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Introduction

Formal language theory, introduced by Noam Chomsky in the 1950s as a
tool for a description of natural languages [12, 13, 14|, has also been widely
involved in modeling and investigating phenomena such as generative (pro-
duction) processes appearing in computer science, artificial intelligence and
other related fields. In formal language theory a model for a phenomenon is
usually constructed by representing it as a set of words, i.e., a language over
a certain alphabet, and defining a generative mechanism, i.e., a grammar
which identifies exactly the words of this set. With respect to the forms of
their rules, grammars and their languages are divided into four classes of
Chomsky hierarchy: recursively enumerable or type 0, context-sensitive
or type 1, context-free or type 2 and reqular or type 3.

Context-free grammars are the most investigated type of Chomsky hi-
erarchy which, in addition, have good mathematical properties and are
extensively used in many applications of formal languages. However, they
cannot cover all aspects which occur in modeling of phenomena. On the
other hand, context-sensitive grammars, the next level in Chomsky hierar-
chy, are too powerful to be used in applications of formal languages, and
have bad features, for instance, for context-sensitive grammars, the empti-
ness problem is undecidable and the existing algorithms for the membership
problem, thus for the parsing, have exponential complexities. Moreover,

such concepts as a derivation tree, which is an important tool for the anal-
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ysis of context-free languages, cannot be transformed to context-sensitive
grammars. Therefore, it is of interest to consider “intermediate” gram-
mars which are more powerful than context-free grammars and have similar
properties. One type of such grammars, called grammars with regulated
rewriting (controlled or requlated grammars for short), is defined by con-
sidering grammars with some additional mechanisms which extract some
subset of the generated language in order to cover some aspects of modeled
phenomena. Due to the variety of investigated practical and theoretical
problems, different additional mechanisms to grammars can be considered.
Since Abraham [1] first defined matrix grammars in 1965, several grammars
with restrictions such as programmed, random context, valence grammars,
and etc., have been introduced (see [24]). However, the rapid developments
in present day technology, industry, medicine and other areas challenge to
deal with more and more new and complex problems, and to look for new
suitable tools for the modeling and investigation of these problems.

In our thesis we propose to use Petri nets as regulation mechanisms to
context-free grammars and define Petr: net controlled grammars. This
idea can be justified with the following facts. On the one hand, control
by Petri nets extends possibilities to investigate concurrent control mech-
anisms in formal language theory. [48] can be considered as the first paper
in this direction where the regulation in matrix grammars is simulated by
Petri nets in order to solve some open problems in matrix languages. In [67]
it was also shown that the additional requirement in random context gram-
mars can be simulated by Petri nets. Control by Petri nets has also been
introduced and studied in automata theory [37, 38, 36, 57] and grammar
systems theory [9].

On the other hand, grammars controlled by Petri nets can be very ap-
propriate tools for modeling and analyzing phenomena in automated manu-
facturing systems and systems biology, where Petri nets are responsible for

the structure and communication in systems and grammars represent gen-
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erative processes. For instance, the following circumstance demonstrates
that biochemical processes — metabolic pathways — in living cells can be ac-
curately modeled and investigated using formal grammars with Petri nets.

One of the main goals of systems biology is to understand the pro-
cesses in a living cell. Living cells are composed of a number of compounds
(metabolites, enzymes, co-factors, ions, and etc.) and chemical reactions
that occur simultaneously. A complete understanding of the behavior of
these reactions is possible only through a complete analysis in both qual-
itative and quantitative terms. A qualitative analysis of the behavior of
these reactions constitutes the qualitative study of metabolic pathways. A
metabolic pathway is a series of chemical reactions occurring within a cell,
catalyzed by enzymes, resulting in either the formation of a metabolic prod-
uct to be used or stored by the cell, or the initiation of another metabolic
pathway (Figure 1.1 illustrates a metabolic pathway of the citric acid cycle).

Often metabolites participate in more than one metabolic pathway,
forming a complex network of reactions. Metabolic pathways may be of
two general types: catabolic and anabolic. Catabolic pathways involve
the breakdown or digestion of large, complex molecules. Anabolic path-
ways involve the synthesis of large molecules, generally by joining smaller
molecules together.

The important issues in a qualitative analysis of metabolic pathways are
the selection of appropriate descriptions for whole sets of pathways, and the
selection of operations that can be used to combine these sets and identify
qualitative properties and recurring pathway structures from them. The
descriptions of sets of pathways should limit the computational complexity
and make results easier to comprehend.

In order to represent and analyze metabolic pathways several meth-
ods such as ordinary differential equations [49], Boolean logic and state
machines [60], genetic grammars [51], rule based models [50], stochastic

parameterized grammars [69], and graph grammar based models [15], and
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Figure 1.1: Citric acid cycle
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various graphical models [63] including Kauffman binary networks [61],
signal flow graphs [83], bond graphs [98], different types of Petri net mod-
els [7, 11, 33, 52, 64] have been used. Among wide spectrum of models,
Petri nets offer a simple and intuitive representation of a metabolic path-
way structure where places represent biochemical entities, tokens in a place
indicate the presence of the corresponding entity, transitions represent re-
actions, the arc weights encode the stoichiometry of a reaction [64] (Figure
1.2 represents a simplified Petri net model of the citric acid cycle illustrated
in Figure 1.1). Occurrence sequences of transitions of a Petri net simulate
sequences of biochemical reactions in the corresponding metabolic pathway.

The analysis of complex networks of metabolic pathways involving a
tremendous amount of data such as metabolites, biochemical reactions and
their properties, enzymes, etc., requires the use of an automated informa-
tion processing, i.e., computers. The necessity of codifying all the informa-
tion in comprehensible manner for the computer processing motivates to
investigate easy computer-implementable and coherent symbolic methods
for the representation and analysis of metabolic pathways.

At this point the similarity between the application of a production rule
of a grammar and the firing of a transition of a Petri net [18], and on the
other hand, the similarity between the firing of a transition of a Petri net
and a biochemical reaction of a metabolic pathway prompts to consider
integrated models of grammars and Petri nets for metabolic pathways.

We propose the model for metabolic pathways using grammars and Petri
nets, which can be considered as an extended version of the Petri net based
model introduced in [64]. Symbols of a grammar represent compounds of
a biochemical reaction, and places labeled by symbols represent the status
of the corresponding compounds where tokens are separate instances of the
symbols, which shows the available amount of the corresponding substance.
Production rules represent biochemical reactions, and transitions labeled

by rules represent the status of the corresponding production rules. A tran-

11
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sition is labeled by a production rule such that its input places are labeled
by the symbols of the left-hand side of the rule and its output places are
labeled by the symbols of the right-hand side of the rule. A rule can be
applied if the transition labeled by this rule can be fired. Weights assigned
to arcs indicate numbers of occurrences of symbols erased and appeared
by the application of a rule when the transition labeled by this rule fires.
Then a metabolic pathway can be simulated by a derivation of the gram-
mar, where the sequence of production rules in the derivation are chosen
according to the occurrence sequence of transitions of the corresponding
Petri net. Thus, Petri nets can be considered as additional mechanisms to
grammars in order to choose production rules for derivations of grammars.

Though biochemical reactions are represented by production rules of
type 0 grammars in general case, we consider the simpler models investi-
gating catabolic pathways which consists of only decomposition reactions.
These types of biochemical reactions can be represented by context-free
rules, in which enzymes participated in reactions can be represented by
additional places.

The thesis introduces various variants of Petri net controlled grammars
using different types of Petri nets and investigates their computational and

closure properties. Thesis is organized as follows.

Chapter 2 starts by giving, as prerequisites, some basic concepts and
results from the areas formal languages and Petri nets: strings, grammars,
languages, Petri nets, Petri net languages and so on, which will be used in

our further investigations.

