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Abstrakt

Tyto teze navazuji na studium gramatickych a automatovych systému. Na zacatku, prace
pojednévé o regularné tizenych CD gramatickych systémech vyuzivajici frazové struk-
turované gramatiky jako komponenty. Do systému jsou zavedena tii novd omezeni na
derivacich a je studovén jejich vliv na vyjadirovaci silu téchto systémii. Poté, tato prace de-
finuje dva automatové protéjsky ke kanonickym multi-generatinim nonterminalem a pravi-
dlové synchronizovynym gramatickym systemiim, generujicich vektory fetézci, a ukazuje,
ze vSechny tyto vySetfované systemy si jsou vzajemné ekvivalentni. Déle tato prace tyto
systémy zobecniuje a zakladd fundamentalni hierarchii n-jazyku (mnozin n-tic fetézcu).
V souvislosti se zavedenymi systémy tyto teze zavadi automatové-gramaticky pievodnik
zalozeny na koneéném automatu a bezkontextové gramatice. Tento prevodnik je pak stu-
dovany a pouzity jako nastroj pfimého piekladu. V posledni ¢asti jsou v této praci zavedené
automatové systémy jadrem parsovaci metody zalozené na stromové fizenych gramatikach
s n omezenymi cestami.

Abstract

The present thesis continues with study of grammar and automata systems. First of all,
it deals with regularly controlled CD grammar systems with phrase-structure grammars as
components. Into these systems, three new derivation restrictions are placed and their effect
on the generative power of these systems are investigated. Thereafter, this thesis defines
two automata counterparts of canonical multi-generative nonterminal and rule synchro-
nized grammar systems, generating vectors of strings, and it shows that these investigated
systems are equivalent. Furthermore, this thesis generalizes definitions of these systems and
establishes fundamental hierarchy of n-languages (sets of n-tuples of strings). In relation
with these mentioned systems, automaton-grammar translating systems based upon finite
automaton and context-free grammar are introduced and investigated as a mechanism for
direct translating. At the end, in this thesis introduced automata systems are used as the
core of parse-method based upon n-path-restricted tree-controlled grammars.
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Survey of Current State of
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Chapter 1

Introduction

1.1 Motivation

In the seventh century before Christ, Egyptians believed they are the oldest nation in the
world. The former king, Psantek I., wanted to confirm this assumption. The confirmation
was based on the idea that children, who cannot learn to speak from adults, will use innate
human language. That language was supposed to be Egyptian. For this purpose, Psantek 1.
took two children from a poor family and let them to grow up in care of a shepherd in an
environment, where nobody was allowed to speak with these children. Although the test
ultimately failed, it brings us testimony that already in old Egypt, people somehow felt the
importance of languages (the whole story you can see in The story of psychology by Morton
Hunt).

In 1921, Ludwig Wittgenstein published a philosophical work (Logisch-philosophische
Abhandlung) containing claim that says “The limits of my language mean the limits of my
world”. In the computer science, this claim is doubly true. Languages are a way how people
express information and ideas in terms of computer science or information technology. In
essence, any task or problem, which a computer scientist is able to describe, can be described
by a language. The language represents a problem and all sentences belonging into this
language are its solutions.

Fact about the limitation by languages led to the birth of a new research area referred to
as theory of formal languages studying languages from a mathematical point of view. The
main initiator was linguist Noam Chomsky, who, in the late fifties, introduced hierarchy of
formal languages given by four types of language generators. By this work, Noam Chom-
sky inspired many mathematicians and computer scientists so they began to extend this
fundamental hierarchy by adding new models for language definition. Because the theory
of formal languages examines the languages from the precise mathematical viewpoint, its
results are significant for many areas in information technology. Models, which are studied
by the theory, are used in compilers, mathematical linguistics, bioinformatics, especially ge-
netics and simulation of natural biology processes, artificial intelligence, computer graphics,
computer networks, and others.

The classical formal language theory uses three approaches to define formal languages.

1. Grammatical approach, where the languages are generated by grammars.
2. Automata approach, where the languages are recognized by automata.

3. Algebraic approach, where the languages are defined by some language operations.



To be more precise, in the grammatical approach, a grammar generates its language by
application of derivation steps replacing sequences of symbols by other sequences according
to its prescribed rules. The symbols can be terminal or nonterminal, and the sequences of
these symbols are called strings. In a single derivation step, the grammar, by application
of its rule, replaces a part of string by some other string. Any string, which contains no
nonterminal symbol and which can be generated from a start nonterminal by application
of a sequence of derivation steps, belongs to the language of the grammar. The language
of the grammar is represented by the set of such generated strings.

While a grammar generates language, an automaton represents formal algorithm by
which the automaton can recognize correctly made sequences of symbols belonging into the
language the automaton defines. More specifically, an automaton has string written on its
input tape. By application of prescribed rules, it processes the string symbol by symbol
and changes its current state to determine whether the string belongs to the language
represented by the automaton. If so, the string is accepted by the automaton. The set of
all strings accepted by the automaton is the language that the automaton defines.

All models, investigated in the theory of formal languages, are designed to reflect needs
of given information technology. Today, when a task distribution, parallel and coopera-
tion process are extremely popular, the main attention is focused on controlled models and
systems of models. The necessity of efficient data processing, computer networks, parallel
architectures, parallel processing, and nature motivated computing devices justify studying
of these approaches in terms of the theory of formal models, where the mechanisms rep-
resenting these approaches are called systems of formal models. The main motivation for
investigation of systems lies in a possibility to distribute a task into several smaller tasks,
which are easier to solve and easier to describe. These tasks can be solved sequentially or
in parallel, and usually, due a communication, the cooperating models are more efficient
than the models themselves. The present thesis concentrates on this modern approaches
and brings new, or generalized, formal mechanisms and results into the theory. More spe-
cifically, this thesis mainly deals with systems of automata and grammars and studies their
properties.

This work, at first, continues with studying of sequential grammar systems, known
as cooperating distributed grammar systems (shortly CD grammar systems). These were
introduced in the late eighties as a model for blackboard problem solving. The main
idea standing behind the CD grammar systems is in a cooperation of well-known simple
grammars working on a shared string under a cooperation protocol. Unfortunately, the
increased efficiency, obtained from the cooperation, is given by higher degree of ambiguity
and non-determinism, what is unpleasant for a practical purpose. This thesis introduces
several restrictions limiting the ambiguity or non-determinism, and investigates their effect
on the systems.

The further investigation builds on the work of Roman Luk&as and Alexander Meduna,
who, in 2006, introduced a new variant of parallel grammar systems named as multi-
generating grammar systems. In contrast with classic widely studied parallel communi-
cating grammar systems, where included grammars are used as supporting elements and
the language of a parallel grammar system is generated by one predetermined grammar,
these new systems take into account strings from all their grammars. The final strings
are obtained from all generated strings by a string operation. This thesis introduces two
versions of automata counterpart to these grammar systems and proves their equivalence.
Thereafter, the investigated systems are generalized and a fundamental hierarchy of these
systems is established. Finally, the thesis suggests systems based on mentioned approaches



as a direct translator of natural languages and parser of languages generated by a specific
type of controlled grammars.

1.2

Organization

The thesis is divided into two main parts. Part I, Survey of Current State of Knowledge,
presents the basic mathematical concepts, used terminology, survey of currently studied
systems of formal models, and several known important results relevant to this thesis. Part
II, New Systems of Formal Models and Results, is the key part of this work, which introduces
and investigates generalized and new variants of systems of formal models. The contents
of the individual chapters are outlined by the following list.

Chapter 1, Introduction, introduces readers to the field of formal languages and moti-
vates the study of systems of formal models. Furthermore, it describes the structure
of the document.

Chapter 2, Notation and Basic Definitions, provides information about notation and
mathematical background needed for the understanding of the thesis. Furthermore,
it defines various formalisms used later in the text.

Chapter 3, Systems of Formal Models, discuss current knowledge about serial and
parallel grammars and automata systems, recalls CD grammar systems and origin
versions of multi-generating grammar systems, and summarizes known results impor-
tant for this publication.

Chapter 4, Restrictions on CD Grammar Systems, introduces three new restrictions,
limiting a degree of non-determinism, and places them on derivations in CD gram-
mar systems with phrase-structure grammars. The used grammars themselves can
generate any language which can be somehow deterministically generated. Although
the restricted CD grammar system is enhanced by a control unit, two restrictions
significantly decrease the generative power of the investigated systems.

Chapter 5, n-Accepting Restricted Pushdown Automata Systems, introduces and in-
vestigates two new variants of automata systems as an automata counterpart of multi-
generating grammar systems introduced by Lukas and Meduna. The introduced au-
tomata systems consist of automata working on acceptation of their own strings.
During a computation, the usability of their rules are limited by other automata. In
contrast with automata systems, studied in the classic theory of formal languages,
the introduced systems accept vector of interdependent strings instead of ordinary
strings. Therefore, this chapter brings new terms, such as n-string and n-language,
into the theory.

Chapter 6, Classes of n-Languages: Hierarchy and Properties, generalizes multi-
accepting grammar systems and n-accepting restricted automata systems by allowing
of usage different types of grammars and automata in one system. On these sys-
tems, it establishes fundamental hierarchy of n-languages and studies several closure
properties.

Chapter 7, Rule-Restricted Automaton-Grammar Transducers, deals with language-
translation systems, transducers for short, composed of one automaton accepting input



string and one grammar generating a corresponding output string. Both these models
are synchronized by their rules which can be used at the same time unit. First of all,
this chapter shows how the leftmost derivation restriction placed on derivation in the
grammar and introduction of rule-priority into the grammar effect the generative and
accepting power of considered transducers. After that, it discusses application-related
perspectives of the studied systems in linguistics.

Chapter 8, Parsing of n-Path-Restricted Tree-Controlled Languages, suggests an ab-
straction of 3-accepting restricted automata system as a mechanism for parsing-
method based upon a specific type of linguistically motivated controlled grammars,
which are named as n-path-restricted tree-controlled grammars. In addition, this chap-
ter proves that it is possible to parse these controlled grammars in a polynomial time.

Finally, Chapter 9, Conclusion, summarizes all results obtained in Part II and outlines
new areas for further investigation.



Chapter 2

Notation and Basic Definitions

This chapter briefly reviews the required terminology, notation, and fundamental terms
from the area of mathematics and formal language theory. Nevertheless, it is assumed that
the reader is familiar with elementary algebra and proof techniques (see [56], [59], [69], [80],
or [101]).

2.1 Sets and Relations

A set is a collection of elements (objects). About any element, we can unambiguously
declare whether it belongs to the set or it does not. The empty set (the set with no
element) is denoted by (). A = {a,b} means that A is set of elements a and b. The fact
that object a belongs to A is denoted by a € A. On the other hand, ¢ ¢ A means that
¢ does not belong to A. Note that each element can be in the set only once. In the
general mathematics, there are many important sets. For example, N = {1,2,...} is the
set of all natural numbers, Ny = {0,1,2,...} is the set of all natural numbers with zero,
Z=A...,—-2,-1,0,1,2,...} is the set all integers, etc.

As one can notice, different sets can have different numbers of elements. In relation to
the number of elements, we define a cardinality of a set A, |A| for short, as follows:

e [A|=0iff A=0,
o [A|=niff A={ay,a9,...,a,} forn €N,
e |A| = oo iff number of elements in A is infinity.

If |A| € Np, we say that A is finite; otherwise, we say that A is infinite. Elements of A can
be specified either by their enumeration, e.g. A = {ay,as,...,a,}, where ay,as,...,a, are
the elements of A, or by symbolic notation of the form A = {a| 7(a)} where a is an element
and 7(a) is a condition which has to hold, e.g. A = {i| i € N is odd} is the set of all odd
natural numbers.

For two sets A and B, A = B and A # B denote that A is equal to B and A is not equal
to B, respectively; A C B denotes that A is a subset of B; A C B denotes that A C B and
A # B, i.e. Ais a proper subset of B.

Sets of sets are almost always called classes or families of sets. One of this kind of sets
are power sets.



Definition 2.1 (Power set)
Let A be a set. Then power set of A, 24 for short, is the set of all subsets of A. Formally,
24 = {X| X C A}

Probably the most usual operations over sets are union, intersection, and difference,
whose definition is given next.

Definition 2.2 (Union, intersection and difference of sets)
Let A and B be two sets.

e Union of A and B, denoted by AUB, is AUB ={z| z € A or x € B}.
e Intersection of A and B, denoted by ANB,is AN B = {z| x € A and x € B}.

e Difference of A and B, denoted by A — B, is A— B = {z| 2 € A and = ¢ B}.

From elements of a set, we can make a list of elements, called an (ordered) sequence,
where the sequence can contain an element more than once and the elements appear in a
certain order. Elements in sequences are usually separated by a comma. The length of
sequence x, denoted by |z|, is the number of elements in z, and if |z| € Ny, we say that x
is finite; otherwise, we say that x is infinite. Finite sequences are also called tuples.

Definition 2.3 (Cartesian product)
Let A and B be two sets. The Cartesian product of A and B, A x B, is defined as
Ax B={(a,b)] a € Aand b€ B}.

Note that the order of objects in elements of a cartesian product is important.

Definition 2.4 (Binary relation)
Let A and B be two sets. Binary relation, or relation for short, p, from A to Bisp C Ax B.

Special cases of relations are functions.

Definition 2.5 (Function)
Let A and B be two sets and ¢ C A x B be a binary relation from A to B. ¢ is a function
from A to B, if for all a € A, |{b| b € B, (a,b) € ¢}| < 1.

In the context of relations, membership of a pair (a, b) in some relation p can be written
as (a,b) € p, b € p(a), or apb. Furthermore, if p is a function, b = p(a) and p(a) = b can be
used.

As one can see, the previous definitions do not prohibit conformity of sets A and B,
i.e. relation p C A x A. In this case, the relation p is called a relation on A and, on this
relation, several properties can be studied.

Definition 2.6 (Basic properties on relations)
Let p C A x A be a relation. Then, p is

o reflexive iff (a,a) € p, for all a € A,

o symmetric iff (a,b) € p implies that (b,a) € p, for all a,b € A,



e transitive iff (a,b), (b,c) € p implies that (a,c) € p, for all a,b,c € p,

e antisymmetric iff (a,b), (b,a) € p implies that a = b, for all a,b € A.

A reflexive, transitive, and antisymmetric relation p on a set A is called a partial order
and a pair (4, p) is called an ordered set. Let K C Ny is a final set. Then, max(K) = k,
where k € K and for all h € K, k > h; and min(K) = [, where [ € K and for all h € K,
I < h. Furthermore, let (X, >) is an ordered set and A C X. We say that z € X is an
upper and lower bound of A, if for all a € A, a < x and x < a, respectively. The least
upper bound is called supremum, written as sup(A). Conversely, the greatest lower bound
is known as infimum, denoted inf(A).

Over relation p C A x A, we can study how many times the property of transitivity
holds. For this purpose we use k-fold products and closures over the p.

Definition 2.7 (k-Fold product and closures)
Let p C A x A is a relation over A. For some k > 1, a k-fold product of p, p¥ is recursively
defined in the following way:

o ap’biffa=»b
o ap'biff apb
e ap™b iff apc and cp” b

We define the transitive closure of p, pt, as aptb iff ap*b for some k > 1; and the reflexive-
transitive closure of p, p*, as ap*b iff a = b, for a € A or ap™b.

2.2 Alphabets, Strings, and Languages

An alphabet is arbitrary finite non-empty set of elements, which are called symbols. A
finite sequence of symbols, w, is referred to as string. For brevity, we simply juxtapose the
symbols and omit all separating commas. If |z| = 0, we write x = ¢ and call x an empty
string. Let T be an alphabet and x, y be two strings consisting of symbols from 7. We
say that = and y are strings over 1T', and zy the concatenation of x and y. The equation
xe = ex = x is an immediate consequence of the definition. Over any string x, we define set
of prefixes, pref(xz) = {y| x = ya}, set of suffixes, suf(x) = {y| z = ay}, set of substrings,
sub(z) = {y| * = ayB}, and set of symbols used in x, alph(z) = {a| a is included in x}.

Definition 2.8 (Occurrence of symbols)
Let ¥ be an alphabet and W C ¥. Then, occur(w, W) denotes the number of occurrences
of symbols from W in w.

Definition 2.9 (Reversation of string)
Let x = ajas...apn_1a, with a; € X for all i = 1,...,n. Reverse x, denoted by (x)R, is the

string apap—1...a2a;1.

Definition 2.10 (Power of string)
Let x be a string over 3. Power of z is defined as follows:

10



o ' =aix ! for x> 1.

Let X be an alphabet and X* be a set of all strings over ¥. Language L is defined as any
subset of ¥*, symbolically, L C ¥*, and the complement of L, written as L, is L = ¥* — L.

Definition 2.11 (Concatenation of languages)
Let Ly and Lo be two languages. Concatenation of Ly and Lo is the language LiLs =
{zy| z € L; and y € La}.

Definition 2.12 (Power of language)

Let L be a language. Power of L is defined in the following way:
o [V = {e}
o L'=L'L" fori>1

Definition 2.13 (Iteration and positive iteration of language)
Let L be a language over ¥. Then,

oo .
e iteration of language L is defined as L* = | J L* and
i=0

oo .
e positive iteration of language L is defined as L™ = |J L' (i.e. LT = L* — {¢})
=1

1=

2.3 Grammars

In this section, we define devices used for generating languages. Such devices are called
grammars and play the main role in the theory of formal languages.

Definition 2.14 (Grammar)
A Grammar is a quadruple G = (N, T, P, S), where

e N is an alphabet of nonterminal symbols (nonterminals),
e T is an alphabet of terminal symbols (terminals) and N N7 = 0,

e P is a finite set of rules of the form o — S with @ € (T U N)*N(T U N)* and
g e (TUN)*, and

e S is the start symbol.

Any string = from (N UT)* is called a sentential form of G and if x does not contain
nonterminal symbols, then z is called a sentence. For two sentential forms uav and ufv,
if there is a rule r = o — § € P, G can make a derivation step from uwav to ufv by rule
r, mathematically written as uav = ufv[r|, or uav = ufv for short. A rule of the form
a — ¢ we call an epsilon rule.

Definition 2.15 (Sequence of derivations)
Consider grammar G = (N, T, P, S) and sentential forms y, x'.

e x =Y xJe], or shortly y =9 y.

11



e x =" X'[r], or shortly x =" X/, for n > 1, if there exist n 4+ 1 sentential forms,

X15X25 -« -5 Xny, Xn+1, Such that x = x1, X' = Xn+1, Xi = Xit+1[ri] foralli =1,2,... n,
and T =rire... 1.

e x =* \/[n], or shortly x =* ¥/, if x =" X/[«] for some n > 0.

e x =71 X'[r], or shortly x =T x/, if x =" x/[r] for some n > 1.

Mathematically, =%, =*, and =1 denote k-fold product, reflexive-transitive closure,
and transitive closure of =, respectively.

Definition 2.16 (Language generated by grammar G)
Let G = (N, T, P,S) be a grammar. Then, the language generated by grammar G, written
as L(G), is the set of all sentences of G. Mathematically, L = {w| S =* w}.

Grammars GG and G9 are said to be equivalent, if and only if they generate the same
language, i.e. L(G1) = L(G2).

Chomsky Hierarchy of Languages

At the end of 50’s, linguist Noam Chomsky has introduced an initial classification of gram-
mars and the classes of languages they generate. Each of these grammars has a differently
restricted set of rules (see [22]).

Definition 2.17 (Unrestricted grammar and phrase-structure grammar)
A grammar GG with no restriction on rules is called an unrestricted grammar. An unrestricted
grammar is called a phrase-structure grammar, PSG, if all its rules have form o — 3, where
a € Nt and 8 € (N UT)*. The class of languages that both of these grammars define is
referred to as the class of recursively-enumerable languages, RE for short.

Definition 2.18 (Context-sensitive grammar)

An unrestricted grammar is called a context sensitive grammar, CSG, if all its rules have
form o — 8, where « € (TUN)*N(TUN)*, 5 € (NUT)*, and either |a| < |5], or a =S
and 8 = e. The class of languages it describes is referred to as the class of context-sensitive
languages, CS for short.

Definition 2.19 (Context-free and linear grammars)
An unrestricted grammar with all rules of the form A — 3, where A € N and § € (NUT)*
is called a context-free grammar, CFG, and furthermore, if 8 € T*NT™, we say that the
grammar is linear, LNG for short. The classes of languages, which can be generated by
context-free and linear grammars, are referred to as the class of context-free languages (CF)
and the class of linear languages (LIN), respectively.

Definition 2.20 (Right-linear grammar)

An unrestricted grammar, where all its rules have form A — aB with A € N, a € T U {e},
and B € N U {e}, is called a right-linear grammar, RLNG, and the class of languages
generated by RLNGs is called the class of reqular languages, REG for short.

12



Figure 2.1: Rule tree (left) and derivation tree (right)

For the classes of languages generated by regular, linear, context-free, context-sensitive,
and unrestricted grammars, respectively, the following theorem holds (see [80]).

Theorem 2.21 REG C LIN ¢ CF € CS C RE.

Sequences of derivation steps in a context-free grammar can be graphically expressed
as a derivation tree representing rules used during a generation.

Definition 2.22 (Derivation tree and ambiguity)

Let G = (N,T,P,S) be a CFG. For r = A — x € P, the rule tree that represents r is
denoted as A(zx). The derivation trees representing derivations in G are defined recursively
as follows:

e One-node tree X is the derivation tree corresponding to X =% X in G, where X €
NUT.

e Let d be the derivation representing A =* uBv|[p| with frontier(d) = uBv, and let
|l = B — z € P. The derivation tree representing A =* uBv[p| = uzv[l] is obtained
by replacing the (|u|+1)st leaf (from the left) in d, B, with the rule tree corresponding
to [, B(z).

e A derivation tree in G is any tree t for which there is a derivation represented by ¢.

Set of all derivation trees in G with frontier(z) is denoted by gA(z). If there exists
x € L(G) such that |cA(z)| > 1, we say that a grammar G is ambiguous; otherwise, G
is unambiguous. Furthermore, a context-free language L is inherently ambiguous, if L is
generated by no unambiguous grammar.

Figure 2.1 shows an example of rule tree A{aAa) (left) and derivation tree representing
the derivation S = aBCa = aaBcaa = aaaca (right).

2.4 Automata

In this section, basic devices for recognition of strings belonging to a given language are
defined. The notation is based on [80].

Finite Automata

Definition 2.23 (Finite automaton)
A finite automaton, FA, is a quintuple M = (Q, %, J, qo, F'), where
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Q is a finite set of states,

e Y is an input alphabet,

e R is a finite set of transition rules of the form pa — ¢ with p,q € Q and a € ¥ U {¢},
® o € @ is the initial state, and

o ' C (Q is a set of final states.

Let M = (Q,%, R, qo, F') be an FA. Configuration of M is any word w € QX*. For two
configurations paw and qw, if there exists a rule r = pa — ¢ € R, then M can make a move
from paw to qw by r, written as paw F qw[r], or simply, gaw F qu.

Definition 2.24 (Sequence of moves in finite automaton)
Let M = (Q,%, R, qo, F') be an FA and x, x’ be two configuration of M.

e x F0 X'[¢], or simply x FO x/, iff x = X

e x F x/'[x], or simply x ¢ x/, iff there are i + 1 configurations, x1,. .., Xi+1, such that
x = x1 and x’' = x;41, for all 1 <j <4, x; F xj41[rj], and 7 = rirg ...y

e x F* X'[x], or simply x F* %/, iff there is an integer i > 0 such that y F* x/[r].

e x F* X'[n] or simply x F* x/, iff there is an integer i > 1 such that x F x/[x].

Mathematically, F*, F+, and F* denote k-fold product, transitive closure, and reflexive-
transitive closure of I, respectively.

Definition 2.25 (Language defined by finite automaton)
Let M = (Q,%, R, qo, F) be an FA. The language of FA M is defined as L(M) = {w| w €
Y qwtr* f, and f € F}.

Pushdown Automata

Definition 2.26 (Pushdown automaton)
Pushdown automaton, PDA| is a septuple M = (Q, %, T, 0, qo, 20, F'), where

e () is a finite set of states,
e Y is an input alphabet,
e [' is a pushdown alphabet,

e R is a finite set of transition rules of the form zpa — v¢ with p,q € Q, a € X U {¢e},
zel,and v € I'*,

zg € I is the first pushdown symbol,

go € @ is the start state, and

e ['C (Q is a set of final states.
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Let M = (Q,%,T, R, qo, 20, F) be a PDA. A configuration of M is any word w € I"*QX*.
For two configuration of M, yApaw and yxquw, if there exists a rule r = Apa — xq € R,
then M can make move from yAgaw to yzquw, written as yApaw F yzquw|r|, or simply
vyApaw F yrquw.

As usual, we define F*, 1, and *.

Definition 2.27 (Languages defined by pushdown automaton)
Let M = (Q,%,T, R, qo, 20, F') be a PDA. The language of M

e accepting by empty pushdown and final state is L(M) = {w| w € ¥* zpgow H*
f, and f € F};

e accepting by final state is Ly(M) = {w| w € ¥*, zoqow F* vf,v € I'*, and f € F};

e accepting by empty pushdown is L.(M) = {w| w € X*, zpqow F* q, and q € Q}.
pring by Pty p y 204 q, q

Definition 2.28 (k-Turn pushdown automaton)
A k-turn PDA is a PDA in which the length of the pushdown tape alternatively increases
and decreases at most k-times during any sweep of the pushdown automaton.

Definition 2.29 (Stateless pushdown automaton)
Pushdown automaton M is stateless, SPDA, if it has exactly one state.

Turing Machine

Definition 2.30 (Turing machine)
Turing machine, TM, is a 6-tuple M = (Q, 3, T, R, qo, F), where

e () is a finite set of states,

e Y is an input alphabet,

I' is a tape alphabet, e ', ¥ C T,

R is a finite set of rules of the form pa — ¢bt, where p,q € Q, a,b € X, t € {S,R,L},

qo € @ is the start state, and

e ' C (Q is a set of final states.

Definition 2.31 (Configuration of Turing machine)
Let M = (Q,%,I',R,qo, F') be a TM. A configuration of M is a string x = xpy, where
zel* peQ,yel™(I—{0OhHu{d}

Definition 2.32 (Move in Turing machine)
Let M = (Q,%,T, R, qo, F') be a TM and let y and x’ be two configurations of M. Then,

e M makes a stationary move form x to x’ according to r, written as x g x'[r], or
simply x Fs X/, if x = zpay, X' = zqby, r = pa — ¢bS € R.

e M makes a right move form x to x’ according to r, written as x Fr x'[r], or simply
x Fr X, if x = zpay, r = pa — ¢bR € R and
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(1) x' = xbqy, y # € or
(2) X' =abg0, y=¢

e M makes a left move form x to x’ according to r, written as x bk x'[r], or simply
x b, if
(1) x = xepay, X' = xqcby, y e or b#0, r =pa — qbL € R
(2) x = xepa, X' = xqe, r =pa — qOL € R
e M makes a move from x to ¥’ according to r, written as x b x/[r], or simply x F x’
if x Fx x/[r], for some X € {S,R,L}.

l—k, T, and F* are defined as usual.

Definition 2.33 (Language accepted by Turing machine)
Let M = (Q,%,T, R, qo, F') be a TM. The language accepted by M, L(M), is defined as
L(M) ={w|we X qut"zfy;z,y € ¥, f € FyU{e| U zfy;z,y €T, f € F}

Definition 2.34 (Time complexity)
Let M be a Turing machine. M runs in O(n*) time if there exists some constant ¢ such

that M runs in at most cn® moves for any input of length n, for k,n > 0.

