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Abstrakt

Tato disertacni prace studuje teoretické vlastnosti gramatik s rozptylenym kontextem. Vyzkum je
zameéren na Ctyfi hlavni oblasti. Nejprve jsou zkoumany podminky, za nichz Ize odstranit vymaza-
vaci pravidla z gramatik s rozptylenym kontextem. Druhou studovanou oblasti jsou modifikace gra-
matik s rozptylenym kontextem. Konkrétné€ se jednd o gramatiky s rozptylenym kontextem s jinymi
nez bezkontextovymi komponentami, derivace limitované na prvnich n nonterminald, nejlevé;jsi de-
rivace a konecné derivace, v nichZ je v kazdém derivacnim kroku prepsan maximalni, respektive
minimdlni pocet nontermindli. Déle prace studuje generatory vét, ve kterych je kazda véta oboha-
cena o sekvenci pravidel pouzitych béhem jeji derivace. Jsou diskutovany kanonické a redukované
generatory tohoto druhu. Nakonec je uvedeno nékolik piikladi na pouziti gramatik s rozptylenym
kontextem pfi popisu a zpracovani pfirozeného jazyka.

Klicova slova

teorie formalnich jazyki, gramatiky s rozptylenym kontextem, vyjadfovaci sila gramatik, popisnd
sloZitost, vymazdvaci pravidla, kanonické derivace, lingvistika

Abstract

The present thesis studies theoretical properties of scattered context grammars. The research is
focused on four main areas. First, it examines the conditions under which erasing productions can
be removed form a scattered context grammar. Second, four modifications of scattered context
grammars are introduced and studied. Specifically, the considered modifications involve scattered
context grammars with non-context-free components, derivations limited to the first » nonterminals,
leftmost derivations, and, finally, derivations in which either the maximal or the minimal number of
nonterminals is rewritten in every derivation step. Next, the thesis studies generators of sentences
in which every sentence is enriched with a sequence of productions used during its generation.
Canonical and reduced generators of this kind are discussed. Finally, several applications of scat-
tered context grammars to natural language description and processing are presented.

Keywords

formal language theory, scattered context grammars, generative power, descriptional complexity,
erasing productions, canonical derivations, linguistics
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Chapter 1

Introduction

Making use of highly effective computation performed in parallel, modern computer science tech-
nologies are designed to work with information of enormous size. During a single computational
step, however, a typical computational process usually needs only some selected elements of the
information. As a result, in the information as a whole, it selects a finite number of scattered,
but often mutually related elements of information, and simultaneously derives new pieces of in-
formation from these elements. By substituting the new pieces of information for the selected
elements, it produces new information as a whole and, thereby, completes such a computational
step. The newly obtained information is subsequently processed in the same selective way during
the next computational step. This computational process successfully ends when some terminating
conditions concerning the information are met; as a rule, these conditions simply require that the
information consists solely of elements from a prescribed terminating set. The present thesis studies
computational processes of this kind.

In general, to discuss some kind of information processing in a rigorous way in computer sci-
ence, we often formalize the corresponding information processors by formal language models,
such as suitable grammars. Then, by studying these grammars and the way they yield their lan-
guages in strictly mathematical terms of formal language theory, we actually rigorously investigate
the processors that work with the information under discussion. Following this mathematical ap-
proach, we formalize the scattered information processors by scattered context grammars, intro-
duced by formal language theory several decades ago (see [[I6]]). We have chosen the theory of
formal languages because it straightforwardly and naturally allows us to formalize the scattered in-
formation within an information i by scattered context of symbols, A through A,,, occurring in i as
i =x0A1x1A2x> ... A, x,, where the x’s represent i’s parts irrelevant to the current computational step.
A computational rule according to which the derivation step is made has the form (A1,A»,...,A,) —
(¥1,¥2,---,Yn), where y; through y, represent the new piece of information derived from A; through
A,,. In this way, we formalize all the computational rules according to which the computational pro-
cess performs its steps. As these scattered context rules actually define how the words are changed,
the set containing these rules forms a scattered context grammar as a whole. These rules operate
over two sets of symbols. The grammar contains a finite set of terminal symbols. Apart from the
terminal symbols, it also contains finitely many nonterminal symbols, one of which is defined as the
start symbol. Beginning from the start symbol, the formalized computational process consisting of
a sequence of derivation steps successfully ends when the derived words consist solely of terminal
symbols. A terminal word derived in this way is included into the language of this grammar, which
contains all words derived in this way. As shown later in this thesis, scattered context grammars are
equivalent to Turing machines in the sense that both define the family of recursively enumerable
languages. As a result, these grammars represent not only an elegant formalization of scattered



information processing but also a powerful generator of languages.

To illustrate the formalization of scattered information processing, consider a file, f, in its binary
form. Double f by attaching f to its duplicate as ff, which is a common file operation in practice.
Suppose we want to specify the generative process which produces the set of all files doubled in this
way. More formally speaking, we want to generate the language L= {ff : f € {0,1}*}. Processing
this set requires to guarantee that each member of this set is formed by a binary word followed by
an equally long binary word that coincides with the preceding word. In greater detail, we need
to make sure that both words consist of the same number of binary digits and, in addition, the ith
binary digit in the first word coincides with the ith binary digit in the second word. In this case,
scattered information processing consists of verifying the identity of the ith binary digit in the first
f and the ith binary digit in the second f. The start rule derives FF from the start symbol S by a
rule of the form (S) — (FF). Then, to guarantee that the ith binary digit in the left word coincides
with the ith binary digit in the right word, we simultaneously derive two identical binary digits
from the left and from the right F by these scattered context rules (F,F) — (0F,0F) and (F,F) —
(1F,1F). To complete this process, we simultaneously erase both F’s by (F,F) — (g,¢€), where €
is the empty word, which consists of no symbols at all. For instance, 0101 is derived by a sequence
of derivation steps S, FF, OFOF, 01F01F, 0101.

To enhance the reason why we have chosen scattered context grammars as a proper grammatical
formalization of scattered information processing, we now consider how some other fundamental
formal grammars describe the context and perform their derivation steps in order to see why these
grammars are less appropriate for this formalization than scattered context grammars.

Regarding the context description, we can divide grammatical rules into context-dependent and
context-independent rules in the theory of formal languages. Accordingly, we distinguish between
context-dependent grammars, such as phrase-structure grammars or interactive Lindenmayer sys-
tems, and context-independent grammars, such as context-free grammars. Context-independent
rules are applied quite independently of any other symbols, so they are obviously incapable of for-
malizing mutually related elements of scattered information. Besides this fundamental drawback,
they are significantly less powerful than scattered context grammars; in fact, they cannot even gen-
erate the trivial language L above. Context-dependent grammars are more powerful; however, their
context-dependent rules depend on the context surrounding the rewritten symbol, so they fail to
appropriately formalize widely scattered elements of information. Concerning the description of
scattered context, all these grammars are thus less suitable than scattered context grammars.

The performance of derivation steps in grammars should obviously reflect the way scattered
information is processed in reality. Therefore, sequential grammars, such as context-free gram-
mars, can hardly serve as a proper formalization of scattered information processing because they
rewrite only a single symbol during a derivation step. Although totally parallel grammars, such
as L systems (see [Z1] [610), reflect scattered information processing more appropriately, this
reflection is still not quite adequate from a realistic point of view. Indeed, these grammars work in
a completely parallel way since they rewrite all symbols of the sentence during a single derivation
step. However, due to hardware limitations, only a finite number of symbols can be processed in
one computational step in practice. As scattered context grammars simultaneously rewrite finitely
many selected symbols during a single derivation step while leaving the other symbols unchanged,
they formalize scattered information processing most appropriately.

Grammars which rewrite finitely many symbols during a single derivation step are referred to
as partially-parallel. Scattered context grammars are not the only representative of this grammar
type; multigrammars (see [24]]) and simple matrix grammars (see [21]]) belong to this class as well.
The reason why we have chosen scattered context grammars for scattered information processing is
the simplicity of language description and the flexibility of how their rules are used. In greater de-



tail, scattered context grammars, contrary to multigrammars, do not require the symbols appearing
between the scattered elements which are being processed to be described. On the other hand, sim-
ple matrix grammars are not economical in situations when no context checks are required as they
rewrite a fixed number of symbols during the whole computational process. Unordered scattered
context grammars (see (9] [82D)) are another type of partially-parallel grammars. In order
to apply a rule in an ordinary scattered context grammar, the order of the symbols appearing on the
left-hand side of the rule has to correspond to the order of these symbols appearing in the sentence;
in unordered scattered context grammars, this order is unimportant. Even though their definition
resembles the definition of scattered context grammars, the term “unordered scattered context gram-
mar” is slightly misleading—the left and the right context of a symbol cannot be checked because
there is no ordering within the rules; it can be only checked whether the considered symbol appears
somewhere in the sentence. These grammars are equivalent to programmed grammars (see [[6] [82]])
and have, therefore, completely different properties than scattered context grammars. As unordered
scattered context grammars are not fully capable of capturing scattered-context dependencies, we
do not discuss them in this thesis.

Organization

The thesis is divided into three main parts. Part[[} Introduction to Formal Languages, presents the
basic mathematical concepts and the used terminology, formally defines scattered context gram-
mars, and, finally, summarizes the currently known results concerning scattered context grammars.
Part I} Results, is the key part of the thesis as it brings new results from the area of scattered con-
text grammars. Finally, Part [T, Summary and Conclusion, summarizes all the obtained results and
proposes new directions for future investigation.

In greater detail, we briefly describe the contents of the individual chapters.

Chapter [T} Introduction, sets scattered information processing in a broader context and empha-
sizes the importance of its study. In addition, it outlines the structure of the document.

Chapter[2] Definitions, gives information about the needed mathematical background, the basics
of formal language theory, and defines various formalisms which are used later in the text. Finally,
it introduces the formal definition of a scattered context grammar which is the key concept of this
thesis.

Chapter [3] Related Work, summarizes all currently known theoretical properties of scattered
context grammars. It discusses both scattered context grammars with and without erasing produc-
tions, and their modified versions.

Chapter [ Conditional Removal of Erasing Productions, presents a result which demonstrates
that erasing production removal is possible in scattered context grammars if their derivations satisfy
certain properties. A short version of this result was published in [[Z8 [79], its full proof [34]] has
been submitted for publication.

Chapter[5] Restrictions and Extensions, studies various restricted and extended versions of scat-
tered context grammars. Specifically, Section[5.1] Non-Context-Free Components of Scattered Con-
text Grammars, introduces scattered context grammars whose components are not context-free as
in ordinary scattered context grammars, and presents the obtained results (see [[B0]]). In Section[5.2]
n-Limited Derivations, scattered context grammars without erasing productions which use n-limited
derivations are studied. These derivations permit only the first » nonterminals to be rewritten. Based
on n, we obtain an infinite hierarchy of language families. The result presented in this section has
been submitted for publication (see [B1l]). Section [5.3] Leftmost Derivations, mentions a simpli-
fied proof of a previously published result which discussed leftmost derivations of scattered context
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grammars without erasing productions. This proof is a result of my cooperation with my colleague
Tomds Masopust and has been submitted for publication (see [B3]]). Finally, in Section[5.4] Maximal
and Minimal Rewriting, maximal and minimal derivations of scattered context grammars without
erasing productions are defined and it is proved that grammars with this type of derivations charac-
terize the family of context-sensitive languages (see [32])).

Chapter [6] Generators of Sentences with Their Parses, discusses the use of scattered context
grammars without erasing productions for generation of their sentences which are enriched with an
additional information needed for their possible subsequent analysis. First, Section [6.1] General
Generators, studies general types of these generators (see [49] [Z1l [72] [73]]), second, their leftmost
and rightmost variants are studied in Section[6.2] Canonical Generators (see [R50} [74] ),
and, finally, generators with a reduced number of nonterminals and context-sensitive productions
are discussed in Section Reduced Generators (see [B3]).

Chapter 7} Applications in Linguistics, studies possible applications of scattered context gram-
mars in linguistics. It shows that in natural languages there are many examples of dependencies
which are scattered through a sentence. The chapter demonstrates how to transform one kind of
sentences with scattered context dependencies to another and gives several examples of these trans-
formations.

Chapter [8] Conclusion, summarizes all results obtained in Part[[T|and outlines possible areas for
further investigation.
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Part 1

Introduction to Formal Languages

12



Chapter 2

Definitions

Even though this thesis aims to be self-contained in the sense that no other sources are needed for
understanding all the presented results, the reader should be familiar at least with the basic math-
ematical terms and principles. However, a deeper knowledge of mathematics and formal language
theory is welcomed as this introductory chapter describes the used terminology very briefly which
may be insufficient for its full understanding. There is a vast number of excellent publications that
introduce the reader to the needed mathematical concepts and the fundamentals of formal language
theory (see [B B 3] 07 08 231 271 [B3]). In certain chapters, we refer
to the relation of our research to compiler construction. For more information about compilers and
their construction, see [l B0} 471 [68] [6I].

This chapter is divided into three sections. Sections[2.1and [2.2]review the fundamental mathe-
matical notions needed to follow the thesis clearly and accurately. Section introduces scattered
context grammars and notions related to these grammars which are specific for this thesis. For
readers having background in formal language theory, this chapter can be skimmed and treated as a
reference for notion and definitions.

2.1 Mathematical Background

This section recalls the basic notions concerning sets, sequences, and relations which are used later
in the thesis.

Sets

A set A is a collection of elements taken from some prespecified universe. If A contains an element
a, then we symbolically write a € A and refer to a as a member of A. On the other hand, if a is not
in A, we write a ¢ A. The cardinality of A, |A|, is the number of A’s members. The set that has no
member is the empty set, denoted 0; note that |@| = 0. If A has a finite number of members, then A is
a finite set; otherwise, A is an infinite set. An infinite set A is countably infinite if there is a bijection
from A to the set of all integers.

A finite set A is customarily specified by listing its members; that is, A = {a),as,...,a,}, where
a; through a,, are all members of A. An infinite set B is usually specified by a property 7, so that B
contains all elements satisfying 7; in symbols, this specification has the following general format:
B={a: m(a)}. Sets whose members are other sets are usually called families of sets rather than
sets of sets.

Let A and B be two sets. A is a subset of B, symbolically written as A C B, if each member of A
also belongs to B. A is a proper subset of B, written as A C B, if A C B and B contains an element
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thatisnotin A. If A C B and B C A, A equals B, denoted by A = B. The power set of A, denoted by
24 is the set of all subsets of A. For two sets A and B, their union, intersection, and difference are
denoted by AUB, AN B, and A — B, respectively, and defined as

AUB={a:acAorac B},

ANB={a:acAandac B},
and
A—B={a:acAanda¢ B}.

For a property 7, the union of elements of A satisfying this property is defined as

UA ={a:acA n(a)}.

For a set A over a universe U, the complement of A is denoted by A and defined as A = U — A.

A sequence is a list of elements from some universe U. A sequence is finife if it represents a
finite list of elements; otherwise, it is infinite. The length of a finite sequence x, denoted by |x], is
the number of elements in x. The empty sequence, denoted by &, is the sequence consisting of no
element; that is, |€| = 0. A finite sequence is usually specified by listing its elements. For V C U,
|x|v denotes the number of occurrences of elements from V in a sequence x. For instance, consider
a finite sequence x specified as x = 0,1,0,0 and observe that |x| = 4 and |x|{p, = 3.

Relations

For two objects a and b, (a,b) denotes the ordered pair consisting of a and b in this order. Analogi-
cally, the ordered n-tuple is denoted by (ay,...,a,), for some objects ay, . ..,a,. Let A and B be two
sets. The Cartesian product of A and B, A X B, is defined as

AxB={(a,b) : a€Aandb € B}.

A binary relation or, briefly, a relation p from A to B is any subset of A x B; thatis, p C A x B. The
domain of p, denoted by domain(p), and the range of p, denoted by range(p), are defined by

domain(p) = {a : (a,b) € p for some b € B}
and
range(p) = {b : (a,b) € p for some a € A}.

If A = B, then p is a relation on A. A relation o is a subrelation of p if o represents a subset of p.
The inverse of p, denoted by p~', is defined as

pil = {(bva) : (a,b) € p}

A function or, synonymously, a mapping from A to B is a relation ¢ from A to B such that for each
acaA,
{b:beB,(a,b) €p} <1

Let ¢ be a function from A to B. If domain(¢) = A, ¢ is rotal; otherwise, ¢ is partial. If for each
beB,
{a:acA,(ab) e} <1,
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¢ is injective. If for each b € B,
Ha:ae€A (a,b)c o} >1,

¢ is surjective. If ¢ is both a surjective and an injective, then ¢ is called bijective. Injective,
surjective and bijective function is briefly called injection, surjection, and bijection, respectively.

Instead of (a,b) € p, we often write a € p(b) or apb; in other words, (a,b) € p, apb, and
a € p(b) are used interchangeably. If p is a function, we usually write a = p(b).

We say that a set A is closed under a binary operation o if for each a,b € A,aob € A. A set that
is closed under an operation is said to satisfy a closure property. A closure under an n-ary operation
is defined analogically. Let p be a relation on a set A. For k > 1, the k-fold product of p, p*, is
recursively defined as (1) ap'b if and only if apb, and (2) ap*b if and only if apc and cp*~'b for
some ¢ and k > 2. The transitive closure of p, p*, is defined as ap b if and only if ap*b for some
k > 1, and the reflexive and transitive closure of p, p*, is defined as ap*b if and only if ap*b for
some k > 0.

2.2 Basics of Formal Language Theory

In this section, we define fundamental mathematical notions and concepts of formal language the-
ory. We focus on languages, language operations, language families, and various types of gram-
mars.

Languages

An alphabet T is a finite, nonempty set, whose members are called symbols. A finite sequence of
symbols from T is a string or, synonymously, a word over T'; specifically, € is referred to as the
empty string. By T*, we denote the set of all strings over T; T+ = T* — {€}. Any subset L C T*
is a language over T. If L represents a finite set of strings, L is a finite language; otherwise, L is
an infinite language. For instance, T*, called the universal language over T, is an infinite language
while @ and {&} are finite; notably, @ # {e} because |0| = 0 # |{€}| = 1. By alph(x) we denote the
set of all symbols occurring in a string x. Set

alph(L) = U alph(x).

x€L

By analogy with the set theory, sets whose members are languages are called families of languages.

By convention, we omit all separating commas in strings. That is, we write aja; . ..a, rather
than ay,as,...,a,.

Let x,y € T* be two strings over an alphabet 7. The concatenation of x with y, denoted by xy,
is the string obtained by appending y to x. Observe that for each w € T*, we = éw = w. Notice that
from an algebraic point of view, T* and T are the free monoid and the free semigroup, respectively,
generated under the operation of concatenation. We say that x is a prefix of y if there exists u € T*
such that xu = y; in addition, if x ¢ {€,y}, x is a proper prefix of y. Similarly, x is a suffix of y if
there exists u € T* such that ux = y; in addition, if x ¢ {€,y}, x is a proper suffix of y. Finally, x is
a substring or a subword of y if there exists u,v € T* such that uxv = y; in addition, if x ¢ {g,y},
x is a proper substring or a proper subword of y. For all i > 0 the ith power of x, denoted by x', is
recursively defined as (1) x” = & and (2) x' = xx'~! for i > 1. The reversal of x, denoted by rev(x),
is x written in the reverse order.

As languages are defined as sets, all set operations apply to them. Let L;,L, C T* be two
languages over 7. Then, L; ULy, Li N Ly, and L; — L, denote the union, intersection, and difference
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of languages L and L, respectively. There are, however, some operations specific to languages.
The concatenation of L; and L,, denoted by LiL,, is defined as

LiL,={xy:x€Ly,y€Ly}.
The right quotient of L, with respect to Ly, denoted by L;/L,, is defined as
Li/Ly={y:yx€ Ly, forsomex € Ly};
similarly, the left quotient of L; with respect to L,, denoted by L\ Ly, is defined as
Lo\L; ={y : xy € Ly, for some x € L,}.

We also use a special type of the right and the left quotient. The exhaustive right quotient of L,
with respect to L, denoted by L; //L,, is defined as

Li//Ly ={x : x € L/Ly, and no word in L; /L, is a proper prefix of x};
similarly, the exhaustive left quotient of L; with respect to Ly, denoted by L, \\L;, is defined as
L,\L; = {x : x € L,\L,, and no word in L,\L; is a proper suffix of x}.

Apart from binary operations, we also make some unary operations with languages. Let L C T*.
The ith power of L, L, is defined as (1) L° = {€} and (2) L' = LL7" for i > 1. The Kleene star of
L, L*, is defined as

LY = U Li

i>0
and the Kleene plus of L, L™, is defined as
L =Jr"
i>1

Notice that LT = LL* = L*L and L* = L™ U {€}. The complement of L is denoted by L and defined
as L =T* — L, and the reversal of L, rev(L), is defined as

rev(L) = {rev(x) : x € L}.

Let T and U be two alphabets. A total function 7 from T* to 2U" such that 7(uv) = 7(u)(v) for
each u,v € T* is a substitution from T* to U*. By this definition, 7(¢) = {€} and t(ajaz...a,) =
T(ai)t(az)...t(a,), where n > 1 and a; € T for all 1 <i <n, so 7 is completely specified by
defining 7(a) for each a € T. For L C T*, we extend the definition of 7 to

weL

A total function y from 7" to U* such that ) (uv) = x(u)x(v) for each u,v € T* is a homomorphism
or, synonymously and briefly, a morphism from T* to U*. As any homomorphism is obviously a
special case of a substitution, we specify ) by analogy with the specification of 7. For L C T*, we
extend the definition of ) to
x(L)={x(w):welL}.

A language L C T* is called regular language if it can be obtained from {a}, where a € T, and
0 using finitely many times the operations of union, concatenation, and Kleene star.

The closure of a family of languages under an operation is defined by analogy with the definition
of the closure of a set.
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Definition 1. A family of languages . is said to be closed under linear erasing if for each L € .Z,
homomorphism /4 and integer k such that |w| < k|h(w)| for each w € L, h(L) € Z.

The following definition introduces a family of languages which is closed under several above
defined operations.

Definition 2. An abstract family of languages (see [[14]) is a pair (T,.Z), or .£ when T is under-
stood, where

1. T is a countably infinite set of symbols;
2. For each L € . there is a finite set 71 C T such that L C T}";
3. L#0forsome L €.¥;

4. Z is closed under the operations of union, concatenation, Kleene plus, inverse homomor-
phism, &-free homomorphism, and intersection with a regular language.

Finally, we introduce some additional definitions used in this thesis. For a finite set of integers
I, max(/) and min(/) denote the maximal and the minimal element of /, respectively.

Definition 3. Let perm(¢) be the set of all permutations of {1,...,¢}. For some n,m > 0, define
perm(n,m) = {(i1,...,in+m) € perm(n+m) : 1 < i < iy <nimplies k < l}.
Let T be an alphabet. For xy,...,x, € T*, (iy,...,i,) € perm(n), define

reorder((xy, ..., %), (i1,.--,in)) = (Xiy,- -, Xi,)-

Grammars

This section reviews the basics of grammars. Specifically, it provides definitions of regular, right-
linear, linear, context-free, context-sensitive, and phrase-structure grammars along with some re-
lated notions and basic results. Further, other types of grammars used throughout the thesis are
introduced together with their basic properties.

Definition 4. A phrase-structure grammar is a quadruple
G=(V,T,P,)S),
where
* V is the total alphabet,
e T C V is the set of terminal symbols or, briefly, terminals,
s PCV*(V—T)V*xV*is a finite relation,
* § €V —T is the start symbol or, synonymously, axiom of G.

The symbols in V — T are referred to as nonterminal symbols or, briefly, nonterminals. In what
follows, each (x,y) € P is called a production or a rule and written as

x—y€eP,
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accordingly, P is called the set of productions in G. Given a production p =x — y € P, we set
lhs(p) = x and rhs(p) =y, which represent the left-hand side and the right-hand side of the produc-
tion p, respectively. The relation of a direct derivation in G is a binary relation over V* denoted by
= and defined in the following way. If u = z1xz2, v = 71yz2, and x — y € P, where 71,7 € V7,
then G makes a derivation step from u to v according to x — y, symbolically written as

u=gvx—yl.

When no confusion exists, we simplify u =g v [x — y] to u =g v. By =%, we denote the k-fold
product of = . Furthermore, let :>g and =-; denote the transitive closure of = and the reflexive
and transitive closure of =g, respectively. If § =; x for some x € V*, x is called a sentential form.
If § =5 w, where w € T*, § =, wis said to be a successful derivation of G. The language of G,
denoted by L(G), is defined as

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

A recursively enumerable language is a language generated by a phrase-structure grammar. In the
literature, the phrase-structure grammars are also often defined with productions of the form

XAy — xuy,

where u,x,y € V* and A € V —T (see [H]). Both definitions are interchangeable in the sense that
the grammars defined in these two ways generate the same family of languages—the family of
recursively enumerable languages, denoted by .Z’(RE).

Definition 5. A context-sensitive grammar is a phrase-structure grammar
G=(V,T,P,S)
such that each production x — y € P satisfies
x| < [y

A context-sensitive language is a language generated by a context-sensitive grammar. The family
of context-sensitive languages is denoted by .Z(CS).

Definition 6. A context-free grammar is a phrase-structure grammar
G=(V,T,P,S)
such that each production in P is of the form
A — x,

where A € V —T and x € V*. A context-free language is a language generated by a context-free
grammar. The family of context-free languages is denoted by .Z’(CF).

Definition 7. A linear grammar is a phrase-structure grammar
G=(V,T,P,S)
such that each production in P is of the form
A — xBy, or A — x,
where A,B€V —T and x,y € T*. A linear language is a language generated by a linear grammar.

The family of linear languages is denoted by .2 (LIN).
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Definition 8. A regular grammar is a phrase-structure grammar
G=(V,T,P,S)
such that each production in P is of the form
A — aB, or A — a,

where A,B €V —T and a € T. A regular language is a language generated by a regular grammar.
The family of regular languages is denoted by .2’ (REG).

Alternatively, regular languages can be described by right-linear grammars.
Definition 9. A right-linear grammar is a phrase-structure grammar
G=(V,T,P,S)
such that each production in P is of the form
A — xB, or A — x,

where A,B €V —T and x € T*. The family of languages generated by right-linear grammars is
denoted by .Z (RLIN).

For the families of languages generated by regular, right-linear, linear, context-free, context-
sensitive, and phrase-structure grammars, it holds:

Theorem 1 (see [[])).
Z(REG) = Z(RLIN) c Z(LIN) C Z(CF) C Z(CS) C Z(RE).

Lemma 1 (Kuroda Normal Form of Context-Sensitive Grammars, see [28]). Let L € £(CS).
Then, there exists a context-sensitive grammar G = (V,T,P,S) such that L = L(G) and each pro-
duction in P is either of the form

e AB— CD, or
e A —yx,
where A\B,C,DcV —T,xc TU(V—T)>

Lemma 2 (Kuroda Normal Form of Phrase-Structure Grammars, see [28])). Let L € .Z(RE). Then,
there exists a phrase-structure grammar, G = (V,T,P,S), such that L = L(G) and each production
in P is either of the form

e AB — CD, or
e A —
where A,B,C,D €V —T,x€ {e}UTU(V —-T)>.

Besides phrase-structure grammars, we also use simple matrix grammars, state grammars, Ex-
tended Post Correspondence, and queue grammars to describe languages in this thesis. We start
with the definition of a linear simple matrix grammar.
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Definition 10. A simple matrix grammar of degree n (see [21]]) is an (n+ 3)-tuple
G= (Vla .. '7VnaT7RS)a

where n > 1, Vy,...,V, are alphabets , T C V; forall 1 <i<n, (Vi =T),...,(V,—T) are pairwise
disjoint, S ¢ V) U...UV,, and P is a finite set of productions of the following three forms:

1. (S) — (X11A11X12A12 XA XA XA - .xnkA,,ky), where yE T*, and A,‘j eV,—-T,
x;j €T forall 1 <i<n,1<j<k, forsomek>1,

2. (A1,...,An) = (X11ANX12A12 - XIKA UYL, - - - XnlAn1 Xn2An2 - . - XnkAniYn), Where y;,x;; € T,
ApAjjeVi—Tioralll1 <i<n,1<j<k, forsomek>1,

3. (A1,...,Ay) — (x1,...,x,), Where A; €V, — T, x; € T* forall 1 <i<n.
If
e eitheru=Sand p=(S) — (v) € P,

* or U =Y1A121 ... YnAnZn, V =YIWIZI - .. YnWnZn, Where y; € T*, z; € V* for all 1 <i <n, and
p=(A1,...,A;) = (Wi,...,w,) EP,

then G makes a derivation step from u to v according to p, symbolically written as u =g v [p].
Let :>g and = denote the transitive closure of = and the transitive-reflexive closure of =g,
respectively. The language of G is denoted by L(G) and defined as L(G) = {x € T* : S =, x}. The
family of languages generated by simple matrix grammars of degree n is denoted by .Z(SM, n),
and

L(SM) = O L(SM,n).

n=1
Definition 11. A linear simple matrix grammar of degree n (see [R7)]) is a simple matrix grammar
G=MW,...,V,,T,P,S),

where P is a finite set of productions of the following three forms:

1. (8) = (x1A1.. . X4Anxpp1), Where A; € Vi—T,x; € T* forall 1 <i<n, 1 < j<n+1,

2. (Ay,...,Ay) — (x1B1y1,- -y XyByyn), where A;,B; € Vi — T, x;,y; € T* forall 1 <i<n,

3. (A1,...,Ay) — (x1,...,x,), Where A; €V, — T, x; € T* forall 1 <i<n.
The family of languages generated by linear simple matrix grammars of degree n is denoted by

Z(SM, LIN,n), and

Z(SM,LIN) = | ] Z(SM,LIN,n).

n=1

Definition 12. A right-linear simple matrix grammar of degree n (see [21])) is a linear simple matrix
grammar
G=W,...,V,,T,PS),

where P is a finite set of productions of the following three forms:

1. (S) — (x1A1...xpA,), where A; €V, — T, x; € T* forall 1 <i<n,
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2. (Ay,...,Ay) — (x1By,...,x,B,), where A;,B; € V; =T, x; € T* forall 1 <i<n,

3. (A1,...,Ay) — (x1,...,x,), Where A; € V; =T, x; € T* forall 1 <i<n.
The family of languages generated by right-linear simple matrix grammars of degree n is denoted
by £ (SM,RLIN,n), and

Z(SM,RLIN) = | | £(SM,RLIN, n).

n=1
Theorem 2 (see [211 7). For eachn > 1,
Z(SM,n) C Z(SM,n+1),

Z(SM,LIN,n) C Z(SM,LIN,n+1),
Z(SM,RLIN,n) C #(SM,RLIN,n+1),

2(SM,RLIN,n) C Z(SM,LIN,n) C Z(SM,n).
Theorem 3 (see [211 7).
#(CF)— Z(SM,LIN) # 0, £ (CF) — %(SM, RLIN) # 0
#(SM,RLIN) C .2 (SM, LIN) C 2 (SM) C Z(CS).

