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Abstract

In this thesis we will study the decidability of the Intersection problem for the
measure-once quantum finite automata introduced by Moore and Crutchfield
in the 2000s. Specifically, we ask for which families of grammars it is possible
to find conditions ensuring that, given a language recognized by such model
of computation and a language generated by such families of grammars, it
is decidable whether or not they have a nonempty intersection. Throughout
the thesis, we will investigate the correlation between this problem and some
decidability problems for matrices subsets on the Zariski topology, so as to
apply the corresponding results to show the decidability of the problem for
languages generated by monoidal context-free grammars and restricted matrix

context-free grammars of finite index.
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Introduction

Quantum finite automata (QFAs in short) have been introduced in the second
half of ‘90s as a new model of language recognizer that, essentially, impose
the quantum paradigm on classical finite automata. Thereafter, many pa-
pers proposed various models of QFAs—which basically change the types of
measurements of the quantum state—and investigated their comparison with
older models of computation. For example, some undecidable problems for
probabilistic finite automata (PFAs) become decidable for QFAs.

In this regard, we will address one of the main issues in the mathematical
theory of formal languages, that is the decidability of the Emptiness problem:
it asks whether, given a model of computation M, the language L(M) accepted
by M is equal to the empty set. A natural generalization of the previous
problem is the Intersection problem: given a predefined family of languages
L and taking arbitrarily L € £, is the intersection of L with L(M) empty?
Taking as £ the family given by the sole free monoid as its element, one
immediately obtains the Emptiness problem.

In this thesis, it is investigated the decidability of the Intersection prob-
lem, taking, as model of computation, the QFAs. In particular, we consider
the model introduced by Moore and Crutchfield in [38], in which there is a
sole measurement at the end of the computation, called for this reason also
“measure once”. The original material of this thesis has been obtained in a
joint work with F. D’Alessandro and P. Papi [7, §].

We now give a formal description of the problem. Let 3 be an alphabet and
denote by ¥* the free monoid generated by ¥. A word (over X)) is any element

of ¥*. A quantum finite automaton (in the sense of [38]) is a quadruple
Q= {(s,0, P\, (1)

where s € R" is a row-vector of unit Euclidean norm, ¢ : ¥* — O, is a

morphism from the free monoid generated by the input alphabet ¥ of Q into
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the group O,, of orthogonal n x n-matrices over R, P is a n X n orthogonal
projection matrix and A is a value in R called threshold. The languages
recognized by Q with strict and nonstrict threshold A are respectively defined
as

Qx] = {w e T [ lsp(w) PI|* > A}, Q] = {w € T° | [|sp(w) P|* = A},

where || - || denotes the Euclidean norm of vectors. Since we are interested in
effective properties which require the QFA to be effectively given, we consider
the model of rational quantum automaton, i.e., where all the coefficients of the
components of (1) are rational numbers. Let £ be a given family of languages.
The problem we tackle is the following;:

(L, Q) Intersection problem

INPUT: a language L in a family £ of languages and a rational quantum
automaton Q.

QUESTION: does LN |Qs| = & hold?

A first result has been proven by Blondel, Jeandel, Koiran, and Portier
([13]), who showed the decidability of the Emptiness problem formulated for
the languages with strict threshold recognized by measure once QFAs. This
result contrasts with the corresponding one for PFAs. Indeed, given a PFA,
the Emptiness problem (appropriately reformulated for this class of automata)
is undecidable (see [42, Theorem 6.17]). It also contrasts with the undecid-
ability of the Emptiness problem for the languages with nonstrict threshold
recognized by measure once QFAs ([13]). It has also been proven ([33]) that
both the problems (strict and nonstrict) remain undecidable for the “measure
many” QFAs, a model not computationally equivalent to the measure once,
introduced by Kondacs and Watrous in [34]. Later, Bertoni, Choffrut and
D’Alessandro ([11, 12]), showed that the Intersection problem is decidable for
the families of linear and bounded semilinear languages. The aim of this the-
sis is to continue this investigation, by providing new conditions that make
the Intersection problem decidable.

The main contributions are the following. In Section 4.1, we extend the
results given in [12] by showing the decidability of the Intersection problem for
languages generated by restricted matrix grammar, a remarkable subfamily of

matrix context-free grammars of finite index. Precisely, since both linear and
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bounded semilinear languages can be generated by such grammars, we prove
that whenever the QFA is rational, Proposition 4.1 allows one to recover both
the previous two cases as corollaries; moreover, it shows the decidability of
the problem also for not context-free languages.

In Section 4.2, we investigate the Intersection problem for languages defined
by finite index context-free grammars. These are grammars G where each word
w in the language generated by G is obtained by some derivation d, whose
index is uniformly bounded, i.e., the number of variables in each sentential
form of ¢ is bounded by an integer not depending on w. A remarkable result by
Ginsburg and Spanier [24] (see also Nivat [39]) provides a characterization of
such languages in terms of composition of grammars: precisely, each language

of this type is generated by a grammar G given by the composition
G=G10G30--0y, (2)

of families G;, 1 < i < k, of linear context-free grammars. Here, we prove a
statement of decidability for a subclass of these grammars called monoidal. A
finite-index grammar G is monoidal if the grammars of (2) are minimal linear,
and the terminal productions of G are of the form X — ¢ (see Definition 1.19).

We prove that, regardless of the length k of the composition (2) for G, if the
Zariski closure of suitable monoids—called monoids of cycles—associated to
the linear grammars of the lowest level Gy of (2), are (algebraic) irreducible,
then one can effectively compute the Euclidean closure Cl(¢(L)) of ¢(L)
(Proposition 4.6, Corollary 4.11).

We now find useful to provide a synthetic description of the proofs. Follow-
ing the same strategy of [13], we first observe that the Intersection problem

is equivalent to the inclusion problem
LC |9l (3)

Now, since the function
M — ||sMP|?,

—where M is an arbitrary matrix in R™" and s, P are components of (1)—
is continuous, it is sufficient to prove that, for all matrices M in the Euclidean
closure Cl(¢(L)) of ¢(L), the condition

[sMP|* < X



Introduction 9

holds (see Section 3.2). Such condition is then effectively tested by expressing
the property (3) in first-order logic of the field of reals, which, in turn, consists
of effectively computing a representation of Cl(y(L)) in terms of semialgebraic
sets (a family of sets more general than algebraic, closed under the operation
of product of sets). Afterwards, one applies to the constructed formula the
Tarski-Seidenberg quantifier elimination to verify whether property (3) holds
true or not.

In the proof of Proposition 4.1, given a language L generated by a restricted
matrix grammar G, the semialgebraicity of Cl(¢(L)) and its effective compu-
tation is reduced to those of an algebro-combinatorial object associated with
GG and each of its variable A: the aforementioned monoid of cycles of A. Such
monoid, denoted M4, corresponds to the matrix image, under the morphism
¢ of (1), of the language of cycles in G associated with A (see Equation (3.6)).
In the proof, we use a suitable decomposition of the derivations in these gram-
mars to show that, for every variable A of G, M4 is a regular submonoid; from
this, we are able to compute the effective representation of Cl(¢(L)) by ap-
plying Proposition 3.10 and an appropriate algorithm developed by Derksen,
Jeandel, and Koiran in [19].

In the proof of Proposition 4.6, given a language L generated by a monoidal
grammar G, we achieve the effective computation of Cl(¢(L)) by considering
the property of (algebraic) irreducibility on the Zariski closure of a family of

monoids of cycles canonically associated with G.

We finally describe the structure of this thesis. In Chapter 1 definitions and
preliminary results in Formal Language Theory are presented; in particular, in
Section 1.1 the concept of formal language is introduced, in Section 1.2 a useful
combinatorial structure related to context-free languages is presented, and in
Section 1.3 the families of languages on which we will state our main results
are presented. In Chapter 2, in Section 2.1, topological notions concerning
the matrices over the field of real numbers are introduced, then, in Sections
2.2, 2.3, definitions and properties of semialgebraic and irreducible algebraic
sets are presented. In Chapter 3, in Section 3.1 the model of quantum finite
automata is introduced and formally described; in Section 3.2, the problem is
presented and an effective condition to which can be reduced its decidability
is recalled; finally, its decidability for the case in which the language is the
free monoid generated by the input alphabet is claimed and the case in which

the language is generated by a linear context-free grammar is demonstrated.
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In Chapter 4, the main results are presented. In Section 4.1, the case in
which the language is generated by a restricted matrix context-free grammar
is presented and implication of the previous results is discussed; in Section
4.2, the case in which the language is generated by a monoidal language is
demonstrated and, in Section 4.3, special cases are studied and some basic
points of the proofs on interesting examples are shown. Finally, concluding

remarks and open problems are discussed.



Chapter 1

Definitions and

preliminary results

In this first chapter we will present definitions and preliminary results con-
cerning Formal Language Theory, with particular interest in combinatorial
structures such as “finite-state automata” and “context-free grammars” that
can generate them. We will then discuss the structure of particular classes of
grammars useful to define classes of languages such as finite index languages,
monoidal languages and finite index matrix languages. Some of the most in-
teresting families of languages are introduced. For this chapter, we will refer
to [9, 12, 17, 18, 20, 23, 25, 32, 43].

1.1 Preliminaries on formal languages

An alphabet A is a finite nonempty set whose elements are called letters or
symbols. A word or string over the alphabet A is a finite sequence of elements
of A. We denote by AT the set of all words over the alphabet A, i.e.

A+:{a1"'an|n€N+7 CLiEA},

where N denotes the set of positive integers. Define on AT the concatenation
product of words in the following way: for each u,v € A", if u = ay---a, and
v=by---b,, with Cli,bj € A, then

UV =UV =207 apb1 - by,.
Let A* be the following set:
A* = AT U {e},
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where ¢ is an element not in A called empty word. Extend the concatenation

product to A* in the following way:
Vue A" u-e=c-u=u.

It is straightforward to check that (A*,-) is a monoid with identity €. More
precisely, A* is the free monoid of base A, since A generates A* and every
element of A* other than the empty word admits a unique factorization start-
ing from the elements of A. The length of a word w € A* is the integer |w|
inductively defined by |e| = 0, |wa| = |w| + 1, w € A*, a € A. For every
w € A* and a € A, |w|, denotes the number of occurrences of the letter a in
w. A word u € A* is a factor of w € A* if there exist p,q € A* such that
w = puq. If w = ug, for some ¢ € A* (resp. w = pu for some p € A*), then u
is called a prefiz (resp. a suffix) of w. A formal language, or simply language,
over the alphabet A is any subset L C A*. The rational operations between
languages over A, that are the union (U), the product (-), and the star (*),
are defined as follows. Let L, Lo C A* be two languages over A. The union
L1 U Ly of Ly and Lo is

LlULQZ{U)EA*‘U)ELl\/UJELQ}.

The product of Ly and Lo, denoted by L; - Lo (or simply L;Ls), extends the

concatenation product of words
Ll'LQZ{UU‘UELl, UELQ}.

From the latter we obtain the definition of the square of a language L: L? =

L - L and, by induction on n, of the nth power of L:
Vn>0 L""'=L".-L=0L-L"

that is completed by setting L° = {¢}. By combining the operations of union
and product, the star of a language L, denoted by L*, is the union of all the
powers of L:
L*=J L"
n>0
A language over A is said to be rational (or regular) if it is finite or it is
obtained from finite sets by using finitely many times the rational operations.

The family of rational languages over A is denoted by Rat(A).
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To define a language L over a given alphabet A several approaches can be
used. In the following we will show how it is possible to define a language
through formal models. In particular, we will describe the languages defined
by a finite state automaton by an M -automaton (for a given monoid M), and
by congruences between words. Later, in Section 1.2, we will explain how
other combinatorial structures called grammars can generate languages; for

the latter, we will focus on the well known context-free grammars.

Definition 1.1. A finite (deterministic and complete) automaton A is a tuple
(A, S,0,s0,S") consisting of an alphabet A, a finite set S of states, an initial
state sg € S, a set of final states 8" C S and a transition total function

0:SxA—=S.

The transition function is extended from S x A to S x A* considering the
map 6 : S x A* — S defined as: for any s € S, u € A*, a € A

= d(s,a), (1.1)

For simplicity, in the following we will identify 6 with 6. From equations

(1.1), one may easily see that
d(s,uv) = 0(0(s,u),v), u,ve A"

A word u € A* is said to be recognized or accepted by the automaton A if and
only if d(sg,u) € S’. The language recognized by A is then

Ly={ue A"|d(so,u) € S'}.

Incidentally, we recall that one of the most important results in the theory,
proven by Stephen Cole Kleene in the ’50s, provides a characterization of
rational languages in relation to finite state automata. This theorem states
that a language is rational if and only if there exists a finite state automaton

that recognizes it.

The previous argument can be stated also for monoids instead of alpha-
bets. The definition of automata over a monoid M is very similar to that of

automata over an alphabet. Formally, an automaton Aj; over the monoid
M is a tuple (M, S, E, sy, S"), where S, sy and S" are defined as in Definition
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1.1 and FE is the set of transitions. Each transition is a triple (s, m,t), where
s,t € S and m € M; hence, F is a subset of S x M x S. In this sense,
an automaton over a monoid can be described as a labeled graph: the set of
nodes is the set of states S and a node s is connected to a node ¢, through
an oriented arc from s to t labeled with an element m € M if and only if
(s,m,t) € E. For this reason, a transition (s, m,t) is also denoted by s — .

A computation is a path in the graph Ajs; it is successful if its source is
the initial state sy and its destination is in S’. The label of a computation c
in A

c:=8=38] ﬂ)SQﬂ)"'Snﬂ)Sn_i_l:t,

is the product of the successive transition labels of ¢ : m; - - - m,, and we write
T

c=s — t. The language recognized by A, is then
L.AM = {m eM | dt € S,, S0 %t}

The definition of M-automaton is thus consistent with the previous Definition
1.1: an automaton over the alphabet A is an automaton over the monoid A*.
However, there is a difference: the set of labels of an automaton over a monoid

is potentially infinite, which leads us to the following definition.

Definition 1.2. An automaton Ay = (M, S, E, sg, S") over a monoid M is

finite if the set of transitions F is finite.

It is natural to define the rational subsets of a monoid. Let M be a monoid.
The family Rat(M) of rational subsets of M is the least family of subsets of
M closed under the rational operations. In Chapters 3 and 4 we will use the
following result (stated for the first time by Elgot and Mezei in the mid of
sixties in [20]); similarly to the Kleene’s Theorem, it gives a characterization

of rational subsets of a monoid.

Theorem 1.3. A subset of a monoid M is rational if and only if it is recog-

nized by a finite automaton over M.

We end this section introducing one of the most interesting class of formal
languages, the so called Dyck languages. A Dyck language consists of “well-
formed” words over a finite number of pairs of parentheses. The restricted
Dyck languages DY is formed by the words of parentheses which are “correct”

in the usual sense. For example,

(0€0))
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is a word of Df*. For the Dyck language D7, the interpretation of the paren-
theses is different. Two parentheses of the same type are rather considered
as formal inverses for each other. A word is considered correct if and only
if successive deletion of factors of associated parentheses yields the empty
word. In this sense, an alternative way to define Dyck languages is to code a

parenthesis as a letter a and its inverse parenthesis as a. Thus
aaaaaa
is a word of D7.

Define now Dyck languages D" and D} for n > 1. Let A, = {a1,...,a,}
and A, = {ay,...,a,} be two alphabets of n letters. Each pair ay, a can be
considered as a pair of parentheses of the same type. Define C,, := A, U A,,.
For c € (), denote

B ap if ¢ = ay,
CcC =
aj if c = ELk.

Thus, ¢ = c.

Definition 1.4. The restricted Dyck congruence ~!, is the congruence of C*
generated by
aap ~€ k=1,....n. (1.2)

The Dyck congruence ~,, is the congruence generated by Congruence (1.2)
and by
dkakwe l{?:l,...,n. (13)

Thus two words w,w’ € C are congruent modulo ~/, (resp. modulo ~,,),

and we write
w=w'(mod ~) (resp. w = w'(mod ~,,))

if and only if w’ can be obtained from w by a finite number of insertions or

deletions of factors of the form agay (resp. apay or agay).

Definition 1.5. The restricted Dyck language D" is the class of € in the
congruence ~: DI = [e].,. The Dyck language D) is the class of ¢ in the

congruence ~,: D =[], .
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Example 1.6. Consider n = 1 and C; = A U A, = {a1} U{a;}. In the
following, when we will refer to C; we will write simply a instead of a; and
b instead of a;. By the previous definition, the restricted Dyck language D/

and the Dyck language D] can be written respectively as

¥={we Cf||w|, = |w|y and Vu prefix of w, |ul, > |ulp},

Dy =A{w € C7 | |wla = [w]p}

1.2 Context-free languages

In this section we first define the family of context-free languages, denoted by
CFL, and then discuss a combinatorial structuring of these languages useful
for the proofs of main results. In order to define context-free languages, we
first define context-free grammars. A context-free grammar is a quadruple
G = (V, X, P,S), where:

o V is a finite set of objects called variables or non-terminal symbols of the
grammar G usually, the nonterminal symbols are denoted by uppercase

letters as, for instance, A, B, etc.

e Y is a finite set of symbols called terminals of the grammar G, moreover

3} is disjoint from V;

P isafinite subset of V x (VUX)*, called the set of productions or rules of
the grammar G; each production is usually denoted in the form A — £,

where A is a variable and f is a string of symbols of (V U X)*;
o S is a variable called start symbol or axiom of the grammar.