Definition 2.35 (Linear bounded automaton)
Linear bounded automaton, LBA, is a TM that cannot extend its tape by any rule.

For the classes of languages accepted by the defined automata, the following theorem

holds (see [80]).

Theorem 2.36 Let X € {LBA, TM, FA, PDA, PDA, PDA., SPDA, k-turn PDA| k > 1},
where PDA, PDA ¢, and PDA. denote PDA accepting by final state and empty pusdown,
PDA accepting by final state, and PDA accepting by empty pushdown, respectively; and
let .Z(X) denoted the class of languages accepted by X. Then,

e REG = Z(FA),

e LIN = Z(1-turn PDA),

e CF = #(PDA) = Z(PDA;) = #(PDA.),
e CS = Z(LBA), and

e RE = Z(TM).

2.5 Regulated Formal Models

There is no doubt about the fact that, over its history, the most studied languages of the
Chomsky hierarchy were regular and context-free languages. The main reason probably lies
in the simplicity, possibility of natural graphical representation, and practical use of models
defining these languages. However, for some practical applications, it was discovered that
context-free languages are not sufficient. On the other hand, using of models defining whole
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class of context-sensitive languages were inefficient and needlessly strong. Therefore, new
ways how to describe languages of such types were looked for. In this section, we briefly
recall several approaches, needed for this thesis, increasing the power of existing formal
models by their regulation. Furthermore, on Figure 2.2, where A — B and A <> B denote
A C B and A = B, respectively, we show a hierarchy of languages defined by these models.
More details about regulation can be found in books [37, 85] and papers [4, 8, 35, 41, 45,
57,77, 79, 78, 81, 65, 83].

Definition 2.37 (Programmed grammar)
A programmed grammar (see [42]) is a septuple G = (N, T, S, P, A, 0, ¢), where

e N and T are alphabets such that N NT = 0,
e SEN,

e P is a finite set of productions of the form A — 3, where A € N and A is a finite set
of labels for the productions in P.

e A can be interpreted as a function which outputs a production when being given a
label,

e o and ¢ are functions from A into the 2%,

For (x,71), (y,72) € (NUT)* x A and A(r1) = (a — ), we write (z,r1) = (y, r2) iff either
r = z1022, Yy = x1Px2 and ro € o(ry), or x = y, and rule a — [ is not applicable to x, and
ro € ¢(r1).

The language of G is denoted by L(G) and defined as L(G) = {w| w € T*,(S,r1) =*
(w,rg), for some r1,72 € A}. Let Z(P, ac) denote the class of languages generated by
programmed grammars. If ¢(r) = (), for each r € A, we are led to the class Z(P).

Let G be a programmed grammar. For a derivation D : S=w; = ws = ... = w, = w,
w e T* of G, ind(D,G) = maz({occur(w;, N)| 1 <i <n}), and for w € T*, ind(w,G) =
min({ind(D,G)| D is a derivation of w in G}). The index of G is ind(G) = sup({ind(w, G)|
w € L(G)}). For a language L in the class .Z(P) generated by programmed grammars,
ind(L) = inf({ind(G)| L(G) = L}. For the class £ (P), £, (P) = {L| L € Z(P) and
ind(L) <mn, for n > 1} (see [42]).

Definition 2.38 (Matrix grammar)

A matriz grammar, MAT, is a pair H = (G,C), where G = (N, T, P,S) is a context-
free grammar and C' C P* is a finite set of strings denoted as matrices. A sentential
form of H is any string from (N UT)*. Let u,v be two sentential forms. Then, we say
that H makes a derivation step from wu to v according to r, written as u = v[m]|, or
simply v = v, if m = p1...pn € C and there are vy,..., vy, where vg = u, v, = v,
and vg = vi[p1] = ... = vp[pm] in G. Let =* and =7 denote reflexive-transitive and
transitive closure of =-. The language of H is defined as L(H) = {w| S = wi[mi] = ... =
wp[my],w, = w,m,...,my, € C,w € T*,n > 0}. The class of languages generated by
matrix grammars is denoted by Z(MAT).

Definition 2.39 (Matrix grammar with appearance checking)
A matriz grammar with appearance checking, MATgc, is a pair H = (G,C), where G =
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Figure 2.2: Hierarchy of languages
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(N, T, P,S) is a context-free grammar and C' is a finite set of strings, matrices, of pairs (p, t)
with p € P and t € {—,+}. A sentential form of H is any string from (N UT)*. Let u,v be
two sentential forms. Then, we say that H makes a derivation step from u to v according
to m, written as u = v[m/|, or simply u = v, if m = (p1,t1) ... (Pm,tm) € C and there
are v, . .., Um, where vg = u, v, = v, and for all i = 0,...,m — 1, either v; = v;y1[pi+1]
in G, or t;11 € {—}, v; = vi41, and p;41 is not applicable on v; in G. Let =* and =71
denote reflexive-transitive and transitive closure of =. The language of H is defined as
L(H) = {w] S = wi[mi] = ... wp[my],w, = w,my,...,m, € C,w € T*,n > 0}. The
class of languages generated by matrix grammars with appearance checking is denoted by
g(MATac)

Definition 2.40 (Counter automaton)

A k-counter automaton, k-CA, is a finite automaton M = (Q, %, J, qo, F') with k integers
v = (v1,...,0k) in N'g as an additional storage. Transition rules in ¢ are of the form
pa — q(t1,...,t,), where p,g € Q, a € X U{e}, and t; € {—} UZ. A configuration of
k-CA is any string from QX*NE. Let x1 = paw(vy, ..., vg) and x2 = quw(v},...,v,) be two
configurations of M and r = pa — q(t1,...,t;) € §, where the following holds: if t; € Z,
then v] = v; + t;; otherwise, it is satisfied that v;,v] = 0. Then, M makes a move from
configuration x; to x2 according to r, written as x1 = x2[r], or simply x1 = x2. =* and
=7 represent reflexive-transitive and transitive closure of =, respectively. The language
of M is defined as L(M) = {w| w € ¥*, qow(0,...,0) =* f(0,...,0), f € F}.

Definition 2.41 (Partially blind k-counter automaton)

A partially blind k-counter automaton, k-PBCA, is a finite automaton M = (Q, %, 9, qo, F')
with k integers v = (v1,...,v) in NE as an additional storage. Transition rules in § are of
the form pa — qt, where p,q € Q, a € XU {e}, and t € Z¥. As a configuration of k-PBCA
we understand any string from QX*NE. Let x1 = paw(vi, ..., vx) and x2 = quw(vy, ..., v})
be two configurations of M and r = pa — q(t1,...,tx) € 9, where (v1 + t1,...,v% +
tr) = (v,...,v;). Then, M makes a move from configuration xi to x2 according to r,
written as x1 = xa[r], or simply x1 = x2. =* and =7 represent reflexive-transitive and
transitive closure of =, respectively. The language of M is defined as L(M) = {w| w €
¥*, qw(0,...,0) =* f(0,...,0), f € F}.
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Chapter 3

Systems of Formal Models

Unlike the classic formal languages and automata theory, which studies models accepting
or generating language by one automaton or grammar, a modern computer science aims
to distribute this computation. The main reasons follow from necessities and possibilities
of computer networks, distributed databases, parallel processors, etc., which give us new
terms such as distribution, communication, concurrency, and parallelism.

A formal system is defined as a set of formal models working together under a specified
protocol. Such systems have many advantages. For example, the generative or accept-
ing power of used models usually increases, the (descriptional) complexity of a language
decreases, there is a possibility of parallel cooperation, etc.

The main role in the theory of formal systems is played by cooperation protocols and
used formal models. This chapter considers four basic classes of systems of formal models:
sequential grammar systems, parallel grammar systems, sequential automata systems, and
parallel automata systems.

3.1 Cooperating Distributed Grammar System

A cooperating distributed grammar system, CD grammar system for short, was first intro-
duced in [86] related to two-level grammars. Several years later, by investigation of this
system in relation with multi-agent systems and blackboard problem solving architectures
in [23], studies of CD grammar systems became an intense research area.

A CD grammar system consists of finite number of grammars, called components. These
symbolize agents. The common sentential form, which the agents sequentially modify ac-
cording to a mode given by a certain protocol, represents the current state of the problem
to be solved. The authors of [23] considered five modes under which agents work: *-mode
— the active agent works as long as it wants; t-mode — the active agent works as long as it
is able to work; and, > k, < k, and = k modes correspond to a time limitation of agents
activity, when the active agent has to make i steps for ¢ > k,i < k, and ¢ = k, respec-
tively. If a terminal string is generated, the problem is solved (see definitions 3.1 through
3.4 specifying CD grammar systems in terms of formal languages).

Definition 3.1 (Cooperating distributed grammar system)

A cooperating distributed grammar system, a CD grammar system for short, is an (n + 3)-
tuple ' = (N, T, S, P, ..., P,), where N, T are alphabets such that NNT =0,V = NUT,
SeN,and G; = (N, T, P;,5),1 <i<mn,is a context-free grammar.
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Definition 3.2 (Mode of derivation in CD grammar systems)
Let ' = (N,T,S, Pi,...,P,) be a CD grammar system.

e For every i = 1,2,...,n, terminating derivation by ith component, written as é}i,
is defined as

T :>§DZ_ y iff x =p y and there is no z € ¥* such that y =p, 2.

e For every i = 1,2,...,n, k-steps derivation by ith component, written as :>]:31_k, is
defined as
x élzpik y iff there are z1,...,241 and for every j =1,...,k, x; =p, Tj41.
e For every i = 1,2,...,n, at most k-steps derivation by ith component, written as

:>1§3¢k’ is defined as
. .
T :>1§31_k yiff x :>]Sik y for some k' < k.

e For every ¢ = 1,2,...,n, at least k-steps derivation by ith component, written as
>k .
=5 18 defined as

x :>}2,ik y iff z :>1:3f/ y for some k' > k.

Definition 3.3 (Language generated by a CD grammar system)
Let ' = (N,T, S, Py,...,P,) be aCD grammar system and f € D be a mode of derivation,
where D = {x,t} U{< k,=k,> k| k € N}. Then, the language generated by I", L;(T'), is

Lf(F):{wET*\Ség w1:>£_ ...é{l wm=w,m>1,1<j<m,1<i; <n}.
i1 () im
Definition 3.4 (Classes of languages generated by CD grammar systems)

The classes of languages generated by CD grammar systems we denote by .Z(CD,n, f),
where f € {x,t} U{=k,< k,> k| k € N}, and n € NU {co} is the number of components.

By the following theorems, we summarize selected basic results regarding the power of
CD grammar systems.

Theorem 3.5 CF = _4(CD,1,t) = 4(CD,2,t) C Z(CD,3,t) = Z4(CD, c0,t) C CS.
Theorem 3.6 If f € {=1,>1,%x} U{< k| k > 1}, then Z(CD, 0, f) = CF.

Theorem 3.7 CF = Z(CD,1,f) c Z(CD,2,f) C Z(CD,r,f) C Z(CD,o0,f) C
Z(MAT), for all f € {=k,> k| k>2} and r > 3.

Other Variants of CD Grammar Systems

The standard CD grammar systems, defined above, use only conditions saying when the
enabled component can, or has to, stop working on a sentential form. Selection of com-
ponent for work is non-deterministic. However, in [26], [24], [33], [6], etc., you can find
discussions about many variants of CD grammar systems with several approaches how to
select working components.
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As a natural extension of CD grammar systems, Mitrana and Paun introduced a hybrid
cooperating distributed grammar systems in [90] and [98]. In contrast with CD grammar
systems, where all components work in the same mode, these systems consists of components
working in different modes.

The generative power of CD grammar systems can be increased by teams. This idea
was introduced and has been firstly investigated in [63]. Formally, a CD grammar sys-
tem with teams is defined as a tuple I' = (N,T.,S,P1,..., Py, R1,...,Ry), where I' =
(N, T,S,Py,...,P,) is an ordinary CD grammar system and R; C {Py,..., P,} is a team,
foralli =1,...,m. At one moment, components from a team simultaneously rewrite corre-
sponding part of a shared sentential form. Precisely, x =g, v iff + = x1A122.. . x5A52541,
Y = T1Y1T2 ... TsYsTeq1, forall j =1,...,s+ 1, z; € (NUT)* and for all k =1,...,s,
Ar — yr € P € R;. For this one step derivation, k-steps derivation, at most k-steps
derivation, at least k-steps derivation, and derivation of any number of steps are defined as
usual. Only terminating derivation has three variants, where the active team stops working
if the team as a whole cannot perform any further step, no component can apply any of its
rules, or at least one component cannot rewrite any symbol of the current sentential form
(see [63, 46, 99]).

Besides mentioned variants, many others appear in the literature from the introduction
of ordinary CD grammar systems in [86] and [23] up to these days, e.g. CD grammar
systems with external storage (see [38, 108, 40, 43]), CD grammar systems consisting of
different components (see [110, 51, 74, 28]), hierarchical systems (see [3]), deterministic
systems (see [88]), etc.

3.2 Parallel Communicating Grammar Systems

Parallel communicating grammar systems, PC grammar systems for short, were introduced
in [100]. These systems consist of a finite number of grammars (components), which work
on their own sentential form. The components are synchronized and make derivation steps
concurrently. During derivation, the communication is performed through special query
symbols. Whenever at least one component generates a query symbol, all components
suspend generating and the grammar system makes a communication step—that is, for
every component in the system, each occurrence of a query symbol in its sentential form
is replaced by the sentential form of the component to which the query symbol is pointing
to. One component of the system is called master and the language of the master is the
language of PC grammar system.

Similarly as in the case of CD grammar systems, the theory of formal languages studies
different variants of PC grammar systems, such as

e returning PC grammar systems, where each component that has sent its sentential
form to another starts from the start nonterminal;

e centralized PC grammar systems, where only the master can generate query symbols;

e non-synchronized PC grammar systems, where all components include rules of the
form A — A for every nonterminal symbol A;

e PC grammar system with communication by commands, where each component has a
control language and in a certain situation all components send their current sentential
form to other components owning a control language to which the sentential form
belongs to;
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e PC grammar systems with languages given by concatenation of all strings over ter-
minal symbols after the end of generation;

e PC grammar systems using query strings instead of query symbols, where the commu-
nication steps is done after at least one component generates a query string pointing
to another component;

e PC grammar systems, where components make different number of steps;
e and many others, see [26], [25], [60], [104], etc.

Probably the most important features of parallel communicating grammar systems are
communication protocol and types of used components together with the way they work.
Further important feature is synchronization. Habitually, the synchronization of compo-
nents is done by an universal clock (each component make one derivation step in each time
unit), but others synchronization mechanisms are also studied (see [26], [97], [30]). Two
of the most natural variants are synchronization by rules, which can be applied simulta-
neously, and synchronization by nonterminals, which can be rewritten at the same time
unit. Both these approaches Lukds and Meduna used in [82] and [70], where they have
investigated multi-generative grammar systems.

Multi-Generative Grammar Systems

Multi-generative grammar systems are a variant of parallel communicating grammar sys-
tems, where the communication is provided only by synchronization. This synchronization
restricts either rules, which can be used for each common derivation step, or nonterminals,
which can be simultaneously rewritten. For successful generation, all components have to
produce sentences at the same time. Lukds and Meduna have considered three types of
languages defined by multi-generative grammar systems—Ilanguages consisting of all sen-
tences produced by all components, languages consisting of concatenations of all sentences
produced by all components, and languages consisting of sentences produced by the first
component of a multi-generating grammar system.

Definition 3.8 (Multi-generative nonterminal synchronized grammar system)
A multi-generative nonterminal synchronized grammar system, GN, is an (n + 1)-tuple

I'=(Gy,...,Gpn,Q), where
e G;=(N;,T;, P;, S;) is a context-free grammar, for all i = 1,...,n,

e ( is a finite set of control n-tuples of the form (Ai,..., A,), where 4; € N; for all
1=1,...,n.

Definition 3.9 (Multi-generative rule synchronized grammar system)
A multi-generative rule synchronized grammar system, GR, is an (n + 1)-tuple

I'=(Gy,...,Gpn,Q), where

e G, =(N;,T;, P;, S;) is a context-free grammar for all i = 1,...,n,
e (Q is a finite set of control n-tuples of the form (ry,...,7,), where r; € P; for all
i=1,...,n.
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Definition 3.10 (Multi-sentential form)
Let I' = (G4,...,Gp, Q) be either GN or GR. Then a multi-sentential form is an n-tuple
X = (x1,...,2,), where z; € (T; UN;)* foralli =1,...,n.

Definition 3.11 (Derivation step in GN)

Let T' = (G1,...,Gn, Q) be a GN, let x = (u14iv1,...,undnvn), X' = (wiziv1,...,
UnTnUp), be two multi-sentential forms, where A; € N, u;, v, x; € (N; UT;)* for all
i=1,...,n. Let A; - x; € P, for all i = 1,...,n, and (Ay,...,4,) € Q. Then, x
directly derives X', written as x = x'.

Definition 3.12 (Derivation step in GR)

Let T' = (G1,...,Gn,Q) be a GR, let x = (u14iv1,...,unAdnvn), X' = (wiziv1,...,
UnZnUp), be two multi-sentential forms, where A; € N u;, v, z; € (N; UT;)* for all
i=1,....,n. Let r;, = A; - x; € P, for all i = 1,...,n, and (r1,...,r,) € Q. Then,
X directly derives ', written as y = x'.

Definition 3.13 (Multi-language generated by GN and GR)
Let I' = (Gy,...,Gp, Q) be either GN or GR. Then, the n-language generated by I, n-L(T"),
is

n-L(T) = {(w1,...,wp)| (S1,...,5) =" (wi,...,wy), w; € T; foralli=1,...,n}.

Definition 3.14 (Languages of GN and GR)
Let I' = (G4, ...,Gn, Q) be either GN or GR. Then, we define

e the language generated by I' in union mode, Ly(T")), as
LU(P) = U {’11)7,| (U)l, e 7wn) € n_L(F)}7
i=1

e the language generated by I in concatenation mode, Lq(T"), as

Lo(T) = {w1...wn| (wr1,...,wn) € n-L(T)},

e the language generated by T' in first-component-selection mode, L1(T)), as

Li(T) = {w] (wi,...,w,) € n-L(T")}.

Definition 3.15 (Canonical multi-generative grammar systems)

We say that GN and GR are canonical if all the components of GN and GR can make
only the leftmost derivations, i.e. only the leftmost nonterminal can be rewritten in each
sentential form. Canonical multi-generative rule synchronized grammar systems and canon-
ical multi-generative nonterminal synchronized grammar systems are denoted by CGR and
CGN, respectively.
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Z(k-FCGN) Z(k-FCGR) RE
Z(NPC, CF)
Z(NPC,REG)

#(NCPC, CF)
#(NCPC, REG) #(CPC,REG)
REG

Figure 3.1: Hierarchy of languages (it is considered that k£ > 2 and f € {U,e,1})

Convention 3.16 If there is an attention on the number of components in a multi-
generative grammar system, we use terms n-generative grammar system, n-GN, n-GR,
n-CGR, n-CGN, sentential n-form, and n-language, for some positive integer n, rather
than multi-generative grammar system, GN, GR, CGN, CGR, multi-sentential form, and
multi-language, respectively.

Definition 3.17 (Classes of n-GN, n-CGN, n-GR, and n-CGR n-languages)
Let X € {GN,CGN,GR,CGR}. The class of n-languages of n-X, Z(,X), is defined as
Z(nX) = {n-L| n-L is an n-language generated by n-X}.

Definition 3.18 (Classes of n-GN, n-GR, n-CGN, and n-CGR languages)

Let X € {GN,CGN,GR,CGR} and f € {U,e,1}. The class of languages generated by an
n-X in f-mode, Z(n-/X), is defined as .Z(n-f X) = {L| L is a language generated in the
f-mode by n-X}.

Let’s say that Z(XPC,Y) with X € {¢,C,N,NC} and Y € {REG, CF} denote the
classes of languages generated by XPC grammar systems with unlimited number of com-
ponents, where N and C before PC say that PC grammar systems are non-returning and
centralized, respectively, and furthermore, ¥ = REG and Y = CF mean that the com-
ponents of the systems are regular grammars and context-free grammars, respectively. In
Figure 3.1 one can see several important relationships between the classes of languages
defined by parallel grammar systems. The results are taken from [104], [82], and [70].
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3.3 Automata Systems

Automata and automata systems are used in many areas of computer science. One can find
them in computer networks, formal analysis and verifications, pattern matching, parallel
computers, DNA computing, artificial intelligence, etc. In this section, we briefly outline
several important cooperating models in terms of theory of formal languages.

A multiprocessor automaton is based upon finite automata, called processors. These
processors are coordinated by a central arbiter determining which processor is to become
active or inactive (an inactive processor preserves its configuration) at a given step. The
only information that the arbiter has for decision about automata activities are the current
state of each automaton and number of steps proceeding by active automata (see [10]).

Similar system to the multiprocessor automata allows to share information about current
states of processors. In such system, each automaton makes a move with respect of the
current input symbol and states of all automata. If we reduce all these automata to one with
multiple reading head, we make equivalent model called multi-head automaton (see [102]).

In relation to automata, [36] has firstly investigated an idea to apply strategies akin to
those that cooperating distributed grammar systems use. For this purpose, Mitrana and
Dassow introduced special types of multi-stack pushdown automata. However, they do not
form the automata counterpart of CD grammar systems. This was introduced and has been
studied in [29] under the name distributed pushdown automata system.

A distributed pushdown automata system contains a shared one-way input tape, one
reading head, and finite number of components having their own pushdown and finite sets
of states. At any moment, only one component is active. According to a cooperation
protocol, the active component must perform k, at least k, at most k, for £ > 1, or it must
work as long as it is able to perform a move.

Parallel communicating automata systems have been investigated both with finite au-
tomata and pushdown automata as components. The first variant, parallel communicating
finite automata system, was introduced by Martin-Vide, Mateescu, and Mitrana in [72].
Finite automata in such systems work independently but on a request, they communi-
cate by states to each other. More precisely, the finite automata are entitled to request the
current state of any other component. In [72] has been discussed several variants, where con-
tacted automaton after communication is/is not returned to the initial state (returning/non-
returning parallel communication automata systems), or, only one automaton has/all au-
tomata have the right to ask the current state from the others (centralized/non-centralized
parallel communication automata systems). By application of these strategies on pushdown
automata, the investigation was continued in [27], where the attention is focused especially
on communication by stacks, i.e. on request an asked automaton send the content of its
pushdown to requesting automata which push it on their pushdowns).

In the same way as in the case of grammar systems discussed above, you can find
many other variants of automata systems in the literature (see [106, 107, 93, 87, 94, 32]).
Generally, we can say that the theory of formal languages reflects the approaches used in
grammar systems into automata systems and studies the accepting power of given systems
in relation to component represented by automata working in many different ways.
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Part 11

New Systems of Formal Models
and Results
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Chapter 4

Restrictions on CD Grammar
Systems

Formal language theory has investigated various left restrictions placed on derivations in
grammars working in a context-free way. In ordinary context-free grammars, these restric-
tions have no effect on the generative power. In terms of regulated context-free grammars,
the formal language theory has introduced a broad variety of leftmost derivation restrictions,
many of which change their generative power (see [4, 8, 35, 37, 41, 44, 50, 57, 75, 76, 78, 79]).
In terms of grammars working in a context-sensitive way, significantly fewer left derivation
restrictions have been discussed in the language theory. Indirectly, this theory has placed
some restrictions on the productions so the resulting grammars make only derivations in
a left way (see [4, 8]). This theory also directly restricted derivations in the strictly left-
most way so the rewritten symbols are preceded only by terminals in the sentential form
during every derivation step (see [75]). In essence, all these restrictions result in decreas-
ing the generative power to the power of context-free grammars (see page 198 in [105]).
This chapter generalizes the discussion of this topic by investigating regularly controlled
cooperating distributed grammar systems (see Chapter 4 in [105]) whose components are
phrase-structure grammars restricted in some new ways.

4.1 Three Restrictions on Derivations in Grammar Systems

First of all, we define the restrictions on derivations in phrase-structure grammars. In the
following, we consider V' as the total alphabet of G = (N, T, P,S),i.e. V=NUT.

Definition 4.1 (Derivation-restriction of type I)
Let | € N and let G = (N, T, P,S) be a phrase-structure grammar. If there is « — 3 € P,
u = zoaxy, and v = xofx1, where g € T*N*, x; € V*, and occur(zpa, N) < [, then
u ;o= v [a — f] in G, or simply u ;o= .

The k-fold product of ;¢=, where k£ > 0, is denoted by l<>=>k. The reflexive-transitive
closure and transitive closure of ;&= are denoted by ;o=* and ;o= respectively.

The restriction from Definition 4.1 requires that a rule of the form a@ — 5 can be used
only if « is within the first [ nonterminals for some | € N. For instance, if there is a
sentential form abABCDEFKL and | = 4, then BC' — 1z is applicable on the sentential
form while DE — x5 is not.
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Definition 4.2 (Derivation-restrictions of type II and III)
Let m, h € N. W(m) denotes the set of all strings x € V* satisfying 1 given next. W (m, h)
denotes the set of all strings x € V* satisfying 1 and 2.

1. & € (T*N*)"T*;
2. (y € sub(z) and |y| > h) implies alph(y) N T # 0.

Let w € V*NTV* v € V* and u = v. Then, u o= v in G, if u,v € W(m,h); and if
u,v € W(m), u o= v in G.

The k-fold product of 'o= and ,,0= are denoted by [/o=F and ,,c=F, respectively,
where k > 0. The reflexive-transitive closure and transitive closure of ,?o= are denoted by
Jo=* and o= | respectively; and the reflexive-transitive closure and transitive closure
of lo= and ,,0= are denoted by ,,c=* and ,,o=", respectively.

Informally, the second restriction permits only such derivations, where all sentential
forms have m or less blocks of nonterminals, for m € N, e.g. if m =2, abABCaDEFKL =
abABaDEFKa|L — a], but E — a is not applicable on abABCaDEFKL. The third
restriction extends the second restriction and says how many blocks of nonterminals with
limited length can be in every sentential form. That is, if m,h =5, L — LLL cannot be
used for the derivation step from abABCaDEFKL.

As already stated, these defined restrictions are investigated in terms of CD grammar
systems, which are controlled by regular languages. See the following convention and defi-
nitions.

Convention 4.3 Let I' = (N,T,S,Py,...,P,) be a CD grammar system with phrase-
structure grammars as its components and V' = N UT be the total alphabet of I'. Fur-
thermore, let v € V*NTV* v € V* k > 0. Then, we write u l<>:>]f_—,i v, U mho:>’]%l v, and
U mo:>]f:,i v to denote that u l<>:>k v, U mhoik v, and u mo:>k v, respectively, was performed
by P;. Analogously, we write u o=} v, u TZO@}Z U, U, 0 U, U l<>=>£ v, U ,Zo:>;z v,

u mo:>'£i v, U th:>tPZ v, and u mO:>§Di .

