gF “masopust-phdthesis-fitmono” — 2008/9/30 — 10:46 — page 1 — #1

Tomas Masopust

Formal Models: Regulation and
Reduction

Dissertation thesis

Faculty of Information Technology
Brno University of Technology
Brno, Czech Republic



“masopust-phdthesis-fitmono” — 2008/9/30 — 10:46 — page II — #2

Editorial board of Faculty of Information Technology:

Prof. Tomas Hruska
Department of Information Systems
chair

Prof. Milan Ceska
Department of Intelligent Systems

Adam Herout, Ph.D.
Department of Computer Graphics and Multimedia

Radek Koc¢i, Ph.D.
Department of Intelligent Systems

Prof. Alexander Meduna
Department of Information Systems

Lukas Sekanina, Ph.D.
Department of Computer Systems

Barbora Selingerova
Library

(© 2007 Faculty of Information Technology, Brno University of Technology
Dissertation thesis

Cover design 2007 by Dagmar Hejdukova

Published by Faculty of Information Technology,
Brno University of Technology, Brno, Czech Republic

Printed by M1J servis, spol. s r.o.

ISBN 978-80-214-3550-6



“masopust-phdthesis-fitmono” — 2008/9/30 — 10:46 — page III — #3

Preface

The subject of this monograph is divided into two parts—regulated and reduced for-
mal models.

The first part introduces and studies self-regulating finite and pushdown au-
tomata. In essence, these automata regulate the use of their rules by a sequence of
rules applied during the previous moves. A special attention is paid to furns defined
as moves during which a self-regulating automaton starts a new self-regulating se-
quence of moves.

Based on the number of turns, two infinite hierarchies of language families result-
ing from two variants of these automata are established (see Sections 4.1.1 and 4.1.2).
Section 4.1.1 demonstrates that in case of self-regulating finite automata these hier-
archies coincide with the hierarchies resulting from parallel right linear and right
linear simple matrix grammars, so the self-regulating finite automata can be viewed
as the automaton counterparts to these grammars. Finally, both infinite hierarchies
are compared. In addition, Section 4.1.2 discusses some results and open problems
concerning self-regulating pushdown automata.

The second part studies descriptional complexity of partially parallel grammars
(Section 5.1) and grammars regulated by context conditions (Section 5.2) with re-
spect to the number of nonterminals and a special type of productions.

Specifically, Chapter 5 proves that every recursively enumerable language is gen-
erated (i) by a scattered context grammar with no more than four non-context-free
productions and four nonterminals, (ii) by a multisequential grammar with no more
than two selectors and two nonterminals, (iii) by a multicontinuous grammar with no
more than two selectors and three nonterminals, (iv) by a context-conditional gram-
mar of degree (2, 1) with no more than six conditional productions and seven nonter-
minals, (v) by a simple context-conditional grammar of degree (2,1) with no more
than seven conditional productions and eight nonterminals, (vi) by a generalized for-
bidding grammar of degree two and index six with no more than ten conditional
productions and nine nonterminals, (vii) by a generalized forbidding grammar of de-
gree two and index four with no more than eleven conditional productions and ten
nonterminals, (viii) by a generalized forbidding grammar of degree two and index
nine with no more than eight conditional productions and ten nonterminals, (ix) by
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a generalized forbidding grammar of degree two and unlimited index with no more
than nine conditional productions and eight nonterminals, (x) by a semi-conditional
grammar of degree (2, 1) with no more than seven conditional productions and eight
nonterminals, and (xi) by a simple semi-conditional grammar of degree (2,1) with
no more than nine conditional productions and ten nonterminals.

Chapter 2 contains basic definitions and the notation used during this monograph.
Chapter 3 then summarizes the previous known results related to the studied formal
models; regulated automata and descriptional complexity of partially parallel gram-
mars and grammars regulated by context conditions. Chapter 4 studies self-regulating
automata, and Chapter 5 presents the new results concerning descriptional complex-
ity of partially parallel grammars and grammars regulated by context conditions.
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1

Introduction

At the end of 50’s, linguist Naom Chomsky introduced the well-known hierarchy
of languages (regular, context-free, context-sensitive, and recursively enumerable
languages), which is in his honour called Chomsky hierarchy. His work inspired
mathematicians and theoretical computer scientists, who gave that theory the needed
formal shape convenient for its application in informatics. Thereby, formal language
theory was established.

In classical formal language theory, there are three main approaches to formal
languages.

1. Grammatical approach—language generation.

2. Automata approach—language recognition.

3. Algebraic approach—based on algebraic properties of languages and families
of languages, such as closure properties under some language operations, etc.
(see [Gin75])).

According to the previous approaches, this monograph is divided into two parts.

The first part, consisting of Chapter 4, is concerning the automata approach to
the theory of formal languages. This chapter introduces and studies so-called self-
regulating automata (see [MMO7d]). Automata theory has, over its history, modi-
fied and restricted classical automata in many ways (see [Cou77, FR68, GGH67,
GS68, Gre69, Med03, Med06, Sak81, Sir71, Val89]). Recently, regulated automata
have been introduced and studied in [MKO00, MKO2]. In essence, these automata
regulate the use of their rules according to which they make moves by control lan-
guages. This monograph continues with this topic by defining and investigating self-
regulating finite (pushdown) automata. Instead of prescribed control languages, the
self-regulating automata restrict the selection of a rule according to which the current
move is made by a rule according to which a previous move was made.

To give a more precise insight into self-regulating automata, consider a finite au-
tomaton, M, with a finite binary relation, R, over M’s rules. Furthermore, suppose that
M makes a sequence of moves, p, that leads to the acceptance of a string, so p can
be expressed as a concatenation of n+ 1 consecutive subsequences, p = Pop1 - - - Pn»
lpil = |pj], 0 <i,j <n,in which r] denotes the rule according to which the ith move
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in p; is made, for all 0 < j <n and 1 <i <|p;| (as usual, |p;| denotes the length
of pj). o

If forall 0 < j < n, (r{,r{“) € R, then M represents an n-turn first-move self-
regulating finite automaton with respect to R.

If for all 0 < j < n and, in addition, for all 1 <i < |pi|, (+/,r/"") € R, then M
represents an n-turn all-move self-regulating finite automaton with respect to R.

Based on the number of turns, two infinite hierarchies of language families that
lie between the families of regular and context-sensitive languages are established.
First, a demonstration that n-turn first-move self-regulating finite automata give rise
to an infinite hierarchy of language families coinciding with the hierarchy resulting
from (n+ 1)-parallel right linear grammars (see [RW73, RW75, Woo73, Woo75])
is given. Recall that n-parallel right linear grammars generate a proper language
subfamily of the language family generated by (n + 1)-parallel right linear gram-
mars (see Theorem 5 in [RW75]). As a result, n-turn first-move self-regulating fi-
nite automata accept a proper language subfamily of the language family accepted
by (n+ 1)-turn first-move self-regulating finite automata, for all n > 0. Similarly,
a proof that n-turn all-move self-regulating finite automata give rise to an infinite
hierarchy of language families coinciding with the hierarchy resulting from (n+ 1)-
right linear simple matrix grammars (see [DP89, Iba70, Woo75]) is given. As n-right
linear simple matrix grammars generate a proper subfamily of the language fam-
ily generated by (n+ 1)-right linear simple matrix grammars (see Theorem 1.5.4
in [DP89]), n-turn all-move self-regulating finite automata accept a proper language
subfamily of the language family accepted by (n + 1)-turn all-move self-regulating
finite automata. Furthermore, since the families of right linear simple matrix lan-
guages coincide with the language families accepted by multitape nonwriting au-
tomata (see [FR68]) and by finite-turn checking automata (see [Sir71]), the all-move
self-regulating finite automata characterize these families, too. Finally, the results
about both infinite hierarchies are summarized.

Next, self-regulating pushdown automata are discussed. Regarding all-move self-
regulating pushdown automata, a proof that all-move self-regulating pushdown au-
tomata do not give rise to any infinite hierarchy analogical to hierarchies resulting
from the self-regulating finite automata is given. It is shown that while zero-turn
all-move self-regulating pushdown automata define the family of context-free lan-
guages, one-turn all-move self-regulating pushdown automata define the family of
recursively enumerable languages.

On the other hand, as far as first-move self-regulating pushdown automata are
concerned, it is an easy observation that zero-turn first-move self-regulating push-
down automata define the family of context-free languages. However, the question
whether these automata define an infinite hierarchy with respect to the number of
turns or not is open.

The second part of this monograph, consisting of Chapter 5, is concerning the
grammatical approach. Specifically, it studies descriptional complexity of partially
parallel grammars and grammars regulated by context conditions. The main aim of
descriptional complexity of grammars is to describe grammars in a reduced and suc-
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cinct way (see pages 145-148 of Volume 2 in [RS97] for an overview). This trend of
formal language theory has recently so intensified that an annual international con-
ference Descriptional Complexity of Formal Systems is held to discuss this specific
topic (see [MPPWO05, LRCP06, GP07] for its latest proceedings). As a central topic,
this investigation of descriptional complexity studies how to reduce the number of
grammatical components, such as the number of nonterminals or (special) produc-
tions.

Consider a family of languages, ., and a family of grammars, ¢, such that
L € & if and only if there is a grammar G € ¢ such that L = L(G). To reduce the
number of nonterminals means to find a natural number (if it exists), k, such that
for every language L € .Z, there is a grammar G € ¢ such that the set of all G’s
nonterminals, N, contains no more than k elements, [N| < k, and G generates L,
L = L(G). In other words, the question is what is the minimal k such that there is
a subfamily, /7, of ¢ consisting of grammars having no more than k£ nonterminals
such that any language from .Z is generated by a grammar from .7#°. The reduction
of special productions is defined analogously, i.e., the aim is to find a natural number
(if it exists), [, such that for every language L € .Z, there is a grammar G € ¢ with
P being the set of all its productions, P = P' U P”, where P” is the set of all special
productions, such that |P”| <1 and L = L(G). For instance, let P’ be the set of all
context-free and P” the set of all remaining productions of P.

This monograph studies the simultaneous reduction of both the number of non-
terminals and the number of special productions. In other words, in case of studied
grammars, it is well-known that there are natural numbers k and / such that there is
a subfamily, 57, of ¢4 having no more than k nonterminals and [ special productions
such that any language from .Z is generated by a grammar from 7. We decrease
these numbers as follows.

The first section of Chapter 5 studies descriptional complexity of scattered con-
text, multisequential, and multicontinuous grammars (see [DP89, KR83a, Med97a,
Med97c, Med98a, Med00b, Med00c, Med02, MF03a, MF03b, Vas05] for more de-
tails). These grammars are ordinary context-free grammars, where a limited number
of productions is allowed to be parallelly applied in one derivation step. Recall that
every recursively enumerable language was shown to be generated

(1) by a scattered context grammar with no more than five nonterminal symbols and
two non-context-free productions (see [Vas05]);

(2) by a multisequential grammar with no more than six nonterminal symbols
(see [Med97c]); and

(3) by a multicontinuous grammar with no more than six nonterminal symbols
(see [Med98a])).

In this monograph, these results are improved (see [MMa]). Specifically, it proves
that every recursively enumerable language is generated

(A) by a scattered context grammar with no more than four nonterminal symbols
and four non-context-free productions;

(B) by a multisequential grammar with no more than two nonterminal symbols and
two selectors; and
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(C) by a multicontinuous grammar with no more than three nonterminal symbols
and two selectors.

The second section of Chapter 5 studies descriptional complexity of context-
conditional grammars. Context-conditional grammars are context-free grammars in
which two sets of strings, called a permitting and a forbidding context, are attached
to each production. Such a production is then applicable if each element of its per-
mitting context occurs in the current sentential form while none of its forbidding
context does.

Many variants of these grammars that differ in requirements put on their permit-
ting and forbidding contexts are studied in the literature, such as generalized for-
bidding, semi-conditional, or simple semi-conditional grammars (see [DP89, Kel84,
MS02, MS05, Piu85]). All these grammars are proved to be able to generate the fam-
ily of recursively enumerable languages. Specifically, recall that every recursively
enumerable language was shown to be generated

(1) by a context-conditional grammar of degree (1, 1) (however, the number of con-
ditional productions and nonterminals is not limited, see [DP89, May72, Sal73]);

(2) by a generalized forbidding grammar of degree two with no more than thirteen
conditional productions and fifteen nonterminals (see [M§O3]); and

(3) by a simple semi-conditional grammar of degree (2,1) with no more than ten
conditional productions and twelve nonterminals (see [Vas05]).

This monograph improves these results (see [Mas06, Mas07b, MM07a, MMO07c,
MMO7b]). Specifically, it proves that every recursively enumerable language is gen-
erated

(A) by a context-conditional grammar of degree (2, 1) with no more than seven con-
ditional productions and eight nonterminals;

(B) by a generalized forbidding grammar of degree two and index six with no more
than ten conditional productions and nine nonterminals;

(C) by a generalized forbidding grammar of degree two and index four with no more
than eleven conditional productions and ten nonterminals;

(D) by a generalized forbidding grammar of degree two and index nine with no more
than eight conditional productions and ten nonterminals;

(E) by a generalized forbidding grammar of degree two and unlimited index with no
more than nine conditional productions and eight nonterminals;

(F) by a simple semi-conditional grammar of degree (2,1) with no more than nine
conditional productions and ten nonterminals; and

(G) by a semi-conditional grammar of degree (2, 1) with no more than seven condi-
tional productions and eight nonterminals.

In fact, except for result (E), all these results are established for grammars with con-
text conditions represented by strings consisting solely of nonterminals as opposed
to the previous results that allow terminals to appear in them as well.
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Notation and Basic Definitions

The set of all natural numbers is denoted by N. The set of all natural numbers with
zero is denoted by Ny. The cardinality of a set, A, is denoted by |A|. For two sets, A
and B, A C B denotes that A is a subset of B; A C B denotes that A C B and A # B,
i.e. A is a proper subset of B.

2.1 Alphabets and Strings

An alphabet is an arbitrary finite nonempty set of elements, which are called symbols.
A finite sequence, w, of symbols forms a string. The empty string, denoted by &, is
the string that contains no symbols. The length of w, |w|, is the number of all symbols
inw.

Let x and y be two strings over an alphabet 7. Then, xy is the concatenation of x
and y. The following equation is an immediate consequence of the definition;

w

XE=EX=X.

Definition 2.1.1. Let x be a string over an alphabet T'. For i € Ny, the ith power of x
is defined as

1. x°=¢
2. x = xxi™!
Observe that for any string x,

x'nl = xixl = x|
for any i, j € Np.

Definition 2.1.2. Let x be a string over an alphabet 7. The reversal of x, x, is defined
as
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2. ifx=aj...a,, forsomen €N, and q; € X, fori = 1,...,n, then (a; ...a,)R =
a,...daj.

Definition 2.1.3. Let x and y be two strings over an alphabet T'. Then, x is a substring
of y if there exist two strings z and 7’ over T so that zx7’ =y. If z =€, then x is a
prefix of y. If 7 = ¢, then x is a suffix of y. Moreover, if x & {€,y}, then x is a proper
substring (prefix, suffix) of y.

2.2 Languages and Language Operations

Let T be an alphabet and let T* denote the set of all strings over T. Set T™ = T* —
{€}. In other words, T denotes the set of all nonempty strings over T.
A language, L, over T is a subset of 7%, i.e.

LCT™.

(Sometimes, if it does not lead to confusion, a singleton set {a} is denoted as a.)

As languages are sets, the common set operations can be applied to them (such
as union, intersection, difference, and complement). That is, for two languages L,
and L,

LiUlL, = {x:xGLl OI'XELg},
LinL, ={x:x€Ljandx € L},
Li—L, = {x:x€L1 andx%Lz}.

Consider a language, L, over an alphabet T. The complement of L, L, is defined as

L=T"—-L.

A language, L, is said to be finite if |L| = n, for some n € Ny; otherwise, L is said
to be infinite.
The basic language operations follow.

Definition 2.2.1. Let L and L, be two languages. The concatenation of Ly and Ly,
LyL,, is defined as
Lily={xy:x€Ljandy€L,}.

Definition 2.2.2. Let L be a language. The reversal of L, LR is defined as

F={xR:xeL}.
Definition 2.2.3. Let L be a language. For i € Ny, the ith power of L, L, is defined
as
1. L°=¢

2. Li=L[]
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Definition 2.2.4. Let L be a language. The Kleene closure of L, L*, is defined as
=L
i=0
Definition 2.2.5. Let L be a language. The positive closure of L, L, is defined as
Lr=Jr".
i=1

Definition 2.2.6. Let f : T* — 2U" be a mapping, T, U alphabets. If f satisfies the
following conditions, then f is said to be a substitution.

1. f(e) = {e},
2. f(xy) = f(x)f(y), where x,y € T*.

f is said to be finite if f(a) is a finite language, for all a € T. For any language

LCT,
)= rx.

xeL
The substitution f is called nonerasing if € & f(a), foranya € T.
A homomorphism is a substitution f such that |f(a)| =1, foralla € T. Let f be
a homomorphism. Then, the inverse homomorphic image of L is the set
S ={xeT : f(x) €L},
and, for strings,
Fw) ={xeT": flx) =w}.

Definition 2.2.7. A right quotient of a language L with a language K is the set
L/K={w:wxelL, forsomexeK}.

Definition 2.2.8. Let.Z be a family of languages and & be an n-ary language op-
eration. .% is closed under the operation ¢ if, for any languages Li,...,L, € F,
ﬁ(Ll,...,Ln) c.Z.

Definition 2.2.9. Let w be a string over an alphabet 7. Then,
sub(w) = {u : uis a substring of w},
and
alph(w) ={a € T : a appears in w}.
For any language, L, over T,
alph(L) = | J alph(w).
weL

Definition 2.2.10. For a finite subset W C T*, T is an alphabet, max(W) is the
minimal nonnegative integer n such that |x| < n, for all x € W.

Definition 2.2.11. For integers ny,...,n, k € N, max{ni,...,n;} denotes the maxi-
mum of ny,...,ng.
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2.3 Grammars
In this section, devices generating languages are defined. Such devices are called

grammars and play the main role in formal language theory.

Definition 2.3.1. A grammar, G, is a quadruple
G = (N7 T’ R S) b

where

N is a nonterminal alphabet,
T is a terminal alphabet such that NNT = 0,
P is a finite set of productions of the form

u—v,

where u € V*NV* and v € V*; V denotes the fotal alphabet of G,i.e. V=NUT.
e S & N is the start symbol.

Every grammar G = (N, T, P,S) defines a binary relation of direct derivation on
the set V* denoted by = and defined as

X=Yy

provided that

1. there is a production 4 — v € P and
2. strings x1,x; € V* such that

e x=xjuxy and

® y=X1VX2.

If x,y € V* and m € N, then x =" y if and only if there is a sequence xo = x| =
... => X, where xo = x and x,, = y. We write x =" y if and only if there is m € N
such that x =™y, and x =* y if and only if x = y or x =T y. In other words, =" and
=" are the transitive and the reflexive and transitive closures of =, respectively.