When we study the controls by extended context-free Petri nets (isomor-
phic Petri nets to context-free grammars enriched with additional compo-
nents), we can see that controls used in grammars with regulated rewriting
can be represented by some special subnets of these Petri nets, for instance,
the net consisting of disjoint chains corresponds to the regulation in vector

grammars while the net consisting of cycles with the single common place

13
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matches to the restriction in matrix grammars. If the subnet is required
to be composed of disjoint cycles, then we come to the definition of a new
type of regulated grammars: we introduce a new variant of matrix gram-
mars called semi-matriz grammars and investigate their generative power
and closure properties in Chapter 8. From the definitions of matrix and
vector grammars one can see that in a matrix grammar the shuffling of
matrices is not allowed while in a vector grammar matrices can be shuffled.
Semi-matrix grammars differ from the foregoing grammars by application
of matrices in derivations: the shuffling of matrices is allowed only for dif-
ferent matrices. Semi-matrix grammars complete the variations of matrix

grammars with respect to the start of a matrix.

The study of Petri net controlled grammars starts from Chapter 4.
A context-free grammar and its derivation process can be described by
a Petri net, called a context-free Petr: net (a cf Petri net for short),
where places correspond to nonterminals, transitions are the counterpart
of the production rules, the tokens reflect the occurrences of symbols in
the sentential form, and there is a one-to-one correspondence between the
application of (sequence of) rules and the firing of (sequence of) transitions.
Therefore, the control of the derivations in a context-free grammar can be
implemented by adding some features to the associated Petri net.

Depending on what kind of elements (places, transitions or/and arcs)
to add and how to add them, various control mechanisms can be defined.
In our current research, as additional elements to a cf Petri net, we choose
places and arcs. As control, first, we consider a subnet consisting of new
places, transitions of the cf Petri net, and new arcs from/to these new places
to/from transitions of the net; it leads to define grammars controlled by k-
Petri nets, i.e., cf Petri nets with additional k& places. Next we consider more
complex control mechanisms: we add new places and arcs in such a way that
a control subnet consists of chains or cycles, and correspondingly, we define

z(c, s)-Petri net controlled grammars. We investigate the computational

14




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

power and closure properties of families of languages generated by extended

Petri net controlled grammars.

In Chapter 5 we consider a generalization of the Petri net controlled
grammars defined in the previous chapter: we associate an arbitrary place/
transition Petri net with a context-free grammar and require that the se-
quence of applied rules corresponds to an occurrence sequence of transitions
in the Petri net. On the other hand, this type of Petri net controlled gram-
mars is also a generalization of regularly controlled grammars, i.e., instead
of a finite automaton, a Petri net is associated with a context-free grammar.
With respect to different labeling strategies and different definitions of final
marking sets, we define various classes of Petri net controlled grammars.
Here we study the influence of the labeling functions and the effect of the

final markings on the generative power.

It is known that many decision problems in formal language theory are
equivalent to the reachability problem in Petri net theory, which has been
shown that it is decidable, however, it has exponential time complexity.
The result of this has been the definition of a number of structural sub-
classes of Petri nets with a smaller complexity and still adequate modeling
power. Thus, it is interesting to consider grammars controlled by such kind
of subclasses of Petri nets. In Chapter 6 we continue our study of arbitrary
Petri net controlled grammars by restricting Petri nets to their structural
subclasses, i.e., special Petri nets such as state machines, marked graphs,

and free-choice nets, and so on.

If in previous chapters we investigate Petri net controlled grammars
using static properties of Petri nets, in Chapter 7 we examine Petri net
controlled grammars with respect to dynamical properties of Petri nets.
Here we use (cf, extended cf, and arbitrary) Petri nets with place capacities.
We also investigate capacity-bounded grammars which are counterparts of

grammars controlled by Petri nets with place capacities.

15




UNIVERSITAT ROVIRA I VIRGILI

PETRI NET CONTROLLED GRAMMARS
Sherzod Turaev
ISBN:978-84-693-1536-1/DL:T-644-2010

Finally, in Chapter 8 we draw some general conclusions and present

suggestions for further research.

The majority of the results of in the thesis has been published in sci-
entific journals and presented at conferences. Minor improvements of pre-
sentations and proofs have been performed in many places. Chapter 3 is
mainly based on the presentation at [99]. The results of Chapter 4 are
based on works presented at [27, 28, 100] and published [32]. Chapter 5 de-
scribes results presented at [26] and published in [31]. Chapter 6 is formed
by the presentation at [29] and the article published in [30]. Finally, the
results of Chapter 7 are published in [96, 97, 95].

16
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Preliminaries

In this chapter we recall some prerequisites, by giving basic notions and
notations of the theories formal languages, Petri nets and Petri net lan-
guages which are used in the thesis. The reader is referred to [53, 85, 24,
68, 82, 47, 74, 71] for further information.

2.1 Formal Languages

2.1.1 General Notations

Throughout the thesis we use the following general notations. € denotes the
membership of an element to a set while the negation of set membership
is denoted by ¢. The inclusion is denoted by C and the strict (proper)
inclusion is denoted by C. The union, intersection, difference and cross
product of two sets are denoted by U, N, —, X, respectively. () denotes
the empty set. The set of positive (non-negative) integers is denoted by
N (Np). The set of integers is denoted by Z. The power set of a set X is
denoted by 2%, while the cardinality of a set X is denoted by |X]|.

2.1.2 Strings, Languages and Operations

Let X be an alphabet which is a finite nonempty set of symbols. A string

(sometimes a word) over the alphabet X is a finite sequence of symbols

17
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2.1. FORMAL LANGUAGES

from X. The empty string is denoted by A. The set of all strings over the
alphabet ¥ is denoted by L*. The set of nonempty strings over X is denoted
by Lt,ie., X" =2X* —{A}. A subset of L* is called a language. A language
LeZXZ*isAfree if A ¢ L.

For two strings u and v, their concatenation is defined as the juxtapo-
sition uv. If w = w;w,, for some wi, wy € X*, then w; is called a prefix of
w and w, is called a suffix of w. The sets of all prefixes and suffixes of a
string w are denoted by Pref(w) and Suf(w), respectively. If w = wiywyows
for some strings wi, w,, w3 € X*, then wy is called a substring of w. A
string v is called a scattered substring of a string u if there are strings
Vi, V2, -y Vi, U, Ug, .oy Uy € 2%, n > 1, such that v =v;vy---v,, and
U= U ViUsVs -+ - UnVplp 1.

For a string w = aq;as---an, a; € £, 1 <1i < n, the string a, -+ - axa; is
called the mirror 1mage of w and denoted by wR. For a language L C X*,
its mirror image is defined as L? = {wR |w € L}.

The length of a word w, denoted by |w|, is the number of occurrences
of symbols in w. The number of occurrences of a symbol a in a string w is
denoted by |w|,. For a subset A of £, the number of occurrences of symbols
of A in a string w € L* is denoted by |[w|a.

Parikh vector associated with w € X* with respect to the alphabet
L ={ay,ay...,ax} is defined by pz(w) = (Wla,, Wla, ..., Wlq,). For a

string w € X*, the set of all its permutations is defined by
Perm(w) = {w' | ps(W') = pz(w)}.
For two languages L;, L, C X* the operation shuffie is defined by

Shuf(L, Lp) = {wiviuove - - - uqvy [ ugte - - upn € Ly, viva - - -vyy € Ly,

u,vi e, 1<i<n}

18
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2.1. FORMAL LANGUAGES

and for L C **

Shuf'(L) =L,
Shuf*(L) = Shuf(Shuf**(L),L), k > 2
Shuf*(L) = | J Shuf*(L).

k>1

)

Regarding languages as sets, the operations of union, intersection, dif-
ference for languages are defined in usual fashion. The concatenation of

two languages L; and L, is
LlLQ ::{iLV |1l € [qd v E Lg}.

For an integer n > 0 and a language L, L™ is defined by L% = {A},
" = L"!L, for n > 0. The Kleene closure of a language L, denoted by
L*, is defined by

=L

i>0

and its A-free Kleene closure, denoted by L™, is defined by

L =L
i>1

A language L over X is called regular if it can be constructed by a
finite number of applications of the operations union, concatenation and
Kleene closure from subsets of £ U{A}. The family of all regular languages
is denoted by REG.

A mapping s : I* — 24" is called a substitution if s(A) = {A} and
s(uv) = s(u)s(v). s is said to be A-free if A & s(a) for all a € X. A
substitution is called a homomorphism if [s(a)| = 1 for all a € £ (we write
s(a) = u instead of s(a) ={u}). A homomorphism h: X* — A* is called a
coding if h(a) € A for each a € X and a week coding if h(a) € A U{A} for
each a € X. For a homomorphism h : £* — A*, the mapping h—! : A* — 2%
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defined by
h'(u)={veZ*|hv) =u}

is called an nverse homomorphism.