To define the language generated by G, we first introduce the definition
of two relations = and = between strings in (V U X)*. If u, v are strings in
(V UX)*, then we set

U= v

if there exists a production A — 8 of G such that
u=aAy and v=apfy,

where a, v € (VUX)*. The words «, 7 are called contexts of u and v, and the

relation = is called atomic derivation. Let = be the relation defined as the
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transitive and reflexive closure of =. This relation is called derivation of G.
Equivalently, if a, 3 € (V U X)* are such that a = 3, then either a = 3 or
there exist words g, aq,...,a,, n > 1, in (V U X)* such that

a=qy=>a1 == a, =p0.

Finally, a string o € (V U X)* is said to be a sentential form of G if S = a.
The language L(G) generated by the grammar G is the set of sentential forms

of G with terminal symbols only, i.e.
LG)={weX"|S=w}

We will say that a language is context-free if there exists a context-free gram-
mar that generates it. It is well known that rational languages can be gen-
erated by context-free grammars, indeed it can be shown that they are gen-
erated by so called reqular grammars. A context-free grammar is said to
be right-linear (resp. left-linear) if each of its productions A — S is such
that g € (X*V U X*) (resp. [ € (VX* U X¥)) and regular if it is right-
linear or left-linear. Moreover, if each production of the grammar A — [ has
at most one occurrence of nonterminal symbols in the right hand side, i.e.
p e (X*VEX*UX*), the grammar is said to be linear. The family of languages
generated by linear grammars is denoted by LIN and its elements are called
linear languages. Finally, if the grammar has a unique variable, it is said to
be minimal.

Example 1.7. A first example of context-free languages are the Dyck lan-

guages defined in the previous section. Indeed, it can be shown that the

/%
n

restricted Dyck language D), with n > 1, is generated by the grammar

G = (V,C,, P,S), where the productions of the grammar are

S — S8,
S —apSa,, k=1,...,n,

S — e

Similarly, the Dyck language D) is generated by the grammar with produc-
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tions
S — 55,
S —=apSar, k=1,...,n,
S —apSax, k=1,...,n,
S —e.

A combinatorial structuring of context-free languages

Now, we recall a combinatorial structuring of an arbitrary context-free lan-
guage based upon the notion of cycle introduced by Ginsburg and Spanier
([23]). Such decomposition follows a recursive scheme proposed by Incitti in
[32] based upon the concept defined below. The idea of the following nota-
tion is to consider the set of all pairs of left and right contexts in the terminal
alphabet of a self-embedding nonterminal symbol. In the next definition, the

initial “C'” is meant to suggest the term “cycle”.

Definition 1.8. With each nonterminal symbol A € V associate the subset
of ¥* x ¥* defined as

Cy={(a,B) €T* x X" : AS aAB}.
C'4 will be called the set of cycles of A. !

We define now the sandwich operation, denoted by ¢, for languages. A
similar operation will be defined for matrices in Chapter 2. If C'4 is the set
defined above and L’ is an arbitrary language over ¥, we define the subset
Cyo L of X* as

Cao L' ={uwv | (u,v) € Cy and w € L'}. (1.4)

As the construction of the structuring mentioned above proceeds by induction
on the number of nonterminal symbols, we need to show how to recombine
a grammar from simpler ones obtained by choosing an arbitrary non-axiom
variable as the new axiom and by removing all the rules involving S. This is

the reason for introducing the next notation.

! According to the terminology of [23], a cycle is a derivation of the form A = aAB. With
a minor abuse of language, we will call cycle the pair of contexts («, ) too.
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Definition 1.9. Let G = (V,X, P, S) be a context-free grammar. Let us
define the set V' as V' =V \ {S}. For every A € V', define the context-free
grammar G4 = (V' X, Py, A), where

o V"’ is the set of variables of G4,
« the set P4 consists of all the rules B — « of G of the form

BeV' ~ye((V'U),

o A is the axiom of the grammar.

The language of all terminal words generated by the grammar G4 is denoted
by L A-

The next definition introduces the language of terminal words obtained in

a derivation where S occurs at the start only.

Definition 1.10. Let L'(G) denote the set of all the words of * which admit
a derivation
S=y=-=>y=>w (1.5)

where, for every i = 1,...,¢, v, € (V' UX)*.

If no ambiguity arises, in the sequel, the language L'(G) is simply denoted
L'. The language L’ can be easily expressed in terms of the languages L4 for

all A € V'. Indeed, define B as the set of all strings § € (V' U X)* such that
S—3, pe(VUx) (1.6)

is a rule of the grammar G. Let us enumerate the elements of B as

Bh"'vﬁt (17)
and, for every j = 1,...,t, factorize 3; as
B = wiaAjawjadjo - wj e Aj w0 (1.8)
where Wity W41 € > and Aj,l) Aj,27 ce Aj,gj eV’

Lemma 1.11. The language L' is the (finite) union of the languages of the

form
wiiLa;, wiala;, - wj,ijAj,ej Wij,+1 (1.9)

where, 5]' = wj,lAjylegAj,g .- 'wj’éjAj,Kjwj,éj—é—l € B.
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Proof. Let us consider a word w € L'. Hence, according to (1.5), we have
S=>vy=-=v=uw,

where, for every i = 1,...,¢, v € (V' UX)*. Since v, is a string of the set
(1.7), there exists some j, with 1 < j <'t, such that
M =B = wijadjiwiadje - wje Ajew;e

so that

w € wirLa;, wipla;, - wjge, LAj,Zj Wj,lj+1-

Suppose now that w is a word of a language of the form (1.9), that is

w € wjiLa, wisla,, - wj?‘gjLAj,Zj Wy, l;+1
where, for every s = 1,...,¢; + 1, w; s are the words of ¥* defined in (1.8).
Hence w factorizes as

W = Wj1Xj1W;j2Xj,2 " " Wil Xj5,6;Wjl+1

where, for each s = 1,...,¢;, xjs € La,,. Recall now that, according to the

definition of the words w; q,
S = B = wjnAjawjpAjo - Wy Ajaw)e

is a production of the grammar . On the other hand, since, for every s =

L,..., 45, Xjs € La,,, we have
Ajs = Xjis (1.10)

where, by definition of the grammar G4, ,, all the sentential forms of the
derivation do not have the variable S as a factor. This implies that the
derivation

*
S = wjnAjiwjodja- - wig Aj Wi = w
is a derivation of G of the form (1.5), and so w € L'.
[

Proposition 1.12. The language L is a finite union of languages of the form
Cg o L" where

1!
L = wiLawala, - weLg,weyq,

and § = wiAjwe Ay - - - wiApweyq ranges over all rules in B, with respect to
the notation (1.6) and (1.8).
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Proof. In order to prove that the language Cs ¢ L” is included in L, it suffices
to consider a word w = auf, with v € L' and (o, 5) € Cg. One has

S&u and S=vy = =9 =aSp.
By gluing the two derivations in the right order one has
S$71=>~--:>w:oz5ﬁ§>ozuﬁ.

Thus, w € L. Let us prove the opposite inclusion. Let w € L. Hence w

admits a derivation of the form
S=vm=-=v=>w, (1.11)

where ¢ > 0 and, for every i = 1,...,¢, v € (V UX)*. If the symbol S does
not occur in the derivation except at the start of derivation, then w € L'
Assume now that S appears in some sentential form ~;, with 1 < ¢ < /.
Thus v; = «;SF;, with «;, 5; € (V U X)*. Hence the derivation (1.11) can be
rewritten as

S S @SB = Yis1 = =Y = w. (1.12)

By changing the order of the derivation, we can assume that «a;, 5; € X*.

Let us now remark that, in derivation (1.12), we can assume that, for every
jg=1+1,...,¢, Sisnot a factor of v;, that is, the derivation that transforms
the sentential form ~; into the word w is such that, for every j =14+ 1,...,¢,
S is not a factor of ;.

Indeed, otherwise, we would have
Yi = iSB; S 75 = 2id;SPif S w.

By replacing the ordered pair (ay, §;) with (a;d;, BAj B;), we obtain the claimed
factorization for (1.12). Therefore, the previous two arguments imply that

w = O‘iuﬁb
where («;, ;) € Cs and u is a word generated by a derivation of the form

/ /
S=Y = =Y,

where, for every j = ¢4+ 1,...,¢, S is not a factor of fy; and thus v € L.

Hence w € Cg o L”. This completes the proof.
]
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1.3 Bounded semilinear languages, matrix and

monoidal languages

In this section, we introduce three families of languages: bounded semilinear
languages, finite index matriz languages and monoidal languages. We will
state our main results for these non-trivial families of languages in Chapter
4.

Bounded semilinear languages

The first non-trivial family we introduce is the family of bounded semilinear
languages. A language L over an alphabet A is bounded semilinear if it is

finite union of languages of the form

L=A{u--ui*|(n,...,ng) € R}, (1.13)
where uy, ..., u; are fixed words over the alphabet A and R C N¥ is a linear
set, i.e., there exist vo, vy, ..., v, € N¥ such that

R:{v0+)\1v1+---~|—)\4vﬂ)\1,...,)\gEN}. (114)

Example 1.13. Let G = (V. X, P, S) be a context-free grammar where:

V ={A}, ¥ = {a,b},
S=A, P ={A— aAb, A — ¢}.

It is easily checked that the language generated by G is:
L(G) = {a"b" |n € N}.
Moreover, it is clear that L is a bounded semilinear language; indeed, L =

{a™b™ | (n1,n9) € R}, where R = {\(1,1)| \; € N}.

In order to properly define the other two families, we introduce the classes
of grammars that generate them respectively: restricted matriz grammars and

finite index monoidal grammars.
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Matrix context-free languages

To define finite index matrix grammars we first recall the matriz context-
free grammars (which we will henceforth simply call matriz grammars). Fol-
lowing [17], Ch. 1, Sec. 1.1, a matrix context-free grammar is a tuple
G =(V,3,M,S), where V, ¥, and M are respectively the finite sets of non-
terminals, terminals, and matrices (of rules), and S € V is the start symbol.
Each matriz rule m € M is a finite sequence m = (py, ..., ps) where each p;,
1 <i <'s, is a context-free production from V to (V U X)*. We denote by
Py the set of all the context-free productions that appear in the matrices of
M. For an arbitrary m € M, we define the 1-step derivation in G, v =, vy,
with z,y € (VU X)* if
T=T)=> T == Ts =1,

p1 p2 Ps

where =), denotes the standard context-free derivation relation, defined by
the rule p;. This is equivalent to say that x = zg,zs = y, and, for every
1=1,...,s,

/ Zi / 1
Tio1 = T;_( XiZi_q, Xj = Ty 04T,

where p; = (X; — «;), and for some x}_,, 2 ; € (V UX)*. In other words, a
1-step derivation in the matrix grammar G corresponds to a s-step derivation
in the context-free grammar (V, 3, Py, S), i.e., using, one by one, all the
context-free productions of m (w.r.t. the order the p;’s appear in m). Let
M* be the set of the finite sequences of matrices and o € M*. If a = ¢, then

T =4 ¢, € V*; if one has
a=mime---ms and x T R T
1M2 s oﬁl 177:13 slﬁs s

with z; € (VUX)*, mj e M,1<j<s,0<1i<s, then we write zg = ;.
The language generated by G is L(G) = {w € ¥* | S =, w}.
The following definition is instrumental. It corresponds to a specific case

of the simple matriz grammars introduced by Ibarra in [28] (see also [31]).

Definition 1.14. A matrix grammar G = (V, %, M, S) is said to be restricted
of index k, or simply restricted, if the set of nonterminals of G has the form
V={S}uV’ where S ¢ V'and V' =V, U--- UV, where V; NV, = @, for
all © # j, and a matrix of rules of G can be only of one of the following forms
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(X1 = wiYiur, ..., Xg — urYyor), for some X, Y; € V) w;,v; € ¥F) with
1 <i<k;

e (X1 >, Xp—e), with X; € Vi, 1 <i <k
o (S — Xy---Xy), for some X; € V;, with 1 <1 <k.

A languages is said to be a restricted matrixz language, or simply a restricted

language, if it is generated by a restricted matrix grammar.

Example 1.15. Let L = {a"b"c" : n € N} be the language over the alphabet
Y = {a,b,c}. Let G be the restricted matrix grammar with the matrices of

rules

my = (S — ABO),
me = (A — aA, B — bB,C — c(C),

mg=(A— ¢,B— ¢,C —e¢).

Note that the other components of G can be deduced from these matrices.
One easily checks that L = L(G). Indeed, each word a"b"c",n > 0, can be
generated by using first the matrix my, then the matrix mo n times and finally

the matrix mg. Hence L C L(G). The reverse inclusion is proved similarly.

Finite index languages

To define the finite index monoidal languages we first define a much more
general family of languages: the finite index languages. Following [9], Sec.
VIL.5, we say that a context-free language L is of index k, if there exist a
context-free grammar G = (V, X, P, S) with L = L(G) and an integer k € N
such that the following property holds: for every word w € L(G), there
exists some derivation § = (S = w) such that the number of occurrences of
variables in each sentential form of § does not exceed k. The family of context-
free languages of index k will be denoted by Ind(k) and L(INDpgry) will
denote the family of all the languages of finite index, that is, Ugen Ind(k).
One immediately sees that the most simple languages in such a family are
those of LIN, indeed, by definition, these are languages of index 1. A well-

known result proven by Salomaa in [44] shows that Dyck languages cannot be
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generated by finite index grammars, thus implying £(IN Dpyy) C CFL. The
importance of the family £L(IN Dpjy) is due to the fact that, by a well-known
result by Baron and Kuich [4] (up to a technical restriction) the unambiguous
context-free languages whose characteristic series in commutative variables

are rational, are exactly those in L(INDpgyy).

Following Ginsburg and Spanier [24] (see also Nivat [39]), we recall a char-
acterization of languages of £L(INDpyy), that will be used in Chapter 4. To
this purpose, we first recall that, given alphabets >; and X5, and a family &
of languages on Yo, a F-substitution is a morphism 6 : X7 — I1(335) from the
free monoid X7 into the multiplicative monoid II(3%) of subsets of the free
monoid >3 such that

Veed, 6x)ed.

Let us define, recursively, the family {Qrt(k)}ren of quasi-rational languages

of rank k (or bounded derivation languages of rank k) as:

LIN if k=1,

. (1.15)
LINoQrt(k—1) ifk>1,

o=

where LIN o Qrt(k — 1) denotes the family of all the languages obtained as

the images of linear languages, via Qrt(k — 1)-substitutions, k > 1, i.e.
{0(L) : Le LIN, Vze3 0(z)eQrt(k—1)}
The following holds ([24], Theorem 4.2, cf [9], Sec. VIL.5, Theorem 5.2).

Theorem 1.16. For any k > 1, Ind(k) = Qrt(k).

For our next use, we describe how quasi-rational languages can be char-
acterized in terms of composition of grammars; in particular, the following
argument, shows that Ind(2) = Qrt(2) (see Example 1.20 for an example).
For this purpose, we recall the construction of the context-free grammar that
generates the image 0(L) of a context-free language L over the alphabet 3
under a context-free substitution 6 : X7 — 11(35), i.e., a F-substitution, with
F=CFL.

We follow wverbatim the argument of [9], Sec. 11.2. Let §; = (V4, %4, P, S)
be the context-free grammar that generates L and let

92:{6’3;::6621}
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be the family of context-free grammars where, for every =z € ¥,
G.Z‘ — <V1’7 227 P$7 Sx>

is the grammar that generates 6(z). One may assume that V3 NV, = &, for
all x € ¥4, and, for every z,y € X1, x #y, V, NV, = &. Let V5 be the set

VQZ{SIZIGZl}
and let the copy morphism
C Z(Lﬁ_LJE:l)* — (Vﬁ LJ\?Q)*, (1.16)

defined as: c(z) = z, if z € V1, and ¢(2) = 9,, if z € ¥;. With respect to c,

consider the grammar G¢ that generates c¢(L). Such a grammar is defined as
Ge = (V1,{S; : x € ¥1}, P, S),
where Pc = {A — c¢(a) : (A — «) € P;}. Finally, define
H=(W,%,Q,5) (1.17)
as the context-free grammar where

W=viu J V., Q=PuU | P

TEY TEY

Such grammar H is called the composition of §1 and G5 and denoted by
G =Gy 09,. (1.18)
By the argument above, directly the following lemma holds.
Lemma 1.17. If G is the grammar (1.18), then 0(L) = L(G).

A composition of k families of context-free grammars (G1,...,Gx), with

k > 1 will be the context-free grammar
G=51 0800,

obtained by iterating (k — 1) times the operation (1.18) of composition of
grammars on the families Gy, ..., 9. By (1.15), Theorem 1.16 can be formu-
lated as follows.

Theorem 1.18. Let L be an arbitrary language of Qrt(k), k > 1. Then L is

generated by a composition of k families of linear grammars.
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Monoidal languages

We are now able to define the monoidal languages.

Definition 1.19. A grammar G = (V, 3, P, S) is said to be monoidal of index

k if it is the composition
G =510520--:0G,

of k families of minimal linear grammars where every terminal production
(X — u), u e X" is such that u = e.

