ω.

On the other hand we can prove that g(W ) is a non ambiguous context free language.

For that purpose consider a (finite) word x ∈ g(W ); then x ∈ g(0^n.1) for some integer n ≥ 0. Therefore x may be written in the form

x = 0.u_1.d.v_1.0.u_2.d.v_2 . . . 0.u_n.d.v_n.1.u_{n+1}.d.v_{n+1}

where u_i.d.v_i ∈ D holds for all i ∈ [1, n + 1]. It is easy to see that the length |v_{n+1}| and the word v_{n+1} are determined by the word x: v_{n+1} is the suffix of x following the last letter d of x, and |v_{n+1}| = 2|u_{n+1}| (if |v_{n+1}| is even) or |v_{n+1}| = 2|u_{n+1}| + 1 (if |v_{n+1}| is odd) thus |u_{n+1}| is determined by |v_{n+1}| hence u_{n+1} is also determined. Next one can see that v_n also is fixed by x (the word v_n.1.u_{n+1} is the segment of x which is located between the n^{th} and the (n + 1)^{th} occurrences of the letter d in x and knowing u_{n+1} gives us v_n). We can similarly prove by induction on the integer k that the words v_{n+1−k} and u_{n+1−k}, for k ∈ [0, n], are uniquely determined by x.

Therefore the word x admits a unique decomposition in the above form. We can then easily construct a pushdown automaton (and even a one counter automaton) which accepts the language g(W ) and which is non ambiguous. So the language g(W ) is a non ambiguous context free language.

The above example shows that the ω-power of a non ambiguous context free language may have maximum ambiguity. Conversely consider the context free language V = V_1 ∪ V_2 ⊆ {a, b, c}^⋆ where V_1 = {a^nb^nc^p | n ≥ 1, p ≥ 1} and V_2 = {a^nb^pc^p | n ≥ 1, p ≥ 1}. V_1 and V_2 are deterministic context free, hence they are non ambiguous context free languages. But their union V is an inherently ambiguous context free language [Mau69]. V^⋆ is a context free language which is inherently ambiguous of infinite degree (and it is proved in [Naj98] that it is even exponentially ambiguous in the sense of Naji and Wich, see also [Wic99] about this notion). Let then L = V^⋆ ∪ {a, b, c}. The language L is still a context free language which is inherently ambiguous of infinite degree and L^ω = {a, b, c}^ω is an ω-regular language hence it is a non ambiguous ω-context free language.

We have then proved that neither unambiguity nor inherent ambiguity is preserved by the operation L → L^ω:

Proposition 4.4

1. There exists a non ambiguous context free finitary language L such that L^ω is in A(2^{ℵ0} ) − CF L_ω.

2. There exists a context free finitary language L, which is inherently ambiguous of infinite degree, such that L^ω is a non ambiguous ω-context free language.

We can also consider the above mentioned language g(W ) in the context of code theory. We have proved that g(W ) is a non ambiguous context free language. By a similar reasoning we can prove that g(W ) is a code, i.e. that every (finite) word y ∈ g(W )^+ has a unique decomposition y = x_1.x_2 . . . x_n in words x_i ∈ g(W ).

On the other side g(W ) is not an ω-code, i.e. some words z ∈ g(W )^ω have several decompositions in the form z = x_1.x_2 . . . x_n . . . where for all i ≥ 1 x_i ∈ g(W ). In fact we can get a much stronger result, using Lemma 4.1:

Fact 4.5 There are 2^{ℵ0} ω-words in g(W )^ω which have 2^{ℵ0} decompositions in words in g(W ).

Proof. We can fix a recursive enumeration θ of the set g(W ). So the function θ : N → g(W ) is a bijection and we denote u_i = θ(i).

Let now D be the set of couples (σ, x) ∈ {0, 1}^ω × (Σ ∪ {d})^ω such that:

1. σ ∈ (0^⋆.1)^ω, so σ may be written in the form

σ = 0^{n1} .1.0^{n2} .1.0^{n3} .1 . . . 0^{np} .1.0^{np+1} .1 . . .

where ∀i ≥ 1 n_i ≥ 0, and 2. x = u_{n1} .u_{n2} .u_{n3} . . . u_{np} .u_{np+1} . . .