Theorem 4 (Positive closure properties, see [2I} B7]). Each of the families £ (SM, LIN,n) and
Z(SM,RLIN,n), where n > 1, is closed under union, reversal, homomorphism, inverse homomor-
phism, substitution with regular languages, concatenation with regular languages, intersection with

regular languages, left and right quotient by regular languages. £ (SM, LIN) and £ (SM, RLIN)
are closed under concatenation.

Theorem 5 (Negative closure properties, see [2ILB7]). Each family £ (SM, LIN,n), where n > 1, is
not closed under concatenation with linear languages. Each family £ (SM, RLIN,n), where n > 1,
is not closed under concatenation with £ (SM, RLIN,2). . (SM, LIN) and ¥ (SM, RLIN) are not
closed under intersection, complement and Kleene star. £ (SM, LIN) is not closed under substitu-
tion with linear languages. £ (SM, RLIN) is not closed under substitution with £ (SM, RLIN,2).

Now, we define another type of a grammar.
Definition 13. A state grammar (see [22]]) is a sixtuple
G - (V7 T7K7P7sap0)7

where V is an alphabet, T C V, K is a finite set of states, S € V — T, pg € K, and P is a finite set of
productions of the form

(A,p) — (x,9),

where A€V —T,xe V™, and p,q € K. If u= (rAs,p),v = (rxs,q), and (A, p) — (x,q) € P, where
r,s € V*, and for each (B,p) — (y,t) € P, B ¢ alph(r), then G makes a derivation step from u to v
according to (A, p) — (x,q), symbolically written as

u=cv[A,p) — (xq)
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or, simply, u = v. To emphasize that the jth nonterminal in u is rewritten during a derivation step,
we write u /=g v. The state language is a language generated by a state grammar G, denoted by
L(G), and defined as

L(G) ={xeT" : (S,po) = (x,q) for some g € K}.

The family of all state languages is denoted by .Z’(ST). An n-limited derivation, denoted by x "=,
y, is a derivation in which every derivation step u /= v satisfies j < n. Define

L(G,n)={xeT": (S,po) "=¢ (x,q) for some g € K};

clearly, L(G) = U, - L(G,n). A state grammar G is of degree n if and only if L(G,n) = L(G). A
state language is said to be of degree n if there is a state grammar G of degree n with L = L(G). If
L(G,n) # L(G) for all n > 1, then G and L(G) are said to be of infinite degree. The family of state
languages of degree n is denoted by .Z (ST, n), and £ (ST, o) = ,_; Z(ST,n).

Theorem 6 (see [22]). A state language L is of degree n if and only if L = L(G,n) for some state
grammar G.

Theorem 7 (see [22])).
Z(CF) = Z(ST,1) C Z(ST,2) C ... C Z(ST,) C Z(ST) = Z(CS).
Theorem 8 (see [22)). Every £ (ST,n), where n > 1, is an abstract family of languages.
Next, we continue by defining an Extended Post Correspondence.

Definition 14. For an alphabet T = {qay,...,a,}, an Extended Post Correspondence (see [12]]) E is
defined as

E= ({(ulﬂvl)w ) (“Hvi’)}? (Zaﬂ‘ .. 7Z(ln))7

where u;,v;,z,; € {0, 1}* foreach 1 <i<rand 1 < j <n. The language represented by an Extended
Post Correspondence E, denoted by L(E), is defined as

LE)={by...by €T* vy, ...V, = Uy, ... Us,Zp, - -2,
for some s1,...,5; € {1,...,r},l > 1,k > 0}.

Theorem 9 (see [[2]). For each L € £ (RE) there exists an Extended Post Correspondence E such
that L(E) = L.

Finally, a queue grammar is defined, a normal form of its productions, which is used throughout
the thesis, is introduced, and it is proved that for every queue grammar there exists a queue grammar
in this normal form.

Definition 15. A queue grammar (see [23))) is a sixtuple
0= (V,T,W.F.R,g),
where V and W are alphabets satisfying VW =0, T CV,F CW,ge (V—-T)(W —F), and

RC(Vx(W—F))x(V'xW)
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is a finite relation such that for each a € V, there exists an element (a,b,x,c) € R. If u = arb,
v =rxc, and (a,b,x,c) € R, r,x € V*, where a € V and b,c € W, then Q makes a derivation step
from u to v according to (a,b,x,c), symbolically written as

u=¢v(ab,x,c),
or, simply, u =¢ v. The language generated by a queue grammar Q, denoted by L(Q), is defined as
L(Q)={xeT" :g:>5xf,f€F}.
Theorem 10 (see [23]). For each L € £ (RE) there exists a queue grammar Q such that L(Q) = L.

Lemma 3. Let Q' be a queue grammar. Then, there exists a queue grammar

Q= (V.T,W'U{l,f},{f},R.8)
such that L(Q") = L(Q), where W' N {1, f} =0, each (a,b,x,c) € R satisfies a € V — T and either
cbeW, xe(V-T)ceWU{l,f}or
eb=1,xeT,ce{l,f}.

Proof. Let Q' = (V. T,W' F',R'|¢’) be any queue grammar. Set ® = {G : a € T}. Define the
homomorphism ¢ from (V')* to (V' —T)U®)* as ot(a) = a for each a € T and &¢(A) = A for each
AeV —=T.SetV=V'UD,W=WU{l,f},F={f},and g = a(ao)qo for g’ = apqo. Define the
queue grammar Q = (V,T,W F,R,g), with R constructed in the following way:

1. For each (a,b,x,c) € R', where c € W/ — F’, add
(aa),b,a(x),c) to R;
2. (a) Foreach (a,b,x,c) € R, where ¢ € F', add
(a(a),b,a(x),1) toR;
(b) For each (a,b,€,c) € R', where ¢ € F', add
(a(a),b,e, f) toR;

3. Foreacha € T, add

(a) (a,1,a,1) and
(b) (dvlaavf) to R.

Clearly, each (a,b,x,c) € R satisfiesa € V —T and either b e W, x € (V—-T)*,c e W U{l, f} or
b=1,xeT,ce{l,f}.
To see that L(Q') C L(Q), consider any v € L(Q'). Asv € L(Q'), g’ =, vt, where v € T* and
t € F'. Express g’ =7, vt as
g =g axc =g vt [(a,c,y,1)],

wherea € V', x,y € T*, xy = v, and c € W — F’. This derivation is simulated by Q as follows. First,
Q uses productions from (1) to simulate g’ é*Q, axc. Then, it uses a production from (2) to simulate
axc = vt. For x = €, a production from (2b) can be used to generate € € L(Q) in the case of
€ € L(Q'); otherwise a production from (2a) is used. This part of simulation can be expressed as

g = a(ax)c =g a(v)1.

23



At this point, o(v) satisfies a(v) = ay ...a,, where a; € T for all 1 <i < n, for some n > 1. The
productions from (3) of the form (a, 1,a,1), where a € T, replace every a; with aj, where 1 < j <
n—1, and, finally, (@, 1,a, f), where a € T, replaces o(a,) with a,. As a result, we obtain the
sentence vf, so L(Q') C L(Q).

To establish L(Q) C L(Q'), observe that the use of a production from (2b) in Q before the
sentential form is of the form o(ax)c, where a € V', x € T*, c € W — F’, leads to an unsuccessful
derivation. Similarly, the use of (2b) if x # € leads to an unsuccessful derivation as well. The details
are left to the reader. As a result, L(Q) C L(Q').

As L(Q") CL(Q) and L(Q) C L(Q'), we obtain L(Q) = L(Q'). ]

Consider the queue grammar Q = (V,T,W,F,R,g) from Lemma [3| Its properties imply that
O generates every word in L(Q) — {€} so it passes through 1. Before it enters 1, it generates
only words from (V — T)*; after entering 1, it generates only words from 7. The following two
corollaries express this property formally.

Corollary 1. Let Q be a queue grammar that satisfies the properties given in Lemma 3} Then, Q
generates everyy € L(Q) — {€} in this way:

aoqo =g Xoq1 [(a0,90,20,91)]
=0 Xk—19k [(@k—15Gk—1,2k-1,9k)]
=0 X1 [(ak, qi, 2k, 1)]

=0 Xk+1b11 [(ak-l—lvlablal)}

=0 Xtm—1b1 .. b1l [(@gsm—1,1,bpm—1,1)]
:>Q blbmf [(ak+m717bm7f)]7

where k,m > 1, g = aoqo, ai,-..,axsm €V =T, b1,....bu €T, 20,...,2. € (V—=T)*, qo,-.-,qx, 1 €
W—F, fEF, x0,....Xpsm1€V—-T)", andy=b;...by. [ |

Corollary 2. Let Q be a queue grammar that satisfies the properties given in Lemma 3] Then, Q
generates a non-empty string of terminals during the last step of every successful derivation of a
sentence from L(Q) — {€}. |

If some grammars define the same language, they are referred to as equivalent grammars. This
equivalence is central to this thesis because we often discuss how to transform some grammars
to some other grammars so that both the original grammars and the transformed grammars are
equivalent.

2.3 Scattered Context Grammars

In this section, we define scattered context grammars without erasing productions, originally intro-
duced in [I8]], and scattered context grammars with erasing productions studied in [82]]. In addition,
we illustrate these definitions on several examples.

Sometimes, the notions used in this theses differ from the notions originally used in the research
papers discussing this topic. The reason for this change is the fact that each paper used a slightly
different terminology so some terms had to be modified to to present all the results in a unified way.
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Definition 16. A scattered context grammar is a quadruple
G=(V.,T,pS),
where

* V is the total alphabet,

T C V is the set of terminals,
* P is a finite set of productions of the form
(A1,...,An) = (X1,. .2, Xn),
wheren>1,A;, € V—Tandx; € V*forall 1 <i<n,
* S €V —T is the start symbol of G.

If
u—= M1A1M2A2 ce unAnu,,H,
V=UiX1U2XxX2 ... UpXpln+1,
and
p= (Al,...,An) — (xh...,xn) eP,

where u; € V* for all 1 <i <n+ 1, then G makes a derivation step from u to v according to p,
symbolically written as

u=¢vpl,

or, simply, u =¢ v. In addition, if A; ¢ alph(u;) for all 1 <i < n, then the direct derivation is
leftmost, and we write
Uim=G V[P

if A; ¢ alph(u;41) for all 1 <i < n, then the direct derivation is rightmost, and we write

Um=¢v|p

Set lhs(p) = AjA;z... Ay, ths(p) = x1x2...x,, and len(p) = |A1...A,| = n. If len(p) > 2, p is said
to be a context-sensitive production, while for len(p) = 1, p is said to be context-free. The scattered
context language, is a language generated by a scattered context grammar G = (V, T, P,S), denoted
by L(G), and defined as

L(G)={xeT":S=(;x}.

The family of languages generated by scattered context grammars is denoted by .Z(SC).
Definition 17. A propagating scattered context grammar is a scattered context grammar
G=(V,T,P,S)

in which each
(Alv"'aAn) - (xlv"'axn) €pP

satisfies x; € V' for all 1 <i < n. The propagating scattered context language is a language gener-
ated by a propagating scattered context grammar. The family of languages generated by propagating
scattered context grammars is denoted by . (PSC).
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Example 1. Consider the non-context-free language L = {a"b"c" : n > 0}. This language can be
generated by the scattered context grammar

G = ({S7A7B7C7a7 b? C}7 {a7 b? C}7P7S)7
where
P={(S) — (ABC),

(A,B,C) — (aA,bB,cC),
(A,B,C) — (g,€,€)}.

For example, the sentence aabbcc is generated by G as follows:
S = ABC = aAbBcC =g aaAbbBccC = aabbcc.

The generated language, however, belongs to the family of propagating scattered context languages
as there exists the grammar

= ({S’A7B7C7a7 b7c}7 {a7 b7c}7P/7S)7

where
={(8) — (¢),
() — (ABC),
(A,B,C) — (aA,bB,cC),

(A,B,C) — (a,b,c)}.

In order to generate € € L by G', P’ contains the production (S) — (€), and S does not appear on
any production’s right-hand side. As it is always possible to add the production (S) — (€), and not
allow S to appear on a right-hand side of any production, to simplify the notation, € € L, where L is
a propagating scattered context language, is not discussed in the rest of the thesis.

Example 2 (see [Bl B3])). Consider the non-context-free language
L={da" :n>0}.
This language is generated by the propagating scattered context grammar

G=({S,W.,X,Y,Z,A,a},{a},P,S),

where

P={1:(5) = (a).
2:(S) — (aa),
3:(S) — (WAXY),
4:(W,A,X,Y) — (a,W,X,AAY),
5:(W,X,Y) — (a,W,AXY),
6: (W.X,Y)— (Z,Z,a),
7:(Z,A,Z) — (Z,a,Z),
8:(2,2) — (a,a)}.

In what follows, we demonstrate that L(G) = L. The productions (1) and (2) generate the strings of
{a@® : n=0,1} while (3) starts off the derivation of other strings in L. Consider the derivation of
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a'® € L(G):

S =g WAXY 3
=caWXA?Y [4
=q a?WA3XY |5

3]
[4]
[5]
= @®WA2XA?Y [4]
= a*WAXAYY [4]
=6 a®WXASY [4]
[5]
[6]
[ 7
8]

= a®WA'XY |5
=ca’ZA’Za 16
=L a'%*ZZa 7']
=G a'® 8].

Observe that in a successful derivation, productions (4) and (5) are applied in a cycle, and after the
required number of A’s is obtained, the derivation is finished by productions (6), (7), and (8). In
greater detail, observe that the production (W,A,X,Y) — (a,W,X,AAY) removes one A between
W and X, and inserts two A’s between X and Y. In a successful derivation, this production has to
rewrite the leftmost nonterminal A. After all A’s between W and X are removed, the production
(W,X,Y) — (a,W,AXY) can be used to bring all A’s between X and Y back between W and X, and
the cycle can repeat again. Alternatively, the production (6) can be used, which initializes the final
phase of the derivation in which all A’s are replaced with a’s by productions (7) and (8).

Finally, we introduce several measures of the descriptional complexity of scattered context
grammars which are used in Chapters [3| and [6]

Definition 18. Let G = (V,T,P,S) be a scattered context grammar. Then, its nonterminal com-
plexity is the number of nonterminals in G. If G is a scattered context grammar, then its degree
of context sensitivity, symbolically written as dcs(G), is defined as the number of context-sensitive
productions in G. The maximum context sensitivity of G is the greatest number in

flen(p)—1: 1 <i <[P},

symbolically denoted by mcs(G). The overall context sensitivity of G, denoted by ocs(G), is the
sum of all members in
{len(p;) —1: 1 <i<|P|}.

27



Chapter 3

Related Work

This chapter summarizes the known results of the research into scattered context grammars with
and without erasing productions. Since their introduction in [[I6]], nearly forty years ago, there have
been published many papers dealing with this subject. In short, the studied topics can be divided
into three most important areas: (1) general study of propagating scattered context grammars and
the generated language families; (2) study of modified versions of propagating scattered context
grammars; (3) study of scattered context grammars with erasing productions. In what follows, we
look at these areas more deeply.

Properties of Propagating Scattered Context Grammars

In this section, we describe the properties of propagating scattered context grammars. We start with
a normal form that was first mentioned in the original article [I6] by S. Greibach and J. Hopcroft.
Scattered context productions in this normal form contain at most two context-free components
while in general, their number is unlimited.

Definition 19. A 2-limited propagating scattered context grammar is a propagating scattered con-
text grammar G = (V, T, P,S) such that

1. (Ay,...,Ay) — (wi,...,w,) € P implies n < 2, and for each 1 <i<n, 1 <|w;| <2 and
wi € (V—{S})",
2. (A) — (w) € Pimplies A = S.
The paper shows that every propagating scattered context language can be described by the above
normal form.

Theorem 11. If G is a propagating scattered context grammar, then there exists a 2-limited gram-
mar G with L(G) = L(G).

Next, the same paper studies the closure properties of the family of propagating scattered con-
text languages under various operations and demonstrates that this family properly contains the
family of context-free languages. The closure properties are also studied for a special type of ho-
momorphism and erasing which are referred to as k-restricted and k-limited, respectively.

Definition 20. A family of languages .Z is said to be closed under k-limited erasing, where k is a
positive integer, if whenever ¢ ¢ T and L € .Z with

LC (T({e}u{c}u...u{c}®)),

h(c)=¢€and h(a) =aforeacha € T, then h(L) € Z.
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Definition 21. A homomorphism % from T} to T;" is k-restricted on L C T}" if h(w) = € forw € L
implies w = €, and h(w) # € for every subword w, |w| > k of each word in L. A family of languages
Z is said to be closed under restricted homomorphism if h(L) € .2 whenever L C T} is in .Z and
h is a homomorphism on 7}" which is k — 1 restricted on L for some positive integer k.

The following theorem summarizes the main closure results.

Theorem 12. The family of propagating scattered context languages is closed under substitution
by an g-free context free language, intersection with a regular language, permutations, €-free ho-
momorphism, reversal, restricted homomorphism, k-limited erasing, inverse homomorphism, con-
catenation, intersection, €-free substitution, and linear erasing.

The following corollaries follow from the results given in Theorem[12]

Corollary 3. Z(CF) C Z(PSC) C .Z(CS).

Corollary 4. The family of propagating scattered context languages is an abstract family of lan-
guages.

Corollary 5. If L is a recursively enumerable language, then there exists a propagating scattered
context language L' and a homomorphism h such that h(L') = L.

Corollary 6. The family of propagating scattered context languages is not closed under arbitrary
homomorphism and quotient by a regular language.

Corollary 7. The emptiness problem is recursively unsolvable for propagating scattered context
grammars.

The paper introduces one important open problem which has remained unsolved since then.
Open Problem 1. .Z(CS) = Z(PSC)?

The generative power of propagating scattered context grammars was further studied by [58]].
This paper compares their generative power to simple matrix grammars and proves the following
result.

Theorem 13. ¥ (SM) C £ (PSC).

Special attention was payed to Corollary [5|by various papers. First, [l demonstrated that any
recursively enumerable language can be characterized by a propagating scattered context grammar
so that every string x of this language is represented by {$}*x in the propagating scattered context
grammar, where $ is an arbitrary symbol not present in the language. The interesting part of this
result is the fact that any recursively enumerable language can be described by a grammar whose
power is at most context-sensitive by adding some fill-in symbols into every sentence. Formally,
the result is stated as follows.

Theorem 14. For every recursively enumerable language L, there exists a propagating scattered
context grammar G such that L = {$}T\\L(G).

In Chapter [6] we perform a generation of this kind as well. However, instead of adding useless
symbols $ to every sentence, we try to increase the amount of information every string contains
by adding supplementary data which may be useful for subsequent parsing of this string. Theo-
rem [14] was later improved by [B7]. It proved that such a language can be generated by a propa-
gating scattered context grammar which performs only leftmost or rightmost derivations. In fact,
it demonstrated that there is no need to explicitly restrict the grammar—if the grammar performs a
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non-leftmost derivation step, the generation is unsuccessful. Accordingly, we modify our genera-
tors in Chapter [6] to satisfy this property as well. This topic was further studied by [38]], where the
total number of the nonterminals needed for this generation was reduced to four. In relation to this
result, we discuss reduced generators in Chapter [6] which, in addition, perform only leftmost deriva-
tions and use a reduced number of context-sensitive productions. A slightly different approach was
presented in [A6]]. Instead of creating the sequence of the fill-in symbols, $, at the beginning or at
the end of the generated sentence, they are spread over the sentence so that they appear between
every two neighboring terminal symbols. The paper further demonstrates that the grammar can
be constructed in such a way that there is the same number of these symbols between every two
neighboring terminals in every string generated by the grammar.

Modifications of Propagating Scattered Context Grammars

Open Problem (1| mentioned in the previous section led to various modifications of propagating
scattered context grammars which made it possible to describe all context-sensitive languages.

One of the first modifications was discussed in [536]. The paper uses the notion of negative-
context grammars. In essence, negative-context grammars are context-free grammars in which
each context-free production has two sets of nonterminals, L and R, appended to it. A production is
applicable to a sentential form if and only if there is no symbol from L on the left of the nonterminal
to be rewritten and no symbol from R on the right of this nonterminal. The paper demonstrates that
if scattered context productions are added to such a grammar, the resulting grammar is powerful
enough to describe all context-sensitive languages.

A different approach was presented in [[3]]. This paper defines three kinds of context-free pro-
ductions: leftmost, checking, and global. Productions in leftmost mode are applicable if and only if
in front of the nonterminal to be rewritten there does not occur the same nonterminal. In checking
mode, the application of a production depends on whether the sentential form contains the nonter-
minal from its left-hand side or not: if it does, the production is applied; otherwise, the sentential
form remains unchanged. (This mode resembles appearance checking in matrix grammars, see [[d]
for details.) Finally, a production in global mode rewrites all nonterminals in the sentential form
which coincide with its left-hand side in one derivation step. By allowing these kinds of productions
to be components of propagating scattered context productions and combining them with ordinary
context-free productions, the authors characterize the family of context-sensitive languages.

Propagating scattered context grammars with regulation, namely propagating scattered context
grammars with appearance checking and propagating scattered context grammars with uncondi-
tional transfer were introduced in [B]]. For its relative complexity, we do not give the formal def-
inition of this modification in this paper. If interested, the reader can find more information about
these grammars in [O]]. Again, the paper shows that propagating scattered context grammars with
appearance checking and unconditional transfer are able to generate all context-sensitive languages.

The following two modifications are more interesting from our point of view because they
change the basic definition of a propagating scattered context grammar only slightly, preserving
its uniformity and simplicity. Propagating scattered context grammars which use leftmost deriva-
tions were studied by [B2]]. It was proved that propagating scattered context grammars which use
only leftmost derivations characterize the family of context-sensitive languages. In Section[5.3] we
present a much simplified proof of the same result. Finally, [[3]] studied scattered context grammars
with erasing productions in which the length of the concatenation of nonterminals appearing on the
left-hand side of a production has to be less or equal to the concatenation of the strings appearing
on its right-hand side. We give a formal definition of this grammar next.
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Definition 22. An extended propagating scattered context grammar is a scattered context grammar
G = (V,T,P,S) in which every (Ay,...,A,) — (x1,...,x,) € P satisfies

|x1...x,] > n.

The family of languages generated by extended propagating scattered context grammars is denoted
by £ (PSC,ext).

The paper proves the following theorem.
Theorem 15. . (PSC,ext) = Z(CS).

In conclusion of this section, we point out to an interesting fact. It seems that the presented re-
sults speak in favor of the hypothesis that propagating scattered context grammars are not powerful
enough to describe all context-sensitive languages. Indeed, each of the presented grammars re-
quires some additional modification of the basic concept to be able to generate all context-sensitive
languages. On the other hand, no one has been able to prove this hypothesis yet.

Properties of Scattered Context Grammars

Scattered context grammars with erasing productions were first mentioned in [26]. In [82] it was
proved that scattered context grammars with erasing productions are powerful enough to describe
all recursively enumerable languages. Later, [39]] demonstrated a trivial proof of this result.

Theorem 16. .2 (RE) = Z(SC).

Proof. Let L € .Z(RE). By Corollary 5| there exists a propagating scattered context grammar
G' = (V,T',P',S) and ahomomorphism / such that L = 2(L(G")). Without loss of generality assume
alph(L) N T’ = 0. Define the scattered context grammar

G = (VUalph(L),alph(L),PUP,S),

where
P={(a)— (h(a)) :a€T'}.

Clearly, L(G) = L. Therefore, Z(RE) C Z(SC). Obviously, Z(SC) C Z(RE), so .Z(RE) =
Z(S0). |

Further, [82] proved that if only leftmost derivation steps are used in scattered context grammars, it
can describe every recursively enumerable language as well.

Other theoretical properties of scattered context grammars were studied by [44] [43]]. We do not
describe the results of these papers in greater detail; however, we present an interesting corollary of
the main result in [d4]]. It states that scattered context grammars which contain only one nonterminal
cannot characterize all recursively enumerable languages.

Particular attention was paid to the descriptional complexity of scattered context grammars.
There have been many papers dealing with this topic, often improving previously published results.
For example, all results proved in [[IQ [Tl B0 were improved by the subsequent papers. In [43]]
it was demonstrated that every recursively enumerable language can be generated by a scattered
context grammar with at most three nonterminals.

Theorem 17. For every recursively enumerable language L, there is a scattered context grammar
G = (V,T,P,S) satisfying |V —T| =3, dcs(G) = oo, mes(G) = oo, 0cs(G) = oo, such that L(G) = L.
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The same paper also stated the following open problem.

Open Problem 2. Are two-nonterminal scattered context grammars powerful enough to character-
ize the family of recursively enumerable languages?

There have been several attempts to reduce both the number of nonterminals and the number of
context-sensitive productions. Two results of this kind are from (48] [§T].

Theorem 18. For every recursively enumerable language L, there is a scattered context grammar
G = (V,T,P,S) satisfying |V —T| =5, dcs(G) =2, mes(G) = 3, ocs(G) = 6, such that L(G) = L.

Theorem 19. For every recursively enumerable language L, there is a scattered context grammar
G = (V,T,P,S) satisfying |V —T| =38, dcs(G) = 6, mes(G) = 1, ocs(G) = 6, such that L(G) = L.

Another, not yet published result was presented in [34]].
Theorem 20. For every recursively enumerable language L, there is a scattered context grammar
G = (V,T,P,S) satisfying |V —T| =4, dcs(G) =4, mcs(G) =5, ocs(G) = 20, such that L(G) = L.

Apart form reducing the total number of nonterminals and context-sensitive productions, [l
studied the way how to transform phrase-structure grammars to scattered context grammars as eco-
nomically as possible. It demonstrated that when converting a phrase-structure grammar in Kuroda
normal form to a scattered context grammar, only a small number of extra nonterminals and context-
sensitive productions has to be added. To describe this result precisely, we first define the needed
notation.

Definition 23. Let G be a grammar, and let P be G’s set of productions. We separate P into two
disjoint subsets—the set of context-free productions, cfree(P), and the set of context-dependent
productions, cdep(P). A production, p € P, belongs to cfree(P) if and only if the left-hand side of
p consists of one nonterminal; otherwise, p belongs to cdep(P). Specifically, if G = (V,T,P,S) is a
phrase-structure grammar, then

cfree(P)={A —x:A—xcPandAcV T}
cdep(P) = P — cfree(P).

If G= (V,T,P,S) is a scattered context grammar, then

cfree(P) = {(A) — (x) : (A) — (x) € P},
cdep(P) = P — cfree(P).

The main result of [A]]] follows next.

Theorem 21. Let H = (M,T,R,S) be a phrase-structure grammar in Kuroda normal form. Then,
there exists a scattered context grammar, G = (V,T,P,E), that satisfies

1. L(G)=L(H),
2. M| =1|V|+5,
3. |cdep(P)| = |cdep(R)| +4,
4. |cfree(P)| = |cfree(R)|+ 1.

As we have seen from the number of articles written about scattered context grammars, this
topic represents a vivid research area in formal language theory. In the following part, we strive to
improve our knowledge about the way how scattered context grammars work by further examining
their theoretical properties.
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Part 11

Results
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Chapter 4

Conditional Removal of Erasing
Productions

This section concentrates its investigation on the role of erasing productions and the way they are
applied in scattered context grammars. While scattered context grammars with erasing productions
characterize the family of recursively enumerable languages, the same grammars without erasing
productions cannot generate any non-context-sensitive language (see Corollary [3and Theorem [T6).
As aresult, in general, we cannot convert any scattered context grammar with erasing productions
to an equivalent scattered context grammar without these productions. In what follows, we demon-
strate that this is always possible if the original grammar erases nonterminals in a generalized
k-limited way, where k > 0, in a successful derivation; in every sentential form of the derivation,
between any two neighboring symbols from which the grammar derives non-empty strings, there
is a string of no more than k nonterminals from which the grammar derives empty strings later
in the derivation. Consequently, the scattered context grammars that have erasing productions but
apply them in a generalized k-limited way are equivalent to the grammars that do not have erasing
productions at all.

In Theorem [12]it was demonstrated that the family of propagating scattered context languages
is closed under k-limited erasing. Note that our definition of generalized k-limited erasing differs
significantly from the way how symbols are erased by k-limited erasing. In the case of k-limited
erasing a language can be generated by a propagating scattered context grammar if at most k sym-
bols are deleted between every two neighboring terminals in a sentence. On the contrary, in the
case of generalized k-limited erasing virtually unlimited number of symbols can be deleted be-
tween every two neighboring terminals in a sentence if during the derivation process between two
neighboring non-erasable symbols there is a string of at most k erasable symbols. Therefore, the
present result represents a generalization of the previously proved theorem.

Before we define generalized k-limited erasing formally, we give several auxiliary definitions.

Definition 24. The core grammar underlying a scattered context grammar G = (V,T,P,S) is de-
noted by core(G) and defined as the context-free grammar core(G) = (V, T, P’,S) with

P’:{A,-—>xl- : (A],...,Ai,...,An> — (xl,...,xi,...,xn) EP}.

Definition 25. Let G = (V,T,P,S) be a scattered context grammar and let core(G) be a core gram-
mar underlying G. Let

ulAluzAz...unAnunH: 1%
=G UXIURXD < UpXplnr] =W [(A1,.. . Ay) — (x1,...,x)],
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where u; € V* for all 1 <i<n+ 1. The partial m-step context-free simulation of this step by
core(G) is denoted by
ctn(v=cw)

and defined as core(G)’s m-step derivation of the form

utA1upAz . . upAyty
= core(G) U1X1 A7 .. UupApni
=

m—1
core(G) UIXTUDXD o Uy Xl 1At 1« - - UnAplly i1,

where m < n. The context-free simulation of G’s derivation step, denoted by
cf(v=¢w),
is the partial n-step context-free simulation of this step. Let v = vi =(; v, = w be of the form
VI =G V2 =G V3=G --- =G Vn-

The context-free simulation of v =, w by core(G) is denoted by cf(v =, w) and defined as

*

* * *
Vi :>core(G) V2 :>core(G) V3 :>core(G) T :>core(G) Vn

such thatforall 1 <i<n—1,v;, = Vvi+1 1s the context-free simulation of v; =g vj41.