A language is said to be monoidal if it is generated by a monoidal grammar
of index k, for some k € N.

Example 1.20. Let £ be the language over ¥y = {a, b} given by
L ={a"b":n e N}".

Observe that £ is the image of the language {2" : n € N}, ¥; = {x}, under the
substitution 0 : X7 — I1(X3), with 0(z) = {a™b" : n € N}. The language {2" :
n € N} is rational, then there exists a left-linear (or right-linear) grammar
that generates it; on the other hand, the language {a"b" : n € N} is context-
free as shown in Example 1.13; hence, 0 is a context-free substitution and £ is
a context-free language of index 2. Indeed, £ is generated by the composition
G = G10Gs of the linear grammars §; = (V1,3q, P, S) and Go = (V5, 59, P, 0)
where

Vi={S}, 51 = {0}, P ={S e S 08},

and
Vo ={o}, g ={a,b}, Po={0 — ¢, 0 — aob}.

Remark 1.21. We end this chapter by remarking that the families of re-
stricted and monoidal languages are incomparable under inclusion; for an ex-
ample it is sufficient to observe that the restricted language {a"b"c" |n € N}
presented in Example 1.15 is not a context-free language (see [25], Theorem
6.2.3, pp. 191-192), indeed it cannot be generated by a context-free grammar,
including thus also monoidal grammars. On the other hand, it can be shown
(see [17], Lemma 1.5.6, pp. 73-74) that the monoidal language {a"b" | n € N}*
illustrated above cannot be generated by a restricted grammar, so that it is

not a restricted language.



Chapter 2

Preliminaries on

semialgebraic sets

In this chapter we will introduce some topological and algebraic notions con-
cerning the matrices over the field of real numbers and will present examples
and preliminary results. Afterwards, we will discuss results which will be used
in Chapter 4. For this chapter, we will refer to [5, 7, 8, 12, 13, 19, 22, 41].

2.1 Topology

In this section, we will recall the definitions of some topologies defined on R™:
the Fuclidean topology and the Zariski topology. In particular, we will define
the Euclidean topology for square matrices with real entries of dimension n,
then define the Zariski topology on R™ and present preliminary results and

examples.

Euclidean topology
Let M € R™ " be a matrix of dimension n and consider it as a vector M € R”Q,
i.e. if M is the matrix
aiy -+ Qip
M = y Q5 € R,
Qn1 -+ Qnn

consider it as the vector (a1, ..., 010,21, -, A2ny - -+, Aply- - -5 App) € R
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The Fuclidean norm of M is defined as the value

M| =[> > ai.
i=1j=1

The Euclidean distance between two vectors M, M’ € R" is the function
d:R” x R" — Rsg
d(M,M') — [|M — M'|.

For any vector My € R™ and ¢ > 0 let I.(My) = {M € R™ : d(M, My) <
e} be the open ball with center My and radius e. A set A C R™ is said to be
open if for each M € A there exists € > 0 such that I.(M) C A; the collection
of all open sets forms a topology over R”27 known as Euclidean topology,
which is the topology induced by the Euclidean norm.

We recall the following property needed in the proofs of our main results.

It will be applied in the particular case of orthogonal matrices.

Notation. Given a subset E of a finite dimensional vector space, we denote
by CI(F) the topological closure of E respect to the topology induced by the

Euclidean norm.

Given a k-tuple of matrices (M, ..., M), denote by f the k-ary product
f(My, ..., My) = M --- My, and extend the notation to subsets A of k-tuples
of matrices by posing f(A) = {f(My,...,My) | (My,...,My) € A}. The
following result will be applied in several instances in the next chapters. It
says that since we are dealing with compact subsets, the two operators of

matrix multiplication and the topological closure commute.

Theorem 2.1. ([12, Theorem 1]) Let C be a compact subset of matrices and
let A C CF be a k-ary relation. Then we have CI(f(A)) = f(CI(A)).

Proof. Since the function f is continuous, the inverse image of CI(f(A)) is
closed, i.e. CI(A) C f~Y(CI(f(A))) holds which yields f(CI(A)) C CI(f(A)).
Now we prove the opposite inclusion. Consider an element A € CI(f(A)). It
is the limit of a sequence M, ,, - - - My, where (M, ..., Mg,) € A for n > 0.
Because C is a compact set, there exists a subsequence (M, ..., Myn,) € A,
i.e. an infinite sequence of strictly indices n;, which converges to a limit point
(Aq,...,A) € Cl(A). By continuity one has f(A;,..., Ax) = A which shows
Cl(f(A)) C f(CI(A)).

]
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Consequently, if A is a binary relation defined over a compact subset of
matrices C—which is a direct product A; x As, with A;, Ay C C—we have
Cl(A1As) = f(CI(A; x Ag)). Moreover, as shown in the following lemma,
the closure of the direct product of two subsets of matrices CI(A; x Ag) is
equal to the direct product of the closures Cl(A;1) x Cl(A3).

Lemma 2.2. For any Ay, Ay C R™"™, we have Cl(A; x Ay) = CI(Ay) X
Cl(As).

Proof. (C) Let (x1,29) € CI(A; x Ag). We will show that z; € CI(Ay)
and zo € Cl(Ay). Let Uy, Uy € R™"™ be two neighborhoods of x; and
xo respectively. Thus, U; x Uy is a neighborhood of (z1,x2). Since
(1, 29) € Cl(Ay X Az), we have

(Alﬂul) X <A20U2) = (fll X.AQ)ﬂ(ul X u2> 75 6]

and so A1 N Uy, Ay N Uy # @. Hence, by definition of closure, we obtain
that x; € Cl(.AZ), for i = 1,2.

(2) Let (z1,22) € Cl(Ay1) x Cl(Ag), i.e. x; € Cl(A;), for i = 1,2. Consider

two neighborhoods Uy, Us of z1, x9 respectively. By definition of closure,

we have that A; N U; # @ for i« = 1,2. This implies that (U; x Uz) N
(A1 x Ag) # @ and so (z1,x2) € Cl(A1 x As).

]

From Theorem 2.1 and Lemma 2.2, we obtain that for any two subsets of

matrices A1, Ay C €, where C is a compact subspace, holds
Cl(As) = F(CUAL x A2)) = F(CL(AL) x Cl(Ay)) = Cl(AL) Cl(Ay),
which yields the following:

Corollary 2.3. The topological closure of the product of two sets of matri-
ces included in a compact subspace is equal to the product of the topological

closures of the two sets.

Zariski topology

In order to define properly the Zariski topology let us give first the definition
of algebraic sets over the field of real numbers.
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Definition 2.4. A subset A C R" is algebraic (over the field of real numbers)
if A is the zero set of a set P of polynomials in R[zy,...,z,], i.e., for every

vector v € R,
vEA < Vpe?P: plv)=0. (2.1)

In that case, we will write V(P) = A. Conversely, for any subset A C R",
the ideal

I(A) == {p € Rlzy,...,x,) | p(v) =0 for all v € A}
is called the vanishing ideal of A.
Note that by the Hilbert’s basis theorem (see [22], Ch. 1, Sec. 1, The-

orem 1), one may assume that the set P is finite. Even more, since we are
dealing with algebraic sets over R, P can be reduced to a singleton since (2.1)
can be assumed to be to the equation

Zp(xl,...,xn)Z = 0.

peP

Remark 2.5. Consider the constant 1 € R[zy,...,x,]. Thus, V({1}) = @.
On the other hand, V({0}) = R". Thus, @ and R" are algebraic sets. More-
over, the family of algebraic sets is closed under finite unions and intersections.
We prove the latter for the union and intersection of two sets, since the general
case can be treated with a similar argument. Let A, Ay C R" be algebraic
sets and py,pe € Rlzy,...,2,] two polynomials such that, for every vector
v € R" p;(v) =0 if and only if v € A;, for i = 1,2. Let p,q € Rlxq,...,x,]
be the polynomials defined as p = p1ps and ¢ = p3 + p3. For every v € R" we
have that p(v) = 0 if and only if p1(v) =0V po(v) =0, i.e. v € A3 UAy; on
the other hand, ¢(v) = 0 if and only if p;(v) = 0Apa(v) =0, i.e. v € A1 NAs.
This shows that A; U Ay and Ay N Ay are algebraic sets.

It is worth noting that the family of algebraic sets is not closed under
complement and projection. Indeed, over the field of real numbers, any subset

containing a transcendental number is not algebraic.

Example 2.6. Consider the algebraic set A = {z € R|2? — 1 = 0}, then
m € R\ A and so R\ A is not algebraic. Let now A be the algebraic set
defined as A = {(z,y) € R?|2? — y = 0} and consider the projection

T, R* =R

(z,9) = v.
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We have that 7 € 7,(A) = R>, and so 7,(A) is not algebraic.

By Remark 2.5, the algebraic sets over R” form the closed sets of a topology
on R", which is called the Zariski topology. Then, in the Zariski topology, a
subset A C R™ is open if and only if its complement R™ \ A is closed (that is,

algebraic).

2.2 Semialgebraic sets and properties

In this section we will define a family of subsets of R"™ more general than
algebraic sets: the family of semialgebraic sets, that enjoy extra closure prop-
erties and is therefore more robust. Indeed, this family is defined as the
smallest family of sets in R™ that contains the algebraic sets as well as sets
defined by polynomial inequalities, i.e. sets of the form {v € R"| f(v) > 0}
for some polynomial f € R[zy,...,z,], and which is also closed under the
boolean operations (complementation, finite unions, and finite intersections).
We first introduce some terminology from Logic which is useful for the study

of semialgebraic sets; to this purpose, we follow verbatim [5, Chapter 2.

A (first-order) formula is written starting from atoms, which are polyno-
mial equations and inequalities, together with the logical connectives “and”,
“or”, and “negation” (respectively denoted by A, V and =) and the existential
and universal quantifiers “exist” and “for all” (respectively denoted by 3, V).
A formula has free variables, i.e. non-quantified variables, and bound vari-
ables, i.e. quantified variables. Formally, the formulas (with real coefficients)

and the set of free variables Free(®) of a formula ® are defined as follows:

-an atom f = 0 or f > 0, where f is a polynomial in R[xy,...,x,] is a

formula with free variables {z1,...,z,};

- if &1 and &, are formulas, then &1 A &5 and &, V &y are formulas with
Free(®; A ®y) = Free(®q V &y) = Free(Py) U Free(ds);

- if ® is a formula, then —(®) is a formula with Free(—(®)) = Free(®);

- if ® is a formula and x € Free(®), then (Fx)® and (V)P are formulas
with Free((3z)®) = Free((Vx)®) = Free(®) \ {z}.

A quantifier free formula is a formula in which no quantifier appears, neither

Jnor V. A basic formula is a conjunction of atoms. The R-realization of a
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formula ® with free variables contained in {x1, ..., x,}, denoted by R(®,R"™),
is the set of v € R" such that ®(v) is true. It is defined by induction on the

construction of the formula, starting from atoms:
=0,R") ={v eR"| f(v) =0}
f>0,R") ={veR"| f(v) > 0};
f<O0,R") ={veR"| f(v) <0}

(I)l AN @2, Rn> = R((I)l, Rn) N R(q)g, Rn>,

-2, R") =R\ R(®,R");

R(f

- R(

- B(

- R(

- R(®1 V &2, R?) = R(®1,R”) U R(Py, R");

- R(

- R(32)®,R") = {v € R" | Jug € R, (vy,v) € R(®,R"™)};
R(

(Vz)®,R") = {v € R" | Vg € R, (vp,v) € R(P, R ™)}

Two formulas ® and ¥ such that Free(®) = Free(V) = {x1,...,x,} are
said to be R-equivalent if R(®,R™) = R(¥,R").

The first non-trivial property of semialgebraic sets is given by the following
result (see [5], Ch. 2, Sec. 4, Theorem 2.92), which states that the family of

semialgebraic sets is closed under projection.

Theorem 2.7. ([5, Theorem 2.92]) Given a semialgebraic set of R, its

projection to R™ is a semialgebraic set.

The projection theorem (Theorem 2.7) implies that, since an algebraic
set is a semialgebraic set, the projection of an algebraic set over R"*! is a
semialgebraic set over R"™. For an example see Example 2.6. Indeed, here the
projection of 7, (A), where A = {(z,y) € R?| 2% —y = 0}, is the semialgebraic
set defined by the polynomial inequality p(y) := y > 0, i.e. my(A) = {y €
R|y > 0}.

We now present two important results (see [5], Ch.2, Sec. 5, Theorem 2.94

and Corollary 2.95), which are direct consequences of the projection theorem.

Theorem 2.8. (Tarski-Seidenberg Quantifier Elimination Result) Let ¥ be a
formula with coefficients in R. Then there exists a quantifier free formula ®
with coefficients in R such that for every v € R", the formula ®(v) is true if
and only if the formula ¥(v) is true.
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Proof. The proof of the theorem is by induction on the number of quanti-
fiers, using as base case the elimination of an existential quantifier which is
given by Theorem 2.7. Consider a formula (3x)A(x,y1,...,yn), where A is a
quantifier free formula whose atoms are equations and inequalities involving
polynomials in Rz, y1, ..., y,]. Due to Theorem 2.7, there exists a quantifier
free formula ©(yy, . .., y,) whose atoms are equations and inequalities involv-
ing polynomials in Rz, y1, ..., y,] equivalent to (Fz)A(z,y1,...,ys). Indeed,
R((F3x)A(z,y1,...,yn), R"), which is the projection of the semialgebraic set
R(A(z, 91, ...,9n), R"1) defined over R, is semialgebraic and defined over R,
and semialgebraic sets defined over R are realizations of quantifier free formu-
las with coefficients in R. Now, since (Vz)® is equivalent to =((3x)=P(z)),

the theorem immediately follows by induction on the number of quantifiers.

]

Corollary 2.9. (/5, Corollary 2.95]) Let ® be a formula with real coefficients

and free variables xq,...,x,. The set {v € R"| ®(v)} is semialgebraic.

Due to Theorem 2.8 and Corollary 2.9, we have the equivalence of the two

definitions below for semialgebraic sets.

Definition 2.10. A subset A C R" is semialgebraic (over the field of real

numbers) if it satisfies one of the two equivalent conditions:

(1) A is the set of vectors satisfying a finite Boolean combination of predicates

of the form p(x1,...,x,) > 0 where p € R[xy, ..., x,];

(i) A is first-order definable in the theory of the structure whose domain
are the reals and whose predicates are of the form p(z1,...,2,) > 0 or

p(z1,...,2,) =0 with p € R[zq, ..., z,].
We now instantiate the definitions above to the setting of square matrices.

Definition 2.11. A set A C R™" of matrices is algebraic (resp., semialge-
braic) if considered as a set of vectors of dimension n?, it is algebraic (resp.,

semialgebraic).

We will adopt the following terminology. A set A of matrices will be called
effective algebraic (resp., effective semialgebraic) if the polynomials (resp., the
formula) defining A can be algorithmically computed.

In the following we rephrase two results of [13] by emphasizing the main

features that serve our purpose.
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Notation. We will use the following notation. The set of orthogonal matrices
of size n with real (resp. rational) coefficients is denoted by O, (R) (resp.
0,(Q)). Moreover, given a subset E of a group, (F) and E* denote the
subgroup and the submonoid generated by E, respectively.

Theorem 2.12. Let S C R™ " be a set of orthogonal matrices, then CI(S*)
is a group. In particular, for any subset E C S satisfying (E) = (S), we have
Cl(S*) = CI((E)).

Proof. First, note that CI(S*) is a compact set since it is bounded and closed.
It is known that every compact subsemigroup of a compact group is a sub-
group. Here is a self-contained proof in our setting. Let us now show that
for any matrix M € CI(S*), M~! € CI(S*). Consider the sequence of ma-
trices {M*}ren . Since CI(S*) is compact, {M*} ey admits a subsequence
{Mé},geN C {M*}ren which converges in CI(S*). Hence, for any € > 0 there
exists k > 0 and ¢ > k + 1 such that |[M* — M‘|| < e. On the other hand,
since M is an orthogonal matrix, we have

|A% = MY = M = MR = (1 = MR

Y

thus, for any matrix M € CI(S*) and ¢ > 0, there exists M’ € CI(S*) such
that
M~ — M| <e.

This implies that M~! € CI(S*). Now, if (S) = (F), we have that S* C (E)
and G = CI(S*) C CI((E)); on the other hand, S C G implies CI((E)) C G
and thus CI(S*) = CI((F)). This concludes the proof.

[

The main consequence of the next theorem is that the topological closure of

a monoid of orthogonal matrices is algebraic ([13, Theorem 3.1]; [12, Theorem

7).

Theorem 2.13. Let E = {M;};cx, where 3 is a finite alphabet, be a set
of orthogonal matrices of dimension n. Then CI(E*) is algebraic, and if the
matrices in E have rational coefficients, we can effectively compute a sequence

of polynomials f1,..., fi, ... with rational coefficients such that

1. if M € CI(E"), fi(M) =0 for all i;
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2. there exists some k such that

CUE*) = {M € 0,(Q)| fi(M)=0, i =1,....,k}.