D is a Borel subset of {0, 1}^ω × (Σ ∪ {d})^ω because it is accepted by a deterministic Turing machine with a Büchi acceptance condition [Sta97a]. On the other hand P ROJ_{(Σ∪{d})}ω (D) = g(W )^ω is not Borel and Lemma 4.1 implies that there are 2^{ℵ0} ωwords x in g(W )^ω such that D_x has cardinality 2^{ℵ0} . This means that there are 2^{ℵ0} ω-words x ∈ g(W )^ω which have 2^{ℵ0} decompositions in words in g(W ). We can say that the code g(W ) is really not an ω-code ! □

The result given by Theorem 4.2 may be compared with a general study of topological properties of transition systems due to Arnold [Arn83a]. If we consider a BPDA as a transition system with infinitely many states, Arnold’s results imply that every non ambiguous ω-CFL is a Borel set. On the other side deterministic ω-CFL have not a great topological complexity, because they are boolean combinations of Π^0_2-sets. We know some examples of non ambiguous ω-CFL of every finite Borel rank, but none of infinite Borel rank. These results led the first author to the following question: are there some more links between the topological complexity of an ω-CFL and the ambiguity of BPDA which accept it? In [Fin03c] the well known notions of degrees of ambiguity for CFL are extended to ω-CFL and such supposed connections are investigated. In particular, using results of Duparc on the Wadge hierarchy, which is a great refinement of the Borel hierarchy [Dup01], it is proved that for each k such that k is an integer ≥ 2 or k = ℵ^−_0 and for each integer n ≥ 1, there exist in A(k) − CF L_ω some Σ^0_n-complete ω-CFL and some Π^0_n-complete ω-CFL. In the proofs of these results is used the operation W → Adh(W ) where for a finitary language W ⊆ Σ^⋆, Adh(W ) = {σ ∈ Σ^ω | LF (σ) ⊆ LF (W )} is the adherence of W . We recall that a set L ⊆ Σ^ω is a closed set of Σ^ω iff there exists a finitary language W ⊆ Σ^⋆ such that L = Adh(W ).

It is well known that if W is a context free language, then Adh(W ) is in CF L_ω. Moreover every closed (deterministic ) ω-CFL is the adherence of a (deterministic ) context free language, [Sta97a].

So the question of the preservation of ambiguity by the operation W → Adh(W ) naturally arises.

Proposition 4.6 Neither unambiguity nor inherent ambiguity is preserved by taking the adherence of a finitary context free language.

Proof. (I) We are firstly looking for a non ambiguous finitary context free language which have an inherently ambiguous adherence. Let then the following finitary language over the alphabet {a, b, c, d}:

L_1 = {a^nb^nc^p.d^{2i} | n, p, i are integers ≥ 1} ∪ {a^nb^pc^p.d^{2i+1} | n, p, i are integers ≥ 1}

L_1 is the disjoint union of two deterministic (hence non ambiguous) finitary context free languages thus it is a non ambiguous CFL because the class NA − CF L is closed under finite disjoint union. It is easy to see that the adherence of L_1 is

Adh(L_1) = {a^ω} ⋃ a^+.b^ω ⋃ {a^nb^n | n ≥ 1}.c^ω ⋃ (V_1 ∪ V_2).d^ω

where V_1 = {a^nb^nc^p | n ≥ 1, p ≥ 1} and V_2 = {a^nb^pc^p | n ≥ 1, p ≥ 1}. Then it holds that Adh(L_1) ∩ a^+.b^+.c^+.d^ω = (V_1 ∪ V_2).d^ω = V.d^ω, where V = V_1 ∪ V_2.

By proposition 2.6, the ω-context free language V.d^ω is inherently ambiguous because V is inherently ambiguous [Mau69]. Thus Adh(L_1) is inherently ambiguous because otherwise V.d^ω would be non ambiguous because the class NA − CF L_ω is closed under intersection with ω-regular languages [Fin03c], and a^+.b^+.c^+.d^ω is an ω-regular language.

(II) We are now looking for an inherently ambiguous context free language which have a non ambiguous adherence. We shall use a result of Crestin, [Cre72]: the language C = {u.v | u, v ∈ {a, b}^+ and u^R = u and v^R = v} is a context free language which is inherently ambiguous (of infinite degree). In fact C = L^2_p where L_p = {v ∈ {a, b}^+ | v^R = v} is the language of palindromes over the alphabet {a, b}. Consider now the adherence of the language C. Adh(C) = {a, b}^ω holds because every word u ∈ {a, b}^⋆ is a prefix of a palindrome (for example of the palindrome u.u^R) hence it is also a prefix of a word of C.