*
core(G)

Definition 26. Let G = (V,T,P,S) be a scattered context grammar and let core(G) be a core gram-
mar underlying G. Let § =, x be of the form § =, uAv =, x. Let cf(S =, x) be the context-free
simulation of § =7, x. Let ¢ be the derivation tree corresponding to § :>zore(G) x (regarding deriva-
tion trees and related notions, we use the terminology of [42]]). Consider a subtree rooted at A in
t. If the frontier of this subtree is €, then G erases A in § =7, uAv =, x, symbolically written as
A, and if this frontier differs from €, then G does not erase A during this derivation, symbolically

written as A. f w=A,...A, orw=A4A;...A,, for some n > 1, we write W or W, respectively.

Generalized k-limited erasing is defined next.

Definition 27. Let G = (V,T,P,S) be a scattered context grammar and let k > 0. G erases non-
terminals in a generalized k-limited way in S =, y, where y € L(G), if every sentential form x
occurring in § =, y satisfies the following two properties:

1. Every x = uAvBw, A, B, ¥, satisfies |v| < k;
2. Every x = uAw, A, satisfies: if it or w, then |u| < k or |w| < k, respectively.

Set
L(G,e,k)={xeT" : S = x, and G erases nonterminals

in a generalized k-limited way in S =; x}.

A scattered context grammar G erases its nonterminals in a generalized k-limited way if L(G) =
L(G,¢&,k). The family of languages generated by scattered context grammars which erase their
nonterminals in a generalized k-limited way is denoted by .Z(SC, €,k).

We illustrate these definitions on the following example.
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Example 3. Let G; = (V,,T,P;,S,) and G, = (V,, T, P, S>) be right-linear grammars which satisfy
(Vi—=T)N(V, —T) =0. The following example demonstrates the use of generalized k-limited
erasing to construct the grammar G satisfying

L(G) = {ww : w € L(G))\L(G>)}.

Suppose that S,X,Y ¢ Vi UV,. Define the homomorphism o from T*to {@: a€ T}" as a(a) = a
for all a € T. We construct the grammar

G=(ViUVU{a:aeT}U{S,X,Y},T,P,S)
with P defined as follows:
1. Add (S) — (XS1XS2XS1XS,) to P;
2. ForeachA — xB € PLUP,, add (A,A) — (a(x)B,a(x)B) to P;
3. ForeachA — x € PLUP,, add (A,A) — (a(x),a(x)) to P;
4. Foreacha € T,add (X,a,X,a,X,a,X,a) — (¢,X,e,X,¢,X,€,X) to P;
5. Add (X,X,X,X) — (£,Y,€,Y) to P;
6. Foreacha € T, add (Y,a,Y,a) — (a,Y,a,Y) to P;
7. Add (Y,Y) — (e,€) to P.

Observe that L(G) = L. Let y € T* be the longest string such that A — yB€ Py or A — y € P;.
Similarly, let z € T* be the longest string such that A — zB € P, or A — z € P,. Then, observe that
G erases its nonterminals in a generalized (|y| + |z| + 3)-limited way for all w € L, w # €.

For instance, consider

G1 = ({Sl,a},{a,b},{Sl — aaSl,Sl — 8},51)
with L(G1) = {@*" : n >0} and
Gy = ({S2,a,b},{a,b},{S» — aaaa$S,,S, — b},S>).
with L(G,) = {a*"b : n > 0}. We construct the grammar
G = ({S17S27S7X7Y?d7 B’Cl?b}? {a7 b}’RS)7
where
P={1:
24
2[, .

3,
3y

(87 8)7

X,a) — (,X,¢e,X,e,X,€,X),

X,b) — (¢,X,¢,X,e,X,¢,X),

< =
.
<
S s
B
SR



This grammar generates the language
L(G) =L={ww: we L(G)\L(G2)} = {a*ba®"b : n >0}

and, in addition, erases its nonterminals in a generalized 9-limited way in every derivation, which
can be easily seen on the following derivation:

S =6 X1 X5HXS51XS, [1] =g XaaSi XS)XaaS1 XS, [2a]
= XaaSXdaaaS,X aaS1X adaaS, [2b]
= XaS1XaaaS,XaS1XaaaS, [44) =¢ XS1XaaS$:XS1XaaS, [4,]
= XXaaS,XXaa$, [3,) =¢ XXaabXXaab (3] = Yaaby aab [5]
=¢ aYabaYab [6,] = aaYbaaY b [6,] = aabYaabY [6p)
=g aabaab [7].

Notice that S, is not deleted in a successful derivation of w € L. As the derivation can always
proceed so that there are at most four &@’s in front of S, and two &’s in front of S, in the case when
all @’s, S and both X’s are deleted in front of S, k = 9 so the erasing is performed in a generalized
O-limited way.

The previous example illustrates that erasing productions are often used to verify some rela-
tions between individual parts of a sentential form. The introduction of these productions, however,
does not have to mean that the generated language belongs to a more powerful family of languages.
For instance, the existence of erasing productions in the grammar in Example [3| suggests that the
language cannot be generated by any propagating scattered context grammar. However, the gen-
erated language, {a?"ba®'b : n > 0}, is clearly context-sensitive and can be easily generated by a
propagating scattered context grammar.

The following theorem shows that if generalized k-limited erasing is used during a generation
of a string, its derivation can be performed by a scattered context grammar which does not have
erasing productions at all.

Theorem 22. For each k > 0 and every scattered context grammar G, there is a propagating scat-
tered context grammar G such that L(G, €,k) = L(G).

Proof. Let G = (V,T,P,S) be a scattered context grammar. For each
p=(A1,..., A, ..., Ap) = (X1,..,Xiy. o, Xy) EP,
let | p,i] denote A; — x; forall 1 <i<n. Let
¥ ={|p,i| :peP1<i<len(p)}and¥' ={|p,i| : |p,i|] € ¥}

Set
N ={(x):xe(V-T)U(V-T)T(V-T)",|x| <2k+1}.

For each (x) € Ny and | p,i| € ¥, define
lhs-replace((x), | p,i]) = {(x1 | p,i|x2) : x11hs(|p,i])xr = x}.

Set
Ny = {(x) : (x) = Ihs-replace((y), [ p.i]), (v) € M1, | p,i] € ¥}.
For each (x) € Ny and | p,i|’ € ¥, define

insert((x), | p,i|") = {{x1|p,i|'x2) : x1x2 = x}.
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Set
Ny ={(x) : (x) =insert((y), [p,i]"),(y) € M1, [p,i]" € ¥'}.
For each x = (x1) ... (x,) € (Ny UN, UN})* for some n > 1, define
join(x) =xj...x,.

For each x € Ny UN, UN}, define

split(x) = {y : x =join(y)}.
Set V =T UN; UN, UN} U{S}. Define the propagating scattered context grammar
G=(V,T,P,S)
with P constructed as follows:
1. Foreach p=(S) — (x) € P, add
($) = ((Lp,1])) to P;
2. For each (x) € Ny, each X € insert({x), | p,n|"), where p € P, len(p) = n, each (y) € Ny, and
each Y € lhs-replace((y), |¢,1]), where g € P, add
@ (X,(y)— ({x),Y), and
() ((1),X) = (¥, (x)) to P;

(¢) if {x) = (y), add
(X) — (Y) to P;

d) Add (X) — ((x)) to P;

3. For each (x) € Ny, each X € insert({x), | p,i|’), where p € P, i < len(p), each (y) € Ny, and
each Y € lhs-replace((y), |p,i+1]), where ¢ € P, add

@ (X, () = ((x),Y) 10

P;
(b) if (x) = (y) and_X =x1|p,i|'x2, Y =y1|p,i+1]yy satisfy |x | p,i]'| < |v1|p,i+1]|, add
(X)— (Y)to P,

4. For each
(x1p,i|x2) € lhs-replace({x), | p,i]),

(x) € Ny, | p,i] € ¥, and each Y € split(x; rths(|p,i|)|p,i]'x2), add
((x1lp,i]x2)) — (¥) to P;

5. Foreacha € T, add
({a)) — (a) to P.

Denote the set of productions introduced in step i of the construction by P,for1 <i<5.
Let S =%y =% w,we L(G),y € (NyUN,UN})*, and let for each (z) € alph(y) there exist

1. A € alph(z) such that A or

2. |p,i] €alph(z), |p,i] € ¥, A =1lhs(|p,i|) such that A.
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Then, we write y.

Basic Idea. The propagating scattered context grammar G simulates G by using nonterminals of the
form (...). In each nonterminal of this form, during every simulated derivation step, G records a
substring corresponding to the current sentential form of G. The grammar G performs its derivation
so that each of the nonterminals (...) contains at least one symbol which is not erased later in the
derivation.

The production constructed in (1) only initializes the simulation process. By productions in-
troduced in (2) through (4), G simulates the application of a scattered context production p € P
in a left-to-right way. In greater detail, by using a production of (2), G nondeterministically se-
lects a scattered context production p € P. Suppose that p consists of context-free productions
Fl,...,Ti_1,Ti,...,Tn. By using productions of (3) and (4), G simulates the application of r; through
r» one by one. To explain this in greater detail, suppose that G has just completed the simulation of
ri_1. Then, to the right of this simulation, G selects lhs(r;) by using a production of (3). That is,
this selection is made inside of G’s nonterminal in which the simulation of ,_; has been performed
or in one of the nonterminals appearing to the right of this nonterminal. After this selection, by
using a production of (4), G performs the replacement of the selected symbol lhs(r;) with rhs(r;).
If a terminal occurs inside of a nonterminal of G, then a production of (5) allows G to change this
nonterminal to the terminal contained in it.

Formal Proof.

Claim 1. Bvery successful derivation in G can be expressed in the following way:

S=¢{lp,1]) [p1]
=% u
=Ty

where p; = (S) — ((|p,1])) € Pru=(a1)... {ay),n>1,a,...,a, €T, v=a1a;...a,, ® and @
are sequences of productions from (P, U Py U P,), and Ps, respectively.

Proof. Productions from P; are the only productions with S on their left-hand sides. Therefore, the
derivation starts with a step made by one of these productions, so

S=¢(lp.1]) [p1]
:>*G V.

Observe that S does not appear on the right-hand side of any of the introduced productions. There-
fore, productions from P are not used during the rest of the derivation.

The productions from Ps are the only productions with their right-hand sides over T’; therefore,
they must be used to finish the derivation. Observe that none of the productions from Py UP, UP; U P,
rewrites nonterminals of the form (a), where a € T. As all productions from Ps are context-free,
they can be applied whenever (a) appears in the sentential form. Without loss of generality we can
assume that they are applied at the end of the derivation process; therefore,

so the claim holds. O
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Claim 2. Let
wi € split(ug | p, 1 |upAs .. .upAptiny1) and A = u1AjunAy ..ty Aptty 1,

Uly.ooyr] €V AL A €V =T, A =1hs(|p,1]), p = (A1,...,A;) — (x1,...,x,) € P, and
w1; then, every partial h-step context-free simulation

th(l =ujAjupAs ... u,,Anu,,+1 =G UIXTUXD .. . UpXpUp] [pD

of the form
A U AruzAs . . upApity 1 = A
:>core(G) Ui X UpAruzAs ... unA,,un+1
:>core(G) Ui X UpXpu3As . .. unAn”n+1

:>h72

core(G) WIX1ULXQUSXS -« UpXpUp1AR+1 - - UnAnlln+1

is performed in core(G) if and only if

w1
=¢ W [Pi]
=G W [p%]
= Wi [p]
=2 )
=¢  w, [Pl

is performed in G, where p%, . ,pz € P, p‘l‘,...,pfl € Py, and

W/l S split(u]xl Lp, lJ,ugAz e U Al ),
wy € split(uyxjuz | p,2|us. . . upAniini),
wh € split(uixiuzxz | p, 2| us .. . uAnitni1),

wp € split(u]xl Upxy ... up {p, hJ Up 1 Apat - UpAplyy ),
/ : / .
wy, € spllt(ulxl U Xy ... UpXy Lp, hJ Up1Aptt .- unAnunH),
in addition, each w € {wy,...,wpy,w},...,w}} satisfies W.

Proof.

Only If. The only-if part is proved by the induction on g for all partial g-step context-free simula-
tions, for g > 1.

Basis. Let g = 1. Then,
u1A1uzAsz . . upApliy gy = core(G) U1X1 UAz ... UpApliny 1,

and
wi € split(u; | p, 1 |usAz ... upAnttyi1).

Notice that each production from P, U Py U P, contains one symbol from

insert((x), | p,i]") Ulhs-replace((x), | p,i]),
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where (x) € Ny, | p,i| € ¥, | p,i] € ¥, onits left- and right-hand side. Therefore, only one of these
symbols occurs in every sentential form of G. As

wi € split(u; | p, 1 |usAz ... upAnityi1),
only a production from P4 can be used in G. Sentential form w; can be expressed as

w € Split(ul 1 ) <bt12 Lp, lJ U > Split(uzz),
where ujjuip = uy, Uy = upAj ... upAyupy1. Consider the following two forms of (ujz | p, 1 |uz;).

1.

(E}...E\B'...EY...ES.. .EEZB*.. .E} . ERBPEPT ERTH)

with E% = |p,1], EZ =lhs(|p,1]), B forall 1 <i< B, E{,... El forall 1 <i<f+1.
If G erases nonterminals in a generalized k-limited way in the simulated derivation, then G

satisfies
Iths(|p,1])[+1% -1 <k.

Then, the corresponding simulating production p‘l‘ € Py is applicable and by its use, the non-
terminal (u2 | p, 1 |up) can be rewritten and splitted, so we obtain (y;) ... (y,) for some o > 1,
satisfying

yi---Yo=El...EB' .. .E¥. . .ths(|p,1])|p,1] ...

..EEB*...E} . ENBPEPT . ELT!,

and B € alph(y ;) forall 1 < j <oandsome i, 1 <i< fB.If Gdoes not erase nonterminals
in a generalized k-limited way in the simulated derivation step, no production in G can be
applied and the derivation is blocked.

1 1 pl +1 +1
(E}...E\B'...E¥.. .ERB®...E} . ENBPE}T ERTH

with BY = |p,1], B* =1hs(|p,1]), B forall 1 <i< B and Ei,... E} forall 1 <i<f+1.

Consider the simulated production denoted by | p, 1] of the form
B*—cl..cyD'..cl..chprclt . .chl

with D' for all 1 <i < Y. C’i,...,(\/’;i for all 1 <i < y+ 1. If G erases nonterminals in a

generalized k-limited way in the simulated derivation, the production satisfies p?,...,p" <k,
and p! +1% <k, p"! +[%*! < k. Then, the corresponding simulating production p{ €
Py is applicable, and by its use (uj»|p,1|up;) can be rewritten and splitted, so we obtain
(y1) ... (yo) for some o > 1, satisfying

yi---yo=E!...E\B'.._E¥. . Ej
cl..chp'..cl..chprcl™ . chlp) ...

p}’+l
B B B-+1 B+1
- Ey...EGBPECT L EL

and B’ € alph(y;) or D € alph(y;) forall 1 < j<oandsomei,q, 1 <i<B,1<¢g<7y.IfG
does not erase nonterminals in a generalized k-limited way in the simulated derivation step,
then no production in G can be applied and the derivation is blocked.
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Therefore, some production p‘l1 € P, is applicable so we obtain
4
w1 =6 wi [pi]

with
Wll € split(un)split(ulgxl {p, lJ’u21 ) Split(ugg),

so w) € split(uyjuioxy | p, 1] uz1uz2), so

wh € split(uyxy [ p, 1] usAs .. .upAnityi1).

Induction Hypothesis. Suppose that the claim holds for all partial k-step context-free simulations,
where k < g, for some g > 1.

Induction Step. Consider a partial (g + 1)-step context-free simulation

g+1

X :>c0re(G) %

where z € V*. As g+ 1 > 2, there exists y € V* such that
X :>§ore(G) Y = core(G) 2 [Ag+1 - xgH]’
where y = w1 xjusxy . . . ugXoUg 1 1Agy1 ... UnAyUny1, and by the induction hypothesis
w1 éégfl W
We perform the partial (g + 1)-step context-free simulation of a production p, so g < len(p) and
w’g € split(uixiuzxy . .. ugXg | P, g | Ug11Ag 41 - . UnAnltyi1);

therefore, only productions from P; can be used. The sentential form w;, has either of the following
two forms:

1. split(r1)(r2| p,g|'r3) split(r4Ag41rs) such that y = rirarsraAg41rs. In this case, a production
from step (3a) can be used and after its application, we obtain

w1 = split(r1)(rar3) split(r4 [ p, g+ 1]7s).

2. split(r1)(r2|p, 8] ug+1Ag+173) split(rs) such that y = riraug;1Ag11r3rs. In this case, a pro-
duction from step (3b) can be used and after its application, we obtain

w1 = split(r1)(raug1 | p, g + 1]r3) split(rs).
Thus, this derivation step can be expressed as w’g =G Wetl [pz, +1)» Where pz, 1 € P; and
Wet1 € split(uixiupxy ... ugXglg 1| p,g+1] .. . upAnttnir).

If W;, then W, 1 as well. At this point, only productions from pg 1 € Py can be used. The proof of

4
Wet1 =G W;;H [Pl

42



is analogous to the proof of
wi =¢ wi [pi]

described in the Basis and is left to the reader. As a result,

W:g+l € split(urxjuzxy . .. Ug+1Xg+1 lp,g+ lJ/Mg+2Ag+2 e UpAply 1)

satisfying W, ;.
If. The if part is proved by the induction on g for all g-step derivations in G, for g > 1.

Basis. Let g = 1. Then, w; = w/ [p}] and
A =uA1uAs .. uyApt .

Clearly,
W A1UAY . UpAnln 1 = core(G) W1X1U2AY . UnApUy 1 [A1 — X1].

Induction Hypothesis. Suppose that the claim holds for all k-step derivations, where k£ < g, for some
g=>1

Induction Step. Consider a derivation

2(g+1)—-1 4

W1 =¢ Weil)

where
W1 € split(uixiuzxy .. g 1Xg41[ P, g+ 1 g 0Ag 2. tnAntn 1)

Since 2(g+ 1) — 1 > 3, there exists a derivation

2g—1

/ /
w1 :>G W, =G We+1 =6 Weils

where
Weil € split(u1x1 UDX) .. . UgXgUgy] Lp,g + IJug+2Ag+2 e U Al )

By the induction hypothesis, there is a derivation

8

UlA1 ... Uz Aptly iy :>core(G) UIX] .. UgXgUg i 1Agit .. UpAplly .

Clearly,
UIX] .. UgXgllg 1Agy1lgi2Ag o .. UpAyny)
= core(G) U1X1 - SUgXgllg 1 Xg 1 1Ug2Ag 2 - . UnAplni [Angl - xg+1]'

g
Claim 3. The result from Claim 2lholds for a context-free simulation.
Proof. As the context-free simulation of a scattered context production (Ay,...,A,;) — (x1,...,%,)
is a partial context-free simulation of the length n, Claim [2 holds for a context-free simulation as
well. g
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Let
U1A1UpAy . . UupApity

=G U1X1U2XD . . . UpXpUp] [p = (A],.. .,An) — (xl,.. .,xn)])

for some p € P. Then, = denotes the simulation of this derivation step in G as shown in Claim
and[3] We write
wi = w, [p],

2n—1

or, shortly, w; = wj,. Therefore, w; =% w}, from Claimis equivalent to w; = w),.

Claim 4. Letx; € V* and x| € split(x}, | p1,1]x},), where x{, lhs(| p1,1])x}, = x1, [p,1] € ¥, and
)E’l; then, every derivation
X1
=c¢x2 [pi]

=G Xm+1 [pm]

is performed in G if and only if

X1
= 10 [pi]
=¢% [P
= B [p
=¢%  [pj]
= Xnm [pm]

=6 Xpi1 [Ping]
is performed in G, where x3,..., X1 €V*, p1,...,pm € P, Py ,p,’n+l ep,
X € Split(x,-l Lp,-,len(pi)J’x,-z),
xj € split(xj; [ pj, 1]x},),
forall1 <i<m,2<j<m,and

X1 € split(x'(erl)1 | Pm+1s ljx’(m+1)2) for xp1 €T,

or
K1 € split(xy41) for x, € T,

where xjjxp =x; forall 1 <i<m, x;llhs(ij, lj)x;2 =xj forall 2< j <m+1, and each X €
{1, X, %, ..., %, } satisfies X.

Proof.

Only If. The only-if part is proved by the induction on g for all g-step derivations in G, for g > 0.
Basis. Let g = 0. Then, x; :>% x1 and | :% x).

Induction Hypothesis. Suppose that the claim holds for all k-step derivations, where k < g, for some
g>0.

Induction Step. Consider a derivation
+1
X1 :>‘é Xg42-
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Since g+ 1 > 1, there exists a derivation
X1 :>‘E; Xg+1 =G Xg+2-
By the induction hypothesis, there is a derivation
22X 2020 =6... 2 X =65,
Because we are performing (g + 1)-step derivation, x,+1 ¢ 7. The sentential forms X, and ¥, | in
the g-step simulation have to satisfy
% € split(xg1 [ g, len(pg) ] "xg2)
and

Tor1 € PLit(x{y 1y [Pgr1, 1X(g 1)),

where x, = xg1x42,
Xg+1 = X/(g+1)1 Ihs(|pg+1, 1J)x/(g+1)27
and ’?g+1- Then, by Claim
x:g-i—l = Xgt1,
where
Te+1 € SPLt(x (g 1)1 P15 1en(pes1) ) X (g 1)),

X(g4+1)1%(g+1)2 = Xg+1, and )%gjl .

Consider the case when X, | is not satisfied, so there is some (z) € alph(%,.) such that z. By
an inspection of P and Claim [2] observe that (z) is rewritten by Gs simulation to (€) (or (€) ... (€)
when splitted). There is, however, no production rewriting (¢) in G, so the derivation is blocked.
For this reason, every sentential form X in

-/ — -/ - - =/
XS X =020 =>6... X :>G‘xg+1

has to satisfy X.
As

Tg+1 € SPLt(x(gp1y1 [Pgr1,1en(pes1) ) x(g1)2);
|p,i]' = | pgt1,len(pgr1))’ € ¥ and i = len(p), only productions from P, can be used. Let
Xg 2 = U(g12)1A(g+2)1 -+ U(g+2) A (g+2) U(g+2) (j+1)>

where u(g 2)15- s U(gi2)(j41) €V Agra)ts---rAgr2)j €V —T7, for some j > 1. We distinguish
the following three cases of Xg:

1. split(r1)(r2[ pg+1,len(pgr1)]'r3) split(raA 4. 2y175) such that
Xg12 =11 r2r3r4A(g+2)1r5.

Then, a production constructed in (2a) can be used, and by its application we obtain a senten-
tial form

X;r+2 = split(ry)(rar3) split(rs Lpg+2, 1]rs).
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2. split(r1A (g42)172) (13| Pg+1,1en(pgi 1)) ra) split(rs) such that
Xg+2 = I1A(g42)1121314Ts5.

Then, a production constructed in (2b) can be used, and by its application we obtain a sen-
tential form

Xy 2 = split(ry | pgia, 1]r2)(r3ry) split(rs).
3. (a) split(r1){r2|pgr1,len(pgi1)]'73A g12)174) split(rs) such that
Xgi2 = I'1F2r3A (g 2)17475.

Then, a production constructed in (2¢) can be used, and by its application we obtain a
sentential form

)Z;,_,’_z = split(r1)<r2r3 I_pg+2, IJ I"4> Split(l’s).
(b) split(r1){r2A(g12)173[ Pg+1,1en(pgi1)] ra) split(rs) such that
Xg42 =11 rzA(g+2)] r3rars.

Then, a production constructed in (2¢) can be used, and by its application we obtain a
sentential form

X’g+2 = split(ry)(r2| pg+2, 1] r3ra) split(rs).

In the case of xg2 € T™, X,41 has the form

split(r1)(r2 | pg+1,len(pg1)]'r3) split(ra),

where x,,2 = riror3r4 € T*. Then, a production constructed in (2d) can be used, and by its appli-
cation we obtain a sentential form

Ky 2 = split(ry) (rars) split(ry).

Notice that a production from step (2d) is applicable also in the case of xg4» ¢ T* (cases 1
through 3). This production removes the symbol from ¥’ from the sentential form. However, as all
productions from steps (2) through (4) require a symbol from ¥ or W', its application for x> ¢ T*
does not lead to a successful derivation.

As a result, there is a derivation

Xet1 =G Xrg+2 [p(/g-i-]]’

where
Xyia € split(x’(gﬂ)l | Pot2, ljx'(gﬂ)z) forxgi o ¢ T*
or
)Z:g 42 € split(xgio) forxe o € T™

with x{, 5 1hs([ P2, 1])x{y 5y = Xg-2, satisfying X, 5.

If. The if part is proved by the induction on the number g of G’s simulation steps in a derivation,
for g > 0.

Basis. Let g = 0. Then, & :>% % and x; =% x;.
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Induction Hypothesis. Suppose that the claim holds for all G’s derivations containing k simulation
steps, where k < g, for some g > 0.

Induction Step. Consider a derivation

-/ — - =/

X=X =g ... = Xgy1 =G Xgy2-
Since g+ 1 > 1, there exists a derivation

X2 H =6 X=X = Tl =6 Ky pn
By the induction hypothesis, there is a derivation
8
X1 :>G Xg4-1-

As

X;Jrl € Split(xl(g+1)1 [Pg+1, le/(g-H)Z)’
/

Mg+ Ihs(|pg+1, IJ)xl(gH)z = Xg+1 and
Top1 = Fgi1 =6 T,
then, by Claim 3} there is also a derivation

Xg+1 =G Xg+2

such that

ng+2 € Spht(xl(g+2)1 [Pg+2, lel(g+2)2)=

Xgy2)1 18(LPg42, 1])X{y 120 = Xg42, OF Xy 15 € split(xgs2).

From Claim T}
§=¢(lp,1])-

As (|p,1]) € split(|p,1]), S = lhs(| p,1]), G’s simulation as described in Claim [4] can be per-
formed, so

(lp,1]) =g ul®],

where @ is a sequence of productions from P U Py U Py. If a successful derivation is simulated, then
we obtain u = (a;)(az) ... (a,), where n > 1 and ay,ay,...,a, € T. Finally, by the application of

productions from Ps, we obtain
+
U=z,

where v = aja; . ..a,. Therefore, every string during whose generation G erases nonterminals in a
generalized k-limited way can be generated by a propagating scattered context grammar G. |

Corollary 8. For every scattered context grammar G which erases its nonterminals in a generalized
k-limited way, there exists a propagating scattered context grammar G such that L(G) =L(G). R

Corollary 9. Z(PSC) = Z(SC, &,i) for any positive integer i. |
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We have proved that every scattered context grammar that erases its nonterminals in a gener-
alized k-limited way can be converted to an equivalent scattered context grammar without erasing
productions. Erasing productions are often used in grammars because their presence reduces the
total number of productions and makes their derivations more transparent as demonstrated in Ex-
ample [3] In certain situations, however, these erasing productions are not necessary and can be
removed from the grammar.

The result rises several open problems. First, we may ask if a stronger variant of Corollary [§|can
be established: for a scattered context grammar G, there is a propagating scattered context grammar
G such that L(G) = L(G) if and only if G erases its nonterminals in a generalized k-limited way.

Open Problem 3. Does generalized k-limited erasing cover all possible types of erasing which can
be performed by scattered context grammars without erasing productions?

Second, the result induces the following decidability question:

Open Problem 4. We have given an integer k and a scattered context grammar G. Is it decidable
whether G erases its nonterminals in a generalized k-limited way?

We propose these open problems for further investigation.
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Chapter 5

Restrictions and Extensions

This chapter introduces several restricted and extended versions of scattered context grammars. We
present two types of these modifications—modifications of the definition of a derivation step and
modifications of the whole concept of a scattered context grammar. The first and the second type
of modifications is represented by the results discussed in Sections [5.2] [5.3] [5.4] and Section [5.1]
respectively. Most importantly, we investigate the generative power of scattered context grammars
modified in this way.

5.1 Non-Context-Free Components of Scattered Context Grammars

Scattered context grammars were introduced as a generalization of context-free grammars. Indeed,
each scattered context production consists of k context-free components which are applied in paral-
lel on the current sentential form. It is only natural to generalize other grammars from the Chomsky
hierarchy in a similar manner as well. The main aim of this section is to study the generative
power of scattered context grammars whose components are linear and right-linear. To be able to
use scattered context productions, we permit the context-free starting productions to generate the
initial strings containing several nonterminals and do not use these productions during the rest of
the derivation. It turns out that scattered context grammars with an initial string which contains n
nonterminals and productions with linear or right-linear components are as powerful as linear sim-
ple matrix grammars of degree n or right-linear simple matrix grammars of degree n, respectively.
Finally, we mention several corollaries of this result and discuss the generative power of scattered
context grammars with context-sensitive and unrestricted productions.
We start by defining linear and right-linear scattered context grammars formally.

Definition 28. A linear scattered context grammar is a scattered context grammar G = (V,T,P,S),
where P is a finite set of productions of the following two forms:

1. (8) = (x1A1.. . x3Akxpy1), Where A; € (V—T)—{S},x; € T* forall 1 <i<k,1<j<k+1,

2. (Ay,...,Ax) — (z1,-..,2x), where A; € (V —T) — {S}, and either z; = x;B;y;, where x;,y; € T*,
B, e (V—-T)—{S}, orz;€ T* forall 1 <i<k,for some k > 1.

A linear scattered context grammar is of degree n if (S) — (x1Aj...x,ApXy+1) € P is the production
satisfying n > m for all (S) — (y1A1...YmAmYm+1) € P. The family of languages generated by
linear scattered context grammars of degree n is denoted by .Z’(SC, LIN,n), and

Z(SC,LIN) = | J Z(SC,LIN,n).

n=1
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Definition 29. A right-linear scattered context grammar is a linear scattered context grammar G =
(V,T,P,S), where P is a finite set of productions of the following two forms:

1. (S) — (x1A;...x4Ax), where A; € (V —T) —{S},x; € T* forall 1 <i <k, for some k > 1,

2. (Ay,...,Ax) — (21,...,2), where A; € (V —T) — {S}, and either z; = x;B;, where x; € T*,
Bie(V—-T)—{S},orz;e T* forall 1 <i<k, for some k > 1.