Proof. We first prove that CI(E*) is algebraic. By [41], Ch. 3, Sec. 4,
Theorem 5, every compact group of real matrices is algebraic. In fact, letting
X = (xij)ij=1,..n be a matrix of n x n free variables, the proof of algebraicity
in [41] reveals that any compact group G of real matrices of size n is the zero

set of
RIX]“ = {f € RIX]| f(I) = 0 and f(g9X) = f(X) Vg € G},

i.e., G is the zero set of polynomials in n x n variables which vanish at the
identity, denoted by I, and are invariant under the action of G. Due to
Theorem 2.12, G = CI(E*) = CI((F)) is a compact group and then it is
algebraic.

For the second part of the proof, let us show that V(Q[X]%) = G, where
QX]“ = {f € QIX]| f(I) = 0 and f(M;X) = f(X) Vi€ T},
First, we show that
R[X] = {f € RIX]| f(I) = 0 and f(M;X) = f(X) Vi€ S};

indeed, a polynomial is invariant under the action of G if and only if it is in-
variant under the action of E. Since E C (§, every polynomial invariant under
the action of G is also invariant under the action of £. Conversely, assume
that a polynomial is invariant under the action of £ and let g = M;, --- M;, ,
where M;, € E for any h = 1,...,k, be an element of £*. Without loss of
generality we can assume g = E1Fs. By setting Y = Ex X, since X is a matrix
of n x n free variable and F5 is an orthogonal (and so invertible) matrix we

have that Y is also a matrix of n x n free variable. Then we have
f(gX) = [(E\ExX) = f(EZY) = [(Y) = [(ExX) = f(X),
from which we obtain that
f(gX) = f(X), VgekFE"

Let now {gx}ren be a sequence in E* and suppose g € G be its limit point,

i.e. limg o gr = ¢g. Then we have

fgX) = f(lim gpX) = lim f(gX) = lim f(X) = f(X),
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where in the second equality we have used the fact that f, being a polynomial,

is a continuous function. This shows that

f(gX) = [(X), Vged.

We prove now that G = V(R[X]%) = V(Q[X]Y).
(C) Tt is easily checked that Q[X]¢ C R[X]“ and so V(R[X]%) C V(Q[X]Y).
(2) The converse inclusion follows from the fact that any polynomial P €
R[X]“ can be written as linear combination in Q[X]“. Indeed, let d be the
degree of P and let E; be the set of real polynomials in n x n variables with
degree at most d. The set V; = E; N R[X]G is a vector subspace of Ej.
Indeed, for any f,g € Vyand a € R, af and f + g have degree at most d and

e af(l)=a-0=0;

e for cach M € E, af(MX) = af(X);
« (f+9))=fI)+9I)=040=0;
« for each M € E,

(f +9)(MX) = f(MX) + g(MX) = f(X) + g(X) = (f + 9)(X).

Consider now a matrix M € E. Each polynomial f € Vj is of the form

n n azi,j ai,{ 0/7
Zzawxn Xy Tt Ty (22)
i=175=1
where, forall i, j,l,m = 1,...,n, oy} € Ny is the degree of the free variable x,,

related to the indices 7, j. Being d the degree of f, it must be S, " _, ap <
d for any i,5 = 1,...,n. On the other hand,

(MX)i; = > My
/=1

and so f(MX) is of the form

(¥

n o n . oo
SN ag( Z My Z Mg, ) 1n Z Mg )on Z Myoen)™™,
i=1j=1 =1 =1 =1
(2.3)
rewriting f(M X) by recombining for any ¢ and j respect to variables

ij o ij

,J
Qg Xy nl Qnn

nn
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comparing the coefficients of (2.4) in the equation f(MX) = f(X) and con-
sidering the equation f(I) = 0, we get a linear system where the variables
are a;; and the coefficients are M;;, for 4,7 = 1,...,n. Since Vj is a vector

subspace, it is possible to find a basis from the linear system of equations

I)=0
f(I) (2.5)
FMX) = f(X), Vies,
Moreover, since for any i € X, M; € 0,(Q), the polynomials f{l,...,f,fd

generated as solutions of the System (2.5) have rational coefficients and
Va= B NR[X]Y = (ff,..., fi).

Clearly, for each d € Ny, Vg C Vgy1 and so (f{, ..., fil) C ( o ,f;i),
so that -
QX" =V =U Va=R[X]"
d=1
is a vector subspace and admits a basis of polynomials with rational coeffi-

clents
<f1>"'7fi7"'>7 fZEQ[X]G
Then, V(Q[X]%) C V(R[X]) and
G = V(R[X]9) = V(QIX]).
Due to Hilbert’s basis Theorem, there exists a finite family of polynomials F

in {f1,..., fi,...} such that V(Q[X]%) = V(F). This concludes the proof.
]

Closure properties of algebraic and semialgebraic sets

In this paragraph we will recall some closure properties of the class of effective
algebraic and semialgebraic sets of matrices investigated in [12]. First, we
recall that the family of effective algebraic sets is closed under finite unions

and intersections.

The product of two sets of matrices is defined as
A Ay = {M1M2 | M, € .Al, M, € .AQ} (26)

In line with the definition given in the case of languages in Chapter 1, we

define the sandwich operation, denoted again by ¢, whose first operand is a
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set of pairs of matrices A C R™™™ x R™*" and the second operand is a set of
matrices B C R™ ", by setting

AoB={XYZ|(X,Z)eAandY € B}.

The next operation will be used in the following. Given a bijection

{0, 7) |, j€e{l,...,n}} = {G,J) |i,7€{1,....,n}} (2.7)

and a matrix M € R"™ " denote by m(M) the matrix m(M);; = My j).
Extend this operation to subsets of matrices A. Write w(A) to denote the set
of matrices w(M) for all M € A.

The last operation is the sum (sometimes called direct sum) of square

matrices My, ..., M} whose result is the square block matrix
My 0 -+ 0
0 My --- 0
M@ ®M=| .~ (2.8)

0 0 0 My
These notations extend to subsets of matrices in the natural way. Here we
assume that all £ matrices have the same size n X n. Observe that if the

matrices are orthogonal, so is their sum. Such matrices form a subgroup of

orthogonal matrices of size kn x kn.

Now we recall some closure properties of the class of semialgebraic sets of
matrices (see [12], Sec. 2.4). Let us first consider the operation (2.6). We
adopt the following conventions: we write 3" X to mean that X is a vector of n
bound variables. Furthermore, a vector of n xn variables can be interpreted as
an n x n matrix of variables. Consider two semialgebraic sets of matrices, say
Ay and Ay, respectively defined by first-order formulas ®1(X7) and ®5(X5)
where X; and X, are two matrices of n? free variables. Then A; A5 is defined

by the formula
E'nanl annXQ X = XlXQ VAN (I)l(Xl) VAN (I)Q(XQ),

where X = X X5 is an abbreviation for the predicate defining X . This shows
that the class of effective semialgebraic sets of matrices is closed with respect
to the operation (2.6). The verification of the properties stated below is done

similarly.
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Proposition 2.14. Let Ay, Ay C R™"™ be two sets of matrices, and let m be

a one-to-one mapping as in (2.7).

1) If Ay and Ay are algebraic (resp., effective algebraic) so are Ay UAs, AN
A, and w(Ay).

2) If Ay and Ay are semialgebraic (resp., effective semialgebraic), so are Ay U
Ag, A1A2 and W(Al).

Proposition 2.15. Let A; C R™"™ x R™" and Ay C R™"™ be semialgebraic
(resp., effective semialgebraic). Then Ay oAy is semialgebraic (resp., effective

semialgebraic).

Proposition 2.16. If Ay,..., A CR™" are algebraic (resp., effective alge-

braic, semialgebraic, effective semialgebraic), then so is the set Ay @ - -+ ® Ag.

Proposition 2.17. Let A be a semialgebraic (resp., effective semialgebraic)
set of kn x kn matrices of the form (2.8). The set {X1--- Xy | X1®---® X} €

A} is semialgebraic (resp., effective semialgebraic).

2.3 Algebraic irreducible sets

In this section we introduce two classical concepts from Algebraic Geometry:
irreducible algebraic sets and reqular maps between algebraic sets. We will
then show a useful result that we will use in the proofs of the main results,

giving a sufficient condition for the effectiveness property of algebraic sets.

We follow verbatim [22, Chapter 1]. Consider the topological space obtained
by equipping R with the Zariski topology. Given a nonempty subset Z of
R™, Z is said to be irreducible if Z cannot be written as the union of two
closed, i.e. algebraic subsets of Z, distinct from @ and Z itself. Such sets
play a role in the theoretical developments presented later (see Chapter 4).

Therefore, we recall a definition and some results.

The next notation is useful.

Notation. The Zariski closure of a set A will be denoted by A.

Let us now demonstrate an important characterization of algebraic sets

that we will often use in the rest of this section.
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Proposition 2.18. ([22, Proposition 1.1.12]) Let Z C R™ be a nonempty
algebraic set. Then Z is irreducible if and only if its vanishing ideal 1(Z) is a

prime ideal.

Proof. Let Z be an irreducible set and f, g € R[zy,. .., z,]| be two polynomials
such that fg € I(Z). Then Z C V({fg}) = V{f}) UV({g}). So we have

2=2nV({fg}) =2n(VH/HUV({Hg}) = ZNV{[}))UERNV({g}).

Under the hypothesis of irreducibility of Z, it must be Z = ZN V({f}) or
Z=2ZNV({g}). Suppose Z=2ZNV({f}); thus we have Z C V({f}) and so
f € I(Z). This shows that I(Z) is a prime ideal.

Suppose now I(Z) be a prime ideal and let Z1 and Zs be closed subsets such
that Z = 2y U Zy. Suppose that Z # Z;, Zo. This implies that I(Z) C I(Z;)
and I(Z) C I(Zy). Thus, there exist two polynomials f, g such that

FEIZ)\IR) and geI(2o)\1(2).

Consider the polynomial h = fg; it is readily checked that h € 1(Z1) N I(Zs).
However, since Z = Z1UZ9, we have that I(Z)NI(Z2) = I(Z) and so h € I(Z).
Contradiction.

]

The next proposition shows that the cartesian product of two algebraic sets

is still algebraic.

Proposition 2.19. (/22, Proposition 1.3.8]) Let V. C R™ and W C R™ be

nonempty algebraic sets. If V and W are irreducible, then V xW is irreducible.

Proof. Due to Proposition 2.18, we must show that the vanishing ideal
I(VxW) CR[Z1, ..., Tny YLy - -+ Y

is a prime ideal.

Let f1, fo € Rlzq,...,2n, Y1, .., Ym| be two polynomials such that fifo €
I(V x W) and, for a fixed element w € W, construct the two algebraic sets
Vi(w) CV,i=1,2, defined as

Vi(w) = {v e V| fi(v,w) = 0}.
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Since fifo € I(V x W), we have V = Vi(w) U Vo(w). By the irreducibility of
V, it must be V =V (w) or V = Vy(w). Consequently, we have W = W UW,
where W, := {w € W|V;(w) =V} for i = 1,2. By noting that

W, ={w € W] f;(v,w) =0 for all v € V},

we get the algebraicity of W;, for ¢« = 1,2. By the irreducibility of W, we
get that W = Wy or W = Wy, In the first case, we have fi(v,w) = 0 for
all v € Vand w € W, and so f; € I(V x W). In a very similar way, we get
fo € I(V x'W). This shows that I(V x W) is a prime ideal, concluding the
proof.

]

Let us now introduce the notion of regular map for algebraic sets. We
will then show that some properties of algebraic sets are ensured under these

maps.

Definition 2.20. Given nonempty algebraic sets V C R” and W C R™, a

map f : V — W issaid to be regular, if there exist p1,...,pm € Rlzy,. ..., 2,]
(where the x; are indeterminates) such that, for all x = (z1,...,2,) inV
f(x) = (p1(x),...,pm(x)). (2.9)

Remark 2.21. Any regular map f is continuous in the Zariski topology.

Let Z C W be a closed set. Then there exists a family of polynomials R C
Ry1,...,Ym] (where the y; are the variables) such that Z = V(R) C R™;
thus,

FH2)=V({gpr,....pm) g € R}) CR™

Here, g(p1,...,pm) is the polynomial with variables zi,...,z, defined by
replacing, for each ¢ = 1, ..., m, the variable y; with the polynomial p;. Thus,
for all g € R, g(p1,...,pm) € Rlz1,...,2,] and so f~1(Z) is an algebraic set
in R™.

We show the following well known lemma.

Lemma 2.22. If f : V — W is a regular map and 'V is irreducible, then the

Zariski closure f(V) of f(V) is also irreducible.
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Proof. Let p,q € Rlyi,...,ym| be two polynomials such that pg € I(f(V)).
By definition, for all v € V| we have p(f(v))q(f(v)) =0 and so

p(P1y- - Pm)a(01, - - pm) € I(V).

By the irreducibility of V and applying Proposition 2.18, we have that I(V)
is a prime ideal; this means that p(p1,...,pm) € I(V) or q(p1,...,pm) € (V).
Assume p(p1,...,pm) € I(V). In this case, p(f(v)) =0 for all v € V, so that
f(V) € V({p}). However, V({p}) C R" is a closed set and, hence, p also

vanishes on f(V); that is, p € I(f(V)). This concludes the proof.
Il

We will now consider irreducible algebraic sets of the group GL,(R) of
invertible n X n matrices over R equipped with the Zariski topology. The

next closure properties can be readily checked.

Proposition 2.23. The family of irreducible algebraic sets is closed with re-
spect to the operations (2.7), (2.8) and the (finite) Cartesian product of sets.

Proof. Let A be an irreducible algebraic set. By Proposition 2.14, with =
as in (2.7), m(A) is algebraic so (7(A)) = 7(A) and the claim comes from
Lemma 2.22 since 7 is a regular map. For the operation (2.8) and Cartesian
product, the fact that, given irreducible algebraic sets A, ..., Ak, then so is
the set Ay & --- & Ay (resp., Ay X -+ X Ay) comes from Proposition 2.19.

O

The proof of the next lemma is almost immediate.

Lemma 2.24. Let Hy, ..., H,, be subsets of an arbitrary monoid M, every one
of which contains the identity 1 of M. Then (HyU---UH,,)" = (Hy--- Hpy)*.

Proof. We prove the claim for m = 2, i.e., (AUB)* = (AB)* since the general
case is treated similarly. The inclusion (AB)* C (AU B)* is obvious. For the
reverse inclusion, assume m = mq---my, m; € AUB, 1 < i < /{. Then m
can be written as m = a1by - - - agby, where, for every i = 1,...,¢ a; = m; and
b =11if m; € A while a; = 1 and b; = m; if m; € B.

H

We now introduce an useful notation.
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Notation. Given a subset A of the group O,, of orthogonal matrices (over
R) of order m > 1, we write A € (K) if there exists some k > 1 such that

k
A=J A, (2.10)
i=1
where, for everyi=1,...,k, A; is an irreducible, effective algebraic set that

contains the identity matriz I.

Proposition 2.25. Let A be a subset of O, with A € (H) and let ¥ be a
reqular map

v:0, — O,.
If, for everyi=1,...,k, U(A;) contains I, then V(A)* € (H).

Proof. Let A = UF_; A; be a set as in (2.10). We may suppose that k = 2,
ie. A = A; U A, since the general case can be treated similarly. Hence
U(A) = V(A UAs) so, by Lemma 2.24,

V(A)" = (W(A)¥(Ag))"

Let Hy = U(A;)¥Y(Az). By Lemma 2.22, U(A;) (i = 1,2), is an algebraic
irreducible set. Further, by hypothesis, ¥(A;) contains the identity matrix I.

Following [19], Sec. 3.1, by using Grébner bases techniques, since A, is effective

algebraic and V¥ is a regular map, then one can effectively compute W(A;).

Now we observe that

U(A)) - U(Ag) = U(A) - V(A). (2.11)

Indeed, taking the map m: O,, x O, — O, defined, for every X,Y € O,,
as m(X,Y) := X - Y, one has that m is a regular and thus continuous map
(w.r.t. O, endowed with the Zariski topology and O,, x O,, with the induced
product topology). This implies, for arbitrary sets X1, Xy, that m(Xy, Xy) =
m (X1, Xy), and thus Equation (2.11).
Let Hy = H, - H,. Since I € H; then one has I € Hy. By the very same
argument used for H; one has that H, is an irreducible effective algebraic set
such that Hy = W(A)2.
Finally, let us define recursively the family {H;};>1 of subsets of O,,, where,
for every ¢ > 2,

H; = H, - H.
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By proceeding as in the previous cases, one has that, for every ¢ > 3, H;
is an effective algebraic irreducible set such that H; = (¥(A1)¥(As))% and
containing I. Moreover, since, for each i@ > 1, I € H;, then one has the

following ascending chain
H, € H, C .---H C--- (2.12)

which, by the irreducibility of all of its terms, terminates, i.e., there exists
some d € N such that (cf Remark 2.26)

Hypr = (W(A)T(A)) 1 = (U(A)T(A))? = Ha. (2.13)

Finally let XX = U;>1 H;. By (2.13), X = H;U---U Hy. On the other hand,
since, for every i > 1, H; = (V(A1)¥(Asz))’, then it is readily checked that

X=HU---UHy;=VU(A)*

This proves the claim.
]

Remark 2.26. The integer d of (2.13) can be bounded. Indeed, for an alge-
braic set V C R", denote by dim("V) its dimension (see [22, Definition 1.2.15]).
By [22, Proposition 1.2.20], for any two algebraic sets V,' W C R", if V is ir-
reducible and V C ‘W, then dim(V) < dim(W). Since all the sets of (2.12)

2

are irreducible algebraic subsets of GL,(R), which has dimension n*, one has

d < n?.