If L C (Z{A,c,c?,...,c*1})* for some c ¢ L and some constant k, and
if h is a homomorphism defined by h(a) = a for all a € £ and h(c) = A,
then h is said to be k-restricted on L.

The left deriwvative of a language L C X* with respect to a string x € £*
is

L(L)={we X" |xwel)

X

The right deriwvative of a language L C X* with respect to a string
x €L is
0L (L) ={weZ*[wx e L}

Let o be a k-ary operation on languages and £ be a family of lan-
guages. £ is said to be closed under the operation o if for all languages
Ly, Ly, ... Le € £, o(Ly, Ly, ...,Lx) € £. A language family is called an
abstract family of languages (abbreviated AFL) if and only if it is closed
under union, concatenation, A-free Kleene closure, A-free homomorphisms,
inverse homomorphisms and intersections with regular languages. A fam-
ily of languages closed under all AFL operations except concatenation and

A-free Kleene closure is called a semi-AFL.

Theorem 2.1. If £ is a family of languages closed under intersections with
regular sets, union with regular sets, substitution by A-free regular sets and

restricted homomorphisms, then £ is closed under inverse homomorphisms.
Theorem 2.2. A semi-AFL is closed under right and left derivatives.

Two languages [; and L, are called equal if [; — {A} = L, — {A}. Two
language families £; and L, are called equal if for each language [; € £;

there is a language L, € £, which is equal to L; and vice versa.
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A finite automaton is a system A = (Q, X, qo, 0, F) where Q is a finite
non-empty set of states, L is the input alphabet, qo € Q is the wnitial
state, F C Q is the set of final states and & : Q x £ — 29 is the transition
function. Such an automaton recognizes a string w = a;a,---a, € ¥,
ai, dg,...,a, € 2, if and only if there are states qi,(qs,...,qn € Q such
that q; € 6(qo, a1), qis1 € 8(qi,ai41) for 1 <i<n—1and q, € F. The
set of all strings recognized by A is denoted by L(A).

Theorem 2.3. The family REG is exactly the family of languages recog-

nizable by finite automata.

2.1.3 Grammars

A phrase structure (Chomsky) grammar is a quadruple G = (V, L, S,R)
where V and X are two disjoint alphabets of nonterminal and terminal

symbols, respectively, S € V is the start symbol and
RC(VUX)'V(VUI)* x (VUX)*

is a finite set of (production) rules. Usually, a rule (u,v) € R is written in
the form u — v. A rule of the form u — A is called an erasing rule.
A phrase structure grammar G = (V, X, S,R) is called a GS grammar

(a phrase structure grammar due to Ginsburg and Spanier [42]) if
RC V' x (VUI)".

The families of languages generated by GS grammars and by phrase
structure grammars are denoted by GS and RE, respectively. It is well-
known that the family GS is equal to the family RE.

A string x € (VUX)* directly derives a stringy € (VUXZ)* in G, written
as x =g y if and only if there is a rule u — v € R such that x = x;ux, and

Yy = x1vxs for some x1,x; € (VU X)*. If G is understood, we write x = y.
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The reflexive and transitive closure of the relation = is denoted by =*. A
derivation using the sequence of rules T =115 - -1, 11 € R, 1 <1 <K, is
denoted by = or ==K

A string w € (VU X)* such that S =§ w is called a sentential form.

The language generated by G, denoted by L(G), is defined by
L(G)={weX"|S="w}l

Two grammars G; and G, are called equivalent if L(G;) = L(G,).
A phrase-structure grammar G = (V, %, S, R) is called

e context-sensitive if each rule u — v € R has u = u;Au,, v = uixu,
for uj,u, € (VUI)*, A€ Vand x € (VUZI)" (in context sensitive
grammars S — A is allowed, provided that S does not appear in the

right-hand members of rules in R);
e context-free if each ruleu - v e RhasueV;
e linear if each ruleu —+»ve Rhasue Vandve X2*UX*V¥¥
e reqular if eachruleu +v&eRhasueVandveXUXV.

The families of languages generated by context-sensitive, context-free
and linear grammars are denoted by CS, CF, LIN. Further we denote
the family of finite languages by FIN. The next strict inclusions, named

Chomsky hierarchy, hold

Theorem 2.4. FIN ¢ REG C LIN ¢ CF C CS C RE.

2.1.4 Grammars with Regulated Writing

The idea of regulated rewriting consists of restricting the application of
the rules in a context-free grammar in order to avoid some derivations

and hence obtaining a subset of the context-free language generated in
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usual way. The computational power of some context-free grammars with
regulated rewriting turns out to be greater than the power of context-free
grammars. Various regulation mechanisms used in regulated grammars can

be classified into general types by their common features, for instance

e control by prescribed sequences of production rules:

matriz grammars (Abraham [1], 1965) — the set of production rules
is divided into sequences (called matrices) and if the application of
a matrix is started, a second matrix can be started after finishing
the application of the first one. And the rules have to been applied
in the order given a matrix; vector grammars (Cremers and Mayer
[17],1973) — in which a new matrix can be started before finishing
those which have been started earlier; regularly controlled grammars
(Ginsburg and Spanier [42], 1968) — the sequence of production rules
applied in a derivation belong to a given regular language associated

with the grammar;

control by computed sequences of production rules:

programmed grammars (Rosenkrantz [89], 1969) — after applying
a production rule, the next production rule has to be chosen from
its success field; if the left hand side of the rule does not occur in
the sentential form, a rule from its failure field has to be chosen;
valence grammars (Paun [79], 1980) — where with each sentential
form an element of a monoid is associated, which is computed during
the derivation and derivations where the element associated with the

terminal word is the neutral element of the monoid are accepted;

control by context conditions:

where the applicability of a rule depends on the current sentential
form; with any rule some restrictions are associated for sentential
forms which have to be satisfied in order to apply the rule: random

context grammars (Cremers, Maurer and Mayer [16], 1973) — the
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restriction is the belonging to a regular language associated with the
rule; conditional grammars (Fris [41], 1968) — the restriction to spe-
cial regular sets; semi-conditional grammars (Kelemen [62], 1984) —
the restriction to words of length one in the permitting and forbidden
contexts; ordered grammars (Fris [41], 1968) — a production rule can

be applied if there is no greater applicable production rule;

control by partial parallelism:

Indian parallel grammars (Siromoney and Krithivasan [92], 1974) —
all occurrences of one letter are replaced (according to one rule); Rus-
sian parallel grammars (Levitina [65], 1972) — which combines the
context-free and Indian parallel feature; scattered context grammars
(Greibach and Hopcroft [45], 1969) — in which only a fixed number of

symbols can be replaced in a step but the symbols can be different;

control by memory:

indezed grammars (Aho [2], 1968) — the application of production
rules gives sentential forms where the nonterminal symbols are fol-
lowed by sequences of indexes (stack of special symbols), and indexes
can be erased only by rules contained in these indexes but erasing of

the indexes is done in reverse order of their appearance.

Further we recall the definitions of those regulated grammars which are

used in the proofs of some statements in this thesis.

A regularly controlled grammar is a quintuple G = (V, %, S,R,K)
where V, L, S, R are specified as in a context-free grammar and K is a reg-
ular set over R. The language generated by G consists of all words w € L*

such that there is a derivation S =% w where 175 - T € K.

A matriz grammar is a quadruple G = (V,%,S, M) where V, X, S are
defined as for a context-free grammar, M is a finite set of matrices which

are finite strings over a set R of context-free rules (or finite sequences of
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context-free rules). For m € M, we use both notations m = r;ry-- -5 and

m:(ry,To,...,7s). The language generated by the grammar G is

L(G)={weI*|SSwand me M*.

A vector grammar is a quadruple G = (V, X, S, M) whose components
are defined as for a matrix grammar. The language generated by the gram-

mar G is defined by
L(G)={weZ*|SSwand m € Shuf*(M)}.

A matrix (vector) grammar G is called without repetitions if for each
rule v € R, /mymy---m,|, = 1. For each matrix (vector) grammar, by
adding chain rules, we can construct an equivalent matrix grammar without

repetitions.