Thus C is inherently ambiguous and Adh(C) is a non ambiguous ω-context free language because it is an ω-regular language. □

We have seen that closed sets are characterized as adherences of finitary languages. Similarly we have already seen, in the proof of Theorem 4.2, that Π^0_2-subsets of Σ^ω are characterized as δ-limits W^δ of finitary languages W ⊆ Σ^⋆.

Recall that W ∈ REG implies that W^δ ∈ REG_ω. But there exist some context free languages L such that L^δ is not in CF L_ω; see [Sta97a] for an example of such a language L. In the case W ∈ CF L and W^δ ∈ CF L_ω, the question naturally arises of the preservation of ambiguity by the operation W → W^δ. The answer is given by the following:

Proposition 4.7 Neither unambiguity nor inherent ambiguity is preserved by taking the δ-limit of a finitary context free language.

Proof. (I) Let again L_1 be the following finitary language over the alphabet {a, b, c, d}:

L_1 = {a^nb^nc^p.d^{2i} | n, p, i are integers ≥ 1} ∪ {a^nb^pc^p.d^{2i+1} | n, p, i are integers ≥ 1}

L_1 is a non ambiguous CFL. And the δ-limit of the language L_1 is (L_1)^δ = (V_1 ∪ V_2).d^ω = V.d^ω. We have already seen that this ω-language is an inherently ambiguous ω-CFL.

(II) Consider now the inherently ambiguous context free language V = {a^nb^nc^p | n, p ≥ 1} ∪ {a^nb^pc^p | n, p ≥ 1}. Its δ-limit is V^δ = {a^n.b^n | n ≥ 1}.c^ω . It is easy to see that V^δ is a deterministic ω-CFL hence it is a non ambiguous ω-CFL. □

5 Topology and ambiguity in infinitary rational relations

Infinitary rational relations are subsets of Σ^ω × Γ^ω, where Σ and Γ are finite alphabets, which are accepted by 2-tape Büchi automata.

We are going to see in this section that some above methods can also be used in the case of infinitary rational relations.

Definition 5.1 A 2-tape Büchi automaton (2-BA) is a sextuple T = (K, Σ, Γ, Δ, q_0, F ), where K is a finite set of states, Σ and Γ are finite alphabets, Δ is a finite subset of K × Σ^⋆ × Γ^⋆ × K called the set of transitions, q_0 is the initial state, and F ⊆ K is the set of accepting states.

A computation C of the 2-tape Büchi automaton T is an infinite sequence of transitions

(q_0, u_1, v_1, q_1), (q_1, u_2, v_2, q_2), . . . (q_{i−1}, u_i, v_i, q_i), (q_i, u_{i+1}, v_{i+1}, q_{i+1}), . . .

The computation is said to be successful iff there exists a final state q_f ∈ F and infinitely many integers i ≥ 0 such that q_i = q_f .

The input word of the computation is u = u_1.u_2.u_3 . . . The output word of the computation is v = v_1.v_2.v_3 . . . Then the input and the output words may be finite or infinite.

The infinitary rational relation R(T ) ⊆ Σ^ω × Γ^ω accepted by the 2-tape Büchi automaton T is the set of couples (u, v) ∈ Σ^ω × Γ^ω such that u and v are the input and the output words of some successful computation C of T .

The set of infinitary rational relations will be denoted RAT_ω.

One can define degrees of ambiguity for 2-tape Büchi automata and for infinitary rational relations as in the case of BPDA and ω-CFL.

Definition 5.2 Let T be a 2-BA accepting couples of infinite words of Σ^ω × Γ^ω. For (u, v) ∈ Σ^ω × Γ^ω, let α_T (u, v) be the cardinal of the set of accepting computations of T on (u, v).

Lemma 5.3 Let T be a 2-BA accepting couples of infinite words (u, v) ∈ Σ^ω × Γ^ω. Then for all (u, v) ∈ Σ^ω × Γ^ω it holds that α_T (u, v) ∈ N ∪ {ℵ_0, 2^{ℵ0} }.

The proof that a value between ℵ_0 and 2^{ℵ0} is impossible follows from Suslin’s Theorem because one can obtain the set of codes of accepting computations of T on (u, v) as a section of a Borel set (see proof of next theorem) hence as a Borel set. A similar reasoning was used in the proof of Lemma 2.3, [Fin03c].

Definition 5.4 Let T be a 2-BA accepting couples of infinite words (u, v) ∈ Σ^ω × Γ^ω.