Chapter 3

Automata and quantum

computing

In this chapter we will describe quantum finite automata and the problem on
which we will state our main results in Chapter 4. Specifically, in the first
section we will formally describe quantum finite automata. In the second
section, we will introduce some central decidability problems in Theoreti-
cal Computer Science, with particular emphasis to the so called Intersection
problem; then, we will observe that some of these problems become decid-
able for quantum finite automata, in contrast to the case of probabilistic
automata. In the third section, we will present the first result for the In-
tersection Problem for non-trivial families of languages, showing that it is
decidable for the family of linear languages. For this chapter, we will refer to
2,3,7,8,9,10, 12, 13, 14, 19, 34, 37, 38, 42, 45].

3.1 Mathematical Background

In this section, we review the motivations behind quantum computing and
the mathematical background defining its theoretical framework. We refer to
2, 13, 19]. In particular, we will follow the text by Ambainis and Yakaryil-
maz [2, Sections 2,3] for the description of quantum finite automata. Quan-
tum computing is a research area at the intersection of physics and computer
science, investigating computation from a quantum mechanical viewpoint. In-
deed, the design of a quantum computer would probably allow the resolution

of certain computational problems much faster than classical computers. Two
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well-known examples of such problems are factoring and discrete logarithm.
These two number theoretic problems are considered to be very difficult for
classical computers, however, they can be solved efficiently (in polynomial
time) with quantum computing (see [45]). Since several widely used cryp-
tosystems (such as RSA and Diffie-Hellman) rely on the difficulty of factoring
or discrete logarithm, a quantum computer would be able to break those
cryptosystems, threatening the foundations of cryptography. Given that fi-
nite automata are one of the most basic models of computation, it is thus

natural to study them in the quantum setting.

Remark 3.1. In this regard, it is worth recalling a striking result obtained in
a recent contribution of Mereghetti and Palano [35, 36]. Therein it is described
a method for the physical implementation of measure-once quantum automata

for the recognition of a well-known family of periodic languages.

The simplest way towards understanding quantum finite automata (QFAs)
is by regarding them as a generalization of probabilistic finite automata
(PFAs). In the following we will introduce PFAs and some undecidable prob-
lems for this computing model, then we will describe QFAs and prove in
the next section that some of these previously undecidable problems become

decidable in the quantum setting.

Probabilistic finite automata
A probabilistic finite automaton is a tuple A = (X, @, { X, }sex, g0, @) where:
e Y is a finite alphabet;
e Q=1{q,-..,q,} is a finite set of states;
e o € () is the initial state;
o Q' C (@ is the set of final states;

e for each o € ¥, X, is a n x n stochastic matrix!: (X5 )i; is the probability
to transition from state g; to state ¢; when o € ¥ is the input letter. For

instance, if each row in all X, contains exactly one 1 (and n — 1 zeros)

'A matrix X of dimension n is stochastic if: (i) for each i,j =1,...,n, X;; € [0,1]; (i7)
foreach i =1,...,n, 37 ; Xij = 1.
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we recover deterministic finite automata defined in Chapter 1. Another
simple case is obtained when |X| = 1. In this case, the probabilistic finite

automaton is a finite state (homogeneous) Markov chain.

In order to define the languages recognized by a PFA, we need to fix a
threshold A € [0,1]. A word w = oy---0 € ¥* is accepted by A if the
probability of ending up in @’ upon reading w is at least A. This condition
can be conveniently expressed in a matrix formalism. Let s € R" be the row
vector of size n such that s; = 1 if ¢; = gy and s; = 0 otherwise. Let m € R" be
the column vector of size n such that m; = 1 if ¢; € Q' and 7; = 0 otherwise.
Denoting by X,, the matrix X, ---X,,, the word w is accepted with strict
(resp., nonstrict) threshold A, if fq(w) := sX,m > A (resp., fa(w) > \).
Then, the languages recognized by A with strict and nonstrict threshold A

are respectively
{we X fa(w) > A} and {w e X*| fa(w) > A}

The languages recognized by PFAs with strict (resp., nonstrict) threshold form
the class of stochastic languages (resp., co-stochastic languages). It turns out
that one cannot decide whether the set of accepted words is empty, even
if A and the entries of the matrices X, are rational numbers. Indeed, the

undecidability of all the following problems (is shown in [14, 42]):
1. Does there exist a word w € ¥* such that fq(w) > \?
2. Does there exist a word w € ¥* such that fu(w

(w)
(w) <
3. Does there exist a word w € ¥* such that fq(w) = A?
4. Does there exist a word w € ¥* such that fq(w) > A?
(w)

5. Does there exist a word w € ¥* such that fa(w) < \?

Quantum finite automata

We now give the formal description of quantum finite automata (cf [2]). Let
n € N be a positive integer and consider a quantum system with n basis states,
denoted by |q1),...,|q.). A state of such a system is a linear combination of

basis states with complex coefficients z, € C

[¥) = 21 lq) + 22lq2) + - + zulgn) (3.1)
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satisfying |z1]? + -+ + |z.]/*> = 1; in that case, the coefficients z, are called

amplitudes and |v) is said to be a superposition of |q1), ..., |qn)-

Example 3.2. Consider a quantum system consisting of 2 basis states |g;)
and |g2). Some of the possible superpositions are |q1) + 2|q1), 3|q1) — 2|g2)
and _5lq1) + 75 2)-

In this sense, any superposition [¢)) can be viewed as a column vector
consisting of amplitudes:
<1
z9

[¥) =

Zn

Thus, the basis states |g,) are n-dimensional vectors with 1 in the /" com-
ponent and 0 everywhere else and (3.1) can be interpreted as a linear com-
bination of vectors. The length of a vector |[¢) is ||| = \/|21|2 + -+ 2]
hence, the requirement that |z1]2+ - - - +z,|> = 1 is equivalent to require that

||| = 1, that is, a superposition is any vector of length 1.

Unitary transformations A transformation on a state is specified by a
transformation matrix X. If the state before the transformation is |¢), the

state after the transformation is X|¢). A transformation is valid if and only
if
¥l =1 = [[X]|$)]| = 1. (3.2)
A transformation matrix satisfying (3.2) is said to be unitary.
A transformation X can be also specified by describing X|q1), ..., X|gn);
thus, for any superposition |¢) = z1|q1) + 22|q2) + - - - + 2n|¢n), we have

XY) = 21X |q1) + 22X|q2) + - - + 20 X|qn)-

Example 3.2 (continued). The action of a transformation X can be

specified by prescribing that X maps

@) — j§|q2> n ;§|q1> and |gz) ;§|q1> - j§|q2>, (3.3)
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thus determining how X acts on superpositions of |¢1) and |gs); for example,

(3.3) implies that X maps the superposition %|q1> - %|q2> to
5 \/§Q1 \/§QQ 5 \/§QI \/§QQ _5\/§Q1 5\/5‘]2

Measurements To obtain information about a state, we have to measure

it. The simplest measurement is by observing the superposition

V) = z1|lq1) + 22|q2) + - - - + 2nlgn)

with respect to |q1),. .., |g.); this gives |g,) with probability |z* (|[1] = 1
guarantees that probabilities sum to 1). After the measurement, the state
of the system changes to |¢/) and repeating the measurement gives the same

state |q).

Example 3.2 (continued). The measurement of 1|g1) + 2|go) gives |q1)

with probability (%)2 = % and |q2) with probability (%)2 = 2%.

Partial measurement It may be the case that we only need to know
whether the state |q;) is an accepting state or not; thus, it is possible to
perform just partial measurements. Consider a partition into disjoint subsets
P ={Q1,...,Qr} of {|¢1),...,|gn)}. Then, after a measurement with re-
spect to P, a state [1)) = 21]q1) + 22|q2) + - - - + 2 |qn) is in Q; with probability
Di = X)q)eq; |a|?. The state after the measurement is

Z0
)
lqe)€Qi \/E

Such a measurement can tell us whether a quantum finite automaton ac-

|qe).

cepts a string and, at the same time, preserves the part of the state which

consists of accepting states.

Example 3.3. Consider the quantum system with basis states {|¢), ¢ =
1,...,4} and the partition Q1 = {|q1), |¢2)} and Q2 = {|gs),|q4)}. Let [¢) be
the superposition defined as §|q1)+5|q2)+5]g3)+3]ga). A partial measurement
yields ()7 with probability (%)2 + (%)2 = % and, after the measurement, |v)
is then

1 1
ﬁk]ﬁ + ﬁ|QQ>'
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A QFA is thus described as a tuple

Q= <E, Q, {TJ}U€E7 qo, R> )

where

> is the input alphabet;

(@ is a finite set of (classical) states. A (quantum) state of Q can be any

superposition of basis states {|¢) | ¢ € Q}: |¢) = Xpe0 % 19);
|q0), where qg € @, is the initial state;

for each symbol o € X, we have a corresponding transformation 7, on
QFA’s current state. In simpler models, T, is an unitary transformation,
denoted by X,. In more general models, T, can be a sequence of uni-
tary transformations and measurements, with the next operations in the

sequence depending on the previous ones.

R is a rule for determining how the QFA accepts a string. Typically, R
is specified by a set of accepting states (@' C @) and measuring the final
state of the QFA in the standard basis. If an accepting state |q), ¢ € @',
is obtained, the automaton accepts; otherwise, the automaton rejects.

Example 3.4. Let p be an odd number. Consider the following QFA Q in one

symbol alphabet 3 = {a}. The set of (quantum) basis states is {|q1) , |g2) } and

the initial state is |¢1). The transformation X, that corresponds to reading a
is defined by

X, |q1) = cosa|qr) + sina|ga)
X, lq) = —sina|q) + cosa|g),

2w

where a = > The acceptance rule R is as follows. At the end of computation,

we

measure the state: if the result is |¢1), we accept; otherwise, we reject.

After reading the first symbol a, the quantum state becomes

1Y) = Xo|q1) = cosa|qr) + sina|go) ;

then, after reading the second symbol a, it becomes

Xo|¥) = cosa X, |q1) +sina X, |go)
=cosa (cosa |q1) +sina |g)) +sina (—sina |g1) + cosa |g2))

= cos(2a) |q1) + sin(2a) |g2) .
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It is possible to show that each next application of X, also rotates the state
in the plane formed by |q1),|g2) by an angle of o = 2?”. Thus, after reading
a’, 7 € N, the state of Q is cos (2%3) |q1) + sin (2%7) |g2). Therefore, Q accepts
a’ with probability cos? (%); that is, if p divides j, cos? (Qﬂ> = cos?0 =1

: P
and cos? (2%) < 1 otherwise.

If the alphabet has more than one symbol, in order to preserve the natural
left-to-right reading order of input strings, a standard convention in the study
of QFAs is to represent quantum states as row vectors and define QFAs using
right actions of the transition matrices. To this purpose, we will use the Dirac

notation (1| to denote the conjugate transpose of a quantum state [¢)).

Models

After first appearance, several models of QFAs have been introduced. Here,
we consider the model proposed by Moore and Crutchfield in [38], however

for completeness we introduce some of the most famous.

1. Moore-Crutchfield quantum finite automaton (MCQFA), [38]. In this
model we measure the state of the QFA after reading the whole word
and accept if the measurement gives a state in the set of final states. For

this reason this model is also called “measure-once”.

2. Kondacs-Watrous quantum finite automaton (KWQFA), [34]. In this
model the transformations are still unitary matrices but the acceptance
rule involves measurements after each step, thus allowing the possibility
of halting the computation in the middle of input processing. In partic-
ular, the state set () is partitioned into the set of accepting states @),
the set of rejecting states (), and the set of non-halting states @, i.e.,
Q= Q,UQ,Q,. After reading each letter of the word, we perform a
partial measurement whether the state is in Q,, @, or Q,. If Q, (Q,)
is obtained, the computation terminates and the input string is accepted
(rejected). If @, is obtained, the computation continues by reading the
next symbol; if the computation continues till the end of the word, the
computation terminates and the input string is rejected. This model is

also called “measure many”.

3. Latvian quantum finite automaton (LQFA), [1]. This model can be re-
garded as an “intermediate” model between MCQFAs and KWQFAs.
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Indeed, after reading each letter of the word a partial measurement is
performed—mnot necessarily of the form presented in KWQFAs—and the
acceptance probability is evaluated at the end of computation only, as in
MCQFAs.

Linear representation of quantum finite automata over

the field of real numbers

In this paragraph, we will show that in the measure-once model it is possible
to assume the entries of the components defining the QFA being real instead
of complex. As explained previously, in such a model the state of the QFA is
measured after reading the whole word and acceptance takes place whenever
a final state is observed; formally, the acceptance rule R is thus described by
an Hermitian projection matrix, denoted by P. In this paragraph, following
verbatim [13, p. 1466], we describe how a quantum finite automaton over real
numbers can describe a quantum finite automaton in the general form.

Let Q be a QFA whose components have complex entries. By doubling the
number of states, the behavior of Q can be simulated by another quantum
finite automaton Q' with real entries. More precisely, let @ = {q1,...,q,} be
the set of states of Q. Consider the basis states (g, ¢v € @, as (row) vectors
of dimension n with 1 in the ¢*" component and 0 everywhere else. We replace
each basis state {g| by two states (g}| and (g7|; in particular, (g}| (resp., (¢7|)
is the 2n-dimensional vector with 1 at (2¢ — 1)™ (resp., (2¢)™") component
and 0 everywhere else. Let x : C* — R?” be the linear map that associates

to any superposition of the basis states

n

(] = > _(ae +ibe) (gl

=1

the linear combination

mwzgwmuiw@«

=1
Let X,, 0 € X, be one of the matrices of Q. The rows and columns of X,
are indexed by elements of (). Let x;; + iy;; be the entry of X, at row 7 and
column j, i.e., related to the basis states (¢;| and (g;|. Recall that a complex

number a + b can be identified to the 2 x 2 matrix
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- )

With a slight abuse of notation we also denote by y the map that associates

to each n X n matrix X, the corresponding 2n x 2n matrix X! obtained with
the latter replacement. For any matrix with complex (real) coefficients X,
denote by X* (resp., X ) its conjugate transpose (resp., transpose). It can
be checked that for any v € C" and for any n x n complex matrices X and Y

the following relations hold:

Recalling that (¢) unitary matrices, (i) orthogonal matrices, (#ii) complex
matrices of orthogonal projection and (iv) real matrices of orthogonal projec-
tion are characterized, respectively, by the following conditions: (i) X X* = I,
(1) XX =1, (i) X = X* = X2 and (iv) X = X' = X2, it follows that
X maps unitary matrices to orthogonal matrices and complex matrices of or-
thogonal projection to real matrices of orthogonal projection. The quantum
finite automaton Q' defined by the initial configuration (s'| = x(s), the or-
thogonal matrices X! = x(X,) and the projection matrix P’ = y(P) satisfies
X((s| XuP) = (s'| X|,P" for any word w € ¥*, so that

(sl Xu Pl = Ix({s| Xu P)|I?, Vw € "

Due to argument above, we can reformulate the definition of QFAs as follows:

Definition 3.5. A quantum finite automaton Q is a quadruple (s, p, P, \)
where s € R" is a (row) vector of unit norm, P is an orthogonal matrix of

size n with P? = P, ¢ is a morphism
@ 2" —> Oy, (3.4)

of the free monoid ¥* into the group O, of orthogonal n x n-matrices in R"*"
and the threshold A has value in R.
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In a very similar way to the case of PFAs, defining for any w € ¥* the
value fo(w) := ||sp(w)P||?, the languages recognized by the quantum finite
automaton Q with strict and nonstrict threshold A are respectively

9u] = fw € 5| fo(w) > A} and |2 = {w € T*| fo(w) > A}.

3.2 Effectiveness issues

In this section, we will discuss decidability problems for quantum finite au-
tomata. In particular, we begin by introducing the Intersection problem and
presenting a condition for its decidability. Later, since Intersection problem
generalizes Emptiness problem (problems (4) and (5) of Section 3.1), we show
that the latter becomes decidable in the quantum setting, in contrast to the
case of PFAs.

Problems (1) through (5) presented in the previous section for PFAs, can
be clearly considered also for quantum automata. The first three problems
remain undecidable (see [13]). However, problems (4) and (5) become decid-
able in this setting, unlike the probabilistic case. Before proving this result,
we first introduce the Intersection problem.

One of the main issue in Formal Language Theory concerns the decidability
of the Emptiness problem: given a computational model M, is the language
L(M) accepted by M empty? A natural generalization of this problem is
the Intersection problem: one considers a predefined family £ of effectively
given languages and asks whether the intersection L(M) N L of L(M) with an
arbitrary language L € £ is empty. Then, taking L as the free monoid ¥* over
the input alphabet > of M, i.e. L = ¥*, one recovers the standard Emptiness
problem; furthermore, if M is a PFA or QFA one recovers problems (1) and
(5).

We are mainly interested in effective properties, which means that the
quantum finite automaton must be effectively given. To this end, we consider
the model of a rational quantum automaton, i.e., an automaton where all the

coefficients defining Q = (s, ¢, P, \) are rational numbers.

As pointed out in the Introduction, the problem we study can be formally

defined as follows:
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(L, Q) Intersection problem

INPUT: a language L from an effectively given family £ and a rational quan-

tum automaton Q.