An additive valence grammar is a quintuple G = (V, %, S, R, v) where
V, X, S, R are defined as for a context-free grammar and v is a mapping from
R into Z. The language generated by G consists of all strings w € L* such
that there is a derivation S =222 w where > () =0.

A positive valence grammar is a quintuple G = (V, %, S, R,v) whose
components are defined as for additive valence grammars. The language
generated by G consists of all strings w € L* such that there is a derivation

S ==\ where > ,v(ri))=0andforany 1 <j<mn, 21:1"“1) > 0.

A programmed grammar (without appearance checking) is a sextu-
ple G = (V,L%,S,R,D, o) where V,%,S,R are defined as for a context-free
grammar, D is a finite set of labels for the rules of R such that D can
be also interpreted as a function which outputs a rule when being given
a label, o is a function from D into the set of subsets D, i.e., 2P. For

(x,71), (y,m2) € (VUZ)*xD and D(r;) = (x — B) we write (x,11) = (y, 12)
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if and only if

X = X1 X2,y = X1 3%z and 15 € o(1y).

The o(r) is called the success field of r € R. The language generated by G

1s defined as

L(G)={we Z*|(§5,71) =" (w,ry) for some 11,15, € D}.

The families of languages generated by regularly controlled, matrix,
vector, additive valence and positive valence grammars (with erasing rules)
are denoted by rC, MAT, VEC, Prog, aV, pV (rC)‘, MAT*, VEC", Prog”,
aV*, pV?%), respectively.

We use bracket notation £ for a language family £ in order to say

that a statement holds in both cases: with and without erasing rules.

Theorem 2.5. The following inclusions and equalities hold (for details, see

[24]):

(1) CF C aV = aV* ¢ MAT = rC = Prog = pV;
(2) MAT C VEC c CS;
(3) MAT C MAT? = rC* = VEC? = Prog* = pV* C RE.

2.2 Petri Nets

Petri nets, introduced by Carl Adam Petri [75] in 1962, provide a powerful
mathematical formalism for describing and analyzing the flow of informa-

tion and control in concurrent systems.

2.2.1 Basic Definitions

A Petri net (PN) is a construct N = (P, T, F, ¢) where P and T are disjoint
finite sets of places and transitions, respectively, FC (P x T)U (T x P) is

26




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

2.2. PETRI NETS

the set of directed arcs, & : F — N is a wewght function.

A Petri net can be represented by a bipartite directed graph with the
node set P U T where places are drawn as circles, transitions as bozes and
arcs as arrows. The arrow representing an arc (x,y) € F is labeled with
d(x,y); if d(x,y) =1, then the label is omitted.

An ordinary net (ON) is a Petri net N = (P, T, F, ¢) where ¢(x,y) =1
for all (x,y) € F. We omit ¢ from the definition of an ordinary net, i.e.,
N = (P, T,F).

A mapping p: P — Np is called a marking. For each place p € P, u(p)
gives the number of tokens in p. Graphically, tokens are drawn as small
solid dots inside circles. *x ={y | (y,x) € F} and x* ={y | (x,y) € F} are
called pre- and post-sets of x € PU T, respectively. For X C P U T, define
*X =Uyex *xand X* = Jex x*. For t € T (p € P), the elements of *t (*p)
are called tnput places (transitions) and the elements of t* (p®) are called
output places (transitions) of t (p).

A sequence of places and transitions p = X1X5---X,, is called a path
if and only if no place or transition except x; and x,, appears more than
once, and xiy; € x{ for all 1 < i < n— 1. We denote the sets of places,
transitions and arcs of a path p by P, T,,F,, respectively. The sequence
of transitions in a path p is denoted by tr(p). Two paths p;, p, are called
disjoint if P, NP,, = 0 and T,,NT,, = (. A path p is called a chain(cycle)
if x;,xn € T and x; # x5, (X1 = Xp)-

A transition t € T is enabled by marking u if and only if pu(p) > ¢(p, t)
for all p € *t. In this case t can occur (fire). Its occurrence transforms
the marking p into the marking p’ defined for each place p € P by u/(p) =
up) — dlp,t) + d(t,p). We write p Y to denote that t may fire in
i, and p BN ' to indicate that the firing of t in p leads to p'. A
marking p is called terminal if in which no transition is enabled. A finite
sequence tity---ty, t; € T,1 < 1 <k, is called an occurrence sequence

enabled at a marking p and finished at a marking p’ if there are markings
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Ui, Lo, ..., U1 such that pu LN Ly BN =N U1 LN u’. In short this
sequence can be written as p RN i or w — u' where v = tyty- - - ty.
For each 1 < i < k, marking y; is called reachable from marking p. R(N, u)
denotes the set of all reachable markings from a marking p.

A marked Petri net is a system N = (P, T, F, ¢, 1) where (P, T,F, $) is a

Petri net,  is the nitial marking.

Ezample 2.1. Figure 2.1 depicts a Petri net N = (P, T,F, ¢, 1) with P =

{P1,P2,P3, P4, Ps} and T = {ty, 1, 13,14, ts}. We can see that ¢(tz,ps) =
&(ps, ts) = 2. The initial marking t is defined by t(p;) = t(ps) = 1 and

t((p) =0 for all P —{py,pa}.

|91 Pa
. ®
2
t, tz[w[] ts ty
b3

b2 Ps

Figure 2.1: A Petri net

A Petri net with final markings is a construct N = (P, T,F, d,, M)
where (P, T, F, &, () is a marked Petri net and M C R(N, () is set of markings
which are called final markings. If M = {u}, then instead of {1} we simply
write 1 in the definition. An occurrence sequence v of transitions is called
successful for M if it is enabled at the initial marking t and finished at a
final marking T of M. If M is understood from the context, we say that v
is a successful occurrence sequence.

A Petri net N is said to be k-bounded if the number of tokens in each

place does not exceed a finite number k for any marking reachable from
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the initial marking t, i.e., u(p) < k for all p € P and for all p € R(N, ). A
Petri net N is said to be bounded if it is k-bounded for some k > 1.

A Petri net with place capacity is a system N = (P, T, F, d, (, k) where
(P,T,F, d,1) is a marked Petri net and k : P — Nj is a function assigning
to each place a number of maximal admissible tokens. A marking pu of the
net N is valid if u(p) < k(p), for each place p € P. A transition t € T is

enabled by a marking p if additionally the successor marking is valid.

2.2.2 Special Petri Nets

It is known that many decision problems are equivalent to the reachability
problem [46]|, which has been shown to be decidable. However, it has
exponential space complexity [66], thus from a practical point of view,
Petri nets may be too powerful to be analyzed. The result of this has been
the definition of a number of subclasses of Petri nets in order to find a
subclass with a smaller complexity and still adequate modeling power for
practical purposes. These subclasses are defined by restrictions on their
structure intended to improve their analyzability.

We consider the following main structural subclasses of Petri nets.

e A state machine (SM) is an ordinary Petri net such that each tran-
sition has exactly one input place and exactly one output place, i.e.,
I*t| = [t*| =1 for all t € T (Figure 2.2). This means that there can

not be concurrency but there can be conflict.

i

Figure 2.2: A state machine
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e A generalized state machine (GSM) is an ordinary Petri net such

that [*t| < 1 and [t*| < 1 for all t € T (Figure 2.3).

o

Figure 2.3: A generalized state machine

e A marked graph (MG) is an ordinary Petri net such that each place

has exactly one input transition and exactly one output transition,

ie, [*pl=Ip®| =1 for all p € P (Figure 2.4). This means that there

can not be conflict but there can be concurrency.
()

N g{j\
) \DP
N

Figure 2.4: A marked graph

o

e A generalized marked graph (GMG) is an ordinary Petri net such
that [*p| < 1 and [p®| < 1 for all p € P (Figure 2.5).

O—

(>

Figure 2.5: A generalized marked graph

e A casual net (CN) is a generalized marked graph each subgraph of
which is not a a cycle (Figure 2.6).
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O—0

R

Figure 2.6: A casual net

e A free-choice net (FC) is an ordinary Petri net such every arc is

either the only arc going from the place, or it is the only arc going to a
transition, i.e., that if p;Np35 # 0 then [p}| = |p5| = 1 for all p;,p2 € P
(Figure 2.7). This means that there can be both concurrency and

conflict but not the same time.