The elements of V* that can be derived from the start symbol, S, are called sen-
tential forms of G = (N, T, P,S). More precisely, x € V* is a sentential form if

S="x.

If x does not contain nonterminals, then x is called a sentence. If x is a sentence, then
S =* x is said to be a terminal derivation. The set of all sentences is the language
generated by G, denoted by L(G), i.e.

L(G)={weT":S="w}.

Grammars G| and G are said to be equivalent if and only if they generate the
same language, i.e.
L(Gy) = L(G).
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2.3 Grammars 9
Chomsky Hierarchy of Languages

At the end of 50’s, linguist Naom Chomsky separated grammars into four basic
groups according to limitations put on their productions. Chomsky hierarchy dis-
tinguishes the following four basic types of grammars:

type 0: Any grammar is a type 0 grammar.

type 1: A grammar is a type 1 (or context-sensitive) grammar if all its productions
are of the form u — v with |u| < |v|; except for the case S — &, where S does not
occur on the right-hand side of any production.

type 2: A grammar is a type 2 (or context-free) grammar if all its productions are of
the form u — v withu € N.

type 3: A grammar is a type 3 (or regular) grammar if all its productions are of the
formu — vwithu e Nandve TNUT U{e}.

The hierarchy of grammars establishes the hierarchy of languages. A language, L,
is said to be regular (context-free, context-sensitive, recursively enumerable) if there
is a regular (context-free, context-sensitive, type 0) grammar, G, such that L = L(G).
These families of languages are denoted by REG, CF, CS, and RE, respectively. The
following theorem holds (see [Med00a]).

Theorem 2.3.2. REG C CF C CS CRE.

Definition 2.3.3. Let G = (N,T,P,S) be a grammar. G is in the Kuroda normal form
if each production in P is in one of the following four forms

1. AB— CD,
2. A— BC,
3. A—>a,

4. A — €,

where A,B,C,De Nanda e T.
In addition, if for each production of the form AB — CD we have A = C, then G
is in the Penttonen normal form.

Proofs of the following theorem can be found in [Med00a, Pen74].

Theorem 2.3.4. Let L be a recursively enumerable language. Then, there is a gram-
mar G in the Kuroda (Penttonen) normal form such that L = L(G).

The following three normal forms are fundamental for the results concerning
descriptional complexity of grammars proved in this monograph.

Definition 2.3.5. Let G = (N, T,P,S) be a grammar.

1. G is in the first Geffert normal form if it is of the form
G=({S,A,B,C},T,PU{ABC — €},S),

where P contains context-free productions of the form
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S — uSa, whereu € {A,AB}*, a €T,
S — uSv, where u € {A,AB}*, v € {BC,C}*,
S —uv, whereu e {A,AB}*, ve {BC,C}".

2. G is in the second Geffert normal form if it is of the form
G=({S,A,B,C,D},T,PU{AB — €,CD — €},5),
where P contains context-free productions of the form

S — uSa, whereue {A,C}*, a€T,
S — uSv, whereu € {A,C}*, ve {B,D}",
S—uv, whereuc {A,C}*, ve{B,D}*".

3. G is in the third Geffert normal form if it is of the form
G=({S,A,B},T,PU{ABBBA — ¢€},S),
where P contains context-free productions of the form

S — uSa, where u € {AB,ABB}*, a €T,
S — uSv, where u € {AB,ABB}*, v € {BA,BBA}",
S —uv, whereu e {AB,ABB}*, v {BA,BBA}".

The following three theorems are proved in [Gef88a, Gef91b].

Theorem 2.3.6. Let L be a recursively enumerable language, then there is a gram-
mar, G, in the first Geffert normal form such that L = L(G).

In addition, any terminal derivation in G is of the form S =* wiw,w by produc-
tions from P, where w; € {A,AB}*, wy € {BC,C}*, w € T*, and wywaw =" w is
derived by ABC — €.

Theorem 2.3.7. Let L be a recursively enumerable language, then there is a gram-
mar, G, in the second Geffert normal form such that L = L(G).

In addition, any terminal derivation in G is of the form S =* wiwow by produc-
tions from P, where wy € {A,C}*, wy € {B,D}*, w € T*, and wywaw =* w is derived
byAB — € and CD — €.

Theorem 2.3.8. Let L be a recursively enumerable language, then there is a gram-
mar, G, in the third Geffert normal form such that L = L(G).

In addition, any terminal derivation in G is of the form S =* wiwow by produc-
tions from P, where wy € {AB,ABB}*, wy € {BA,BBA}*, w € T*, and wiw,w =* w
is derived by ABBBA — €.

2.4 Automata

In this section, basic devices for recognizing strings of a given (regular or context-
free) language are defined—finite and pushdown automata. These definitions are
based on the notation of [Med00a], however, they are equivalent to the so-called
delta-notation (see [HU79]).
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2.4.1 Finite Automata

Definition 2.4.1. A finite automaton, M, is a quintuple
M=(0,X,6,q0,F),

where

Q is a finite set of states,
X is a finite input alphabet,
0 is a finite set of rules of the form

qw —p,

where g,p € Qandw € X*,
qo € Q is an initial state, and
F is a set of final states.

Definition 2.4.2. Let ¥ be an alphabet of rule labels such that || = |6|, and y be
a bijection from § to . For simplicity, to express that y maps a rule gw — p € § to
r, where r € ¥, we write
rgqw — p € 0;

in other words, n.gqw — p means y(qw — p) =r.

A configuration of M is any string from QX*. For any configuration gwy, where
q € O, wy € X*, and any r.gqw — p € §, M makes a move from configuration gwy to
configuration py according to r, written as

gwy = py|r].

Let ) be any configuration of M. M makes zero moves from ) to ) according to &,
written as

x="xlel.
Let there exist a sequence of configurations Xo, X1, - - -, Xn, for some n € N, such that
Xi—1 = Xi[ri], where r; € ¥, i = 1,...,n. Then, M makes n moves from Yo to X,
according to ry,...,r,, symbolically written as

X0 =" Xnlr1...1m].

Such a sequence of moves is also called a computation. We write Yo =" ¥, [r1 ... 1]
if o =" Xu[r1...r4), for some n € N. Analogously, we write yo =* x, [1] if either
X0 =Xnand 4 =€, o0r xo =" ¥ [u], where L = ry...ry, for some ry,...,r, € Y. If
w € Z* and gow =" f[u], for some f € F, then w is accepted by M and gow =" f [U]
is an acceptance of win M.

The language of M is defined as

L(M)={we X" :gow=" f[u] is an acceptance of w}.
For a proof of the following theorem see [Med(00a].

Theorem 2.4.3. Let L be a language. L is regular if and only if there is a finite
automaton, M, such that L = L(M).
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2.4.2 Pushdown Automata

Pushdown automata represent finite automata extended by a potentially unbounded
pushdown store.

Definition 2.4.4. A pushdown automaton, M, is a septuple

M= (Q527F763q07203F)7

where

e () is a finite set of states,

e X is a finite input alphabet,

e [ is a finite pushdown alphabet,

e 0§ is afinite set of rules of the form

Zgw — Yp,

where g, pe Q,Zcl',weX* andyel",
qo € Q is an initial state,

Zy is an initial pushdown symbol, and

F is a set of final states.

Definition 2.4.5. Again, let ¥ denote the bijection from 0 to ¥, and write
r.Zqw — Yp

instead of y(Zgw — yp) =r.

A configuration of M is any string from I"*QX*. For any configuration xAgwy,
where xe '™, A€TI’, g€ Q,wy € X* and any rAgw — yp € 8, M makes a move
from xAgwy to xypy according to r, written as

xAgwy = xypy|r].

As usual, we define =", for n € Ny, =7, and =*. If w € £* and Zygow =* f[u],
for some f € F, then w is accepted by M and Zogow =" f[u] is an acceptance of w
inM.

The language of M is defined as

L(M)={we X" :Zygow =" f[u] is an acceptance of w}.

For a proof of the following theorem see [Med(00a].

Theorem 2.4.6. Let L be a language. L is context-free if and only if there is a push-
down automaton, M, such that L = L(M).
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Current Concepts and Results

Undoubtedly, over its history, the most studied languages of the Chomsky hierarchy
were regular and context-free languages because of their great practical use. How-
ever, a short time after its introduction, some practical applications were discovered
for which context-free languages were shown not to be sufficient. According to the
Chomsky hierarchy, there was no other way than to consider such languages as be-
ing context-sensitive. Nevertheless, most of these languages were quite simple and,
therefore, new ways how to describe languages of such types were looked for. These
efforts eventually led to the idea of increasing the power of existing formal systems
by their regulation.

3.1 Regulated Formal Systems

Formal language theory has paid a great attention to regulated and modified gram-
mars, see [DP89, MSOS] and papers [Bak72, Boo72, DFP99, Fer00, FP94, GG66,
Hib74, Med91, Med94, Med97b]. Specifically, the following regulated grammars
have been intensively studied.

matrix grammars;
programmed grammars;
random context grammars;
scattered context grammars;
conditional grammars.

The main idea behind the regulation of grammars is to take a simple, well-known
grammar that is not as powerful as needed, and to find a new way how to simply in-
crease the power of this grammar. For instance, in most cases of regulated grammars,
a context-free grammar is taken as the initial or basic simple grammar. However,
other types of grammars of the Chomsky hierarchy were studied as well.

On the other side, the notion of regulated automata is rather new. So far, only two
papers by Meduna and Koléf concerning the topic of regulated automata have been
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published (see [MKO00, MKO02]). In essence, these automata regulate the use of their
rules according to which they make moves by control languages.

Informally, consider a pushdown automaton, M, and a control language, L, over
M’s rule labels. With L, M accepts a string, w, if and only if L contains a control
string according to which M makes a sequence of moves so that it reaches a final
configuration after reading w. Moreover, with L, M defines the following three types
of accepted languages:

L(M,L,1)—the language accepted by final state;
L(M,L,2)—the language accepted by empty pushdown;
L(M,L,3)—the language accepted by final state and empty pushdown.

For any family of languages, .#, set RPD(.%,i) = {L(M,L,i) : M is a pushdown
automaton and L € # }, where i = 1,2,3.
The following results are proved in [MKOO].

1. CF = RPD(REG, 1) = RPD(REG,2) = RPD(REG,3), and
2. RE =RPD(LIN, 1) = RPD(LIN,2) = RPD(LIN3).

Here, LIN denotes the family of context-free languages, where any context-free pro-
duction A — o contains no more than one nonterminal in ¢. Such languages are
called linear.

In [MKO2], some restrictions of regulated pushdown automata are studied. Con-
sider two consecutive moves made by a pushdown automaton, M. If during the first
move M does not shorten its pushdown and during the second move it does, then M
makes a turn during the second move. A pushdown automaton is one-turn if it makes
no more than one turn during any computation starting from an initial configuration.
Recall that the one-turn pushdown automata are less powerful than the pushdown
automata.

It is proved that one-turn regulated pushdown automata characterize the family
of recursively enumerable languages and that this equivalence holds even for some
restricted versions of one-turn regulated pushdown automata, such as atomic and
reduced one-turn pushdown automata.

During a move, an atomic one-turn regulated pushdown automaton changes a
state and, in addition, performs exactly one of the following actions:

1. it pushes a symbol onto the pushdown;
2. it pops a symbol from the pushdown;
3. it reads an input symbol.

A reduced one-turn regulated pushdown automaton has a limited number of some
components, such as the number of states, pushdown symbols, or transition rules.

The main result proved in [MKO02] is that every recursively enumerable language
is accepted by an atomic reduced one-turn regulated pushdown automaton in terms
of (A) acceptance by final state, (B) acceptance by empty pushdown, and (C) ac-
ceptance by final state and empty pushdown. More specifically, it proves that atomic
one-turn pushdown automata with no more than one state and two pushdown sym-
bols regulated by linear languages characterize the family of recursively enumerable
languages.
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One of the main aims of this monograph is to contribute to this topic.

3.2 Descriptional Complexity of Grammars

The second part of this monograph is concerning descriptional complexity of gram-
mars. As mentioned above, this is a vivid trend of formal language theory that has re-
cently so intensified that an annual international conference Descriptional Complex-
ity of Formal Systems is held to discuss this specific topic (see [MPPWO05, LRCP06,
GPO7] for its latest proceedings). The following list presents the known results con-
cerning descriptional complexity of partially parallel grammars and grammars regu-
lated by context conditions. It is known that every recursively enumerable language
is generated

(1) by a scattered context grammar with no more than five nonterminal symbols and
two non-context-free productions (see [Vas05]);

(2) by a multisequential grammar with no more than six nonterminal symbols
(see [Med97c));

(3) by a multicontinuous grammar with no more than six nonterminal symbols
(see [Med98a));

(4) by a context-conditional grammar of degree (1, 1) (however, the number of con-
ditional productions and nonterminals is not limited, see [DP89, May72, Sal73]);

(5) by a generalized forbidding grammar of degree two with no more than thirteen
conditional productions and fifteen nonterminal symbols (see [MS03]); and

(6) by a simple semi-conditional grammar of degree (2,1) with no more than ten
conditional productions and twelve nonterminal symbols (see [Vas05]).
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Part 1

Self-Regulating Automata
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4

Self-Regulating Automata

This chapter studies self-regulating finite and pushdown automata. The first section
introduces self-regulating finite and pushdown automata and defines two variants
how they accept an input string—so-called first-move and all-move self-regulating
finite and pushdown automata. The second section studies first-move and all-move
self-regulating finite automata and describes their power with respect to the num-
ber of turns. Then, some closure properties of families of languages accepted by
these automata are studied. Finally, both variants of self-regulating finite automata
are compared. The last section of this chapter studies self-regulating pushdown au-
tomata. Although the first-move self-regulating pushdown automata are introduced,
the question of their power is an open problem.

4.1 Definitions and Examples

This section introduces self-regulating finite and pushdown automata and two ways
how they accept an input string.

Consider a finite (pushdown) automaton with a selected state, so-called turn state,
and with a finite relation on the alphabet of rule labels. Such an automaton is said to
be a self-regulating finite (pushdown) automaton.

Definition 4.1.1. Let N = (Q, X, 5,40, F) be a finite (N = (Q,X,I",0,q0,Z,F) be a
pushdown) automaton. A self-regulating finite (pushdown) automaton, SFA (SPDA),
M, is a triple

M = (qutaR) )

where

1. g; € Qis a turn state, and
2. R CY¥ x V¥ is a finite relation on the alphabet of N’s rule labels, ¥ (see Defini-
tion 2.4.2).

Notation 1. Let N = (Q,X,J,qo, F) be a finite automaton. The self-regulating finite
automaton
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M = (NaQHR)
is, to clarify the components of N, written as
M= (szaquoaqtvFaR)

from now on. Analogously for self-regulating pushdown automata.

4.1.1 Self-Regulating Finite Automata

The main idea of the self-regulating finite automata is as follows. Consider a finite
automaton, N. This automaton starts its computation in the start state and then, during
its computation, reads the input string and, accordingly, goes from a state to another
one. If, having read the whole input string, the computation ends in a final state, the
input is accepted; otherwise, the input is rejected. A self-regulating finite automaton,
M = (N,q:,R), is a finite automaton that behaves as follows. M starts in the start
state and while it does not reach the turn state, it reads the input, moves from a state
to another state according to the applied rule and records the rule. If M reaches the
turn state for the first time, i.e. state g, is, for the first time, the current state of M,
the automaton makes a turn. It means that M, in addition, starts to read the recorded
sequence of rules, and the computation proceeds according to the relation R. More
precisely, M reads an input symbol a, reads the first recorded rule, r|, of the sequence
of rules, ryry...ry, goes from the current state to another one according to a rule s;
such that (r1,s1) € R, replaces r; with s, and the next recorded rule is read, r. After
the whole sequence 77, ...7; has been read, M makes a turn again or finishes its
computation. Note that only in case of the first turn the current state is required to
be the turn state g;. If M makes n € Ny turns during its computation, it is called an
n-turn self-regulating finite automaton.

Now, let us formally define two variants self-regulating finite automata can ac-
cepted an input string. The first variant are so-called n-turn first-move self-regulating
finite automata. The phrase “first-move” means that only the first rule applied after
a turn is required to be in R with the first rule of the current recorded sequence of
rules.

Definition 4.1.2. Let n € Ny and
M: (Q7275740761:7F;R)

be a self-regulating finite automaton. M is said to be an n-turn first-move self-
regulating finite automaton, n-first-SFA, if M accepts w in the following way. There
is an acceptance of the form gow =* f 1] such that

,u:r?...r,?r}...r,l...r?...r,'(’,

where k € N, r,? is the first rule of the form gx — ¢;, for some g € Q, x € X*, and
GRADES

forall0 < j<n.
The family of languages accepted by n-first-SFAs is denoted by FIRST,.
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Example 4.1.3. Consider a one-turn first-move self-regulating finite automaton,

M= ({Sataf}7{avb}’67s’t’{f}a{(1v3)})a

with & containing rules 1.sa — s, 2.sa — t, 3.tb — f, and 4.fb — f (see Fig. 4.1).

Fig. 4.1. One-turn first-move self-regulating finite automaton M.

With aabb, M makes
saabb = sabb[1] = tbb[2] = fb[3] = f[4].

In brief, saabb =* f[1234]. Observe that L(M) = {a"b" : n > 1}, which belongs to
CF —REG.

The second variant are so-called n-turn all-move self-regulating finite automata.
The phrase “all-move” means that all rules applied after a turn are required to be in
R with the corresponding rules of the current recorded sequence of rules.

Definition 4.1.4. Let n € Ny and
M= (Q,Z,S,QO,CII,F7R)

be a self-regulating finite automaton. M is said to be an n-turn all-move self-
regulating finite automaton, n-all-SFA, if M accepts w in the following way. There is
an acceptance gow =" f [u] such that

0 0.1 1 n n
I.L:rl...rkrl...rk...rl...rk7

where k € N, r,? is the first rule of the form gx — ¢;, for some g € Q, x € £*, and
CRADEY 3
forall 1 <i<k, 0<j<n.
The family of languages accepted by n-all-SFAs is denoted by ALL,,.

Example 4.1.5. Consider a one-turn all-move self-regulating finite automaton,

M= ({s,t,f},{a,b},&s,ﬁ{f},{(1,4),(2,5),(3,6)}),

with § containing rules 1.sa — s, 2.sb — s5,3.5s —t,4.ta—1t,5.tb —t,and 6.t — f
(see Fig. 4.2).
With abab, M makes
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a,b a,b

—>
Fig. 4.2. One-turn all-move self-regulating finite automaton M.

sabab = sbab [1] = sab[2] = tab[3] = tb[4] = t[5] = f6].

In brief, sabab =* f[123456]. Observe that L(M) = {ww : w € {a,b}*}, which be-
longs to CS — CF.