The family of languages generated by right-linear scattered context grammars of degree n is denoted
by Z(SC,RLIN,n), and

Z(SC,RLIN) = | | Z(SC,RLIN, n).

n=1
To prove that .Z(SM, LIN,n) = Z(SC, LIN,n) for each n > 1, we first give two preliminary
lemmas.

Lemma 4. Foreachn > 1, Z(SM,LIN,n) C .Z(SC,LIN,n).

Proof. Let G = (Vi,...,V,,T,P,S) be alinear simple matrix grammar of degree n. Set N = {(p, i) :
p € P,1 <i<n}. Define the linear scattered context grammar of degree n,

G=WVU...UV,UNU{S},T,P,S),
where P is defined as follows:

1. For each (§) — (x1A1...x,A.%,11) € P, where x; € T*, for all 1 <i<n+1, and p =
(Al,...,An) — (yl,...,yn) € P, add
(S) — (x1{p, )x245 ... x,Apx,11) to P;

2. For each p = (Ay,...,A;,...,Ay) — (XiBiy1,...,XiBiyi, ..., XaBnyn) € P, where x;,y; € T*,
Aj,B;eV;—Tforall 1 <j<n,

(a) foreachi < n,add
((p,i),Ai+1) — (xiBiyi, (p,i+1)) to P;
(b) foreach g = (By,...,B,) — (z1,...,24) € P, add
i. (B1,(p,n)) — ((g;1),xuBnyn) to P;
ii. forn=1, add
((p, 1)) = (x1{g, 1)y1) to P;

3. Foreach p=(Ay,...,A,...,Ap) = (x1,...,Xi,...,x,) € P, wherex; € T* forall 1 < j <n,

(a) foreachi < n,add
((psi),Ai1) = (xi (p,i+ 1)) to P;
(b) add ({p,n)) — (x,) to P.
Each production introduced in step (1) simulates the initial production of G and, in addition, selects
the next production, p, to be simulated. After its application, we obtain the sentential form of the

form
w1 <p, 1>W2A2 .. -WnAan+1;

where w; € T* forall 1 <i<n,and p= (Ay,...,A,) — (21,...,2,) € P. Consider any derivation

WiAIWrAs . .. WnAan+1 =6 WlxlBlyl cee ananann—l-l [P],
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where
p=(A1,...,A;) = (x1B1y1, ..., XnBuyn),
x;,yi € T*, A;,B; € V; — T for all 1 <i < n. This derivation is simulated by G in n derivation steps

by first applying a production from (2a) n — 1 times and, finally, applying a production from (2bi),

SO
w1 <p, 1>W2A2 . WnAan+1
=6 wix1B1yiwa(p,2) ... waAnWn i1

=6 Wix1B1yiwaxaBays ... wp(p,n)Wpi1
=G Wi1X1 <Qa 1>)’1W2x232)’2 e anananner

where ¢ = (By,...,B,) — (z1,...,2,) € P. Observe that no nonterminal A; can be skipped by a
production from (2a) because the sentential form contains exactly n nonterminals and the form of the
productions from (2a) requires their n applications during each simulation. For the same reason, a
production from (2bi) has to select the first nonterminal in G’s sentential form. If n = 1, a production
from (2bii) is used instead of (2a) and (2bi). Finally, a production of the form (Ai,...,A,) —
(X1,...,%0) € P, where x; € T* for all 1 <i < n, is simulated by productions from (3a) and (3b)
which perform the simulation analogously to the productions from (2a) and (2bi), respectively. By
removing the symbol from N from the sentential form, (3b) finishes the derivation. |

As the number of components in every production of G constructed in the proof of Lemma[4]is
at most 2, we state the following corollary.

Corollary 10. For every linear simple matrix grammar G of degree n, there is a linear scattered

context grammar G of degree n such that L(G) = L(G) and mcs(G) = 1. [
Lemma 5. Foreachn> 1, Z(SC,LIN,n) C £ (SM, LIN,n).
Proof. Let G = (V,T,P, S) be a linear scattered context grammar of degree n. Set

Vi={(a1):ae (V- {S)Hufe}}uT.

Vo= {lan) : ac (V—{S})U{e}}UT.

For A € (V —T) — {§}, set ot(xAy,i) = x(A,i)y, where x,y € T*, fora € T, set a(xay,i) = x{a,i)y,
and o(¢g,i) = (g,i), for all 1 <i < n. Define the linear simple matrix grammar of degree n,

G= (Vb . 'aVnaT7P7S)7
where P is defined as follows:

1. For each (§) — (x1A; ... xAwx 1) € P, where k < n, add
(S) — (xl <A1, 1> ...Xk<Ak,k>xk+1<8,k—‘r 1> <£,I’l>> to P;

2. For each (Ay,...,Ar) — (z1,...,2) € P, where k <n, A; € (V —T) — {8} forall 1 <i <k,
1y scnik € (V—={S})U{e}, T € perm(k,n —k),

(dy,...,d,) =reorder((Ay,...,Ar,C1,.. . Cnk), D),
(uy,...,uy) =reorder((zy,...,2,C1y---,Cn—k), L)

Y

add ((dy,1),...,{dn,n)) — (a(uy,1),...,0(uy,n)) to P;
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3. Foreacha; e TU{e} forall 1 <i<n,add
((a1,1),...,{an,n)) — (ai,...,a) to P.

Productions from (1) simulate G’s productions of the form
($) = (141 . Aexet1),

where k < n, so that each A; € (V — T) — {S} is converted to (A;,i) € V; — T for all 1 <i <k and
the string (¢,k+ 1)...(€,n), which is erased in the last step of the derivation, is added at the end
of the resulting sentential form so that the sentential form contains n nonterminals. Consider the
sentential form of the form

wi(B1,1) ... Wy (B, m)wy i1 (€, m—+1)...(g,n),
where w;j € T* and (B;,i) € V;—T forall 1 < j <m+1, 1 <i <m. Each (B;,i) may be of the form
e (g,i) which indicates that the ith nonterminal was deleted in G,
* (a,i), where a € T, which indicates that the ith nonterminal was rewritten to a in G, or
* (A,i),where A€ (V—T)—{S}.

The application of a production (Ay,...,Ay) — (z1,...,2x) € P, where k <n, A; € (V—-T) —{§}
for all 1 <i <k, can be simulated in G if B}, ...Bj, = Ay...Ay, where j; < jiy1, 1 < j; <mfor all
1 <i < k. The productions of G constructed in step (2) permute Ay, ...,A; while preserving their
order (see the definition of perm()) with symbols from (V — {S})U{e} (not preserving their order),
and convert them to the corresponding symbols from (V; U...UV,) —T. The same is performed with
the elements of the right-hand side of the production for the same permutation. As a result, every
symbol (B;,i) remains unchanged if (B;,i) = (€,i), (B;,i) = (a,i), where a € T, or the simulated
production is not applied to B;. Otherwise, (B, i) is rewritten to x(C,i)y, x{(a,i)y, or (€,i), where
x,y€T*,aeT,Ce (V—-T)—{S}, depending on the right-hand side of the simulated scattered
context production’s component applied to B;. Finally, a production from (3) finishes the derivation
by rewriting each (a, i), where a € T, to a and erasing each (&, ). [

The main result follows next.
Theorem 23. For eachn > 1,

Z(SC,LIN,n) = % (SM, LIN,n).
Z(SC,LIN) = _.%(SM,LIN).

Proof. Follows immediately from Lemma[4]and Lemma[5] [ |
A similar result can be proved for right-linear scattered context grammars as well.
Theorem 24. For eachn > 1,

#(SC,RLIN,n) = £ (SM,RLIN, n).
Z(SC,RLIN) = Z(SM,RLIN).

Proof. The proof is analogous to the proof of Theorem [23|and is, therefore, left to the reader. W

The following four corollaries follow immediately from Theorems [23] 24] and Theorems [2] [3]

BB
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Corollary 11. For eachn > 1,

Z(SC,LIN,n) C Z£(SC,LIN,n+1),
Z(SC,RLIN,n) C Z(SC,RLIN,n+1),
#(SC,RLIN,n) C £(SC,LIN,n).

Corollary 12.
Z(CF)—%(SC,LIN) # 0, Z(CF) — £ (SC,RLIN) # 0,
Z(SC,RLIN) C Z(SC,LIN) C Z(PSC).

Corollary 13 (Positive closure properties). Each of the language families £ (SC,RLIN,n) and
Z(SC,LIN,n), where n > 1, is closed under union, reversal, homomorphism, inverse homomor-
phism, substitution with regular languages, concatenation with regular languages, intersection with
regular languages, left and right quotient by regular languages. £ (SC,LIN) and £ (SC, RLIN)
are closed under concatenation. |

Corollary 14 (Negative closure properties). Each family £ (SC,LIN,n), where n > 1, is not closed
under concatenation with linear languages. Each family £ (SC,RLIN,n), where n > 1, is not
closed under concatenation with £ (SC,RLIN,2). £ (SC,LIN) and £ (SC,RLIN) are not closed
under intersection, complement and Kleene star. £ (SC, LIN) is not closed under substitution with
linear languages. £ (SC,RLIN) is not closed under substitution with £ (SC, RLIN,2). [

We have proved that (right) linear scattered context grammars characterize the same family of
languages as (right) linear simple matrix grammars. The main difference of these grammars lies in
the way how their productions are used. While in the case of (right) linear simple matrix grammars
every production contains exactly n components and each component rewrites symbols over its own
alphabet, the number of components in (right) linear scattered context grammars may be different
in every production and all components share a single alphabet. In addition, we have proved that
the generative power of (right) linear scattered context grammars does not depend on the number of
components in scattered context productions (see Corollary [I0) but on the number of nonterminals
appearing in the starting production. As a result, (right) linear scattered context grammars seem to
be more convenient for describing languages than (right) linear simple matrix grammars as the total
number of their nonterminals is lower and their productions can avoid unnecessary rewriting and
capture only true context dependencies.

An interesting aspect of our result is the fact that when restricting propagating scattered context
grammars and simple matrix grammars to their right and right-linear variants, the power of the
resulting grammars is equal. However, ordinary propagating scattered context grammars are more
powerful than simple matrix grammars (see Theorem 13]).

With respect to the Chomsky hierarchy, there remain two possible types of components of scat-
tered context grammars: context-sensitive and unrestricted. The generative power of scattered con-
text grammars with these components is obvious—they characterize the family of context-sensitive
and unrestricted languages, respectively. Therefore, as scattered context grammars with context-
sensitive and unrestricted components do not provide a higher generative power than their compo-
nents, their practical use is questionable.

5.2 n-Limited Derivations

As formal language theory has always introduced and studied various left restrictions placed on
grammatical derivations, we investigate this classical topic in terms of propagating scattered context
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grammars. More specifically, we discuss the language families generated by propagating scattered
context grammars whose derivations are n-limited, where n is a positive integer. In these derivations,
a scattered context production is always applied within the first n occurrences of nonterminals in
the current sentential form. It demonstrates that this restriction gives rise to an infinite hierarchy of
language families. In addition, it proves that each family of this hierarchy is properly included in
the family of context-sensitive languages.

Based upon the proper inclusion, we obtain several conclusions and formulate new open prob-
lems. Perhaps most importantly, we point out that the language family generated by propagating
scattered context grammars that make derivations in the above n-limited way is properly contained
in the context-sensitive language family, so in this sense, we partially contribute to the solving of
Open Problem|I]

The result has also one practical aspect—when constructing a compiler based on a grammatical
model, we usually need to restrict this model in order to make the compiler more effective. The
presented result shows that when the model is based on propagating scattered context grammars,
by limiting the width of the window in which the context dependency is checked, we also limit
the power of this compiler. In certain situations, such as the parsing of streamed data, limiting the
context dependency check to a finite window is necessary as we do not know the exact length of the
input and we cannot determine which symbols appear on the input next.

First, we define n-limited derivations formally.

Definition 30. Let G = (V,T,P,S) be a propagating scattered context grammar. If (Aj,...,Az) —
(x1 yee ,)Ck) eEP,u=wmAuy ... wArupry, and v =u1xjuy ... upxpugs1, where y; € V* forall 1 <i <
k+1, and u = v satisfies

|u1A1 . ukAk]V_T S n,

then the derivation step is n-limited and we write
u ﬁm:>G V.

An n-limited derivation, denoted by x = y, is a derivation in which every derivation step
ui. =¢ vsatisfies j < n. Define the language of order n generated by G as

L(G,limn) ={xeT" : S},=¢x}.

The family of languages of order n generated by propagating scattered context grammars is denoted
by £ (PSC,lim,n), and

Z(PSC,lim, o) = | | £ (PSC,lim, ).
i=1

We prove the main result, £ (PSC,lim,n) = £ (ST,n) for all n > 1, by demonstrating that
Z(ST,n) C Z(PSC,lim,n) and £ (PSC,lim,n) C .2 (ST,n) in Lemmas [6|and[7] respectively.

Lemma 6. .Z(ST,n) C Z(PSC,lim,n) foralln > 1.
Proof. Let G = (V,T,K,P,S, po) be a state grammar of order n. Set

Ni={(A,p,k) :AcV-T,pecK,1<k<n},
No={(A,p,k) :AcV—T,peK,1<k<n},
Ny={(A",p,n—1) : A€V -T,peK},
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and Ny={A:AcV—-T}. Seta(p)={A: (A,p) — (x,q) € P} for each p € K. Define the
propagating scattered context grammar

G=(VUNUN,UN; UN,U{S},T,P,S)
with P constructed as follows:
1. Add (S) — ({(S, po, 1)) to P;

2. Foreach Ay,...,A; € V—T, where 1 < k <n (number of nonterminals in a sentential form
if there are less than n nonterminals, otherwise k = n), each

(Ar)p) - (X]Bl .. '-xtthH-hq) € P7

where 1 < r < k (the G’s production simulates the rewriting of the rth nonterminal in a
sentential form), By,...,B, €V —T,xy,...,x41 € T* for some ¢t > 0 (number of nonterminals
appearing on the right-hand side of the simulated G’s production), A; ¢ o (p) foreach 1 <i<
r,each A, 1 € (V—T)UNy,

(a) and r4+t—1 > n, add

i. (used when the sentential form contains more than n nonterminals)

(<A1,p,l’l>,. K <Ar_1,p,n>, <Ar,p,l’l>,
<Ar+l7pan>a ceey <An,p,n>)
— ((A1,q,n),...,(Ar_1,q,n),x1(B1,q,n) ... Xp—r+1{Bu—rs1,4,n)
Xn—r2Bn—ri2 . X BiXei1,Ars 1y, Ay)

to P;
ii. (used when the sentential form contains at most n nonterminals and A, is not the

last nonterminal)
if r <k, add

(<A1 ,p,k>, ERER) <Ar—l ,p,k>, <Ar7Ap7k>7
<Ar+l7pak>7' s <Ak—1ap>k>a <Akap7k>)
— ((A1,q,n),...,(Ar_1,q,n),x <Bl,q,n)...x,,A_r+1<Bn_r+1,q,n)
Xn—r42Bn—ry2 o Xt BiXpp1,Ar 41, Ak—1,A)

to P;
iii. (used when the sentential form contains at most » nonterminals and A, is the last
nonterminal)
if r=k, add
(<A17p7k>7 ceey <Ak717p7k>7 (Abpak))
- (<A17qvn>v [ERE) <Ak—1aqan>axl,<\BlaQ¢n> - Xn—k+1 <Bn—k+1 >Qan>
Xp—k42Bn—ki2. . X 1B 1% Bix; 1)
to P;

(b) andr+r—1<n,k+t—1>n,add
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1. (used when the sentential form contains more than n nonterminals)

(<A1,P, >7 <Ar_17p,n),<Ar,p,n>,
< r+1,P,1 >7 ) <An7t+1,pan>’ <Anft+27pvn>7 ceey <Anap7n>)
(<A17‘I7 >7 <Ar_1,q,n>,X1 <Bluq7n> o 'xf<BI7q7n>xl+17
< r+1,4,1 >v""<An7t+laq’n>’An7t+2,'~7An)
to P;
ii. (used when the sentential form contains at most » nonterminals and A, is not the
last nonterminal)

if r < k, add
(<A17p7 >7 <AV—17p7k>7<Ar7p7k>7
< r+1,P, > <An7t+1,pak>, .
<AVl t+25 P >7 <Ak 17p7k>7<Ak7p7k>)
(<A17Qa >a <Ar 1,9,n >xl<BlaQ7n>"-xt<Bt7q7fl>xT+17
< r+1:4,1 >> <An*l‘+lacI7n>aAn*t+2a--'7Ak—17Ak)

to P;
(¢c) andk+r—1<n,and
1. ift =0, add

A. (used when the sentential form contains more than n nonterminals and A, is
rewritten to x; € T%)

(<A1 p,n >a <A,,1,p,n>,<A,,p,n>,
< r+17p7 >7 <An,p,l’l>)

(< 14,1 >’ "7<A,rfl’Q7n_l>’x17
< r+l7Q? 1>,...,<A§,,q,n—1>),

B. (used immediately after (2.c.i.A))

(( 17% >7 ._,<Alr_1,q7n—1>7

< 14N 1>""7<A;,17q7n_1>7An+1)
(< 1,4,n >1 <Ar*17Q?n>?

< r+1:4,1 >7 <AnaQ7n>7<An+17‘I7n>)

to P;
ii. (used when the sentential form contains at most » nonterminals and A, is not the

last nonterminal)
if r <k, add

(A1, p,k),... . (Ar_1,p,k), A
(Ar,p,k), (A ’H’p’k>>---a<Ak71,p,k>,<Ak,p,k>)
(<A17‘I7k+t—1>,...,<Ar,1,q7k+t_1>,

x1(B1, g, k+1t—1)...x (B, q, k+1—1)x, 11,
(Ars1,q,k+1— 1), (Akor,q,k+1— 1), (A, g k+1— 1))

to P;
iii. (used when the sentential form contains at most » nonterminals and A, is the last

nonterminal)
ifr==k
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A. and k> 1ort+#0, add

((Alap’k>7""<Ak—1;p7k>’<Ak>pvk>)

— ((A],q,k—l—l— 1),...,<Ak71,q,k—|—[— 1>,
x1(B1,q,k+t—1)...x_1(Bi—1,q,k+1t—1)
x(Br,g k+1—1)x141)

to P;

B. (simulates the last derivation step of G)
andk=1,¢t=0, add
(<AA1,[9,1>) — (xl) to P.

Claim 5. Each G’s sentential form

V1AL - YmAmYm+1, D),
where p € K, yi,...,ym+1 € T, Ay,...,A, € V—T for some m > 0, corresponds to one of the
following sentential forms in G:

1. Form < n, y1{A1,p,m) ... Ym—1{Am—1, D, 1)Ym (A, P, m) Y1

2. Form > n, yi1(A1,p,n) ... Yu(An, P, m) Vi 1Ans - Y 1 Am 1 YmAmYmo1-
Proof. Every derivation in G starts by the production from step (1) of the construction and this
production is not used during the rest of the derivation process. So,
S =¢ (S, po,1).
The rest of the claim is proved by induction on the length / of derivations.
Basis. Let h = 0. Then, (S, po) =% (S, po) corresponds to (S, po, 1) :>(C)-; (S, po, 1).

Induction Hypothesis. Suppose that the claim holds for all derivations of length % or less, for some
h>0.

Induction Step. First, consider a G’s sentential form (yiA;...ymAmYm+1,P), where m < n, and a
production
(A, p) — (x1B1...xBiXi41,9) € P,

where | <r<m, By,...,B, €V =T, x1,...,x41 € T" for some ¢t > 0, which is applicable to the
above sentential form (that is, A; ¢ a(p) foreach 1 <i < rand A, € a(p)). By its application, we
obtain
(ylAl e Yr— lArflyrArerrlArJrl .. -ymAmym+l ,]9)
=6 AL Y1 A 1YX1 Bl X BiXi g 1 Y1 Ar it - YmAmYme1,9).-

By the induction hypothesis, for m < n, the G’s sentential form corresponding to

(ylAl .. -yrflArflyrArerrlArJrl .- -ymAmym+lap)

is of the form

Yi{AL Py Y (Ar, o) Y1 (A1, Py Y (A Py )Y 1.

Then, only one of the productions from steps (2.a.ii), (2.a.iii), (2.b.ii), (2.c.ii), and (2.c.iii) is appli-
cable (productions from other steps require m > n). Notice that for m < n, all first m nonterminals
in the G’s sentential form contain m and p. This allows the grammar to use only the production
which rewrites all m nonterminals and record the state corresponding to the simulated derivation
in G. Furthermore, notice that all productions are constructed so that the last nonterminal in every
sentential form is from N, UN4. Which production is applied depends on m, n, r, and t:
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. Ifr+t—1>nandr < m, then

((A1,p,m),....(A,_y,p,m), (A,,f),m)7
<Ar+lap7m>7' ) <Am717p>m>7 <AI’I17p7m>)
= ((Ag,n),.. (Ar1,q,n),x1(B1,q,n) - Xn—r 1 (Buri1,4:1)
Xn—ri2Bn—ri2. X BiXpy1,Ar1, - - 7Am71aAm)

introduced by (2.a.ii) is applied, so

Y1 <Alap7m> < Vr—1 <Ar717p7m>yr<Ar7p7n;l>

Va1 (A1, 2s1) < Y1 {Am—1, D, 1) Y (A Dy 1) Y11
flim:>(_? Y1 <A13qan> - Yr—1 <Arflaq,n>yr

X1(B1,q1) - Xn—r 1 {Buri1,q;m)Xn—r2Bn—ri2. . XiBiXip

Vrt1Ari1 - Ym—1Am—1YmAmYm+1-

. Ifr+t—1>nand r = m, then

(<A17p7m>7--'7<Amflapam>a<Amapam>)
- <<A17617”>7- cey <AH1—17q7n>7x1 <ABI7CI>”> < Xp—m+1 <Bl’l—m+17q7n>

Xp—m+2Bn—ms2 .. . X—1Bi_1x%:Bixi41)

introduced by (2.a.iii) is applied, so

Yi{AL DM Y1 (Am—1, D)y (A, o) Y1
ﬁm:>(_; Y1 <A17Q7n> - Ym—1 <Am71aCI>n>ym

x1(B1,q,1n) ... Xn—m+1 (Bn_mﬂ,q,n)

Xn—mi2Bn—my2 .. X 1B 1By x4 1.

Ifr+t—1<n,m+t—1>n,and r < m, then

(A, p,m),....(Ar_1,p,m),(Ar, p,m),

<Ar+17p7m>7 HARE) <An—t+17p7m>7 .

(Ap—ti2,pm), ..., (Ap_1,p,m), (A, p,m))
(A1,q,n),...,(A,_1,q,n),x1(B1,q,n) .. .x,(B,,q,@xtH,
<Ar+la%n>a RS <An7t+17Q7n>7An7t+27 e aAmflaAm)

introduced by (2.b.ii) is applied, so

Yi{AL, pom) .y (A1, pom)y(Ar, p,m)

Yr41 <Ar+1apvm> <o Ym—1 <Am—17p7m>ym<AMapvm>ym+l
m=6 V1AL, q,n) ...y 1(Ar_1,q,m)yx1(B1,q,n) ... X (B, q,m) X1 1

Vre1{Ari1,G,1) Vo141 <An7i+l sq;n)

yn—l+2An—t+2 < Ym— lAm—lymAmym—H .

.Ifm+1t—1<mnandr <m, then

((Al,p,m>,...,<A,,1,p,m>,<A,,P,m>,
<Ar+17p7m>7"'7<Amfl7p7m>7<Am7pam>)
— ((A1,gm+t—1),....,(A,_1,q,m+1t—1),
xl<317Q7m+t_ 1>"'xl‘<Bl>q7m+t_ 1>xt+l>
(Arst,gmAt—1), . (Ap_1,q,m+t—1) (An,qm+1—1))
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introduced by (2.c.ii) is applied, so

1 <A1,P7m> .- -yrfl<Ar717p’m>yr<Ar7p>n}>

Vet (Ars1,0,1m) < Y= 1 (Am—1, Py 1) Y (A, Py 1) Y1
ﬁm:>G_ y1<A1,q,m+t— 1) ...y,_1<Ar_1,q,m+t— 1>yr

x1(B1,g,m+t—1)...x(Br,qm+1t— 1)x,1

yr+1A<Ar+1,q,m+t— 1) ...ym_1<Am_1,q,m+t— 1>

ym<Am,q,m+t— l>)’m+1~

S. fm+t—1<n,r=m,andm > 1 ort # 0, then

(<A17p7m>>"'a<Am717p7m>7<AAm>p7m>)

— ((Al,q,m+t— 1),...,(Am_1,q,m+t— 1),
x1<B1>Qam+t_ 1>"'xt71<Btflaq,m+t_ 1>
x(Br,q,m—+1—1)x11)

introduced by (2.c.iii.A) is applied, so

Yi{ALpm) .Yt {Am—1, P,V (A, )Y i1
t=evilALgm+t—1) oy 1(Ap—1,q,m+1— 1)y,
x1(Bi,q,m—+t—1)...x_1(Bi_1,q,m+1t—1)
xi(Br.g,m+1—1)x 1 ymi1.

6. If m=1,1=0, then
(<A17P71>) - (Xl)
introduced by (2.c.iii.B) is applied, so
Yi{AL P, )Y =G Yixiya.

Notice that this production can only be used in the ultimate derivation step because it removes
the last symbol from N; UN, from the sentential form and this symbol is on the left-hand side
of every production introduced in step (2).

Observe that as all of these productions satisfy A; ¢ a(p) for each 1 <i < r and all nonterminals in
the sentential form of G are rewritten, the simulation of G’s production is proper.
Second, consider a G’s sentential form (yjAj ...ynAuYm+1,P), Where m > n, and a production

(Ar7p) - (xlBl .. ‘-xtBl-xH-hq) € Pv

where 1 <r<m, By,...,B, €V —T, x1,...,x11 € T* for some ¢t > 0, which is applicable to the
above sentential form. By its use, we obtain

(ylAl .. -)’rflArflyrAryr+1Ar+1 .- -YnAn .- -ymAmYerlap)
=6 A1 Yr—1Ar—1yX1B1 . xBixi g
yr+1Ar+l .- -ynAn .- ~ymAmym+va>'

By the induction hypothesis, for m > n, the G’s sentential form corresponding to

(ylAl .- 'yr—lAr—lyrAryr—HAr-i-l .- 'ynAn .- ‘ymAmym-H ,P)

is of the form

Vi{A1,p,n) ...y (Ar,pyn) . Yu (A, Py )Yt 1Ans1 ...ym_lAm_lymAmymH.

Then, only one of the productions from (2.a.i), (2.b.i), and (2.c.i.A) is applicable, depending on m,
n, r,and t:
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1. If r+¢t—1 > n, then

(<A1)p7n>7"'7<Ar—17p7 >7< ry Py 1 > < r+1,D,1 >,---7<Amp’”>)
- (<A17Q7n>7-'- <Ar ,q,n > xl<Bl7q7 > -Xn— r+l<Bn7r+1>qan>
Xn—r42Bn—ri2 . XeBiXey1,Ar1,- 7An)

introduced by (2.a.i) is applied, so

Y1 <A1 ,p,l’l> - Yr—1 <Ar—1 ,p,n)yr<A,,p,n)
Yr+1 <Ar+1,p,l’l> . 'yn<An7137n>
Ynt1Ant1 - - Ym—1Am—1YmAmYm+1
im=G Y1{A1,4,m) ...y 1{Ar-1,4,n)yr
x1(B1,q,n) ... Xn—ri1{Bn—ri1, q,n)xn,HgB,i,rJrz o X Bixe
Yrt1Arit - YnAnYni1Anst - Ym—1Am—1YmAmYm+1-

2. If r+t—1<mnandm-+t—1 > n, then

((Alvpv >7 <Ar71,p,l’l>,<Ar,p,n>,

< r+1, 0,1 >7 -,<An_,+1,p,l’l>,<An_,+2,p,n>,-..,<An,p,n>)
(<A1>q7 >7 <Ar*17Q7n>vx1<Blaqvn>"'xt<Bt7‘Z7n>xt+la
(Ari1,q,n ),...,(An_t+1,q,n>,A,,_,+2,...,An)

introduced by (2.b.i) is applied, so

Yi{A1,pn) ... yr—1{Ar—1, p,n)yr(Ar, i)
Ve 1A 1,0,1) - Ynr+1{An—r+1, Py 1)
Yn—1+2{An—1+2,Ps1) - Vn <AAnaPa”>
yn-‘rlAn—H .- ~ym—1Am—1ymAmym+l
fm=e y1{ALq,n) ... yr—1{Ar—1,q,n)y,
x1{B1,q,n) - .. Xt (Bt,q,n)X1 11
Yre1{Ars1,9,1) Y141 (An—111,4,1) A
yn—t+2An—t+2 .o ~ynAnyn+1An+1 .. -.Ym—lAm—lymAmym+l .