(a) If sup{α_T (u, v) | (u, v) ∈ Σ^ω × Γ^ω} ∈ N ∪ {2^{ℵ0} }, then α_T = sup{α_T (u, v) | (u, v) ∈ Σ^ω × Γ^ω}.

(b) If sup{α_T (u, v) | (u, v) ∈ Σ^ω × Γ^ω} = ℵ_0 and there is no (u, v) ∈ Σ^ω × Γ^ω such that α_T (u, v) = ℵ_0, then α_T = ℵ^−_0 .

(c) If sup{α_T (u, v) | (u, v) ∈ Σ^ω × Γ^ω} = ℵ_0 and there exists (at least) one couple (u, v) ∈ Σ^ω × Γ^ω such that α_T (u, v) = ℵ_0, then α_T = ℵ_0

The set N ∪ {ℵ^−_0 , ℵ_0, 2^{ℵ0} } is linearly ordered as above by the relation <.

Definition 5.5 For k ∈ N ∪ {ℵ^−_0 , ℵ_0, 2^{ℵ0} }, let RAT_ω(α ≤ k) = {R(T ) | T is a 2 − BA with α_T ≤ k} RAT_ω(α < k) = {R(T ) | T is a 2 − BA with α_T < k} NA − RAT_ω = RAT_ω(α ≤ 1) is the class of non ambiguous infinitary rational relations. For every integer k ≥ 2, or k ∈ {ℵ^−_0 , ℵ_0, 2^{ℵ0} }, A(k) − RAT_ω = RAT_ω(α ≤ k) − RAT_ω(α < k) is the class of infinitary rational relations which are inherently ambiguous of degree k.

As for ω-context free languages, one can use Lemma 4.1 to prove the following result.

Theorem 5.6 Let R(T ) ⊆ Σ^ω × Γ^ω be an infinitary rational relation accepted by a 2-tape Büchi automaton T such that R(T ) is an analytic but non Borel set. The set of couples of ω-words, which have 2^{ℵ0} accepting computations by T , has cardinality 2^{ℵ0} .

Proof. It is very similar to proof of Theorem 4.2. Let R(T ) ⊆ Σ^ω × Γ^ω be an infinitary rational relation accepted by a 2-tape Büchi automaton T = (K, Σ, Γ, Δ, q_0, F ). We assume also that R(T ) is an analytic but non Borel set. To an infinite sequence

C = (q_0, u_1, v_1, q_1), (q_1, u_2, v_2, q_2), . . . (q_{i−1}, u_i, v_i, q_i), (q_i, u_{i+1}, v_{i+1}, q_{i+1}), . . .

where for all i ≥ 0, q_i ∈ K, for all i ≥ 1, u_i ∈ Σ^⋆ and v_i ∈ Γ^⋆, we associate an ω-word C̄ over the alphabet X = K ∪ Σ ∪ Γ ∪ {e}, where e is an additional letter. C̄ is defined by:

C̄ = q_0.u_1.e.v_1.q_1.u_2.e.v_2.q_2 . . . q_i.u_{i+1}.e.v_{i+1}.q_{i+1} . . .

Then the set

{(u, v, C̄) ∈ Σ^ω × Γ^ω × X^ω | C̄ is the code of an accepting computation of T over (u, v)}

is accepted by a deterministic Turing machine with a Büchi acceptance condition thus it is a Π^0_2-set. We can conclude as in proof of Theorem 4.2. □

The first author showed that there exist some Σ^1-complete, hence non Borel, infinitary rational relations [Fin03d]. So we can deduce the following result.

Corollary 5.7 There exist some infinitary rational relations which are inherently ambiguous of degree 2^{ℵ0} .

Remark 5.8 Looking carefully at the example of non Borel infinitary rational relation given in [Fin03d], we can find a rational relation S over finite words such that S is non ambiguous and S^ω is non Borel. So S is a finitary rational relation which is non ambiguous but S^ω has maximum ambiguity because S^ω ∈ A(2^{ℵ0} ) − RAT_ω holds by Theorem 5.6.

Moreover the question of the decidability of ambiguity for infinitary rational relations naturally arises. It can be solved, using another recent result of the first author.

Proposition 5.9 ([Fin03e]) Let X and Y be finite alphabets containing at least two letters, then there exists a family F of infinitary rational relations which are subsets of X^ω × Y^ω, such that, for R ∈ F, either R = X^ω × Y^ω or R is a Σ^1-complete subset of X^ω × Y^ω, but one cannot decide which case holds.