4.1.2 Self-Regulating Pushdown Automata

Self-regulating pushdown automata are defined in the same manner as self-regulating
finite automata. Formal definitions follow.

Definition 4.1.6. Let n € Ny and
M= (Qa25F767q07qtaZO7FaR)

be a self-regulating pushdown automaton. M is said to be an n-turn first-move self-
regulating pushdown automaton, n-first-SPDA, if M accepts w in the following way.
There is an acceptance Zogow = f[tt] such that

0 0.1 1 n n
lJ.:rl...rkrl...rk...rl...rk7

where k € N, r,? is the first rule of the form Zgx — yg;, forsome Z €', g€ Q, x € £*,
yeTI™, and o
(rf,r{™) R,
forall 0 < j <n.
The family of languages accepted by n-first-SPDAs is denoted by FIRST-
SPDA,.

Definition 4.1.7. Let n € Ny and
M= (szaraquanhZOvF?R)

be a self-regulating pushdown automaton. M is said to be an n-turn all-move self-
regulating pushdown automaton, n-all-SPDA, if M accepts w in the following way.
There is an acceptance Zogow =* f [u] such that
w=r) el
where k € N, rg is the first rule of the form Zgx — ygq;, forsome Z € I', g€ Q, x € £*,
yeTI*, and o
() €R,
forall 1 <i<k,0<j<n.
The family of languages accepted by n-all-SPDAs is denoted by ALL-SPDA,,.
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4.2 Self-Regulating Finite Automata

In this section, the main results concerning self-regulating finite automata are proved.

4.2.1 First-Move Self-Regulating Finite Automata

This section proves the identity between the family of languages accepted by n-
turn first-move self-regulating finite automata and the family of languages generated
by (n+ 1)-parallel right linear grammars. To do so, a special form of parallel right
linear grammars is needed. First, however, parallel right linear grammars are defined
(see [RW73, RW75, Woo73, Woo75]).

Definition 4.2.1. For n € N, an n-parallel right linear grammar, n-PRLG, is an
(n+3)-tuple
G= (N],...,N,”T,S,P),
where
N;, 1 <i < n, are pairwise disjoint nonterminal alphabets,
T is a terminal alphabet,

S &N =N;U...UN, is the start symbol, NNT = @, and
P is a finite set of productions of the following three forms:

LS—=X1.. X, Xie€N,1<i<m
2. X —wY, X, Y eN, forsome 1 <i<nweT*
3. X - w, XeN,weT*.

For x,y € (NUT U{S})*, x = y if and only if

1. eitherx=Sand S —y € P, or
2. x=y1X1...92 X, Yy = V1X1 ... YnXn, Where y; € T*, X; € N;, and X; — x; € P, for
i=1,...,n

Relations =", for n € Ng, =T, and =* are defined as usual.
The language generated by an n-parallel right linear grammar, G, is defined as

LG)={weT":S="w}.
A language, L, is an n-parallel right linear language, n-PRLL, if there is an n-
PRLG, G, such that L = L(G). The family of n-PRLLs is denoted by R,,.
Definition 4.2.2. Let G = (Ny,...,N,,T,S,P) be an n-PRLG, for some n € N, and
leti=1,...,n. By the ith component of G we understand a one-PRLG
G = (N;,T,S',P'),
where P’ contains productions of the following forms:

1.S’—>X,' ifS—X,...X,€P,X;€EN;;
2. X —wY if X -wY ePand X,Y €N;;
3. X - w if X >wePand X € N,.
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The following special form of parallel right linear grammars is needed to prove
the main results.

Lemma 4.2.3. For every n-PRLG G = (Ny,...,N,,T,S,P), there is an equivalent
n-PRLG

G =(Ny,...,N,,T,S,P)
that satisfies:

1 if S — X, ...X, € P!, then X; does not occur on the right-hand side of any pro-
duction, fori=1,...,n;
2. ifS—a,S— B P and a+ B, then alph(o) Nalph(B) = 0.

Proof. If G does not satisfy conditions from the lemma, then we will construct a
new n-PRLG G’ = (N{,...,N,,T,S,P'), where P’ contains all productions of the
fomX — B e€P, X #S,and N; C N}, for j =1,...,n. For each production § —
X ...X, € P, we add new nonterminals ¥; ¢ N} into N}, and productions include
S—Y...YyandY; — X;in P, for j=1,...,n. Clearly,

S=¢X;...Xpifandonlyif S=4 Y;...Y, = X;... X,
Thus, L(G) = L(G). O

The following lemma says that every language generated by an n-parallel right
linear grammar can be accepted by an (n — 1)-turn first-move self-regulating finite
automaton. Thus, first-move self-regulating finite automata are at least as powerful
as parallel right linear grammars.

Lemma 4.2.4. Let G be an n-PRLG. Then, there is an (n— 1)-first-SFA, M, such that
L(G) = L(M).

The basic idea of the proof is that M is divided into n parts (see Fig. 4.3). The ith
part represents a finite automaton accepting the language of G’s ith component, and
R also connects the ith part to the (i + 1)st part as depicted in Fig. 4.3.

Proof. Without loss of generality, we can assume that G = (Ny,...,N,,T,S,P) is in
the form from Lemma 4.2.3. Construct an (n — 1)-first-SFA

M= (Q7Ta67q0aqt7F7R)a
where

0 ={q0,---,qu} UN, N=NjU...UN,, and {q0,41,...,qn} "N =0,
F:{Qil}a
{gi = Xi1:S—=X1.. X, € P,0<i<n}jU
0= {Xw—Y: X —->wYePlU
{Xw—qi: X >wePweT* XeN;, 1<i<n},
qr = 41,
¥ = § with the identity map, and
R = {(qi — Xi+1,qi+1 — Xit2) : S— X1 .. X, EP,0<i<n—2}.
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We prove that L(G) = L(M). To prove that L(G) C L(M), consider a derivation of
w in G and construct an acceptance of w in M depicted in Fig. 4.3. This figure clearly

1 2 1 2
xI xr ... xp X I S i
1yl y 2 il 1 z[ il o L
n n
ax) o 83x3 . XXy RS e
N2 le f le ! xﬁl
1 2
X b X1 b Xy b
1 1yl 2 2
XX Xpo X X . )
112 l)2 el Tl ol
W=X]. X XX x’fxf{‘ q1 P Gn
inG inM

Fig. 4.3. A derivation of w in G and the corresponding acceptance of w in M.

demonstrates the fundamental idea behind this part of the proof; its complete and
rigorous version is lengthy and left to the reader. Thus, for each derivation § =* w,
w € T*, there is an acceptance of w in M.

To prove that L(M) C L(G), let w € L(M), and consider an acceptance of w in
M. Observe that the acceptance is of the form depicted on the right-hand side of
Fig. 4.3. It means that the number of steps M made from g;_; to g; is the same as
from g; to g;+1 since the only rule in the relation with ¢;_; — X 1’ is the rule ¢; — Xf“ .
Moreover, M can never come back to a state corresponding to a previous component.
(By a component of M, we mean the finite automaton M; = (Q, X, 6,q;—1,{q:}), for
1 <i < n.) Now, construct a derivation of w in G. By Lemma 4.2.3, we have |{X :
(qi — X, qis1 — X) €R}|=1,forall 0 <i<n—1.Thus, S — X/ X?...X]' € P.
Moreover, if Xjx; — X}, we apply X; — x'X;,, € P, and if X;x; — g;, we apply
X, —x el 1<i<n1<j<k

Hence, Lemma 4.2.4 holds. O

The following lemma says that every language accepted by an n-turn first-move
self-regulating finite automaton can be generated by an (n + 1)-parallel right linear
grammar. Thus, parallel right linear grammars are at least as powerful as first-move
self-regulating finite automata.

Lemma 4.2.5. Let M be an n-first-SFA. There is an (n+ 1)-PRLG, G, such that
L(G) =L(M).

Proof. LetM = (Q,X,98,490,4q:,F,R). Consider
G = (No,...,Ny,,X,S,P),

where
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Ni = (e u{e})! x@x {i} x Q) u(@ x{i} x 0),
| = max{|w|:qgw — p€ 8}, 0<i<n, and
P = {5 [g0%0,¢",0, 1] [arx1,4", 1,41, ) (91,22, 472, qi) - - (43,130,043, ) -
10-90X0 — @°5 T1-qiX1 — g\, 12.qi X2 — @y i X0 — ¢ €S,
(ro,r1),(r1,r2),...,(r—1,ra) €R, qi, € F}U
{lpx,q,i,r] = x[g,i,r]} U
{lg:i:.9] —€:9c QU
{lg.i,p] = wlq'i,p] : qw — 4’ € 5}
We prove that L(G) = L(M). To prove that L(G) C L(M), observe that we make

n+1 copies of M and go through them similarly to Fig. 4.3. Consider a derivation of
w in G. Then, in greater detail, this derivation is of the form

S = [40x8a‘](1)70a‘]t] [th(l)vq%v 17‘]:‘1] e [qin,1x1017q’117n7qi,1]
= x0[91,0,q:Jx0 a1 1,qi ) - -G, i,
= x?)x(l)[CI%OMt]x(])x} [q£7 17611'1] .. ~x8x’1l[CI37n>CIin] (41)

0.0 0 1.1 1 non n
= XX - - X [Gr, 0, qe)xoxy - xi[qiy, 1, gy - xox - X (g, 1 )

= a0l adxdxd xd L BN

and

0 0 1 1 2 2
r0-qoXg — 41, "'-qtxg — 415 2-4iy Xg — 415> rn'qin,1x8 _’61'11 € 57
(Vo,r1), (71,7‘2),...7 (rnflvrn)ERa

and g;, € F.
Thus, the list of rules used in the acceptance of w in M is

1= (qox) — ¢) (g3 — qz) (g — a)
(g0 — a1)(q1x] — 43) - (@ — i)
(91,35 — D) (@1 — 43) .. (qixz — aiy) 4.2)

(@i, X0 — q)(d1X] — @) - (kX — qi,)-

Now, we prove that L(M) C L(G). Informally, the acceptance is divided into n+1
parts of the same length. Grammar G generates the ith part by the ith component and
records the state from which the next component starts.

Let 1 be a list of rules used in an acceptance of
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in M of the form (4.2). Then, the derivation of the form (4.1) is the corresponding
derivation of w in G since

[qlplap} - xl][ql]+l 7iap} ep
and
[9,i,q] — €,
forall0<i<n, 1 <j<k.
Hence, Lemma 4.2.5 holds. O

The first main result of this chapter is that first-move self-regulating finite au-
tomata are as powerful as parallel right linear grammars.

Theorem 4.2.6. For all n € Ny, FIRST, = R,,+1.
Proof. This proof follows from Lemmas 4.2.4 and 4.2.5. O

Corollary 4.2.7. The following statements hold true.

1. REG=FIRSTy C FIRST\ CFIRST, C ... CCS.

FIRST, C CF.

FIRST, Z CF.

CF ¢ FIRST, for any n € Ny,

For alln € Ny, FIRST, is closed under union, finite substitution, homomorphism,
intersection with a regular language, and right quotient with a regular language.
6. Foralln € N, FIRST, is not closed under intersection and complement.

SO

Proof. Recall the following statements proved in [RW75]:

REG=R{ CRyCR3C...CCS.

Ry CCF.

CF ZR,,neN.

For all n € N, R, is closed under union, finite substitution, homomorphism, in-
tersection with a regular language, and right quotient with a regular language.

e Foralln € N— {1}, R, is not closed under intersection and complement.

These statements and Theorem 4.2.6 imply statements 1, 2, 4, 5, 6 of Corollary 4.2.7.
Moreover, observe that {a"b"c*" : n € Ny} € FIRST, — CF, which proves 3. O

Theorem 4.2.8. For alln € N, FIRST, is not closed under inverse homomorphism.

Proof. Forn=1,let L = {a*b* : k € N}, and let the homomorphism 4 : {a,b,c}* —
{a,b}" be defined as h(a) = a, h(b) = b, and h(c) = €. Then, it is not hard to see that
L € FIRST,. However, we prove that

L'=hY(L)nc*a*b* = {c*d"b* : k € N} ¢ FIRST; .
Assume that L’ is in FIRST;. Then, by Theorem 4.2.6, there is a two-PRLG

G= (N1,N2,T,S,P)
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such that L(G) = L'. Let k > |P|-max{|w| : X — wY € P}. Consider a derivation of
ckakb* € I'. The second component can generate only finitely many as; otherwise,
it derives {akb” : k < n}, which is not regular. Analogously, the first component
generates only finitely many bs. Therefore, the first component generates any number
of as, and the second component generates any number of bs. Moreover, there is a
derivation of the form X =" X, for some X € N,, and m € N, used in the derivation
in the second component. In the first component, there is a derivation A =1 g5A,
for some A € Nj, and s,/ € N. Then, we can modify the derivation of cka*b* so
that in the first component, we repeat the cycle A =/ a’A (m+ 1)-times, and in the
second component, we repeat the cycle X =™ X (I + 1)-times. The derivations of
both components have the same length—the added cycles are of length ml/, and the
rest is of the same length as in the derivation of c*a¥b*. Therefore, we have derived
cka"b*, where r > k, which is not in L'—a contradiction.

For n > 1, the proof is analogous and left to the reader. O

Corollary 4.2.9. Foralln € N, FIRST, is not closed under concatenation. Therefore,
it is not closed under Kleene closure either.

Proof. Forn=1,letL; = {c}* and L, = {a*b* : k € N}. Then, L1 L, = {c*d*b* : k €
N}. Analogously for n > 1. Moreover, let L = L; UL,. Then, L* N {c}*{a} T {b}" =
LiL,.

4.2.2 All-Move Self-Regulating Finite Automata

This section discusses n-turn all-move self-regulating finite automata. It proves that
the family of languages accepted by n-turn all-move self-regulating finite automata
coincides with the family of languages generated by n-right linear simple matrix
grammars.

Definition 4.2.10. For n € N, an n-right linear simple matrix grammar, n-RLSMG,
is an (n+3)-tuple
G= (Nl,...,Nn,T,S,P)7

where

e N;, 1 <i<n,are pairwise disjoint nonterminal alphabets,

e T is aterminal alphabet,

e S&ZN=N;U...UN, is the start symbol, NNT = 0, and

e P is a finite set of matrix rules. Any matrix rule can be in one of the following

three forms:

1L[S—X...X) X, eN,1<i<nm;
2' [Xl _’WIYI;--an_’WnYn], W,‘ET*,X,',Y,'EN,', 1 Slgn’
3-[X1—>W17~~-;Xn_>wn], XIEM,WIET*,ISISH

Let m be a matrix, then m[i] denotes the ith rule of m.
For x,y € (NUT U{S})*, x = y if and only if

1. eitherx=Sand [S—y| € P,
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2. orx=y1X1...9uXn, Yy = Y1X] ... VnXn, Where y; € T*, X; € N;, and
Xi —xi1,..., Xy = xy] €P, fori=1,...,n

We define =", for n € Ny, x =7 y, and x =* y as usual.
The language generated by an n-right linear simple matrix grammar, G, is defined
as
L(G)={weT":S="w}.

A language, L, is an n-right linear simple matrix language, n-RLSML, if there is
an n-RLSMG, G, such that L = L(G). The family of n-RLSMLs is denoted by Ry,).

The ith component of an n-RLSMG is defined analogously as in case of parallel
right linear grammars.
To prove the main result, the following lemma is needed.

Lemma 4.2.11. For every n-RLSMG, G = (Ny,...,N,,T,S,P), there is an equivalent
n-RLSMG, G, that satisfies:

1. if [S— X ... Xy, then X; does not occur on the right-hand side of any rule, for
i=1,...,n

2. if[S—a], [S— B] € Pand a # B, then alph(o) Nalph(B) =

3. for any two matrices my,my € P, if mi[i] = my[i], for some 1 <
my.

@,.
i <n, then my =
Proof. The first two conditions can be proved analogously to Lemma 4.2.3. Suppose
that there are matrices m and m’ such that m[i] = m/'[i], for some 1 <i < n. Let
m=[X] = x1,...,Xy — Xn],m =[¥1 = y1,..., Y, — yu]. Replace these matrices with
matrices m; = [X; — X{,....X, — X,], my = [X{ = x1,...,X,, — x,), and m} =[] —
Y/, .. Y, =Y, my=Y"—y1,....Y, — yu], where X/, Y/" are new nonterminals,
for all i = 1,...,n. These new matrices satisfy condition 3. Repeat this replacement
until the resulting grammar satisfies the properties of G’ given in this lemma. O

The following lemma says that every language generated by an n-right linear
simple matrix grammar can be accepted by an (n — 1)-turn all-move self-regulating
finite automaton. Thus, all-move self-regulating finite automata are at least as pow-
erful as right linear simple matrix grammars.

Lemma 4.2.12. Let G be an n-RLSMG. There is an (n — 1)-all-SFA, M, such that
L(G) = L(M).

Proof. Without loss of generality, we can assume that G = (Ny,...,N,,T,S,P) is in
the form described in Lemma 4.2.11. Construct an (n — 1)-all-SFA

M= (QaTaaaquqlaFvR)7

where
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0 ={q0,---,qn} UN, N=N{U...UN,, and {q0,q1,...,qn} "N =0,

F= {qn}v
{qiﬂ i+l - [SHXIX,,] EP,O§i<n}U
=< {Xw;i =Y [X; —wi¥,.... X, = w, Y, € P 1 <i<n}U
{Xiwi — qi: [Xi = wi,.... Xy > wy] €EPw; €T, 1 <i<n},
th = q]a
¥ = § with the identity map, and
{(gi = Xit1,9i01 — Xit2)
[S—X..X)) €P,0<i<n—2WU
{Xiw; = Y, Xipiwip1 — Y1)
[Xl —>W1Y1,...,Xn—>WnYn] EP, 1 §i<n}U
{(Xiwi = qi, Xix1wit1 — qit1) :
X1 —wi,..., Xy —owy) €EPw; €T 1 <i<n}.

R =

We prove that L(G) = L(M). The proof of the inclusion L(G) C L(M) is very
similar to the proof of the same inclusion of Lemma 4.2.4, so it is left to the reader.

To prove that L(M) C L(G), consider w € L(M) and an acceptance of w in M.
As in Lemma 4.2.4, the derivation looks like the one depicted on the right-hand
side of Fig. 4.3. We generate w in G as follows. By Lemma 4.2.11, there is matrix
[S — X{X?Z...X]] in P. Moreover, if Xj’:xj. — X! ., 1<i<n,then

jt+
i i yi i+1 i+1yri+1
(Xj — xXjXj ., X7 — XU X)) ER,
for 1 <i<n, 1< j<k Weapply
1 1y 1
[Xj —>)Cij+1,...,X]':l—>x,} ;l+1]

from P. IfX,ix}; —qi, 1 <i<n,then

(X =X =5t ER,
for 1 <i < n, and we apply

(X! —xi,... . X! = x}]€P.