Figure 2.7: A free-choice net

An eztended free-chotice net (EFC) is an ordinary Petri net such that
if p? Nps # 0 then p; = p3 for all py, ps € P (Figure 2.8).

An asymmetric choice net (AC) is an ordinary Petri net such that if
p?Nps # () then p} C ps or p} 2 p;s for all py, ps € P (Figure 2.9). In
asymmetric choice nets concurrency and conflict (in sum, confusion)

may occur but not asymmetrically.

The hierarchy of the introduced subclasses of Petri nets is shown in
Figure 2.10.
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Figure 2.8: An extended free-choice net

[]
L

()
N

Figure 2.9: An asymmetric choice net
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Figure 2.10: The hierarchy of Petri net classes

2.2.3 Petri Net Languages

Petri nets, which are graphical and mathematical modeling tools applica-
ble to many discrete systems, have widely been used in the study of formal
languages. One of the fundamental approaches in this area is to consider
Petri nets as language generators. If the transitions in a Petri net are
labeled with a set of (not necessary distinct) symbols, a sequence of transi-
tion firing generates a string of symbols. The set of strings generated by all
possible firing sequences defines a language called a Petr: net language.
Petri net languages have received a lot of attention since the late seventies
[65, 56, 58, 72, 74]. Comprehensive surveys on Petri net languages can be
found in the work of Jantzen [56] and Peterson [74].

A labeled Petri net is a net A = (P,T,F, ¢,, M, L, {) where N =
(P, T,F,d,,M) is a Petri net with final markings, £ is an alphabet and
€: T — XU{A}is a labeling function. The labeling function { is extended

to occurrence sequences in natural way, i.e., if ot € T* is an occurrence
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sequence then {(ot) = {(0){(t) and £(A) = A . For an occurrence sequence
o€ T* {(o) is called a label sequence.

In general, a language generated by a Petri net is a set of label sequences
corresponding to occurrence sequences of the Petri net. Several varieties of
Petri net languages result from the use of labeling policies and the definition

of the set of final markings.

Definition 2.1. A Petri net language generated by a labeled Petri net
A= (P, T,F,¢,,M,Z,{) is called

e free (abbreviated by f) if a different label is associated to each tran-

sition, and no transition is labeled with the empty string;

e A-free (abbreviated by —A) if no transition is labeled with the empty

string;

e arbitrary (abbreviated A) if no restriction posed on the labeling func-

tion {.

Definition 2.2. A Petri net language generated by a labeled Petri net
A= (P, T,F,¢,,M,Z,{) is called

e P-type if M is the set of all reachable markings from the initial mark-
ing (, i.e., M = R(N, v);

o [-type if M C R(N, ) is a finite set;

e G-type if for a given set My C R(N, 1), each marking u € M is greater

or equal to any marking My;
o T-type if M is the set of all terminal markings of N.

The Petri net in Figure 2.11 with a final marking set M = {(0,0,1,0)}

results the following different types of Petri net languages:

e P-type: {a™ | m > 0}u{a™cb™ | m > n > 0}U{a™cb™d | m > n > 0};
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@k

P1 c Ps d P4
Figure 2.11: A labeled Petri net
e [-type: {a™cb™ | m > 0};
e G-type: {a™cb™ |m > n > 0}
e T-type: {a™cb™d | m >n > 0}.

XY denotes the family of X-type of Petri net languages with y-labeling
policy where X € {P,L, G, T} and y € {f, —A,A}. Then, the relationship of
the families of Petri net languages is summarized in Figure 2.12 where an

arrow between two classes of languages indicates proper containment.

TA T-A Tf

)

I LA Lf
|

el > el
|

PA p—A pf

Figure 2.12: The relationship of the families of Petri net languages
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Semi-Matrix Grammars

3.1 Introduction

Although matrix grammars [1] is one of the earliest and well investigated
types of grammars with regulated rewriting, they still raise interesting ques-
tions, and find theoretical and practical applications. Various variants of
matrix grammars such as unordered matrix grammars, vector grammars,
simple matrix grammars, and etc., have also been introduced [17, 24, 23, 54,
77, 81, 90, 91]. The monograph [80] is entirely devoted to matrix grammars
and their variants and present most of the known results.

Matrix grammars and their varieties are closely related to Petri nets:
the restriction used in these grammars can be easily expressed in terms of
Petri nets. For instance, in [48], the reduction to the reachability prob-
lems of Petri nets helped to solve a number of open problems in regulated
rewriting systems, in particular, regularity of matrix languages over one let-
ter alphabet and the emptiness problem for the family of matrix languages.
The relationship between vector grammars and Petri nets was investigated
in [59].

It will be shown in the next chapter that grammars controlled by spe-
cific types of Petri nets generate the families of regulated languages such
as matrix and vector languages. In case of matrix and vector languages,

controls used in matrix and vector grammars correspond to disjoint chains,
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3.2. DEFINITION AND EXAMPLES

and cycles with the only common place in Petri nets, respectively. If we
consider Petri nets with disjoint cycles, then grammars controlled by this
type of Petri nets generate a new variant of matrix languages, called semi-
matrix languages. Thus, it is interesting to investigate the properties of
such kind of grammars. In the next section we give the formal definition of
semi-matrix grammars, and afterwards we investigate the closure properties

and generative capacities of the family of semi-matrix languages.

3.2 Definition and Examples

The shuffle of k (not necessarily different) strings wy, ws,...,wy € X*
consists of all words u of the form =11y ;U2 Uy UmUm2 " Umk
with u;; € X* and uyj---umy = wj, for 1 <i<m, 1 <j <k The
semi-shuffle of k (not necessarily different) strings wi, ws,...,wy € X*

is, informally spoken, the set of those words from the shuffle were only

pairwise different strings are interleaved. Formally, let {vi,vs,..., v} be
the set of pairwise different strings in w;, Wy, ..., Wi where v; is contained
n; times. Then the semi-shuffle of wi, wy,...,wy is defined as the shuffle
of vi'*,va?, ... vt

Definition 3.1. A semi-matriz grammar is a quadruple G = (V, X, S, M)
whose components are defined as for a matrix grammar. Its language L(G)
consists of all strings w € Z* such that there is a derivation § == w
where 11713 - - - T, 1s a semi-shuflle of some matrices my,, my,, ..., my, € M,

k> 1.

From the definitions of matrix and vector grammars one can see that in
a matrix grammar the shuffling of matrices is not allowed while in a vector
grammar matrices can be shuffled. Semi-matrix grammars differ from the
foregoing grammars by application of matrices in derivations: the shuffling

of matrices is allowed only for different matrices. Semi-matrix grammars
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3.2. DEFINITION AND EXAMPLES

complete the variations of matrix grammars with respect to the start of a
matrix.
The difference of the controls used in matrix, vector and semi-matrix

grammars can be seen in the following example.

Ezample 3.1. Let us consider a grammar G with the matrices

mo : (S — /\B),
m;: (A — aA,B— aB), mz: (A —a,B— a),
my: (A —bA,B—DbB), my:(A—Db,B—D).

e If G is a matrix grammar then L(G) = {ww |w € {a,b}*}.

e If G is a vector grammar then

L(G) = {wxw'x | w € {a, b}*,w’ € Perm(w),x € {a, b}}.

e If G is a semi-matrix grammar then

L(G) = {wi{A, ab,ba}---x-wi{A, ab,ba}---x|
wy,... €{aq,b}*,x € {a, bl}}.

Each derivation of the grammar G begins by using the matrix my. Then

for the further steps of the derivation there are four possible cases:

1. The matrices m; and m, are applied without shuffling: the matrices
m; and m, can be applied any times and in any order. We obtain a

string wAWB, w € {a, b}*.

2. The matrices m; and m, are applied with shuffling: the first rule of
my, then the first rule of m, or the first rule of m,, then the first rule
m; can be applied and the application of the matrices m; and m,

are finished in the following orders: the second rule of m;, then the
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second rule of m, or the second rule of m,, then the second rule of

m,, respectively. We obtain a string

w{A, ab, ba}Aw{A, ab, ba}B,w € {a, b}*.

3. The previous cases can be repeated any times and in any order. We

obtain a string
wi{A, ab, balwy{A, ab, ba}- - - Aw{A, ab, bajw,{A, ab,ba}---B

where wi, Ws, ... € {a, b}*.