Definition 4.4 (Languages of restricted and controlled CD grammar system based upon
phrase-structure grammars)

Let I' = (N,T,S, Py,...,P,) be a CD grammar system with phrase-structure grammars as
its component and C' be a control language. Then,

LET) = {weT* S l<>:>§3i1 wy l<>:>§3i2 l°:>§3ip wpy = W,
p>1,1<i; <n,1<j<p, iria...0p € C}
NLE(D,m,h) = {weT* S mho:>§3i1 w1 n};o:ﬁ;iz 7~Z°=>§Dip wp = w,
p>1,1<i; <n,1<j<p, iria...ip € C}
NLE(T,m) = {weT*| S m°:>§3¢1 w1 mo:>§3i2 mo:ﬁ;ip wp = w,

le,lgian,lngp, ZlZQZpGC}

Definition 4.5 (Classes of languages)
Let I,m,h € N and let I' = (N,T,S, P,...,P,) be a CD grammar system with phrase-
structure grammars. We define the following classes of languages.

Z(CDREG) — [[L¢(T)| C ¢ REG}
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ZL(NCDRECG (m, b)) = {N\LEY(T,m, h)| C € REG}
ZL(NCDREG (1)) = (LY (T, m)| C € REG}

4.2 Generative Power of Restricted Grammar Systems

At the beginning of this section, we show that for any language L from & (1CDREG) there
exists a pushdown automaton M such that L = L(M) and for every pushdown automaton
M, the language L(M’) is in £ (CDREG),

Lemzna 4.6 For every CD grammar system I' = (N, T, S, Py, ..., P,), every finite automa-
ton M and every [ € N, there is a pushdown automaton M such that L(M) = LXM)(T).

Proof of Lemma 4.6. Let T' = (N, T,S,Py,...,P,), M = (Q,%,5,%0,F), | > 1, and let
Niet(P) = {a] « = p € P}. Consider the following pushdown automaton M = ({so, f} U
{{v,8,5,i)| vy € N*,|y| <l,s € {q,r,e},5€ Q,i € {1,...,n}}, T, TUNU{Z},d, 0, Z,{f}),
where Z ¢ T'U N and ¢ contains rules of the following form.

1. so— (5,4, s0,1%) ie{l,...,n}
2. {v,q,s,0) = () e, s, i) if y e N* |y| <lst. vy o=p o
3. ale,r, s, iya — (g,1,8,1) ie{l,...,n}
4.  Z(e,r s,i) = f if si — s’ € § for some s’ € F
5. A(A1... A, 18,0y = (A1... AyA,r,s,1) if A€ N,o<l
6. <A1...A1,T,S,i>—><A1...Al,€,8,i> iE{l,...,n}
7. a(Ay... Ao s,0) = alAy... Apye,s,1)  fo<laeT
8  Z(A1... A, s,0) — Z(A1... Aye,s,0) ifo <
9. (v,e,8,4) — (7,q,58,) if sub(y) N Niege (P;) = 0,
si— s €ed
i'e{l,...,n}
10. <’7,€,8,’i> — <’77q7$7i> if SUb(fY) a Nleft(Pi) # 0

Proof of L(M) = 1LJ]Z(M) (T") is given by the following claims.

First, we prove the following claim.

Claim 4.7 If Z(C)R<'y, q,8,i1)w F* fin M, then v¢ l<>:>§;_1 w1 l<>:>33,2 wy. .. o= w, =
_ K2 2 Zp

w,p>0inT and i ...4, € suf(L(M)).

Proof of Claim 4.7. By induction on the number of rules constructed in 2 used in a sequence
of moves.

Basis: Only one rule constructed in 2 is used. Then,
2"y, a,5vio)w b Z(+y') (e rys,io)w FV Z{e s o) -

where v = yoay1, 7' = 10871, a = B € Py, v € N*,4/¢ € T*. Therefore, v = 11 = ¢,
+'¢ = w. Then,
’}/C Z®Pi0 w.

By a rule constructed in 4 ig € suf(L(M)) and the basis holds.

29



Induction hypothesis: Suppose that the claim holds for all sequences of moves containing
no more than j rules constructed in 2.

Induction step: Consider a sequence of moves containing j + 1 rules constructed in 2:

Z(C)R<% 4, 8, lo)w

HooZ ) (e,r, s, i0>w (by a prod. constructed in 2)

= Z({ <€ T, 8, ig)w’ (by prod. constructed in 3)
(A <7 r, 8, ig)w’ (by prod. constructed in 5)
HooZ([{ ) (", e, s,ip)w (by a prod. constructed in 6, 7 or 8)
o 2R g, 8 i (by a prod. constructed in 9 or 10)
=

where v = yoay1, ¥ = Y0087, « = B € Py, ¢ € NV*U{e}, v e T* v/ ¢ =v, v’ = w,
¢' =4~"(", either si — s’ or s = &', and one of the following holds:

o ] =1,or
e 7’| <land (" € TV*U{e}.
Then, by the rule a — £,
Yoo 1= p, Y0871,
where |[yoay1| <1, v0871¢ = v¢’ = vy”¢" and, by the induction hypothesis,

" -1 t t t
vy’ ¢ O P, VW1 S p, VW2 ... [0 p, VWp = VW and

i1...ip € suf(L(M)),
where p > 0.
If a rule constructed in 9 was used, yoay1( l°:>tPi0 Y0871¢ is a t-mode derivation,

igi1ia . .. ip € suf(L(M)) and the claim holds. B
If a rule constructed in 10 was used, ig = i1, Yoay1( l°:>3’¢1 vwi, i1y ... iy € suf(L(M))
and the claim holds. ]

Let Zsow = Z(S, q, S0, 91)w, by a rule constructed in 1. By Claim 4.7, Z(S, q, $o, 21>w
f implies S l<>:>1§3i1 w1 l<>:>§3i2 wy ... l°:>§°ip wp =w,p>01in I and i;...4, € suf(L(M)).

Claim 4.8 If 1gxzg l°:>tP~1 w1 l°:>th2 wy ... l@ﬁ;} wp = w in I', where p > 0, 79 € N7,
K2 k2 'Lp _

xg € TV* U{e}, wy e V¥, ie{l,...,p—1}, wp, € T* and i1...ip € suf(L(M)), then
Z(TOon)R<T&,q,s,i1)w F* f, for some s € Q, where 79 = 7378, |70| < I implies 7} = 79, and
70| > 1 implies |7}| = I.

Proof of Claim 4.8. By induction on the length of derivations.

Basis: Let 1oxq 1 p,, oo = w, where 73 = Yay1, 7, = YWBNTE, @ = B € Py,
Thxo € 1LJII(M) (I"). Therefore, v = 71 = Tg = ¢ and for some s € Q, sig — s’ € §, where

s' € F. M simulates this derivation step in the following way:

R .
Z(Tgx[)) (7'01, q, S, ip)w

+ Z(T(/)J}Q)R<E, r, 8, lg)w (by a prod. constructed in 2)
Himozol  Z(e r, s, i0) (by prod. constructed in 3)
- f (by a prod. constructed in 4).
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Therefore, the basis holds.
Induction hypothesis: Suppose that the claim holds for all derivations of length j or less.
Induction step: Consider a derivation of length j + 1:

/ t t t /
TOXQ l<x:>PZ,O ToZo = V17121 lo:}Pil V1w l0:>P1'2 wy ... l<\:>PZ,p Wp =W =W,

where p > 0, v1 € T*, 10,1 € NT, 75 € V¥, zp,21 € TV*U{e}, w; € V¥ ie{l,...,p—1},
wp,w’ € T*. Then, M simulates this derivation as follows:

Z(rfe0)" (78 4. 5. o)w
F Z(Tél’o)R<€ T, 8, l0)Ww (by a prod. constructed in 2)
= Z(vlﬁx )R(a T, 8, o) v w’
ol Z () Ble, ry s, ig)w’ (by prod. constructed in 3)
I Z(lexl)R<7'11, T, 8, ig)w’ (by prod. constructed in 5)
F Z(T%xl)R@'ll e, s, ip)w’ (by a prod. constructed in 6, 7, or 8)
H Z(T12£I}1)R<T11,q, s’ i)w'’ (by a prod. constructed in 9 or 10)
F* I (by the induction hypothesis)
If Tozo ;o= P, ToTo is a t-mode derivation, a rule of type 9 is used during the simulation.
Otherwise, a rule of type 10 is used (and therefore iy = i1). Hence, the claim holds. O
Let S 1 P, UT0L0 l°:>§3¢1 l<>:>§3ip uw, where p > 0, u,w € T*, 79 € NT U {e},

zg € TV* U {e} and iy...ip, € L(M). If urgmg € T*, M simulates this derivation in the
following way:

Z souw
- Z(S,q,s,io) (by a prod. constructed in 1)
= Z(urowo)®le, vy s, i0)uw (by a prod. constructed in 2)
Hlul Z(romo) e, r, s, i0)w (by prod. constructed in 3)
ol Z(Tg$0)R<7'01,’I", S, )W (by prod. constructed in 5)
F Z(Tgxg)R<7'01, e, s, 1p)w (by a prod. constructed in 6, 7, or 8)
+ Z(Tgxg)R<T(}, q,8,i1)w (by a prod. constructed in 9 or 10)
H* f (by the previous claim)
If wrgzo € T, M simulates this derivation in the following way:
Z spuw
+ Z(S,q,s,i0) (by a prod. constructed in 1)
F Z(urozo) (e, 7, 5, i0)uw (by a prod. constructed in 2)
Hlumool Z(e,r, 8, ip)w (by prod. constructed in 3)
F f (by a prod. constructed in 4)
Hence and from the previous claims, it follows that the lemma holds. |

By Lemma 4.6, we have the following result.

Theorem 4.9 Let [ € N. Then, CF = .Z(;CDREG),

Proof of Theorem 4.9. One inclusion is clear, the other follows from Lemma 4.6. |
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Theorem 4.9 says that grammar systems under the first restriction are much weaker
than grammar systems without this restriction. Now, we prove that the second restriction
in this chapter has no effect on the generative power.

Theorem 4.10 RE = .Z(yCDREG(1)).

Proof of Theorem 4.10. 1t is well-known (see [47] or [48]) that any recursively enumerable
language L is generated by a grammar G in the Geffert normal form, i.e., by a grammar of
the form

G=({S,A,B,C},T,PU{ABC — ¢},5),

where P contains context-free productions of the form

S — uSa
S — uSv
S — uwv

where u € {A, AB}*, v € {BC,C}*, and a € T. In addition, any terminal derivation in G
is of the form S F* wjwew by productions from P, where wy € {A, AB}*, wy € {BC,C}*,
w € T*, and wiwow F* w is derived by ABC — ¢.

Clearly, G is a CD grammar system with only one component. Set the control language
to be {1}*. Then, the theorem holds. |

The last theorem of this chapter says that generative power of grammar systems un-
der the third restriction is less than generative power of grammar systems without any
restriction.

Theorem 4.11 For any m, h > 1, %, (P) = 2 (xCDREC (1 h)).

Proof of Theorem 4.11. All strings in the derivation contain no more than m blocks of
nonterminals and these blocks are also of length no more than h. Hence, it is possible to
represent each possible block by a single nonterminal and create an equivalent grammar
system, which contains only context-free productions. From this and from Theorem 7.10
in [42], Theorem 4.11 holds. |
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Chapter 5

n-Accepting Restricted Pushdown
Automata Systems

In this chapter, we introduce two versions of n-accepting restricted pushdown automata sys-
tems that represent automata counterpart of multi-generative grammar systems (see Sec-
tion 3.2). First, we define n-accepting state-restricted pushdown automata systems. By
using prescribed n-state sequences, the restriction of these systems determines which of the
components perform a move and which of them do not. Second, we define n-accepting move-
restricted pushdown automata systems, where the restriction precisely determines which
transition rule can be used in each of the n components.

As the main results, we demonstrate that both restricted systems under discussion are
equally powerful in the sense that an n-language is accepted by a state-restricted system
if and only if the same n-language is accepted by a move-restricted system. In fact, this
crucial result is proven effectively. Indeed, we give a transformation algorithm that converts
any state-restricted system to a move-restricted system so the above equivalence holds.
Furthermore, it is shown that both variants of n-accepting restricted pushdown automata
systems define the same class of n-languages as n-CGR and n-CGN do.

Note. 1In the rest of the publication we assume that n € N—{1} and by PDA we understand
pushdown automaton accepting by empty pushdown unless stated otherwise.

5.1 n-Accepting State-Restricted Automata Systems

n-Accepting state-restricted automata system consists of set of switch rules and n PDAs (see
Definition 5.1), where each PDA computes on its own input string. During computation,
some automata can be suspended and after some computation steps resumed. In this way,
the system works on the n-string composed of these strings, and the system accepts the
n-string if and only if all PDAs accept their input.

Definition 5.1 (n-Accepting state-restricted automata system)

Let M; = (Q4,%,T4,0;,5i,2i0,0) be a PDA, for all ¢ = 1,...,n. Then, an n-accepting
state-restricted automata system, n-SAS, is defined as ¥ = (My, ..., M,, V), where ¥ is a
finite set of switch rules of the form (q1,...,q,) — (A1,..., fy) with ¢; € Q; and #; € {e,d},
forall i =1,...,n. Symbols e and d are referred to as an enable and disable component of
the automata system, respectively.
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Definition 5.2 (n-Configuration of n-SAS)

Let 0 = (M, ..., My, V) be an n-SAS and M; = (Q;, X, 1, di, si, zi0,0) forall i = 1,...,n.
An n-configuration is defined as an n-tuple xy = ((z1)",..., (z,)™), where for all i =
1,...,n, z; € I'7Q;¥* is a configuration of M; and #; € {d, e}.

Definition 5.3 (Computation step in n-SAS)
Let n € N, 9 = (My,...,M,,¥) be an n-SAS and M; = (Q;,%,T,8;, si, zi0,0), for all
t=1,...,n. Let

e x=((maw)™,..., (Yngnwy)™) and

a4

o X' = ((Naw), ..., (Vadowl)™)

be two n-configurations of the n-SAS with v;,~; € T'}, ¢;, ¢, € Q; and w;,w, € ¥*. ¥ makes a
computation step from n-configuration x to x’, denoted x F X/, where for every ¢ = 1,...,n,
the following holds:

!0,

o if A = d, then y;q,w; = v;qw;

o if ; = e, then v;qiw; - vigiw! in M;

7
o if (¢},...,q,) = (41,---,9n) €V, then £ = g

o if (¢f,...,q,) = (g1,.--,9n) €V, for all (g1,...,9,) € {e,d}1 x ... x {e,d},, then
iy

In the standard way, H* and T denote reflexive-transitive and transitive closure of -,
respectively.

Informally, during single computation step in n-SAS, all enable PDAs make a move
with respect to their transition rules, while the other automata are frozen and do nothing.
Thereafter, the system checks whether there is a member, for the current combination of
states, in its set of switch rules. If so, activities of the PDAs in the systems are changed;
otherwise, the activities remain unchanged.

Definition 5.4 (n-Language of n-SAS)
Let 9 = (My,...,M,, V) be an n-SAS and for every i = 1,...,n, M; = (Q;, X, 1,0,
Si, 70, 0) be a PDA accepting input strings by empty pushdown. Let

e x0 = ((z1,051w1)% ..., (2n,08nwn)®) be the start n-configuration and
e xr=((q1)",...,(gn)™) be a final n-configuration of n-SAS,

where for alli =1,...,n, ¢ € Q;, ki, € {d, e}, w; € ¥*. The n-language of n-SAS is defined
as n-L(0¥) = {(w1,...,wn)| xo F* X}

Example 5.5
Consider a 2-SAS ¥ = (Mj, Ms, ¥) given by next.

hd M1 = ({QO7q17q2}7 {a7b7 C}a {Dva}aélv QO7[>7®);

o M2 = ({q07QI}7{a>b}a {Daa}7627 q0,%>, Q)a
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1.PDA 2PDA  Rule(s) 7

(>qgoaabbee)® | (>qopaabb)®

(>agoabbee)® | (agoabb)® | (ri,71)

(>aagobbee)® | (baaqebb)® | (re,72)

(>agibee)© (>aqb)? (rs,r3) | (q1,q1) — (e,d) € ¥
(>qicc)” (>aqb)? (r4,—)

(>gac)© (>agib)® (rs,—) | (g2,q1) = (e,e) € ¥
(>g2)* (>q1)° (r6,74)

(q2)° (q1)° (r7,75)

e 01 ={ r =pgoa — >aqo, do ={ r1 =pgoa — >aqo,
9 = aqoa — aaqo, 9 = aqoa — aaqo,
T3 = aqob — q1, T3 = aqob — q1,
T4 = aqb — qi, T4 = aqib — q1,
s = Dg1C — PQ2, rs =Pbq1 — q1
reg = >goC — >ga, }

T =02 — Q2

o U= {(QO7QI) — (da d)? (Q17QU) — <d7 d), (Q17Q1) — (e7d)7 (Q27Q1) — (67 e)}

Both PDAs start with pushing as on their pushdowns. As soon as bs are the first input
symbols in both automata, the PDAs remove as from the pushdowns, move to ¢, and by
W, the system makes Ms disable—that is, only M; continues. Note that the PDAs have to
move to the state g¢; at the same time. Otherwise, the system makes both automata frozen
and the inputs are not accepted. In the state g1, M7 compares number of as and bs by
removing as from the pushdown and reading bs from its input. After that, if the number
of as and bs coincides, M7 moves to g2 and Ms becomes enabled. By using rules r¢ and 74
in My and Ma, respectively, My reads c¢s from the input of M; while Ms compares number
of as and bs. One can see that the last step of the successful computation must be done
by rules r7 in M and r5 in My at the same time. In this way, the 2-SAS accepts 2-strings
from the 2-language 2-L(¥) = {(a™0™c™,a™b™)| m € N}. Example of acceptance of the
2-string (aabbce, aabb) is shown in Table 5.1.

For any n-CGN, we can construct an n-SAS that defines the same n-language.

Basic Idea. 'With regard to the organization, for every CFG G in the n-CGN, the n-SAS has
a PDA which simulates top-down parsing based on G (see [80]). The automaton contains
one state for each nonterminal, where the nonterminal can be expanded; in addition, it
contains two other states for comparisons and acceptation. By the states of the automata,
the n-SAS is able to control what its automata do. If some automata compare terminal
symbols on their pushdowns with input symbols, the other automata have to wait until all
automata are ready to the next expansion or until they accept their inputs. The automata
in the n-SAS make the expansions at the same time, and the n-SAS allows the expansions
if and only if the nonterminals on the tops of the pushdowns can be derived at the same
time in the n-CGN. If an expansion is not allowed, the n-SAS suspends all its automata.
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Algorithm 5.6
Construction of n-SAS from n-CGN

Input: n-CGN [= (Gy, ..., Gy, Q) where G; = (N, l,ﬁ, ]31, S;) be a context-free grammar,
fori=1,...,n.

Output: n-MAS 9 = (M, ..., M,,¥), where for every i = 1,. = (Qi, X, 'y, 4;,
$i,0, 2,0, 0) is a pushdown automaton accepting by empty pushdown and n-L(9) = (

Method:

\/

o Forevery i=1,...,n,set Q; = {(A)| A€ Nj}U{r, fi}, = UL, T, [i = SUN; U
{A’]AGN}U{A A}, 310—<S¢> and z; o = A

e Foralli=1,...,n, J; is constructed as follows:

set §; = (),

add A’(S) — AS;S! (S) to d;,

add a(A) — ar; to §; for every a € ﬁ and every A € ]/\\fi,
add A'(B) — A'r; to §; for every A, B € N;,

add ar;a — r; to d; for every a € ﬁ-,

add A'r; — (A) to 0; for every A € Ni,

add A(A) — f; to §; for every A € ]/\\Q,

add Ar; — f; to 6;,

for all (A — a) € P;, add A(A) = 0(a)(A) to &;, where 6 is a projection from
(N UT) to (N;{A'| A€ N;} UT) such that f(w) = ', where w’ is made from
(w ) by replacing each A € N; in (w )R by AA’. For example, if a,b € T; and
A € Nj, 0(aAb) = bAA a.

® N e e W= o

e W is constructed in the following way:

0. set U =10

1. for all (Ay,..., An) € Q, add ((A1),...,(4,)) = (e,....€) to ¥
2. add (f1,..., fn) = (e,...,e) €V,
3

. for all (q1,...,qn) € Q1 X ... X Qn, where {ry,...,r,} N{q1,...,qn} # 0, add
(q15---,qn) — (l1,...,1l) such that for all o = 1,...,n, g, € {ro} < l, =€, to
v,

4. for other (q1,...,9n) € Q1 X ... X Qn, add (q1,...,¢,) — (d,...,d) to V.

Lemma 5.7 Algorithm 5.6 is correct.

Proof of Lemma 5.7. We start to prove the following claims.

-~

Claim 5.8 Let (§1, ceySn) =F (u A, . upn Apoy) in f, where A; € Ni, v; € (Nzuﬁ)*,
wiw; € T, for all i =1,...,n, and (u1Ajvy, ..., unApvy) = (Wwi, ..., upwy), then

(A (S1)ww)®, ..., (A (Sp)unwn)?)
-+ ((AO(UI)A1<A1>w1)ﬁl, ey (AO(0n) A (ALY wn) ™)

in 9.
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Proof of Claim 5.8. By induction hypothesis on the length of derivation.

Basts:
Let (§1, .. ,§n) =0 (§1, e ,§n), where (§1,...,§n) =" (wi,...,wp) and w; € IA;* for every
t=1,...,n. Then,

(A(S)wr)®, - (A (Sn)wn)®)
((ASLS](Sn)wn)) [by 1. of ¢; and 1. of U]

(
F ((ASS1{S)wr)s, ..., ((AS;
o ((AS1 S riwn)e, .oy ((ASLS]rawn)) [by 3. of §; and 3. of V]
F ((ASl <5’1>w1)ﬁ1, ey ((ASn< n wn)ﬁ”) [by 5. of 51]

for Ay,..., hy € {e,d}.

Induction Hypothesis:
Suppose that Claim 5.8 holds for j or fewer derivation steps, where j is a non-negative
integer.

Induction Step:

Consider any derivation (§1A, . §n) f>j+1 (u1Z1v1, - - ., UpTnvp), where for alli =1,.... n,
iz v; = wiu, Bivi, ui,ui € T, By € N;}, vi, v}, @y € (N; UT;)*, for wiw; € T}, (uiu)Bvjvy,
ooy Upul, Bpohvg) =* (uqws, ..., upwy). We can express this derivation as (§1, e §n) =J
(u1Ajvr, .oy UpApvy) = (U110, ..., UpZyUy), where for all i = 1,...,n, 4; € Ni. By
induction hypothesis,

(A (S uwr ), . . ., (A8, Y unwy)®)
5 ((AO(v1) A1 (ADw) ™, .. (AO(vn) Ay (Ap)wn ) ).

Obviously, (Al,...,AQ) € @ From Algorithm 5.6, ((A1),...,(4,)) — (e,...,e) € ¥
and for every A; — x; € P;, there is A;(A;) — 0(x;). Therefore, fy, ..., h, = e and
(A0 AL (AW, . (A0(0) An (An)n))

F (A9($1U1)<A1>OJ1)6, ey ((AQ(ZEnUn)(An}wn)e)
= (A (ui Bi By (A)wr)e, ..., (A0(vp) (uf, Bl Ba) T (Ap)wn)©).

There is a; € T;— (N;U{A, A’}) on the top of the pushdown in each automaton. Therefore,
from rules of the form 2. and 3. in §; and from 3. in ¥, it follows
((AO(w}) (s BIB1) (An)wn)e, ..., ((A0(vy,)((u), By, By) ™ (An)wn)°)
F (A0} (W4 B1By) Priwn ), ., ((A0(v),) (ug, By, Br) rawn)°).

o~~~

Because w;u,B;jv; =* wjw;, ujw; = uju,w,. For every component M; of ¥, there is a se-
quence of computation steps Af(v])B;Bl(u}) riulw] H* AO(v))B;Blriw, (by 4. of &;) and
AO(v})B;Biriw] = A0(v]) Bi(Bj)ujw, (by 5. of ¢;). From 3. in ¥, each automaton M; which
is in state (B;) is suspended until no automaton Mj is in state r;. Hence,
((A0(0) (uy By B) “riuhn)%, .., (AO(),) (uf, B, Bn) rouw, )
F (A1) Bi(Brwh)", .., (A0(v}) Bn(Bn)w;,)™)

n

for f...4, € {e,d}. Claim 5.8 holds. O

Claim 5.9 If (§1,...,§n) =* (w1,...,wp) In f, where for every 1 = 1,...,n, w; € ﬁ*,
there is a sequence of moves (A’(S1)w1)¢, ..., (A (Sp)wn)®) F* ((f1)5, ..., (fn)°) in .
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Proof of Claim 5.9. Consider any successful derivation (S, .. . , §n)A:> ( Wi, ..., wy). There
must be an n-form of the form (ujAjv1,...,u,Ayv,) such that (Sq,..., S ) =* (u1 vy,
o UpApvy) = (U101, - URZpUy) = (w1, ... ,wy). By Claim 5.8,

(A" (S1)wi)®, - ., (A {Sp)wn)®)
H* ((AG(v1)Ar (A1>w’1)f‘1, ooy (AB(vp) A (Ap)w! )ﬁ”)

n

and for all ¢ = 1,...,n, w; = ww]. Because (4i,...,4,) € Q, ((A),..., (Ay) —
(€,...,e) € W, for every i = 1,...,n, f; = e and ¥ moves to (Af(z1v1)(A1)w])s, ...,
(AO(zpvy)(An)wy,)¢. For every i =1,...,n, w, = x;v;, because w; = u;x;v; = u;w;. There-
fore, there are these two possibilities of the top symbol on the pushdown in each automaton
of ¥:

a) The top symbol is A, then z;v; = £ and w, = e—that is, M; moves to f;. Furthermore,
if any other automaton M; is in the state r;, automaton M; is blocked.

b) The top symbol is a; € ﬁ, than A(mivi)R<Ai>xivi H A(xivi)Rrixivi (by rule of the
form 2. of ¢;) and A(xwi)Rnxwi F* Ar; (by rules type 4. of §;), Ar; = f; (by 7) and
automaton M; is blocked until no other automaton M; of ¥ is in state r;.

In this way, ¥ moves to n-configuration ((f1)¢, ..., (f,)¢) and Claim 5.9 holds. O
Claim 5.10 If (A"(S1)w1),.. ., (A (Sp)wn)®) F* ((f1)°, ., (fa)©) in ¥, there is a sequence
of derivation steps (S1,...,5,) =" (wi,...,wn).

Proof of Claim 5.10. Consider any successful acceptance:

(A (S)wn), s (A (Sn)eon)) F* (1) (fa)) (1)
in ¥. From Algorithm 5.6 (by 1. of 4;), the first step of ¥ must be

(AY(S)wr)®, -, (A (Sn)wn)®)
F o ((ASS)(S)wn), ..., ((ASLSL(Sp)wn)),

and from construction of W, there are two possibilities of activities of automata in J:

o ((51),...,(8,)) = (d,...,d) € U, but for every i = 1,...,n, l; = d and ¥ is not
successful for any input.

e Therefore, ((S1),...,(5,)) = (e,...,e) € U and for every i = 1,...,n, l; = e.