Thus, w € L(G).
Hence, Lemma 4.2.12 holds. O

The following lemma says that every language accepted by an n-turn all-move
self-regulating finite automaton can be generated by an (n+ 1)-right linear simple
matrix grammar. Thus, right linear simple matrix grammars are at least as powerful
as all-move self-regulating finite automata.

Lemma 4.2.13. Let M be an n-all-SFA. There is an (n+ 1)-RLSMG, G, such that
L(G) = L(M).
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Proof. LetM = (Q,X,0,q0,q:,F,R). Consider
G = (No,...,N,,X,S,P),
where

N = (Q(zU{e})' x 0 x{i} x Q) U(@x {i} x Q),
I =max{|w|:gw —ped}, 0<i<n, and

P= {[S - [qox()?qovovqr][%xl aqla laqu e [qinqxnvqnvnvqin]] :

r0-q0%0 — ¢ 1-Gx¥1 = @5y Ty Xn — 4" €8,
(r07r1)7'-~a (rnflvrn) €R7 qi, GF}U
{[[p0x07q0707r0] —>x0[‘]07077’0]>---7[anmqna”7"n] —>xn[51n»n7rn]]}u

{[[g0.0,q0] — &,...,[qn,n.qs) — €] :qi € Q,0<i <n}U
{[[QO,O,PO] - WO[qé)aOvp()]v“';[qnanvpn] *)Wn[q;pnapn]] :
ri.qiw; —>q;- €06,0<j<n,(r,ris1) ER,0<i<n}.

We prove that L(G) = L(M). To prove that L(G) C L(M), consider a derivation
of w in G. Then, the derivation is of the form (4.1) and there are rules

0_, 0 |
10-40X0 — q1s T1-41X0 = q1s- -5 Tn-Gi,_1 X0 — 41
in § such that (rg,r1),..., (ra-1,72) € R. Moreover, (),

q§~+1 €68, and (r,’{,r,lfl) € R, where r,l{.qix,l( —¢q;, €06,0<1<n, 1< j<k, g, denotes

qs, and g;, € F. Thus, M accepts w with the list of rules pt of the form (4.2).
To prove that L(M) C L(G), let u be a list of rules used in an acceptance of

I+1 V)
;") € R, where r;.q;x; —

w=x0xd . adxdxl B
in M of the form (4.2). Then, the derivation is of the form (4.1) because
[[49707%] - x?[q?+l 707qt]7 ey [9?7”7%},] - x?[ﬂ?ﬂa”ﬂin]] S P7

for all q; €0,1<i<n, 1<j<k, and[[¢:,0,4:] — €,...,[qi,,n,q:,] — €] € P.
Hence, Lemma 4.2.13 holds. O

The second main result of this chapter is that all-move self-regulating finite au-
tomata are as powerful as right linear simple matrix grammars.

Theorem 4.2.14. For all n € Ny, ALL,, = R[n 1)
Proof. This proof follows from Lemmas 4.2.12 and 4.2.13. O

Corollary 4.2.15. The following statements hold:

1. REG=ALLy CALL) CALL, C ... CCS.
2. ALL, Z CF.
3. CF L ALL,, for every n € Ny.
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4. For all n € Ny, ALL, is closed under union, concatenation, finite substitution,
homomorphism, intersection with a regular language, and right quotient with a
regular language.

5. For all n € N, ALL, is not closed under intersection, complement, and Kleene
closure.

Proof. Recall the following statements proved in [Woo75]:

REG = R[l] C R[Z] C R[3] C...CCS.

For all n € N, R[,,] is closed under union, finite substitution, homomorphism,

intersection with a regular language, and right quotient with a regular language.
e Foralln € N—{1}, Ry, is not closed under intersection and complement.

Furthermore, recall statements proved in [Sir69] and [Sir71]:

e Foralln € N, Ry, is closed under concatenation.
e Foralln € N— {1}, R}, is not closed under Kleene closure.

These statements and Theorem 4.2.14 imply statements 1, 4, and 5 of Corol-
lary 4.2.15. Moreover, observe that {ww : w € {a,b}*} € ALL| — CF (see Exam-
ple 4.1.5), which proves 2. Finally, let L = {wew® : w € {a,b}*}. In [DP89, Theo-
rem 1.5.2], there is a proof that L ¢ Ry}, for any n € N. Thus, 3 follows from Theo-
rem 4.2.14. O

Theorem 4.2.16, given next, follows from Theorem 4.2.14 and from Corollary
3.3.3 in [Sir71]. However, Corollary 3.3.3 in [Sir71] is not proved effectively. We
next prove Theorem 4.2.16 effectively.

Theorem 4.2.16. ALL,, is closed under inverse homomorphism, for all n € Ny.

The basic idea of the proof is to simulate the derivation of a one-all-SFA, M,
as follows. If M reads a, the simulation proceeds as if M reads h(a), where & is
a given homomorphism. Since h(a) is a string, we store h(a) in the state of the
simulating automaton and then, in the state, simulate the reading of /(a). However,
the automaton can make a turn while a piece of h(a) is still stored in the state. This
string, in the proof denoted by y, must be carried over.

Proof. Forn=1,1letM = (0Q,X,8,q0,q;,F,R) be a one-all-SFA, and let h: A* — X*
be a homomorphism. Construct a one-all-SFA

M =(Q',A,8 .q0,4,,{47}.R)

accepting h~! (L(M)) as follows. Denote k = max{|w| : gw — p € 8} +max{|h(a)| :
a€A}. Let
Q' =qyU{lx.q.y] :x,y € X% [x .y <k, g € Q}.
Initially, set 8’ and R’ to 0. Then, extend 8’ and R’ by performing 1 through 5, where
&’ contains exactly the rules used in R'.
1. Fory e X*, |y| <k, add
(Q6 - [3,6]07)’]7‘]; - [yaqlvg]) to RI;
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2. ForAe @, q+# q;, add
([x.q,¥la — [xh(a),q,y],A — A) to R’;
3. ForA € @', add
(A — A,[x,q,€]la — [xh(a),q,€]) to R';
4. For (gx — p,q'xX — p') €R, q # q;, add
(bow,q,y] = [w, p,y], [XW'.q' €] — [W, P’ €]) to R
5. For gy € F, add
(D41, — g1, 1€.97,€] — ¢;) O R'.

In essence, M’ simulates M in the following way. In a state of the form [x, q,y], the
three components have the following meaning:

x=h(ay...a,), where aj ...a, is the input string that M’ has already read;

q is the current state of M;

y is the suffix remaining as the first component of the state that M’ enters during
a turn; y is thus obtained when M’ reads the last symbol right before the turn
occurs in M; M reads y after the turn.

More precisely, h(w) = wiyw,, where w is an input string, wy is accepted by M
before making the turn, i.e. from gg to g;, and yw, is accepted by M after making the
turn, i.e. from g, to gy € F.

For n > 1, the proof is analogous. O

4.2.3 Language Families Accepted by n-first-SFAs and n-all-SFAs

This section compares the family of languages accepted by n-turn first-move self-
regulating finite automata with the family of languages accepted by n-turn all-move
self-regulating finite automata.

Theorem 4.2.17. Foralln € N, FIRST, C ALL,,.

Proof. In [RW75] and [Wo075], it is proved that for all n € N— {1}, R, C Ry,). The
proof of Theorem 4.2.17 thus follows from Theorems 4.2.6 and 4.2.14. O

Theorem 4.2.18. FIRST, ¢ ALL,, foralln € N.

Proof. 1t is easy to see that L = {a’l‘aé .. .ale :k € N} € FIRST, = R,+,. However,
LZALL, | = R[n] (see Lemma 1.5.6 in [DP89]). O

Lemma 4.2.19. For each regular language, L, language {w" : w € L} € ALL,_,.

Proof. Let L= L(M), where M is a finite automaton. Make n copies of M. Rename
their states so all the sets of states are pairwise disjoint. In this way, also rename the
states in the rules of each of these n automata; however, keep the labels of the rules
unchanged. For each rule label r, include (r,r) into R. As a result, we obtain an n-turn
all-move self-regulating finite automaton that accepts {w" : w € L}. O

Theorem 4.2.20. ALL, — FIRST # 0, FIRST = J,,_, FIRST,,, for alln € N.
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Proof. By induction on n € N, we prove that language
L={(ew)"™" :we{a,b}*} ¢ FIRST .

From Lemma 4.2.19, L € ALL,,.

Basis: For n = 1, let G be an m-PRLG generating L, for some positive integer .
Consider a sufficiently large string cwicwy € L such that wy = wp = a™b", np >
ny > 1. Then, there is a derivation of the form

S =P
X1A1X2A2 .. .x,,,Am :>k X1y1AIX2y2A2 .. .xmymAm (43)

in G, where cycle (4.3) generates more than one a in w;. The derivation continues as

X1Y1A1XZY2A2 .. -xmymAm =7
XIVZ1BY - X YmZmBm =" x1y121u1B1 .. X YmZmlmBom 4.4)
(cycle (4.4) generates no as) =* cwicw,.

Next, modify the left derivation, the derivation in components generating cwy, so
that the a-generating cycle (4.3) is repeated (/ + 1)-times. Similarly, modify the right
derivation, the derivation in the other components, so that the no-a-generating cycle
(4.4) is repeated (k+ 1)-times. Thus, the modified left derivation is of length

p+k(l+1)+r+l+s=p+k+r+i(k+1)+s,

which is the length of the modified right derivation. Moreover, the modified left
derivation generates more as in w; than the right derivation in wp—a contradiction.

Induction step: Suppose that the theorem holds for » > 2, and consider n+ 1. Let
{(ew)"! :w e {a,b}*} € FIRST;,

for some / € N. As FIRST, is closed under right quotient with a regular language, and

{ew:w e {a,b}*} is regular, we obtain {(cw)" : w € {a,b}*} € FIRST; C FIRST—a

contradiction. O

Fig. 4.4 summarizes the language families discussed so far.

4.3 Self-Regulating Pushdown Automata

The previous section has discussed self-regulating finite automata. Next section dis-
cusses self-regulating pushdown automata.
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Fig. 4.4. The hierarchy of languages. Here, F,, stands for FIRST,, and A, for ALL,,.

4.3.1 All-Move Self-Regulating Pushdown Automata

Itis easy to see that an all-move self-regulating pushdown automaton without making
any turn is exactly a common pushdown automaton. Therefore, ALL-SPDAy = CF.
Next, we prove that one-turn all-move self-regulating pushdown automata are as
powerful as Turing machines.

Theorem 4.3.1. ALL-SPDA, = RE.

The main idea of the proof is that every recursively enumerable language, L, can
be expressed as L = h(L(G)NL(H)), where G and H are context-free grammars, and
h is a homomorphism. Then, on the pushdown, automaton M simulates

1. G that generates a string, w, so that if a is on the top, M reads h(a); then,
2. H that generates w, which is verified by R (no input is read).

Proof. For any recursively enumerable language, L C A*, there are context-free lan-
guages L(G) and L(H) and a homomorphism % : £* — A* such that

L=h(L(G)NL(H))

(see Theorem 1.12 in [MS97]).
Suppose that G = (Ng, X, P;,S¢) and H = (Ny, X, Py, Sy ) are context-free gram-
mars in the Greibach normal form, i.e. all productions are of the form

A —aa,

where A is a nonterminal, a is a terminal, and « is a (possibly empty) string of
nonterminals. Let us construct one-all-SPDA

M= ({q07q7ql‘7p7f}aA72UNGUNHU{Z}767q07Za {f}7R)7

where Z ¢ ¥ UNg U Ny, with R made as follows:
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1. add (Zqo — ZS¢q,Zq; — ZSup) to R
2. add (Aq — By ...B1aq,Cp — D,,...Dap) to R if
A—aB;...B, € P; and
C—aDy...D,, € Py
3. add (agh(a) — g,ap — p) toR
4. add (Zq — Zq;,Zp — f) to R
Moreover, 0 contains only the rules from the definition of R.
We prove that w € h(L(G) NL(H)) if and only if w € L(M).
Only if Part: Letw € h(L(G)NL(H)). There are a,ay,...,a, € X such that
ajay...a, € L(G)NL(H)
and w = h(ajaz . ..a,), for some n € Ny. There are leftmost derivations

S =" ayay...a, and Sy =" ajap...ay

of length n in G and H, respectively, because in every derivation step exactly one
terminal symbol is derived. Thus, M accepts h(aj)h(ay)...h(a,) as

Zgoh(a1)h(az) ... h(ay) = ZSggh(a)h(az) ... h(ay),. .., Zangh(a,) = Zgq.,
ZC] = th )
Zq; = ZSyup,...,Zanp = 2Zp,Zp=f.
In state g, by using its pushdown, M simulates G’s derivation of a; ...a, but reads
h(ay)... h(ay,) as the input. In p, M simulates H’s derivation of aja; . ..a, but reads

no input. As aja; .. .a, can be derived in both G and H by making the same number
of steps, the automaton can successfully complete the acceptance of w.

If Part: Notice that in one step, M can read only h(a) € A*, for some a € X. Let
w € L(M), then w = h(a;)h(az)...h(ay), for some ay,az,...,a, € X. Consider M’s
acceptance of w

Zqoh(a)h(az)...h(an) = ZSgqh(ai)h(az) ... hay),. .., Zapgh(a,) = Zq,
Zq=Zq,
Zq; = ZSup,...,Zanp = 2Zp,Zp = f.
As stated above, in g, M simulates G’s derivation of ajay...a,, and then, in p, M

simulates H’s derivation of aja; . .. a,. It successfully completes the acceptance of w
only if aja; . ..a, can be derived in both G and H. Hence, the if part holds, too. [

4.3.2 First-Move Self-Regulating Pushdown Automata

Although the fundamental results about self-regulating automata have been achieved
in previous sections, there still remain several open problems concerning them. One
of them is the question what is the language family accepted by n-turn first-move
self-regulating pushdown automata, when n € N? It is clear that for n = O the lan-
guage family accepted by zero-turn first-move self-regulating pushdown automata is
exactly the family of all context-free languages.
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4.3.3 Open Problems

Perhaps the most important open problems include 1 through 3 given next.

1. What is the language family accepted by n-turn first-move self-regulating push-
down automata, when n € N?

2. By analogy with standard deterministic finite and pushdown automata, introduce
the deterministic versions of self-regulating automata. What is their power?

3. Discuss the closure properties under other language operations, such as the re-
versal.
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5

Descriptional Complexity

This chapter studies descriptional complexity of partially parallel grammars and
grammars regulated by context conditions, where the well-known results concerning
this topic are supplemented and improved. The main aim of this chapter is to study
how to describe partially parallel grammars and grammars regulated by context con-
ditions in a reduced and succinct way with respect to the number of grammatical
components, such as the number of nonterminals and special productions.

First of all, however, we define the notion of descriptional complexity of gram-
mars with respect to the number of nonterminals and special productions.

Consider a family of languages, .2, and a family of grammars, ¢, such that every
language from . is generated by a grammar from ¢, and every grammar from ¢
generates only a language from .7, i.e. L € £ if and only if there is a grammar
G € 4 such that L = L(G).

To reduce the number of nonterminals means to find a natural number (if it ex-
ists), k, such that for every language L € .Z, there is a grammar G € ¢ such that the
set of all G’s nonterminals, N, contains no more than k elements, i.e. |[N| <k, and G
generates L, i.e. L =L(G).

In other words, the question is what is the minimal k such that there is a subfam-
ily, 2, of & consisting of grammars having no more than k nonterminals such that
any language from .Z is generated by a grammar from 7.

The reduction of special productions is defined analogously, i.e., the aim is to
find a natural number (if it exists), /, such that for every language L € ., there is a
grammar G € ¢ with P being the set of all its productions, P = P' UP", where P” is
the set of all special productions, such that |[P”| <! and L = L(G).

For instance, let P’ be the set of all context-free and P” the set of all remaining
productions of P.

This chapter studies the simultaneous reduction of both the number of nonter-
minals and the number of special productions. In other words, in case of studied
grammars, it is well-known that there are natural numbers k and / such that there is
a subfamily, 27, of ¢ having no more than k nonterminals and / special productions
such that any language from .Z is generated by a grammar from .77. We decrease
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these numbers. More precisely, we prove that every recursively enumerable language
is generated

(1) by ascattered context grammar with no more than four non-context-free produc-
tions and four nonterminals;

(2) by a multisequential grammar with no more than two selectors and two nonter-
minals;

(3) by a multicontinuous grammar with no more than two selectors and three non-
terminals;

(4) by a context-conditional grammar of degree (2, 1) with no more than six condi-
tional productions and seven nonterminals;

(5) by a simple context-conditional grammar of degree (2,1) with no more than
seven conditional productions and eight nonterminals;

(6) by a generalized forbidding grammar of degree two and index six with no more
than ten conditional productions and nine nonterminals;

(7) by a generalized forbidding grammar of degree two and index four with no more
than eleven conditional productions and ten nonterminals;

(8) by a generalized forbidding grammar of degree two and index nine with no more
than eight conditional productions and ten nonterminals;

(9) by a generalized forbidding grammar of degree two and unlimited index with no
more than nine conditional productions and eight nonterminals;

(10) by a semi-conditional grammar of degree (2,1) with no more than seven con-
ditional productions and eight nonterminals; and

(11) by a simple semi-conditional grammar of degree (2, 1) with no more than nine
conditional productions and ten nonterminals.

5.1 Partially Parallel Grammars

This section studies descriptional complexity of partially parallel grammars. Specif-
ically, descriptional complexity of scattered context grammars with respect to the
number of nonterminals and context-sensitive productions, and descriptional com-
plexity of multisequential and multicontinuous grammars with respect to the number
of nonterminals and selectors.

5.1.1 Scattered Context Grammars

A scattered context grammar is an ordinary context-free grammar that uses its pro-
ductions in a partially parallel way. More precisely, there is an integer n such that in
each derivation step, no more than n nonterminals of the current sentential form is
rewritten.

More details about scattered context grammars can be found in [Fer96, GW8&9,
GH69, Mas07c, Med95, Med98b, Med02, MR71, Pau82, Vir73].



“masopust-phdthesis-fitmono” — 2008/9/30 — 10:46 — page 43 — #51

5.1 Partially Paralle] Grammars 43
Definition 5.1.1. A scattered context grammar, G, is a quadruple
G = (N7 T7P7 S) )

where

N is a nonterminal alphabet,

T is a terminal alphabet such that NNT =0,
S € N is the start symbol, and

P is a finite set of productions of the form

(Ah...,An) — (xl,...,xn),

for some n € N, where A; € N and x; € (NUT)*, fori=1,...,n. If n > 2, then
the production is said to be context-sensitive; otherwise, the production is said to
be context-free.

If x = wAjuy .. . upAptyyg and y = uyxqup . . . upXpity+1, where u; € (NUT)*, for all
i=1,...,n, and
(Alv'“aAn) - (xla"'axn) eP,

then
xX=y

in G. As usual, = is extended to =, for i € Ny, =, and =*. The language gener-
ated by a scattered context grammar, G, is defined as

LG)={weT":S="w}.