4. In order to terminate the derivation, ms or m, is used. Eventually,

we obtain a string
wi{A, ab, ba}wy{A, ab, ba}- - -xwi{A, ab, ba}wy{A, ab, ba}- - -x

where wy, Wy, ... € {a, b}*, x € {a, b}.

sMAT?(sMAT) denotes the family of languages generated by the semi-
matrix grammars (without erasing rules). The next statement follows im-

mediately from the definition.
Lemma 3.1. sMAT C sMAT".

We define the following binary form for semi-matrix grammars which

will be used in the proofs of some statements in the next section.

Definition 3.2. A semi-matrix grammar G = (V, £, S, M) is said to be in

a binary form if for each rule A — «in M, || < 2.

Since each rule r: A — X1X3 - X, M 23, € VUL, 1 <1< n,ina

matrix m of M can be replaced by the sequence

A — Xle,r; Bm,r — X2Bm,r: RS Bm,r — an2Bm,ra Bm,r — Xn—1Xn
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of rules where B, . is a new nonterminal symbol with respect to the rule r
and the matrix m, one can construct an equivalent semi-matrix grammar

G’ which is in the binary form, i.e.,

Lemma 3.2. For each semi-matrix language L there is a semi-matrix gram-

mar in the binary form which generates the language L.

3.3 Closure Properties

By using standard proofs, we show that many closure properties for matrix

grammars also hold for semi-matrix grammars.

Lemma 3.3. The families sSMAT and sMAT” are closed under union and

concatenation.

Proof. Let Gy = (Vi,Z1,S1,M1) and Gy = (Va, X, Sz, M) be semi-matrix
grammars (with or without erasing rules). We assume that V; NV, = 0.
We set

V=ViUV,U{S}and 2 =X, UZ,

where S is a new nonterminal symbol.
We define the grammars G’ = (V,X%,5,M’) and G” = (V,%,S,M")
where
M”" =M; UM, U{(S = S1), (S — S2)}

and
M’ = M]_ U Mz U {(S — S]_Sz)}

It is not difficult to see that

L(G") = L(G1) UL(G,) and L(G”) = L(G1)L(Gs).

Lemma 3.4. The families SMAT and sMAT” are closed mirror image.
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Proof. Let G = (V, X,S,M) be a semi-matrix grammar (with or without

erasing rules). Let M = {my, my,..., m,} where
m; : (1‘1,1,1‘1,2, Ce ;ri,k(i)) and 1‘1,]‘ : Ai,j — (Xi,j; 1 < i < n, 1 < ) < k(l)

With each matrix m;, 1 <1i < n, we associate the matrix

™My (T, T2, -+ -5 Tik)), 1 <1<,
where Ty 1 : Ay ; — &5 and &5, 1 <1< n,1<j <k(i), is the mirror image
of aij, i.e., ®ij = of;. Let M = {Ty, T, ..., M.
Clearly, L(G’) = L(G)R for a semi-matrix grammar G’ = (V, Z,S, M).
L]

Lemma 3.5. The families SMAT and sMAT” are closed under substitu-
tion by A-free context-free languages. The family sSMAT” is closed under

substitution by arbitrary context-free languages.

Proof. Let G = (V,L,S,M) be a semi-matrix grammar (with or without
erasing rules) and s : £* — 24" be a substitution where s(a) is a context-
free language for each a € L. Let G4 = (Vq, L4, Sq, Ra) be a context-free
grammar where L(G,) = s(a) for each a € £. Without loss of generality
we can assume that Vo, NV, =0 forall a,be L witha#band V,NV =1
forallae Z. Let $: VUL — VU{S. | a € L} is the bijection defined by

x ifxeV,
$(x) =
S, ifxelX

Let M be the set of matrices obtained from M by replacing each rule

r:A—= ain M by A = ¢(x). We define a semi matrix grammar

G'=(VUulJVaZulJZaSMU|[JUA = &) A= aeR).

acl acx acx
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Obviously, L(G’) = s(L(G)). O

Lemma 3.6. The families SsMAT and sMAT?” are closed under intersection

by regular sets.

Proof. Let G = (V, Z,S, M) be a semi-matrix grammar in the binary form
without erasing rules and A = (Q, X, 8, qo, F) be a finite automaton. We

set

V' ={(q1,% q2) | 91,92 € Q,x € VU I}

and define the following sets of rules:

e foreachruler: A = xy,x,yeVulinM
A(r) =141, A, 42) = (d1,%,4)(d, Y, d2) | 9, 41, 92 € QK
e foreachruler: A —»x,xeVUXinM
A(r) ={(d1, A, 42) = (d1,%,92) | q1, 92 € Q).

Let A(M) be the set of all matrices obtained from M by replacing each

rule v by some rule of the set A(r). We also define the set of matrices
Ms ={({q1,a,q2) = @) [ 42 = 8(q1, @), 41, 2 € Q,a € L},
For each q € F we construct the semi-matrix grammar
Gq = (V' %, (qo, S, q), A(M)UM;s).

Then it is not difficult to see that L(G)NL(A) =

a semi-matrix language. ]

qer L(Gq) which is again

Using the same arguments of the proof of Lemma 1.3.2 in [24], one can
show that
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Lemma 3.7. The families sMAT and sMAT” are closed under restricted

homomorphisms.

Since, from the previous lemmas, the families SMAT and sMAT” are
closed under union, intersections with regular sets, substitutions by regu-
lar sets and intersections with regular sets, they also closed under inverse
homomorphisms, by Theorem 2.1 in Chapter 2. Therefore, these families

are semi-AFLs.
Theorem 3.8. The families sSMAT and sMAT” are semi-AFLs.
By Theorem 2.2 in Chapter 2, the next corollary is immediate

Corollary 3.9. The family sMAT and sMAT" are closed under right and

left derivatives.

3.4 Generative Capacity

First, we investigate the relationship of matrix-languages to matrix lan-

guages.
Lemma 3.10. sMAT™ C MAT™,

Proof. Let G = (V,X,S,M) be a semi-matrix grammar where
M ={my, my,..., My}, mi: (i1, T2, .-, Tik()), L <1< N
We set

V/:VU{S,,D]_,Dz,...,Dn}
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and X’ = X U{c} where
S/,Di,Di,j,D{’l, 1<i<n,1<j<k(i),1<l<k()—1,

are new nonterminals and c is a new terminal. With each matrix my,

1 < i< n, we associate the matrices

(Di = Dy, 711, Dig — D{,l)
(D{; = Dijs1,Tijr1, Dijer — Dij1),1 <j < k(i) —2

( {,kmfl — Di (i), Ti,k(1), Dik(i) — Di).
Further we add the matrices
(S" = SD;Dy---Dy,) and (D; — ¢),1 <i<n.

We define a matrix grammar G’ = (V/, L', S/, M’) where M’ consists of
the above-defined matrices.

It is not difficult to see that L(G’) = {wc* |w € L(G)}, i.e.,
L(G) = a1 (L(G").

Since the family of matrix languages are closed under right derivative,

L(G) is also a matrix language. O
Lemma 3.11. MAT™ C sMAT™.

Proof. Let G = (V,L,S,M) be a matrix grammar where
M ={my, my, ..., My, My Ty, Tig, .- Tik), L <1<
We associate with each matrix m;, 1 <1 < n, the matrix

my (D — D/,Ti’l,Ti,z, .. -;ri,k(i):D/ — D), 1 < i < n.
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where D, D’ are new nonterminals. Further we add the matrices
(S" = DS) and (D — ¢)

where c is a new terminal symbol.

Then it is easy to see that the grammar
G'=(vu{s/,D,D’},zU{c}S",M’)
where M’ is the set of all matrices (3.1)-(3.2) generates the language
L(G') ={cw|w € L(G)}, ie., L(G) =0dL(L(G")).

By Corollary 3.9, L(G) is a semi-matrix language. ]

We summarize the results of the previous lemmas and Theorem 2.1.2

in [24] in the following theorem.

Theorem 3.12.