3. If m+t—1<nandt =0, then

(<A1,p,7’l>,. <Ar ,p,n >7<Ar>p7n>7<Ar+lap7n>7"'7<Anap7n>)
_>(<A/l q,l’l-l) < :f 1-49,1 1>,X1,
<Alr+1aQan 1>7 <A:1’q> l>)

introduced by (2.c.i.A) is applied, so

Y1 <A1,P,n> . -)’rfl<Ar—17P7”>yr<Ar7P,”>
yr+l<Ar+1aP7n> e 'yn<An>E>n>
Ynt1Ant1 - Ym—1Am—1YmAmYm+1

ﬁm:>G y1<A’1,q,n— 1> - 'yr*1<A/rflv%n - 1>yrxl
Yr+1 (A:+17Q7n - 1> . ’yn<é;7Q7n - 1>
Ynt1Ant1 - Ym—1Am—1YmAmYm+1-

Recall that the last nonterminal in every sentential form of G is from Ny UNy. As (A, p,n) ¢
N, U Ny, there is at least one nonterminal in the sentential form following (A,, p,n). There-
fore, the production

((A/17Q7n_1>7"'7<A;—17q7n_1>)

Al -1 Al —1),A

< r+17Q7n >7"'7< ndq,n >7 n+l)
_)(<A17q7n>7"'><Ar*17%n>a

<Ar+lﬂq7n>7"‘7<AH7Q7n>7<AI’l+]7q7n>)
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from (2.c.i.B) can be used. This production rewrites a nonterminal A € (V —T) U Ny in its
last component. Because we generate a language of order n, A = A,,11, so either

Y1 <A/1,q,7l— 1> ~--)’r—1<A/r_1aC]7”— 1>er]
yr+1<A,r+1aq,n— 1> .. yn<A;1’q’n—A1>

yn+1An+1yn+2An+2 .- -ym—lAm—lymAzny1n+1
Em=¢ Y1{A1g,n) ... yr—1{Ar—1,q,n)yx1

yr+l<Ar+1v‘I7n>"'yn<An7Q7n> R

Yn+1 <An+1 , Q7n>yn+2An+2 o Ym—1Am—1YmAmYm+1

ifA, 1 €V—-Tor
YA gn—1) .y 1AL gn— 1)y
Yr+1 <A/r+17%n - 1> e ‘yn<A;zvq’n - 1>yn+1An+l)’n+2

Tm=6 V1(ALgn) . yr1{Ar1, g )y
Yr+1 <Ar+1 g, n> .- -yrl<Ana %")}’n—i-l <An+1 ) 47”>)’n+27

if Ayy1 € Ny.

Observe that as all of these productions satisfy A; ¢ a(p) for each 1 <i < r and all first n nonter-
minals in the sentential form of G are rewritten, the simulation of G’s production is proper.

Finally, notice that if the sentential form of G is of the form (1) or (2) as described in Claim the
sentential form obtained after performing a derivation step is of one of these forms as well. As the
right-hand side of the production introduced in step (1) of the construction is of the form (1), every
sentential form obtained during the derivation process satisfies the properties given in Claim[5] O

From Claim and the derivations described in its proof, it is easy to see that G rewrites at most
n first nonterminals in a sentential form and that L(G,n) = L(G,lim,n). [

Lemma 7. .Z(PSC,lim,n) C Z(ST,n) foralln > 1.

Proof. Let L(G,lim,n) be a language of order n generated by a propagating scattered context gram-
mar G = (V,T,P,S). Set
N={(A,i):AeV-T,1<i<n}.

Further, set K} = {(p,i) : p€ P,0 <i<n} and
Ky ={(p,i,)) : p=(A1,...,Ax) = (x1,...,%) EP0<i<n0< j <k}
Define the state grammar
G=(VUNU{S},T,K UK U{po},P,S, po)
with P constructed as follows:

1. Foreach p=(S) — (x) € P, add
(S, po) — (S,(p,0)) to P;

2. ForeachAeV —T,p=(Ay,...,Ar) — (x1,...,x) € P,0<i<n,add

@ (A, (p,i)) = ((A,i+1),(p,i+1)),
®) (A, (p,i)) — ({(A,i+1),{p,i+1,k)) to P;
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3. For each p = (Ay,...,A},...,Ax) = (X1,...,Xj,...,.x¢) EP, g€ P,AcV T, 1<i<n,
0<j<k, add
(a) ((Avl>7 <p7i>j>) - (A7<p7i_ 17]>)’
(b) if j > 1, add
((Aj7i>7 <p,i,j>) - (XJ',<p,i— laj_ 1>)’
(©) (A,(p,0,0)) — (A,(q,0)) to P.
The derivation starts in G by a production introduced in step (1) and as no production contains

S on its right-hand side, none of the productions form (1) is used during the rest of the derivation.
Consider now a G’s sentential form u(A; ... upAgug, 1, where uy, ..., ury; € V*, and a production

p= (A],...,Ak) — (X],...,xk) eP
Obviously, for a sentential form satisfying |ujA; ... wAglv—1 < n,

n
UAg .. .ukAkukH lim=G "1X1 - . . UpXpUi 11 [p]

Consider now a G’s sentential form

(u1A1 ... u A1, (p,0))

corresponding to the above sentential form of G. (Notice that also (S,(g,0)), where g = (S) —
(x) € P, obtained by the application of a production from (1) is a sentential form of this kind.)
The above described G’s derivation step is simulated in G by productions from (2) and (3). First,
productions from (2) are used. For a nondeterministically chosen m > k, the first m nonterminals
in uAy ... upAgupy1 are processed from the left to the right and each nonterminal is assigned its
ordinal number. Then, productions from (3) are used to simulate p’s context-free components form
the right to the left. To describe this derivation more formally, we express

(1Ay ... A1, (p,0))

as
(WiBy...WBp ... wyBy ... wBwii1,(p,0)),

where wy,...,wiy1 € T*, By,...,B € V=T, t = 1A ... uyArug+1|lv—r1, and where B;, = A; for
some 1 </; <m,forall 1 <i<k,and/; <l;;jforall 1 <j<k— 1. (Discussion of other possible
kinds of this sentential form, for example for ¢ < n, is left to the reader.) Then, the derivation
performed by productions from (2a) can be expressed as

(WiBy...WyBpy ... wByw,11,(p,0))
=G (W1 <Bl, 1>W232 .. .WmBm .. .WtBtWt+1, <p, 1>)
=a Wi (B, 1) ... w1 (By—1,m— L)Wy Byy ... wiBowe i1, (p,m—1)).
Finally, a production from (2b) is used, so

(wi(B1,1) ... wp—1(Bp—1,m — 1)wyu By ... wBwy i1, (p,m—1))
=5 Wi (B1, 1) ... Wi (B, M)Wy 1 Byi1 .. . wiBywiyy, (p,m,k)).
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Next, productions from (3) are used to simulate all context-free components of p in the reversed
order. The simulation of A; — x;, is performed as follows:

(Wl <Bl ) 1> - ~Wm<Bmam>Wm+le+l coWeBiwi i, <P;mak>)
¢ Wi(B1,1) ... Wy 1 (Bm—1,m — L)Wy, Byy ... W Biwy i1, (p,m—1,k))

4

=6 wi(B1, 1) ...wy, (B, L)Wy 41By41 - - wiBiwi i1, (p, I, k))
=G (W] <B] , 1> S W1 (B]kfl,lk — 1>
WL XiW+1Bi1 - wiBwi1, (p, Ik — 1,k —1)).

The context-free components Ay — xx_1,-..,A] — x| are simulated analogously, until a sentential
form

(u1x1 e URXEUR <p,0, 0>)

is obtained. Notice that when a state (p,0,i), i > 1 is reached, the derivation is blocked. This means
that either in the nondeterministic part of the derivation the value of m was chosen too low so the
whole scattered context production cannot be simulated or more than » first nonterminals need to
be rewritten to simulate the scattered context production. Finally, a production from (3c) is used to
finish the simulation of p and to start the simulation of ¢ € P:

(u1x1 e U XU, <p,0, 0>)
=6 (uxr .. mxeugi 1, (q,0)).

This simulation continues until the sentential form (w, (g,0,0)), where w € T*, g € P, is obtained.

|
Theorem 25. . (PSC,lim,n) = Z(ST,n).
Proof. Follows immediately from Lemmas [6] and [ |
The following corollaries follow immediately from Theorems 7} [§]and 23]
Corollary 15.
Z(CF) = .2(PSC,lim, 1) € .Z(PSC,lim,2) C ... C .Z(PSC,lim, ) C .Z(CS).
|
Corollary 16. Every .Z(PSC,lim,n), where n > 1, is an abstract family of languages. |

We have demonstrated that limiting derivations performed by propagating scattered context
grammars to the first # nonterminals gives rise to an infinite hierarchy of languages. The definition
of n-limited derivations, however, induces the following problem:

Open Problem 5. Can we construct a propagating scattered context grammar which rewrites the
first n nonterminals without restricting the derivations explicitly (that is to define a propagating
scattered context grammar of order n in the way analogous to a state grammar of order n) and
obtain the same results?

We propose this open problem for further study.
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5.3 Leftmost Derivations

As the exact relation of £ (PSC) with respect to .Z(CS) is unknown, there have been several
attempts to modify the basic definition of propagating scattered context grammars to obtain the
family of context-sensitive languages. The approach discussed in [82]] is one of them. In [82]] it was
proved that propagating scattered context grammars that use leftmost derivations are as powerful
as context-sensitive grammars. This result is of some interest as the use of context-free, context-
sensitive, and unrestricted productions in a leftmost way in the corresponding grammars of the
Chomsky hierarchy does not have any impact on their generative power.

The proof presented in [B2]] consists of two parts; first, two preliminary lemmas (Lemma 2 and
Lemma 3) are given and then, the main result, stated in Theorem 2, is presented as a straightforward
corollary of these two lemmas. In Lemma 2 it is demonstrated how any sentence of a context-
sensitive language can be derived by a propagating scattered context grammar which uses leftmost
derivations. Every sentence generated in such a way contains, however, some additional symbols.
Lemma 3 shows how these symbols can be removed. Together, the proof consists of six-page
construction part and not even one-page basic idea of the construction which makes it extremely
hard to follow. A more formal proof of the correctness of the construction is missing.

Our aim is to present the proof of this result in much simpler and more readable way. The main
difference of our proof lies in (1) the way how the symbols to be rewritten are selected and (2) the
way how context-sensitive productions are simulated. Furthermore, the proof is based on only one
construction instead of two. All this leads to a significantly simpler and more transparent proof.

We start by defining propagating scattered context grammars which use leftmost and rightmost
derivations.

Definition 31. A propagating scattered context grammar which uses leftmost or rightmost deriva-
tions is a propagating scattered context grammar G = (V, T, P,S) whose language is defined as

L(G,Im)={xeT* : Sin=x}or L(G,rm) = {x € T* : S ;=g x},
respectively. The family of languages generated by propagating scattered context grammars which
use leftmost or rightmost derivations is denoted by .Z(PSC,Im) or .Z (PSC,rm), respectively.

The following theorem and its proof demonstrate how for every context-sensitive grammar G
in Kuroda normal form a propagating scattered context grammar G which uses leftmost derivations
can be constructed so that L(G) = L(G,1m).

Theorem 26. ¥ (PSC,Im) = Z(CS).

Proof. Let G = (V,T,P,S) be a context-sensitive grammar in Kuroda normal form. Set N; = (V —
TYU{a:acT}and Ny = {A : Ac N;}. Let n = |N;|; then, we denote the elements of N; as
{A1,...,A,}. Define the homomorphism ¢ from V* to Nj as a(A) = A foreachA € V—T, and
a(a) =aforeachaeT.SetN;={A": AeV—-T}, N3={(ab) : a,be V},

Ny={(Aad) :A€V-T,acV},

and
Ns = {{a,0),(ab,0) : a,b €V}
U{lai,j) i aeV—T,1<i<3,1<j<n}
U {(ab,4) : a,beT}.

Define the propagating scattered context grammar
G = (NfUN;UNjUN; UN;UNs U{S, X}UT,T,P,S),

where P is constructed as follows:
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1. (a) Foreacha € L(G), wherea € T, add
(S) — (a) to P;
(b) For each S = ab, where a,b € V, add
(S) — ({ab,0)X) to P;

2. Foreacha,b,c € V, add

3. ForeachA —a€Pand b€V, add

@ ((4,0)) — ((a,0)),
(b) ({Ab,0)) — ({ab,0)),
(© ((pA,0)) — ((ba,0)) to P;
4. ForeachA — BC € Panda €V, add
() ((4,0)) — (B(C,0)),
(b) ((Aa,0)) — (B(Ca,0)),
(© ((aA,0)) — (a(a)(BC,0)) to P;

5. ForeachAB —-CD € P,acV,E€N3UN,, F' € {B,(Ba)},1<i<mand 1 <j<n-—1,

add
(@ ((AB,0)) — ((CD,0)),
() i ((A,0),B,X) — ((A,1,1),B',A),
ii. ((4,0),(Ba),X) — ((A,1,1),(Ba)’,Ay),
(C) i (<A717 > i) - (<A32ai>aAi),
ii. ((A,2,i),F",A;) — ((A,3,i),F' A),
iii. ((4,3,)),E,A4;) = ((A,1,j+1),E,Aj11),
(d) i ((A,3,n),B,E,A,) — ((C,0),D,E,X),
ii. ((A,3,n),(Ba)’,A,) — ((C,0),(Da),X) to P;

6. Foreacha,b,c € T, add

(@) ({(ab,0)) — ((ab,4)),
(b) (¢,{ab,4)) — (c,{ab,4)),
(c) ((ab,4),X) — (a,b) to P.

Basic Idea. In short, productions introduced in (1) initiate the derivation, productions from (2)
are used to select the nonterminal to be rewritten, productions from (3), (4), and (5) simulate G’s
productions of the form A — a, A — BC, and AB — CD, respectively, and, finally, productions
from (6) finish the derivation.
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In greater detail, consider a sentential form a;...a,ABa;+1...a;r of G and G’s production
AB — CD. This sentential form can be expressed as

b] NN br—l (ar,0>br+1 NN bmABbm_H e bk72 (ak,lak)X

in G, where each b; = ot(a;). First, to simulate the application of AB — CD in G, productions
from (2) have to be used to select the nonterminal A in the sentential form so that

l’)l e bm<A,0>Bbm+1 ce bk,2<ak,1ak>X.

By a production from (5bi), the second nonterminal to be rewritten, B, is selected. It needs to be ver-
ified, however, whether there is no symbol between A and B in the sentential form. This verification
is performed for each symbol A; which may appear in {b,,+1,...,bx—>}. By a production from (5ci),
the first A; following A is tagged and by a production from (5cii), the first tagged A; following B is
untagged. Therefore, if there is some A; between A and B, no production from (5cii) can be used
and the derivation is blocked. To ensure that there is at least one A; behind B, A; is inserted at the
end of the sentential form by a production from (5ciii) before the verification. Finally, after it has
been verified that there is no symbol between A and B, a production from (5di) rewrites AB to CD,
and the simulation of other productions may continue. As the simulation of productions of the form
A — BC and A — a is much simpler than the above case, we do not describe it in greater detail.
Notice that the simulation can be performed also in the penultimate nonterminal of the sentential
form. This is allowed by productions from (2c), (2d), (3b), (3¢), (4b), (4c), (5a), (5bii), and (5dii).

Finally, when the sentential form has the form a; ...a_»(ax—1ax,0)X, where all a; € T, the
derivation enters the final phase by a production from (6a) in which each a; is replaced with a; by
a production from (6b). Ultimately, a production from (6¢) replaces the nonterminal X with a;, so
we obtain the G’s sentence a; .. .ay.

Formal Proof. Every derivation starts either by a production introduced in (1a) to generate sentences
a € L(G), where a € T, or by a production introduced in (1b) to generate sentences x € L(G), |x| > 2.
As § does not occur on a right-hand side of any production, productions from (1) are not used during
the rest of the derivation.

Consider G’s sentential form a; . ..ay, where ay,...,a; €V, for some k > 2. In G, this sentential
form corresponds either to

b1 .. .br,1<ar,0>br+1 .. .bk_2<ak_1ak>X,
where b; = a(q;) forallie {1,....r—1,r+1,...,k—2},forsome 1 <r <k—2,orto
by ...brofar—1ax,0)X,

where b; = at(a;) for all 1 <i < k—2 (observe that every right-hand side of a production from (1b)
represents a sentential form of this kind). To simulate any G’s production, the leftmost nonterminal
from its left-hand side has to be selected in the sentential form of G. This is done by appending 0 to
the symbol to be selected by productions from (2). Specifically, for a symbol a € V, (2a) selects the
leftmost symbol a immediately following the currently selected symbol and (2b) selects the leftmost
symbol a preceding the currently selected symbol. Productions from (2c¢) and (2d) are used to select
and unselect the penultimate nonterminal in G’s sentential form which is composed of two symbols
from V. Observe that in this way, any symbol (except for the final X) in every sentential form of G
can be selected. Further, observe that during a derivation, always one symbol is selected.

After the required nonterminal is selected, the use of G’s production can be simulated. Pro-
ductions of the form A — a are simulated by (3a) for every selected nonterminal ay,...,a;—» and
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by (3b), (3c) if the penultimate nonterminal (which contains a;_1,a;) of G’s sentential form is
selected. Analogously, productions of the form A — BC are simulated by productions from (4),
and (5a) is used to simulate the use of AB — CD inside the penultimate nonterminal.

In what follows, we demonstrate how an application of a production of the form AB — CD
within a; ...a;_5 is simulated by G. Suppose that the sentential form in G is of the form

by...by_1{a,0)by11...bx_o{ar_1ax)X

and we simulate the production a,a,.; — c¢,c,+1 € P. Recall that Nj = {A},...,A,} denotes the set
of all symbols which may appear in the set {b,;1,...,b;_»}. First, to select b, 1, the production

((Clr,0>,br+1,X) - (<ar7 1 ) 1>7 Ir+17A1)
from (5bi) is applied in a successful derivation, so

by...by_1{ar,0)b,y1...Dp_o{ar_1ax)X
Im=G by...b,_1 (ar, 1, 1>blr+1br+2 .. .bk_2<ak_1ak>A1.

Observe that if b, does not immediately follow (a,,0), the leftmost b € {b,1,...,by_} satisfying
b = b,;1 can be selected by a production from (5bi). The purpose of productions from (5¢) is to
verify that the nonterminal immediately following (a,,0) has been selected. First, the production

({ar,1,1),41) = ((ar,2,1), A1)
from (5ci) is applied to tag the first A} following (a,,1,1), so

b] .. -br—l <ar, 1, 1>b;+1br+2 .. .bk,2<ak,1ak>A1
m=>¢ b1 br—1{a,, 2, 1)b.,  yi {ar—r1ar)d,

where either
Y1 =br2...bm 1bubmyr .. by 2,

I;m =A(,dy=A;, forsomel <m<k—2,or V1 =brip...bx_2, di = A,. Then, the production
(<ar727 1>7b/r+17AA1) - ((arv?’? 1>7blr+17A1)
from (5cii) is applied to untag the first symbol A; following b, s0

by...b1(a,,2, )b, \yi{ak—1ax)d1,
Im=G by...b_; (ar, 3, 1>b;+1br+2 .. .bk_2<ak_1ak>A1.

This means that if A occurs between (a,,2,1) and b/, ,, it is tagged by the production from (5ci)
but it cannot be untagged by any production from (5cii) so the derivation is blocked. Finally, the
production

((ar,3,1), (ax—r1ax),A1) — ((ar,1,2), (ar—1ax),A2)
from (Sciii) is applied,

b] - br—l <ar, 3, 1>b;+1br+2 e bk,2<ak71ak>A1

Im=G by...b,_ (a,, 1,2>blr+lbr+2 ces bk_z (ak_lak>A2,
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and the same verification continues for A,. This verification proceeds for all symbols from the set
{A1,...,A,} so this part of derivation can be expressed as

Ui [Pll] Im=¢G V1 [plz] Im=¢G W1 [p13]
m=>G U2 [P21] m=¢ V2 [P22) im=>G w2 [p23]

Im=¢G Un [pnl] Im=¢G Vn [an]

with

u, = b] .. -br—] (ar, 1, i>blr+1br+2 .. .bk,2<ak,1ak>Ai,

vi =by...b,_1(a,,2,i)b, \yi{ar—1ax)d;,

Wi = b] .o .br_1 <ar737j>b/r+1br+2 .o .bk,2<ak,1ak>Aj,
pi1» P2, and pj3 are productions from (5ci), (Scii), and (Sciii), respectively, for all 1 <i < n,
1< j<n—1,and either

yi = br+2 .. 'bim—lbimbim+1 .. .bkfz,

131‘,,, = Ai,,,, di=A;, forsome 1 <, <k—2,0ry;=by2...bp_p,d; = A;. After the verification, the
application of a,a,+1 — c¢,c,+1 € P is simulated by

(<ar737n>7b;+17 <ak71ak>aAl’l) - ((Cr70>7cr+1 ) <ak71ak>7X)

from (5ciii), so
b] .. .brfl <Clr, 3,n>b’r+1br+2 e bk_2<ak_1ak>An
Im=G by...b_ <cr,0>cr+1br+2 ) (ak,lak)X.
Observe that in order to simulate a production of the form AB — CD within a;_,ay_ 1, productions
from (5bii) and (5dii) have to be used instead of productions from (5bi) and (5di) in the simulation
described above. The details are left to the reader.
Finally, consider a G’s sentence a; ...a; € T . This corresponds to

aj...ar1 <a,,0)c‘z,+1 .. .dk,2<ak71ak>X

in G after finishing the simulation. To enter the final phase in G, (ax—1ay) has to be selected by a
production from (2c), so we obtain

a... dk,2<ak,1ak,O>X.
The rest of the derivation can be expressed as

ap...dg_o (ak,lak, 0>X
m=>¢G a1 ar2{a-1ar,4)X [ped
m=5 2 a1 ar o (@ 1a,4)X [Zep)
Im=¢G @1-..Q_ 2010k [Péc);
where pg, and pg. are productions introduced in steps (6a) and (6¢), respectively, and Zg;, is a
sequence of k — 2 productions from (6b). As a result, every x € L(G,Im) if and only if x € L(G), so
the theorem holds. n

Next, we state the following corollary.
Corollary 17. .Z(PSC,rm) = Z(CS).
Proof. This corollary can be proved by a straightforward modification of the proof of Theorem

and is, therefore, left to the reader. [ |
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5.4 Maximal and Minimal Rewriting

In this section we introduce two natural modifications of propagating scattered context grammars to
be able to describe all context-sensitive languages. As a matter of fact, these simple modifications
only change the way propagating scattered context grammars perform their derivations while keep-
ing their grammatical concept unchanged. More specifically, this modification requires that during
every derivation step, a production containing the maximal or the minimal number of nonterminals
on its left-hand side is chosen from the set of all applicable productions. This kind of modifica-
tion is different from the other previously introduced modifications; while the other modifications
restrict the way in which the context-free components of a scattered context production operate,
maximal and minimal derivations prescribe the way a scattered context production is applied as a
whole. We demonstrate that these grammars characterize the family of context-sensitive languages
if they work in this modified way.
Formally, we define the two new kinds of derivations next.

Definition 32. Let G = (V,T,P,S) be a scattered context grammar. Define the maximal direct
derivation as

U max=>G V [p]

if and only if u = v [p] and there is no r € P satisfying len(r) > len(p) such that u =g w [r].
Similarly, define the minimal direct derivation as

U min=>G V [P]

if and only if u = v [p] and there is no r € P satisfying len(r) < len(p) such that u =g w [r].
Define the transitive closure and the reflexive and transitive closure of maximal and minimal di-
rect derivations in the standard way. The language of a scattered context grammar G which uses
maximal and minimal derivations is denoted by L(G, max) and L(G, min) and defined as

L(G,max) ={xeT" : S mnax=¢ X}
and
L(G,min) = {x € T : § min=¢ x},

respectively. The corresponding language families of propagating scattered context grammars are
denoted by .Z'(PSC, max) and .Z(PSC, min).

Next, we demonstrate that propagating scattered context grammars which use maximal and
minimal derivations characterize the family of context-sensitive languages.

Theorem 27. .2 (CS) = . (PSC, max).

Proof. Let L be a context-sensitive language. As by Theorem [/| state grammars characterize the
family of context-sensitive languages, we suppose that L is described by a state grammar G =
(V,T,K,P.,S,po). Set

Y={(A,q):AcV-T,qeK}

and Z = {a : a € T}. Define the homomorphism ¢ form V* to (V —T)UZ)* as a(A) = A for all
AeV—Tand a(a)=aforallacT. SetV =VUYUZU{S,X}. Define the propagating scattered
context grammar G as

G=(V,T,P,)S),

where P is constructed as follows:
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1. For each x € L(G), where |x| <2, add
(S) — (x) to P;

2. For each

(x,q) € {(x,q) : (S,po) = (x,q) for some g € K i
and 3 < |x| < min({3,max({|y| : (B,p) — (v,p) € P})})},

where
(a) xeT*, add
(S) — (x) to P;
(b) x=x1Ax2, A€V —T,x1,x, €V*, add
() — (a(x1){A, g)a(x2)) to P;
3. Foreach (A,p) — (x,q), (B,p) — (y,r) € P,C €V, 5 € perm(2,1),
<= reorder((B, <A7P>7 (X(C)),le),

add
7 — (X,X,X) to P;

4. For each (A,p) — (x,q) e P,,BeV —-T,CeV, Iy €perm(1,1),
y= reorder(((A,p>,Ot(C)),F“),
add

(@ (B,(A,p)) = ((B,q), a(x)),
(b) ({4, p).B) — (@(x), (B.q)) to P;
(c) If x = vBw, v,w € V*, for each

z =reorder((a(v)(B,q)ot(w),a(C)),T11),

add
y—ztoP;

(d) For each
u = reorder((a(x),(C)),I1),

add
y—utoP;

5. Foreacha € T, add
(@) — (a) to P.

Basic Idea. The state grammar G is simulated by the propagating scattered context grammar G
which performs maximal derivations. Productions from (1) are used to generate a sentence w €
L(G), where |w| < 2, while the productions introduced in (2) start the simulation of the derivation
of a G’s sentence, w, |[w| > 3. Let (A,p) — (x,q) be a production of G which is applicable to a
sentential form (wjAw,, p) generated by G. The sentential form (wjAw,, p) in G corresponds to the
sentential form a(wy)(A, p)a(wz) in G. To simulate the application of (A, p) — (x,q) in G, it is

checked first, whether the production is applied to the leftmost nonterminal of the sentential form

70



for the given state p. If not, some production from (3) is applicable. This production is applied
because it has the highest priority of all productions, and its application introduces the symbol
X to the sentential form, which blocks the derivation. The successful derivation proceeds by a
production from (4a), (4b), and (4c) which nondeterministically selects the following nonterminal
to be rewritten and appends the new state to it. The production which finishes the derivation of a
sentence in G is simulated by a production from (4d) which removes the compound nonterminal
(...) from the sentential form. Finally, each symbol a,a € T is rewritten to a.

Formal Proof.
Claim 6. Bach x € L(G), where |x| < 2 is generated by G as follows:
S max=>G X [p1],
where p; is one of the productions introduced in step (1) of the construction. O

Claim 7. Every

where g€ K, x e T™,

3 < |x| <min({3,max({|y| : (B,p) — (v.p') € P})})
is generated by G as follows:
S max=G X [pZa])
where po, is one of the productions introduced in step (2a) of the construction. U
Claim 8. Every
(Sap()) :>g (X7Q) :>g (lxl,l"),
where ¢, r e K,u € T", x =voAwg, A€V —T, vo,wp € V*,

3 < x| < min({3,max({}y| : (B,p) — (v.p') € P})}),

can only be generated by G as follows:

S max=>¢G OC(V())<A,C]>OC(W()> [pr]
max:>*G y [34]
max=>G % [p4d]
max:>‘g| u [ES]a

where y € Z*YZ*, z = a(u); pap and psy denote one of the productions introduced in steps (2b)
and (4d), respectively, and Z4 and Es are sequences of productions introduced in steps (4a), (4b),
(4¢), and (5), respectively.

Proof. Observe that the productions from (1) and (2) are the only productions containing S on their
left-hand sides and no other productions contain § on their right-hand sides. To generate a sentence
u, |u| > 3, the derivation has to start with

S max=G OC(Vo)<A,q>OC(W0) [pr]7

and productions from (1) and (2) are not used during the rest of the derivation.
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Further observe that none of the productions introduced in (3) can be applied during a successful
derivation as no productions rewrite the nonterminal X which is contained on the right-hand side of
each production from step (3).

To generate a sentence over T, all symbols from V — T have to be removed from the sentential
form. Only productions from step (4) can be used for their replacement as they contain symbols
from V — T on their left-hand sides. Further, productions (4a), (4b), (4c) contain one symbol from
Y both on their left and their right-hand sides, while productions from (4d) contain a symbol form
Y only on their left-hand sides. Therefore, after the application of a production from (4d), none
of the productions from step (4) is applicable. Because for each production p4 and ps introduced
in step (4) and (5), respectively, it holds that len(ps) > len(ps), no production from step (5) is
applied while some production from step (4) is applicable. As a result, the corresponding part of
the derivation looks as follows:

o (vo) (A, g)a(wo) max=>g ¥ [E4]
max=G 2 [p4d]-

At this point, z = o(u) in a successful derivation. Productions from step (5) replace each a €
alph(z) with a in |u| steps, so we obtain

Z max= u [Es).

Putting together the previous observations, we obtain the formulation of Claim 8] so the claim
holds. O

Claim 9. In a successful derivation, every
(vo){Bo,qo) t(wo)
max=—>G OC(Vl)<BlaCI1>O‘(W1) [pO]
max=G a(vn)<BnucIn>a<Wn) [pn—l]

is performed in G if and only if
(voBowo, q0)
= (MB1w1,q1) [(Bo,q0) — (x1,41)]
=G (VanWm‘bz) [(Bn—l)‘bz—l) - (xm%)]

is performed in G, where v;,w; € V*, B, €V —T, g; €K forall 0 <i < n, for some n >0, xi,...,x, €
V™, and po,...,p,_1 are productions introduced in steps (4a), (4b), and (4c).

Proof.
Only If. We show that
(v0){(Bo,q0) t(Wo) max=>G &(Vin) (B Gm) 0 (W)

implies
(voBowo,qo) :>’g (Vi BmWin, Gm)

by induction on m.
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Basis. Let m = 0. Then,

0 (v0) (Bo, q0) @ (wo) max=>¢ @(v0)(Bo,q0)0t(wo)

and, clearly,
(voBowo,q0) =& (voBowo, qo).-

Induction Hypothesis. Suppose that the claim holds for all k-step derivations, where k < m, for
some m > 0.

Induction Step. Let us consider a derivation

0 (v0)(B0,40) 0t(w0) max=r " &(Vini1) (B 1, G 1) &(Wini1).
Since m+ 1 > 1, there is some
(Vi) (B gm) 0t(wm) € (V =T)UZ)"Y((V - T)UZ)"
and a production p,, such that

a(V0)<BOaQO>a(W0) max:% a(Vm)<Bm7‘Im>a(Wm)
max =G O‘(Vm+1)<Bm+l7qm+1>a(wm+l) [pM}

By the induction hypothesis, there is a derivation

(VOBOWOa 6]0) :>g (VmBmea Qm) .