The last result concerning descriptional complexity of scattered context gram-
mars is by Vaszil, who proved the following result (see [Vas05]). However, in spite
of this fact, the presented construction of the proof is independently discovered by
Masopust, Meduna, and Techet.!

Theorem 5.1.2. Every recursively enumerable language is generated by a scattered
context grammar with no more than five nonterminals and two context-sensitive pro-
ductions.

Proof. Let L C T* be any recursively enumerable language over an alphabet T =
{ai,...,a,}. Then, there is an extended Post correspondence problem2

E= ({(M[,V[),...,(Mr,vr)},(zg],---,Zan)),

! Unpublished result.

21et T = {a1,...,a}, for some n > 1. An extended Post correspondence problem E =
({(u1,v1)5- -5 (ur,vi)}s (2ay5---52a,)), Where u;,vizq, € {0,1}%, for i =1,....r, j =
1,...,n. The language represented by E is the set L(E) = {by...by € T* : Is1,...,5; €
{L,...,r} 01> 1,vg vy =g, .. U5 Zp, - -2, , k > 0} Tt is well known that for each recur-
sively enumerable language L, there is an extended Post correspondence problem, E, such

that L(E) = L (see Theorem 1 in [Gef88a]).
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where u;,vi,z4; € {0,1}*, fori=1,...,r, j=1,...,n, such that L(E) = L. Define
the scattered context grammar

G= ({S7A707 1a$}aTaP7S)

with P constructed as follows:

1. Foreverya €T, add
a) (S) — (z%Sa), and
b) (S) — (FAa) to P;
2. a) Forevery (u;,v;) €E,1<i<r, add (A) — (ufAv;) to P;
b) Add (4) — ($$) to P;
3. Add
a) (0,$,5,0) — (8,¢,¢,9),
b) (1,$,$,1) — ($,¢,¢,9), and
c) ($)—(e)toP.

Examine the introduced productions to see that G generates by ...b; € L(E) by a
derivation of this form:
R
S = Zkabk
R _R
= ththilekflbk
=* ka .. .Z;;sz .. -bk
= 2§ .2y Abiby . Dy
=z .. 2y ubAvg by .. by
=* sz... b uf ...uflAle Vg by by
R
= oo -bl’/‘s,~~~“s1$$vsl vy by by
R
= (Ugy - U Zp, -2 ) BV, v by by
=*by...b.
Productions introduced in steps 1 and 2 of the construction find nondetermin-
istically the solution of the extended Post correspondence problem which is subse-

quently verified by productions from step 3. Therefore w € L if and only if w € L(G)
and the theorem holds. O

Now, we supplement this result as shown in the following theorem. Specifically,
we prove that the number of nonterminals can be decreased, however, the number of
conditional productions (nonsignificantly) increases.

Theorem 5.1.3. Every recursively enumerable language is generated by a scattered
context grammar with no more than four nonterminals and four context-sensitive
productions.
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Basic idea.

The main idea of the proof and, actually, all proofs in this chapter is to simulate
a terminal derivation of a grammar, G, in one of the Geffert normal forms.? To do
this, we first apply all context-free productions as applied in the G’s derivation, and
then we simulate a non-context-free production, say AB — €, so that we mark with
" precisely one of As and one of Bs and check that these two marked symbols form
a substring A’B’ of the current sentential form. If so, the marked symbols can be
removed, which completes the simulation of the production AB — € in G; otherwise,
the derivation must be blocked. The formal proof follows.

Proof. Let L C T* be a recursively enumerable language and
G, = ({S',A,B,C,D},T,P"U{AB — ¢,CD — €},5)
be a grammar in the second Geffert normal form such that L(G,) = L. Define the
homomorphism % : {A,B,C,D}* — {0,1}* so that h(A) = h(B) = 00, h(C) = 10,
and 2(D) =01. Set N = {S,0, 1,$}. Define the scattered context grammar
G=(N.T,PS)

with P constructed as follows:

1. (S) — (h(z)S1al), where S’ — z8'a € P';
2. (S) — (h(u)Sh(v)), where S’ — uS'v € P';
3. (S) — (118);

4. (S) — (h(u)$$h(v)), where §" — uv € P';
5. (5) — (e);

6. (0,0,%,%$,0,0) — ($,¢,¢,¢,¢,9);

7. (1,0,$,%,0,1) — ($,¢,¢,€,€,$);

8. (1,1,%,$,1,1) — (11$,¢,¢,¢,¢,9);

9. (1,1,$,$,1,1) — (g,¢,€,¢,¢,¢).

Consider a derivation of the form
S = amar...a, = a1as...a,,

where a € {A,B,C,D}*, a; € T, for i = 1,...,n, and neither AB — € nor CD — &
has been applied in
S =*aaia...a,.

Moreover, only productions AB — € and CD — € have been applied in
aaay...a, =" aiaz...ay,.
Ifaja;...a, # €, then G can derive

S="11h(a)lajl1azl. .. 1a,l

3 See Definition 2.3.5 on page 9.
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and, by productions constructed in 6 and 7, eliminate i(a). Thus,
S="11%$$1a;11as1...1a,1.

By productions constructed in 8 and 9, G eliminates all nonterminals 1 and $.

Ifayay...a, = €, then G can derive S =" h(a); then, by productions constructed
in 6 and 7, G eliminates i(a). Thus, S =* $$ in G. By the production constructed
in 5, G eliminates both nonterminals $. Therefore,

S =*aja,...a, implies S =* ajay . ..a,.
On the other hand, let
S="a$$p =" aray...a,

be a derivation, where a € {00,01,11}*, B € ({00,01}U{1}T{1})*,a; € T, fori=
1,...,n, and none of context-sensitive productions has been applied in § =* o$$p.

Notice that if a nonterminal occurs between the first and the second $, then the
nonterminal cannot be removed, so the derivation cannot generate a string of termi-
nals.

Ifaja;...a, =€, then B € {00,01}*, B does not contain 11 as a substring. There-
fore, productions constructed in 8 and 9 cannot be applied in the derivation. Thus,
neither can production 3 be applied, so & does not contain 11 as a substring, too. As
the other productions simulate the productions from G, S’ =* € in G,.

Ifaiay...a, 7é €, then ﬁ = [31 ]allﬁz, where ﬁl S {00,01}* and ﬁz S ({O0,0I}U
{1}T{1})*. After deleting B; by productions constructed in 6 and 7, the production
constructed in 8 or 9 has to be applied. Therefore, o = o 110, where o = Bfe and
o € {0,1}*. Thus,

S="a$$p =" 0118$1a11p;.

We prove that op = € and 3, € ({1}T{1})* (by induction on || € Ny). At this point,
the only productions that can be applied are productions constructed in 8 and 9. By
applying the production constructed in 9, G makes

S="a$$p =" p118$1lai 1B, = a1 B -

Therefore, opa; By € T* if and only if op = B, = €. By applying the production
constructed in 8, G makes

S =* Ot$$ﬁ =* 06211$$1a11ﬁ2 = Ot211$a1$[32.

Therefore, if B, = 0033, the prefix 00 can be removed only by the production con-
structed in 6. However, after using this production, the substring 11 attached to $
appears between the two $s, so it cannot be removed after that. The same is true for
B> =01B). Thus, B, = la,1B3. Then, by induction,

S="a$$p = 117%$$ylai 11azl. .. 1a,1,
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where y € {00,01}*. Since h(A) = h(B) = 00, h(C) = 10, and k(D) = 01, we get
S =*8&aar...an = aias...a,,

where 8 € {A,C}*, & € {B,D}*, h(8;) = ¥%, and h(&) = 7.
Hence, the theorem holds. ]

5.1.2 Propagating Scattered Context Grammars

Originally, in 1969 Greibach and Hopcroft introduced scattered context grammars
without €-productions (see [GH69]). In these days, such scattered context grammars
are called propagating scattered context grammars. Although a lot of problems con-
cerning the closure properties of propagating scattered context grammars have been
solved since their introduction, there are still some problems open. It is not hard to
prove that all propagating scattered context grammars generate languages which are
context sensitive. The proof of this assertion is based on the so-called workspace
theorem (see, for example, Theorem III.10.1 in [Sal73]). One of the most famous
open problems concerning propagating scattered context grammars is the question
whether there is a context sensitive language which is not scattered context.

In this section, we give some nontrivial examples of languages generating by
propagating scattered context grammars.

First of all, recall that a construction (without a proof) of a scattered context
grammar generating the language

{a2"+l+n+1 n>1}
is presented in [ER79]. Based on this construction, a proof that the language
{a* :n>0}

is a scattered context language is given in [Mas07c].

Definition 5.1.4. A scattered context grammar G = (N, T, P,S) is said to be a prop-
agating scattered context grammar if any production in P is of the form

(A1,...,Ap) — (X1, -,2x0),

for somen > 1, where A; ENand x; € VT, foralli=1,...,n.

We now give some nontrivial examples of languages generated by a propagating
scattered context grammar.

Theorem 5.1.5. For any integer k > 2, there is a propagating scattered context gram-
mar G with six nonterminals and eight productions such that

L(G)={d" :n>0}.
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Proof. Define the following propagating scattered context grammar
G = ({S7A7A/7X7Y’Z}7 {a}’RS) 7

where P contains the following productions:

() — (a)

(8) = (d")

(S) — (A’AF-1XY)

(A" A, X,Y) — (a1 A" X, AFY)
(A", X,Y) — (a1 A AFIXY)
(A", X,Y)— (Z,Z,d ")
(Z2,A,Z) — (Z,a',2)

(2,2) — (a,d ")

P NN R W=

Consider a string of the form
a*A'ATXA™Y |
where m,n > 0. By production 6,
a*A'A"XAMY = a*ZA"ZA"d ! [6].

Then, we can either finish the derivation by production 8 (if n = 0), or continue by
production 7 as long as possible, followed by production 8;

a*ZA"ZA" a7 = @ Z2a" K ZAM G = aFad" VA [778).
It is easy to see that
a*ad"*VaA"d""" € £(G) if and only if m = 0.

Therefore, to apply production 6, the sentential form must be of the form a*A’A"XY,
for some n > 1 (from the previous and production 3).
If production 5 is applied to a*A’A"XA™Y,

aAA"XA™Y = a*d T IATAATARTIXY (5],

then the derivation is blocked; indeed, A on the left-hand side of A’ cannot be re-
moved. Thus, if m > 1, the only possible derivation is to apply production 4 as long
as there is A between A’ and X.

From the previous follows that if the first production applied to

ak"—kA/Akn—IXY

is production 4, then the derivation continues by production 4 as long as there is A
between A’ and X, followed by one application of production 5,
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KA AR Ty ot Kk DR =) g1y AR 1)y [44°]
ak<"+‘>—2k+1 A'X Ak(”“)—kY
" A G g AR gkl (s),

n+1 n+1
— "R aA T gy

where n > 1.
Now, the derivation can successfully rewrite all A’s to *~! by productions 6, 7,
and 8§, i.e.

A RA AR T xy = Kk g DR 1) =1 k=1 R 6778,

or continue by production 4. Then, it follows by induction.
Finally, we summarize all possible terminal derivations.

S= a (1]

S= d 2]

S = AAFIXY 3]
= d¥IAAR XY [44°5]
=*a T RAAR T Iy [44]
=* g~ [6778]

Thus, any derivation generating a terminal string, w, is in one of the following three
forms:

S=*w[l] or S=*wl[2] or S=*w[3(44*5)"6778].

Based on the previous theorem, the following theorem can be proved.

Theorem 5.1.6. For any integers k,l > 2, there is a propagating scattered context
grammar G with twelve nonterminals and fourteen productions such that

Proof. Define the following propagating scattered context grammar
G = ({S7A3A/3A”7BaC7X5X2aX3aY727Z/}a {a}7l)75) )

where P contains the following productions:

1. (S)—>(a12
2. (8) = (d 2
3. —

(s) (alk )
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4. (S) — (A”A’*IXZB"Z*3A’C"2*1XY)
* first stage

5. (A',C,X,Y) — (B¥"1,A" X,C*Y)
6. (A, X,Y) — (B 1A/, CF1XY)
7. (A, X,Y) = (Z2,2,Y)

8. (z,C, z YY) — (Z2,B51,Z,Y)

9. (2,2,Y) — (B,B* X3)

* second stage

0 (A" A, X>,X3) — (a'=1 A" XA X3)
1. (A", Xy,B,X3) — (a1, A" A71X,, X3)
(A X2,X3) — (Z2',2,X3)

3. (Z,A, 7, X3) — (Z',d' =", 7' X3)
(Z/ 7! X3) ( l 1, - 1)

First, notice that if the production
(S) _ (A//AlflXZBk273A/Ck271XY)

is applied, then none of the productions of the second stage is applicable; clearly,
there is no X3 in the derivation, and X3 does not appear in any sentential form of the
derivation all the time productions from the first stage are applicable. Notice also that
the productions of the first stage are very similar to the productions of the grammar
constructed in the proof of Theorem 5.1.5. Therefore, it is not hard to see that, by the
productions from the first stage,

B 3AICK -1xy = g 2x,
for n > 2. Thus, we have the following derivation;

S = A"A1x,BE 34 CE - xy
:>* Al/Alilszkn72X37

for n > 3. Consider a string of the form
a*A"APX,AYB"X;3,
where p,q,r > 0. By production 12,
a*A"APX,AYB"X; = a*Z'APZ'AIB'X;  [12].

Then, we can either finish the derivation by production 14 (if p = 0), or continue by
production 13 as long as possible, followed by production 14;

aZAPZAIB Xy = a*Za? " VZIABX;  [(13)7]
= a*aa”"Vad ARG [(14)].

It is easy to see that
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a*aa’'""Vd7'AIB"d! ! € £ (G) if and only if g =r = 0.
Therefore, to apply production 12, the sentential form must be of the form
a*A"APX, X5,

for some p > 1.
If production 11 is applied to a*A”APX,A9B" X,
a*A"APX>AIB X3 = a*a TTAPATAIAIT I X BTTIXS (1],

then the derivation is blocked; indeed, A on the left-hand side of A” cannot be re-
moved. Thus, if » > 1, then the only possible derivation is to apply production 10 as
long as there is A between A” and X;.

We prove that all sentential forms of a terminal derivation containing X3, i.e. of
the second stage, are of the form

m—1_ m—1_ n__
al lA//Al 1X2Bk mx3 ,

forallm=2,..., k", n>3.
For m = 2, we have
A/IAlflszk 72X3 ,

and this is the start sentential form of the second stage. For m = 2", we have
alk'tl _IAHAlerl _1X2X3 ,
and, as proved above,
alk"*l—zAquk"*l—lxzx3 o azk"*l—zaa(z—l)(lk”*l—1)a1—1a1—1 _ alk” '
Thus, assume that 2 < m < k". Then,

a" AT A B
= " U= g1, AL gy 1]
— " Al R
= "G AT AT A X B T X (1)
a" I ATAT X B D

Finally, we summarize all possible terminal derivations.

S= d [1]
S= d" 2]
S= d 3]
S =* ATAIZ1X, B 72X, [4(55%6)*7819]
=+ d" [((10)*(11))*(12)(13)* (14)].
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Open Problem

Another interesting open problem (a subproblem of the most famous open problem
mentioned above) is whether there is a propagating scattered context grammar gen-
erating the set of all prime numbers, i.e. is there a propagating scattered context
grammar G such that

L(G) = {a” : p is a prime number} ?

Complement

Finally, we can prove that if propagating scattered context grammars are closed under
complement, then they can generate the set of all prime numbers. To prove this,
we give a construction of a propagating scattered context grammar generating all
composite numbers. Before doing so, note that the question whether propagating
scattered context grammars are closed under complement or not is the next famous
open problem.

Theorem 5.1.7. There is a propagating scattered context grammar G such that
L(G) = {d" : k=mn,m,n >2}.
Proof. Define the following propagating scattered context grammar
G=({S,S1,5:,A,B,X,Y,Z} ,{a},P,S),

where P contains the following productions:

1. (S) = (a)

2. (8) — (a*)

3.(S) = (8152)

4. (81) — (514)

5. (S1) — (XA)

6. (S2) — (S2B)

7. (Sz)—)(YB)

8. (X,A,Y) — (a,X,YA)
9. (X,Y,B) — (a®,X,Y)
10. (X,Y,B) — (a®,X,Z)
11. (X,A,Z) — (X,a,Z)

12. (X,Z) — (a,a)

It is easy to see that
S=*XA"?yp"!

by productions 3, 4, 5, 6, 7, for some m > 2 and n > 3. Then,
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XAn—2YBm—1 —* an—ZXYAn—ZBm—l [8+]
= a"2a’XA"?YB"? [9]
— ¥ ananXAn72YBm73 [8+ }
o an(m72)aanXYAnsz [(8+9) ]
= a"mVxA2Z [10]
=t @ (11)°(12)]
= a"m.
The proof is left to the reader. L]

5.1.3 Multisequential Grammars

A multisequential grammar is a context-free grammar, where also terminal symbols
can be rewritten. In addition, these grammars have a mechanism that chooses sym-
bols of the current sentential form that are supposed to be rewritten. Such mecha-
nisms are called selectors. Then, during any derivation step, all chosen symbols are
rewritten.

Definition 5.1.8. A multisequential grammar, G, is a quintuple

G: (N7 T7P7S7K)7

where

e N is a nonterminal alphabet,

e T is aterminal alphabet such that NNT =0,
e S € N is the start symbol,

e Pis afinite set of productions of the form

a—x,

where a € V=NUT and x € V*, and
e K is a finite set of selectors of the form

X1 act(Y] )Xz .o .Xnact(Yn)X,,H s

where n is a positive integer,
- X;e{z*:ZCV},fori=1,...,n+1,and
- Yje{Z:ZCV,Z#0},forj=1,....n

If x = wjaiupasus . . . upQuty1, Yy = U1 X1UpX2U3 . . . UnXyliy+1, and K contains a selec-
tor
Xlact(Yl )Xz .. .Xnact(Y,,)X,,H

satisfying u; € X;, fori=1,...,n+1,a; €Y;,anda; — x; € P, for j=1,...,n, then
xX=y

in G. As usual, = is extended to =, for i € Ny, =1, and =*. The language gener-
ated by a multisequential grammar, G, is defined as

LG ={weT":S="w}.
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In [Med97c], the following result is proved.

Theorem 5.1.9. Every recursively enumerable language is generated by a multise-
quential grammar with no more than six nonterminals.

Here, we improve this result. Specifically, we prove that no more than two non-
terminals are needed and, moreover, we give a limit to the number of selectors. First,
however, we prove the following auxiliary lemma.

Lemma 5.1.10. Every recursively enumerable language is generated by a multise-
quential grammar with no more than three nonterminals and two selectors.