MAT = sMAT C VEC C sMAT* = MAT? = VECM.
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Extended cf Petri Net Controlled

Grammars

4.1 Introduction

Petri nets, which are graphical and mathematical modeling tools applicable
to many concurrent, asynchronous, distributed, parallel, nondeterministic
and stochastic systems, have widely been used in the study of formal lan-
guages. One of the fundamental approaches in this area is to consider Petri
nets as language generators. If the transitions in a Petri net are labeled
with a set of (not necessary distinct) symbols, a sequence of transition firing
generates a string of symbols. The set of strings generated by all possible
firing sequences defines a language called a Petri net language, which can
be used to model the flow of information and control of actions in a sys-
tem. With different kinds of labeling functions and different kinds of final
marking sets, various classes of Petri net languages were introduced and in-
vestigated by Hack [47] and Peterson [73]. The relationship between Petri
net languages and formal languages were thoroughly investigated by Peter-
son in [74]. It was shown that all regular languages are Petri net languages
and the family of Petri net languages are strictly included in the family of
context-sensitive languages but some Petri net languages are not context-

free and some context-free languages are not Petri net languages. It was
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4.1. INTRODUCTION

also shown that the complement of a free Petri net language is context-free
[19].

Another approach to the investigation of formal languages was consid-
ered by Crespi-Reghizzi and Mandrioli [18]. They noticed the similarity
between the firing of a transition and application of a production rule in
a derivation in which places are nonterminals and tokens are separate in-
stances of the nonterminals. The major difference of this approach is the
lack of ordering information in the Petri net contained in the sentential
form of the derivation. To accommodate it, they defined the commutative
grammars, which are isomorphic to Petri nets. In addition, they considered
the relationship of Petri nets to matrix, scattered-context, nonterminal-
bounded, derivation-bounded, equal-matrix and Szilard languages in [20].

This idea was used in the following works. By extending the type of
Petri nets introduced in [18] with the places for the terminal symbols and
arcs for the control of nonterminal occurrences in sentential forms, Marek
and Ceska showed that for every random-context grammar, an isomorphic
Petri net can be constructed, where each derivation of the grammar is sim-
ulated by some occurrence sequence of transitions of the Petri net, and
vice versa. In [59] the relationship between vector grammars and Petri
nets was investigated, partially, hybrid Petri nets were introduced and the
equality of the family of hybrid Petri net languages and the family of vec-
tor languages was shown. By reduction to Petri net reachability problems,
Hauschildt and Jantzen [48] could solve a number of open problems in
regulated rewriting systems, specifically, every matrix language without
appearance checking over one letter alphabet is regular and the finiteness
problem for the families of matrix and random context languages is decid-
able; In several papers [3, 4, 21, 34|, Petri nets are used as minimization
techniques for context-free (graph) grammars. For instance, in [3] and [4],
algorithms to eliminate erasing and unit (chain) rules, algorithms to remove

useless rules using the Petri net concept are introduced.
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Petri nets have also been applied as control devices in grammar sys-
tems theory and automata theory. In [9], Beek and Kleijn demonstrated
that Petri nets may be used to control the derivations in grammar systems.
As a control mechanism they used a special type of a Petri net, called a
Generalized Individual Token Net Controller (GITNC), which is a labeled
Petri net with individual tokens — one for each component — which monitor
the progress of the components. The transitions of the GITNC are labeled
by vectors which describe a synchronous execution of components’ actions.
Such a vector label has one entry for each component: a nonempty en-
try represents an action to be executed by the corresponding component,
while an empty entry indicates that the component is not involved in the
synchronization. The occurrence of a transition implies a combined action
of those components whose tokens are used by the transition. A Petri net
grammar system was introduced as a system of grammars and a GITNC
which describes a concurrent protocol for rewriting in the participating
grammars. Each grammar of a PN grammar system has own sentential
form. The grammars collaborate by synchronizing their actions according
to the control exercised by the GITNC. A derivation in a PN grammar
system starts from the axioms of the grammars with the controller in an
initial marking. At each moment during the derivation rewritings are ap-
plied synchronously according to the labels of the transitions that occur.
When all components have derived a terminal string and the GITNC is in
one of its final markings, the derivation has been successful. The definition
of Petri net control mechanisms for grammar systems creates the possibility
for the study of concurrent rewriting protocols.

In [37, 38| concurrent Turing machines are introduced, where a Petri
net replaces a finite automaton as finite control therein each token in the
Petri net is associated with an individual tape head and tape heads can
only be distinguished if they are associated with tokens on different places

or have different positions on the tape. For the execution of a transition
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with multiple input tokens, thus involving more than one head, the heads
have to occupy the same position on the tape. Final marking and deadlock
acceptance conditions are investigated. In [38] it is shown that concurrent
Turing machines are equivalent to sequential Turing machines with respect
to the acceptable languages. The definition of the control by Petri nets in
Turing machines makes possible to use concurrency in automata theory,
which differentiates the concurrent model of a Turing machine from the
other kinds of its multi-head models. This model is also adopted to finite
automata [36, 57]: the tape heads corresponding to the tokens put into
the places of the post-condition of a transition point to the tape position
immediately to the right of the previous one, or — in the case of a A-move
— to the same position.

Since a context-free grammar and its derivation process can also be
described by a Petri net, where places correspond to nonterminals, tran-
sitions are the counterpart of the production rules, and the tokens reflect
the occurrences of symbols in the sentential form, and there is a one-to-
one correspondence between the application of (sequence of) rules and the
firing of (sequence of) transitions, it is a very natural and very easy idea
to control the derivations in a context-free grammar by adding some fea-
tures to the associated Petri net. In the next section we introduce a Petri
net associated with a context-free grammar (i.e., a context-free Petri net)
and show that derivations of the grammar can be simulated by occurrence
sequences of the net. In Section 4.3 we construct Petri net control mecha-
nisms from cf Petri nets by adding new places, and define the corresponding
grammars, called k-Petr: net controlled grammars. Furthermore, we in-
vestigate fundamental properties of the families of languages generated by
k-Petri net controlled grammars, in particular, we show that these families
form infinite hierarchy with respect to the numbers of additional places.
In section 4.4 we show that by adding some places and arcs which satisfy

special requirements, precisely, the new places with transitions of a cf Petri

49




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

4.2. CONTEXT-FREE PETRI NETS

net form chains and cycles, one can generate families of vector, matrix and
semi-matrix languages. Thus the control by Petri nets can be considered

as a unifying approach to different types of control.

4.2 Context-Free Petri Nets

The construction of the following type of Petri nets is based on the idea
of using similarity between the firing of a transition and the application
of a production rule in a derivation in which places are nonterminals and

tokens are separate occurrences of nonterminals.

Definition 4.1. A context-free Petri net (in short, a cf Petr: net) with
respect to a context-free grammar G = (V,X%,S,R) is a septuple N =
(P7 T) F’ d)) B”Y’ l’) Where

e (P, T,F, ) is a Petri net;
e labeling functions 3 : P — V and vy : T — R are bijections;

e there is an arc from place p to transition t if and only if y(t) = A — «
and B(p) = A. The weight of the arc (p,t) is 1;

e there is an arc from transition t to place p if and only if y(t) = A — «

and fB(p) = x where |«|x > 0. The weight of the arc (t,p) is |«ly;

e the initial marking ( is defined by ((f1(S)) =1 and t(p) = 0 for all
peP—{B Sk

Ezample 4.1. Let G; be a context-free grammar with the rules:
T9:S—AB, r11:A —adAb, 1:A = ab,13:B—>cB, 1,:B—>c¢

(the other components of the grammar can be seen from these rules). Figure
4.1 illustrates a cf Petri net N with respect to G;. Obviously, L(G;) =

{a™b™c™ | n,m > 1}.
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To

I I3
Figure 4.1: A cf Petri net N

The following proposition shows the similarity between terminal deriva-
tions in a context-free grammar and successful occurrences of transitions

in the corresponding cf Petri net.

Proposition 4.1. Let N = (P, T,F, &, , 3,v) be the cf Petri net with re-

TiTg Th

spect to a context-free grammar G = (V,%,S,R). Then § ——= w,
w € L* is a derivation in G iff tity---tn, Litetn L., 1s an occur-
rence sequence of transitions in N such that y(tity---t,) =119+ -1, and

tn(p) =0 for all p € P.