From rules of the form 3. and 5. in é;, ¥ must make two following computation steps:

(A8 Sy ., (28,515
- ((A%Sirlwl) , ,((AS S/ rnwn) )
E o ((ASH{S)w), - (ASp(Sn)wn)?).
Consider any n- conﬁguratlon of the form ((AA1<A1)w1) , o ((AAR(AR)W)), where
(AAL(ADW))E, o ((AAR (AL WL)E) B ((f1)8 ..., (fn)f). ¥ makes these computation
steps:
(AAL(A)wn)% .o, (AAR(An)wr,) )
F (A (Anwy)s - (A (An)w,) )
SR (T PALIIR(C WA T)
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and (from 2., 3. and 6. of §; and from V) for every i = 1,...,n, it holds:

o ify; =¢,theny, =w, =¢, ¢; = fi and if y1,...,7, = € (l.e. for every j =1,...,n,
q; = fj), then f; = e; otherwise, = d,

e clse v, = Av;, gg=r; and [ =e.

Hence, there are only three applicable types of moves over each automaton M;, which is in
state r;:

e ar;a — r; where a € ﬁ and M; is still active in the next computation step;

e Blr; — (B;) where B; € ]/\\fi, than the next top symbol on the pushdown must be B;
and M; is blocked until any automaton M of ) is not in state r;;

o Ar; — f; and M; is blocked until any automaton M; of ¥ is in state r;.

These three types of steps are repeatedly applied on active components of 1. Hence, and
from the construction of ¥, the following configuration of ¥ must be either

i ((f1)%, .., (fn)°) (n-string is accepted), or

ii. ((AY|Bi(B1)W)e, ..., (A, By (By)w!)®), where for every i = 1,...,n, B; € N; and
(<B1>77<Bn>) — (e,...,e) cw.

For others n-tuples of states, ¥ blocked all automata (by 4. of ¥) and the n-string is not
accepted. It is obvious that we can express (I) as

<A’<§1>g11)"’7 o (A’<§n>wn)ﬁ)
-3 (AS1(S)w1)®, ..., ((AS,(S,)wn)?)
Fr (AP AR Ay, L (AP AR (AR
Pz (AP AP AP ), (AP AR AR )l

[ ((A’7§k)Agk) <A§k)>w§k))e’ o ((A'W(Lk)A?(zk) <A7(1k)>w£k))e)
Mk+1 ((fl)e,“.’(fn)e)

forallt=1,...k+1, m; > 1. The computation of ¥ can be simulated by [ as

(*/9\17 ) §n)
A,
DA 0,0
= (ugk)Agk)vgk), ... ,ung)Aq(lk)vSlk))
= (ugkﬂ), . ,u%kﬂ)) = (W1,...,wn),

where for every ¢ = 1,...,n and for every j = 1,...,k + 1, ugj) € ﬁ*, AV € ]/\E, o) €

7 %

(TZ U NZ)*, and ugj)wz(j) = w;. Hence, Claim 5.10 holds. ]
From Claim 5.8, 5.9, and 5.10, n-L(9) = n—L(f). Therefore, Lemma 5.7 holds. [ |
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5.2 n-Accepting Move-Restricted Automata Systems

The second variant of n-accepting automata systems studied in this publication are n-
accepting move-restricted automata systems. In contrast to n-accepting state-restricted
automata systems, all PDAs in the n-accepting move-restricted automata systems work
during whole computation. The restriction is based on limitation of transition rules that
PDASs can select for a common computation step.

Definition 5.11 (n-Accepting move-restricted automata system)

Let M; = (Qi, 2,14, 04, 8, zi0,0) be a PDA for all i = 1,...,n. Then, an n-accepting move-
restricted automata system, n-MAS for short, is defined as ¥ = (My, ..., M,, ¥), where ¥
is a finite set of n-tuples of the form (ry,...,r,) and for each j =1,...,n, r; € 0;.

Definition 5.12 (n-Configuration of n-MAS)

Let 9 = (M, ..., My, V) be an n-MAS and M; = (Q;, 2, Ty, 6;, 84, 2i0,0) foralli = 1,...,n.
Then, n-configuration is defined as an n-tuple x = (z1,...,2,), where for all i = 1,...,n,
x; € I'7Q; X" is a configuration of M.

Definition 5.13 (Computation step in n-MAS)
Let ¢ = (My,...,M,,¥) be an n-MAS and for each i = 1,...,n, M; = (Q;, %, 1,0,
Sis 2i0,0). Let

o X = (Z171q1a1w17 ) Zn’YnQnanwn> and
o X' = (z1Midiwi, - - -, ZnVpdhwn),

be two n-configurations and for all i = 1,...,n, ¢;,¢; € Qi, Vi, zi € I}, vi € I, w; € &7,
a; € YU {e}, r = vigia; — ¢, € 6; and (r1,...,7,) € ¥. Then, ¥ makes a computation
step from m-configuration x to %', denoted x F %/, and in the standard way, F* and FT
denote the reflexive-transitive and the transitive closure of I, respectively.

Informally, all PDAs in n-MAS have to make moves at the same time and combination
of transition rules concurrently applied by PDAs have to be permitted by W.

Definition 5.14 (n-Language of n-MAS)
Let ¢ = (My,...,M,,¥) be an n-MAS and for every i = 1,...,n, M; = (Q;, %, 1,0,
Sis 70, 0) be a pushdown automaton accepting input strings by empty pushdown. Let

e x0 = (21,051W1, - - ., Zn,0Snwy) be the start n-configuration and
e xr=(q1,-..,qn) be a final n-configuration of n-MAS,

where for all i = 1,...,n, ¢ € Q;, w; € ¥*. The n-language of n-MAS is defined as
n-L(¥) = {(w1,...,wn)| xo F* xr}-

Example 5.15
Consider a 2-MAS ¥ = (M;, M2, V), where

o Ml = ({q07q17q2}7{a7b7 C}a {l>7 a’}7517 (JO7[>7@),
o M2 - ({QO}H{CL, b}7 {[>7 0}7(527 q0, >, w)v
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1.PDA 2.PDA  Rule(s)
>qgoaabbee | >gopaabb

>aqgoabbee | pagoabb
>aaqobbee | paagybb
>aqbee >aqob

(r1,71)
(r2,72)
(rs,73)

>qicc >agob (ra,r4)
(rs,74)
(r6,73)
(

>qocC >aqob
>q2 >qo
q2 q0

r7,77)

Table 5.2: Acceptance of (aabbee, aabb) by 2-MAS from Example 5.15

e 01 ={ r =pgoa — >aqo, do ={ r1 =rgoa — >aqo,
r9 = aqoa — aaqo, 9 = aqoa — aaqo,
r3 = aqob — q1, r3 = aqob — qo,
re = aqib — qu, T4 = ago — aqo,
rs = P>gic — g2, s = D>go — >qo
T6 = >G2c — >qa, T6 = aqob — qo,
rT =0Dg2 — Q2 r7 =Dgo — Qo

o U =/{(r1,m),(r2,72), (r3,73), (r4,74), (r4,75), (15,74), (r5,74), (r6,73), (7, 77) }

The automata system works in a similar way like the n-SAS in Example 5.5 does. Both
PDAs start with pushing as on their pushdowns. As soon as bs are the first input symbols
in both automata, the PDAs remove as from the pushdowns and M; moves to ¢;. In
the state q1, M7 compares number of as and bs while Ms is cycling by transition rule ry4
or r5. After that, if the number of as and bs coincides, M; moves to g with reading c.
By using rules rg and r3 in My and Ms, respectively, M7 reads cs from the input of M;
while My is comparing number of as and bs. The last step of the successful computation
is done by rule r7 in M; and M> at the same time. The 2-language that ¢ accepts is
2-L(9) = {(a™b™c™,a™b™)| m € N}. Example of acceptance of the 2-string (aabbcc, aabb)
is shown in Table 5.2.

By Algorithm 5.16, it is shown that for any n-SAS, we are able to construct an n-MAS
that define the same n-language as the origin n-SAS does. Pushdown automata of the
n-MAS are defined in the same way as in n-SAS, but each of these automata, in addition,
includes empty loops for all states. By the set ¥, n-MAS determines that each automaton
has to use this rule if the automaton is suspended in the n-SAS.

Algorithm 5.16
Construction of n-MAS from n-SAS

Input: n-MAS ¢ = (M, ..., My, V), where for all i = 1,...,n, M; = (Q4, X, s, di, Si, 2i,
()) is a PDA accepting by empty pushdown.

Output: n-SAS 9 = (M\l,...,]\?n,‘i/), where for all i = 1,...,n, ]\/4\Z = (Q\Z, 3, T, gi, Si,

~

#, () is a PDA accepting by empty pushdown and n-L(9) = n-L(¥)
Method:
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e Foralli=1,...,n, set Q\z = QlU{/S\Z} and fl = F1U{#}
e The sets 3\2 is constructed in the following way:

1. set &; = 0,

2. add #s; — #z;s; to gi, where z; is the initial pushdown symbol of pushdown
automaton M;,

3. for every r € §;, add r to S\i,
4. for every q € (); and for every a € fi, add 744 = ag — aq to gz-,
5. for every q € Q;, add #q — ¢ to 3\2

o U=

{(plv R 7p’n)‘
* ((z181w1)%, - . oy (20Snwn)®) F* ((1g)™, ..., (Yngn)™) in 9,
« for all i = 1,...,n, #yiqia; b #a1¢)[p;] in M;, where p; = yiq; — viq; and
a; = € if #; = d; otherwise p; = yiqia; — a;q,,

with w; € 5%, ¢;,¢) € Qi, yi € T, oy € T*, a; € U {e}}
U {(#q — @1, -, #aqn — qn)| for all ¢; € Q;}
U {(#51 = #2181, .-, #Sn — #2nSn) }-

Lemma 5.17 Algorithm 5.16 is correct.

Proof of Lemma 5.17. For the proof, we establish the following claims.

Claim 5.18 Let ((z151w1)™, ..., (2n8nwn)™) F* ((fqulw{)ﬁi,...,(fynqnw;)ﬁfl) in ¥, then

(#2151W15 - - #2nsnwn) ¥ (Fnqwl, -, #ngnwy,) in 0.

Proof of Claim 5.18. By induction on the number of computation steps.

Basts:

Let ((21S1w1)ﬁ '7(Zn5nwn)/ ) F (nqw)™, -, (Yngnwy)™) in 0. Visibly, ((z15101)",
o (Znsnwn)™) = (maw))™, ..., (Wngnwy,)™) and (Fyqef, - #Fyndawy,) F (Fnawy,
B #'YnQnW ) m 79

Induction hypothesis:
Suppose that Claim 5.18 holds for j or fewer computation steps.

Induction step:
Let

((z15101)™, ., (zaspwn)™) H (naw)), .., (Yndawr,))
- ((71Q1‘*’1)ﬁ1 ooy (Ynnw n)ﬁl)
in 9. By the induction hypothesis

(#lelwlv DI #znsnwn) F* (#qulwlla DRI #'Ynan;L)
in 9. For every ¢ = 1,...,n such that:
o hl=d, (fyiqiwg) = (Yigw!)" . By 4. of 5;, there is a rule r; € 0;, where #Hyiqiwl F
#viqiw;[ri] in M;.
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e hl = e, vigw, F vigiw!'[r;] in M;. However, if r; € ¢;, then r; € gl and #vy;qw);
#vjqiwi [ra] in M.

Furthermore, (ri,...,r,) € 0. Therefore, from 5; and \Tl, (#r1qwi, - #ngnwl,) F
(#N @y, . #yhd,wr) in . Claim 5.18 holds. O

Claim 5.19 Let (#z151w1, ..., #2nSnwn) F* (#F1nqwl, .. ., #yndnw,) in n-MAS @, then
((z1s1w1)™, ..., (Znspwn) ™) F* (('qulwi)ﬁl <y (Yngnw!) ) in 9.

Proof of Claim 5.19. By induction on the number of computation steps.

Basis:

Let (#2181W1, - - -, #2nnwn) FO (#Fyiqwl, - . ., #ngn), ) in 9. Surely, (z1s1w1, .. .,zngnwn)
= (vlqlwil, ooy Yndnwl,), and consequently, ((quw Vi (gl FO (),
(Yn@nwh)™) in ¥ and £; = £, for every i = 1,...,n

Induction hypothesis:

Suppose that Claim 5.19 holds for j or fewer computation steps.

Induction step: ~
Let (#lelwla teey #Znsnwn) 7 (#’qulw/h cee #'YnQnW;L) I_ (#’Yiqiwﬂlvl K #’YnQn TL) / v.
By the induction hypothesis ((z1s1w1)™, ..., (Znspwn)™) H (m@w),. .., (Yaguw!)™) in
¥. For every ¢ = 1,...,n such that:

o H#viqiw! # #’y{ qw!, there is a rule r; € 5 constructed by 1 of 8; such that Vigiw) F

/l/l l/l/

Yigiw! [r4] in M Therefore r; € 6; and from U, h; =e. That is, v;qiw, F viqjw! [ri] in
M;.

. #%qlw = #viqjw!, there must be a rule r; € 5; such that #viqiw, #%’qg 7] in
M From the constructlon of 51,7’Z €6; & ﬁ’ = e. Therefore, either v;qw, - viqiw [ il
in M;, or f; = d and automaton M; is blocked

In this way, (nqwi)®,. .., (ngnwp) ™) (MGw)™ ..., (Yhgpw)™) in 9. That is, Claim
5.19 holds. O

By 2. of 25\1 and because (#5851 — #2181,...,#8, — F#2znsy) € \f/, the first step of 9
is (#81w1, ..., #5pwn) b (#2185101, - . ., #2pSpwy ). Similarly, the last step, for acceptance,
is step of the form (#¢1,...,qn) F (#a1,.-.,¢n) because of 1 in construction of §; and
(#q¢1 = q1, .-, F#aqn — qn) € 0. Hence, from Claims 5.18 and 5.19, Lemma 5.17 holds. W

It is well-known that for every PDA M, there is a context-free grammar G such that
L(M) = L(G). The conversion of a PDA into CFG is usually performed by Algorithm 5.20.

Algorithm 5.20
Construction of CFG from PDA

Input: A PDA M = (QJ\/[7 ZM,FM,5M,80, Z(),@)
Output: A CFG G = (Ng,Tq, Sq, Pg) such that L(M) = L(G)
Method:

o Set Ng = {{(qAp)| p € Qum, A € p} U{S}, Po ={S — (aAp)| p € Qum}, Te = X
and 7 = 1.
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e For each 1 = Agqoa — B,...Biq1 € 6y, where a € Xy U {e}, 0,1 € Qun,
A, Bi,...,B, € X, for some n > 0 do:

— p(r) = {{@0Agn+1) = a{lq1B1g2) - - - (@ Bngns1)| @2, qns1 € Qur}
— Set P = P Up(r) and i =i+ 1.

Lemma 5.21 For any n-MAS 9, there is an n-CGR T" such that L(¢) = L(T).

Proof of Lemma 5.21. Consider an n-MAS ¢ = (M, ..., M,,¥). It is indisputable that
Algorithm 5.20 can be applied on each component of automata system and in this way,
the components of n-CGR I' = (Gy,...,Gy, Q) can be constructed. Observe that there
is a set of context-free rules p;(r) constructed for every transition rule r and each PDA
M; of 9, and for every i = 1,...,n, L(M;) = L(G;). Furthermore, for every i = 1,...,n,
G, simulates M; step by step (see p.486-491 in [80]). It is easy to see that L(I') = L(¥)
for T' = (Gy,...,Gpn, Q) where Q = {(r1,...7)| (p1,-..,pn) € Yand foralli =1,...,n,
ri € pi(pi) }- L

This chapter is closed by the following theorem saying that the investigated systems
define the same class of n-languages—in other words, the systems are equivalent.

Theorem 5.22 The classes of n-languages given by n-CGN, n-CGR, n-SAS, and n-MAS
coincide.

Proof of Theorem 5.22. From [82], we know that the classes of n-languages generated by
n-CGN and n-CGR coincide. Hence, from Lemma 5.7, Lemma 5.17, and from Lemma 5.21,
Theorem 5.22 holds. |
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Chapter 6

Classes of n-Languages: Hierarchy
and Properties

In the previous chapter, we have shown that multi-generative grammar systems have their
twins in terms of automata, which can accept such n-languages that the grammar systems
generate. However, only context-free grammars and pushdown automata as the components
of systems have been considered. In the following sections, we generalize the theory of n-
languages and discuss hybrid canonical rule-synchronized n-generative grammar systems
and hybrid n-accepting move-restricted automata systems, where components with differ-
ent generative and accepting power can be used in one grammar and automata system,
respectively.

More specifically, in Section 6.1, we introduce grammar systems, which combine right-
linear grammars, linear grammars, and context-free grammars; and automata systems,
which combine finite automata, 1-turn pushdown automata, and pushdown automata in
one instance. After that, in Section 6.2, the class hierarchy based on the mentioned models
is established. In addition, several closure properties are discussed.

6.1 Definitions

Similarly to n-CGR, the hybrid canonical rule-synchronized n-generative grammar system
consists of n generative components (grammars) and a control set of n-tuples of rules. Each
grammar generates its own string in the leftmost way, while the control set determines which
grammar rules can be used at the same derivation step in all components. In this work, we
study combination of right-linear, linear, and context-free grammars (see Definition 6.1).

Definition 6.1 (Hybrid canonical rule-synchronized n-generative grammar system)
A hybrid canonical rule-synchronized n-generative grammar system, shortly HCGR(*1wotn)
is an n + 1-tuple I' = (Gq, ..., Gy, @), where

e G, = (N;,T;, P;, S;) is a right-linear, linear, or context-free grammar for every i =

1,...,n,
e (Qis a finite set of n-tuples of the form (ry,...,r,), wherer; € P; foreveryi =1,...,n,
and

o foralli=1,...,n,t; € {RLNG,LNG, CFG} denotes type of ith component.
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A sentential n-form of HCGR1t) i an n-tuple x = (x1,...,x,), where z; € (N; UT;)*
foralli=1,...,n.

Consider two sentential n-forms, x = (u1A1v1, ..., upApvy) and X' = (w1101, . . ., UpTpvy)
with

° AiENi,

u; € T%,

Vi, i € (NUT)*,
e, =A;, —>x;€ P, foralli=1,...,n, and

o (r1,...,my) €Q.

Then, x = %/, and =* and =7 are its reflexive-transitive and transitive closure, respec-
tively.

The n-language of T' is defined as n-L(I") = {(w1,...,wy)| (S1,...,5) = (wi,...,wy),
w; € T, foralli=1,...,n}.

The generalized version of n-MAS are hybrid n-accepting move-restricted automata sys-
tems. In accordance with n-MAS (see Section 5.2), a hybrid n-accepting move-restricted
automata system is a vector of automata working on their own input, together with a set of
n-tuples of transition rules. This set restricts moves that the components can make in the
same computation step. If and only if all components accept their input, the automata sys-
tem accepts the n-tuple of these input strings. The generalized version allows combination
of different types of automata in one automata system.

Definition 6.2 (Hybrid n-accepting move-restricted automata system)

A hybrid n-accepting move-restricted automata system, denoted by HMAS(*1-tn) is defined
as an n + l-tuple ¥ = (My ..., M,,¥) with M; as a finite or (1-turn) pushdown automa-
ton, for all @ = 1,...,n, and with ¥ as a finite set of n-tuples of the form (rq,...,7,),
where for every j = 1,...,n, r; € ¢; in Mj;. Furthermore, for all ¢ = 1,...,n, t; €
{FA, 1-turn PDA, PDA} indicates the type of ith automaton.

An n-configuration is defined as an n-tuple x = (x1,...,2,), whereforalli = 1,...,n, z;
is a configuration of M;. Let x = (z1,...,zy) and ' = (2], ..., z},) be two n-configurations,
where for all i = 1,...,n, 2; b &} [r;] in M;, and (r1,...,7,) € ¥, then 9 makes a compu-
tation step from  to x’, denoted by x = X/, and in the standard way, H* and - denote
the reflexive-transitive and the transitive closure of k-, respectively.

Let xo = (z1w1, . .., Tpwy) be the start and x5 = (q1,..., ¢n) be a final n-configuration
of HMAS(t1-*n) where for all i = 1,...,n, w; is the input string of M; and ¢; is state
of M;. The n-language of HMAS(*1+) is defined as n-L(9) = {(wi,...,wn)| xo F*
x¢ and for every i =1,...,n, M; accepts}.

Convention 6.3 In a special case, where all components are of type X, we write ,X
instead of (X, ..., X). For example, a hybrid n-accepting move-restricted automata system,
where all components are PDAs, is denoted by HMAS»P4_ If there is no attention on the
number and type of components, we write HMAS and HCGR rather than HMAS(t1-tn)
and HCGR(t1rtn) respectively.
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Definition 6.4 (Classes of n-Languages)
— L(HMASt-t)Y) s the class of n-languages accepted by HMAS(#1:-tn)
- f(HCGR(“"“’t”)) is the class of n-languages generated by HCGR(#1-tn)

6.2 Class Hierarchy and Closure Properties

We start this section by the following lemma, which says that for every HCGR(1:tn)
containing RLNGs and CFGs, we can construct an HMAS#1t0) including FAs and PDAs,
that defines the same n-language as the HCGR1t) does.

Lemma 6.5 For every HCGR(1-tn) T = (él, ey @n,@), where CAJZ is either RLNG or
CFG foralli = 1,...,n, there is an HMAS{1=+) 9 = (My, ..., M, ¥) such that n-L(9) =
n-L(I") and for all i = 1,...,n, M; is either FA or PDA.

Proof of Lemma 6.5. Consider an HCGR(*1-tn) r= (@1, e ,@n, @) and, by the following
algorithm, construct HMAS®*1-th) 9 = (My, ..., My, V).

For every i = 1,...,n,

o if él = (ﬁz,ﬁ,ﬁl,@) is an RLNG, then construct FA M; = (Q;, 3, 0, <§Z>,E) in
the following way:

— set Q; = {(A)| A€ N;};

— set X; = ﬁ;

— set & = {(A)a = (B)| A — aB € P} U {{A) - (A)] (A) € Q;} U{({A)a —
fil A= ae P}

— set Fl = {fz}»

o if G, = (]\Afi,ﬁ, B, §z) is a CFG, construct PDA M; = (Q;, %;, T, 6;, ¢.,>, 1) as follows:

set Qi = {4}, ¢i};

set X; = ﬁ;

— set I :ﬁuﬁi;

set 9; = {pq} — l>§z‘£]z‘} U{Agq — zqi] A — (x)R € ﬁl} U{A4q — Agi| A €
N; U {r}tU{aga — g a € ﬁ} U{re — ai};

The set W is constructed in this way: set ¥ = {(Op1 — Ot1p), ..., Opn — Otnpl) YU{(Op1 —
Dy OPn — Db}, where

~

o <>tz =g, plap; = <S’L>7 ]/9\@ € QZ - {f’t}v and }/7\; = fz iff Mz is an FAa and plvﬁ\zvﬁ; = q;a

~

P = gi, and Ot; =>S;;

e otherwise, for all ; € d; such that r; is given from some r; € P; and (rf,...,m) € @,
include (rq,...,r,) into ¥;

e for all r; € ¢; such that r; is not given from any r, € ﬁz and for at least onei =1,...,n,
r; is of the form ag;a — ¢; with a € T;, include (rq,...,r,) into ¥;

Now, we can prove the following claims.

47



Claim 6.6 Let ¢ is automata system given from grammar system r by the previous algo-
rithm. If (5’1, ..,g ) =* (u1Aqv1, .. ., unApuy) in T with A; e NZ, for every i = 1,...,n,
and (u1Ajvy, ..., updpo,) = (w1,..., wy), then (zjwi,...,zowy) F* (<>(U1)Rt1p1w/1, e
O(vn)Rtnpnw,/l) in ¥, where for all 1 <i <n, w; = ww;, and if M; is PDA, z; =g}, t; = A;,
p; = qi, and { = >; otherwise, x; = (§Z>, Ot; =, and p; = (A;).

Proof of Claim 6.6. By induction hypothesis on the number of derivation steps.

~

Basis. Let (§1, coy Sp) =0 (§1, ce §n) in T. Then, (ziwi,...,Tpwy) = (Opl\wl, cee
Opnwn) E (Otip1wi, - . ., Otnppwn) with Ot; = e if M; is an FA; otherwise, Ot;p; = >S;¢; and
z; = >q,. The claim holds.

Induction Hypothesis. Suppose that Claim 6.6 holds for j or fewer derivation steps, where
j 1s a non-negative integer.

Induction Step. Consider derivation of the form (Sy,...,S,) =+ () Arvl, .. ul Apul)
in T, where («)A1v},... ,u,A0)) =* (wi,...,w,). We can express this derivation as
(§1, oy Sp) =7 (wiBivy, .. unBpuy) = (uf Ay, ... ul Apvl). By the induction hy-
pothesis, (z1w1, ..., Tpwy) F* (O(vl)Rtlplwi, ol O(vn)Rtnpnw;), where for alli =1,...,n,
w; = uw;, and if M; is PDA, z; = Dgiqi, t; = B;, and p; = g;; otherwise, x; = <§Z>, t; = ¢,
and p; = (B;). Because (u1 Bivi, ..., unByvy) =1 (W) A0}, ... ul, Ay0)), there have to be n
rules, 1, ...,r}, such that u; Byv; = wA;v}[r]] in G;. From the construction of 9, there are
n rules, r1,..., 7y, created from 7/ in §;. These rules are of the form r; = (B;)a — (A;) if M;
is FA, or r; = B;q; — x;g;, otherwise. As (u1Byv1,..., uyByvy) =1 (WfA1v], ... vl Ayvl)
inT, (riy...,rn) € @ and (r’l,..., 1) € ¥. Hence, for all i =1,...,n and w} = a,w, with
a; € $; U {e}, if M; is PDA, o(v;)?Bigiw! - > (}0)) Fqiw!! = v(v]) As(u]) T qiw!’; otherwise,
(Biyaw! F (A;). After this step, some PDAs can have a terminal symbol as the topmost
pushdown symbol. In this case, from the construction of ¥, these PDAs have to compare
topmost pushdown symbols with their inputs until no terminal symbol is on the top of their
pushdown. The other automata loop and wait until no PDA is reading its input. There-
fore, (O(v1)Ftipr], ..., O(vn) Ftupawl)) F* (O(V)) tlplwl,...,O( VB plw!!) in 9, where

= A; and p; = ¢; in case of PDA; otherwise, t; = ¢ and p} = (4;). Claim 6.6 holds. O

Claim 6.7 Let ¢ is automata system given from grammar system T by the previous
algorithm. If (Sl,...,S’\n) =* (w1, ...,wy) In T with w; € T for every ¢ = 1,...,n, then
(x1wi,y ..oy Tpwn) F* (Op1,...,pp) in ¥, where for all i = 1,...,n, if M; is PDA, Di = qi;
otherwise, p; = f;.

Proof of Claim 6.7. Consider that (§1, . § ) =" (urAjvy, .., upApu,) = (urxiv,.. .,
UnTnUp,) m F Then, uzazm)Z € T* for all i =1,...,n. By Claim 6.6, (ziwi,...,Tpwy)
F* (Ov ) tlplwl,...,O(vn) tnpnwl,) in ¥, Where for all i = 1,...,n, w; = uw),, and if
M; is PDA, x; = vq, t; = A;, p; = ¢, and { = >; otherwise, z; = (§Z>, Ot; = g, and
pi = (A;). Because r;, = A; — x; € Py foralli =1,...,n, and (ry,...,r,) € @, there is
r = Aiqi — (xi)qu € ¢; for every pushdown automaton, M;, v} = (A;)z; — f; for every
FA, M;, and (r],...,r) € W. Therefore, the next configuration of each PDA and FA,
M;, is of the form D(xivi)quzzrivi and f;, respectively. By the definition of ¥, each PDA
with terminal symbol on the pushdown’s top makes a move by ag;a — ¢; until > is the
first pushdown symbol. The others loop and read no symbol. As all PDAs have > on the
pushdown top, >s are removed and ¢ accepts. Hence, Claim 6.7 holds. O
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Claim 6.8 Let ¥ is automata system given from grammar system r by the previous
algorithm. If (ziwi,...,zws) F* (O(v )Rtlpl,... O(v )Rtnpn) in ¢, where for all i =
1,...,n, w; = uw;, and if M; is PDA, z; = I>Slqz, i = A;, pi = q;, and { = p>; otherwise,
zi = (S), O0,t; = ¢, and p; = (A4;), then (S1,...,8,) =* (wi,...,wy) in [ with u; €
T A; € Zvi,vi € (TZ U ]/\\fz)*, forevery i =1,...,n.