Proof. Let L C T* be a recursively enumerable language and
G3 = ({S,A,B},T,PU{ABBBA — ¢},S)

be a grammar in the third Geffert normal form such that L(G3) = L. Define the
multisequential grammar

G = ({S7A7B}’T7PU{A - 87 B - 8}7S7K)

with K containing these two selectors:

1. {A,B}*act(S)({A,B}UT)",
2. {A,B}*act(A)act(B)act(B)act(B)act(A)({A,B}UT)".

Observe that L(G) = L(G3). O
Now, based on the previous lemma, the main result of this part can be proved.

Theorem 5.1.11. Every recursively enumerable language is generated by a multise-
quential grammar with no more than two nonterminals and two selectors.

Proof. Consider G constructed in the proof of Lemma 5.1.10. Define the homomor-
phism

h:({S,A,B}UT)" — ({S,A}U T)*
as h(b) =b,for b € T, h(S) = S, h(A) = aAa, and h(B) = aAAa, where a € T is a
terminal symbol. Define the multisequential grammar

G ={S,A}, T,{S—h(a):S— a€PtU{A— ¢e,a— €},SK)

with K containing these two selectors:

1. {A,a}*act(S)({A}UT)",

2. {A,a}*act(a)act(A)act(a)act(a)act(A)act(A)act(a)
act(a)act(A)act(A)act(a)act(a)act(A)act(A)act(a)
act(a)act(A)act(a)({A}UT)*".
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Observe that S — « is a production in G if and only if S — A(¢) is a production in
G.If
uABBBAv = uv

in G, where u € {A,B}* and v € {A,B}*T*, then
h(u)aAaaAAaaAAaaAAaaAah(v) = h(uv)
in G’ (by selector 2), and vice versa.
Hence, the theorem holds. O

5.1.4 Multicontinuous Grammars

A multicontinuous grammar is a multisequential grammar differing in the following
detail—the whole nonempty strings of symbols, not only one symbol, is chosen to
be rewritten. Then, in any derivation step, all these symbols are rewritten.

Definition 5.1.12. A multicontinuous grammar, G, is a quintuple

G=(N,T,P,S,K),

where

e N is a nonterminal alphabet,

e T is aterminal alphabet such that NNT = 0,
e S €& N is the start symbol,

e Pis afinite set of productions of the form

a—x,

wherea €¢ V=NUT and x € V*, and
e K is a finite set of selectors of the form

Xlact(Yl )X, .. .Xnact(Yn)Xn+1 ,

where n is a positive integer,
- X;e{z*:ZCV},fori=1,...,n+1,and
- Y,e{Zt:ZCV,Z#0},for j=1,...,n.

For every v € VT, where v = a3 ...ap witha; €V, fori=1,..., |v], define the lan-
guage

ContinuousRewriting(v) CV*
by this equivalence: for every z € V*, z € ContinuousRewriting(v) if and only if
a; — x; € P, fori= 1,...,|v|,andz:xl...xM.

If x = wiyruoyus . . . UpYnty+1, Y = U121U220U3 . . . UnZplp+1, and K contains a se-

lector

Xjact(Y)X, ... X,act(Y,) X,

such thatu; € X;, fori=1,...,n+1,y; €Y}, and
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z;j € ContinuousRewriting(y;),
for j=1,...,n, then
X=Yy
in G. As usual, = is extended to =, fori > 0, =1, and =*. The language generated
by a multicontinuous grammar, G, is defined as

L(G)={weT":S="w}.

In [Med98a], the following result is proved.

Theorem 5.1.13. Every recursively enumerable language is generated by a multi-
continuous grammar with no more than six nonterminals.

We improve this result in the following way. Again, we give a limit to the number
of selectors.

Theorem 5.1.14. Every recursively enumerable language is generated by a multi-
continuous grammar with no more than three nonterminals and two selectors.

Proof. Let L C T* be a recursively enumerable language. Let
Gz = ({S,A,B},T,PU{ABBBA — ¢},S)

be a grammar in the third Geffert normal form such that L(G3) = L. Define the
homomorphism
h:({$,4,B}UT)" — ({S,(,)}UT)"

ash(a)=a,forae€T,h(S) =S, h(A) = (), and h(B) = (b), where b € T is a terminal
symbol. Define the multicontinuous grammar

G={S(LTAS = h(a): S —acPyU{(—¢,) — &b — &},5,K)

with K containing these two selectors:

L {(,), b} act(ST)({(,)}UT)",

2. {(,),b}*act((*)act()")act((")act(b)act()™)
act(()act(b™)act()")act((")act(b)act()")
act((")act()")({(,)}UT)".

At the beginning of any derivation, only selector 1 is applicable. After eliminating S,
the other selector is applicable. Moreover, as there is no more than one substring of
the form

h(ABBBA) = ()(b)(b)(b)()

in each sentential form (see [Gef88a]), selector 2 is applicable only on no more than
one substring. As there is no occurrence of substrings (( or )) in any sentential form,
this theorem holds. O
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5.2 Context-Conditional Grammars

A context-conditional grammar is an ordinary context-free grammar, where a set
of permitting and a set of forbidding contexts are associated with each production.
Then, a production is applicable if and only if it is applicable as a context-free pro-
duction and each permitting context and no forbidding context associated with this
production is a substring of the current sentential form.

Definition 5.2.1. A context-conditional grammar, G, is a quadruple

G=(N,T,P,)S),
where
e N is a nonterminal alphabet,
e T is aterminal alphabet such that NNT =0,
e S & N is the start symbol, and
e Pis afinite set of productions of the form

(X — o, Per, For),

where X € N, o € (NUT)*, and Per, For C (NUT)™ are finite sets. If Per U For #
0, then the production is said to be conditional.

G has degree (i, j) if for all productions (X — a, Per, For) € P,
max (Per)* <i

and
max(For) < j.

G has index k if
max{|Per| + |For| : (X — a,Per,For) € P} <k.

For x1,x, € (NUT)*, x1 Xx directly derives x; otx; according to the production (X —
o, Per, For) € P, denoted by x; Xx; = xj Qxp, if

Per C sub(x)

and
ForNsub(x)=0.

As usual, = is extended to =, for i € Ny, =+, and =*. The language generated by
a context-conditional grammar, G, is defined as

LG)={weT":5S="w}.

4 See Definition 2.2.10 on page 7.
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In [MS05], a proof that context-conditional grammars generate the whole family
of recursively enumerable languages is given. However, descriptional complexity of
context-conditional grammars has not been studied so far. Next, a result concerning
this topic follows.

Theorem 5.2.2. Every recursively enumerable language is generated by a context-
conditional grammar of degree (2, 1) and index two with no more than six conditional
productions and seven nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar
G = ({S,A,B,C},T,PU{ABC — €},S)
in the first Geffert normal form such that L = L(Gy ). Construct the grammar
G=({S,A,B,C,A",B'.C'},T.PPUP".S),
where
P={X—a0,0):X—acP},
and P” contains the following six conditional productions:

(A—A"0,{A,C'}),
. (B_’B,a{A/}v{B/})’
. (C—C{AB'}{C'Y)),
(A > e {BC'}0),
- (B'— e {C'}{A}),
(O = e.0,{AB)).

To prove that L(G;) C L(G), consider a derivation

AU W=

S =* wABCW'v = ww'v

in G by productions from P and the only one production ABC — €, where w,w' €
{A,B,C}* and v € T*. Then, S =* wABCw'v in G by productions from P’. By pro-
ductions 1, 2, 3,4, 5, and 6,

wABCw'v = wA'BCw'v
= wA'B'Cw'v
= wA'B'C'w'v
= wB'C'w'v
/

= wC'w'v

/
= WW .

The inclusion follows by induction.

To prove that L(G;) 2 L(G), consider a terminal derivation. We prove that, after
eliminating S, in each six consecutive steps, G can do nothing else than to remove
a substring ABC. To prove it, notice first that to remove A’ or B', i.e. A or B, C’' has
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to be in the sentential form (see productions 4 and 5). However, to obtain C’ to the
sentential form, production 3 has to be applied. Then, A’B’ has to be a substring of a
former sentential form. Thus, productions 1 and 2 had to be applied before and in this
order. It is also easy to see, according to the forbidding contexts of productions 1, 2,
and 3, that there cannot be more than one occurrence of nonterminals A’, B’, and C’ in
any sentential form. Therefore, according to the permitting contexts of productions
3 and 4, A’B'C’ is a substring of the current sentential form, and, moreover, there
cannot be a terminal between any two nonterminals. The derivation is of the form
S =* wiwpws in G by productions from P’, where w; € {A,AB}*, wp € {BC,C}*,
and w3 € T, and wywyws =" w3. Then, S =" wiwows in G| by productions from
P. We prove that wiwows =" w3 in Gy.

For wywy = €, the proof is done. For wiw, # €, wiw, = wABCw', where
w € {A,AB}* and w' € {BC,C}*. Thus, at the beginning, only production 1, then
2, and then 3 is applicable. Then, only production 4 is applicable, and, after that,
only production 5 is applicable. Finally, production 6 can be applied;

WABCW ws =3 wA'B'C'w'w;
= wB'C'ww;
= wC'wws

= ww'ws.

Thus, if § =* wiwows =* w3 in G, where w; € {A,AB}*, w,y € {BC,C}*, and
wsz € T*, then S =* wiwowsz =* w3 in Gj. O

To complete this section, note that it is proved (see [May72], [DP89], and [Sal73]
for a complete proof) that every recursively enumerable language is generated by a
context-conditional grammar of degree (1, 1). However, in this case, the number of
nonterminals and conditional productions is not limited.

Note that context-conditional grammars of degree (1,0), (0,1), and (1, 1), orig-
inally introduced by van der Walt in [vdW70], are known as random context gram-
mars (or permitting grammars), forbidding grammars, and random context gram-
mars with appearance checking, respectively. It is also known that random context
grammars are as powerful as type O grammars, and that neither permitting nor for-
bidding grammars are as powerful as type 0 grammars (they do not even generate
all recursive languages).” Finally, the relation between language families generated
by these two types of grammars is not known. For all these results in more details
see [BF96] (or [RS97, pages 136 and 137] for an overview).

5.2.1 Context-Conditional Grammars with Linear and

5 In [MS05], authors mention that the family of languages generated by forbidding grammars
is strictly included in the family of context-sensitive languages. However, the proof shown
there is not correct. Nevertheless, this is true for forbidding grammars without erasing
productions, i.e. without productions of the form A — &€.
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Regular Productions

This section proves that context-conditional grammars having only linear (regular)
productions® characterize exactly the family of all linear (regular) languages. Thus,
this section proves that linear productions do not increase the generative power of
such grammars, whereas context-free productions do.
Theorem 5.2.3. Context-conditional grammars having only linear productions are
as powerful as linear grammars.
Proof. Any linear grammar’ can be seen as a context-conditional grammar with
empty permitting and forbidding contexts.

To prove the other direction, let G = (N, T,P,S) be a context-conditional gram-
mar with linear productions. Without loss of generality, we can assume that S does
not occur on the right-hand side of any production. Set

PER = U Per, FOR = U For.
(X—a,Per,For)cp (X—a,Per,For)eP

We can assume that S ¢ PERUFOR because S occurs in a sentential form only at
the very beginning of the derivation and never more. If, moreover, S € For, for some
(S — o, Per,For) € P, then this production is not applicable and can be removed
from P without modifying the generated language. Analogously for S € Per, for some
(X — o, Per,For) € P, X #8.

Let m denote the length of the longest string from PERUFOR, and let

aiay...a, form<k

head(ajay...a;) = B
(a1a2 ) ayay...a,  otherwise,

and

tail(a @...a ) _ A—mi1Gk—mi2---a  Torm <k
162 %k ajay...a; otherwise.

Construct the following linear grammar G = (N, T, P, [S,0,0,¢,€]), where

N ={[X,P,F,u;v]: X € N,P C PER,F C FOR,
u,v €T |u|,|v| <m},
and P is constructed as follows.
1. For all productions (X — a¥, {ui,...,u;},{vi,...,v}), add
[X,P,F,u,v] — alY,P',F' tail(ua),v]

into Pif uy,...,uy € P,vy,...,vy & F,and
P ={weP:X¢sub(w)}U(PERNsub(ua¥v)),
F' ={weF:X ¢sub(w)}U(FORNsub(ua¥v));

6 A context-free production A — ¢ is linear if & contains no more than one occurrence of
nonterminal symbols, i.e., ¢ € T*NT*U{¢e}.
7 A context-free grammar with only linear productions.
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2. For all productions (X — Yb, {u,...,u},{v1,...,v}), add
[X,P,F,u,v] — [Y,P' F' u,head(bv)]b
into Pifuy,...,uy € P,vy,...,v; € F,and

P ={weP:X¢&sub(w)}U(PERNsub(uYbv)),
F' ' ={weF:X ¢sub(w)}U(FORNsub(uYbv));

3. For all productions (X — Y, {u1,...,ux},{v1,...,v}), add
[X,P, F,u,v] — [Y,P' F' ju,v]
into Pifuy,...,uy € P,vy,...,v; € F,and

P ={weP:X ¢&sub(w)}U (PERNsub(uYv)),
F' ={weF:X¢gsub(w)}U(FORNsub(uYv));

4. For all productions (X — €, {u1,...,ux},{v1,...,v}), add
[X,P.Fu,v] — ¢

intof_’iful,...,uke Pandvy,...,v;& F.

In the rest of this proof, we prove that [X, P, F, u,v] says that the current sentential
form in G contains X as its nonterminal, P is the set of all elements of permitting
(PER) and F of all forbidding (FOR) contexts occurring in the current sentential
form, and # and v are substrings of length no more than m; u is the left context of X
and v is the right context.

Clearly, [S,0,0, €, €] satisfies this condition. Let

wi[X, P, F,u,vlwy = wialY, P, F' tail(ua),vlw,

be a derivation step in G, i.e. u = tail(w;) and v = head(w;). Let P = PERN
sub(w Xw;) and F = FOR N sub(w;Xw,). It is not hard to see that this derivation
step is possible if and only if

wiXwy = wia¥Ywy
in G. We prove that
P’ =PERNsub(wia¥w,).

Clearly, P C PERNsub(wia¥ws).

To prove the other inclusion, assume that w € PER N sub(wjaYw,). Consider
that it is possible that X =Y. If w € P and X ¢ sub(w), then w € P'. If w € P and
X € sub(w), i.e. X =Y, then w € sub(uaYv) and, therefore, w € P'. Finally, assume
that w ¢ P. Then, |w| < m and

w € sub(tail(wy)aY head(w»)) = sub(ua¥v).
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Thus, w € P’ if and only if w € PERNsub(wia¥w;). Analogously for other types of
productions, and also for the proof of F/ = FOR N sub(wja¥w,). These parts of the
proof are left to the reader.

Because the previous holds for [S,0,0,¢,&] = 7, i.e. ® = PERNsub(S), 0 =
FORNsub(S), and S is a sentential form in G, the proof follows by induction to the
length of the derivation. O

The following corollary is an immediate consequence of the previous theorem.

Corollary 5.2.4. Context-conditional grammars having only linear productions are
as powerful as linear grammars.

Proof. In this case, only regular productions are used in the construction. O

5.2.2 Simple Context-Conditional Grammars

Consider a context-conditional grammar. If for each its production, either the permit-
ting or the forbidding context is empty, then the grammar is called simple context-
conditional. Formal definition follows.

Definition 5.2.5. Let G = (N, T,P,S) be a context-conditional grammar. If
(X — a,Per,For) € P

implies that
0 € {Per,For},

then G is said to be a simple context-conditional grammar.
We can easily prove the following theorem.

Theorem 5.2.6. Every recursively enumerable language is generated by a simple
context-conditional grammar of degree (2,1) with no more than seven conditional
productions and eight nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar
G = ({S,A,B,C},T,PU{ABC — €},S)
in the first Geffert normal form such that L = L(Gy ). Construct the grammar
G= ({S,A,B,C,A",B'.,C",B"},T,P'UP".S),

where
P ={X—a00):X— acP},

and P” contains the following seven conditional productions:

1. (A—A',0,{A",B"}),
2. (B—B,0,{B.B"}),
3. (CHC’,@,{C’,B"}),
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(B — B" {A'B,B'C'},0),
(A" —€,{B"},0),
C' —¢,{B"},0),

I

To prove that L(G;) C L(G), consider a derivation § =* wABCw'v = ww'v in
G by productions from P and the only one production ABC — &, where w,w' €
{A,B,C}* and v € T*. Then, S =* wABCw'v in G by productions from P’. By pro-
ductions 1, 2, 3,4, 5,6, and 7,

wABCw'v = wA'BCw'v
= wA'B'Cw'v
= wA'B'C'w'v
= wA'B"C'w'v
= wB"C'w'v
= wB"w'v
= ww'v.

The inclusion follows by induction.

To prove that L(G;) 2 L(G), consider a terminal derivation. Notice that to elim-
inate a nonterminal, there must be B” in the derivation. From production 4 and the
observation that there is no more than one A’, B/, C’ in the derivation (see produc-
tions 1, 2, 3), there cannot be a terminal between any two nonterminals. Therefore,
the derivation is of the form § =* wiwow3 in G by productions from P’, where
wi € {A,AB}*, wy € {BC,C}*, and wz € T*, and wiwow3 =" ws. Note that before
S is eliminated, there is no occurrence of the substring ABC in the derivation. Then,
S =" wiwyws in G| by productions from P. We prove that wywows =* w3 in Gy.

For wiw, = €, the proof is done. For wiw; # €, there is B in wiw,; otherwise, B”
cannot be obtained and no nonterminal can be eliminated. To obtain B”, production 4
is applied. Therefore, wiwy = wABCw', where w € {A,AB}* and w' € {BC,C}*;
otherwise, the conditions of production 4 are not met. Thus, at the beginning, only
productions 1, 2, and 3 are applicable. Then, only production 4 is applicable, and,
after that, only productions 5 and 6 are applicable. Finally, only production 7 is
applicable;

wABCwW w3 =3 wA'B'C'w'ws = wA'B"C'wW'ws =2 wB"'w'ws = ww'ws.
Thus, if § =* wiwows =* ws in G, where w; € {A,AB}*, w, € {BC,C}*, and

w3z € T*, then S =* wiwows =" w3 in Gy. O

5.2.3 Generalized Forbidding Grammars

A generalized forbidding grammar is a context-conditional grammar, where the
permitting context of any production is empty. These grammars are introduced
in [Med90a]. (A few modifications of these grammars can be found in [CV92,
CVM93, EKR%4, Med90b].)
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Definition 5.2.7. Let G = (N, T,P,S) be a context-conditional grammar. If
(X — a,Per,For) € P
implies that
Per=20,
then G is said to be a generalized forbidding grammar.

As all permitting contexts are empty, we simplify the notation as follows.

Notation 2. As far as generalized forbidding grammars are concerned, we omit the
symbol 0 from the notation of productions and, thus, write (X — a, For) instead of
(X — o,0, For).

Notation 3. G is said to have degree i if G has degree (k,i) as a context-conditional
grammar, for some k.