The production p,, is one of the productions introduced in steps (4a) through (4c) and may be
of the following three forms, depending on the placement of B, :

mi1s By qm)) — ((Bmt1,qm+1), €(Xmy1)) fOl‘vm—vamHle,

) —(
(B> qm),Bmi1) = (Q(Xm11), (Bmt1,qm+1)) fOr i = W), By 1wy,
) = (

< man> ( ) - Ot(xfwr )< m+1an+1>a(x;:z+l)va(A)) or
(A); (Bumsqm)) — (0(A), 060}, 1) (Bt gmr1) 0 (xy, 1)) for
Xl = X1 B 1 X1

(B
(
(
(o

where A € V and x,4.1,X},. |, X, € V*. Their construction is based on P, so there is a production
(Bimsqm) — (Xm+1,qm+1) € P. _

As we simulate G’s derivation by G, we have to demonstrate that for the given state g,,, the
leftmost nonterminal in the sentential form is rewritten in G. We prove this by contradiction. Sup-
pose that there is a production p/, € P from step (4) which rewrite:i some B, € V —T in a state gy,
and B, € alph(v,,). Then there exists (B),,qm) — (X}, ,1:4d),1) € P and, as a result, there also exist
productions from (3) which are based on (B, qm) — (Xm+1,gm+1) and (By,,qm) — (X 1> @opi1)-
These productions have the following forms:

¢ (B£n7<BmWIm>7a(A)) — (X,X,X),
* (Bl &(A), (Bnsgm)) — (X, X, X),

* (a(A), By, (Bm,qm)) — (X, X,X),

= mo
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where A € V. Because |a(vy)(Bm,gm)®(wm)| > 3, one of these productions is applicable. As
productions introduced in step (3) have higher precedence than productions introduced in step (4),
one of them is applied, which introduces X to the sentential form. This symbol, however, can never
be removed from the sentential form, so the derivation is not successful.

As aresult, the leftmost nonterminal for a state gy, is rewritten in G, s0 (B, qgm) — (Xm+1,qm+1)
is used in G and we obtain

(VmBmev%n) :>(_; (Vm+lBrn+1Wm+17qm+l) [(Bm7Qm) - (xm+l7LIm+1)]-

If. We demonstrate that
(voBowo,q0) =G (VimBmWm, qm)
implies
& (v0){B0:q0) t(Wo) max=G &(Vin) (B Gm) (W)
by induction on m.
Basis. Let m = 0. Then
(voBowo,q0) =& (voBowo, qo)-

Clearly,
a(v0){Bo,q0) & (Wo) max=& &(vo){Bo,qo)a(wy).

Induction Hypothesis. Suppose that the claim holds for all k-step derivations, where k < m, for
some m > 0.

Induction Step. Consider a derivation

(voBowo, qo) :%H (V1B 1 Wit 15 Gm+1) -

Since m+ 1 > 1, there is some (VyuBuWm,qm), where vy, w,, € V*, B, € V —T, and a production
(Bvam) - (xm+1,qm+1) such that

(voBowo,qo) =& (VimBmWm, qm)
=6 (Vrn+le+1Wrn+17‘Im+1) [(Bmaqm) - (xm+1aqm+1)}'

By the induction hypothesis, there is a derivation

OC(V()) <B07 q0> (X(Wo) max:>’g (X(Vm) <Bmu Qm> OC(Wm).

Because (B, qm) — (Xm+1,¢m-+1) rewrites the leftmost rewritable symbol B, for a given state
gm- there is no production (B),,qm) — (X}, 1,4, ) satisfying B;, € alph(v,,). As a result, none of
the productions from step (3) is applicable.

For each (B, qm) — (Xm+1,qm+1) € P, there are productions of the following three forms in G
whose use depends on the placement of B, :

L. (Bust, By qm)) — ((Bmt1,qms1), C(Xmy1)) foer—VmBm—HVZu

2. ({Bmyqm)sBmt1) — ((xXmt1); (Bms1,qm+1)) for wy = wy, B 1wy,

3. (( maqm> ( )) ( (m+1)<Bm+1va+l>a(xg1+l)va(A)) or
(0t(A), (B, qm)) — ((A), &(x, 1) (Bt gm+1) 0(x5,,,)) for

!
Xm+1 = merle‘meJrl’
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where A € V and xpt1, X, 1, X, € V. As | (Vi) (B, gm) &(wm)| > 3, one of them is applicable
in G, so we obtain

a(vm) <Bm7 CIm>a(Wm) max =G a(Vm—H ) <Bm+1 y Qm+1>a(wm+l>-
O

By Claims [] through 9] it follows that .#(CS) C . (PSC, max). As propagating scattered con-
text grammars do not contain &-productions, their derivations can be simulated by linear bounded
automata. As a result, £ (PSC,max) C Z(CS). Therefore, £ (CS) = £ (PSC, max). |

Theorem 28. .Z(CS) = £ (PSC, min).

Proof. Let L be a context-sensitive language described by a state grammar, G = (V,T,K,P,S, py).
Set
Y={(A,q) : A€V -TgeK},

and Z = {a : a € T}. Define the homomorphism o form V* to (V —T)UZ)* as a(A) = A for all
AeV—Tand a(a)=aforallacT. SetV =VUYUZU{S,X}. Define the propagating scattered
context grammar G’ as

G = (V,T,P,S),

where P’ is constructed as follows:

1. For each x € L(G), where |x| < 3, add
(S) — (x) to P's

2. For each

(x,q) € {(x,q) : (S,po) = (x,q) for some g € K )
and 4 < [x[ < min({4, max({|y| : (B,p) — (».p') €PH)}H},

where

(a) xeT* add
(S) — (x) to P';

(b) x =x1Ax2, A€V —T,x1,x, €V*, add
(S) = (a(x1)(A, g)a(x2)) to P's

3. Foreach (A,p) — (x,q), (B,p) — (y,r) € P, add
(B, (A,p)) — (X,X) to P';

4. For each (A,p) — (x,q) € PL,BEV —T,D,E € V, Ty € perm(2,1), ', € perm(1,2),

u = reorder((B, (A, p),a(D)),I1), u' = reorder(((B,q), o (x),o(D)),21),
r =reorder(((A, p),B,a(D)),I21), ¥ =reorder((a(x),(B,q),0(D)),I'21),

y =reorder(((A, p),o(D),a(E)),T'12),
add

(@ u—u,
(b) r =7 toP;
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(c) If x = vBw, v,w € V*, for each
2 = reorder((a(v) (B, q)a(w), (D), &(E)), I12),

add
y—ztoP;

(d) For each
u = reorder((a(x),a(D),a(E)),I'12),

add
y—utoP;

5. Foreacha,b,c,d € T, add

Claim 10. Every
(Sap()) :>g (X,Q) :>g (I/t,l"),
where ¢, r €K, u € T™, x =voAwg, A €V — T, vo,wy € V*,

4 < |x[ < min({4,max({|y| : (B,p) — (v,p') € P})}),

can only be generated by G’ as follows:

S min=G (X(VO><A,Q>(X(W0) p2b]

[
min=gG Y [Z4]
min=>G 2 [P4d]
minélcu‘_4 v [35]
min=~>G U [Psb)s

where y € Z*YZ*, z = o(u), v € (TUZ)"; pap, pad, and psp, represent one of the productions
introduced in steps (2b), (4d), and (5b), respectively, and =4 and E5 are sequences of productions
introduced in steps (4a), (4b), (4c), and (5a), respectively.

Proof. The proof of the beginning of the derivation,

S min=G a(VO)<A7Q>a(W0) [pr]
min:>g y [34]
min=G % [P4d];

is analogous to the proof of Claim 8] (in terms of minimal derivations) and is left to the reader.

Recall that z satisfies z = a(u). Each of the productions from (5a) replaces one occurrence of
a with a for some a € T and, finally, the application of a production from step (5b) replaces the
remaining four nonterminals with their terminal variants. Therefore,

4 i
Zmin= v [Es)
min=G u [pr] y

so the claim holds. O
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Notice that len(p3) < len(ps) < len(ps) for each production p3, ps, and ps introduced in steps
(3), (4), and (5), respectively, so the priorities (and the use) of the productions from the individual
steps are the same as in the case of grammars which use maximal derivations. As a result, for-
mulations of Claim [0 [7} and [9] can be changed in terms of minimal derivations. As their proofs
resemble the proofs of the claims mentioned above, they are left to the reader. Therefore, .2 (CS) C
£ (PSC,min) and for the same reason as in the proof of Theorem[27} . (PSC, min) C .Z(CS), so
Z(CS) = Z(PSC,min).

|

We have demonstrated that propagating scattered context grammars which use maximal or mini-
mal derivations characterize the family of context-sensitive languages. Consequently, if in the future
formal language theory proves that any propagating scattered context grammar making maximal or
minimal derivations can be transformed to an equivalent propagating scattered context grammar
making ordinary derivations, it also proves that these grammars generate the family of all context-
sensitive languages and, thereby, solves the long-standing open problem.
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Chapter 6

Generators of Sentences with Their
Parses

Parsing is important to all scientific areas that grammatically analyze and process languages, rang-
ing from compiler design through linguistics to molecular biology. As obvious, parses—that is,
the sequences of grammatical rules according to which sentences are generated—usually represent
the goal information we want to achieve by parsing. (Let us note that the notion of a parse repre-
sents a synonym of several other notions, including a derivation word, a Szilard word, and a control
word—see page 18 in [B4].) We demonstrate that for every recursively enumerable language L,
there exists a propagating scattered context grammar whose language consists of L’s sentences fol-
lowed by their parses. That is, if we eliminate all the suffixes representing the parses, we obtain
precisely the recursively enumerable language L.

This characterization of recursively enumerable languages is of some interest because it is based
on propagating scattered context grammars whose languages are included in the family of context-
sensitive languages, which is properly contained in the family of recursively enumerable languages.
Similar kind of characterization was already studied in [[Z]] (see Theorem @]) This result was later
improved by [37]] showing that the same characterization can be achieved by using only leftmost
derivations. We present a more general way of characterizing recursively enumerable languages by
propagating scattered context grammars. Instead appending a sequence of useless symbols at the
beginning or at the end of every sentence as in the above results, we add a useful information about
the process of the generation—the parse.

Noteworthy, languages consisting of sentences followed by their parses were discussed in terms
of matrix grammars in Section 7.2 of [[@]], which refers to these languages as extended Szilard lan-
guages. Apart from using different grammars, this discussion concentrated its attention on different
areas of investigation, excluding any study of descriptional complexity, canonical derivations, or
the characterization of the family of recursively enumerable languages.

Based upon scattered context grammars, we introduce scattered context generators that produce
their sentences followed by the corresponding parses. As canonical leftmost and rightmost deriva-
tions fulfill a crucial role in parsing, we then modify these generators to their canonical versions that
do the same job except that they only perform either leftmost or rightmost derivations. In addition,
we reduce the grammatical size of these generators.

As we record which productions were used during the derivation, we need to refer to these
productions somehow. This is done by production labels.

Definition 33. We assume that for every scattered context grammar G = (V, T, P, S) there is a set of
production labels, denoted by lab(G), such that [lab(G)| = |P|; as usual, lab(G)* denotes the set of
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all strings over lab(G). Furthermore, there is a bijection from P to lab(G) such that if this bijection
maps a production (A1,...,A,) — (x1,...,%,) € Pto alabel I € lab(G), we say that (A,...,A,) —
(x1,...,%y) is labeled with 1, symbolically written as

I:(Ar,...,Ap) — (X1,...,X,).

To make the following text more readable, we use lhs(/) and rhs(/) instead of lhs((Ay,...,A,) —
(x1,...,x,)) and ths((Ay,...,A,;) — (x1,...,x,)), respectively. By analogy with labeling each pro-
duction in every scattered context grammar, we label each production (a,b,x,c) in every queue
grammar as [ : (a,b,x,c). To express that x =7, y, where x,y € V*, by using a sequence of produc-
tions labeled with py, p2,..., ps, we write x = y [p], where p = p;...p, € lab(G)*.

As we also use canonical generators, we define the derivations performed in a leftmost and a
rightmost way.

Definition 34. If every derivation step in every successful derivation in a scattered context grammar
G is leftmost, G generates L(G) in a leftmost way. If every step in every successful derivation in G
is rightmost, G generates L(G) in a rightmost way.

Finally, we introduce the most important definition of this chapter—a proper generator of its
sentences with their parses.

Definition 35. Let G = (V,T,P,S) be a scattered context grammar and let S =, x [p], where x € T*
and p € lab(G)*; then, x is a sentence generated by G according to parse p. Let1ab(G) CT. G is
a proper generator of its sentences with their parses if and only if

L(G)={x: x=yp,y € (T —1ab(G))*,p € lab(G)*,S =% x [p]};

in addition, if G generates L(G) in a leftmost or a rightmost way, G is a proper leftmost or a proper
rightmost generator of its sentences with their parses. Similarly, G is a proper generator of its
sentences preceded by their parses if and only if

L(G) = {x : x=py.y € (T ~1ab(G))",p € 1ab(G)", S = x [p]}:
in addition, if G generates L(G) in a leftmost way, G is a proper leftmost generator of its sentences

preceded by their parses.

Notice that these definitions impose no restrictions on derivations in a proper leftmost generator.
However, every proper leftmost generator G satisfies the property that if G makes a non-leftmost
step during a derivation, then this derivation cannot generate a member of L(G). The same applies
for proper rightmost generators.

Example 4. We illustrate these definitions by four scattered context grammars, each of which has
its set of production labels equal to {1,2,3,4}.

1. Consider the scattered context grammar
Gl = ({S,A,B,C,Cl,b,C}, {Cl,b,C},P],S)

with P; containing

1:(8) = (e),

2:(S) — (ABC),
3:(A,B,C) — (aA,bB,cC),
4:(A,B,C) — (a,b,c).

As {1,2,3,4} Z {a,b,c}, G; is not a proper generator of its sentences with their parses.
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2. Consider the scattered context grammar
G, = ({S,A,B,C,a,b,c,1,2,3,4} {a,b,c,1,2,3,4} P,,5)

with P, containing

(8) = (1),

(S) — (ABC2),
(A,B,C) — (aA,bB,cC3),
(A,B,C) — (a,b,c4).

Notice that {1,2,3,4} C {a,b,c,1,2,3,4}. However,

1:
2:
3:
4-

L(Gy) = {a"b"c"rev(p) : n> 0,8 =, a"b"c"rev(p) [p]}
#{d"b"c"p : n>0,8 =g, a'b"c"p [pl]},

so G» is not a proper generator of its sentences with their parses either.

3. Consider the scattered context grammar
G3 = ({S?A7B7C7$7a7b7c7 1727374}? {a?b7c7 172?3?4}7P37S)

with P; containing

(8) — (1),
(S) — (ABC2S),

1:
2:
3:(A,B,C,$) — (AA,BB,CC,3$),
4:(A,B,C.$) — (a,b,c,4).

Observe that
L(G3) ={d"b"c"p : n > 0,8 =¢, d"b"c"p [p]},

so G3 is a proper generator of its sentences with their parses. However, as Gz does not have
to generate every sentence in a leftmost or a rightmost way, G3 is neither a proper leftmost
nor a proper rightmost generator of its sentences with their parses.

4. Consider the scattered context grammar
G4 = ({S7A7B)C7$’a7b’c7 1)27374}’ {a7b7c’ ]‘72’374}7P47S)

with P4 containing

1:(8) — (1),

2:(S) — (ABC2S),
3:(A,B,C,$) — (aA,bB,cC,3$),
4:(A,B,C,$) — (a,b,c,4).

Observe that
L(G4) ={d"b"c"p : n > 0,8 =g, a"b"c"p [p]}

and every derivation step in Gy is both leftmost and rightmost, so G4 is both a proper leftmost
and a proper rightmost generator of its sentences with their parses.
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6.1 General Generators

Next, we demonstrate that for every recursively enumerable language L, there is a propagating
scattered context grammar G which represents a proper generator of its sentences with their parses
such that L results from L(G) by eliminating all production labels in L(G).

Theorem 29. For every recursively enumerable language L, there exists a propagating scattered
context grammar G such that G is a proper generator of its sentences with their parses and L =

L(G)// 1ab(G)*.

Proof. Let L be a recursively enumerable language. Then, there is a scattered context grammar G =
(V,T,P,S) such that L = L(G) (see Theorem[16). Set ® = {a : a € T}. Define the homomorphism
yfromV to (@U(V -T)U{Y})" asy(a)=dforalla € T and y(A) = A forall A € V —T. Extend
the domain of yto V* in the standard manner; non-standardly, however, define y(€) =Y rather than
y(€) = €. (Let us note that at this point ¥ does not, strictly speaking, represent a homomorphism.)
Finally, set I' = {$;,$,,%$3} and V = V Ulab(G) UPUT U {S,X,Y,Z}. Define the propagating
scattered context grammar

G = (VUlab(G)U®UT U{S,X,Y,Z},T Ulab(G),P,S)

with
lab(G) = {[1], [1e], (2], (2], [3], [4]JUEI UEL U Es,

where Z; = {|1p| : p €1ab(G)}, E» = {|2a] : a € T}, E3 = {[3a] : a € T}; without loss of
generality, assume lab(G) Nalph(L) = 0. P is constructed as follows:

1. Add
@ |1]:(S) — (X[1]$,ZS) and
(b) [Le]: (S) = ([1]$19) to P;

2. (a) Foreach p: (Ay,...,A;) — (x1,...,x,) € P, add
[1p) - ($1,A1,. - An) — ([1pJS1,70x1), .- ¥(en)) t0 P
(b) Add
i [2]:($1) — ([2]$2) and
ii. [2¢]:($1) — (|2¢]83) to P;
3. Foreacha €T, add

(@) |2a]:(X,$2,Z,a) — (aX,|2a|$,,Y,Z) and
(b) [3a]:(X,$:,Z,a4) — (a,|3a]$3,Y,Y) to P;

4. Add [3]:($3,Y) — (|3],$3) to P;
5. Add [4] : ($3) — (|4]) to P.

Basic Idea. First, we explain how G makes the derivation of a nonempty sentence followed by its
parse; then, we explain the derivation of the empty sentence followed by its parse.

G makes the derivation of aja;...a,p, where n > 1, each a; € T and p is the corresponding
parse, by productions introduced in steps (1) through (5) in this order. After starting this derivation
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by using the production from (1a), it applies productions introduced in (2a), which simulate the ap-
plications of productions from P. More precisely, it simulates the application of p : (Ay,...,A,) —
(x1,...,%,) € P by using

UPJ : ($1>A17"'aAn) - (UPJ$1,Y(XI)7-'-a'}/(xn)) ep

so that it places its own label, |1p], right behind the previously generated production labels; this
substring of labels occurs between the leftmost symbol, X, and $;, in the sentential form. Otherwise,

LlpJ : ($17A17"'7An) - (L1PJ$1>Y(X1)7'"7}/(xn)>

is analogical to p : (Ay,...,A;) — (x1,...,X,) except that (1) the former has the fill-in symbol
Y where the latter has € and (2) the former has @ where the latter has terminal a;. After using
productions introduced in (2), G has its current sentential form of the form

XT$2ZMO&1M1&2M2 e un,ldnun,

where 7 is a prefix of p and u; € {Y}*. By using productions from (3), it places aj ...a, at the
beginning of the sentential form while replacing each d; with ¥ and generating the production
labels. By using productions labeled with |3 |, G replaces each Y with |3] while shifting $3 to
the right. Finally, the application of the production labeled with |4| completes the derivation of
ayay...ayp.

Finally, let us explain how G makes the derivation of the empty sentence € followed by its parse.
By use of productions labeled with |1, | and |2, | instead of |1] and |2, respectively, the process
of placing terminal symbols at the beginning of the sentential form by productions from step (3) is
skipped; otherwise, the derivation proceeds as above.

Formal Proof.

Claim 11. G generates each w € L(G) —1ab(G) ™ in the following way:

S (L1
=G X [p]
=Gy [[2]]
=67 o]
=g U [[3a]]
=GV [7]
=G W [141],

where x,y,z,u,v,w € V*, [3a] € 3, 7€ {[3]}", p €E], and 0 € E;.
Proof. First, let us make these four observations:

1. Since the only productions with § on their left-hand sides are productions introduced in
step (1) of the construction, S :>E w surely starts with a step made by one of these pro-
ductions. Further, S ¢ alph(rhs(p)) for any p € P. Therefore, these productions are not used
during the rest of the derivation. Notice that alph(w) NT # @ and only productions labeled
with p € E, UE; satisfy a € alph(rhs(p)), where a € T. This derivation ends by applying the
production labeled with |4] because it is the only production with its right-hand side over
(T Ulab(G))*. Thus, S = w can be expressed as

S =¢ XLIJ$1Z§ [[1]]
=5V
=G W [14]].
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2. Let p be alabel of any production introduced in steps (2) through (4) of the construction; then,
[lhs(p)|r = |rhs(p)|r = 1. In greater detail, for each [1p] € &y, [2a] € &y, and |3a] € Ej,
productions introduced in step (2) satisfy

ths([1p])|gs,y = [ths([1p))[(s,y = 1,
ths([2])l(s,; = Irhs([2])]gs,; =1,
ths([2¢])[¢s,y = Iths(|2¢]) |55y = 1.

Similarly, productions introduced in step (3) satisfy

[ths([2a])|s,y = Irhs([2a])l(s,; = 1,
[ths([3a])ls,) = Irhs([3a])l(s5y = 1.

Finally, the production introduced in step (4) satisfies
[hs([3])[gs,} = Irhs([3])[4s,) = 1.

3. Because X € alph(x) and only productions labeled with p € E; satisfy X € alph(lhs(p)) and
X ¢ alph(rhs(p)), the production labeled with |2, | cannot be used.

4. Let p be the label of any production introduced in steps (1) through (5); then, alph(rhs(p)) N
lab(G) = {p} and [rths(p)|(,) = 1.

Based on these observations, notice that G generates each w € L(G) —lab(G)™ in the way
described in the formulation of Claim [I11 O

Claim 12. Consider the derivation from Claim[T1] In its beginning,

S=cX|[1]$:ZS[|1]]
=X [p]
=Gy [12]],

every sentential form s in X |1|$,ZS =/, x satisfies
s € {X}1ab(G) " {$i HZ}(@U(V —T)U{r})*

and
y € {X}1ab(G) " {$:2H{Z}(@U{Y}H)".

Proof. By the definition of the homomorphism 7, productions labeled with | 1p |, where p € lab(G),
rewrite symbols over ®U (V —T)U {Y} and change $; to [1p]$;. Since VN{X,$;,Z} =0, every
sentential form s in X [ 1]$;ZS =, x satisfies

s € {X}1ab(G) {$: H{Z}(PU(V-T)u{rhH".
Only productions labeled with |1p] € E; satisfy
alph(lhs(|1p]))N(V —T) # 0.

Therefore, to generate w € (T Ulab(G))*, productions labeled with | 1p| have to be applied until

s € {X}1ab(G) " {$1 HZ}(@U{r})".
Finally, the production labeled with |2 ] is used, so

y € {X}ab(G) (S H{ZH@ U (¥}
and the claim holds. U
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Claim 13. In
y=gzllo]]
=¢ u|[3a]]

of the derivation from Claim every sentential form o in y =>; z can be expressed as
0 € T"{X}1ab(G) {$:2{Y } {Z}(@u{r}H"
and u € T"1ab(G) {$3}{Y'}*. In greater detail,
X|p1]...|pnl$2ZY0b Y b)Y . b, Yin =y
=6 biX|p1]...|pn][2b1]$2Y 0 ZY Doy b, Y i [125]]

=6 b1bX|pi]...|pn|2b1]]|2b2]$2Y 0t YO ZY R b, Yin [|2b]]
:>,g,3 by.. -bm—IXLle ... {an £2b1J ... Lme_1J$2YIO+1

. Yl.m,2+IZYl.m7| Z\)inm [6]
=G bi..bulpi].. | pal(2b1] ... (261 ][3bm]$3Y 0T
LYt =y [13bm]],

where |pi],...,|pn] € lab(G) are labels that denote productions introduced in steps (1) and (2),
bi,....bm €T, &6 =|2b3]...|2bm_1], i0,---,im >0, m = |s|, where s € L(G) is the corresponding

sentence of the scattered context grammar G.

Proof. Notice that

[Ihs([2a])[(x} = [rhs(|2a])|x) =1
and

[Ihs([2a])lqyy = Irhs([2a])|yy =1,

where |2a| € Z;. In every derivation step of y =, z, the the first symbol hed following Z is
replaced with Z, X is changed to bX, and $ is changed to |2a|$,, where |2a] € E,. As only
productions from step (3), labeled with p, satisfy alph(lhs(p)) N® # 0, alph(rths(p)) NP =0, Z
can replace only the first occurrence of b € ® behind Z to generate w € (T Ulab(G))*. Productions
labeled with |2a] are used m — 1 times. Thus, y =; z has the form

X|p1]...|pnl$2ZY0b Y b)Y . b, Yin
=6 biX|pi]...|pnl[2b1]$2Y 0 ZY Doy b, Vi (1251 ]]
=G b1byX|p1]...|pn|2b1]|2b2)$2Y 0 YIFIZY R b, Yin [|2bs]]
:>'g_3 by...bp, 1 X Lle . Lan Lzblj Lme_1J$2YiO+1

Yol Zyinif yin 5],

where every sentential form satisfies
T*{X}1ab(G) " {$: H{Y }" {Z}(@U{r})".
Finally, a production labeled with |3a] is applied; therefore, z = ¢ u can be expressed as

bi...bw1X[p1] ... pal[201]... |26, 1 |$pYi0H!
. Yl))172+IZY177171 melm
=G b1...by|p1]... [pa)2b1] ... [2bm_1]|3bm|$3Y 0 Y [|3D, ]

with u € T 1ab(G) {$3}{Y} .
Putting together the previous parts of derivation, we obtain the formulation of Claim [I3] Thus,
Claim 3] holds. O
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Claim 14. In
u=45v (1
=¢ w[[4]]
of the derivation from Claim[1 1} every sentential form s of u =; v satisfies s € 7" lab(G) " {$3}{V }*
and w € T" lab(G)™. In greater detail, this derivation can be expressed as

bi...bulpt] ... pal{$3}Y"

=G _bi..bwlpi]... [pa] [31{$3}Y" [[3]]
=62 b1 bulpt] .. [pa] [3]7H{$3}Y [1]

=G bi...bulp1]...[pa][3){%3}  [[3]]
=G bi...bwlp1]...[pa][3]'[4] [[4]],

where each b; € T forall 1 < j <m, | pi| € lab(G) for all 1 <k < n are labels that denote produc-
tions introduced in steps (1) through (3) of the construction, and 7 € {[3]}"*.

Proof. Observe that in order to generate w € (T Ulab(G))*, the first occurrence of ¥ following
$3 has to be rewritten by the production labeled with |3] in every derivation step. Finally, the
production labeled with |4 is applied. At this point, w satisfies w € T " 1ab(G) ™. O

The following claim formally demonstrates how G generates the empty sentence € followed by its
parse.

Claim 15. G generates each w € lab(G)™ in the following way:

S=¢ [1e]$1S[[1e]]
=G X ]
=Gy [[2¢]]
=GV (7]
=G W [[4]],

where p € Ef and 7 € {|3]}".

Proof. Note that alph(w)NT = 0 and only productions labeled with p € 3 satisfy X € alph(lhs(p)),
X ¢ alph(rhs(p)), and a € alph(rhs(p)), where a € T. Therefore, X cannot appear in any sentential
form of S ={; w, so the derivation starts with a step made by the production labeled with | 1¢]. As
X ¢ alph(x) and for p € E, UZ3, X € alph(lhs(p)), the production labeled with |2 | has to be used.
Observe that other derivation steps are made in the way described in Claim[I2)and Claim[14] O

From Claims [[T] through [I3] it follows that for every recursively enumerable language L, there
exists a propagating scattered context grammar G such that G is a proper generator of its sentences
with their parses and L = L(G) //1ab(G)™*. |

In addition, Theorem [29] immediately implies Corollary [5] Clearly, by constructing a proper
generator of its sentences with their parses G whose language satisfies L = L(G)//1ab(G)* and
defining A so that it erases every symbol from lab(G) and preserves all other symbols, we get a
constructive proof of Corollary [5]

By a straightforward modification of the construction, we can also prove an analogous result
for sentences which are preceded by their parses.

Theorem 30. For every recursively enumerable language L, there exists a propagating scattered
context grammar G such that G is a proper generator of its sentences preceded by their parses and
L=1ab(G)"\\L(G). |
Clearly, Theorem |14|is then an immediate corollary of Theorem [30] because instead of generating
a production label in every derivation step, we can generate the fill-in symbol $ so the resulting
sentence is preceded by a sequence of $’s which is exactly what Theorem [14] says.
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6.2 Canonical Generators

Next, we establish two characterizations based on leftmost and rightmost generators. We demon-
strate that for every recursively enumerable language L there is a propagating scattered context
grammar G which represents a proper leftmost (rightmost) generator of its sentences with their
parses so that L results from L(G) by eliminating all production labels in L(G). Notice that there
exists a significant advantage of canonical generators over general generators—in a sentence gen-
erated by leftmost generators, the recorded parse provides us with a sufficient information to repro-
duce its derivation while in ordinary generators, this information is insufficient because the precise
specification of the occurrences of the symbols to be rewritten is missing.

Theorem 31. For every recursively enumerable language L there exists a propagating scattered
context grammar G = (VT ,P,S) such that G is a proper leftmost generator of its sentences with
their parses, |V —T| <6, and L = L(G) //1ab(G) ™.

Proof. Let L be a recursively enumerable language. Let Q = (V,T,W,F,R, g) be a queue grammar
such that L(Q) = L — {&} and Q satisfies the properties described in Lemma [3| and Corollary
Recall that lab(Q) is the set of Q’s production labels. Define an injective homomorphism o from
lab(Q)* to {0}*{1} so that « is an injective homomorphism when its domain is extended to lab(Q)*
in the standard way. Further, define the substitution f on V* so that f(€) = € and

fla)=A{a(r) s r:(a,b,x,d) € R}
for all a € V. Similarly, define the substitution g on W* so that
g(b) ={a(r) : r:(a,b,x,d) € R}

forall b € W. Set

E1={[1dogo] : & = aoqo.do € f(ao),qo0 € 8(q0) },
Ep={|2rxd] : r:(a,b,x,d) €Rx€(V-T)",deW-F,

X€ f(x),d € g(d)}, i
Es={|4rd]| : r:(a,b,c,d)€ER,ceT,dcW —F,decg(d)},
Es={|5r] : r: (a,b,c,d) €eR,ceT,d € F}.