QUESTION: is it true that L N|Qs| = &7

We state now a general condition that guarantees the decidability of the
Intersection problem. It says that, given a formal language L C ¥* and
considering its image under the morphism (3.4)—that is ¢(L) = {@(w) |w €
L}—if the topological closure Cl(¢(L)) of ¢(L) is effective semialgebraic, then
the (L, Q) Intersection problem is decidable.

Proposition 3.6. ([12, Proposition 1]) Let Q be a rational quantum automa-
ton. Let L C ¥* be a formal language such that the set Cl(p(L)) is effective

semialgebraic. It is recursively decidable whether or not L N |Q~| = & holds.

Proof. We prove the inclusion L C |Q<|, which is equivalent to
VweL = folw) = |[sp(w)P||* < A
By the continuity of the map f, the last is equivalent to
VX €Cl(p(l)) = ||sXP|* < A (3.5)

By hypothesis, there exists a first-order formula ®(X) that defines Cl(p(L))

as a semialgebraic set (see Definition 2.10). Hence (3.5) can be written as
T=VX:0(X) = [sXP|*> < A

This implies that L C |Q<| if and only if T holds true. Finally, one verifies
whether T holds, which can be achieved by applying the Tarski Seidenberg
elimination result.

]

Proposition 3.6 shows that these problems are closely related to certain
computational questions involving matrices. In particular, a crucial step in
the construction of the decision procedure is the ability to effectively compute

the Zariski closure of a finitely generated group of matrices over Q.

Due to the latter proposition, one can demonstrate the following result
that shows the decidability of the strict emptiness problems for quantum

finite automata:
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Theorem 3.7. ([13, Theorem 3.2]) The two following problems are decidable:

(i) given a rational quantum automaton Q = (s, ¢, P, \), decide whether there
exists a word w € ¥* such that fo(w) > A;

(ii) given a rational quantum automaton Q = (s, ¢, P, \), decide whether there
exists a word w € ¥* such that fo(w) < A.

Proof. The statement follows directly from Theorem 2.13 and Proposition 3.6.
]

Remark 3.8. In the proof of Theorem 3.7 we have bypassed the problem of
explicitly computing a finite set of polynomials defining Cl(¢(X*)). It is in
fact possible by applying the algorithm of Derksen et al. ([19]). An alternative
way is to apply Theorem 2.13. In fact, rerunning the proof we find a set of
polynomials generating the vector subspace V' = Ugen Va; however, from [40,
Theorem 9], it is possible to compute a positive integer d € N such that
V =ViU---UV; Thus, by solving the related linear system, we are able

to compute a finite set of generators of V' and thus the polynomials defining
Cl(p(X7)).

We end this section by remarking that it has been proven (see [33]) that the
problems (1),(2),(4),(5) are undecidable for the KWQFA model of quantum
finite automata, introduced by Kondacs and Watrous and described in the

previous section, in contrast with the above result for the MCQFAs.

3.3 The case of linear languages

In this section, we present the first non-trivial case for the decidability of the
(L, Q) Intersection problem. We will show that if L is generated by a linear
context-free grammar, then the (L, Q) Intersection problem is decidable. In
other words, we will show that the problem is decidable for the family of
languages £ = LIN. This result is the first generalization of Theorem 3.7
and has been proven in [12].

To our purpose, first we show that given a quantum finite automaton Q
and a context-free language L, the closure Cl(p(L)) of the image of L under
the morphism (3.4) associated with Q is semialgebraic. To show the latter,
we will combine the combinatorial structuring of context-free languages de-

scribed in Section 1.2 and the closure properties of semialgebraic sets stated in
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Section 2.2. Then, we will apply a result from [3] for automata over monoids
to demonstrate that if L is a linear language, then Cl(¢(L)) is effective semi-
algebraic and conclude by appyling Proposition 3.6. For this section we will
refer to (3, 7, 8, 9, 12].

The following construction is crucial. Let G = (V, X, P, S) be a context-free
grammar. With an arbitrary nonterminal A of GG, consider the set of cycles
Cy={(a,8) € T*x X" : A= aAB} of A defined in Section 2.2 and associate
the set of matrices M4 defined as

Ma = {p(u1) ® @(uz) " | (u1,u) € Cal; (3.6)
M 4 will be called the monoid of cycles of A since the following holds.

Lemma 3.9. Let A be a nonterminal symbol of G. M4 is a monoid and its

closure Cl(My) is an algebraic group.

Proof. Observe first that M, is a subsemigroup of the group O,, & O,,. Indeed,

if o(u1) ® p(uz)’ and p(vy) @ p(v9)" are in My then we have

(p(u1) & (uz) ") (@(v1) & @(v2) ") = p(urv1) & @(uz) " (va) ", (3.7)

where (ug,us), (v1,v2) € C4. On the other hand, (ujvy,veus) € C4 and the

corresponding matrix of My

p(urv1) @ p(vauz) (3.8)

equals (3.7) since (vaug)’ = @(uz) T@(v2)". Since (g,¢) € Ca, the identity
matrix I € My and My is a monoid. The second statement comes from
Theorems 2.12 and 2.13.

[

Proposition 3.10. Let L be a context-free language. The set Cl(p(L)) is
semialgebraic. Moreover, if for every A € V, Cl(My) is effective algebraic,
then Cl(p(L)) is effective semialgebraic.

Proof. By Proposition 1.12; the language L is a finite union of languages of
the form Cg o L” with

L” == wlLA1w2LA2 cee wéLAewé—l—l (39)
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where, for every 1 <i < /+ 1, w; € ¥* and A; € V' and Ly, is the language
generated by the grammar G4, obtained by removing the start symbol S from
all the rules of the grammar G.

It suffices to show by induction on the number of nonterminal symbols that
the subsets

Cl(p(Cs) o (L") (3.10)

are semialgebraic. If Card(V) = 1, i.e., the set of nonterminal symbols is
reduced to S, then L is reduced to Cs o L' and L' is finite. We may further
assume that there is a sole terminal rule S — w, so that L' = {w}. Indeed,
since the closure of a finite union of sets coincides with the union of the

closures of the sets of the union, it can be checked that

Cl(o(Cs) o w(L)) = U Cl(p(Cs) o p(w)).

weL!

Since the union above is finite, due to Proposition 2.14, it suffices to show
that Cl(¢(Cs) o o(w)) is semialgebraic. By Theorem 2.1, one has?

Cl(p(L)) = {Xpw)Y" | X @Y @ {p(w)} € CUMs © p(w))}.  (3.11)
On the other hand, one has
Cl(Ms & p(w)) = Cl(Ms) ® Cl(p(w)) = Cl(Ms) & p(w)

which, by Lemma 3.9 and Proposition 2.16, is algebraic. By (3.11) and Propo-
sition 2.17, we conclude that Cl(¢(L)) is semialgebraic. Moreover, since any
finite set of matrices is effective semialgebraic, under the hypothesis that
Cl(Msy) is effective semialgebraic we obtain that Cl(p(L)) is effective semial-
gebraic for Proposition 2.17. The basis of the induction is thus proved.

Assume now that V' contains more than one nonterminal symbol. By The-
orem 2.1, Corollary 2.3 and (3.9), we get

Cl(p(Cs) o (L") ={XZY" | X®Y @ Z € Cl(Ms) ® Cl(p(L")} =
{XZY'" | X®Y ®Z € Cl(Ms) @ Cl(p(wi)p(La,) - - p(we)o(La,)p(we1))}-
By Corollary 2.3, we have

Cl(p(w1)e(La,) - p(we)o(La,)p(wesr))
= (w1)Cl(p(La,)) - p(we)Cl(p(La,))e(wet1))-

2By Proposition 2.14, if CI(My) is algebraic, then sois {X @Y : X @Y € Cl(Ms)}

(3.12)
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On the other hand, since for any A € V' the context-free grammar G4 has
Card(V) — 1 variables, by applying the induction hypothesis to each G4 we
have that Cl(p(L,)) is semialgebraic. Furthermore, we have that ¢(w;) is
algebraic for any ¢ = 1,...,s. Then, via Proposition 2.14, the subset (3.12)
is semialgebraic. As for the basis of the induction, due to Lemma 3.9 the
set Cl(Mg) is algebraic, so that we obtain that the direct sum Cl(Mg) &
Cl(p(L")) is semialgebraic for Proposition 2.16. By applying Proposition
2.17 and Proposition 2.14 we conclude that Cl(¢(L)) is semialgebraic. The
second part of the statement is obtained directly from the hypothesis following
the same proof; indeed, Cl(p(L)) is effective semialgebraic since are effective
semialgebraic Cl(Mg) and Cl(¢(Ly)) for each A € V',

]

In order to show that Cl(Mg) is effective semialgebraic, let us introduce a
useful theorem due to Anisimov and Seifert ([3, 9]) which states that a subset
of a group is rational if and only if it is finitely generated. To this purpose,
we recall the notion of starheight of a rational subset of a monoid and some

result.

Let M be a monoid and define inductively subsets Ratg(M) C Raty (M) C ---
by:

- X € Ratg(M) if and only if X is a finite subset of M;

- X € Ratg1(M) if and only if X is a finite union of sets of the form
YiYe-- Yo,

where either Y; is a singleton or Y; = Z; for some Z; € Rat(M).

It can be shown that

Rat(M) = J Ratg(M).
k>0

The subsets in Raty(M) \ Raty_1(M) are said to have starheight k.

Lemma 3.11. Let G be a group and H € Rat(G). Then, H* ={h™' | h €
H} € Rat(G).

Proof. Since H € Rat(G), there exists a non-negative integer k£ > 0 such that
H € Raty(G). The proof is by induction on k.
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If k =0, then H € Rato(G) is finite. Thus H~! is finite and H~! € Rato(G).
This demonstrates the basis of induction.

Suppose now that & > 0. We show that if H is obtained by finite union
of subsets in Raty_1(G), then H~! € Raty(G). We can suppose that H =
H, U Hy, where H; € Rat;,_1(G) for i = 1,2. By induction hypothesis H; ' €
Raty_1(G), so that we get

H'UH; = (H U Hy) ™t = H' € Raty(G).

A very similar argument to the previous one shows that if H is obtained by
finite product of sets in Raty_1(G), then H~! € Raty(G). Finally, suppose
that H = Hf = U;>o H} for some H; € Raty_1(G). By induction hypothesis,
Hi' € Raty,_1(G), so that we obtain

H™ = (JH) ™ = UHTY) = (H)" € Rate(G),

>0 120

This concludes the proof.

Lemma 3.12. Let G be a group and H € Rat(G). Then, (H) € Rat(G).

Proof. Since by Lemma 3.11 we have that H~! € Rat(G), it suffices to show
that (H) = {H U H-'}*. Clearly, {HU H~'}* C (H). To show the opposite

inclusion, note that

(H)= N F

F<G,HCF
where the notation F' < GG means that F' is a subgroup of G. However, it can
be verified that {H U H~1}* is a subgroup of G, so that (H) C {H U H~1}*.
[]

Theorem 3.13. ([9, Theorem 2.7]) Let G be a group and H be a subgroup of
G. Then H is finitely generated if and only if H is a rational subset of G.

Proof. By Lemma 3.12, we have that any finitely generated group (H) is a
rational subset of G. In order to prove the converse, we first consider the
following situation. Let X be a subset of GG such that

X = ZlTl*ZQTQ* cee ZnT:Zn_|_1, (313)
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with 21,..., 2,01 € Gand Ty, ..., T, C G. Defining

Vi = 2120 2, i=1,...,n+1, (3.14)
Si:yiTiyZ-_l, i:1,...,n,
X' ={yp1}USIU---US,, (3.15)
we claim that
(X) = (X'). (3.16)

Indeed, observe that by Equation (3.13) we get yn.1,¥,11 € (X). Further,

-1
Si= (21 zTizipr - Zn+1)yn—|—1~

It follows that S; C (X)), which in turn implies X’ C (X), and hence (X’) C
(X). Next
S (Wi, )" = v}y

Since z; = y; and z; = y;llyi for 2 <i<n+ 1, we have
X =Ty Ty un Tty Ynta = 5755 -+ Siyn1.

Thus X C (X'), that implies (X)) C (X’). This proves Equation (3.16).

Consider now a subgroup H of G such that H € Rat(G). Since H = (H),
H has a rational set of generators. We have to show that H has a set of
generators of starheight 0. Let R be the rational set of generators of minimal
starheight k£ and assume k£ > 0. Then

R=XUXoU---UJX,,

where each X, (1 < h < r), has the form (3.13) and at least one X} has
starheight k. Set
R =XjUuXjU---UX/,

where each Xj is deduced from X, by equations (3.14) and (3.15). Then R’
has starheight & — 1. By Equation (3.16), each X}, is contained in (R') and,
conversely, each X is contained in R. Thus (R) = (R') = H and R’ is a set
of generators of H of starheight £ — 1, in contradiction with the minimality
of k. Thus k = 0 and the theorem is proved.

]

We are now able to demonstrate that, given a linear context-free grammar
and a rational quantum automaton, the closures of the monoids of cycles

associated to the grammar are effective algebraics.
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Lemma 3.14. Assume that L is a context-free linear language and the quan-
tum automaton is rational. Then, for every variable A, Cl(My) is effective

algebraic.

Proof. Due to Theorem 1.3, a subset of a monoid M is rational if it is recog-
nized by some finite M-automaton. Further, by Theorem 3.13, the subgroup
generated by a rational subset of a monoid has an effective finite generating
set. Observe now that, if L is a context-free linear language, then M, is a
rational submonoid of the group of orthogonal matrices O,, ® O,,.

Indeed, it is recognized by the finite Oy,-automaton whose states are the
nonterminal symbols, the transitions are of the form B M) C, where
B — aCb is a rule of the grammar and where the initial and final states
coincide with A. Hence (M) is rational and has an effective finite generating
set and the claim follows by applying to (M 4) the algorithm of Derksen et al.
[19].

]

Proposition 3.10 together with Lemma 3.14 finally yield.

Corollary 3.15. ([12, Proposition 22]) If L is a context-free linear language
and the quantum automaton Q is rational, then its closure Cl(p(L)) is an ef-
fective semialgebraic set. As a consequence, it is recursively decidable whether
or not LN |Qs| = @ holds.

An intermediate class of languages between the linear and the finite index
ones is that of metalinear (or ultralinear) languages, denoted by L(Metar;,).
By definition, a language L is in L(Metar;,) if there exists a context-free
grammar G with L = L(G) and an integer k& € N such that, in every derivation
of GG, the number of occurrences of variables in each sentential form does not
exceed k; in that case, the context-free grammar G is said to be metalinear of
index k. Formally, metalinear grammars are those context-free grammars G =
(V,%, P, S) where all the productions are linear with the possible exception

of productions of the form
S — w1A1UJ2A2 ce kakwkH, (317)

where A; € V., w; € ¥* and whose occurrence implies that the start symbol
S does not occur on the right-hand side of any production. The following
theorem gives us a useful characterization of metalinear languages as finite

union and finite products of linear languages.
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Theorem 3.16. A language L is metalinear if and only if it is a finite union

of finite products of context-free linear languages.

Proof. Let L be a metalinear language of index k and let G = (V, 3, P, S)
be a metalinear grammar generating L. We can suppose that there is a sole
production of the form (3.17). By construction, the language L is equal to
the language

wiLg,woligy -+ - wiLa, w1,

where, for each j = 1,...,k, Ly, is the language generated by the contex-free
grammar G 4, obtained by removing the variable S by G' (¢f Chapter 1).
Since any other production of G is linear, Ly, is a linear language for any

j=1,...,k; hence, L is the product of linear languages.

Suppose now that L is the finite product of linear languages; the case in
which it is finite union of finite products of linear languages can be treated in
a very similar way.

Consider an integer £ € N and suppose L. = L;---L; where, for any
j=1,...,k, L;is the language generated by the linear context-free grammar
G; = (V;, %, P;,S;). Let S be a symbol not in V; for any j = 1,...,k and
define

k k
VZ{S}UUVP Z:UZja
j=1 J=1
k
P={ptu U P,
j=1

where p is the production defined as p : S — S7---Si. It is easily checked
that the language L is generated by the metalinear grammar G = (V, X, P, S),
concluding thus the proof.

O

Example 3.17. Consider the context-free grammar G = (V, %, P, S) where
the set of variables is V' = {5, Ay,..., Ax}, k > 1, the set of terminal symbols

is 3 = {a, b} and the productions are of the form
S—>A1A2"'Ak-,
A; = aAb, fori=1,..., k,

A — e fori=1,... k.
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Since each derivation of the grammar is of the form
S S a™ AN A Agb™ - - - a™ AR,
where n; > 0 for any i = 1,..., k, the language
L={a™b™a™b™ - -a™b™ | n; €N, i=1,....k} = {a"b" | n € N}*
generated by G is metalinear.

The following corollary gives us the first generalization of Corollary 3.15.

Corollary 3.18. If L € L(Metay;y,) and Q is a rational quantum automaton,
then it is recursively decidable whether or not L N |Qs| = @ holds.

Proof. By Theorem 3.16, L is a finite union of finite products of context-free
linear languages. Thus the claim follows from Corollary 3.15, the closure
properties of Section 2.2 and Proposition 3.6.