The last known result is the following theorem proved in [MS03].

Theorem 5.2.8. Every recursively enumerable language is generated by a gener-
alized forbidding grammar of degree two with no more than thirteen conditional
productions and fifteen nonterminals.

Now, we prove the main results of this section. First, however, we prove the
following auxiliary lemma.

Lemma 5.2.9. Let L € RE, L=L(G,), G| is a grammar in the second Geffert normal
form. Then, there is a grammar

G=({S,0,1,$},T,PU{0$0 — $,1$1 — $,$ — €},S),

with P containing only context-free productions of the form

S — h(u)Sa if S — uSa in Gy,
S — h(u)Sh(v) if S— uSvin Gy,
S — h(u)$h(v) ifS— uvinGy,

where h: {A,B,C,D}* — {0,1}* is a homomorphism defined as
h(A)=h(B) =0and h(C) =h(D) =1,
such that L(G) = L(G)).
Proof. Any terminal derivation in G is, after the application of § — uv, of the form
{A,C}{B,D}'T".
From this, any terminal derivation in G is, after generating $, of the form
h({A,C}")$Sh({B,D}*)T".

It is easy to see that if the production AB — € or CD — & is applied in Gy, then
the production 030 — $ or 1$1 — $ is applied in G, respectively, and vice versa.
Moreover, the last production applied in G in any terminal derivationis $ —&. [
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Theorem 5.2.10. Every recursively enumerable language is generated by a gen-
eralized forbidding grammar of degree two and index six with no more than ten
conditional productions and nine nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar
G=({S5,0,1,$},T,PU{0$0 — $,1$1 — $,$ — €},S)

such that L = L(G) and P contains productions of the form shown in Lemma 5.2.9.
Construct the grammar

G =({5,2,5,0,1,0,1',$,#},T,PUP".S),
where P’ contains productions of the form

(8" — ZSZ,0),

(S — uSZaZ,0) ifS— uSacP,
(S — uSv,0) it S — uSveP,
(S — u$v,0) ifS—uveP,

and P” contains following ten conditional productions:

(0—0'{0,1",#}),
(1—1,{0,1",4}),

0 — 01, {1",#}),

(1— 1'0,{0',#}),

($ —#,{0$,1$,7$,%$0,$1,8Z}),
(0" —¢,{$,5}),
(
(
(
(

—_

1'—¢€,{$,5}),

#—$,{0,1'}),

Z — &, {$,#,5}),

$—€,{0,1,0/,1'}),
To prove that L(G) C L(G'), consider a derivation S =* w$w®v in G using only
productions from P, where w € {0,1}* and v € T*. This can be derived in G’ by

productions from P’ as §' =* Zw$wRZ', where h(v') = v for a homomorphism 4 :
(TU{Z})* — T* defined as h(a) = a, fora € T, and h(Z) = €. If w = ¢, then

787V = ZZV =% v,

SOV XN A WD

—_

by productions 10 and 9. If w = w/0, then

Zw'0$ow'Rzv = Zw'0'sow'Rzy/
= ZW'0'$0'1'WRzZV
= Zw'0'#0'1'wRzv
= Zw'#0'1'wRzV
= Zw'#1'wkzy/
= Zw'#w'RzV
= Zw'sw'kzv
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by productions 1, 3, 5, 6, 6, 7, and 8. The case of w = w’1 is analogous. The inclusion
follows by induction.
To prove that L(G) 2 L(G'), consider a terminal derivation in G’

S =* ZW1$W2ZW3 s
by productions from P’, and
ZwiSwrZws =" w,

where wi,wy € {0,1}* and w € T*. We prove that wz € (T U{Z})*.

Assume that Z0 or Z1 is in sub(Zw3). Then, to eliminate this 0 or 1, production 6
or 7 must be applied. To apply production 6 or 7, production 5 must be applied
before. Then, however, there is 0, 1, or Z next to $; indeed, there cannot be more
than two 0’s or 1’s in the derivation (there is no more than either 0’ and 0'1’, or 1/
and 1'0). Thus, ws € (TU{Z})* and w = h(w3). Then,

S =" W1$W2h(W3)
in G by productions from P. We prove that
wiSwoh(ws) =" h(ws).

Assume that w; = wy = €. Then, the only applicable production in G’ is pro-
duction 10. After production 10, only production 9 is applicable. Thus, Z$Zw3; =
Z7Zws =* /’Z(W3).

Assume that € € {wy,w,} and w; # wy. Then,

Zw1$wrZws € {Z$WQZW3 VAT $ZW3} .

In both cases, neither 0 nor 1 can be eliminated (see production 5).
By induction on the length of w;, we prove that w; = w§ . The basic step has
already been proved. Assume that

Zw1$wrZws = Zw, 0$xwhZws ,

where x € {0, 1}. Then, only productions 1, 2, 3, 4 can be applied. Notice that pro-
duction 1 or 2 is applied before production 3 or 4; otherwise, if production 3 or 4 is
applied, then neither production 1 nor 2 is applicable. Moreover, if production 1 is
applied, then only production 3 is applicable, and, similarly, if production 2 is ap-
plied, then only production 4 is applicable. According to production 5, 0$ is rewritten
by production 1 or 3. Therefore, 0 is rewritten by production 1 and x is rewritten by
production 3, or vice versa. Thus, x = 0 and

Zw, 080w, Zws =2 Zw 0'$0'I'wiZws or  Zw|0'1'$0'w)Zws.
Then, only production 5 is applicable;

= Zw0#0' U'w,Zws or  Zw 0 1'#0'W)Zws
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and only productions 6 and 7 are applicable;
=3 Zwi#whZw;
and only production 8§ is applicable;
= Zw|$w)Zws.

The proof for Zw$wrZws = Zw/| 1$xw)Zws, where x € {0, 1}, is analogous. By the
induction hypothesis, w = w¥.

Thus, if §' =* Zw $wkZws =* h(w3) in G, where w; € {0,1}* and w3 € (T U
{Z})*, then S =* wi$wih(w3) =* h(w3) in G. O

By a modification of the grammar from the proof of Theorem 5.2.10, the index
can be decreased.

Theorem 5.2.11. Every recursively enumerable language is generated by a gener-
alized forbidding grammar of degree two and index four with no more than eleven
conditional productions and ten nonterminals.

Proof. Let L be a recursively enumerable language. There is a grammar
G=({S,0,1,$},T,PU{0$0 — $,1$1 — $,$ — €},S)

such that L = L(G) and P contains productions of the form shown in Lemma 5.2.9.
Construct the grammar

G =({5,2,5010,138#@}T,PUP"S),

where P’ contains productions of the form

(S" — Z87,0),

(S — uSZaZ,0) ifS— uSacP,
(S — uSv,0) it § — uSveP,
(S — u$v,0) ifS—uveP,

and P” contains following eleven conditional productions:

(0— 0/ {0, 1", @}),
(1—1.{0,1'@}),

($ — #,{0$,1$,73$}),
0—01,{01,1,@}),
(1-10,{1'0,0,@}),
(#— @, {#0,#1,#7}),
(0" — €,{$,#,5}),

(]/ — &, {$,#,5}),

(@ —$,{0,1}),
(Z—¢€,{$,# @,S}),

(5 —e{0.1}),

SO0V RN R DN~

—_
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To prove that L(G) C L(G'), consider a derivation S =* w$w®v in G using only
productions from P, where w € {0,1}* and v € T*. This can be derived in G’ by
productions from P’ as S’ =* Zw$wkZv/, where h(v') = v for a homomorphism / :
(TU{Z})* — T* defined as h(a) = a,fora € T, and h(Z) = €. If w = ¢, then

Z$ZV = ZZV =" v,
by productions 11 and 10. If w = w/0, then

Zw'0sow'’R 2y = zZw' 0'sow'Rzy/
= zw'0'#ow'Rzy/
= ZwW'0'#0'1'wRzV/
= Zw'0'@0'1'wRzy/
= zZw' @0'1'wRzv
= Zw' @1'wRzy/
= zw' @w'RzV
= Zw'$w'kzv

by productions 1, 3, 4, 6, 7, 7, 8, and 9. The case of w = w1 is analogous. The

inclusion follows by induction. Hence, if S =* vin G, v € T*, then & =* vin G'.
To prove that L(G) 2 L(G'), consider a terminal derivation in G/

S =* ZW1$W2ZW3 s
by productions from P’, and
ZwiSwaZws =" w,

where wy,wy € {0,1}* and w € T*. We prove that wz € (T U{Z})*.

Assume that Z0 or Z1 is in sub(Zw3). Then, to eliminate this 0 or 1, production 7
or 8 is applied to this 0 or 1. To apply production 7 or 8, production 3 or 6 is applied
before. However, there is 0, 1, or Z next to $ or #; indeed, there cannot be more than
two 0's or 1's in the derivation—a contradiction; production 3 or 6 cannot be applied.
Thus, ws € (TU{Z})* and w = h(w3). Then,

S =" W1$W2h(W3)
in G by productions from P. We prove that
W1$W2h(W3) =* h(W3).

Assume that w; = wy = €. Then, the only applicable production is production 11
followed by production 10. Clearly, $4(w3) = h(w3) in G.
Assume that € € {w,w,} and w| # wy. Then,

Zw1$waZws € {ZSwaZws, Zw $Zws}.
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In both cases, neither 0 nor 1 can be eliminated.
By induction on the length of wy, we prove that wy = w§ . The basic step has
already been proved. Assume that

Zw1$wrZws = Zw, 0$xwhZws ,

where x € {0,1}. Then, only productions 1, 2, 4, 5 are applicable. Notice that pro-
duction 1 (2) has to be applied before 4 (5); otherwise, if production 4 (5) is applied,
then production 1 (2) is not applicable. Moreover, if production 1 is applied, then
only production 4 is applicable, and if production 2 is applied, then only produc-
tion 5 is applicable. According to production 3, 0$ is rewritten by production 1 or 4.
Therefore, O is rewritten by production 1 and x is rewritten by production 4, or vice
versa. Thus, x = 0 and

Zwh0$0wh Zws =2 Zwi0'$0' 1'whZws or  Zw|0'1’$0'w)Zws
or Zw,0'#0w5Zws (by 1 and 3).

Then, only production 3 or 4 is applicable;

= Zw 0'#0'U'wiZws or  Zw|0'1'#0'w)Zws
and only production 6 is applicable;

= ZIw|0'@0 I'w,Zws or  Zw 0’1’ @0'w)Zw3
and only productions 7 and 8 are applicable;

=3 Zw| @w,Zw;
and only production 9 is applicable;

=3 Zw|$wHZws.

The proof for Zw$wrZws = Zw/| 1$xw)Zws, where x € {0, 1}, is analogous. By the
induction hypothesis, w; = w¥.

Thus, if §' =* Zw $wkZws =* h(w3) in G, where wy € {0,1}* and w3 € (T U
{Z})*, then S =* w1 $wih(w3) =* h(w3) in G. O

In the following two theorems, we decrease the number of nonterminals and the
number of conditional productions disregarding the index.

Theorem 5.2.12. Every recursively enumerable language is generated by a gener-
alized forbidding grammar of degree two and index nine with no more than eight
conditional productions and ten nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar
G = ({S,A,B,C},T,PU{ABC — ¢},5)
in the first Geffert normal form such that L = L(G/ ). Construct the grammar
G=({S,8,Z,A,B,C,A",B'.C' #},T,PPUP".S),

where P’ contains productions of the form
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(S —25'7,0),

(8" — uS'Zaz,0) if S — uSa € P,
(S —uSv,0) ifS—uSvePr,
(S — uv,0) ifS—uveP,

and P” contains the following eight conditional productions:

(A — #A' {#,5'}),

(B— BB #5),

(C—C' {C #S),

(A’ — &,{A'}A,B,C,C",Z}),

(B' — &,{B'Y{A,B,C,Z} U{A,B,C,C’,Z}{B'}),
(C' — &, {A",B'YU{A,B,C,Z}{C'}).

(#— e {A,B,C'}),
(Z—¢€,{S',A,A",B,B,C,C'}).

To prove that L(G;) C L(G), consider a derivation S =* wABCw'v = ww'v in
G by productions from P and the only one application of the production ABC — &,
where w,w' € {A,B,C}* and v € T*. Then, S =* ZwABCw'ZV' in G by productions
from P', where v € (T U{Z})* is such that 4(v') = v, for a homomorphism % : (T'U
{Z})* — T* defined as h(a) = a, fora € T, and h(Z) = €. By productions 3, 2, 1, 4,
5,6,and 7,

PNAN R W=

ZWABCWZV' = ZwABC'wW'Zv
= ZwAB'C'wWZV
= Zw#A'B'C'WZV
= Zw#B'C'wWZV
= ZwHC'W'ZV
= ZwHw'Zv
= Zww'ZV.
The inclusion follows by induction and, eventually, by production 8.
To prove that L(G1) 2 L(G), observe that if there is a string of the form Z{B',C’}
as a substring of a sentential form, then neither of productions 5 and 6 is applicable
to the rightmost nonterminal of this string—there is Z before the nonterminal. Thus,

we can assume that
S =" ZwiwaZws

in G, by productions from P’, and that
ZwiwaZws =" h(w3),

where w; € {A,AB}*, wp € {BC,C}*, and w3 € (T U{Z})*. Notice that before S and
S’ are eliminated, there is no occurrence of ABC in the sentential form (see [Gef88a]),
and, moreover, no production from P” can be applied. Then, § =* wiwyh(w3) in G
by productions from P. We prove that
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W]th(W3) =* h(W3).

By induction on the length of wiw,, we prove that wiw, = wjABCw), for some
w) € {A,AB}* and w}, € {BC,C}*, or wiw, = €. In any derivation step, there is no
more than one A’, B', C', and no X', for X € {A,B,C}, is generated while there is #
in the sentential form (see productions 1, 2, 3). Moreover, # is eliminated after all
primed nonterminals are eliminated (see production 7). We prove that A, B, and C
are in sub(wyws), for wiw, # €.

1. A € sub(wyw,): to eliminate A, A has to be rewritten to A’. Then, B has to follow
A’ (by production 4) and C’ has to follow B’ (by production 5).

2. B € sub(wywy): to eliminate B, B has to be rewritten to B’. Then, A’ or # has to
be before B’ and C’ has to follow B’ (by production 5).

3. C € sub(wiw,): to eliminate C, C has to be rewritten to C’. Then, # has to be
before C’ (by production 6)—that is, A € sub(wjw,); otherwise, this case is ana-
logical to 1.

In all above cases, we have ABC € sub(ww;). Thus, wiw, = wjABCW), for some
wi € {A,AB}* and w}, € {BC,C}*.

We prove that while ABC is eliminated, no other nonterminal is eliminated, and
then # is removed.

First, only productions 1, 2, and 3 are applicable.

() If production 1 is applied, then productions 2 and 3 are not applicable because
there is # in the sentential form. Also, production 4 is not applicable because A’ is
followed by A, B, C, or Z. Thus, the derivation is blocked.

(ii) Assume that production 2 is applied first. Then, there is B in the sentential
form. Notice that production 5 is not applicable because B’ is followed by A, B, C, or
Z. Thus, only productions 1 and 3 are applicable. To apply production 5, # or A’ has
to be before B’ and C' has to follow B'. If production 1 is applied, then production 3
is not applicable—C’ cannot be generated. Moreover, if there is #A’B'{A,B,C,Z}
as a substring of the sentential form, then A’ can be eliminated (by production 4).
However, no other production is applicable. Thus, the sequence of productions in the
derivation is 2, 3, and 1.

(iii) Assume that production 3 is applied first. Then, there is C’ in the sentential
form. Notice that production 6 is not applicable because A, B, C, or Z is before
C'. To apply production 6, # has to be before C’. Thus, only productions 1 and 2
are applicable. If production 1 is applied, then production 2 is not applicable. To
eliminate A’, A" has to be followed by B’ (see production 4)—a contradiction; there
is no B in the sentential form. Therefore, production 2 had to be applied before
production 1. Thus, the sequence of productions in the derivation is 3, 2, and 1.

After the sequence of productions 2, 3, 1, or 3, 2, 1, productions 4 and 5 are
applicable if and only if #4’B’C’ is a substring of the sentential form (see productions
4 and 5). Notice that no other productions are applicable. Thus,

Wi ABCWHh(w3) =2 W AB'C'whh(w3) = wi#A'B'C'whh(ws) .

After the application of productions 4 and 5 (in this order, otherwise A’ cannot be
eliminated),
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wi#A'B'C'whh(ws) = wi#B'C'whh(ws) = wi#C'whh(ws),
only production 6 is applicable,
WiHC Whh(w3) = wi#whh(ws).

If w)w/, # €, then only production 7 is applicable because there is no A’, B', ' in the
sentential form. If w}w), = €, then also production 8 is applicable. However, it is easy
to see that it does not matter whether some Zs are eliminated before # is removed.
Then,
/ / 4+ 17
witwyh(ws) =7 wiwsh(ws).

As a result, by the induction hypothesis,
WIABCwhHh(w3) =" wiwhh(ws) =" h(ws).

Thus, if S =* ZwiwyZws; =* h(w3) in G, where wy € {A,AB}*, wy € {BC,C}*,
and ws € (TU{Z})*, then S =* wiwah(ws) =" h(w3) in G;. Hence, the other inclu-
sion holds. O

If we allow the index to have no limit, then the number of nonterminals can be
decreased. To prove this, we first need to modify Lemma 5.2.9. More precisely, only
the homomorphism / is modified.

Lemma 5.2.13. Let L € RE, L = L(G), G, is a grammar in the second Geffert
normal form. Then, there is a grammar

G = ({5,0,1,8},T,PU{0$0 — $,1$1 — $,$ — €},S)

with P containing only context-free productions of the form

S — h(u)Sa if S — uSa in Gy,
S — h(u)Sh(v) if S— uSvin Gy,
S — h(u)$h(v) ifS— uvinGy,

where h: {A,B,C,D}* — {0,1}* is a homomorphism defined as
h(A) = h(B) =00, h(C) =01, and h(D) = 10,
such that L(G) = L(G)).
Now, we can prove the following theorem.