Proof of Claim 6.8. Consider any successful acceptance:

(x1wi,y ..oy Tpwn) F (Op1, ..+, Opn), (I1)

where for all ¢ = 1,...,n, and if M; is PDA, x; = vq), p; = ¢, and ¢ = >; otherwise,
T; = <§7,>, O =c¢,pi=(4;), and p; € F;. The automata system starts with initialization of
PDAs, i.e. after the first computation step, each PDA, M;, must have configuration >.S;q;w;,
while the configuration of all FAs are unchanged. By the construction of ¥, the PDAs have
to rewrite their nonterminals on the top of their pushdowns at the same time and it can
do it only if every PDA has a nonterminal symbol on the pushdown top. Otherwise, all
PDAs having terminal symbols on the pushdown tops compare inputs with the terminal
symbols, while the others are looping with reading no symbol. The same holds for > that
¥ can remove at the same time and only if the FAs are in final states. Therefore, (I1) can
be expressed as

(a:wg)) i) = (O P, 0a D wl)
e PP or D)
l—* .
(<>'71 (k 1)p§k—1)w§k—l)’ o <>"}/7g 1) 7(1k 1)p£1k—1)w7(1k—1))
(<>p1 ). <>p ) (pgk),...,p%k)), where for all ¢ = 1,...,n, and for all j = 1,...,k,

wz-(jfl) = u]w() and: if M is a PDA, then z; = g, Ofyz (J € {o}(N; UT)*N;, and

pl(j ) = q;; otherwise, O% =g, pg - <A§] )). The computation of ¥ can be simulated by r

as:

(S1,...,50)
N ()A(l)g) (1)A()1§L))
= (u g )A?) (2) - 22)14%)%(12))
- ng)Agk_l)UEk_l),... (k I)A(k) (k— 1))
= (ugk),...,u%k)) = (W1,...,Wn),

)

~

where for every 1 = 1,...,n and every j = 1,...,k, ugj) € ﬁ*, Agj) € ]/\71-, vl(j) € (T; U Ny)*

and ugj)ng) = w;. Hence, Claim 6.8 holds.

.

From Claim 6.6, Claim 6.7, and Claim 6.8, Lemma 6.5 holds.

To prove that HCGR(tl""’t"), based on RLNGs and CFGs, and HMAS(t/l""’tgl), based on
FAs and PDAs, are equivalent, Lemma 6.9 is needed.

Lemma 6.9 For every HMAS ;li 9 = (Ml, o My, U), where components are FAs

and PDAs, there is an HCGR 1~ ’t") T = (Gi,..., Gy, Q) such that n-L(9) = n-L(T) and
foralli=1,...,n, Gz is either RLNG or CFG.
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Proof of Lemma 6.9. 1t is well-known that for every PDA and FA M, there is a CFG and
RLNG G such that L(M) = L(G), respectively. The algorithm, that we use for construction
of CFG G = (Ng,Tq, Pa, Sc) from a PDA M = (Qar, Xar, Tar, Oar, S0, Zo,0) is defined in
the following way:

o set Ng = {{¢Ap)| p,q € Qm, A € Ty} U{S}, Po = {S — (adp)| p € Qu}, and
To=%Xm

e for each r = Aqya — B,...Biq1 € 6y, where a € Xy U {e}, qo,q1 € Qur,
A, By,...,B, € Ty, for some n > 0 do:

— set p(r) = {{(@Agn+1) = a{q1B1¢2) . . . (@ Bngn+1)| @, @nt1 € Qu};
— set Pg = Pg U p(r);

Similarly, RLNG G = (Ng,Tq, Pg, Sc) constructed from FA M = (Qur, Xar, Onr, S0, Far)
has form:

e set Ng ={A| A€ Qum}, Sg¢ =qo, P =0, and Tz = Xpy;
e for each r = Aa — B € 6y, where a € Xy U {e}, A, B € Qp do:

— set p(r) = {A — aB};
— if B € Fy, then p(r) = p(r) U{A — a};
— set Pg = Pg Up(r);

Consider an HMAS(1t) 9 = (My,...,M,, V). It is clear that the algorithms can be
applied on each component of automata system, and in this way, components of n-generative
grammar system I' = (G4, ..., Gy, Q) can be constructed. Note, there is a set of grammar
rules p;(r) constructed for every transition rule r and each automaton M; of the automata
system, and for every i = 1,...,n, L(M;) = L(G;). Furthermore, for every i = 1,...,n,
G, simulates M; step by step (see p.486-491 in [80]). It is easy to see that L(I') = L(¥)
for T' = (Gy,...,Gn, Q) where Q = {(r1,...7)| (p1,-..,pn) € Yand forall: =1,...,n,
ri € pi(pi)}. Lemma 6.9 holds. |

Finally, Theorem 6.10 can be established.

Theorem 6.10 Z(HMAS("1t)) = Z(HCGR! ), where t; € {FA, PDA} and t; €
{CFG, RLNG} for all i = 1,...,n.

Proof of Theorem 6.10. It directly follows from Lemma 6.5 and Lemma 6.9. |

In contrast to ordinary FAs that are closed over union, intersection, complementation,
and concatenation, the class of n-languages accepted by HMASs consisting of finite au-
tomata is closed only over union and concatenation.

Theorem 6.11 If L; and L € Z(HMAS"FA), then L U Ly € Z(HMAS-FA).

Proof of Theorem 6.11. Consider two n-languages, L1, Ly € & (HMAS”FA). Then there
are n-HMAS”FAS, Y = (Mig,...,Mip,¥1) and 99 = (Mag,..., Mo, Ws), such that
L1 = L(ﬂl), L2 = L(’l92), and for all 7 = 1, 2 andj = 1, BN Mi,j = (Qi,ja Ei,j75i,j7 SiJ‘, FiJ')
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is a component of ¥J;. For these two automata systems, we can construct ¥12 = (Mi21,...,
Mlg’n, \1112), With M127j = (QlZ,j7 212’]‘, 512,]'7 Slg’j, F127j), in the fOHOWng way: fOl“ all Z = 1, 2
and j=1,...,n,

o Q12 =Q1,;UQ2;U{s12;}, where s19; is the new start state of jth automaton,
® 012 =01, Ud2; U{p1j = s12; = s1,5,D2,; = S12,j — 525},

o Yo =1 ; U,

o [9;=F;UFy;, and

o Ui =V UV U{(p11,---sP1,n)s (P2,15- -, (D2n)}-

T

From set Wy it follows that the first computation step has to be (s12,1w1, ..., S12,nWn)
(8i1w1, ..., Sinwy) for i = 1,2, and for w; € X9 ; with j = 1,...,n. Therefore, (wi,...,w,
is in L(¥12) iff (w1,...,wy) € L(Y1) or (wi,...,w,) € L(¥2)—that is, (w1,...,wy) € L(Y12
iff (wl,. . .,wn) € L1 U Ls.

~—

| N

Lemma 6.12 For n > 2, an n-language, n-L, defined as n-L = {(a'¥/,a/b',¢, ... ,¢)| i,j €
No} is not in .2 (HMAS+FAY,

Proof of Lemma 6.12. From the definition of n-accepting move-restricted finite automata
system, it can be seen that only possibility to compare symbols through components is read
them step by step at the same time (or in a quasi parallel way). Hence, for comparing as
in the first component and bs in the second one, the second component has to skip all as,
and then the system can compare as and bs. After this, there is no way how to compare
as in the second component with bs in the first component because finite automata cannot
be returned on the start position. Similar problem arises when the system starts with
comparing bs in the first component and as in the second one. The other components
cannot help, because they have finite number of states. Hence, n-L does not belong to

Z(HMAS-TA), n

Theorem 6.13 ¥ (HMAS"FA) for all n > 2, is not closed under intersection.

Proof of Theorem 6.13. Let L1 = {(a’b’,a’b¥)| 4,5,k > 0}, Ly = {(a't?,a*b?)| i,5,k >
0}. Both of them belong to X(HMAS”FA), because we can construct HMAS»IAg Y =
(Ml,Mz,\Ifl) and Y9 = (Ml,MQ,\I/Q) such that L(ﬁl) = L7 and L(ﬂg) = Ly. All four
automata are given by the definition M = ({q1,q2},{a,b},{r1 = q1a — q1,72 = @1 —

q1,73 = q1b = q2,74 = @b = @2, 15 = @2 = @}, i, {q1, ¢2}), and Uy = {(r1,72), (r3,71),
(ra,m1), (r5,73), (r5,74) } and Wo = {(p, q)| (¢,p) € ¥1}. The intersection of L(v}1) and L(J2)

is 2-language L3 = {(a’t’,a’b")| i,j = Npg}. Lemma 6.12 says that L3 ¢ X(HMAS"FA),
and therefore, .2 (HMASQFA) is not closed under intersection.

In general, for n > 2, consider n-languages K1 = {(a’t?,a/b*(,&)"2)| i,4,k > 0} and
Ky = {(aiV?, abi(,£)"2)| 4,4,k > 0}. From Lemma 6.12, K N K» ¢ .Z(HMAS-TA),  m

Consider n-language ¥ C X] X ... x X¥ and suppose that complementation of Y is
defined as Y = (3% x ... x X*) — Y. Then, we can establish the following corollary.

Theorem 6.14 ¥ (HMAS"FA) for all n > 2 is not closed under complementation.
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Proof of Theorem 6.14. By contradiction. Suppose that .,Z”(HMAS"FA) for all n > 2 is
closed under complementation. Let Ly, Ly € & (HMAS"FA). From Theorem 6.11 it follows
that L1 U Ly € X(HMAS”FA), and by the supposition, (Ly U Ly) € X(HMAS”FA) as
well. From De Morgan’s law, (L; U L) = (L1 N L), but it is contradiction, because
< (HMAS”FA) for all n > 2, is not closed under intersection. |

Theorem 6.15 If Ly and Ly € Z(HMAS"FA), then L, . Ly € 2(HMASTA) where
Ly« Ly = {(wwf,...,wawl,)| (w1,...,w,) € L1 and (wf,...,w]) € La}.

Proof of Theorem 6.15. Consider two n-languages, L1, Ly. If L1 and Lo € f(HMAS"FA),
then there are HMAS"FAS, V= Mig,...,Mi,, V1) and Y9 = (May,..., Moy, ¥a),
such that Ly = L(¥1), Ly = L(¥2) and for all i = 1,2 and j = 1,...,n, M;; =
(Qi,j,2ij,0i4,5i;,Fij) is a component of 9;. For these two automata systems, we can
construct 19 = (M12’1, ooy Myop, U19) with Mo ; = (Q127j, 12,5, 012,55 51,55 FQ’]') in the fol-
lowing way: for everyi=1,2and j =1,...,n, Q127j = Ql,j UQQJ‘, (5127j = 517]' UéQ’jU{pj =
fj — 82,j| f]’ € F].,j}7 Ui = U UTU {(pl,...,pn)}, and 2127]' = 217]' U 227]'. From

Definition 6.2, (wi,...,wy,) € Ly iff (syiwi,...,s10wn) F* (fi,..., fn), where for all
i =1,...,n, fi € Fi;, in ¥;. Clearly, (s11w1,...,s10wn) F* (f1,..., fn) in J12 as
well, and (sjjwiwl, ..., s1pwpw)) B (fiw), ..., fawl). As (wi,...,w]) € Ly and be-
cause (f1 = s2.1,...,fn = s2.0) € V1o, (fiw], ..., fpw),) F (s2qwf,. .., s2,w;,). Naturally,
(sgawl, ..., sanwy) F* (f1, ..., f}) with f/ € F5; in Y. Hence, (s1 jwiw}, ..., s1 qwywl,) H*
(fi,-..,f}) in ¥12. The theorem holds. ]

HMAS with at least one PDA are stronger than HMAS containing only FAs.

Theorem 6.16 .Z(HMAS”FA) C ZL(HMAS( )y where t; € {FA, PDA} for all i =
1,...,n, and at least one component is a PDA.

Proof of Theorem 6.16. DS,”(HMAS"FA) C Z(HMAS 1)) with at least one i = 1,...,n
such that #; = PDA, directly follows from the definitions. It remains to prove that
Z(HMASTA) £ 2 (HMASt-tn)y,

Consider HMAS(PDA’FA), 9 = (Ml,MQ,\Ill) with ¥ = {(7’1,7’1), (7“2,7’1), (7“3,7“1),
(ra,r2), (r5,72), (16,72), (17,72), (r8,73), (r9,71)}) and the automata defined in the fol-
lowing way: My = ({s,q}, {a,b},{#,a}, {r1 = #s — s,r2 = #sa — #as,r3 = asa —
aas, T4 = F#sb — F#q,75 = asb — #q,7¢ = #qb — #q,77 = agb — H#Hq,r3 = aq — q,r9 =
#q — q},s,#,0) and My = ({s},{a,b},{r1 = s — s,ro = sa — s,r3 = sb — s},s,{s}). It
is not hard to see that ¥ define 2-language 2-L = {(a’t’,a’b")| 4,7 € No} and works in this
way: first, automaton M loops in state s and reads no symbol, while M; shifts all as onto
the pushdown. After pushing all as from the M;’s input onto the pushdown, M; and Ms
read bs and as, respectively, and by reading them at the same time, automata compare their
number. If there is more as in Ms’s input than bs in M;’s input, then the automata system
is stopped and the input is not accepted. Otherwise, M; skips to the other state and ¢
continues with comparing as on the M;’s pushdown and bs in the Ms’s input by removing
as from the pushdown in M; and reading bs from My’s input. Only if the input was of
the form (a’®’,a’b') with 4,j € Ny, the automata system removes symbol # from M;’s
pushdown, and ¥ accepts. Because Lemma 6.12 says that 2-L = {(a'd’,a’b")| i,7 € No}

is not in X(HMASQFA), J(HMASQFA) # X(HMAS(PDA’FA)). In general, for all
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n > 2, there is n-language n-L = {(a't’,a’b’,c,... )| i,j € No}. The n-languages can
be given by HMAS (PDAFA,... ’FA), where the first two components are defined in the
same way as M7 and Ms was. The other components loop without reading any symbols.

Hence, n-L = {(a’t’,a’b' ¢, ... ,€)| i,j € No} € X(HMAS(PDA’FA" o 7FA)). Therefore,

X(HMAS”FA) # Z(HMAS(*-+1)) with at least one PDA. |
Lemma 6.17 Let I' € HCGR(*1-tn) where t; € {RLNG, CFG}, for all i = 1,...,n, and
no more than one component is CFG in T'. Then, Lj = {wj| (w1, ..., wy,) € n- L( )} € CF
for every j=1,...,n.

Proof of Lemma 6.17. Consider [ € HMAS(t1tn) with exactly one CFG. Because we only

want to prove that L (f) = {w;| (w1, wo,.. ) € n- L( )} is context-free, by replacing all
terminal symbols by € in each rule in P; for all i=1,...,n, where i # j, we construct I’ such
that n- L(F’) = {(w1,...,wy)| (W,...,wh) € n-L(T ) and foralli=1,...,n,if i = j, then

w; = w;; otherwise, w; = £}. By Lemma 6.5, there is HMAS®1-t) 9 with one PDA, such
that n-L(9) = n—L(f’). As 9 = (M, ..., M,, V) can be created from IV by the algorithm
used in proof of Lemma 6.5, we can construct a PDA M = (Q,X%,T,0,s,S5,0), where
L(M) = Lj(f’ ), in the following way: consider that mth component of ¥ is a PDA and set
2=, I'=TnuU%;, Q={(q1,...,qn)| foreveryi=1,...,n, ¢ € Qi}, s=(s51,...,5n),
S = Smand 6 = {A(q1,....qn)a = (i, )| rm = Agmam — V¢, € Om, i = qia; —
¢, € 0; for alli # m, a = aj and (r1,...,r,) € ¥}. It remains to prove Claim 6.18 and
Claim 6.19.

Claim 6.18 Without any loss of generality, suppose that mth component of ¥ is a PDA.
If (a1 s1wi, ...y apspwy) B* (Brquwt, . . ., Bugnwl,) in ¥, where for alli = 1,...,n, i = m im-
plies oy = Sy, B € I'Y and ¢ # m implies o, 8; = €, then Sp,(s1,. .., sn)w; F* Bml(q1, -+, qn)
in M.

Proof of Claim 6.18. By induction on the number of derivation steps.

Basis. Let (a1s1wi, ..., ansawy) FO (agsiwy, ..., ansawy) in 9. Then, S,,(s1, ey Sp)Wj
FO S (81, .., 8p)w; in M.

Induction Hypothesis. Suppose that Claim 6.18 holds for j or fewer derivation steps, where
J € Np.

Induction Step. Consider sequence of computation steps of the form (ajsjwy, ..., apSpwy)
HFL (Biqrwy, - . ., Bagaw!,) in 9. This sequence of computation steps, we can express as
(1811, - .+, apspwy) H (aprw?, ... ol ppw!?) F (Biquw), . . ., Bugawl,). By the induction
hypothesis, Sp,(s1, ..., sp)w; H ol (p1y.. . pp)w 7 in M. As ¥ moves from (ajpiwf,...,
alhppwi) to (Brqwy, ..., Bugnwy,), there have to be n rules, rq,...,ry, such that o/p;w! -
Bigiwi[r;] for all ¢ = 1,...,n, and (rq,...,r,) € ¥. Hence and from construction of 4,

(P15 -+ PR)W] = Brn(qus -+, gm)w) in M. Claim 6.18 holds. O

Claim 6.19 Consider that mth component of ¥ is a PDA. If Sy, (s1,...,sp)w; H* Bm(q1,
. qn) in M, then (a181w1, ..., anspwy) H* (Biquwl, . .., Bugnw),) in 9, where for all i =
1,...,n, 1 =m implies a; = S, B; € I'; and i # m implies o,;3; = €.

Proof of Claim 6.19. By induction on the number of computation steps.
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Bastis. Let Sp(s1,...,Sn)w; FO S(st,. .. ,sp)w; in M. Evidently, (arsiwi, ..., anspwy)
FO (1s1w1, .. ., apspwy) in 9.

Induction Hypothesis. Suppose that Claim 6.19 holds for j or fewer derivation steps, where
J € Np.

Induction Step. Consider sequence of moves of the form Sy, (s1, ..., s,)w; F T v (a1, .. .,
qn)w} in M. We can express this sequence as Sp,(s1,...,sp)w; ﬁm(pl,...,pn)w;’ F
Y (q1s -+ s qn)w;. By the induction hypothesis, (aisiwi, ..., apspwy) ' (Biprwf, ...,
Bnpnwh), where for all i = 1,...,n, if i = m, then a; = S,,; otherwise, «;3; = €. Since
B (p1, - - ,pn)w;’ Fvm(qi, - - - ,qn)w; in M, there are n rules, r1,...,r,, such that for every
i=1,....n, Bipiw] F vigwi[r;] in M; and (rq1,...,7,) € U. Hence, (Bip1w?, ..., Bupnwl)
F (mquwl, ..., mgnw),) in 9. The claim holds. O

Because we can simulate generation of language of each component by a PDA, these
languages have to be context-free. Lemma 6.17 holds. |

Corollary 6.20 Let ¥ € HMAS®tn) with ty,...,¢, € {FA, PDA} and at most one
t;=PDA. Let L;(¥) = {wj| (w1, w2, ...,w,) € n-L(¥)} forall j =1,...,n. Then, L; € CF.

Theorem 6.21 Let .Z(HMAS(t i)y = {L;| L; = {w;| (wy,...,w,) € K} and K €
ZL(HMASEt)) where HMAS(t1+t0) is a HMAS with exactly one PDA and n— 1 FAs.
Then, .Z;(HMAS(1+tn)) = CF.

Proof of Theorem 6.21. Suppose that the first component of a HMAS based upon one PDA
and n — 1 FAs. The HMAS can work in the following way: at the beginning, the PDA
works on its input string while FAs are cycling with reading no symbol. If the PDA accepts
its input, it removes all symbols from the pushdown, inserts the first pushdown symbol,
and continues with the input of the first FA. With aim of the restriction set, the FA
reads its input while the PDA accordingly works with the pushdown. If the PDA accepts
this input string, the HMAS continues with other string. In this way, the FAs can use
pushdown of the PDA, and therefore, they can accept context-free languages. Hence, and
from Corollary 6.20, Theorem 6.21 holds. |

Two 1-turn PDAs in HMAS, where other components are FAs, are enough to recognize
any language from RE by any of the components in the HMAS.

Theorem 6.22 Let .Z(HMAS(ttin))y = (1| L; = {w;| (wy,...,w,) € K} and K €
ZLHMAS -t where HMAS(+) contains two 1-turn PDAs and n — 2 FAs. Then,
Z;(HMASt1-+t)) = RE.

Proof of Theorem 6.22. 1t is well-known that every recursively enumerable language can
be generated by a grammar G in Geffert normal form (see [47]), i.e. by a grammar G =
({A,B,C,D,S},T,S, P) where P contains rules only of the form S — uSa, S — uSwv,
S — uwv, AB — ¢, and CD — ¢, where u € {A,C}*, v € {B,D}*, a € T. In addition, every
sentential form of any successful derivation have to be of the form S =* wiwow where
wywe € {A,C}Y{B,D}*, w € T*, and wywow =* w.

Let Gy,...,Gy, be n grammars in the Geffert normal form and let ¢ = (M, ..., M,, V)
be an HMAS(t-t) My M, be two 1-turn PDAs and Ms, ..., M, be FAs. M; and
M can generate strings over {A,C, |} and {B,D,|} U{| a € U, X;} on the M;’s and
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My’s pushdown, respectively, in the following way: the PDAs start with symbol | on their
pushdowns. First, 9 simulates derivations in Gi,...,G,. The system starts with Gy. If
G; applies a rule of the form S; — uS;w, ¥ adds (u)R and w on My’s and Ms’s pushdown,
respectively. If G; makes a derivation step by rule of the form S; — uw, then ¢ adds (u)%|
and w| on Mp’s and Mas’s pushdown, respectively, and the system starts with simulation of
Giy1. After the generation, PDAs start to compare topmost symbols on their pushdowns.
At the same computation step, the automata can remove A with B and C with D. Whenever
the | is on the M;’s pushdown top and ¥ works on ith input string (the system starts with
nth input string), My compares symbols on its pushdown with input symbols which reads
ith automaton. If the symbols coincide, My removes the symbol from the pushdown. As |
is topmost pushdown symbol of both PDAs, the PDAs remove the symbol and start with
(¢ — 1)th input string. The automata in ¥ read their input only if they compare the input
with content of Ms’s pushdown. If and only if all automata read all their input and the
PDAs have empty pushdown, all strings are accepted—that is, 9 accepts the input n-string.

Evidently, ¥ can simulate derivations of n grammars in Geffert normal form, which can
generate any language from RE. Therefore, Theorem 6.22 holds. |

Corollary 6.23 Let .Z;(HMAS -ty = (1] L; = {w| (wy,...,w,) € K} and K €
ZHMASEt)) where HMAS®1+#) contains three 1-turn SPDAs and n — 3 FAs, for
n > 3. Then, .Zj(HMAS(1t)) = RE.

Corollary 6.24 Let .Z;(HCGRU )y = (L] L; = {wj| (wy,...,w,) € K} and K €
ZLHCGREt))} where HCGR ) is an HCGR with exactly two CFGs and n — 2
RLNGs. Then, .Z;(HCGR*1-+1)) = RE.

Corollary 6.25 Z(HMAS®-))} with two 1-turn PDAs and n — 2 FAs is equal to
2(HMAS-PDAY,

Corollary 6.26 X(HCGR”CFG) is equal to Z(HCGR! ')} with two CFGs and n—2
RLNGs.

It is well-known that linear grammars and 1-turn PDAs are equivalent. Nevertheless,
HCGRs based upon linear grammars are weaker than HMASs with 1-turn PDAs as com-
ponents.

Theorem 6.27 X(HCGR"LNG) C Z(HMASHt)) where HMAS(*1+) has exactly
two 1-turn PDAs and n — 2 FAs.

Proof of Theorem 6.27. Consider HCGR-ING T — (é\l,...,(/?;,@), which generates n-
language n-L(T) = {(w,e,...,e)| w € Ty and (S1,...,8,) = (w,e, ...,e)}. Since
G1,...,G, are linear, any successful derivation can be expressed as (fq; ,g\n) =*
(uAjv, Ag, ..., Ay) = (azxv,e,...,e), where arv € Ti". Maximal length of every sen-
tential n-form is m + n, where m = |azv|. Hence, we can construct a linear bounded
automaton M with states of the form (Ay,...,A,), where A; € N; U {e} and input al-
phabet I' = T U {a| a € T1}. M starts with state (3;, ce g’;) and w on its input tape.
During computation, it underlines symbols on the input tape by the following algorithm.
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Without any loss of generality, suppose that M is in state (Ap,...,Ay). If there are n
rules, r1,...,7,, where 71 is rule of the form A — uBjv, for ¢ = 2,...,n, r; is of the form
A; — B; and (rq,...,m,) € @, such that u is equal to the first |u| not-underlined symbols
on the tape and v is equal to the last |v| not-underlined symbols on the tape, M underlines

these symbols and moves to the state (Bi,...,By). As soon as all symbols on the tape
are underlined and the automaton is in the state (e,...,¢€), the input is accepted. Hence,
Lj ={w| (w,e,...,e) € n-L(I")} belongs to CS. Therefore, Theorem 6.27 holds. |

Better approximation of the power of HCGRs with linear grammars as components is
given by the following lemma.

Lemma 6.28 Let T' € HCGR-ING, Then, L; = {wj| (w1, ..., wy) € n-L(T')} € LIN for
every j =1,...,n.

Proof of Lemma 6.29. Because all components are LNGs, without any loss of generality,
we have to only prove that for any HCGR"LNG, T = (é\l, - ,é’\n, @), there is an LNG,
G = (N,T,P,S) that generate the same language as the first component in the system
does. Since n, number of nonterminals, and number of derivation rules in each component
of the systems are finite, the linear grammar can remember combination of rules used in
previous computation step by one nonterminal and allow only that derivation steps, which
are corresponding with derivation steps in T. Tn more detail, the linear grammar will contain
set of nonterminals N = {S} U {(r1,...,m)| (r1,...,m) € Q}, set T equal to the set of
terminal symbol in G, and set

P={S —ui{ry,...,rp)v1| (ri,...,m) € @, r; = S; — u; X;v;, and S; is the start symbol
of Gy, u;,v; are strings over alphabet of terminal symbols in G;, X; is an nonterminal
symbol from G; or ¢, for all i =1,...,n}

U {{r1,...,mn) = (oW (rayeymn), (7. o0y1h) € Q, 1 = Aj — w;i By,

ri = B; — w,Civl, and wu;, u},v;, v, are strings over alphabet of terminal symbols in
G;, A, B;, C; are nonterminal symbols from Gy, for alli =1,...,n}

U {{r1,...,mn) = woy] (ri,... ), (M, ...,1)) € Q, 1 = A — w; B, vl

' n (2

wvf, and w;, u}, v;, v} are strings over alphabet of terminal symbols in G;, A;, B; are

nonterminal symbols from é\i, foralli=1,...,n}.