Define the propagating scattered context grammar G as
G = ({S,A,B,#,0,1} UT Ulab(G),T Ulab(G),P,S),

where
lab(G) =E1UEUELU ES U { L3J7 L6J7 UJ? L8J> L9J7 UOJ }7

and P is constructed as follows:

1. For each ap € f(ao), Go € g(qo) such that g = apqo, add
[Ldogo] : (S) — (A[1dogo |AAGoAGoAB) to P;

2. Foreachr: (a,b,x,d) €ER,x€ (V—-T)*,d €W —F,and ¥ € f(x),d € g(d), add
|2rxd| : (A,A,A,A,A,B) — (A, |2rid|A, a(r)A,dA,%A,B) to P;

3. Add |3]:(A,A,A,A,A,B) — (A, |3|A,A,A,B,A) to P;
4. Foreachr: (a,b,c,d) €ER,c€T,dc (W —F),andd € g(d), add
|4rd| : (A,A,A,A,B,A) — (cA, |4rd|A,a(r)A,dA,B,A) to P;
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5. Foreachr: (a,b,c,d) €ER,c €T andd € F, add
|57 : (A,A,A,A,B,A) — (c, |5r]A,a(r)A,A,B,AA) to P;

6. Add

(a) [6]:(A,0,4,0,A,0,B,A,A) — (|6],A,#,A,#A,B,A,A) and
(b) |7]:(A,1,A,1,A,1,B,A,A) — (|7],A,#,A,#A,B,A,A) to P;

7. Add

@ 8] : (A,A,A,B,A,A) — (|8B,#,####)
(®) 9] : (B,#) — (|9],B), and
(¢) |10]:(B) — ([10]) to P.

Basic Idea. G simulates every successful derivation of a sentence x € L(Q) and, simultaneously,
records the productions it applies. At the end of the simulation, G moves the generated sentence x
to the left so it occurs in front of the recorded labels. G makes all this derivation so that it represents
a proper leftmost generator of its sentences with their parses and L(Q) = L(G)//1ab(G) ™.

To describe the way G works in greater detail, observe that G generates every sentence so it
applies its productions in the order corresponding to steps (1) through (7) in the construction above.
First, G applies a production introduced in (1) and, thereby, starts the simulation of a derivation of
x by Q. That is, for g = apqo, G inserts the binary representation of gg and ag in front of the fourth
and the fifth nonterminal A, respectively. Each production introduced in step (2) of the construction
simulates a production in Q of the form r: (a,b,x,d), where x € (V —T)* and d € W — F. This
production places 7’s binary representation in front of the third nonterminal A and inserts the binary
representation of d and x in front of the fourth and the fifth nonterminal A, respectively. After the
application of the production labeled with |3 |, G simulates only productions of the form (a,b,c,d)
with c € T and d € W — F by productions introduced in step (4). This simulation places ¢ so it
precedes the first nonterminal A; otherwise, it works similarly to the simulation by productions
introduced in (2). By a production constructed in (5), G completes the simulation of Q’s derivation
of x. To successfully complete the derivation, all the three binary substrings that follow each of the
first three nonterminals A have to coincide. By the productions constructed in step (6), G verifies
this coincidence so that it replaces the first coinciding binary symbol with the applied production
label and the other two symbols with #’s. If G successfully completes this verification process,
production labeled with |8 replaces all A’s with #'s and moves B at the very end of the sequence
of the recorded labels. Then, G uses the production labeled with |9] to replace all #’s with |9]’s
Finally, it completes the derivation by using the production labeled with |10] to replace B with
| 10].

Formal Proof.
Claim 16. Every sentence w € L(G) is generated in this way:

S=cA LlaoquAAqOAaoAB Llaoqoﬂ

=cX [p]
=Gy [13]]
=67 o]
=g U [[5r]]
=gV [7]
=G Wi [18]]
=G W2 @]
=G W [ IOH,
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where
x7y7z7u7vﬂwl7wz7w e ({S7A7B’#707 1} U TUlab(G))*7

[1aogo] € &1, [5r] € &5, p € B3, 0 € Ef, T € {[6],[7]}", and 0 € {[9]}".

Proof. Since the only productions with S on their left-hand sides are the productions introduced in
step (1), S = w surely starts with a derivation step made by one of these productions. As S does
not occur on the right-hand side of any production, no production constructed in step (1) is applied
later in the derivation.

All derivations end by applying the production labeled with | 10| because it is the only produc-
tion with its right-hand side over (7' Ulab(G))*. Thus, S =, w can be expressed as

S =¢ Al 1dogo|AAGoAdoAB [|1dogo]]
:>*G wo
=G W HIOH
Further, notice that each production introduced in steps (2) through (6) contains exactly five A’s
and one B on both its left and right-hand side. As all five A’s and one B are rewritten during every
derivation step made by productions of (2) through (6), the position of B implies that

S =¢ Alldogo |AAGoAacAB [[ 1dogo ||
:>*G wo
can be expressed as
S=GgA leoéoJAAéoA(joAB
=6X
=GY

[[1a0qo]]
[
[
=62 [
[
[
[

| Lag
p]
13]]
5r]]
7]
8

[8]]

o]

=G u L

=6V

=G W1
:>*G wa.
The production labeled with |8] replaces all A’s with #’s. After this replacement, only produc-
tions labeled with |9 and | 10] can be used. The production labeled with |9 | requires #’s behind
B; this requirement is satisfied by the production labeled with |8]. The production labeled with
| 10] is used during the very last derivation step because it removes B from the sentential form and
B occurs on the left-hand sides of all other productions. Based on these observations, notice that G
generates each w € L(G) in the way described in Claim[16] O

Claim 17. Consider the derivation from Claim[16] In its beginning,

S =¢ Al 1aogo|AAGoAGAB || 1d0qo ]
=GX Pl
=Gy [13]],

where | 1dogo| € Z1, p € E3, and every sentential form s in
Allapgo|AAGoA@)AB =, x

satisfies
s € {A}1ab(G) "{A}0, 1}"{A}{0, 1}"{A}{0, 1}"{A}{B},
and

y € {A}1ab(G)"{A}{0,1}"{A}{0,1}"{A}{0,1}"{B}{A}.
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Proof. Productions introduced in step (2) of the construction simulate Q’s productions of the form
r:(a,b,z,d),z€ (V—T)" and d € W — F. Each production inserts its label in front of the second
nonterminal A, ¢(r) in front of the third nonterminal A, d € g(d) in front of the fourth nonterminal
A, and, finally, Z, where Z € f(z), in front of the fifth nonterminal A. Intuitively, o(r) is the binary
representation of currently simulated production, d is the binary representation of production 7’ :
(d,b,7,d"), b = d, which will be simulated in the following derivation step, and 7 is the binary
representation of productions which will eventually be simulated when the first symbol of Q’s
sentential form becomes cy,...,c,, Where cy,...,c, = z. As for all [ € lab(Q), a(l) € {0}*{1}
and for each u € f(a),v € g(b) withae V,be W, u,v € {0}*{1}, every sentential form s in

A|laopgo |AAGoAGYAB =, x
satisfies
s € {A}1ab(G)"{A}{0,1}"{A}{0,1}"{A}{0,1}"{A}{B}.
Finally, after the production labeled with |3 is used,
y € {A}1ab(G)"{A}{0,1}"{A}{0, 1}"{A}{0, 1}"{B}{A}.
Therefore, the claim holds. 0

Claim 18. In
y=¢z|o]
=G U [LS}’“

of the derivation from Claim |16, where ¢ € &} and |5r| € Es, every sentential form s in y =
z satisfies

s € T*{A}1ab(G) "{A}{0,1}"{A}{0, 1}*{A}{0, 1}"{B}{A},
and

u € TT1ab(G)T{A}{0,1}*{A}{0,1}*{A}{0,1}*{B}{A}{A}.

Proof. The productions introduced in step (4) simulate Q’s productions of the form r: (a,b,c,d),
where ¢ € T and d € W — F by analogy with the productions introduced in step (2) except that c is
placed in front of the first nonterminal A because ¢ € T is not further rewritten in Q during the rest
of the derivation. Therefore, every sentential form s in y =>; z satisfies

s € T {A}1ab(G) " {A}{0, 1}*{A}0, 1} {A}{0, 1} {B}{A}.

The final step in Q is made by a production with d € F that is simulated by productions introduced
in step (5) of the construction. After its application,

ue T 1ab(G) " {AHO, 1} {AH0, 1} {AH0, 1}"{B}H{A}{A},
so the claim holds. Il

Claim 19. In
u=gv |[1

=cwi [|8]]
of the derivation from Claim 16} where 7 € {|6],[7]}*, every sentential form s in u ={; v satisfies
s € T"1ab(G) " {AHO, 1}"{#} {A}H0, 1} {#}"{AH{0,1}"{BHA}HA},
and wy € TT lab(G)T{B}{#}*.
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Proof. Observe that G properly simulates Q if and only if the substrings over {0, 1} that follow each
of the first three nonterminals A in the sentential form u are identical. The productions introduced in
step (6) check if this property holds. As no production labeled with 8], |9/, | 10| rewrites symbols
over {0,1}, and w € (T Ulab(G))*, all symbols from {0, 1} have to be rewritten with |6] and |7];
while the first three nonterminals A are moving right in the sentential form, the symbols following
the first nonterminal A are replaced with production labels and the symbols following the second
and third nonterminal A with #’s. Observe that each step in this derivation has to be leftmost.
Therefore, every sentential form s in u =>(; v satisfies

s € T 1ab(G) H{A}0, 1} {(#)"{AH{0, 1}" {#)" {A}{0, 1} {B} {4} {A}.

Finally, the production labeled with |8 is used to rewrite each A to # and, thereby, make w; €
T lab(G)*T{B}{#}*. The claim thus holds. O

Claim 20. In
wi =6 w2 (0]
=g w [[10]]

of the derivation from Claim [16] where @ € {|9]}"*, every sentential form s in w; =, w, satisfies
s € TT1ab(G)T{B}{#}*,and w € T 1ab(G) ™.

Proof. Observe that in order to generate w € (7 Ulab(G))*, the first occurrence of # following B is
changed to |9] in every derivation step. After each # is changed in this way, the production labeled
with [ 10] is applied to obtain w € T lab(G) ™. O

By Claims (16| through L(Q) = L(G)//1ab(G)* and G is a proper leftmost generator of
its sentences with their parses. If € € L, include |0] into lab(G) and a production of the form
|0] : (S) — (|0]) into P. At this point, L = L(Q) U{e} = L(G)//lab(G)™. Finally, notice that G
contains only six nonterminals. Therefore, Theorem [31]holds. |

Next, we establish a result that is similar to Theorem [31]in terms of proper rightmost generators.

Theorem 32. For every recursively enumerable language L there exists a propagating scattered
context grammar G = (V, T, P,S) such that G is a proper rightmost generator of its sentences with
their parses, |V —T| <6, and L = L(G) //1ab(G) ™.

Proof. The proper rightmost generator of its sentences with their parses can be constructed analog-
ically to the construction described in the proof of Theorem[31] The constructed grammar contains
exactly the same set of nonterminal and terminal symbols with a slightly modified set of produc-
tions. Specifically, the productions introduced in steps (1) through (5) of the construction in the
proof of Theorem [31] rewrite the sentential form in both the leftmost and the rightmost way and
could be used without any modification. However, to construct the rightmost generator, one more
nonterminal A is needed in the sentential form, so an additional symbol A has to occur in every of
these productions in front of the nonterminal B.
The productions introduced in steps (6) and (7) are changed in the following way:

6. Add

(a) 6] :(A,0,A4,0,A,0,A,B,A,A) — (|6]A,A,# A, #A #B,A,A),
() |7]: (A, 1,A4,1,A,1,A,B,A,A) — (|7|A,A,# A, # A #B,A A) to P;

7. Add
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(@) |8]: (A, A,A,A,B,A,A) — (### # # # BB),
() 9] : (#,B,B) — (B,|9],B), and
(c) |10]:(B,B) — ([8],|10]) to P.

The productions introduced in step (6) of the construction verify, whether the substrings over {0, 1}
in front of the second, third, and fourth nonterminal are identical. Observe that the productions
introduced in this construction make this verification in the rightmost way. Indeed, the productions
introduced in step (7) replace the #’s with the rest of the parse; the rightmost generator, however,
takes always the rightmost #. The production labeled with |8 | replaces each A with # and places BB
at the end of the sentential form. Notably, this production does not insert its label in the sentential
form (this insertion takes place later on as explained shortly). The production labeled with |9 |
moves the first nonterminal B to the left and replaces # with its label, leaving the second nonterminal
B at the end of the sentential form. Finally, when there is no # in the sentential form, the first
nonterminal B is replaced with |8 and the second with | 10]. Observe that this grammar is a proper
rightmost generator of its sentences with their parses. |

Concluding this section, let us compare the present result with the results published in [37]]. The
main result of the paper is expressed by the following theorem.

Theorem 33. For every recursively enumerable language L, there is a propagating scattered con-
text grammar G which generates its language in a rightmost way and L = L(G) //{$}".

Clearly, if we generate the fill-in symbol $ instead of every production’s label in the proof of Theo-
rem [32] we obtain the same result.

Finally, let us look at another aspect of our result. If we use scattered context grammars with
erasing productions and substitute each label for the empty word on every production’s right-hand
side, we characterize every recursively enumerable language. The proofs of Theorems [31] and [32]
can, therefore, serve as a constructive proof of this result. In addition, every derivation step is
leftmost (or rightmost) so at the same time, we prove the result of [[82]]. In fact, our result is stronger
as leftmost derivations are not explicitly required but it is a property of the constructed grammar
that in a successful derivation, every derivation step is leftmost.

Theorem 34. For every recursively enumerable language L, there is a scattered context grammar
G which generates its language in a leftmost way and L = L(G). |

6.3 Reduced Generators

Naturally, we want to construct our generators as economically as possible. Therefore, we reduce
both the number of their nonterminals and the amount of context checks which need to be performed
during a derivation step. This is done by reducing the total number of nonterminals on every pro-
duction’s left-hand side. We demonstrate that for every recursively enumerable language L, there
is a propagating scattered context grammar G which represents a proper leftmost generator of its
sentences preceded by their parses so that L results from L(G) by eliminating all production labels
in L(G). In fact, we achieve this result in two different ways which differ in the total number of the
needed nonterminals and in the maximal number of nonterminals on every production’s left-hand
side.

Theorem 35. For every recursively enumerable language L there exists a propagating scattered
context grammar G = (V,T,P,S) such that G is a proper leftmost generator of its sentences pre-
ceded by their parses, |V —T| < 6, mes(G) = 3, and L = 1ab(G) "\ L(G).
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Proof. Let L C T* be any recursively enumerable language over an alphabet T = {ay,...,a,}.
Then, by Theorem[9)] there is an Extended Post Correspondence

E=(D,(2a-->2a,)),

where D = {(u1,v1),. .., (r,vr)}, i, vi,2q; €{0,1}* foreach 1 <i<r, 1 < j <n,suchthat L(E) =
L. Define the propagating scattered context grammar

G = ({S,A,B,0,1,#} UT Ulab(G),T Ulab(G),P,S),

where

lab(G) = {UJv L3J’ L30J7 L31Ja L4J7 L40J7 L41J7 L42J}
U {I_ldj Sac T} U { p’uiviJ? LzouiviJ : (M,‘,Vi) € D}v

and P is constructed as follows:

1. Foreacha € T, add

@ [1]:(S) — ([1]44),
(b) |1a] : (A,A) = (|14)Az4,Aq) to P;

2. For each (u;,v;) € D, 1 <i<r, add

(a) Lzui‘/iJ : (A7A> - (I.zufviJBuivai)’

(b) £2Ou;vl-J : (B7B) - (Lzouiv;JBuiani) to P;
3. Add

(@ [3]:(B,B) — ([3]/A,B),

(b) [30]:(A,0,B,0) — (|30],A,#,B),

© |31]:(A,1,B,1) — (|31],A,#,B) to P;

4. Add
(a) [4]:(A,B) — ([4]B,A4),
(b) [40] : (B,#) — ([40].B),
© [41]:(B,A) = ([41],B),
(d) [42]:(B) — (|42]) to P.

First, observe that each production introduced in steps (1b) through (4a) contains exactly two
nonterminals from the set {A, B} on its left and right-hand side. Therefore, there are two nontermi-
nals from this set in every sentential form while these productions are used.

Every successful derivation starts by using the production labeled with | 1 | because it is the only
production with S on its left-hand side. As no other production contains S on its right-hand side, it
is not used during the rest of the derivation process. Therefore, every derivation starts by

S=¢ [1JAA[[1]].

At this point, only productions from steps (1b) and (2a) are applicable. Productions from (1b)
nondeterministically generate a sentence so that each of them adds a € T behind the second occur-
rence of A and simultaneously adds a’s binary representation behind the first occurrence of A in the
sentential form. Finally, a production from step (2a) is used to replace both occurrences of A with
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B, so after its application, no production from step (1) can be used. This part of derivation can be
formally expressed as
[1JAA =G u[E4]
=6 v [pal,

where u € 1lab(G)T{A}{0,1}*{A}T*,
v € lab(G) " {B}{0,1} T{B}{0,1}"T*,

E, is a sequence of labels of productions introduced in step (1b), and p; is the label of a production
introduced in step (2a) of the construction.

Each production from (2) nondeterministically selects some (u;,v;) € D, where 1 <i < r, and
adds u; and v; behind the first and the second occurrence of B, respectively. Observe that only
productions introduced in step (2b) and the productions labeled with |3] and |4, | are applicable at
this point. However, as the production labeled with |4, | removes B from the sentential form, its
use leads to an unsuccessful derivation. The production labeled with |3] is used to finish this part
of derivation by rewriting the first occurrence of B with A. The corresponding part of derivation is
of the form

% :>*G w [Ez]
= x [[3]];
where
w € lab(G)T{B}{0,1}{B}{0,1}TT*,
x € 1ab(G)T{A}{0,1}T{B}{0,1}7T*,

and & is a sequence of labels of productions introduced in step (2b) of the construction.

In greater detail, the sentential form x can be expressed as xjAxyx3Bxsxs, where x; € lab(G) ™,
X2 =y, ...us for some sy,...,s; € {1,...,r}, 1 > 1,x3 =2p,...25, forsome by,...,.by € T, k>0,
X4 =V, ...Vy, and x5 = by ...b;. From the definition of the language represented by an Extended
Post Correspondence, for by ...by € L(E), ug, ... U5,2p, - --2b, = Vs, - - - Vs,» therefore, in the sentential
form x, xpx3 = x4. This equivalence is verified by the productions labeled with |3¢] and |3 .
The production labeled with |30 (|31]) replaces two 0’s (1’s) which follow A and B with A and
B and further replaces A and B with |3 (|31]) and #, respectively. While these productions are
applicable, every sentential form y can be expressed as y;Ay,0y3y4Bys0ysy7 or y1Ayz 1y3yaBys1yey7,
where y; € 1ab(G) ™, y2,v3,¥5,v6 € {0,1}*, y4 € {#}*, y; € T*. Then, the production labeled with
|30] or |3;] can be applied so that

y14y20y3y4Bys0ysy7 =G y1|30]y2Ay3y4#ysBysy7 [[30]] or
V1Ay21y3yaByslyeyr =c y1|31]y2Ay3y4#ysByey7 [|31]]-

We demonstrate that y, = y5 = € by contradiction.

* Suppose that y, # €. As the nonempty string y, cannot be removed by any production, y,
satisfies y, = €.

* Suppose that ys # €. Then, ys can be removed only by the production labeled with |3 | or
|31]. After its application (in the case when y, = €), we get a sentential form of the form
V1y3ya#AY#Bygy7, where y) € lab(G) ™, y5, v, € {0,1}*. Then, the substring y3y4# cannot be
removed by any production, so ys satisfies y5s = €.

Therefore, the nonterminals 0 and 1 immediately following A and B have to be rewritten during
every derivation step performed by productions labeled with |3 and |3; . If all 0’s and 1’s are
removed from the sentential form, the identity xpx3 = x4 is verified.
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While the productions labeled with |3 | and |3;] are applicable, other productions cannot be
used. Specifically, the use of the productions labeled with |4], |4, before all 0’s and 1’s are
removed from the sentential form leads to an unsuccessful derivation. After all 0’s and 1’s are
removed, the production labeled with |4 is used which finishes this part of derivation. Therefore,
this part of derivation can be performed only as follows:

x =&y [Es]
=¢ z[[4]],

where y € lab(G) T {AH#} T{B}T*, z € 1ab(G) " {B}{#} T {A}T*, and Z5 € {[30], [31]} .
The remaining part of a successful derivation can be expressed as

Z :>2;_ q1 [34]
=6 q2 [[41]]
=cq [[42]],

where g1 € lab(G)"T{B}{A}T*, q» € lab(G)"{B}T*, ¢ € 1ab(G)"T*, and E4 € {|40]} . The pro-
duction labeled with |4, | is used in the last derivation step as it removes B from the sentential form.
The production labeled with |4, | replaces A, which occurs as the last nonterminal in the sentential
form, with B so it can be used only if all #’s are removed by previous applications of the production
labeled with |4y ].

Putting together the previous observations, we obtain the derivation of any string ¢ € L(E)
preceded by its parses in the following form:

S=q¢ [1JAA[[1]] =5 u [Ei]
=cv  [p] =5w [E]
=¢x  [13]]=5y [
=cz  [4l=¢a B =call4]]=cqll4]]

By examining the derivation and the applied productions, observe that (1) each of the productions
adds its label at the end of the sequence of labels in every sentential form and that (2) every deriva-
tion step is leftmost. Therefore, G is a proper leftmost generator of sentences preceded by their
parses, so Theorem 35|holds. |

Theorem 36. For every recursively enumerable language L there exists a propagating scattered
context grammar G' = (V' T',P',S) such that G is a proper leftmost generator of its sentences
preceded by their parses, V' —T'| <9, mes(G) = 1, and L = 1ab(G) T\ L(G).

Proof. Consider the grammar G introduced in the proof of Theorem [35] Define the propagating
scattered context grammar

G = ({S,A,B,C,0,1,$0,$,,#} UT Ulab(G'),T Ulab(G'),P',S),

where
lab(G') = (lab(G) — {|30], [31]})

U {[301],[302] [303]s [304] [311], [312], [313], [314] },

and P’ contains all P’s productions except for the productions introduced in step (3). Further, it
contains the productions from the following construction:

3. Add
(@) [3]:(B8,B) — (|3A,B),
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(®) i [301]: (B,0) — (#,%0),
ii. L302J . (A,$0) — (C, $0),
iii. [303] : (C,0) — (|301]|302] | 303],%0),
iv. \_3()4J : ($0,%0) — (L304JA,B),

© i [Bul:(B1)— #$)),
ii. [312]:(4,%1) — (C,$1),
iii. [313] : (C,1) — ([311][312] [313],$1),
iv. [314] : ($1,%1) — (|314JA,B) to P'.

Every successful derivation is performed similarly to G’s derivation, only the productions la-
beled with |3¢] and |3;] are simulated by the productions labeled with |3¢; |, |302], [303],[304]
and [311],|312], [313], [314]. respectively. Consider a sentential form of the form u; AOupuz BOusus,
where u; € 1ab(G') ", up,ug € {0,1}*, uz € {#}*, us € T*. Then,

u1AOupu3 BOusus =G uy |30 |Aupus#Bugus [[30]]
in a successful derivation of G. This derivation step is simulated by G’ as follows:

u) AOuau3 BOugus = u) AOQuaus#Sousus [1301]]
=qG uﬁCOu2u3#$ou4u5 [{302H
= uy 3011302303 |Sourus#Sousus | 303]]
= uy[301][302] [303] [304 | Auzus#Buaus [| 304]]

where | € 1ab(G)™". The G’s production labeled with |4, | is simulated by G” analogously.

Next, we need to demonstrate that the productions introduced in step (3) cannot be used during
the rest of the derivation process. We consider two special cases of the derivation. First, consider
a sentential form v;BOv,B0v3v4, where v; € lab(G)™, v2,v3 € {0,1}*, vq € T*, which is obtained
after the application of a production from (2a). Then,

v1BOv,BOv3vy = vi#$91v2BOV3 V4 [L301J]
=g vi#Soa#Sov3va  [[301]]
=G VI#L304JAV2#BV3V4 [L3o4“.

However, in this sentential form, the first occurrence of # cannot be removed by any production, so
the derivation is not successful.

Second, consider a sentential form z;Az,B00z3, where z; € lab(G) ™", z5 € {#} 1, z3 € T*, which
is obtained when some 0’s behind B are not removed by productions labeled with 3¢ |. Then,

721AzoB00z3 = ¢ 21 |_4J BzA00z3 H4J]
:>g, 7} BA00z3 [E4]
= 7| #A$00z3 [[301]]
=g 21#C$00z3 [[302]]
= 21#1301] [302]) [303/%0%0z3  [[303]]
= 21#[301][302] [303] 304 JABz3 [[304]],

where 7| € lab(G)* and B4 € {[40]} . Again, the symbol # cannot be removed by any production,
so the derivation is not successful. Other special cases and more detailed proof of this theorem is
left to the reader. u
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In conclusion of this chapter, let us recall that we have demonstrated that for every recursively
enumerable language, there exists a propagating scattered context grammar that generates the lan-
guage’s sentences followed by their parses. In addition, we have proved analogical results for
canonical and reduced versions of these generators. This kind of generation is specific to scattered
context grammars—we can hardly base the generation of sentences with their parses upon classi-
cal sequential rewriting mechanisms such as context-free or context-sensitive grammars. Probably,
some propagating parallel rewriting mechanisms, such as propagating PC grammar systems (see
Chapter 4 in Volume 2 of [62]]), can be used in this way. Furthermore, some propagating regulated
grammars, such as propagating matrix grammars (see Chapter 3 in Volume 3 of [62]]), seem to be
suitable for this generation as well. Apart from parses, there are more kinds of information which
can be stored during the derivation of a string (positions of nonterminals rewritten during the deriva-
tion, string encoded derivation trees and other). We suggest these ideas for future investigation.
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Chapter 7
Applications in Linguistics

So far, we have studied theoretical properties of scattered context grammars. This section discusses
their practical use in linguistics.

In sentences of natural languages such as English, we can find words which depend on each
other and which, on the other hand, are not direct neighbors. For example, consider the following
sentence:

He usually goes to work early.
The subject (he) and the predicator (goes) are related; sentences
He usually go to work early.
and
1 usually goes to work early.

are ungrammatical because the form of the predicator depends on the subject and the above com-
bination is illegal. Clearly, to change person, the verb has to reflect this change as well. This is
the kind of dependency that can be very easily captured by scattered context grammars. Let us
construct a scattered context grammar that contains the following production:

(He, goes) — (We, go).

This production checks whether the subject is he and whether the verb go is in third person singular.
If the sentence satisfies this property, it can be transformed to the grammatically correct sentence

We usually go to work early.

Observe that the related words do not necessarily have to be direct neighbors. In the above example,
the word usually is located between the subject and the predicator. While it is fairly easy to use
context-sensitive grammars to model context dependencies where only one word is located between
the related words, note that the number of words between the subject and the predicator is virtually
unlimited. We can say

He almost regularly goes to work early.
but also

He sometimes, but not always, goes to work early.
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To model context dependency of this kind by ordinary context-sensitive grammars, many auxiliary
productions have to be introduced to propagate the information about the form of one word to
the other word which may be located at the opposite end of the sentence. Still, the introduced
scattered context production can be used, no matter how many words are between the subject and
the predicator.

We give another example demonstrating why scattered context grammars are more economical
in certain situations. Consider the following two sentences:

John recommended it.
and
Did John recommend it?

There is a relation between the basic clause and its interrogative counterpart. Indeed, we get the
second, interrogative clause by adding did in front of John and by changing recommended to rec-
ommend while keeping the rest of the sentence untouched. In terms of scattered context grammars,
this transformation can be described by the scattered context production

(John, recommended) — (Did John, recommend);

clearly, when applied to the first sentence, this production performs exactly the same transformation
as we have just described. Although this transformation is possible by an ordinary context produc-
tion, the inverse transformation is more problematic. The inverse transformation can be performed
by a scattered context production

(Did, recommend) — (€,recommended);

obviously, by erasing did and changing recommend to recommended, we obtain the first sentence.
Again, instead of John the subject may consist of a noun phrase containing several words. The ad-
vantage of scattered context grammars is apparent—scattered context grammars permit us to change
only some words during the transformation while keeping the other words untouched. On the other
hand, context-sensitive productions are not suitable for this kind of transformations because many
unnecessary context-sensitive productions have to be introduced to propagate the change made at
one end of the sentence to the other end.

In the following text, we study these transformations more deeply. First, we introduce the
needed notation and some conventions to be able to describe the transformations in a more exact
and general way. Then, we illustrate the use of scattered context grammars for transformations of
one kind of English sentences to another. Finally, we mention several areas where similar approach
can be used and give some ideas for further investigation in this area.

Overview of Used Linguistic Terms

This section introduces some basic linguistic terms we use later in this chapter. Regarding the used
linguistic terms and related notions, we use the terminology of [19] 20l.

We focus our attention on verbs and personal pronouns because the form of the words in these
categories depends on the context in which these words are used. For example, is, are, was, and
been are different forms of the verb be. We say that words in these categories inflect and call this
property inflection. Verbs and personal pronouns often represent the key elements of a clause—the
subject and the predicate. In simple clauses like
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She loves him.

we can understand the notion of the subject and the predicate so that some information is “predicated
of” the subject (she) by the predicate (loves him). In more complicated clauses, the best way to
determine the subject and the predicate is by examining their syntactic properties (see [[19} for
more details). The predicate is a verb phrase—the most important word of a verb phrase is the verb,
also called the predicator. In some verb phrases, there are more verbs present. For example, in the
sentence

He has been working for hours.

the verb phrase contains three verbs. The predicator is, however, always the first verb of a verb
phrase (has in the above example). We focus on the most elementary clauses—canonical clauses.
The subject in these clauses always precedes the predicate, the clause is positive (without negation),
declarative, and without subordinate and coordinate clauses.

The following paragraphs describe the basic categorization of verbs and personal pronouns and
further characterize their inflectional forms.