]

Example 3.19. Consider the linear language L = {a"b" | n € N} gener-
ated by the linear context-free grammar defined in Example 1.13. Due to
Corollary 3.15, given a rational quantum automaton Q, we get that the (L, Q)
Intersection problem is decidable. Furthermore, due to Corollary 3.18 we get
that, for any k € N, is also decidable the (L*, Q) Intersection problem. In the
next chapter, by demonstrating that the problem is decidable for monoidal
languages (under a certain condition on the grammar), we will show that the
problem is decidable also for the language L* = {a"b" | n € N}*.



Chapter 4

The Intersection problem
for languages of finite

index

In this chapter the main results of this thesis are described. Material covered
in this chapter has been previously published in [7, 8]. In particular, we will
prove that the (L, Q) Intersection problem is decidable for two families of
languages: the languages generated by the class of restricted matrix context-
free grammars and the languages generated by monoidal grammars, giving
thus two non-trivial generalizations of the result given in [12]; moreover, by
demonstrating that the family of bounded semilinear languages is (strictly)
contained in the family of restricted languages, we will deduce the decidability
of the problem also for this family of languages. Finally, we conclude the
chapter by providing interesting examples of the results given in the two
previous sections and by studying a special case. Specifically, we will study
the problem under a restriction on the definition of quantum finite automata:
we will study the case in which the transformations (the orthogonal matrices)
defining the rational quantum automaton Q are commutative. In that case,
we will show that the problem is recursively decidable for the family of Dyck
languages, that are neither restricted nor monoidals (¢f Chapter 1). For this
chapter we will refer to [6, 7, 8, 12, 16, 19].
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4.1 The case of restricted matrix languages

In this section, we will extend the decidability of the (L, Q) Intersection prob-
lem to the family of languages generated by restricted grammars, giving thus
a non-trivial generalization of Corollary 3.15. Later, we will show that any
bounded semilinear language can be generated a restricted grammar, proving
consequently that the (L, Q) Intersection problem is decidable for this class

of languages as well.

In the proof of the main result of this section below, given a language
L generated by a restricted grammar of index k, we will construct a certain
monoid generalizing the monoid of cycles (3.6) for the case of linear grammars;
then, we will show that its closure is an algebraic group thus yielding the
semialgebraicity of Cl(¢(L)); finally, we will show that it is accepted by a
finite automaton over Os,;, deducing then the effective semialgebraicity of
Cl(p(L)) and the decidability of the problem.

Proposition 4.1. Let L be a language generated by a restricted grammar and

let Q be a quantum automaton. Then one has:
(i) Cl(p(L)) is semialgebraic,

(ii) if the quantum automaton Q is rational, then Cl(p(L)) is effective semi-

algebraic and the (L, Q) Intersection problem is decidable.

Proof. Let L be a language generated by a grammar as in Definition 1.14. Let
us prove (7). Set X = (V')¥ and consider the sets

Y={X1---XpeX:dmeM:m=(S = X;--- Xi)}
and
Z={{X1---XpeX:dmeM:m=(Xy —e...,. Xy —>e)}

Denote by (X*)%* the multiplicative monoid of 2k-fold relations on ¥*. It

is easily checked that, given w € ¥*, w € L if and only if there exists some
W= (Ul, U, U2, V2, . .. ,Uk,Uk) € (2*)2k

such that

W = U1V1U2V2 - -+ UKUL
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and w belongs to the set £ defined as

L= U Ly, (4.1)

peY, ¢€Z
where, for p = X1 -+ Xy, ¢=Y1 Y}, £, is the subset of (X*)?* defined as
Lpg ={ (1,01, .. up,v) : Jaoe M*: Xy Xj =4 w1 Y101 - up Yyvp }

Let s = (q1,...,qn) be a repetition-free sequence of elements of X, i.e., for
every positive integers i, j, if ¢ # j, then ¢; # ¢;. Clearly, n is less than or
equal to the cardinality of X and therefore the set 8 of all such repetition-free
sequences is finite. Further, for every p,q € X, let 8,, be the set

Spy={s€8 | s=(q1,--,q), a1 =D, @& = q}.
Now, for every p, q € X, define the subset E,, of (¥*)% as:
Ep={ (u1,v1,...,up,v) : I3me M: Xy Xp = w1Yr01 - - upYvr }
and the subset C;, of (¥*)?* as:
Cy={ (u1,01,...,u,v) : Faoe M*: X1+ Xj =4 w1 Xqv1 - - up Xgvp }

For every s = (q1,...,q,) € 8, define the (possibly empty) subset £ of
(X%)% as:

Li=CpoEu,0C,0--0C, oE, ., 0Cq., (4.2)
where () corresponds to the extension of the operation (1.4) to (X*)?*, that

is, for subsets M, M’ of (X*)?* the tuple (wy, ..., wy) € Mo M if and only

if there exist
/ / / / !/
(ug,v1,...,uk,v) € M and  (uy,v],...,u;,v.) €M

such that, for every i = 1,... k,

/
and  wq; = vv;.

Woi—1 = U, i

2

By using an argument similar to that of [16, Theorem 2|, one checks that

qu: U Ls (43)

S5E8pq
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Let now consider the monoid morphism
@ (2% = Oguy,

which maps every element w = (uy, vy, ..., u, v) into the orthogonal matrix

o~

Pw) =¢(u1) & p(v1) & -+ & plur) & @(vg).
Since, by Theorem 2.1, one has
Cl(p(L)) = {My-- My : My ®--- @ Moy, € Cl(p(L))},

to show that Cl(¢(L)) is semialgebraic, by Proposition 2.17, it is enough to
show that Cl(p(L)) is so. To this purpose, with an arbitrary ¢ € X, associate
the subset M, of O, defined as

{ptw) Dp(v)' @ @ plur) & (op)" | (u,vr,... up,on) € Colo (44)

By proceeding as in Lemma 3.9, one proves that M, is a monoid and its
closure CI(M,) is an algebraic group. From this, by Proposition 2.14, it
follows that Cl(@(Cy)) is an algebraic set. This implies, via Theorem 2.1 and
Proposition 2.15, that every set Cl(@(Ls)) of (4.2) is semialgebraic. Then the
semialgebraicity of Cl(@(L)) follows, by applying Proposition 2.14, from the
last condition and (4.1), (4.3).

(77) Assume that the quantum automaton Q is rational. First we prove that
Cl(M,) is effective algebraic. One proceeds as in the proof of Lemma 3.14.
Indeed, since L is generated by a restricted grammar, then M, is a regular
submonoid of Oy,;. Precisely, it is recognized by the finite Os,,—automaton
whose states are the elements of X, the initial and final states coincide with

¢, and the transitions are of the form
e:(sﬂt), s,t € X,
where, being s = X7 --- Xj, t =Y7 Y}, there exists m € M such that
X1 Xi = wr Y101 - - ug Yy,

with {(e) € Ogpy, defined as

te) = p(ur) B p(v)" - @ pur) & olug) '
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Hence M, is a regular monoid and the group (M,) has an effective finite
generating set by applying theorems 1.3 and 3.13. By applying to (M,) the
algorithm of Derksen et al. one gets an effective presentation of CI(M,).
From this, by Proposition 2.14, it follows that Cl($(Cy)) is effective algebraic
as well. Finally, since all the steps of the proof (i) are effective, the fact that
Cl(¢(Cy)) is effective algebraic implies that Cl(y(L)) is so. The claim follows
by applying Proposition 3.6.

O

We now discuss some implications of Proposition 4.1. First, remark that,
by applying the proposition to the matrix grammars of index k = 1, we
obtain Corollary 3.15. Moreover, note that the language of Example 1.15 is
an instance of a bounded semilinear language. Indeed, the following lemma
states that the family of bounded semilinear languages is contained in the
family of restricted languages.

Lemma 4.2. Every bounded semilinear language can be generated by a re-

stricted grammar.

Proof. 1t is enough to prove the claim for an arbitrary language L of the form
(1.13). It is checked that L is generated by the restricted grammar of index k
G=(V,X,M,S), where V= {S, X1,..., X} and M is given by the matrix

rules

o (S— X1+ Xp),
e (X1 —e,..., Xk —e),
. (S — u‘llle s UZOka), with vy = (VOL . ,V()k),

For every L= 17 cee 767 (Xl — u‘llﬂXla .. '7Xk — UZZka)
with v; = (v, ..., vip), 1 <i < F,

where the vectors v;, i =0,..., k, define (1.14).

Proposition 4.1 and Lemma 4.2 lead to the following.

Corollary 4.3. If L is bounded semilinear language then its closure Cl(¢(L))
is semialgebraic. Furthermore, if the quantum finite automaton Q is rational,
then the (L, Q) Intersection problem is decidable.
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Example 4.4. Consider the restricted language L = {a™b"c" | n € N} defined
in Example 1.15. Let Q = (s, ¢, P, A) be a finite quantum finite automaton
where ¢ : ¥* — O, is the morphism (3.4) associated with Q. Recall that
CI(A) and A denote, respectively, the Euclidean and the Zariski closure of a
set A.

The set Cl(¢(L)) is equal to

Cl({p(a)"p(b)"p(c)" : n € N}) = Cl(¥({p(a)" ® ¢(0)" © ¢(c)" : n € N}))
(4.5)
where (@) is the operation defined in (2.8) and W is the map defined, for every
XY, Z € Op,as V(X @Y @ Z) := XYZ. By Theorem 2.1, the right-side

term of (4.5) rewrites as

U(Cl({p(a)" @ o()" ®p(c)" : n € N})),
so that
Cl(p(L)) = ¥(Cl({g}")) = ¥(CIL({{g}))),

where g = ¢(a) ® p(b) @ ¢(c). By Theorem 2.13, Ci({({g})) = {g}) i
algebraic. From this, by Proposition 2.17, it follows that Cl(¢(L)) = W¥({

is semialgebraic.

91))

Now, if the automaton Q is a rational, then, by applying Derksen’s algo-
rithm to {g}, one computes ({g}) as an algebraic set, which, in turn, implies
that W(({g})) is effective semialgebraic.

We observe that, not only, Proposition 4.1 provides a unitary scheme for
the decidability results of [12] (i.e., Corollary 3.15 and Corollary 4.3) but it
gives a non trivial extension of them. Indeed the following example provides
languages, neither bounded nor context-free, defined by restricted grammars,

for which the Intersection problem is now decidable.

Example 4.5. Let L, with k£ € N, be the language over ¥ = {a, b} defined
as Ly = {u’ : v € ©*}. It is easily checked that L; can be generated by the
restricted grammar G = (V, X, M, S), where V = {S, Xy,..., Xy}, and M is
given by the matrix rules (S — X;--- Xj), (X1 = ¢,..., X — ¢), and, for
every 0 € 3, (X1 — 0X1,..., Xy — 0Xj). For a comprehensive description,

we will rerun the proof of Proposition 4.1 for the language L in Section 4.3.
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4.2 The case of monoidal languages

In this section we will give a second non-trivial extension of Corollary 3.15,
not comparable with the first extension given in the previous section (cf Chap-
ter 1). We will in fact show that the (L, Q) Intersection problem is decidable
for the languages generated by monoidal grammars. As for the proofs of the
previous cases, in the proof the goal is to show that Cl(p(L)) is effectively
semialgebraic, so that by the application of Proposition 3.6 we can deduce
the decidability of the problem; as for Corollary 3.10 and Proposition 4.1, to
obtain the property of effective semialgebraicity of Cl(p(L)) it is enough to
show that for every variable A, the closure CI(M,) of the monoid of cycles
My is effectively algebraic; the main issue is therefore to show that Ci(Mg)
is effectively algebraic. In the proofs of the cases of linear grammars and
restricted matrix grammars, we deduced the effective presentation of Cl(Mg)
by applying the algorithm of Derksen et al. to the group (Mg) generated
by Mg, verifying first that the latter had an effective finite generating set;
to do this, we constructed an automaton over the group of orthogonal ma-
trices with rational coefficients that recognized it, so that by Theorem 1.3 it
was a rational subset and thus finitely generated (with effective computable
generators) due to Theorem 3.13. In this case we will use another approach,
indeed we will deduce the effective presentation of CI(Mg) from the applica-
tion of Proposition 2.25, verifying that this is the Zariski closure \TJ(H )* of the
monoid generated by the image of a set H of the form (4.6) under a regular

map 0.

Proposition 4.6. Let (L, Q) be a pair where Q is a rational quantum automa-
ton and L is a language generated by a monoidal grammar G = G10Gs0---0Gy.
If the Zariski closures of the monoids of cycles of the grammars of G are ir-

reducible, then Cl(p(L)) is effective semialgebraic.

Remark 4.7. Examples of monoids generated by a finite number of matrices
whose Zariski closure is irreducible can be borrowed from [21]. In Theorem 1.1
of loc.cit. the authors determine the Zariski closure of a cyclic matrix semi-
group over C. By the proof of [27, Corollary 17], the above result implies that
if we consider the cyclic matrix semigroup generated by a real matrix with
eigenvalues greater than 1, its Zariski closure is irreducible over R. Similarly,
[21, Example 3.8] can be adapted to produce an example of a matrix semi-

group M, generated by two matrices, such that the Zariski closure of M is
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irreducible over R.

We will do the proof of Proposition 4.6 for £ < 2, i.e., for a monoidal
grammar G = G1 0 Gy of index 2, since, by (1.15), the general case is treated
with the same argument. The proof is technically structured in the following

lemmata.

First, we find useful to recall a notation introduced in Chapter 2.

Notation. Given a subset A of the group O,, of orthogonal matrices (over

R), we write

A€ (3) (4.6)

if A is a finite union of irreducible, effective algebraic sets, every one of which

contains the identity matrix I of O,,.

Lemma 4.8. Let G = G; be a monoidal grammar of index 1 and let L = L(G).
Under the assumption of Proposition 4.6, there exist a set H € (H) and a
regular map VW such that Cl(p(L)) = V(H). Moreover Cl(p(L)) is effective

semialgebraic and contains I.

Proof. Set G = (V, X, P, S) and observe that V' = {S}, so that G has a sole
monoid of cycles Mg. Taking into account (3.11) and the form of the terminal
productions of G, one has Cl(¢(Lg)) = V(CIl(Mg)), where V(X @ Y) :=
XY". From this and the fact that, by hypothesis, Cl(Mg) is irreducible, it

follows the claim.
]

Assume now that G = G 0 Gy and let §; = (V4,%4, P1,S) be the first
grammar of the composition G. Set V4 = {S}. In the sequel, for every
A € Y1, we denote by L, the language generated by the grammar G4 € G
(cf Chapter 1).

Let 37 x X7 be the multiplicative monoid of binary relations on 7 and let
I1(O,, ® O,,) be the multiplicative monoid of subsets of O,, & O,,. Define now
the morphism between the two monoids

C: S xS — 10, ® 0,)
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as: for every (u,v) € 37 x X}, withu=A;---A;, v=DB1--- By, A;, Bi € ¥4

C(u,0) = (p(La) - o(La,) @ @(Lp,) - o(Lp,)") (4.7)
where, for every i = 1,...,t, ¢(Lp,)" denotes the set of matrices
{m" |mep(Lp)} (4.8)

The following lemma holds.

Lemma 4.9. There exists an effective computable finite subset R of X7 x X]
such that Mg = ((R*).

Proof. Let us first define the set
Cs ={(a,B) € X1 x T7 : (0, 57) € s},

where 8~ denotes the mirror image of 5. Observe that C is a submonoid of
21 x X7. Moreover one has
Mg = ¢(Cs).

Indeed, let us check Mg C ¢(Cs). If p(u) @ ¢(v)T € Mg, then S = uSv. Since

G = G1 0 Gy, the last derivation can be rewritten as
S = aSs, (4.9)
where (4.9) is a derivation of §; and
a=u, =, (4.10)

where both the derivations of (4.10) are in the grammars of G.
Set now a = AlAQ"'AS, and f = BsBs_1--- B, with AZ,BZ € X U
{e},s > 0. From (4.10), one then has

U= U Us, U= Vgeo U,
where, for every ¢ = 1,...,s, u; € L4, and v; € Lp,. From this, one has
p(u) € o(La)---o(La,), @) €p(Lp)" (L)'  (411)

Now observe that, by (4.9), (o, ) € Cs so that (a,3~) € Cs. By (4.11)
the latter implies ¢(u) @ ¢(v)T € ¢(Cy). Hence Mg C ((Cs). The other
inclusion is checked similarly. Finally observe that a finite set R of binary
relations on X7 generating C as a monoid, can be effectively computed from

the productions of §;. The lemma is proved.

]
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Lemma 4.10. Cli(Mg) € (H). In particular, Cl(Mg) is effective algebraic.

Proof. By Lemma 4.9, there exists an effective computable finite subset R of
Y5 x 37 such that Mg = ((R*). First let us prove the following claim:

Claim. Let R = {r}, with r € X7 x 5. Then CI(((R)) contains I and
Cl(C((R)) = VY(H) for some H € (H) (cf (4.6)) and reqular map V.