For the sake of brevity, the rigorous proof of the equality L(G) = L is left to the reader. W

Of course, HCGRs can allow to use all combinations of rules included in its components.
In this way, linear grammars contained in such HCGRs generate at least the class of linear
languages. Thus, the following theorem can be established.

~

Theorem 6.29 Let I' € HOGR"ENG . Then, L; = {w;| (w1, ..., wy) € n-L(T)} = LIN,
for every j=1,...,n.
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Chapter 7

Rule-Restricted
Automaton-Grammar Transducers

In formal language theory, there exist two basic translation-method categories. The first
category contains interprets and compilers, which first analyse an input string in the source
language and, after that, they generate a corresponding output string in the target language
(see [2], [89], [92], [61], or [109]). The second category is composed of language-translation
systems or, more briefly, transducers. Frequently, these transducers consist of several com-
ponents, including various automata and grammars, some of which read their input strings
while others produce their output strings (see [5], [53], [91], and [111]).

Although transducers represent language-translation devices, language theory often
views them as language-defining devices and investigates the language family resulting from
them. In essence, it studies their accepting power consisting in determining the language
families accepted by the transducer components that read their input strings. Alterna-
tively, it establishes their generative power that determines the language family generated
by the components that produce their strings. The present chapter contributes to this vivid
investigation trend in formal language theory.

In this chapter, we introduce a new type of transducer, referred to as rule-restricted
transducer, based upon a finite automaton and a context-free grammar. In addition, a
restriction set controls the rules which can be simultaneously used by the automaton and
by the grammar.

The present chapter discusses the power of this system working in an ordinary way as
well as in a leftmost way and investigates an effect of an appearance checking placed into the
system. First, we show that the generative power is equal to the generative power of matrix
grammars (see [1] or [37]). Second, the accepting power coincides with the power of partially
blind multi-counter automata (see [49] and [52]). Third, under the context-free-grammar
leftmost restriction, the accepting and generative power of these systems coincides with
the power of context-free grammars. On the other hand, when an appearance checking is
introduced into these systems, the accepting and generative power coincides with the power
of Turing machines.

In the last part of the chapter, we discuss application-related perspectives of the stud-
ied systems in linguistics. Particularly, we concentrate our attention on natural language
translation. First, we demonstrate the basic idea in terms of simple English sentence, per-
forming its analysis and passive transformation. Furthermore, we describe the translation
of selected sentence structures between the Czech, English, and Japanese languages. We
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demonstrate that while English and Czech are structurally similar languages, some aspects
of Japanese differ significantly. We also show that some linguistic Czech-language features
complicate this translation very much. For example, compared to English, there is very
rich inflection in Czech. Other difficult-to-handle features include non-projectivity (crossing
dependencies between words in a sentence), which mainly results from the fact that Czech
is a free-word-order language.

7.1 Rule-restricted transducer

In this section, we define and investigate a rule-restricted transducers consisting of a finite
automaton, a context-free grammar, and a control set of pairs of rules. The finite automaton
reads its own input string and, simultaneously, the context-free grammar generates an
output string. During the computation, the control set determines which rules can be used
at the same computation step performed by both components. The computation of the
system is successful if and only if the finite automaton accepts the input string and the
context-free grammar successfully generates a string of terminal symbols.

Definition 7.1 (Rule-restricted transducer)

The rule-restricted transducer, RT for short, is a triplet I' = (M, G, V), where M =
(@Q,%,0,q0, F) is a finite automaton, G = (N, T, P,S) is a context-free grammar, and ¥
is a finite set of pairs of the form (r1,72), where r; and 79 are rules from 0 and P, respec-
tively.

A 2-configuration of RT is a pair x = (z,y), where x € Q¥* and y € (NUT)*. Consider
two 2-configurations, x = (pavy, uAvy) and X' = (qu1, uzvy) with A € N, u, vy, x € (NUT)*,
v] € ¥ a € ¥UA{e}, and p,q € Q. If pavy = qui[r1] in M, wAvey = uzvy[rs] in G, and
(r1,72) € U, then I makes a computation step from x’ to x/, written as x = x/[(r1,72)],
or simply x = x’. In the standard way, =* and =7 are reflexive-transitive and transitive
closure of =, respectively.

The 2-language of T, 2-L(T), is 2-L(T") = {(w1,w2)| (gow1,S) =* (f,we), wy € X*,
wy € T*, and f € F}. From the 2-language we can define two languages:

o L(I")y = {w| (w1,we) € 2-L(T")}, and
o L(I)y = {ws| (wy,ws) € 2-L(T")}.

By Z(RT), £(RT)1, and Z(RT)a, the classes of 2-languages of RT's, languages accepted
by M in RTs, and languages generated by G in RTs, respectively, are understood.

It is well-known that finite automata and context-free grammars describe different
classes of languages. Specifically, by the finite automata we can accept regular languages,
whereas the context-free grammars define the class of context-free languages. However, in
Example 7.2 is shown that by the combination of these two models, the system is able to
accept and generate non-context-free languages.

Example 7.2
Consider RT K = (M, G, ¥) with

M =({1,2,3,3,4,5,5,6},{a,b},0,1,{6}), where

58



Figure 7.1: Definition of finite automaton M from Example 7.2

—5={
plzla—>2, p2:2—>1, p3:1b—)3/, p4:3,—>3,
ps=3b— 4, pg=4— 3, pr=3a—5, ps=5 —5,
p9:5a—>5, p10:5b—>6, p11=66—>6}

(see the graphical representation of M in Figure 7.1),
G= ({SvAaBaC7D7D,}7 {avb}7P7 S)7 where

—-P={
r1=S8— BbD', ro=B— Bb, r3=D"— D'D,
ry = B — aA, rs =D —C, re=A—daA,
ry=C — CC, rg =D — b, ’I”gZA—)&,
7“10:C’—>a},

U = {(p1,71), (p1,72), (P2,73), (P3,74), (P4,75), (P5,76), (P6,77), (P7,78), (P8,T9),
(P9, 78), (P10,710), (P11,710)}-

The languages of M and G are L(M) = {a't/a"V!| j,k,1 € N,i € No} and L(G) =
{a’ba*V!| 4,7,k € N,1 € Ny}, respectively. However, 2-language of K is L(K) = {(a'b/a'b?,
a’b'albt)| i,j € N}.

From the example, observe that the power of the grammar increases due to the possi-
bility of synchronization with the automaton that can dictate sequences of usable rules in
the grammar. The synchronization with the automaton enhances the generative power of
the grammar up to the class of languages generated by matrix grammars.

Theorem 7.3 Z(RT), = £ (MAT).

Proof of Theorem 7.3. First, we prove that £ (MAT) C £ (RT)s.

Consider a MAT I = (;G, ;C) and construct RT I' = (r M, rG, V), such that L(I) = L(T')q,
as follows: Set rG = ;G; construct finite automaton M = (Q, X%, 4, s, F') in the following
way: Set F,Q = {s}; for every m = py...px € ;C, add k — 1 new states, ¢1,2,...,qr—1,
into @, k new rules, 11 = s = q1,72 =q1 = @2,y Tkl = (k-2 —> Qk—1,Tk = qk—1 — S,
into §, and k new pairs, (r1,p1), (r2,02), -, (Tk—1,Pk—1), (T, Pk), into V.

The finite automaton simulates matrices in I by moves. That is, if x; = x3[p] in I,
where p = p; ... p; for some ¢ € N, then thereis ¢q1,...,q;—1 € @ such that ry = s — q1,72 =
QU= 2,3 Tie1 = Qim2 = Gi-1,Ti = g1 = S € d and (r1,p1),-.., (i, pi) € ¥. Therefore,
(s,x1) =" (s,22) in I'. Similarly, if (s,z1) =" (s,x2) in I, for i € N, and there isno j € N
such that 0 < j < i and (s,21) =7 (s,y) =* (s,22), there has to be p € ;C and x1 = z3p]
in I. Hence, if (s,5) =* (s,w) in ', where w is a string over the set of terminal symbols in
rG, then S =* w in I; and, on the other hand, if S =* w in I for a string over the set of
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terminals in ;G, then (s,S) = (s,w) in I'. The inclusion .Z(MAT) C Z(RT)s has been
proven.

For any RT I' = (rM = (Q,%,0,s,F),rG = (rN,rT,rP,1S), V), we can construct a
MAT O = (oG, oC) such that L(T")2 = L(O) as follows: Set oG = (rNU{S'},rT,0oP,5"),
oP =1rPU{py=5"— (s)rS}, and oC = {po}. For each pair (p1,p2) € ¥ with p; = qa —
r,qre€Q,aeXU{e}, pp=A—x, A€ pN,and x € (tNUT)*, add p1 = (¢) — (r)
into o P and pype into oC'. Furthermore, for all ¢ € F', add p = (q) — ¢ into o P and p into
oC.

By the following claims we prove that L(I')y = L(O).

Claim 7.4 If (sw,pS) =* (qu',w) in T, then S’ =* (¢)w in O.
Proof of Claim 7.4. By induction on the number of computation steps.

Basis. Let (sw,pS) =° (sw,pS) in . Then, S’ = (s)rS[p] in oG and p € oC. Hence,
S" = (s)rS[p| in O. Claim 7.4 holds for no steps in T'.

Induction hypothesis. Suppose that Claim 7.4 holds for j or fewer computation steps.

Induction step. Let (sw,rS) =7 (qu',w) = (¢w”,w’) in T. Then, by the induction
hypothesis, S’ =* (¢)w in O. Without any loss of generality suppose that w = uAv for
u,v € (PN UrT)*, A € pN, and (qu’,uAv) = (¢w",uzv) with x € (pT U pN)* and
w' = wzv. From the construction of O we know that py = A — 2z and py = (q) — (¢)
is in pP and pip2 € oC. Therefore, S’ =* (¢)jw = (¢ )uzv = (¢')&’ in O. Claim 7.4
holds. Furthermore, for all f € F there is a rule p = (f) — ¢ € pP and p € oC. Hence,
if (sw,rS) =* (f,w), where f € Fand w € pT* in I, &' =* (f)w = w in O. That is,
L(T)e C L(O). O

It remains to prove that L(O) C L(I'),.

Claim 7.5 If S’ =* (¢)w in O with w € pT*, then (sw,1S) =* (f,w) in T for some w € ¥*
and f € F.

Proof of Claim 7.5. Consider any successful derivation of the form

S" = (qo)wo[po) = (q1)wilp1] = (@2)w2[p2] = ... = (qr)wk[pk]

in O, where q9 = s, & = q, wo = S, and wp = w. As it follows from the construction
/I

of O, for every i = 1,...,k, p; = pip}, where p, = (¢i—1) = (¢i), wi—1 = wi[p}] in G,
and for a € YU {e}, (gi—1a — ¢;,p]) € V. That is, (¢_1wi—1,wi—1) = (gw;,w;) for all

i=1,...,k, and hence, (swo,15) =" (gxw, wx) with w = wy. Having wy, € pT™* and using
p = p1p2, where p1 = (q) — € € 0P, wk—1 = wg[p2], and p € oC, implies ¢ € F, wy, = ¢,
and w € L(rM), and therefore, wy € L(I')2. L(O) C L(I")2. O

Theorem 7.3 holds by claims 7.4 and 7.5. |

On the other hand, the context-free grammar in the RT can be exploited as an additional
storage space of the finite automaton to remember some non-negative integers. If the
automaton uses the context-free grammar in this way, the additional storage space is akin
to counters in a multi-counter machine. The following lemma says that the FAs in the RT's
are able to accept every language accepted by partially blind k-counter automata.
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Lemma 7.6 For every k-PBCA I, there is an RT I' = (M, G, ¥) such that L(I) = L(I");.

Proof of Lemma 7.6. Let I = (;1Q, %, 10, qo, F') be a k-PBCA for some k£ > 1 and construct
RTT =M= (uQ,%, m0,q0,F),G = (N, T,P,S), V) as follows: Set T = {a}, ¥ = 0,
N:{S,Al,...,Ak}, P:{A—>E| AGN}, M(SI{f—)f‘ fEF}, and Q@ = 1Q.

For each pa — q(t1,...,t) in ;0 and for n = (X¥_ max(0, —¢;)) add:

® d1,---,4n into MQ)

o r =5 — xS, where z € (N — {S})* and occur(4;,z) = max(0,t;), for i = 1,...,k,
into P;

® L= (o0 > q1, T2 =q1 = 2, -, Tn = qn—1 — n, Tn41 = gn — ¢ into p0 with
go = p; and (rj41,a; — €), where oy = A; and each A; is erased maxz(0, —t;)-times
during the sequence, into ¥ (n = 0 means that only pa — ¢, S — =S and (r1,r) are
considered);

o (f— f,S —¢)into ¥ forall f e F.

The finite automaton of the created system uses the context-free grammar as an external
storage. Each counter of the I is represented by a nonterminal. Every step from p to ¢
that modifies counters are simulated by several steps leading from p to ¢ and during this
sequence of steps the number of occurrences of each nonterminal in the grammar is modified
to be equal to the corresponding counter in I. Clearly, L(I) = L(I');. [

Lemma 7.7 states that the context-free grammar is helpful for the finite automaton in
RT at most with the preservation of the non-negative integers without possibility to check
their values.

Lemma 7.7 For every RT I' = (M, G, V), there is a k--PBCA O such that L(O) = L(T');
and £ is the number of nonterminals in G.

Proof of Lemma 7.7. LetT' = (M = (Q, %, 796,90, F),G = (N, T, P,S),¥) be an RT. With-
out any loss of generality suppose that N = {Aj,...,A,}, where S = A;. The par-
tially blind |N|-counter automaton O = (Q U {q}}, X, 09, ), F) is created in the following
way. For each r1 = pa — ¢ € yd and 7 = a — B € P such that (rq,r2) € ¥, add
pa — q(v1,...,v)N|), where v; = occur(A;, ) — occur(A;, a), for all i = 1,...,|N|, into od.
Furthermore, add ¢ — ¢o(1,0,...,0) into oJ.

The constructed partially blind |N|-counter automaton has a counter for each nonter-
minal from the grammar of I'. Whenever the automaton in I' makes a step and a sentential
form of grammar G is changed, O makes the same step and accordingly changes the number
of occurrences of nonterminals in its counters. ]

From Lemma 7.6 and Lemma 7.7, we can establish the following theorem.
Theorem 7.8 Z(RT); = |J Z(k-PBCA).
k=1

Proof of Theorem 7.8. 1t directly follows from Lemma 7.7 and Lemma 7.6. |
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For the better illustration of the accepting and generative power of RT, let us recall
that the class of languages generated by MATs is properly included in RE (see [1] or [37]),
and the class of languages defined by partially blind k-counter automata, with respect to
the number of counters, is superset of CF and properly included in CS (see [49] and [52]).

Although the investigated system is relatively powerful, in defiance of weakness of mod-
els they are used, non-deterministic selections of nonterminals to be rewritten can be rel-
atively problematic from the practical point of view. Therefore, we examine an effect of a
restriction in the form of leftmost derivations placed on the grammar in RT.

Definition 7.9 (Leftmost restriction on derivation in RT)

Let I' = (M,G,¥) be an RT with M = (Q,X%,4,qo, F') and G = (N, T, P,S). Furthermore,
let x = (pavi,uAvy) and Y = (qui,uzve) be two 2-configurations, where A € N, vg,x €
(NUT)Y*, ueT* vy € X% a€XU{e}, and p,q € Q. If and only if pav; = qui[r] in
M, uwAvy = uzvs[re] in G, and (r1,72) € ¥, I' makes a computation step from x to x/,
written as x =y X'[(r1,72)], or simply X =n X'. In the standard way, =}, and = are
reflexive-transitive and transitive closure of =,,, respectively.

The 2-language of T' with G generating in the leftmost way, denoted by 2-L;,,(T), is
defined as 2-L;, (I') = {(w1, w2)| (qow1,S) =7, (fiw2), w1 € ¥¥, wo € T*, and f € F};
we call I' as leftmost restricted RT; and we define the languages given from 2-L;,,(T") as
Lip(T)1 = {wi]| (w1,w2) € 2-Ly, (1)} and Ly, (D)o = {wa| (w1,w2) € 2-Ly,(T)}. By
Z(RTy), ZL(RTyn)1, and Z(RTy)2, we understand the classes of 2-languages of left-
most restricted RTs, languages accepted by M in leftmost restricted RTs, and languages
generated by G in leftmost restricted RT's, respectively.

Theorem 7.10 2 (RT},)2 = CF.

Proof of Theorem 7.10. The inclusion CF C Z(RTj,,)2 is clear from the definition, because
any time we can construct leftmost restricted RT, where the automaton M cycles with
reading all possible symbols from the input or € while the grammar G is generating some
output string. Therefore, we only need to prove the opposite inclusion.

We know that the class of context-free languages is defined, inter alia, by pushdown
automata. It is sufficient to prove that every language L;,,(I")2 of RT can be accepted by
a pushdown automaton. Consider an RT I' = (M = (Q,r%, 16, q, F),G = (N,T,P,S), V)
and define PDA O = (Q, T, 0T, 09, qo, S, F), where oI' = NUT and 4 is created as follows:

e set pd = 0;

e foreach mpy = A — x € P and ro = pa — ¢ € pd such that (ry;,79) € ¥, add
Ap — (:C)Rq into od;

e for each p € Q and a € T add apa — p into oJ;

Now, we have to show that L(O) = Ly, (T')a.

Claim 7.11 Let (gow,S) =* (pw',uawv) =* (f,w) in RT T, where u € T*, a € N, and
v e (NUT)*. Then, Sqoi =* (v)Fap@’ in PDA O, where @& = ui'.

Proof of Claim 7.11. By the induction on the number of computation steps.

Basis. Let (qow, S) = (gow, S) =* (f,®) in T'. Trivially, Sqo@w =" Sqow and Claim 7.11
holds.
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Induction hypothesis. Suppose that Claim 7.11 holds for j or fewer computation steps.

Induction step. Let (qow,S) =7 (paw’,uav) = (qu',uzrv) =* (f, @) in T, where a €
r2X U {e}, urv = wu/Bv’ and f§ is the new leftmost nonterminal. Then, by the induction
hypothesis, Sqo@ =* (v)®apa®’ in O.

Since (paw’,uav) = (qu',uzv) in T, paw’ = quw'[r1] in M, uav = uzvlre] in G, and
(r1,7m2) € ¥. From the construction of pd, O has rules ap — (:E)Rq and bgb — ¢ for all
be T. Hence, (v)Fap’ = (zv)%qi’. Because uzv = uw'Bv’, B is the leftmost nonterminal,
and (qu’, uzv) =* (f,®), (2v)fq0’ = (W' Bv")qu'@", and obviously, (v/Bv')qu'@" =*
(Bv")q@"” in O. Claim 7.11 holds. O

The last step of every successful computation of I has to be of the form (qa,uav) =
(f,uzv), with a € T U{e}, f € F, uxv € T*. By Claim 7.11, suppose that O is in
configuration (aw)®quw’, where ww’ = wuzv. From the construction of od, (av)fquw’ =
(zv)®fw' =* f in O. Hence, Ly, (I)y C L(O).

It remains to prove the opposite inclusion—that is, L(O) C Ly, (T)s.

Claim 7.12 Let Sqow =" f in PDA O, where f € F. Then, (qow,S) =" (f,w) in RT T.

Proof of Claim 7.12. Consider any successful acceptance:
Sqow =* f (I17)

in PDA O. We can express (I11) as aggowy = viaquiqrwy = v101qrw; = vaaauaqow; =*
VoiaQowa = ... = VRQRUEGEWE—1 = Vp0pqrWg = Ukupr1fwr = f, where ag = S
and for all ¢ = 1,...,k with & > 0, o € N, wj,upy1,v0x € T, v; € (NUT)*, wi—1 =
(ui)w; and wy, = (vpupg)™. Openly, (w)%ei(v) = (wip1u) e (vip1)%[rs] in G,
¢i—1W;—1 = q;w;[r}], and furthermore, (r},7;) € ¥ for all ¢ = 0,...,k. Hence, (III) can
be simulated by (qo@o, ) = (@11, (u1) o1 (v))™) = (g, (ugur)Pan(v2)™) = ... =
(uptip—1 - - u1) o (o) = (f, (upsruptp—1 - . u1)(vp)®) = (f,w) in . So, Claim 7.12
holds. O

As L(O) C Lj(I')2 and Ly, (T')2 € L(O), Theorem 7.10 holds. |

Lemma 7.13 For every language L € CF, there is an RT I' = (M, G, ¥) such that
le(F)l = L.

Proof of Lemma 7.13. Let I = (N, T, (P, S) be a context-free grammar such that L(I) =
L. For I, we can construct context-free grammar H = (g N, T, g P, S), where yN = [N U
{{a)| ae T} and gP ={(a) »ala € T}U{A — x| A — 2’ € ;P and z is created from z’
by replacing all a € T in 2’ with (a)}. Surely, L(I) = L(H) even if H replaces only the
leftmost nonterminals in each derivation step. In addition, we construct finite automaton
M = ({qo0}, 76, 90,{qo}) with 6 = {go = g0} U{qoa = qo| a € T}, and ¥ = {(q0 — g0, A —
z)|] A=z e ygP, Ae N} U{(qa — qo,(a) »>a)| a € T}.

It is easy to see that any time when H replaces nonterminals from ;N in its sentential
form, M reads no input symbol. If and only if H replaces (a) with a, where a € T, then M
reads a from the input. Since H works in a leftmost way, 2-L;,,(I') = {(w,w)| w € L(I).
Hence, Ly, (I')1 = L(I). [ ]
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Similarly, we show that any RT generating outputs in the leftmost way can recognize
no language out of CF.

Lemma 7.14 Let I be an RT. Then, for every language L;,,(I")1, there is a PDA O such
that Ly, ()1 = L(O).

Proof of Lemma 7.14. In the same way as in the proof of Theorem 7.3, we construct PDA
O such that L(O) = Ly, (T'); for RTT' = (M = (Q,r%,rd,q, F),G = (N, T,P,S), V). We
define O as O = (Q,r%, N, 00, qo, S, F'), where o¢ is created in the following way:

e set oo = 0;

e for each 41 = pa — q € pd and 1o = A — = € P such that (r;,72) € ¥, add
Apa — (0(x))"q into o6, where 6(z) is a function from (N UT)* to N* that replaces
all terminal symbols in = with e—that is, 0(x) is  without terminal symbols.

In the following, we demonstrate that L(O) = L, (I');.

Claim 7.15 Let (gow, S) =* (pw',uav) in RT T, where u € T*, a € N, and v € (NUT)*.
Then, Sqow =* (A(v))Fapw’ in PDA O.

Proof of Claim 7.15. By the induction on the number of computation steps.

Basis. Let (gow,S) =° (gow,S) in . Then, surely, Sqow =° ((S))gow. Claim 7.15
holds.

Induction hypothesis. Suppose that Claim 7.15 holds for j or fewer computation steps.

Induction step. Let (qow,S) =7 (paw',uav) = (qu',uzv) in T, where a € ¥ U {e},
urv = uu/Bv’ and B is the leftmost nonterminal. By the induction hypothesis, Sqow =*
(O(v))Fapaw’ in O.

Because (paw’,uav) = (qu',uzv) in T, paw’ = qu'[r1] in M, uvav = wuzv[ry] in
G, and (r1,72) € ¥. From the construction of pd, O has a rule apa — (H(x))Rq, and
(0(v))Rapaw’ = (0(v"))?Bqu’ in O. Claim 7.15 holds. O

The last step of any successful computation in I' is of the form (qa,uav) = (f,uzv),
where f € F, a € X U{e}, @« € N, and uzv € T*. Hence, aga — f € 00 and aga = f in
0. So, Lj,(I')1 € L(O).

Claim 7.16 Let Sqow =* (8(v))apw’ in PDA O. Then, (gow,S) =* (pw’,uav) in RT
I, where u € T*, o« € N, and v € (NUT)*.

Proof of Claim 7.16. By the induction on the number of moves.

Basis. Let Sqow = Sqow. Then, (gow, S) = (gow, S) in T and Claim 7.16 holds.
Induction hypothesis. Suppose that Claim 7.16 holds for j or fewer moves.

Induction step. Let Sqow =7 (0(v))Fapaw’ = (0(xv))®qw’ in O, where a € X U {e}.
Then, by the induction hypothesis, (qow, S) =* (paw’,uav) in T, where u € T*, « € N,
and v € (NUT)*.

Because there is a rule apa — (G(x))Rq in o6, from the construction of pd, there are
rules r1 = pa — g € pd and 7 = o — x € P, and (r1,72) € ¥. Therefore, (paw’, uav) =
(qw',uzv) in T'. So, Claim 7.16 holds. Furthermore, if f(xv)w’ = € and ¢ € F, then
(paw’, uaw) = (q,uzv) and L(O) C Ly, (T);. O
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Since L(O) C Ly ()1 and Ly, (T)1 € L(O), L(O) = Ly (T)1. ]

Theorem 7.17 Z(RT},)1 = CF.

Proof of Theorem 7.17. It directly follows from Lemma 7.13 and Lemma 7.14. |

Unfortunately, the price for the leftmost restriction, placed on derivations in the context-
free grammar, is relatively high and both accepting and generative ability of RT with the
restriction decreases to CF.

In the following, we extend RT with possibility to prefer a rule over another—that is,
the restriction sets contain triplets of rules (instead of pairs of rules), where the first rule
is a rule of FA, the second rule is a main rule of CFG, and the third rule is an alternative
rule of CFG, which is used only if the main rule is not applicable.

Definition 7.18 (RT with appearance checking)
The RT with appearance checking, RTac for short, is a triplet I' = (M, G, V), where M =
(Q,3%,0,q, F) is a finite automaton, G = (N, T, P, S) is a context-free grammar, and V¥ is
a finite set of triplets of the form (71,72, r3) such that r; € 6 and ro,r3 € P.

Let x = (pavi,uAvg) and ¥’ = (qui,uzvy), where A € N, vg,z,u € (NUT)*, v € ¥*,
a € XU{e}, and p,q € Q, be two 2-configurations. I' makes a computation step from y
to x/, written as x = X/, if and only if for some (r1,r2,73) € ¥, pavy = qui[r1] in M, and
either

o uAvy = uxve[ra] in G, or
e uAvy = uxvy[rs] in G and rs is not applicable on uAvy in G.

The 2-language 2-L(T") and languages L(I");, L(I") are defined in the same way as in Def-
inition 7.1. The classes of languages defined by the first and the second component in the
system are denoted by Z(RTqc)1 and Z(RTqc)2, respectively.

By the appearance checking both generative and accepting power of RT grow to the
power of Turing machines.

Theorem 7.19 Z(RTqc)2 = RE.