Corollary 5.10 Let k be an integer ≥ 2 or k ∈ {ℵ^−_0 , ℵ_0}. Then it is undecidable to determine whether a given infinitary rational relation is in the class RAT_ω(α ≤ k) (respectively RAT_ω(α < k)).

In particular one cannot decide whether a given infinitary rational relation is non ambiguous or is inherently ambiguous of degree 2^{ℵ0} .

Proof. Consider the family F given by Proposition 5.9 and let R ∈ F. If R = X^ω × Y^ω then R is obviously non ambiguous but if R is a Σ^1-complete subset of X^ω × Y^ω then by Theorem 5.6 the infinitary rational relation R is inherently ambiguous of degree 2^{ℵ0} . But one cannot decide which case holds and this ends the proof. □

Acknowledgements. We thank Dominique Lecomte and Jean-Pierre Ressayre for useful discussions and the anonymous referees for useful comments on a preliminary version of this paper.

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.

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

[BB97] J. Berstel and L. Boasson, The Set of Minimal Words of a Context-Free Language is Context-Free, J. Comput. System Sci. 55 (1997), no. 3, 477–488.

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

[CG77] R. S. Cohen and A. Y. Gold, Theory of ω-Languages, Parts one and two, J. Computer and System Science 15 (1977) 2, 169-184 and 185-208.

[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).

[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.

[Dup03] J. Duparc, A Hierarchy of Deterministic Context Free ω-Languages, Theoretical Computer Science, Vol 290 (3), 2003, p. 1253-1300.

[Fin01] O. Finkel, Topological Properties of Omega Context Free Languages, Theoretical Computer Science, Vol 262 (1-2), 2001, p. 669-697.

[Fin03a] O. Finkel, Borel Hierarchy and Omega Context Free Languages, Theoretical Computer Science, Vol 290 (3), 2003, p. 1385-1405.

[Fin03b] O. Finkel, On Omega Context Free Languages which are Borel Sets of Infinite Rank, Theoretical Computer Science, Volume 299 (1-3), 2003, p. 327-346.

[Fin03c] O. Finkel, Ambiguity in Omega Context Free Languages, Theoretical Computer Science, Volume 301 (1-3), 2003, p. 217-270.

[Fin03d] O. Finkel, On the Topological Complexity of Infinitary Rational Relations, RAIRO- Theoretical Informatics and Applications, to appear.

[Fin03e] O. Finkel, Undecidability of Topological and Arithmetical Properties of Infinitary Rational Relations, RAIRO-Theoretical Informatics and Applications, to appear.

[Fla86] P. Flajolet, Analytic Models and Ambiguity of Context Free Languages, Research Report Number 483, INRIA, January 1986.

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

[Gir81] F. Gire, Relations Rationnelles Infinitaires, Thèse de troisième cycle, Université Paris 7, Septembre 1981.

[GN84] F. Gire and M. Nivat, Relations Rationnelles Infinitaires, Calcolo, Volume XXI, 1984, p.

91-125.

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

[Kec95] A. S. Kechris, Classical Descriptive Set Theory, Springer-Verlag. New York 1995. [Lan69] L. H. Landweber, Decision Problems for ω-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 ω-Sets Associated with Context-Free Languages, Inform. Control 31 (1976) 3, 272-293.

[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-Universität, 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.

[PP02] D. Perrin and J.-E. Pin, Infinite Words, Book in preparation, available from http://www.liafa.jussieu.fr/jep/InfiniteWords.html [Sch67] J.R. Schoenfield, Mathematical Logic, Addison-Wesley, Reading, MA, 1967. [Sim92] P. Simonnet, Automates et Théorie Descriptive, Ph. D. Thesis, Université Paris 7, March 1992.

[Sim93] P. Simonnet, Automates d’Arbres Infinis et Choix Borélien, C. R. Acad. Sci. Paris, t .

316, Serie I, (1993), 97-100.

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

[Sta97a] L. Staiger, ω-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 ω-Power Languages, in New Trends in Formal Languages, Control, Coperation, and Combinatorics, Lecture Notes in Computer Science 1218, Springer-Verlag, Berlin 1997, 377-393.

[Sta00] L. Staiger, On the Power of Reading the Whole Infinite Input Tape, in Finite versus Infinite: Contribution to an Eternal Dilemma Languages, edited by C.S. Calude and Gh. Paun, Springer-Verlag, London 2000, 335-348.

[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.

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