Verbs

We distinguish several kinds of verbs depending on their grammatical behavior. The set of all
verbs is divided into two subsets: auxiliary verbs and lexical verbs. Further, the set of auxiliary
verbs consists of modal and non-modal verbs. The set of modal verbs includes the following verbs:
can, may, must, will, shall, ought, need, dare; the verbs be, have, and do are non-modal. All the
remaining verbs are lexical. It needs to be said that the above defined classes overlap in certain
situations—for example, there are sentences, where do appears as an auxiliary verb and in different
situations it behaves as a lexical verb. For simplicity, we do not take into account these special cases
in the following text.

Inflectional forms of verbs are called paradigms. In English, every verb, except of the verb be,
may appear in each of the six paradigms described in Table[T| (see [I9 RQl|). Verbs in primary form
may occur as the only verb in a clause and form the head of a verb phrase; on the other hand, verbs
in secondary form have to be accompanied by a verb in primary form.

H Paradigm ‘ Person ‘ Example ‘
Present 3rd sg She walks home.
Primary form Other They walk home.
Preterite — She walked home.
Plain form They should walk home.
Secondary form || Gerund-participle — She is walking home.
Past participle She has walked home.

Table 1: Paradigms of English verbs

The verb be has nine paradigms in its neutral form. All primary forms have, in addition, their
negative contracted counterparts. Compared to other verbs, there is one more verb paradigm called
irrealis. The irrealis form were (and weren’t) is used in sentences of an unrealistic nature, such as

I wish I were rich.

All these paradigms are shown in Table 2]
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H Paradigm Person Neutral | Negative

Preterite Ist sg, 3rd sg was wasn’t
Other were weren’t
1st sg am aren’t
Primary forms Present 3rd sg is isn’t
Other are aren’t
Irrealis Istsg, 3rdsg | were weren’t
Plain form be —
Secondary forms || Gerund-participle — being —
Past participle been —

Table 2: Paradigms of the verb be

Personal pronouns

Personal pronouns exhibit a great amount of inflectional variation as well. Table [3| summarizes all
their inflectional forms. The most important for us is the class of pronouns in nominative because
these pronouns often appear as the subject of a clause.

Non-reflexive Reflexive
Nominative \ Accusative Genitive Plain
Plain Dependent | Independent
I 1 \ me my mine myself
you you your yours yourself
he he him his himself
she she her her hers herself
it it its itself
we we \ us our ours ourselves
you you your yours yourselves
they they ‘ them their theirs themselves

Table 3: Personal pronouns

Transformational Scattered Context Grammars

As we have already mentioned in the introduction of this chapter, we use scattered context grammars
to transform one kind of sentences to another. To be able to formally describe these transformations,
we define a special type of a scattered context grammar which does not start its derivation from the
start symbol but which transforms sentences over an input vocabulary to sentences over an output
vocabulary.

Definition 36. A transformational scattered context grammar is a quadruple
G=(V,T,PI),
where
* V is the total vocabulary,

e T C V is the set of terminals (or the output vocabulary),
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* Pis a set of scattered context productions,
e [ C V is the input vocabulary.

The derivation step is defined as in the case of scattered context grammars. The transformation T
defined by G is denoted by T'(G) and defined as

T(G)={(xy) : x=gyxelyel"}.

If (x,y) € T(G), we say that x is transformed to y by G; x and y are called the input and the output
sentence, respectively.

Example 5. Define the transformational scattered context grammar
G = ({A,B,C,a,b,c},{a,b,c},P,{A,B,C}),

where
P={(A,B,C) — (a,bb,c)}.

For example, for the input sentence AABBCC, one of the possible derivations is:
AABBCC =G aABbbcC =G aabbbbcc.

Therefore, the input sentence AABBCC € I* is transformed to the output sentence aabbbbcc € T,
and (AABBCC,aabbbbcc) € T (G). If we restrict the input sentences to the language {A"B"C" : n >
1}, we get

{(A"B"C",a"b*'c") : n> 1} C T(G),

so every A"B"C", where n > 1, is transformed to a'b*ct.

Transformational Scattered Context Grammars in Linguistics

This section uses transformational scattered context grammars for transformations of English sen-
tences. For our purposes, we assume that the English vocabulary is finite. While it is possible to
create new words by modifying or combining existing words (and thus obtaining an infinite vocabu-
lary), the set of words commonly used in books and newspapers can be regarded as fixed. Therefore,
we can talk about the finite set of all English words, which we denote by T in what follows. Next,
we subdivide this set into subsets with respect to the above mentioned classification of verbs and
pronouns:

* T is the set of all words, including all their inflectional forms,
* Ty C T is the set of all verbs, including all their inflectional forms,
e Tya C Ty is the set of all auxiliary verbs, including all their inflectional forms,
* Typ C Ty is the set of all verbs in plain form,
* Tppy C T is the set of all personal pronouns in nominative.
To be able to describe all possible paradigms of a verb v € Ty, we use the following notation:

* 3:q(v) is the verb v in third person singular present,
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* Tpres(v) is the verb v in present, other than third person singular,
* Tpret(v) is the verb v in preterite.
There are several conventions we use throughout the text:

1. We do not take into account capitalization and punctuation. Therefore, for us,
He is your best friend.
and
he is your best friend

are equivalent.

2. To make the examples simple and readable, we expect every input sentence to be a canonical
clause. In some examples, we make slight exceptions—for instance, sometimes we permit
the input sentence to be negative. The first example also demonstrates a simple type of
coordination.

3. The input vocabulary is the set I = {(x) : x € T'}, where T is the set of all English words as
stated above. As a result, the transformational grammar takes an input sentence over I, for
example

(he) (is) (your) (best) (friend)

and transforms it to an output sentence over 7', for instance
is he your best friend

in the case of the declarative-to-interrogative transformation. As we have already mentioned,
we omit punctuation and capitalization for simplicity, so in fact, the above sentence corre-
sponds to

Is he your best friend?

The following four examples illustrate how to transform one kind of English sentences to an-
other by using transformational scattered context grammars.
Clauses with neither and nor

The first, simplest example shows how to use transformational scattered context grammars to negate
clauses which contain the pair of the words neither and nor, such as

Neither Thomas nor his wife went to the party.

The words neither and nor are related but there is no limitation on the number of words appearing
between them. The following transformational scattered context grammar G converts the above
sentence to

Both Thomas and his wife went to the party.
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Set
G= (V7T7Pa1)7

where V =T U1, and P is defined as follows:

P = {({neither), (nor)) — (both, and)}
U {({x)) — (x) : x € T — {neither, nor} }.

For example, for the above sentence, the transformation can proceed as follows:

(neither) (thomas) (nor) (his) (wife) (went) (to) (the) (party)
= both (thomas)and (his) (wife) (went) (to) (the) (party)
= both thomas and (his) (wife) (went) (to) (the) (party)
= ¢ both thomas and his (wife) (went)(to) (the) (party)
:% both thomas and his wife went to the party.

The production
({neither), (nor)) — (both, and)

replaces neither and nor with both and and, respectively. Every other word (w) € I is changed to
weT.

Existential clauses

In English, clauses which indicate an existence are called existential. These clauses are usually
formed by the dummy subject there, for example

There was a nurse present.

However, this dummy subject is not mandatory in all situations. For example, the above example
can be rephrased as

A nurse was present.

We construct a transformational scattered context grammar G which converts an existential clause
without the dummy subject there to an equivalent existential clause with there.
Set
G=(V,T,PI),

where V. =T UIU{X}, and P is defined as follows:

), (is)) — (there is xX, €),
(x), (are)) — (there are xX, €),

)5 (

)5 (

,(were)) — (there were xX,€) : x€ T}
() — (X,x) :xeT}
U{(X) — ()}

For the above sample sentence, we get the following derivation:

(a)(nurse) (was) (present)
= there was a X (nurse) (present)
= there was a X nurse (present)
= there was a X nurse present
= there was a nurse present.
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A production from the first set has to be applied first as there is no symbol X in the sentential form
and all other productions require X to be present in the sentential form. In our case, the production

({a),(was)) — (there was a X,¢€)

is applied; the use of other productions from this set depends on tense used in the input sentence
and whether the subject is in singular or plural. The production nondeterministically selects the first
word of the sentence, puts there was in front of it and the symbol X behind it; in addition, it erases
the word was in the middle of the sentence. Next, all words (w) € I are replaced with w € T by
productions from the second set. These productions also verify that the previously nondeterminis-
tically selected word was at the beginning of the sentence—if not, there is a word (w) € I in front
of X which cannot be deleted. Finally, the derivation ends by erasing X from the sentential form.

Interrogative Clauses

Depending on the predicator, there are two possibilities of how declarative clauses are transformed
into interrogative. If the predicator is an auxiliary verb, the interrogative clause is formed by simply
swapping the subject and the predicator. For example, we get the interrogative clause

Is he mowing the lawn?
by swapping he, which is the subject, and is, which is the predicator, in
He is mowing the lawn.

If the predicator is a lexical verb, the interrogative clause is formed by adding the dummy do at the
beginning of the declarative clause—the dummy do has to be of the same paradigm as the predicator
in the declarative clause. The predicator itself is converted to its plain form.

She usually gets up early.

is a declarative clause with the predicator gets, which is in third person singular, and the subject
she. By inserting do in third person singular at the beginning of the sentence and converting gets to
its plain form, we obtain

Does she usually get up early?

To simplify the following transformational scattered context grammar G which performs this con-
version, we assume that the subject is a personal pronoun in nominative.
Set
G=(V.T.PI),

where V =T UIU{X}, and P is defined as follows:

P={(p),(v)) = (vp,X) : vE Tya,p € Tppn}
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For sentences containing an auxiliary verb as the predicator, the transformation by G looks as

follows:
(he) (is) (mowing) (the) (lawn)

= is he X (mowing) (the) (lawn)
= is he X mowing (the)(lawn)
= is he X mowing the (lawn)
= ¢ is he X mowing the lawn
=¢ is he mowing the lawn.

The derivation starts by a production from the first set which swaps the subject and the predicator
and puts X behind them. Next, productions from the third set are used to rewrite every word (w) € [
tow € T. Finally, X is removed from the sentential form.

The transformation of sentences in which the predicator is a lexical verb is more complicated:

(she) (usually) (gets) (up) (early)
= does she (usually) get X (up) (early)

= does she usually get X (up) (early)
= does she usually get X up (early)
= does she usually get X up early
= does she usually get up early.

As the predicator is in third person singular, a production from

{((p), (m3ra(v))) — (does p,vX) : v € Typi — Tya, p € Tppn}

is applied. It inserts does at the beginning of the sentence, converts the predicator gets to its plain
form get, and puts X behind it. Next, productions from

{((x),X) = (x,X) : xeT—-Ty}

are used to rewrite the remaining words (w) € I in front of the predicator to w € T. They do not
rewrite verbs—this way the grammar ensures that the first verb in a sequence was previously chosen
as the predicator. For instance, in the sentence

He has been working for hours.
has has to be selected as the predicator—otherwise the derivation is unsuccessful. Finally, the

grammar rewrites all words behind X and erases X as in the previous example.

Question Tags

Question tags are special constructions which are used in spoken language. They are mini-questions
that are appended to a declarative clause to ask the other person for confirmation:

Your sister is married, isn’t she?

The polarity of question tags is always the opposite of the polarity of the main clause—if the main
clause is positive, the question tag is negative and vice versa. If the predicator is an auxiliary verb,
the question tag is formed by the same auxiliary verb. For lexical verbs, the question tag is made
by using the verb do:

He plays the violin, doesn’t he?
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There are some special cases which have to be taken into account. First, the verb be has to be
treated separately as it has more paradigms than other verbs and the question tag for the first person
is irregular:

I am always right, aren’t I?

Second, for the verb have, the question tag depends on whether it is used as an auxiliary verb or a
lexical verb. In the first case have is used in the question tag, such as

He has been working hard, hasn’t he?
in the latter case, the auxiliary do is used:
They have a dog, don’t they?

To explain the basic concepts as simply as possible, we omit the special cases of the verb have in
the following transformational scattered context grammar G. We also only sketch its construction
and do not mention all created productions explicitly. In addition, we suppose that the subject is
represented by a personal pronoun.
Set
G=(V,T,PI),

where V. =T UIU{X,Y}, and P is defined as follows:

P={({p),(will), (x)) — (p,will X,Yx won’t p),
((p),(won’t), (x)) — (p,won’t X,Yx will p),
ZPETPPH,XET}
U {((I), (am), (x)) — (I,am X,Yx aren’t I),

((you), (are), (x)) — (you,are X,Yx aren’t you),

ix€eT}

U{({p), (v),{x)) = (p,v X,Yx doesn’t p),

((g), {v), {x)) = (g,v X,Yx don’t q) :

p € {he, she, it},q € Tpp, — {he, she, it},v € Ty — Tya,x € T}
U (), X) — (6.X),

X,(3),Y)—> X,»,Y):xeT-Ty,yeT}
U{(X,Y) — (g,e)}.

First, we describe the generation of question tags for clauses in which the predicator is an
auxiliary verb:
(I) (am) (always) (right)
= [ am X (always)Y right aren’t I
= I am X always Y right aren’t |
=¢ | am always right aren’t I.

Here, the production
((I), (am), (right)) — (I,am X,Y right aren’t I)

initiates the derivation. When it finds I am at the beginning of the sentence, it generates the question
tag aren’t I at its end. In addition, it adds X behind / am and Y in front of aren’t I. Next, it rewrites
all words from (w) € I to w € T. Again, it ensures that the predicator was chosen properly by
productions from

{((x),X) = (x,X) :xeT—-Ty}.
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In addition, productions from
{(X7<y>7Y) - (X,y’Y) txe T_TV7y€ T}

are used to check whether the question tag was placed at the very end of the sentence. If not, there
remains some symbol from the input vocabulary behind ¥ which cannot be rewritten. Finally, the
last production removes X and Y from the sentential form.

When the predicator is a lexical verb in present, the question tag is formed by does or do
depending on person in which the predicator occurs:

(he) (plays) (the) (violin)
= he plays X (the)Y violin doesn’t he
= he plays X the violin Y doesn’t he
= he plays the violin doesn’t he.

Concluding Notes

The aim of this chapter was to demonstrate that in natural languages, there exist many cases of
scattered context relations between individual elements of a sentence. The above examples were
chosen with respect to simplicity of the resulting grammar—there exist more examples of scattered
context relations than we have presented. Some of them appear when input sentences of more
complicated structure are permitted as the input. For instance, relative clauses are introduced by who
or which depending on the subject of the main clause. If the subject in the main clause is a person,
the relative clause is introduced by who; otherwise it starts by which. Similarly, transformations
of sentences in active voice to sentences in passive voice (and vice versa) require scattered context
processing as well. Finally, if we do not restrict our interest to the English language, we get many
more examples of scattered context dependency. For instance, in Spanish, all adjectives inflect
according to gender of the noun they characterize. Again, both the noun and the adjective may
appear at different parts of a sentence making it hard to capture their relationship by classical context
grammars.

As we have just demonstrated, there are many uses of scattered context grammars in natural
language description and processing. We recommend this area as a perspective topic for further
study.
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Part I11

Summary and Conclusion
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Chapter 8

Conclusion

The object of the present thesis was a study of scattered context grammars which represent one of
the most natural formalisms of scattered information description and processing. Since their intro-
duction, these grammars have been intensively studied over the past four decades and many research
papers have been written about this topic. Our aim was to further investigate theoretical properties
of scattered context context grammars to better understand, describe, and process mutually related,
but not directly neighboring pieces of information. The research was carried out in four main areas.

First, we studied a classical topic of formal language theory—the removal of erasing produc-
tions. When describing a language, we use formal grammars for this description. The grammars
which contain erasing productions are often simpler and the total number of the productions they
contain is lower; on the other hand, parsers based on these grammars cannot be constructed as ef-
ficiently as in the case when these grammars do not contain erasing productions at all. Clearly, in
general, erasing productions cannot be removed from scattered context grammars as the generative
power of these grammars with erasing productions and without them is different. However, there
are certain grammars which, even though they contain erasing productions, characterize a language
which lies within the family of context-sensitive languages. We demonstrated that if such grammars
erase their symbols in a certain way, these grammars can be converted to equivalent grammars with-
out erasing productions. We call this erasing as generalized k-limited because during any derivation,
between every two neighboring symbols which are not erased later in the derivation, there may ap-
pear at most k symbols, which are later erased.

Second, several restricted and extended versions of scattered context grammars were discussed.
We started by considering scattered context grammars whose components, in contrary to the ba-
sic definition, were other than context-free; that is, right-linear, linear, context-sensitive and unre-
stricted. An infinite hierarchy of languages was obtained for grammars containing both right-linear
and linear components. Specifically, it was proved that each family of languages generated by these
grammars with starting productions containing at most n nonterminals on their right-hand sides is
properly included in the family of languages generated by these grammars with starting productions
containing at most n + 1 nonterminals. It is practical to study these kinds of restrictions because
usually, when creating a model of some system, we require the model to be as simple as possible.
This results in a simpler description and a more efficient implementation of the resulting system.
We continued by discussing derivations which may occur only within the first » nonterminals of the
sentence. It was demonstrated that propagating scattered context grammars whose derivations are
limited to # first nonterminals are less powerful than the grammars whose derivations are limited
to n+ 1 nonterminals. This demonstrates that if a compiler based on propagating scattered con-
text grammars restricts its context-dependency checks to only a finite part of the sentence, it will
be always less powerful than if no such a restriction exists. Next, we revived the already existing
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proof demonstrating that context-sensitive grammars are equivalent to propagating scattered con-
text grammars if the latter use only leftmost or rightmost derivations and presented a much simpler
proof of this result. When parsing a sentence, compiles usually simulate the leftmost or the right-
most derivation of the sentence. In fact, this requirement helps us to obtain the whole family of
context-sensitive languages while without it, the exact power of propagating scattered grammars
is not exactly known. Finally, the thesis studied another restriction which enabled us to describe
all context-sensitive languages. This restriction requires that in every derivation step, a production
which rewrites the maximal or the minimal number of nonterminals is chosen.

Third, we introduced generators of sentences with their parses. These generators are prop-
agating scattered context grammars that generate sentences followed by a sequence of labels of
productions which were used during their derivation. We established a characterization of recur-
sively enumerable languages based upon this kind of generators by scattered context grammars
without erasing productions. We also proved that there exist leftmost and rightmost generators with
this property and we reduced the total number of the needed nonterminals and context-sensitive
productions to a finite number no matter which recursively enumerable language is characterized.

Fourth, the use of scattered context grammars in linguistics was discussed. We demonstrated
that in natural languages, context relations between not directly neighboring elements of a sen-
tence are relatively common. We gave several examples of sentence transformations and sketched
possible applications of scattered context grammars in linguistics.

Further Investigation

There are two main areas which are suitable for further investigation of scattered context grammars:
their practical use in linguistics and compiler construction, and further study of their theoretical
properties. We start by looking at their possible practical applications.

As we have demonstrated in Chapter|[7} scattered context grammars can be used for description
of natural languages and their transformations. It may be, therefore, convenient to use scattered
context grammars as a device for context dependency description in processors of natural languages.
These processors may be used to analyze and possibly check the correctness of their input sentences.
For instance, spellcheckers, widely used in text processors, are usually based only on a dictionary
which is used to compare the words from the input with the words contained in the dictionary.
A more sophisticated way of spell-checking would require some model of the checked language
to, for example, verify whether the combination of the subject and the predicator is legal. As
scattered context grammars are ideal for capturing this kind of dependencies, they seem to be a
proper candidate for language description. The transformations discussed in Chapter [/| could be
even extended so that the input sentence is in one language while the output sentence is in another.
This would make it possible to use scattered context grammars for computer-based translation. This
approach might be successful because sentences in different languages have different word orders.
German language, for instance, exhibits a tendency to put verbs at the end of the sentence while in
English, verbs come right behind the subject. There are surely other examples of the use of scattered
context grammars in linguistics so we recommend this area for further investigation.

Another application area of scattered context grammars might be found in construction of paral-
lel compilers. Effective design of parallel compilers is currently under a very intensive development
(see [ [B3). Scattered context grammars could be used in parallel compilers as a model of synchro-
nization between individual parallel branches. While every parallel branch may use context-free
productions for effective parsing, scattered context productions could serve for the needed informa-
tion interchange between these branches. This kind of synchronization would, for example, happen
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only if a specified nonterminal appears in the sentential form of a branch. This branch would then
request a simulation of the scattered context production so it would be performed in other selected
branches as well. As the left-hand side of a scattered context production may contain an arbitrary
number of nonterminals, it can flexibly select only those branches which are needed for the infor-
mation interchange. After this communication step, all branches would continue parsing in parallel
way.

Even sequential compiling benefits from additional scattered context checks as demonstrated
by [631 64]]. These papers use a restricted version of propagating scattered context grammars to im-
prove parsing of programming languages. The authors use scattered context productions to describe
every variable’s declaration and use. This way, they check whether a variable was declared before
its use and, in addition, perform type checks at the same time. This is all done within the parsing
phase of the compilation process without any need of a symbol table.

Finally, this theses, as a theoretical approach to the problematics of scattered context, intro-
duced several new open problems to formal language theory. In Chapter 4, we eliminated erasing
productions form a scattered context grammar if this grammar erased its nonterminals in a general-
ized k-limited way. The result rises, however, two open problems. First, are we able for given k and
a grammar G to decide whether G erases its nonterminals in a generalized k-limited way? Second,
does this type of erasing cover all cases in which erasing productions can be eliminated from a scat-
tered context grammar? In Section[5.2] we restricted derivations so that at most n first nonterminals
could be rewritten. Is it possible to construct a propagating scattered context grammar which sat-
isfies this property implicitly without any modification of its definition? Finally, the long-standing
open problem of whether scattered context grammars without erasing productions characterize the
family of context-sensitive languages remains still open. Hopefully, this long-open problem will be
solved one day in the future.
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Symbol Index

Symbol

acA
a¢ A
Al

{a}

fa: n(a)}
ACB
ACB

2A

AUB
ANB

ceyly)
AXB

a€p(b)

Li-Ly
Li/L,
Lz\Ll
Li//Ly
L\L,

S B S IS I o B B BB B s s s s s s 4
(¢

Description

a is a member of A

a is not a member of A

cardinality of A

empty set

a set containing a

a set containing elements which satisfy
A is a subset of B

A is a proper subset of B

power set of A

union of A and B

intersection of A and B

difference of A and B

union of elements of A satisfying 7
complement of A

length of x

empty sequence (string)

number of occurrences of elements from V in x
ordered pair

ordered n-tuple

Cartesian product

inverse relation

synonym for (a,b) € p

synonym for (a,b) € p

k-fold product of p

transitive closure of p

reflexive and transitive closure of p

set of all strings over T

set of all non-empty strings over T
concatenation of x and y

ith power of a string x

concatenation of languages L; and L,
right quotient of L; with respect to Ly
left quotient of L; with respect to L,
exhaustive right quotient of L; with respect to L,
exhaustive left quotient of L; with respect to L,
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Symbol

Xim=G Y
L(G,lim,n)
L(G,Im)
L(G,rm)

X max=>G Y
X min=G Y
L(G,max)
L(G,min)
l:p

T(G)

Description

ith power of a language L

Kleene star

Kleene plus

complement of a language L
family of languages

production

x is rewritten to y in G by using p
k-fold product of =¢

transitive closure of =¢
reflexive and transitive closure of =g
language of grammar G

leftmost derivation step
rightmost derivation step

maximal derivation step
minimal derivation step

production p labeled by [
transformation defined by G
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Operator Index

Operator

alph(x)
cdep(P)
cf(x =¢y)
cfree(P)
core(G)
des(G)
domain(p)
insert(x,a)
join(x)
lab(G)
len(p)
Ihs(p)
lhs-replace(x,a)
max (/)
mcs(G)
min(/)
ocs(G)
perm(t)
perm(n,m)

range(p)
reorder(v, p)

rev(x)
rhs(p)
split(x)

Gl sl sl =lSlelslalsla) 2
(4]

B4

NESENSENENE

= == =
[ele] B921 IEN] 2N

B

[OF)
o0

Description

set of symbols occurring in x
set of context-dependent productions of P
context-free simulation of x =g y
set of context-free productions of P
core grammar of G

degree of context sensitivity of G
domain of p

production labels of G

number of context-free productions in p

left-hand side of p

maximal element of /

maximum context sensitivity of G

minimal element of /

overall context sensitivity of G

set of t-element permutations

set of (n+ m)-element permutations
preserving order of first n elements

range of p

reordered v according to permutation p

reversal of x

right-hand side of p

119



Language Family Index

(PSC,ext)
(SC,,k)

(SC,LIN)
(SC,LIN, n)
(SC,RLIN)
(SC,RLIN, n)
(PSC,lim, n)
Z(PSC,Im)
Z(PSC,rm)
Z(PSC,max)

Z(PSC,min)

(@ [@ ] [ RIZEERE [E= B [BREEEEEEIE = =] =
(4]

Description

unrestricted grammars

context-sensitive grammars

context-free grammars

linear grammars

regular grammars

right linear grammars

simple matrix grammars

simple matrix grammars of degree n
linear simple matrix grammars

linear simple matrix grammars of degree n
right linear simple matrix grammars

right linear simple matrix grammars of degree n
state grammars

state grammars of degree n

scattered context grammars
propagating scattered context grammars

extended propagating scattered grammars
scattered context grammars which erase their

nonterminals in a generalized k-limited way
linear scattered context grammars
linear scattered context grammars of degree n
right-linear scattered context grammars
right-linear scattered context grammars of degree n
propagating scattered context grammars

which use n-limited derivations
propagating scattered context grammars

which use leftmost derivations
propagating scattered context grammars

which use rightmost derivations
propagating scattered context grammars

which use maximal derivations
propagating scattered context grammars

which use minimal derivations
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Subject Index

2-limited prop. scattered context grammar,

abstract family of languages, [16]
alphabet, [T4]

auxiliary verb, [98]

axiom, see start symbol

bijection, see bijective function
bijective function, [T4]

canonical clause, 98]
cardinality, [I2]
Cartesian product, [T3|
checking production, [29]
Chomsky hierarchy, [T§]
closure
reflexive and transitive, [14]
transitive, [14]
under a binary operation, [T4]
closure property, [T4]
complement
of language, T3]
of set, [T3]
concatenation
of languages, [13]
of strings, [T4]
context-free
grammar, [T7]
language,
production, [24]
context-free simulation, [34]
partial, [34]
context-sensitive
grammar, [T7]
language, [T7]
production, [24]
control word, [77]
core grammar, [33]

degree of context sensitivity, [26]

derivation,

step, see direct derivation
derivation word,
difference

of languages, [T4]
of sets, [13]

direct derivation, [17]
leftmost, [24]
maximal, [68]
minimal, 68|
rightmost, [24]

derivation

n-limited, 53]
domain, [13]

empty
sequence, 13|
set, [12]
string, [T4]

equivalent grammars, 23]

existential clause, [102]

Extended Post Correspondence, 21]

extended prop. scattered context grammar, 30|
extended Szilard language,

family
of languages, [T4]

of sets, [12]
function, [T3]

global production, 29|
homomorphism, T3]

inflection, [97]

injection, see injective function
injective function, [T4]

input sentence, [I00]

input vocabulary, [I00]
intersection
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of languages, [14]
of sets,[13]

inverse relation, [13]

k-fold product, [T4]
k-limited erasing,
generalized, [34]
k-restricted homomorphism, 28]
Kleene
plus, [T3]
star, [13)]

Kuroda normal form, [T§]

label of production, [77]
language, [T4]

finite, [14]

infinite, [T4]
leftmost production, [29]
length of sequence, [13|
lexical verb, O8]
linear

grammar, [T7]
language, [I7]
scattered context grammar, @
of degree n, 4|
linear erasing, [T6|

mapping, see function
maximum context sensitivity, [26]
modal verb, O8]

morphism, see homomorphism

n-limited derivation, 21]
negative-context grammars, [29]
non-modal verb, O]
nonterminal, [T6]

symbol, see nonterminal
nonterminal complexity, [26]

ordered
n-tuple, [13]
pair, [[3]
output sentence, [[00]
output vocabulary, [99]
overall context sensitivity, [26]

paradigm, O8]
irrealis, 98]
past participle, O8]
plain form, O8]

present, [9§]
preterite, [98]
parse,
partial function, [T3]
partially-parallel grammar, [§]
phrase-structure grammar, [16]
power
of language, T3]
of string, [T4]
power set, [13]
predicate, [97]
predicator, O8]
prefix, [[4]
proper, [14]
production, [T6]
left-hand side, [17]
right-hand side, [T7]
pronoun
nominative, [99]
propagating scattered context
grammar, 24]
which uses leftmost derivations, 29 [63]
which uses rightmost derivations, [63|
with appearance checking, [29]
with unconditional transfer, 29|
language, [24]
of order n,[53|
proper generator of its sentences
preceded by their parses, [7§]
leftmost, [78]
with their parses, [7§]
leftmost, [78§]

rightmost, [7§]

question tag, [104]
queue grammar, 2]

quotient

left, [T3]

left exhaustive, [T3]

right, [T5]

right exhaustive, [T3]

range, [[3]

recursively enumerable language, [17]
regular

grammar, [T§]

language, [15] [I§]

relation, [13]
binary, [T3]
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reversal
of language, T3]

of string, [T4]
right-linear

scattered context grammar, [49]

right-linear grammar, [T§]
rule, see production

scattered context

grammar, [24]
language, [24]
sentential form,
sequence, [[3|
finite, [13]
infinite, T3]
set,[12]
countably infinite, [T2]
finite, [12]
infinite, [12]
simple matrix grammar, [T9]
linear, [T9]
of degree n,[T9
of degree n,[I9]
right-linear, [T9]
of degree n,[19
start symbol, [16]
state
grammar, [20]
of degree n, [21]
of infinite degree, [21]
language, [21]
of degree n, [21]
of infinite degree, [21]
string, [14]
subject, [97]
subrelation, [13]
subset, [12]
proper, [12]
substitution, [13]
substring, [T4]
proper, [T4]
subword, see substring
successful derivation, [T7]

suffix, [14]
proper, [14]

surjection, see surjective function

surjective function, [14]
symbol, [T4]

Szilard word,

terminal, [16]
symbol, see terminal

total function, [13]

transformational scattered context grammar, [99]
transformation, [T00]

union

of languages, [I4]
of sets, [13]

unordered scattered context grammar, 9]

verb
primary form, O8]
secondary form, O8]
verb phrase, O8]

word, see string
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