Proof of Theorem 7.19. Because .Z(MATqc) = RE (see [37]), we only need to prove that
L(MATqc) € Z(RTqc)a-

Consider an MATye, I = (;G, 1C), and construct RTac I' = (M, rG, ¥), such that L(I) =
L(T)s, as follows: set G = ;G; add a new initial nonterminal S’, nonterminal A, and
rules A — A, A — ¢, S’ — SA into grammar rG; and construct finite automaton pM =
(Q,%,0,s,F) and V¥ in the following way: Set F,Q = {s}, d = {s — s}, and ¥ = {(s —
$,A = e, A —¢e), (s = 5,8 = SA,S — SA)}; for every m = (p1,t1) ... (pg,tx) € 1C,

add 41,492, - ,4k—1 into Q7 S —4q1,91 — q2,.--,q4k—2 — qk—1,9k—1 — S into 57 and (5 —
q1,P1, Cl)? ((h — 42,2, 02)7 SERE) (qk—Q — Qk—1,Pk—1, Ck—l)a (qk?—l —7 Qs Dk Ck) into \117 Where,
for 1 <i <k, if t; = —, then ¢; = p;; otherwise, ¢; = A — A.

Since S’ is the initial symbol, the first computation step in I" is (s, S") = (s, SA). After
this step, the finite automaton simulates matrices in I by moves. That is, if 21 = xo[p| in I,
where p = p; ... p; for some 7 € N, then thereis ¢1,...,q;-1 € @ such that ry = s — q1,72 =
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Q= q2,---,Ti-1 = Gi—2 = ¢i—1,7i = ¢i-1 — S € § and (r1,p1,¢1),..., (15, pi,ci) € W
Therefore, (s,x1) =" (s,x2) in I". Notice that if I can overleap some grammar rule in
m € ;C, T represents the fact by using A — A with the move in p M. Similarly, if, for some
i €N, (s,71) =" (5,22) in I' and there is no j < 4 such that (s,z1) =7 (s,y) =* (s, 12),
there exists p € ;C such that x; = x9[p| in I. Hence, if (s,5) =* (s,w) in T, where w is a
string over the set of terminals in G, then S =* w in I; and, on the other hand, if S =* w
in I for a string over the set of terminals in G, then (s,5") = (s, SA) =* (s, wA) = (s, w)
in T |

Theorem 7.20 Z(RTqc)1 = RE.

Proof of Theorem 7.20. Let I = (;Q, %, 10, qo, F) be a k-CA for some k& > 1 and construct
RTT = (WM = (uQ,%, m6,q0, F),G = (N, T,P,S),V) as follows: Set T = {a}, ¥ =
O,N ={S,0,A41,..., A4},P={A =, A= 0| Ae N—-{0}}U{S = S}, and yQ = /Q,
M6 ={f — f| f € F}. For each pa — q(t1,...,t) in 16,n = X¥_,0(t;), and m = $¥_,0(¢;),
where if t; € Z, 0(t;)) = maz(0,—t;) and 0(t;) = maxz(0,t;); otherwise 6(t;) = 1 and
0(t;) = 0, add:

® (di,---,4n into MQ7

o r =S8 — x5, where z € (N — {5,0})* and occur(A;, z) = 0(t;), for each i = 1,...,k,
into P;

® 71 =q0a > q1, T2 =q1 —> 2, - s Tn = Gn—1 — Gn, Tn+1 = qn — ¢ into pr0 with go = p;
and for each i = 1,...,n, add (41,7, 7)), where for each j =1,...,k, if t; € N, for
0(t;) is, 7, = 7/ = Aj — &; otherwise, if t; = —, 7, = Aj - O and 7/ = S — S, into V.

Notice that n = 0 means that only qoa — ¢, S — xS are considered. Furthermore,
add (r1,7,7) into U;

o (f—f,8S—¢eS—¢)into ¥ forall f e F.

Similarly as in the proof of Theorem 7.6, the finite automaton of the created system
uses context-free grammar as an external storage, and each counter of the I is represented
by a nonterminal. If I modifies some counters during a move from state p to state q, M
moves from p to ¢ in several steps during which it changes the numbers of occurrences
of nonterminals correspondingly. Rules applicable only if some counters are equal to zero
are simulated by using an appearance checking, where I' tries to replace all nonterminals
representing counters which have to be 0 by ¢. If it is not possible, I' applies the rule S — S
and continue with computation. Otherwise, since ¢ cannot be rewritten during the rest of
computation, use of such rule leads to an unsuccessful computation. The formal proof of
the equivalence of languages is left to the reader. Since, .Z(k-CA) = RE for every k > 2
(see [58]), Theorem 7.20 holds. |

7.2 Applications in Natural Language Translation

In this section, we present several examples illustrating potential applications of the for-
mal models discussed in this paper in natural language processing (NLP), particularly in
translation.
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Currently, mainly because of the availability of large corpora (both unannotated and
annotated) for many languages, statistical approaches with the application of machine learn-
ing are dominant in machine translation and NLP in general. Many machine translation
systems are based on n-gram models and use little or no syntactic information (see [9]).
However, the recent trend consists in incorporating global information of this kind (global
within the scope of the sentence) into translation systems in an effort to improve the results.
This approach is usually called syntax-based or syntax augmented translation (see [64],
[112]). An in-depth description of the formal background of one such system can be found
in [7].

In this paper, we present a new formalism that can be applied within the context
of such systems to describe syntactic structures and their transformations, and we study
its properties. RT provides an alternative to formal models currently used in translation
systems, such as synchronous grammars (see [21]).

One of the main advantages of the RT formalism lies in its straightforward and intu-
itive basic principle. Indeed, we simply read the input with an FA, while generating the
corresponding output using a CFG. Another important advantage is the power of RT (see
section 7.1). RT has the ability to describe features of natural languages that are difficult or
even impossible to capture within a purely context-free framework, such as non-projectivity,
demonstrated below.

RT can be easily extended and adapted for use in statistical NLP as well. For example,
similarly to probabilistic CFG (see [62]), we can assign probabilities to rules, or to pairs of
rules in the control set.

First, to demonstrate the basic principles, we perform the passive transformation of a
simple English sentence

The cat caught the mouse.

The passive transformation means transforming a sentence in active voice into passive,
and it is a well-known principle that is common to many languages. For the above sentence,
the passive form is

The mouse was caught by the cat.

Figure 7.2 shows derivation trees for the above sentences. Throughout this section, we use
the following notation to represent common linguistic constituents:

AUX auxiliary verb P preposition

DET determiner PN pronoun

N noun PP prepositional phrase
NP noun phrase V verb

NP-SBJ noun phrase in the role of subject VP verb phrase

Essentially, what we need to do is the following: swapping the subject and the object,
adding the preposition by in the correct position, and changing the verb into passive, using
the auxiliary verb to be in the appropriate form. The verb to be is irregular and has many
different forms (paradigms) depending not only on tense, but also person and number. In
most cases, we can see the tense directly from the main verb in the active form, but for
the other two categories (person and number), we need to look at the subject (the object
in the original sentence).
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was  caught by DET N

Figure 7.2: Example of the passive transformation

Example 7.21

Consider an RT T' = (M, G, ¥), where M = (Q,%,4,0,F), G = (N,T,P,S). Let Q =
{0,1,2,3,4,5,6,7,8a,8b,8¢c,8d,8¢,8f,9}, ¥ = {Nis, Nag, N3, Nip, Nop, N3p, Vipes, Vs,
Vpp, DET, P, AUX 0515, AUXpas2s; AUXpas3s; AUXpas1ps AUXpas2p, AUXpas3p, AUXps1s,
AUX 25, AUX 35, AUXps1p, AUXpsap, AUXs3,}, F' = {9}, N = {S, NP-SBJ, NP, VP,
PP, N2, Vo, AUX 457, AUX,i2}, T' = 3. Furthermore, let §, P, and ¥ are given by next:

5:{ T = 0—)1, T6a = 3Vpas_>5a T10a = 8&—)9,
ro= 1— 2, T6p = 3Vp5 — 5, 100 = 8b — 9,
rg= 2 =3 rr= 9 — 0,
ry= 3DET — 4, rs = 6DET — 7,
50 = 4N15 — 3, T9q = 7N15 — 8(1, Ti0f = 8f — 9,
Tsp = 4N23 — 3, Top = 7N25 — 8b,
Tsf = 4N3p — 3, Tof = 7N3p — 8f}

P={ p = S— NP-SBJ VP, P8a = AUXpasr = AUXpgs1s,
po = NP-SBJ — NP, pap = AUXpue7 — AUXpas2,

ps = NP — DET No,

Paa = N7 — Nyg,

pap = No — Ny, psf = AUXpas‘_? — AUXpa53p7
Poa = AUXper = AUX 15,
Pop = AUXpS? — AUXp5287

paf = N2 = Ngp,

ps = VP — Vs PP,

ps= PP — P NP, pof = AUXpsr = AUXps3p,

pra = V2 = AUXpas? Vi,

pry = Vo — AUX,s Vip}

U = {(r1,p1), (12,05), (13,06); (T4,03)s (T5asP4aa)s (T56:Dab)s -5 (58, Paf)s (T6asP7a)s
(r6b, P71)5 (17,D02), (18,D3), (790> Paa)s (T9bs Pab)s - -5 (TofsDaf), (T10asP8a)s (106, P8H)s - - -5
(r10f:08¢)s (T10asP9a)s (T106,P9b)s - - -5 (r10f,Pof)}

One may notice that the input alphabet of the automaton, as well as the terminal alphabet
of the grammar, does not contain the actual words themselves, but rather symbols repre-
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senting word categories and their properties (for example, N3s represents a noun in third
person singular). In the examples throughout this section, we consider syntax analysis and
translation on the abstract level, transforming syntactic structures in languages. That is,
we assume that we already have the input sentence split into words (or possibly some other
units as appropriate), and these words are tagged as, for example, a noun, pronoun, or
verb.

In the computation examples, the text in square brackets shows the words associated
with the symbols for the given example sentence, but note that this is not a part of the
formalism itself. This specifier is assigned to all terminals. Nonterminals are only specified
by words when the relation can be established from the computation so far performed (for
example, we cannot assign a word before we read the corresponding input token).

For the sentence the cat caught the mouse (for the purposes of this text, we disregard
capitalization and punctuation) from the above example, the computation can proceed as
follows:

0 DET{the] N3s[cat] Vpas[caught] DET[the] N3s[mouse], S)

—~

= (1 DET[the] Nsslcat] Vpes|caught] DET[the] Nss[mouse], NP-SBJ VP)
[(rlapl)]

= (2 DET|[the] Nas[cat] Vpgs[caught] DET[the] Ngs[mouse], NP-SBJ V-, PP)
[(T 7p5)]

= (3 DET[the] Nsslcat] Vpas[caught] DET|the] Nss[mouse|, NP-SBJ V. P[by]
NP) [(r3,ps)]

= (4 Nsg[cat] Vpas[caught] DET[the] Nsg[mouse], NP-SBJ V- Plby] DET|the]
N7’7) [(7“47]33)]

= (3 Vpas[caught] DET[the] Nas[mouse], NP-SBJ V; P[by] DET[the] N34[cat])

(

[(75cs Pac)]

(5 DET(the] Ngs[mouse], NP-SBJ AUX,,s2[be] Vpplcaught] P[by] DET|the]

Ns[cat]) [(76a, P7a)]

= (6 DET][the] Nsg[mouse], NP AUXp,s2[be] Vpplcaught] P[by] DET|the]
Nas[cat]) [(r7,p2)]

= (7 Nss[mouse], DET[the] N2 AUX,52[be] Vpp|caught] P[by] DET|[the] N3g[cat])
[(rs, p3)]

(808, ZSET[the] Nss[mouse] AUX,q57[be] Vpp[caught] Plby] DET[the] Nas|cat])

[(roc, Pac)]

(9,9DEZ'LT[the] Ngs[mouse] AUX pus3s[was| Vpplcaught] P[by] DET[the] N3s|cat])

[(7'1007]780)]

For clarity, in each computation step, the input symbol to be read (if any) and the nonter-
minal to be rewritten are underlined.

First (in states 0, 1, and 2), we generate the expected basic structure of the output
sentence. Note that this is done before reading any input. In states 3 and 4, we read the
subject of the original sentence, states 5 and 6 read the verb, and the rest of the states is
used to process the object. When we read the verb, we generate its passive form, consisting
of to be and the verb in past participle. However, at this point, we know the tense (in this
case, past simple), but do not know the person or number yet. The missing information
is represented by the question mark (?) symbol in the nonterminal AUX,,s>. Later, when
we read the object of the original sentence, we rewrite AUX,,,s7 to a terminal. In this case,
the object is in third person singular, which gives us the terminal AUX,,s35 (meaning that
the correct form to use here is was).
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Next, we present examples of translation between different languages. We focus on
Japanese, Czech, and English.

One problem when translating into Czech is that there is very rich inflection. The
form of the words reflects many grammatical categories, such as case, gender, and number
(see [54], where the author discusses this issue with regard to computational linguistics).
To illustrate, compare the following sentences in Japanese, English, and Czech.

Zasshi o yondeitta onna no hito wa watashi no shiriai deshita.
Zasshi o yondeitta otoko no hito wa watashi no shiriai deshita.

The woman who was reading a magazine was an acquitance of mine.
The man who was reading a magazine was an acquitance of mine.

Zena, kterd cetla ¢asopis, byla moje zndmd.
Muz, ktery cetl ¢asopis, byl muj zndmy.

As we can see, in Czech, nearly every word is different, depending on the gender of the
subject. In contrast, in both Japanese and English, the two sentences only differ in one
word — onna no hito (woman) and otoko no hito (man).!

The above sentences also give us an example of some structural differences between
Japanese and Czech. In Czech and English, the structure of the sentence is very similar,
but in Japanese, there is no word that correspond directly to ktery (which, who, ...).
Instead, this relation is represented by the form of the verb yondeitta (the dictionary form
is yomu, meaning to read). Compare the derivation trees in Figure 7.3.

Example 7.22

Consider an RT I' = (M, G, V), where M = (Q,X,0,0,F), G = (N,T,P,S). Let Q =
{0,m,m1,m2, f, f1, f2,n,nl,n2,1m,1f,1n}, ¥ = {NP,,, NP;, NP,, NP>, V, DET, #},
F = {Im,1f,1n}, N = { S, NP-SBJ, NP;, VP, PNy, Vs, X}, T = {NP,,, NP;, NP,,, V,n,
V¢, Vi, PNy, PNy, PNy} Let 6, P, and ¥ are defined as follows:

d={ mrn= 0V-o1, rm1= mV — ml, rp= fV = f1,
ro= 1—0, Tma = ml — m2, rro= f1— f2,
rg = ONP? — 0, Tm3 = M2 — m,
ry = O0DET — 0, Tma = mDET — m,
T5m = ONP,, — m, Tms = mNP? — m, rgp= 1f = 1f,
rsp = ONP; — f, Tmsm = MNP, > m, r,i= nV —nl,
r5n = ONP, — n, Tmsy = mNPy — m, o = nl — n2,
Tmsn = MNP, — m,
Tme = mM#F — 1Im,
rm7r = 1lm — 1m, a7 = 1n — 1In}

!Technically, onna no hito literally translates to woman’s person or female person, with onna itself
meaning woman, female. However, referring to a person only by onna may have negative connotations in
Japanese. Similarly for otoko no hito.
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Figure 7.3: Derivation trees — Japanese (top) and Czech (bottom)

{ p1= S— NP-SBJVPX, prm= V2= Vi,

P2 = NP-SBJ — NP?, pry = V? — Vf,

b3m = NP7 — NPm, bPrn = Vo — Vna

p3f = NP? — NPf, ps = S — PN? VP,
Pb3n = NP7 — Nan bPom = PNy — PNmy
P4a = NP? — NP?, Pof = PN? — PNf,
ps = NP, — NP» S/, pon = PN7 = PN,
Pe = VP — V? NP?, P10 = X = 6}



U = {(r1,p1), (r2,p6), (r3,p4), (T4,02), (T5m,Pa), (15£,04), (T50sP4)s (Tm1,D5), (Tm2,Ds),
(735 06)5 (Tma;, Pa)s (Tms, Pa)s (Pmsms> P3m)s (Tmsg>P3f)s (Tmsns> P3n), (Tmé,P10), (Tm7, P3m),
("m7s07m)s (Tm7, Pom), (T1,05), (Tr2,08), (r3,06), (74,04), (T§5.04), (T f5m,P3m), (Tf585
p3f)a (rf5nap3n)7 (Tf67p10)a (rf77p3f)7 (rf7ap7f)v (Tf7ap9f)a (Tnl,pf))’ (""n2,p8)a (Tn37p6)a
(Tn47 p4)7 (Tn57p4)7 (Tn5map3m)a (rn5f7p3f)a (Tn5n7p3n)a (Tn67p10)7 (Tn77p3n)7 (Tn77p7n)7
(Tn7ap9n)}

We have added two dummy symbols: the input symbol #, which acts as the endmarker,
and the nonterminal X, which we generate at the beginning of the computation and then
erase when all the input has been read (including #).

In this example, we read the input sentence in reverse order (right to left). Clearly, this
makes no difference from a purely theoretical point of view, but it may be more suitable
in practice due to the way how Japanese sentences are organized. The computation trans-
forming the sentence zasshi o yondeitta onna no hito wa watashi no shiriai deshita into
zena, kterd cetla ¢asopis, byla moje zndmd can proceed as follows:

(0 Vldeshita] NP-[watashi no shiriai] DET[wa] NPy¢[onna no hito]
V]yondeitta] DET[o] NP,,[zasshi] #, S)

= (1 NP7[watashi no shiriai| DET[wa] NP t[onna no hito] V]yondeitta] DET o]
NP,,[zasshi] #, NP-SBJ VP X) [(r1, p1)]

= (0 NP7[watashi no shiriai] DET[wa] NP f[onna no hito] V[yondeitta] DET|o]
NP, [zasshi] #, NP-SBJ V. [byl] NP2 X) [(r2, ps)]

= (0 DET[wa] NP ¢[onna no hito] V]yondeitta] DET[o] NP,,[zasshi] #, NP-SBJ
Vo [ol] NP [mij zndm] X) [(rs, )

= (0 NPy[onna no hito] V([yondeitta] DET[o] NP,,[zasshi] #, NP2 V-[byl]
NP7 [mij zndmy] X) [(r4,p2)]

= (f Vl]yondeitta] DET[o] NP,,[zasshi] #, NP»[Zena| Vo[byl] NP2[mij znamy]
X) [(rsf, pa)]

= (f1 DET][o] NP,,[zasshi] #, NP2[Zena] S’ Ve[byl] NP7[mij zndmy] X)
[(7y1,75)]

= (f2DET|o] NP,,[zasshi] #, NP7 [Zena] PN-[kterg] VP V,[byl] NP[maij znamy]
X) [(rf27p8)]

= (f DET[o] NP,,[zasshi] #, NP+[Zena] PNq[ktery] V-[cetl]] NP, Vo[byl]
NP2 [may znamy] X) [(rf3, pes)]

= (f NPy, [zasshi] #, NP2[Zena| PN+ [ktery] Vo[éetl] NP7 Vo [byl] NP2[maj znamy]
X) [(rss,p4)]

= (f #, NP¢[Zena] PNo[ktery] Vo[cetl] NP,,[Casopis] V-[byl] NP2[maij zndmyj]
X) (7 ¢5m> P3m)]
(1f, NP7[Zena] PNo[ktery] V-[cetl] NP,,[casopis] Vo[byl] NP2[mij zndmy])
[(rfﬁaplo)]
(1f, NPy[zen
[(rf7,p3y)]

= (lf NPf[
[ |
(
[
(
[

na] PNq[ktery] Vo[cetl] NP,,[¢asopis] Vo[byl] NP2[maij zndmi])

na] PNy¢lkterd] Vo[cetl] NPy, [¢asopis] Vo[byl] NP7[mij zndmy))

(rg7.pof)
1f, NP¢[zena] PNy[kterd] V[cetla] NP,,[casopis] Vo[byl] NP2[muj zndmy])

(ry7:p75)]
1f, NP¢[Zena| PNy[kterd] V¢[cetla] NP, [¢asopis] V ¢[byla] NP+ [maij zndmy))
]

(ryr,pry)
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I ate @ke yesterday which was delicious .

Figure 7.4: Non-projective dependency tree (English)

= (1f, NPy[Zena] PNy[kterd] Vy[cetla] NP,,[casopis] V¢[byla] NP ¢[moje
zndmdl) [(rf7,psy)]

When we first read the word that determines the gender, we move to the state that
represents this gender (state m, n, or f). Note that these states are functionally identical in
the sense that we can read the same input symbols, while performing the same computation
steps in the grammar generating the output. After we have reached the end of input, we
rewrite the nonterminal symbols representing words with as of yet unknown gender to the
corresponding terminal symbols, depending on the state.

Czech is considered a free-word-order language, which means that it allows for a wide
range of permutations of words in a sentence without changing its syntactic structure (the
meaning of the sentence may be affected). This is perhaps the main source of the relatively
high amount of non-projectivity in Czech sentences.

Non-projectivity means that there are cross-dependencies. For example, consider the
English sentence

I ate a cake yesterday which was delicious.

As shown in the dependency tree in Figure 7.4, there is a crossing of dependencies repre-
sented by arrows (yesterday, ate) and (was, cake). Arrows are drawn from child (modifier)
to parent (head).

Arguably, the English example is somewhat artificial — even though the sentence is
well-formed, in most cases it might be more natural to say simply

I ate a delicious cake yesterday.
In contrast, in Czech, a sentence such as

Nevim, jaky je mezi nimi rozdil.
(I don’t know what the difference between them is.)

is not at all unusual. The dependency tree for this sentence (see Figure 7.5) is also
non-projective. For further information about the projectivity, and the issue of the non-
projectivity in the Czech language in particular, see [55].

The following example illustrates how the formalism accounts for the non-projectivity.

Example 7.23
Consider an RT I" = (M, G, ¥), where M = (Q,%,6,0,F), G = (N,T,P,S). Let Q =
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P e

Nevim jaky jé mezi nimi rozdil
(1) don’t know what is between them difference

Figure 7.5: Non-projective dependency tree (Czech)

{0,1,2,3,4,5,6m,6f,6n}, & = {N,,,N;,N,,,V,PNPN;, DET,P}, F = {0}, N = {S, NP-
SBJ, NP, VP, PP, V;}, T = { N,,, Ny, N, V, PN,,, PNy, PN,,, P},

0= { ™m = ONm — 6m, rs = O0DET — 0, r1= 5— O,
Ty = ONf — 6f, r¢ = 0P — 0, Tiom = 6m — O,
rin = ON, — 6n, = 1= 2, T12f = 6f — 0,
Ty = OV—>0, rs = 2—)0, T1on = 6n—>0,
r3 = 0PN — 1, rg = 3 — 4, 713 = 0PN — 0,
rg = OPNZ' — 3, ro= 4 — 5},
P={ p = S — NP-SBJ VP, pPem = NP — PN,,,
po = NP-SBJ — NP, pes = NP — PNy,
p3 = NP-SBJ — ¢, pen = NP — PN,
pam = NP — Ny, pr= VP — V, PP NP,
Paf = NP — Nf, ps = Vo, — V,
pin = NP — N, pg= PP — P NP,
ps = NP — S, pio = PP — ¢}, and

U = {(r1m: Pam)s (r1£,Pag), (P10, Pan), (2, ps), (r3,p1), (14, p10), (75, P7), (r6,P9), (77, P3),
(r8,07)5 (19,15), (110, P1), (T11,02)5 (T12m> P6m)s (112 D6f) (T120> P6n)s (7135 Pem) }-
The computation transforming the English sentence I don’t know what the difference between
them is into the (non-projective) Czech sentence nevim, jaky je mezi nimi rozdil proceeds
as follows:

(0 PN[I] Vl]dont know] PN;[what] DET[the] Ny,[difference] P[between]
PN[them| V[is], S)

= (1 V]don’t know| PN;[what] DET[the] Ny,|difference] P[between] PN[them)|
V[iS], LSBJ VP) [(7"3,]?1)]

= (2 V[don’t know] PN;[what] DET[the] Ny,[difference] P[between] PN|[them]
Vlis], VP) [(r7, ps)]

= (0 V[dont know] PN;[what] DET[the] N,|[difference] P[between] PN[them]
Vlis], V2 PP NP) [(rs, p7)]

= (0 PN;[what] DET[the] N,,[difference] P[between] PN|[them| V[is], V[nevim)|
PP NP) [(r2, ps)]

= (3 DET(the] N,,[difference] P[between] PN[them] V[is], V[nevim] NP)

(74, p10)]

[
= (4 DET|[the] Ny,[difference] Plbetween] PN[them| V[is], V[nevim] S) [(r9, p5)]
= (b DET|[the] Ny, |[difference] P[between] PN[them] V]is|, V[nevim] NP-SBJ VP)
[(r10,p1)]
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Figure 7.6: The derivation tree of G

= (0 DET([the] Ny,[difference] P[between] PN[them] V[is], V[nevim] NP[jaky]

VP) [(r11,p2)]
= (0 N, [difference] Plbetween] PN[them] Vlis]|, V[nevim| NP[jaky] V. PP NP)

[(r5, p7)]
= (6m P[between] PN[them] Vlis], V[nevim| NP[jaky] V2 PP Ny, [rozdil]) [(r1m,
m)]
= ;?S Plbetween] PN[them| V[is], V[nevim] PN,,[jaky] Vo PP Ny, [rozdil]) [(ri2m,
pﬁm)]

= (0 PN[them] Vlis], V[nevim] PNy,[jaky] V7 P[mezi] NP N,,[rozdil]) [(re,p9)]
= (0 V[is], V[nevim] PNy,[jaky] V2 P[mezi] PNy, [nimi] Ny, [rozdi]) [(r13, Dém.)]
= (0, V[nevim] PN,,[jaky] V[je] P[mezi] PN,,[nimi] Ny, [rozdil]) [(re, ps)]

The corresponding derivation tree of G is shown in Figure 7.6.

In the examples presented in this paper, we have made two important assumptions.
First, we already have the input sentence analysed on a low level — we know where every
word starts and ends (which may be a non-trivial problem itself in some languages, such as
Japanese) and have some basic grammatical information about it. Furthermore, we know
the translation of the individual words. For practical applications in natural language
translation, we need a more complex system, with at least two other components — a part-
of-speech tagger, and a dictionary to translate the actual meanings of the words. Then,
the component based on the discussed formal model can be used to transform the syntactic
structure and also ensure that the words in the translated sentence are in the correct form.
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Chapter 8

Parsing of n-Path-Restricted
Tree-Controlled Languages

The previous chapter has introduced and investigated mechanisms for direct translation. In
this chapter, we use an automata system for parsing based upon grammars with restricted
derivation trees, which represents an important trend in todays formal language theory (see
[31, 39, 67, 68, 71, 73, 95]). These grammars generate their languages just like ordinary
context-free grammars do, but their derivation trees have to satisfy some simple prescribed
conditions. The idea of restrictions placed on the derivation trees of context-free grammars
is introduced in [31], and the resulting grammars restricted in this way are referred to as
tree-controlled grammars. In essence, the notion of a tree-controlled grammar is defined as
follows: take a context-free grammar G and a regular language R. A string w generated
by G belongs to the language defined by G and R only if there is derivation tree ¢t for w in
G such that all levels (except the last one) of ¢ are described by R. Based on the original
definition of a tree-controlled grammar, the modifications, where many well-known types
of both controlled grammars and control languages are considered, are studied in [95].