Theorem 5.2.14. Every recursively enumerable language is generated by a general-
ized forbidding grammar of degree two and unlimited index with no more than nine
conditional productions and eight nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar

G=({5,0,1,$},7,PU{0%0 — $,1$1 — $,$ — £},9)
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such that L = L(G) and P contains productions of the form shown in Lemma 5.2.13.
Construct the grammar

G = ({5,5,0,1,0', 1", $,#},T,PUP".S),

where P’ contains productions of the form

(8" — 111811,0),

(S—uSlla,0) ifS— uSacP,
(S — uSv,0) it S — uSvePp,
(S — u$v,0) if $ — uv eP,

and P” contains following nine conditional productions:

(0—0,{0,1"#}),
1—1.{0,1,#}),
0—0'1,{1,#}),
11— 1'0,{0,#}),

VXN B LD =

To prove that L(G) C L(G'), consider a derivation S =* w$w®v in G using only
productions from P, where w € {00,01}* and v € T*. This can be derived in G’ by
productions from P as §' =* 111w$wR11V/, where v/ € (T{11})* and h(v') = v for
a homomorphism 4 : (TU{1})* — T* defined as h(a) = a, fora € T, and h(1) = €.
If w =g, then

1IS1V = 11111 = v,

by productions 9, and repeating productions 2 and 7. If w = w/0, then

111w'0$0wR11Y = 111w/ 0'$0wR11V
= 1110’80 1'wR11Y
= 111w 0#0'1'wR11Y
= 111w'#0'1'wR11/
= 111w'#l'wR11/
= 111w'#wR11Y
= 111w'$wR11Y

by productions 1, 3, 5, 6, 6, 7, and 8. The case of w = w'1 is analogous. The inclusion
follows by induction.
To prove that L(G) 2 L(G'), consider a terminal derivation in G’

S =* 111w $wallws
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by productions from P’, and
11w $wrllws =% w,

where w; € {00,01}*, wy € {00,10}*, and w € T*.
Assume that € € {wy,w,} and w; # wy. Then,

111w $wollws € {111$wr11ws, 111w $11ws}.

First, assume that
1118wy 11wz = 111$xwh 11ws,

where x € {00,10}. As in the proof of Theorem 5.2.10, only productions 1, 2, 3,
and 4 can be applied. Moreover, production 1 (or 2) is applied before production 3
(or 4), and if production 1 is applied, then only production 3 is applicable, and,
similarly, if production 2 is applied, then only production 4 is applicable. According
to production 5, 1$ is rewritten by production 2 or 4. Therefore, 1 is rewritten by
production 2 and x is rewritten by production 4, or vice versa. Thus, x = 10 and

111$10w511ws =7 1180wh 11ws.
Similarly, assume that 111w;$11w3 = 111w]x$11ws3, x € {00,01}. Then, x = 01 and
111w} 0181 1w; =" 111w][0$1w3 .

In both cases, the derivation is blocked.
Assume that w =wy = ¢, i.e. & =* 111$11w3, where w3 = aw’;, forsomea € T,
or w3 = €. Then,
111$11ws =™ «,

where
a € {111811ws, 11$1ws, 1$aw}, 1$}.

In all cases, to remove $, production 9 is applied. However, production 9 is applicable
if and only if there is no 0 in w3. Clearly, $w = w in G.

Analogously to the proof of Theorem 5.2.10, by induction on the length of wy,
we can prove that wy = w§ .

Thus, we have proved that 0 & sub(ws3), i.e. w = h(ws), and, moreover, if

S =* 11w $wi 11wz = h(ws)
in G, where wy € {00,01}*, then
S =" wiSwRh(ws) = h(ws)

in G. O
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5.2.4 Generalized Permitting Grammars

A generalized permitting grammar is a context-conditional grammar, where the for-
bidding context of any production is empty.

Definition 5.2.15. Let G = (N, T, P,S) be a context-conditional grammar. If
(X — o, Per,For) € P
implies that
For=20,
then G is said to be a generalized permitting grammar.

As all forbidding contexts are empty, we simplify the notation as follows.

Notation 4. As far as generalized permitting grammars are concerned, we omit the
symbol 0 from the notation of productions and, thus, write (X — o, Per) instead of
(X — o, Per,0).

Notation 5. G is said to have degree i if G has degree (i,k) as a context-conditional
grammar, for some k.

Open Problem

The question whether generalized permitting grammars characterize the whole fam-
ily of recursively enumerable languages or not is a long-standing open problem.

5.2.5 Semi-Conditional Grammars

A semi-conditional grammar is a context-conditional grammar, where both permit-
ting and forbidding contexts contain no more than one element. These grammars are
introduced and studied in [Pau85].

Definition 5.2.16. A semi-conditional grammar, G, is a quadruple

G = (N7 T7 ])7 S) )
where
e N is a nonterminal alphabet,
e T is aterminal alphabet such that NNT = 0,
e S & N is the start symbol, and
e Pis afinite set of productions of the form

X — a,u,v)

with X € N, @ € (NUT)*, and u,v € (NUT)" U{0}, where 0 ¢ NUT is a
special symbol. If u # 0 or v # 0, then the production (X — o, u,v) € P is said
to be conditional.
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G has degree (i, ) if for all productions (X — o, u,v) € P,
u # 0 implies |u| <i
and
v # 0 implies |v| < j.
For x1,x; € (NUT)*, x1Xx; directly derives x) ox; according to the production (X —
o,u,v) € P, denoted by x; Xx, = xj00x, if

u # 0 implies that u € sub(x)

and
v # 0 implies that v ¢ sub(x) .

As usual, = is extended to =/, for i > 0, =T, and =*. The language generated by
a semi-conditional grammar, G, is defined as
LG)={weT":S="w}.
We now prove the main result concerning descriptional complexity of semi-
conditional grammars.

Theorem 5.2.17. Every recursively enumerable language is generated by a semi-
conditional grammar of degree (2,1) with no more than seven conditional produc-
tions and eight nonterminals.

Proof. Let L be a recursively enumerable language. There is a grammar
G=({S,A,B,C},T,PU{ABC — €},5)
in the first Geffert normal form such that L = .#(G). Construct the grammar
G = ({S,A,B,C,A',B'.C".$},T,PPUP".S),

where
P’:{(X—>Oc,0,0) :X —> o€ P},

and P” contains following seven conditional productions:

(A—$A4',0.9),

(B— B',A",B),
(C — C'$,A'B',C),
(B' — €,B'C',0),
(C' — £,A'C',0),
(A" — €,A'$,0),
($ —€,0,4").

Nk =
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To prove that .Z(G) C £ (G’), consider a derivation
S =* wABCW'v = ww'v

in G by productions from P with only one application of the production ABC — &,
where w,w' € {A,B,C}* and v € T*. Then,

S =* wABCw'v
in G’ by productions from P’. Moreover, by productions 1, 2, 3, 4, 5, 6, 7, 7, we get

WABCwW'v = w$A'BCw'v
= w$A'B'Cw'v
= w$A'B'C'$w'v
= w$A'C'$w'v
= w$A'$w'v
= w$$w'v
= w$w'v

= WW/V.

The inclusion follows by induction.

To prove that £ (G) 2 Z(G’), consider a terminal derivation. Let X € {A,B,C}
be in a sentential form of this derivation. To eliminate X, there are following three
possibilities:

1. If X = A, then there must be C and B (by productions 6 and 3) in the derivation;
2. If X = B, then there must be C and A (by productions 4 and 3) in the derivation;
3. If X = C, then there must be A and B (by productions 5 and 3) in the derivation.

In all above cases, there are A, B, and C in the derivation. By productions 1, 2, 3,
and 7, there cannot be more than one A’, B, and C’ in any sentential form of this
terminal derivation. Moreover, by productions 3 and 4, A’B'C’ is a substring of a
sentential form of this terminal derivation, and there is no terminal symbol between
any two nonterminals; otherwise, there will be a situation in which (at least) one of
productions 3 and 4 will not be applicable. Thus, any first part of a terminal derivation
in G’ is of the form

S =* wABCwyw = w1$A'B'C'$waw (5.1)

by productions from P’ and productions 1, 2, and 3, where wy € {A,B}*, wy €
{B,C}*, and w € T*. Next, only production 4 is applicable. Thus,

= w1$A'C'$wow.
Besides a possible application of production 2, only production 5 is applicable. Thus,

=T W $A Swhw,
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where w)| € {A,B,B'}*, w) € {B,B’,C}*. Besides a possible application of produc-
tion 2, only production 6 is applicable. Thus,

=T wi$$whw,
yvhere wi € {A,B,B'}*, w € {B,B’,C}*. Finally, only production 7 is applicable,
ie.,

=2 wiwiw.

Thus, by productions 1, 2, 3, or 1, 3, if production 2 has already been applied, we get
=" uvw.

Here,
uw € {u1$A'B'C'$uyw : uy € {A,B}*,up € {B,C}"}

or uv = €.

Thus, the substring ABC and only this substring was eliminated during the previ-
ous derivation. By induction (see (5.1)), the inclusion holds. This derivation can be
performed in G with an application of the production ABC — €&, too. O

Note that it is well-known that every recursively enumerable language is gen-
erated by a semi-conditional grammar of degree (1,1) (see Theorems 6 and 11(b)
in [May72]). In this case, however, no limit of the number of nonterminals or condi-
tional productions is known.

5.2.6 Simple Semi-Conditional Grammars

A simple semi-conditional grammar is a semi-conditional grammar, where for each
production, either the permitting or the forbidding context does not contain any ele-
ment. These grammars are introduced in [GM94].

Definition 5.2.18. Let G = (N, T, P,S) be a semi-conditional grammar. If
(X — o,u,v) €P
implies that
0e {uv},
then G is said to be a simple semi-conditional grammar.

The last known result concerning descriptional complexity of simple semi-
conditional grammars is the content of the following theorem proved in [Vas05].

Theorem 5.2.19. Every recursively enumerable language is generated by a simple
semi-conditional grammar of degree (2,1) with no more than ten conditional pro-
ductions and twelve nonterminals.

We improve this result as follows.
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Theorem 5.2.20. Every recursively enumerable language is generated by a simple
semi-conditional grammar of degree (2,1) with no more than nine conditional pro-
ductions and ten nonterminals.

Proof. Let L be a recursively enumerable language. Then, there is a grammar
G = ({S,A,B,C},T,PU{ABC — €},S)
in the first Geffert normal form such that L = L(G/). Construct the grammar
G=({S,A,B,C.A",B',C".$,B",C"},T,P"UP".S),

where
P ={(§— a,0,0):5S— aecP}
and P” contains the following nine conditional productions:

. (A—A'0,4),

OO NG AW~
PR,

Q

Q

o

Q

(e

:—/

To prove that L(G;) C L(G), consider a derivation S =* wABCw'v = ww'v in G|
by productions from P with only one application of the production ABC — &, where
w,w € {A,B,C}* and v € T*. Then, S =* wABCw'v in G by productions from P. By
productions 3,2, 1,4,5,6,7,8,and 9,

wABCw'v = wABC'w'y
= wAB'C'wW'v
= wA'B'C'w'v
= wA'B"C'W'v
= WA/B// //W/V
= wA'C"w'v
= w$C"w'v
= wiw'v

/
= WW .

The inclusion follows by induction.
To prove that L(G) 2 L(G), consider a terminal derivation. Let X € {A,B,C} be
in a sentential form. To eliminate X, there are following three possibilities:
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1. if X = A, then there has to be C (by production 7) and B (by production 5) in the
sentential form;

2. if X = B, then there has to be A (by production 4) and C (by production 6) in the
sentential form;

3. if X = C, then there has to be B (by production 5) and A (by production 8) in the
sentential form.

In all above cases, there are A, B, and C in the sentential form. By productions 1,
2, and 3, there can be no more than one A’, B/, and C’ in the sentential form. By
productions 4 and 5, A’ is before B’ and C’ follows this B’. We prove that in any
terminal derivation, there is no terminal symbol between any two nonterminals. More
precisely, there is no substring of the form T{BC,C}. Assume that aB, for some
a € T, is a substring of the sentential form. Then, B is rewritten to B and B’ cannot
be rewritten to B” because A’ is before aB’. Similarly, if there is aC in the sentential
form, for some a € T, then C is rewritten to C' and aC’ cannot be rewritten to aC”
because there is never B” followed by C’. Thus, any terminal derivation in G is of the
form

S =* wiA'waB'w3C'waw 5.2)
by productions from P and productions 1, 2, 3, and
=" w,

where w; € {A,B}*, wp,w3 € {A,B,C,S}*, wa € {B,C}*, and w € T*. We prove that
S & sub(wows). To rewrite B’ (by production 4), wy = €. Thus,

wiA'B'w3C'waw = wiA'B"w3C'waw 5.3)

and, also, production 2 is applicable. However, to rewrite C’ (by production 5), w3 =
€. Thus,
=1 wA'B'C"waw,

where w; € {A,B,B'}*, wy € {B,B’,C}*. Thus, we have that A’B'C’ is a substring of
wi1A'woB'w3C'waw, and A’B'C’ was obtained from ABC.

Next, we prove that no other nonterminal is eliminated while ABC is eliminated.
Besides a possible application of productions 2 and 3, only production 6 is applica-
ble. Thus,

=1 wA'C"waw,

where wy € {A,B,B'}*, wy € {B,B',C,C'}*. Besides a possible application of pro-
ductions 2 and 3, only production 7 is applicable. Thus,

=1 wi$C" waw,

where wy € {A,B,B'}*, wy € {B,B',C,C'}*. Besides a possible application of pro-
ductions 1, 2, 3, and 4, only production 8 is applicable. Thus,



“masopust-phdthesis-fitmono” — 2008/9/30 — 10:46 — page 81 — #89

5.2 Context-Conditional Grammars 81
=T wiSwaw,

where wy € {A,A’ A’B" B,B'}*, wy € {B,B’,C,C'}*. Besides a possible application
of productions 1, 2, 3, and 4, only production 9 is applicable. Thus,

=T wiwgw,
where wy € {A,A",A’B" B,B'}*, wy € {B,B',C,C'}*. Thus,
=" uyw
by productions 1, 2, and 3, if they are applicable. Then,
ww € {uyA'B'C'ugw 1 uy € {A,B}",us € {B,C}*}

U{viA’B"C'vqw :vi € {A,B,B'}* ,v4s € {B,B',C}*}

or uy = €.

Thus, the string ABC, and only the string, was eliminated. By induction (see
(5.2) and (5.3)), the inclusion holds. This derivation can be performed in G| with an
application of the production ABC — ¢, too. O

In [MSO05], the question what is the generative power of simple semi-conditional
grammars of degree (1,1) is formulated as an open problem. Recently, we have
proved that simple semi-conditional grammars of degree (1,1) characterize the
whole family of recursively enumerable languages (see [MMb]).

Theorem 5.2.21. Simple semi-conditional grammars of degree (1,1) characterize
the family of all recursively enumerable languages.
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6

Conclusion

This monograph discusses the study of formal languages and automata. Its main con-
tribution consists in the following results proved in this monograph and published (or
submitted) in [Mas06, Mas07b, MM07a, MMO07c, MMa, MMb, MM07b, MM07d].

(I) The first part of this monograph, Chapter 4, introduces and studies two vari-
ants of self-regulating finite automata, which have a close relation to some parallel
grammars, and which with respect to the number of turns made during their com-
putations define an infinite proper hierarchy of language families in the family of
context-sensitive languages.

In the conclusion of the chapter, self-regulating pushdown automata are men-
tioned and studied. A proof that the hierarchy of language families accepted by n-
turn all-move self-regulating pushdown automata, for n € Ny, collapses on n = 1
is given. In that case, it is shown that one-turn all-move self-regulating pushdown
automata possess the power of Turing machines, whereas it is easy to see that zero-
turn all-move (and, in the same way, first-move) self-regulating pushdown automata
possess exactly the power of pushdown automata. However, as far as first-move self-
regulating pushdown automata are concerned, the question whether the hierarchy of
language families accepted by n-turn first-move self-regulating pushdown automata,
for n € Ny, collapses as well or not and what is the power of k-turn first-move self-
regulating pushdown automata, for some k € N, is an open problem.

More specifically, based on the number of turns, Chapter 4 of this monograph
proves that

1. n-turn first-move self-regulating finite automata give rise to an infinite proper
hierarchy of language families coinciding with the hierarchy resulting from (n+
1)-parallel right linear grammars;

2. n-turn all-move self-regulating finite automata give rise to an infinite proper hier-
archy of language families coinciding with the hierarchy resulting from (n+ 1)-
right linear simple matrix grammars;

3. all-move self-regulating pushdown automata do not give rise to any infinite hier-
archy analogical to hierarchies resulting from the self-regulating finite automata.
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Moreover, it is shown that while zero-turn all-move self-regulating pushdown
automata define the family of context-free languages, one-turn all-move self-
regulating pushdown automata define the family of recursively enumerable lan-
guages.

Although this monograph has solved the main problems concerning self-regu-
lating finite and pushdown automata, there still remain some problems open. Perhaps
the most important open problems are included in 1 through 3 given next.

1. What is the language family accepted by n-turn first-move self-regulating push-
down automata, when n € N?

2. By analogy with standard deterministic finite and pushdown automata, introduce
the deterministic versions of self-regulating finite and pushdown automata. What
is their power?

3. Discuss the closure properties under other language operations, such as the re-
versal.

(IT) The second part of this monograph, Chapter 5, studies descriptional com-
plexity of partially parallel grammars and grammars regulated by context conditions,
which are regulated context-free grammars. Results concerning descriptional com-
plexity of these grammars are supplemented and improved in this monograph. It is
shown that very limited number of nonterminals and special (conditional) produc-
tions is needed.

First, recall the known results that every recursively enumerable language is gen-
erated

(1) by a scattered context grammar with no more than five nonterminals and two
non-context-free productions;

(2) by a multisequential grammar with no more than six nonterminals;

(3) by a multicontinuous grammar with no more than six nonterminals;

(4) by a context-conditional grammar (without any limit to the number of condi-
tional productions and nonterminals);

(5) by a simple context-conditional grammar (without any limit to the number of
conditional productions and nonterminals);

(6) by a generalized forbidding grammar of degree two with no more than thirteen
conditional productions and fifteen nonterminals;

(7) by a semi-conditional grammar (without any limit to the number of conditional
productions and nonterminals); and

(8) by a simple semi-conditional grammar of degree (2,1) with no more than ten
conditional productions and twelve nonterminals.

This monograph improves the previous results and proves that every recursively
enumerable language is generated

(A) by a scattered context grammar with no more than four non-context-free pro-
ductions and four nonterminals;

(B) by a multisequential grammar with no more than two selectors and two nonter-
minals;
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(C) by a multicontinuous grammar with no more than two selectors and three non-
terminals;

(D) by a context-conditional grammar of degree (2,1) with no more than six condi-
tional productions and seven nonterminals;

(E) by a simple context-conditional grammar of degree (2,1) with no more than
seven conditional productions and eight nonterminals;

(F) by a generalized forbidding grammar of degree two and index six with no more
than ten conditional productions and nine nonterminals;

(G) by a generalized forbidding grammar of degree two and index four with no more
than eleven conditional productions and ten nonterminals;

(H) by a generalized forbidding grammar of degree two and index nine with no more
than eight conditional productions and ten nonterminals;

(D by a generalized forbidding grammar of degree two and unlimited index with no
more than nine conditional productions and eight nonterminals;

(J) by a semi-conditional grammar of degree (2,1) with no more than seven condi-
tional productions and eight nonterminals; and

(K) by a simple semi-conditional grammar of degree (2, 1) with no more than nine
conditional productions and ten nonterminals.

However, the question whether these results achieved in this monograph can be
established for fewer nonterminals or conditionals productions with the same (or
even less) degree is open.
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