Let us write r = (a, () with « = AjAy---A;, 8 = By-- By, A;,B; €
1, s, t > 0. We assume first that o and S have the same length, i.e., s = t.
By (4.7), the fact that ¢ is a monoid morphism and Corollary 2.3, one gets

CI(¢(R)) = (Cllp(La,))- - Clle(La,) & Clle(Lp,))" - Clle(Lp.)"),

taking into account that, for an arbitrary set A of orthogonal matrices, for the
set (4.8), one has CI(AT) = CI(A)". By Lemma 4.8, the previous formula
gives

CUC(R) = (W(H)--W(H,) & W(G1)" - ¥(G)"),

where VU is a regular map and, for every i = 1,...,s, H;, G; € (H).
Since each W(H;) and V(G;) of the last formula contain I, the same holds
for CI(¢(R)). Set

H=H &  --&H;G & - &Gy

and observe that, by Proposition 2.23, H € (H). Then CI(¢(R)) = V'(H),
where ¥’ is the regular map defined as

VXie -eX,aY® - aY,)= (X)) - U(X,)eU¥;) - V(Y,)").

This proves the claim if s = . Finally, if s > ¢, then we can write the word
B=DB1---Byas 8= DB;---Bs, with B; = ¢, for j =t+1,...,s. Afterwards,
set Lp, = {e} and ¢(Lp,) = {1}, t +1 < j < 5. Then one proceeds to prove

the claim, by repeating the argument above for s = t.

Since ( is a monoid morphism, then one has
Cl(Ms) = CI(C(RT)) = CI(((R)").
Now taking into account that, by Corollary 2.3, for an arbitrary set X,

CI(X*) = CI(CI(X)"), (4.12)
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one has Cl(Mg) = CI(CI(¢(R))*). By Theorems 2.12 and 2.13, one has

CU(CIU(C(R))7) = CI(C(R))*, (4.13)

where CI({(R))* is the Zariski closure of (CI(((R)))*. Set R = {ry,...,rs},
with r; € 37 x 37, s > 1. Since, for every ¢ =1,...,s, Cl({(r;)) contains the
identity, by Lemma 2.24, one gets

CI(¢(R))" = (CU(¢(r1)) - ClC(rs)))",

which, thus, implies

Cl(Mg) = (CI(¢(r1)) - - - CL(C(rs)))*

By the previous claim, for every ¢ = 1,...,s, CI({(r;)) = V(H;), where
H; € (H), and V is a regular map not depending upon H;. Hence one gets

Ci(Ms) = (U(H) - U(Hy))".

Observe that in the formula above, we can write W(H;y) --- U(Hy) as
U(H, & --- @ Hy), where VU is the regular map defined as U(X, @ --- & X)) =
U(Xy)---W(Xg). Hence we get

Cl(Ms) = (V(H))",

where, again, H = (H1 @& ---® Hy) € (H) as one can easily check. Finally the
claim of the lemma follows by applying Proposition 2.25.

We are now able to prove the main result of this section.

Proof of Proposition 4.6: As remarked before, it is enough to prove the
claim for £ < 2 since, by (1.15), the general case is treated with the same
argument. Set G = (V,3, P, S) and observe that, for every A € V, the fact
that CI(My) is effective algebraic comes from Lemmata 3.14 and 4.10. The

claim now follows from Proposition 3.10.

By Propositions 2.14 and 3.6, immediate corollaries of Proposition 4.6 are the

following.

Corollary 4.11. If the pair (L, Q) satisfies the hypothesis of Proposition 4.6,
then the (L, Q) Intersection problem is decidable.
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Corollary 4.12. Let (L, Q) be a pair where Q is a rational quantum automa-
ton and L is a finite union L = U;ey Li, of monoidal languages, every one
of which is such that the corresponding pair (L;, Q) satisfies the hypothesis of
Proposition 4.6. Then the (L, Q) Intersection problem is decidable.

As mentioned in the Example 3.19, a significant example for the application
of Proposition 4.6 is the one given by the language £ = {a™b" | n € N}*;
indeed the latter can be generated by a monoidal grammar, but not by a
metalinear grammar nor by a restricted matrix grammar. The description of
the steps of Proposition 4.6 related to the language L is given in the following

section.

4.3 Examples

In this section we will study the (L, Q) Intersection problem for two relevant
examples. In the first one, we will apply the proof of Proposition 4.1 to the
restricted—but neither bounded nor context-free—language L; presented in

Example 4.5. Later, we will study the problem for the language
{a"0" :n e N} = {a™b™---a™b™ : ny,...,n, p €N}

presented in Example 1.20. Indeed, in Section 3.3 we studied the decidability
of the (L, Q) Intersection problem for L = {a"b" | n € N} and extended the
study to L* for any k& € N. Here, we will show the decidability of the (L*, Q)
Intersection problem. To this purpose, we will rerun the proofs of propositions
2.25 and 4.6 of sections 2.3 and 4.2.

Example 4.5 (continued)

Let k£ € N be a positive integer and consider the language Lj, over the alphabet
Y = {a, b} defined as

Ly = {uf :u e ©*}.
It is readily checked that Lj is generated by the restricted grammar G =

(V,X,M,S), where V.= {S, X1,..., X;} and the set of matrix rules M is
given by

-mg: (S — Xy Xy);
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-me (Xy— e, X =€)
-my: (X1 = 0Xq,..., Xk — 0Xy), for every o € ¥.

Following the proof of Proposition 4.1, by setting X = {X1, ..., Xj}* the sets
Y and Z are both equal to the singleton {X; --- X};.}. Denoting by (X*)? the
multiplicative monoid of 2k-fold relations on >*, it can be checked that, given

w € ¥* w € Ly if and only if there exists some w = (uy, vy, ug, Vg, . . ., Uk, V) €
(¥*)%, such that

W = U1V1U2V9 * + - UL VE,

and w belongs to the set

L={(ur,v1,...,uk,vx) | Ja € M* + X1+ Xy =4 us Xqv1 - - - up Xpvp}
={(u,&,...,up, &) |u; €%, i=1,... k}.

Consider now the monoid morphism
@ : (Z*)Qk — Oan,

which maps every element w = (uq, vy, ..., u, v) into the orthogonal matrix

~

Ppw)=p(w) & p) @ - & plw) & pu) '
Since, by Theorem 2.1, one has
Cl(p(Ly)) = {My--- My, : My ®--- @ My, € Cl($(L))},

to show that Cl(¢(Ly)) is semialgebraic, by Proposition 2.17, it is sufficient
to show that Cl(¢(L)) is so. To this purpose, note that, by proceeding as in
Lemma 3.9, the subset (L) of O,y is a monoid and its closure Cl(p(£)) is
an algebraic group. From this, follows the semialgebraicity of Cl(¢(L)).

Assume now that the quantum finite automaton Q is rational. We will
prove that Cl(¢(L)) is effective algebraic. One proceeds as in the proof of
Lemma 3.14. Indeed, since Lj is generated by a restricted grammar, then
¢(L) is a regular submonoid of Os,,. Specifically, it is recognized by the
finite Og,r—automaton whose the unique state is X --- X, that is also the

initial and final state, and the transitions are of the loops

eg:(Xl---in(el%Xl---Xk),
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where, l(e)e = p(0) DT D --- D p(0) © I, for every o € 3.

Hence @(L) is a regular monoid and the group ($(£)) has an effective finite
generating set by applying theorems 1.3 and 3.13. By applying to (p(£)) the
algorithm of Derksen et al. one gets an effective presentation of Cl(¢(L)),
meaning that Cl(¢(L)) is effective algebraic. From this, we get the effective
semialgebraicity of Cl(¢(Ly)). The claim follows by applying Proposition 3.6.

Example 1.20 (continued)

Let £ be the language of Example 1.20. Since £ = L*, then

Cl(p(L)) = Cl(p(L")) = Clp(L)"),

where ¢ is the morphism (3.4) of the quantum finite automaton.

Recall that CI(A) and A denote, respectively, the Euclidean and the Zariski

closure of a set A. By Theorems 2.12 and 2.13, one has Cl(¢(L)*) = ¢(L)*.
This implies Cl(¢(£)) = U(G)*, where

- G = M* is the monoid generated by the matrix M € O,, ® O,

M=cwa a7 0

- U is the regular map defined as V(A & B) := AB.

We now prove that, if G is irreducible and effective algebraic, then the Zariski
closure of the monoid generated by the image of G under the regular map ¥ is
finite union of irreducible, effective algebraic sets, every one of which contains

the identity matrix I, i.e.

so as to obtain that Cl(p(L)) is effective algebraic as well.
For this purpose, observe first that ¥ : O,, & O, — O,, is a regular and
thus a continuous map (c¢f Remark 2.21). This implies that

U(G) € u(G),

which, in turn, implies

e

~—

U(G). (4.14)
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Let H; = ¥(G). By Lemma 2.22, H; is an algebraic irreducible set. Moreover,
being G a group, one has I € ¥(G) and so I € Hy. Since G is finitely
generated as a monoid, then, it is an algebraic set by Theorem 2.13 and,
by using Derksen’s algorithm, one can effectively compute G. Afterwards,
following [19], Sec. 3.1, by using Grébner bases techniques, since G is effective

algebraic, then one can effectively compute H;.

Let Hy = Hy - Hy. Observe first that [ € Hy implies I € Hy. Similarly to the

previous case, one observes that, for arbitrary subsets A, B of O,

A-B = A-B. (4.15)

Indeed, taking the map m: O, x O,, — O,, defined, for every X,Y € O, as
m(X,Y) := X - Y, one has that m is a continuous map. This implies that

m(A, B) = m(A, B). By using the very same argument for H; one verifies that

H, is an irreducible effective algebraic set. Moreover, by equations (4.14) and
(4.15), one has Hy = ¥(G)2.

Finally, let us define recursively the family {H;};>1 of subsets of O,,, where,
for every i > 2, H; = H;_ - H,. We get an ascending chain

Hy € Hy € --- H; C - (4.16)

of irreducible, effective algebraic subsets of O,,. By Remark 2.26, we obtain
that

and, thus, that the ascending chain (4.16) terminates, i.e. there exists some
integer m € N such that

Hypor = UG +1 = WG = H,,. (4.18)

Finally let X = U;>1 H;. By (4.18), X = Hy U--- U H,,. On the other
hand, since, for every i > 1, H; = U(G)?, it is checked that

Hence, U(G)* is effective algebraic. Finally, we get the decidability of the
(£, 9) Intersection by applying Proposition 3.6.
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4.4 A special case: commutative transforma-

tions

We end this chapter by studying special cases of the (L, Q) Intersection prob-
lem. In particular, we will observe that the problem becomes decidable for
some cases of languages not treated before, under the assumption, although
quite restrictive, that the transformations defining the quantum finite au-
tomaton are commutative, i.e. the orthogonal matrices associated to the
input alphabet are contained in an abelian subgroup of O,,. Indeed, we will
observe that under this condition the problem becomes decidable also for

Dyck languages (c¢f Chapter 1).

Let Q be a rational quantum automaton and consider the case in which
Q has only two basis states and the transformations are rotations, i.e. the
morphism (3.4) is defined over SO, instead of Os; in particular, the unitary
transformations defining Q are commutative. In the following, we will show
that in this case the problem is decidable also for the Dyck languages defined
in Chapter 1. To this purpose, we will refer to [6] to recall some preliminary

notions.

Let A = {a,...,an} be an alphabet of m letters. For an arbitrary word
w € A*, the Parikh vector of w is the tuple ¥ (w) of N defined as

(w) = ([wlay, - - s [wla,,);

this defines the function
P A" — N

which maps each word w € A* into the Parikh vector of w. The map 1 is
an epimorphism of the free monoid A* onto the free commutative additive
monoid N, called the Parikh morphism (over A).

One can then introduce in A* the equivalence relation ~, called Parikh

equivalence, defined, for all u,v € A*, as:

un~vo = Y(u) =P().

Thus, one has u ~ v if the word v is obtained by rearranging the letters of
u in a different order. Given a language L C A* and a word w € L, we will

denote the equivalence class of words in L Parikh equivalent to w by [w]., .
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Under our assumptions on the morphism (3.4), we obtain that for any word
w e Land v € [w].,, ¥(w) =1(w'). This leads us to the decidability of the
(L, Q) Intersection problem for the Dyck language over an alphabet of two

symbols explained in the following.

Consider the Dyck language £ = D7 defined in Example 1.6. By definition,
for any k € N, the equivalence class [a*b*].., of the word a*b* € £ is

[a* 8"~ = {w € {a,0}" | |w]a = |w], = k}.

Therefore, since

£=Ula"].,
k>0
we get that
Cl(p(L)) = Cl(p(L)), (4.19)

where L is the linear language {a*b* | k € N}. Finally, since Cl(p(L)) is
effective semialgebraic for Corollary 3.15, we get the decidability of the (£, Q)

Intersection problem from Equation (4.19) and Proposition 3.6.

It is possible to generalize the argument above to all Dyck languages, i.e.,
to Dy, for any m € N. Let m € N be a positive integer and consider two
alphabets of m letters A,, = {a1,...,an} and A, = {ay,...,ay,}; for sim-
plicity of notation, we will denote each a; as b;. As explained in Chapter 1,

the Dyck language Dj, is the language in which each word w has, for any

¢t =1,...,m, the same number of occurrences of a; and b;, i.e.,
* .
we D = |wl, =|wh, i=1,...,m.
Consider now, for each ¢ = 1,...,m, the linear context-free language L; =

ooy

n; € N} and let L be the metalinear language
L=1Ly- Ly = {aPt - abmthm | ky, .. Ky € NL

In that case, for each word w € Dy, there exists a tuple of m non-negative
integers (ki, ..., k) € N™ such that

we laff bl

~Dg’
thus, we obtain that
« kipk Ko plom
Dm = U [allbl1 Ty bm ]ND* :

m
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Hence, under our assumptions on the morphism (3.4), we get
Cl(p(Dy,)) = Cl(p(L)). (4.20)

Again, since Cl(¢(L)) is effective semialgebraic for Corollary 3.18, we get the
decidability of the (D}, Q) Intersection problem for any m € N from Equation
(4.20) and Proposition 3.6. The same argument shows the decidability of the

Intersection problem also for the restricted Dyck languages D!*.

Remark 4.13. It is worth noting that the argument above can be generalized
to any quantum finite automaton Q with n basis states where the morphism
(3.4) maps the monoid generated by the input alphabet ¥ onto an abelian
subgroup of O,,.

The commutative equivalence of languages

Parikh equivalence of languages is conceptually connected with the commuta-
tive equivalence relation described in [6]. Here, two languages L and L’ over
the same alphabet A are said to be commutatively equivalent if there exists
a bijection f : L — L’ such that, for every word uw € L, u ~ f(u); thus,
languages that are commutatively equivalent are Parikh equivalent but the
vice-versa is not true. In the survey [6] we treated the relevance of this no-
tion in Theoretical Computer Science. In fact, the study of the commutative
equivalence of languages has significant applications in Theory of Codes and
Formal Language Theory. In Theory of Codes, this notion is involved in the
construction of (variable-length unique factorization) codes satisfying specific
properties required in information transmission processes. In this setting,
a well known conjecture (formulated by M. P. Schiitzenberger in 1956, [46])
states that every finite code is commutatively equivalent to a prefix one (cf [6,
Sections 2, 3]). In Formal Language Theory, it is involved in the study of the
asymptotic behaviour of the counting functions of languages. For an arbitrary
language L C A*, the counting function of L is the map that associates to any
non-negative integer n the number of words in L with length n. Thus, since
two commutatively equivalent languages have the same counting function, it
is natural to ask under which conditions, given a context-free language L, this
is commutatively regqular, i.e. it can be effectively computed a finite automa-
ton A such that the language L4 recognized by A is commutatively equivalent
to L. Throughout the paper [6], we surveyed both properties on languages
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and conditions on context-free grammars ensuring that, languages satisfying
these properties and languages generated by such grammars respectively, are

commutatively regular (see [6, Sections 4, 5, 6]).



Concluding remarks and

open problems

We conclude by addressing some questions arising from this study and for-
mulated in [7, §].

[@] One could extend Proposition 4.6 to a broader class of quantum au-
tomata. In this context, the construction of the decidability procedure would
require the computation of the Zariski closure of a group G of matrices that
is algebraically presented, i.e. G admits a set of generators that is algebraic
itself. It may be of interest to investigate conditions ensuring the extension
of the algorithms of [19, 26, 40] for such groups.

[8] It is open whether the (L, Q) Intersection problem is decidable for context-
free languages. We conjecture that the answer to this problem is negative.
An approach may be to reduce the problem to a so called “birdie problem”
[47] (cf also [25], Ch. 8). In such a problem, assuming the feasibility of
the computation of the Zariski closure of the groups above, one gets, as a

consequence, the decidability of some unsolvable problem.

[v] The (L,Q) Intersection problem is decidable for bounded semi-linear
languages. It may be of interest to get extensions of this result for the
broader class of languages accepted by the reversal bounded non determin-
istic counter machines [29]. This extension could exploit a characterization
of such languages provided by Ibarra in [30] in terms of some special com-
binatorial systems called RLGMC-grammars (Right-Linear Grammar with
Multi-Counters). Essentially, a RLGMC-grammar is a regular grammar that
associates with each derivation a weight, i.e. a vector in the additive monoid
N?. Then a derivation is considered successful if the corresponding weight

belongs to the monoid generated by 19 = (1,1,...,1). Here the main crux is
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the construction of a formula (see Proposition 3.6) based on the computation
of the Zariski closure of the intersection of two finitely generated monoids of
matrices. The intrinsic difficulty to control the accumulation points of the set
— i.e., to exclude those one not coming from the effective functioning of the

machines — makes such a computation a non trivial task.
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