A new type of restriction in a derivation are studied in [71]. They consider a context-
free grammar G and a context-free language R. A string w generated by G belongs to the
language defined by G and R only if there is derivation tree ¢ for w in G such that there
exists a path of ¢ described by R. Based on this restriction, they introduce path-controlled
grammars and study several properties of this model. As they state in the final remarks,
there are many open problems. Some of them are studied in [73] but still many modifications
remain unsolved. In [73], based on the non-emptiness problem for the intersection of two
languages, the authors state the polynomial recognizability. However, they say nothing
about parsing methods of the languages generated by path-controlled grammars at all.

As a generalization of path-controlled grammars, the authors of [67] introduce several
variants of this rewriting model where not just one, but given number of paths in derivation
trees of context-free grammars have to be described by a control language. That is, [67]
deals with a generalization of path-controlled grammars (G, R), where a string w generated
by G belongs to the language defined by G and R only if there is derivation tree ¢ for
w in G such that there exist given n paths of ¢ described by a linear language R, where
n > 1. Such a rewriting system is referred to as n-path tree-controlled grammar. As it is
demonstrated in Section 8.2, this generalized rewriting system can generate some languages
not captured in the rewriting system introduced in [71]. Then, based on the common part of
all restricted paths of the derivation trees of context-free grammars, the authors introduce
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several modifications and state pumping properties of some of them. The possibilities
of parsing methods working in polynomial time for n-path tree-controlled languages are
briefly studied in [66]. This chapter continues with the investigation of these grammars
and establishes a parsing method based on them. After recalling the restrictions placed on
n > 1 paths in the derivation trees of context-free grammars, we introduce LL restriction
(see [103]) and we present the ideas how to parse generated language class (not only how to
decide membership problem), where the core of the parsing method stands on abstraction
of 3-accepting restricted pushdown automata systems. Essentially, we discuss the following
problem: Can we decide whether a string is recognized by n-path tree-controlled grammar
in polynomial time, for n > 17

8.1 n-Path-Restricted Tree-Controlled Grammars

In this section, as the subject of investigation in this chapter, we recall the derivation-based
generalization of tree-controlled grammars based on n-path restriction as it is introduced
in [67].

Let G = (N, T, P,S) be a context-free grammar and x € T*. Let t € ¢A(x). A path of
t is any sequence of the nodes with the first node equals to the root of ¢, the last node equals
to a leaf of ¢, and there is an edge in ¢ between each two consecutive nodes of the sequence.
Let s be any sequence of the nodes of t. Then word(s) denotes the string obtained by
concatenation of all labels of the nodes of s in order from left to right.

A tree-controlled grammar, TC grammar for short, is a pair (G, R), where G = (N, T, P,
S) is a context-free grammar and R C (N UT)* is a control language. The language that
(G, R) generates under the n-path control by R, n > 1, is denoted by ,_patn L(G, R) and it
is defined by the following equivalence.

For all z € T*, © € ,purl(G, R) if and only if there exists derivation tree

t € cA(x) such that there is a set Q; of n paths of ¢ such that for each p € Q;, word(p) € R.
Set n-path-TC = {, ., L(G, R)| (G, R) is a TC grammar}. Hereafter, TC grammars that
generate the language under the n-path control are referred to as n-path TC grammars.

For each context-free grammar G, there is a regular language which describes all paths
in a derivation tree of a string w in G (see Prop. 1 in [71]). Since for each context-free
grammar G, there is no regular control language that increases the generative power of G
with R controling the paths (see Prop 1. and Prop. 2 in [71]), we investigate TC grammar
with non-regular control language. On the other hand, as it is demonstrated in Section 8.2,
linear language used to control the paths in the derivation trees of context-free grammars
is strong-enough mechanism to increase the generative power of context-free grammars.
Thus, we study n-path TC grammars with linear control languages in the rest of this
paper. Therefore, in what follows, for a TC grammar (G, R), we consider R as a linear
language.

8.2 Examples

In this section, we demonstrate two non-context-free languages that belong to n-path-TC.
The languages are first introduced for selected n > 1, and after that, they are presented
in a general case. The specific examples for higher values of n tends to be excessively long
and they are left to the reader.
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Figure 8.1: Illustration of the derivations of a3b3c3d®e3f3 with two paths of the form
S'X'Ub U S'Y'Vd, where i > 1, in Example 8.1 (left) and (azcdb2)4 with three paths
of the form A" B*C'D*H“G'F*E"Ia, where r,s,t,u > 1, in Example 8.3 (right).

Example 8.1
Consider the TC grammar that generates ,,_pqtn L(G, R) and n = 2, where

G=({S,X,Y,U,V} {a,b,cde, f}, PS),
P={S—aSf, S—aXYf, X —bXc, Y —dVe,
X =U, U — be, Y =V, V — de},

R={S'XUbUSYVd|i>1},

2-pathL<G7R) = {ajbjcjdjejfj’ .7 > 1}
Clearly, 2.patn L(G, R) ¢ CF. The left-hand part of Figure 8.1 illustrates the derivation tree
for the derivation S =* a3b3c3c3d3e3f3 in (G, R). Clearly, there are two paths described
by the strings S3X3Ub and S3Y3Vd from R.

Example 8.2
Let (G, R) be a TC grammar that generates ,,_patn L(G, R), n > 1, where

{a;| 1 <i<2n+2},P,9),
P :{S — alSa2n+2, S — a1A1A2 .. Ana2n+2} U
{Aif1 = agit2Aif1a2i13, Aiy1 — Big,
Bit1 — agiqea2i43] 0 <i <n—1},

Clearly, R € LIN. Consider a derivation in (G, R):

k kqg,k
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Clearly, n > 1 paths are described by R and in this way, (G, R) generates ,_pqnL(G, R) =
{af...d5, 5| k> 1} ¢ CF.

Example 8.3
Consider the TC grammar (G, R) with y,_pen L(G, R), for n = 3, where

G={AB,C,D,E,F,G,H,I},{a,b,c,d}, P, A),
P={A—aA, A—aB, B— Bb, B—C,
C—cC, C—-D, D—Dd D— HHH,
FE— Fa, E—1I, F—0b, F—FE,
G—Gey, G—-F, H—dH, H—G, I—a},
R={A"BC'D“H"G'F*E"Ia| r,s,t,u > 0},
3path L(G, R) = {(a"ctd“b*)*| r > 0, s,t,u > 0}.

Clearly, 3 patn L(G,R) ¢ CF. The right-hand part of Figure 8.1 illustrates the derivation

tree for the derivation S =* (a2calb2)4 in (G, R). Clearly, there are three paths described
by A’2B3C?D?H?*G?F3FE?Ia from R.

Example 8.4
Let m > 0 with even m. Let (G, R) be a TC grammar that generates ,_pan L(G, R), n > 1,
where

G = ({Aj7Bj’ 1<;< m}U{C}¢{aj| 1<j< ’/TL},P,Al),

P :{Al — a1 A1, A1 = a1ls, By — Biai, B1—~C, C— al}U
{Ap, = Amam, A — {Bn}"}U
{Az — Aiai, AZ — Ai+1| 2 <1 <m—1 with even 2} U
{Ai—>aiAi, Ai—)Ai+1| 3 <i<m—1 with odd i}U
{Bz — aiBi, Bz — Bi_1’ 2<1<m with even ’L} U
{BZ — Biai, Bl — Bi_1| 3<i<m with odd ’i},

R={AMAk2  AkmBkmpEmot B BRCG | k> 0,1 <@ <m).

Clearly, R € LIN. Observe that n > 1 paths are described by R and

k‘mfl m k’m72 k’m74 k'2 TL+].
m— ma 2 Qg --- Qg )
<

n-pathL(G, R) = {(alflﬂagr’ coea, T ama,
m} ¢ CF.

| ki >0,1<i

The details of a derivation in this general case is left to the reader.

8.3 Syntax analysis of n-path-TC

As it is demonstrated above, some typical non-context-free languages belong to n-path-TC.
Thus it is natural and indisputably important for practical use to study the parsing methods
possibilities for this language class. The first and most important requirement on parsing
is polynomial parsability.
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Theorem 8.5 For TC grammar (G, R) where G is unambiguous context-free grammar
and R is linear control language, the membership « € ;a1 L(G, R), n > 1, is decidable in
O(|z|¥), for some k > 0.

Proof of Theorem 8.5. For some n > 1, let ,,_pqtn L(G, R) be the language of a TC grammar
(G, R) in which G is unambiguous. We assume R is generated by some unambiguous linear
grammar. Since G is unambiguous, it is well-known that we can decide whether x € L(G),
or not, in O(|z|?)—that is, we distinguish two cases: (1) z ¢ L(G) and (2) = € L(G).

o Clearly, if x ¢ L(G), then = ¢ ,,_putn L(G, R).

e If z € L(G), then, since G is unambiguous, we can construct unique derivation tree
t of x € L(G) in O(|z|?). Since each path of ¢ ends in a leaf, ¢ contains |z| paths.
Clearly, the height of ¢ is polynomially bounded by some [ > 2 with respect to |z|.
Thus, for any x € L(G), the length of each path p of ¢t and therefore also |word(p)|
are bounded by [. Because R is unambiguous and |word(p)| < I for each p € Qy,
it is well-known that we can decide if word(p) € L(R) in polynomial time. If for
at least n paths, pi,pa,...,pn, of derivation tree of z in G, word(p;) € R holds for
i€1,2,...,n, then € ,,,unL(G, R). Hence, the membership problem is decidable
in polynomial time.

As it straightforwardly follows from above, the proposed way to solve membership prob-
lem leads to a parsing method working, in essence, in two phases:

1. construction of derivation tree t of z in G by top-down parsing method,
2. checking that at least n > 1 paths of ¢ belong to R.

From the practical viewpoint, the situation may occur in which during the phase 1 above
we already know that currently constructed derivation tree cannot contain the required
number of paths described by the strings from R—informally, we do not have to wait with
starting the phase 2 until the phase 1 is completely done (until ¢ is completely constructed).

8.3.1 Top-Down Parsing of n-path-TC

For some n > 1, let ,, pain L(G, R) be the language of a TC grammar (G, R) where G =
(N, T, P,S) is an unambiguous context-free grammar and let V' = N UT. We assume that
R is generated by unambiguous context-free grammar Gr = (Ng,V, Pr, Sr). Adjust the
idea behind Theorem 8.5 as follows:

We construct labelled derivation tree with the set of labels ¥ = {0, 1} and the following
semantics. Let p be a path of derivation tree ¢ in G and e be an edge between any two
consecutive nodes of p. Then, label 0 € ¥ of any e of p represents p is not described by
R—that is, word(p) ¢ R. Label 1 € W of all e of p represents p can potentially be described
by R.

Consider that for the decision if z € L(G), we use well-known top-down parsing method
to construct derivation tree ¢t of x in G—that is, started from S, we construct derivation
tree t according to the rules of G such that the frontier of ¢ is equal to x (for more details,
see [80]).
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Let us suppose that arule r = A — A1Ay... A; € P, j > 1, is used in the derivation
step X =Y, X,Y € (NUT)* in G. In addition, we need to determine the value of the
labels of the edges between A and each Aj;, for j =1,2,...,n, related to the application of
r. Let ¢’ be a derivation tree that corresponds with the derivation S =* w1 A1A4,. .. Ajwe
in G, for some wy,wy € (N UT)*. Essentially, t' is a sub-tree of ¢t. Clearly, each path of ¢’
is the beginning part of at least one path in ¢t. Next, we distinguish the following cases:

e If all the edges of t’ are labelled, we can proceed to next derivation step in G.

e If some of the edges in ¢’ are not labelled, we need to compute the values of missing
labels.

For each unlabelled edge e of path p’ in ¢/, we check whether G can generate the string
of the form word(p')w with w € NjiT U {e}. Since |word(p')| is finite, we can check it in
polynomial time. If so, we add label 1 € ¥ to edge e; otherwise, we add label 0 € ¥ to
edge e. Note that this phase can be optimized in such a way that we do the test whether
Gr can generate word(p')w with w € N3T U {e} symbol-by-symbol during the generation
of word(p’) in Gr. The details of this optimization represents a straightforward task which
is left to the reader. Next, we distinguish the following cases:

e If ¢/ contains no leaf with input edge labelled by 1, then = ¢ ,,_,un L(G, R).

e If ¢’ contains at least one leaf labelled by symbol of N, we proceed to next derivation
step in G.

e If all the leafs of ¢’ are labelled by the symbols of T" and for at least n of the leafs of
t, there is an edge labelled by 1, then = € ,, pain L(G, R).

Thus, it is possible to check whether the paths of derivation tree ¢t of LL context-free
grammar can potentially be described by given unambiguous context-free language already
during the building of ¢ by LL parser. Example 8.6 explains the syntax analysis in detail.

Example 8.6

Consider ,pn L(G, R) where G = ({S, A, B}, {a,b,c,d,e,k}, P, S) with P = {1 =
S — AA,2=A - aAd,3=A - bBe,4=A— e, 5=DB — bBc, 6 =B — k} and
R = {SA™B™ k| m > 1}. Obviously, L(G) = {a*(WV k&’ +e)d'a® (bt kc +e)d®| i, j, t, s > 0}.
Clearly, 1-patn L(G, R) = L(G) with i = j or s = t, and 9pan L(G, R) = L(G) with i = j
and s = t. The LL table for G is constructed by well-known algorithm (see [103]) and it is
presented in Table 8.1.

The syntax analyser uses two pushdown automata and a list of 3-tuples containing state
of the second automaton, contents of its pusdown, and a pointer to the first-automaton’s
pushdown. The first pushdown automaton simulates the construction of derivation tree by
the LL table in the well-known way.

e If the top-most symbol on the pushdown is a nonterminal A, the first input symbol
is a, and there is a rule A — x on position [A, a] in the LL table, then the automaton
rewrites A on the pushdown by (z)™ (expansion step).

e If @ on the pushdown’s top is a terminal and a is the first input symbol, the automaton
reads a from the input and removes a from the pushdown (comparation step).

e Other cases represent a syntax error.
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a b c d e k $
S|1]1 1
Al2]3 4
B 5 6

Table 8.1: LL table for grammar G from Example 8.6.

1. PDA 2.PDA Pointer Tuples
Sqabkcdaed qo0 (qo,&,1) | (qo,¢,1)
AAqabkcedaed qo0 (go,&,1) | (q1,¢8,1), (q1,¢,2)
AdAaqabdeaed q1 (Q17 &, 2) (Q17 &, 1)7 (Q1v A, 2)7 (C.I17 A, 3)7
(QI>A74)
AdAgbkcdaed Aqy (1, A4,4) | (q1,¢,1), (q1,4,2), (¢1,4,3)
AdcBbgbkcdaed | Aq (q1,4,3) (ql,g, 1), (q1,4,2), (q1,4A4,3),
(q1,AA,4), (q1,AA,5)
AdeBqgkedaed AAq | (1, AA)5) | (q1,e,1), (¢1,4,2), (q1,44,3),
(ql,AA,4)
Adckgkcdaed AAqr | (¢1,AA,4) | (¢1,6,1), (a¢1,4,2), (q1,A4A4A,3),
(q1>A74)
Adcgcdaed Aqy (g1, A,4) | (¢1,6,1), (¢1,4,2), (q1,AA3),
(q1,4,0)
Adgdaed AAqr | (q1,A44,3) | (q1,8,1), (1, 4,2), (q1,4,0)
Agaed Aq (¢1,4,2) | (q1,¢,1), (q1,A4,0)
dAaqgaed ¢ (q1,¢,1) | (q1,4,0), (q1,A,1), (q1,A,2)
(q1,4,3)
dAged Aq (q1,4,3) | (¢1,4,0), (q1,A,1), (q1,A4,2)
deged Aq (q1,4,2) | (¢1,4,0), (q1,4,1), (q1,AA,?2)
dqd AAq | (q1,44,2) | (¢1,4A,0), (q1,4,1)
q A(h (QIa A’ 1) (q17 Av 0)

Table 8.2: Parsing of abkcdaed corresponding to TC grammar (G, R) from Example 8.6.

Let us return to the example and consider input string abkcdaed. In the beginning,
the top-most symbol on the pushdown of the first automaton is S. Since a is the first input
symbol and there is rule 1 on the position [S, a] in the table, the automaton rewrites S by
AA on its pushdown.

During this computation, the second automaton is parsing the potentially valid paths in
the derivation tree. At the beginning, the list contains one item (gp, S, 1) where 1 represents
the first position on the first-automaton’s pushdown from the bottom and S is the start
pushdown symbol of the second automaton. If the first automaton makes a computation
step with symbol a on the pushdown’s top and there is a tuple (g, «, p) in the list where p
is the pointer to the symbol, the second automaton places a onto its pushdown, automaton
moves to ¢ and it makes steps for a as the first input symbol until it does not need next
input symbol. For example, after the expansion from S to AA, the second automaton finds
list-item (go, S, 1) and it moves to state gy and places S onto the pushdown.

Then, it simulates step S, qoS  Bq where §qOS — Bq is a transition rule of the second
automaton. If @ = A was a nonterminal and first automaton made expansion by rule A — x,
then the syntax analyser removes the used list-item and if the second automaton did not
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reject input, then there are [ tuples (g, 8,1) inserted into the list, for all i = ¢+ 1,...,t +1
with [ = |z|, topmost-symbol-position ¢ before the expansion, and /5 as the current content
of the pushdown. Otherwise, for a as a terminal symbol, the comparison is done. If the
second automaton accepts, the pointer of the used tuple is rewritten to 0 where 0 denotes
accepted path. Assuming that it does not accept with a terminal a, the tuple is removed
from the list.

Consider input string abkcdaed again. For some definition of the second automaton,
the syntax analysis proceeds as it is given in Table 8.2.

As one can see, only one item with 0 in the last component remains in the list—that
is, one path belongs to the control language. If we require that n > 2 paths are described
by the control language, the input string is not accepted.

Notice that the set of tuples can be represented by pushdown automata storing tuples
on its pushdown, where the required tuple is always on the top. On the other hand, the
needless tuples (tuples with 0 in the third component) can be remembered in states and
may not occur on the pushdown. In this way, the core of the investigated parsing can stand
on a 3-accepting move-restricted pushdown automata system.

8.3.2 Bottom-Up Parsing of n-path-TC

Section 8.3.1 deals in principle with top-down parsing method (LL parser) and its weakness
is the assumption that a context-free grammar is unambiguous. Moreover, the method
demonstrated in Example 8.6 assumes that the grammar is LL. Essentially, the same idea
is applicable also on bottom-up parsing methods which can handle a larger range of the
languages. Therefore, we briefly discuss the ideas of parsing methods for n-path-TC in
terms of LR parsing.

One of the advantages of LR parser is that we do not need to require that in TC grammar
(G, R), G is LL grammar. On the other hand, we have to deal with the ambiguity. However,
it is well-known that the question whether a context-free grammar is or is not ambiguous is
undecidable, since this problem can be reduced to the Post Correspondence Problem which
is undecidable (see [96]).

It is also well-known that for some ambiguous context-free grammars, there exists equiv-
alent context-free grammar which is unambiguous. The ambiguity of a context-free gram-
mar can be restricted basically by removing the chain rules (i.e. rules of the form A — B,
A,B € N). We assume that a context-free grammar contains only usable rules—that is,
only those rules, which can be used during the derivation. Clearly, if G = (N, T, P, S) is a
context-free grammar with r = A — A € P, for some A € N, then G is ambiguous since
r can be used during the derivation of € L(G) arbitrarily many times and thus generate
arbitrarily many different derivation trees for x in G.

Obviously, since the chain rules generate nothing, they can be removed from a context-
free grammar G without affecting L(G). However, removing the chain rules from G in a
TC grammar (G, R) affects the paths in the derivation trees of x € L(G). Thus the identity
npathL(G, R) = npath L(G', R), where G’ is obtained by removing the chain rules from G,
does not hold; however, the equivalence L(G) = L(G’) holds.

Theorem 8.7 For a TC grammar (G, R), where G is a context-free grammar and R € LIN,
there is TC grammar (G’, R) such that G’ does not contain chain rules and ,,_pqn L(G, R) =
n—pathL(Gla R/)7 n Z 1.
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Proof of Theorem 8.7. For some n > 1, let ,_pqn L(G, R) be the language of a TC grammar
(G,R) where G = (N,T,P,S). Let G' be a context-free grammar obtained from G by
removing the chain rules. Therefore, G’ can be constructed by well-known algorithm in
polynomial time (see 5.1.3.3 in [80]). We get G' = (N, T, P’, S) such that for all z € L(G’),
there is no derivation in G’ of the form B =* A, for some A, B € N.

The paths in the derivation trees of G’ are described by the strings of the form N*T.
Basically, we need to read such a strings and remove such symbols A € N which corresponds
to the application of B —+ A € P in G. This is done by gsm mapping M (see [37] for the
definition) such that M reads the strings s of the form N*T and nondeterministically
removes or lets unchanged each symbol A € N with B — A € P and BA is substring of s.
Since LIN is closed under gsm mappings (see [34]), also M (R) € LIN. In this way, we get
M (R) such that M(R) # R. However, ,_path L(G, R) = npatn L(G’', M (R)). [ |

Consider TC grammar (G, R) and let (G’, R') be constructed as described above. As
one can see, G’ does not need to be unambiguous since the chain rules are not the only
cause of the ambiguity. Consider, however, any € y_pan L(G’, R'). Obviously, there is a
derivation tree t of x in G’. Since there are no chain rules in G’ and for each = € L(G),
|| is finite, the height of ¢ with respect to |z| is bounded by log |x|/log 2. Thus there is at
most m, for some m > 1, derivation trees of x in G’ and G is m-ambiguous.

Theorem 8.8 For TC grammar (G, R) where G is m-ambiguous LR grammar, m > 1,
and an unambiguous language R € LIN , the membership « € , pun L(G, R), n > 1, is
decidable in O(|z|¥), for some k > 0.

Proof of Theorem 8.8. For some n > 1, let ,_pqn L(G, R) be the language of a TC grammar
(G, R) in which G is m-ambiguous, for some m > 1. Thus, if x € L(G), then we can
construct at most m derivation trees of x € L(G) in O(m.|z|?) by LR parser. Then, if
for at least j paths, p1,p2,...,p;, of at least one derivation tree of x in G, it holds that
word(p;) € Rforie€1,2,...,7, then © € p pan L(G, R). [ |
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Chapter 9

Conclusion

This thesis discusses and studies formal languages and systems of formal models. Its main
results are published or submitted in [19, 84, 11, 12, 13, 14, 20, 15, 17, 16, 18] and presented
at the Hungarian Academy of Sciences and foreign universities in Paris, Debrecen, and
Nyiregyhdaza. The following section summaries this results.

9.1 Summary and Further Investigation

This thesis was focused on a study of systems of formal models which plays important
role in the modern information technology and computer science. Since the introduction
of CD grammar systems, many other systems were studied and systems of formal models
have become a vivid research area. Aim of the present thesis was to further investigate
properties of the systems of formal models to their better understanding. This research can
be divided into several main parts.

In the first part, we continued in studying of regularly controlled CD grammar systems,
where we used phrase-structure grammars as components, and introduced three new restric-
tions on derivations in these systems. The first restriction requires that derivation rules
could be applied within the first [ nonterminals, for given [ > 1. Although phrase-structured
grammars define all languages from RE, regularly controlled CD grammar systems with
phrase-structure grammars as components under such restriction generate only context-free
languages. One may ask, how strong the control language must be to leave the generative
power unchanged. Our assumption is that linear languages are sufficient, but a rigorous
proof has not yet been done. The second restriction allows to have only limited number of
undivided blocks of nonterminals in each sentential form during any successful derivation.
It has been proven that this restriction has no effect on the generative power of these CD
grammar systems even in the case when the restriction allows only one such block. On
the other hand, the restriction limiting the maximum length and number of the blocks
decreases the generative power of these systems to the classes .2, (P) representing infinite
hierarchy, with respect of m, lying between the classes of linear and context-sensitive lan-
guages. Notice that m is maximal number of blocks and CF — %,,,(P) # (. Question
whether the stronger control language effects the generative power of CD grammar systems
with phrase-structure grammars subject to the third restriction is still open.

The second part deals with parallel grammar and automata systems based upon CFGs
and PDAs, respectively. More specifically, we introduced two variants of m-accepting re-
stricted pushdown automata systems, accepting n-tuples of interdependent strings, as coun-
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Figure 9.1: Hierarchy of n-languages for n > 2

terparts of canonical n-generating nonterminal/rule synchronized grammar systems based
upon context-free grammars. Both types of the automata systems consist of n PDAs, for
n > 2, and one restriction-set. In the case of n-accepting state-restricted automata sys-
tems, the restriction-set allows to suspend and resume some automata during computation
in relation to combination of current states of the PDAs. In the case of n-accepting move-
restricted automata systems, the restriction-set determines which combination of transition
rules used in the common computation step are permitted. We have proven that these n-
accepting restricted automata systems are able to accept such n-languages that the canon-
ical n-generating grammar systems can generate and vice versa. Furthermore, we have
established fundamental hierarchy of n-languages generating/accepting by these canonical
multi-generating rule synchronized grammar/n-accepting rule-restricted automata systems
with different types of components. First of all, we have shown that both these systems
are equivalent even if we combine RLNGs with CFGs in the grammar systems and FAs
with PDAs in the automata systems. After that, we have established the hierarchy given
by Figure 9.1 (— and > mean C and =, respectively), where it can be seen, inter alia, that
canonical n-generating rule synchronized grammar systems based upon linear grammars are
significantly weaker than n-accepting move-restricted automata systems, with two 1-turn
PDAs and n — 2 FAs as components.

The second part of this research can be continued by better approximation of power of
the state/move-restricted automata systems based upon FAs (especially in relation to string-
interdependences), or by investigation of restarting and/or stateless finite and pushdown
automata as the components of discussed automata systems.

In the last part, we have suggested rule-restricted systems for processing of linguistically
motivated languages. In this part, we introduced three variants of rule-restricted translating
systems based upon finite automaton and context-free grammar. At first, we have proven
that leftmost restriction placed on derivation in the context-free grammar effects both the
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generative and accepting power of such systems. In addition, we introduced a rule-restricted
transducer system with appearance checking, where the restriction-set ¥ is a set of 3-tuples
containing one rule of the FA and two rules of the CFG. For the common computation step,
the system has to use the first and second rules of a 3-tuple, if it is possible; otherwise,
it can use the first and third rules from the 3-tuple. This system is able to recognize and
generate any language from RE. Thereafter, some examples of natural language translating
are given.

The investigation of processing of linguistically motivated languages continued by gene-
ralization of TC grammars that generate the language under path-based control introduced
in [71]. We have considered TC grammars that generate their languages under n-path
control by linear language which were introduced in [67].

We have demonstrated that for L € n-path-TC under assumption that L is generated
by TC grammar (G, R) in which G and R are unambiguous and, furthermore, G is restricted
to be LL grammar, there is parsing method working in polynomial time. This method can
check whether or not the paths of the derivation tree ¢t of x € L(G) belongs to control
language R in the time of building of ¢. Moreover, when we consider LR parser for L €
n-path-TC under assumption that L is generated by TC grammar (G, R) in which G has
bounded ambiguity (i.e. G is unambiguous or m-ambiguous) and unambiguous language
R € LIN, there is also a parsing method working in polynomial time.

However, the open question is whether there is polynomial time parsing method

e if G is not LL,
e if G is ambiguous.

It is also of interest to quantify the worst case of the parsing complexity more precisely.

The open investigation area is represented by the transformation of n-path T'C' gram-
mars into some normal forms based on Chomsky normal form of underlying context-free
grammar which would lead to possibility to use parsing methods based on transformation
to Chomsky normal form.
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