TiT2 ' Tn

Proof. Let S =——= w,w € X* be a derivation in the grammar G. By
induction on the number 1 < k < n of derivation steps, we show that
tity - -t with y(tity - t,,) = ri1o - - - T, is an occurrence sequence enabled
at t and finished at the marking p,, where u,(p) =0 for all p € P.

Let k = 1. S =,, wy, ie., the sentential form w; is obtained from
S by the application of a rule r; : S — w; € R. Then the transition
t; = v 1(r1) also occurs as its input place 3 !(S) has a token, i.e., by
definition, ((B71(S)) = 1. Let « LN i;. Then for each A € V, we have
H1(p) = Iwi|a where p = B7(A).

TiT2 " Tm

Suppose § —= w,,Ww, € (VUI)*,; 1 <m < k—1 < n,

and t;ty---t,, be an occurrence sequence of transitions of N such that
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v(tity - tm) = rir9---1,. Consider case m = k. Then the transi-
tion tx = vy (1), T« : A = « € R, can fire since *t, = {3 !(A)} and
(B HA)) = wgla > 0. If k = n, then pu,(p) = 0for all p € P as
w, € L* ie., lwila =0forall A e V.

Let v = t;t, - - - t,, be an occurrence sequence of transitions of N enabled
at v and finished at u,, where u,(p) =0 for all p € P. By induction on the
number 1 < k < n of occurrence steps we show that § === w, w € X*,
is a derivation in G where ri79-- -1, = y(tity - - t,).

For k = 1 we have 1 - (;. Then theruler; =y }(t;):S - a € R
can also be applied and S =,, w; = «. By definition, for each A € V,
wila = w(BHA)).

We suppose that for I <m<k—1<n, S22 w, e (VUI)* is
a derivation in G where 1151, = Y(tity---t,,,). Then for each A € V
and 1 < i < m, (wila = wi(p) where A = B(p). If m = k, the rule
Te : A = « € R, 1y = y(tx), can be applied since [wy|a > 0. For k = n,
W (p) = 0 for all p € P and consequently, [wy|a = un(f *(A)) = 0 for all
AcV, ie,w, € L*. O

4.3 k-Petri Net Controlled Grammars

4.3.1 Definitions and Examples

Now we define a k-Petr: net, i.e., a cf Petri net with additional k places
and additional arcs from/to these places to/from transitions of the net, the

pre-sets and post-sets of the additional places are disjoint.

Definition 4.2. Let G = (V, L, S,R) be a context-free grammar with its
corresponding cf Petri net N = (P, T,F, d,p,v,t). Let k be a positive
integer and let Q ={qi, qs, - - -, qxJ} be a set of new places called counters.

A k-Petr: net is a construct Ny, = (PUQ, T,FUE, @, (,v, W, T) where
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E={(t,q) | teT,1<i<klU{(gi,t)|teT1 <1<k such
that T, C Tand T} ¢ T, 1 < i< k where T NT) =0 for 1 <1< 2,
TinT)=0for1<i<j<k

1<i<k

and T} = () if and only if T} = () for any

e the weight function @(x,y) is defined by ¢ (x,y) = d(x,y) if (x,y) € F
and ¢(x,y) =1if (x,y) € E,

e the labeling function ¢ : PUQ — V U{A}is defined by ((p) = B(p) if
p€Pand ((p)=Aifp €Q,

e the initial marking po is defined by wo(f1(S)) = 1 and pe(p) = 0 for
allpc PUQ—{B*(S)},

e T is the final marking where t(p) =0 for all p € PU Q.

Definition 4.3. A k-Petr: net controlled grammar is a quintuple G =
(V,%,S,R,Ny) where V,X,S,R are defined as for a context-free grammar

and Ny is a k-PN with respect to the context-free grammar (V, L, S, R).

Definition 4.4. The language generated by a k-Petri net controlled gram-

mar G consists of all strings w € X* such that there is a derivation

S 2 4y where tity - - -ty =v Yrirg--oTn) €T
is an occurrence sequence of the transitions of Ny enabled at the initial

marking ( and finished at the final marking T.

(This definition uses the extended form of the transition labeling func-
tion y : T* — R*; this extension is done in the usual manner.)

We denote the family of languages generated by k-PN controlled gram-
mars (with erasing rules) by PNy (PN}), k > 1.

We give two examples which will be used in the sequel.
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Figure 4.2: A 1-Petri net N;

Ezxzample 4.2. Figure 4.2 illustrates a 1-Petri net N; which is constructed
from the cf Petri net N in Figure 4.1 adding a single counter place q. Let
G, = (V, L, S,R,N;) be the 1-Petri net controlled grammar where V, £, S, R
are defined as for the grammar G; in Example 4.1. It is not difficult to see
that L(G,) ={a™b"c™ | n > 1}.

Ezxzample 4.3. Let Gz be a 2-PN controlled grammar with the production

rules:

To : S — A]_B]_Ang, Ty A]_ — (l]_A]_b]_, Ty : A]_ — CL]_b]_,
T3 : B]_ — C]_B]_, Ty : B]_ — C1, Ty : Ag — agAzbg,

Te - Az — (12b2, T7 @ Bz — C2B2, Tg : B2 — Co

and the corresponding 2-Petri net N, is given in Figure 4.3. Then it is easy

to see that G generates the language

L(Gs) ={arbrctaz by ey [n,m > 1},

Lemma 4.2. The language L’ = {al'bT'ci'a*b*cy* | n,m > 1} cannot be

generated by a 1-PN controlled grammar.

Proof. Suppose the contrary: there is a 1-Petri net controlled grammar
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Figure 4.3: A 2-Petri net N,

G =(V,%,S,R,N;) where & = {ay, by, ¢y, as, by, ¢} such that L(G) = L.
Let w = ap'blcitas*by*cs'. Since the set V is finite, and if n and m
are chosen sufficiently large, every derivation S =* w in G contains a
subderivation of the form D: A =* xAy where A € V and x,y € L* with
xy # A. As L' is infinite, there are words with enough large length obtained

by iterating such a derivation D arbitrarily many times. Suppose
S="uAv="uxAyv =" - =" ux"Ay"v="w’ € &’

is also a derivation in G. Then x™ and y" are substrings of w’. By the
structure of the words of L/, z and y can be only powers of two symbols from
L U{A}. Therefore, in order to generate a word w = aj'bl'cltay*b* e € L’

for large n and m, we need at least three subderivations of the form

D;:A; =" xlf\lyl, l!!!
Ds 1A =7 X2A0y2,

D3 :A; =" X3A3Y3
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where X, X2, X3, Y1, Y2, Y3 are powers of the symbols from %, i.e.,
X{ = oc]i<i and y; = [3%" where i, i € Zand ki +1; > 1,1 =1,2,3.

First, we assume that (4.1) has exactly three subderivations of the form
(4.2)—(4.4). According to the production and consumption of tokens by the

subderivations (4.2)—(4.4) the following cases can occur:

Case 1. One of the derivations (4.2)—(4.4) does not produce and consume
any token. Without loss of generality we can assume that this derivation
s (4.2). If S =* uAv =" uwv € L/, then for any k > 1 we apply (4.2) k

times and get a string which is not in L', i.e.,
S =" UAWY =" uxAyv = ALYy =7 uxfA YTy = uxfwyfv ¢ L

since (4.2) increases only the powers of at most two letters.

Case 2. One of the subderivations (4.2)—(4.4) produces tokens and another
one consumes tokens. Without loss of generality we assume that (4.2)
produces p > 1 tokens and (4.3) consumes q > 1 tokens.

Suppose

S=* WA U AUz =" U1 WiUsWoU3 € L'

Then the derivation

S=" U AU Aqus
= 1L1X1/\1y11L2/\21L3 = 1er1/\1y11i2/\gu3
* k k * k k 1 1
=" WXy A1y UX2AoyaUs = U1X; A1y UaX;AgysUs

* k k 1 1
= U1X; W1y U X WolYoUs

where k,1 > 1, is also in G. It can be done by choosing the numbers k, 1
in such a way, that kp —lq = 0, thus we can choose k and 1l as k = q and
1 = p and still get a string w’ € L’. Now
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o if 1 < [oag, Br, xo, P2tN{ai,bi,cil <2,i=1lori=2thenw’ &L’ as

the powers of at most two symbols are increased;

o if {0y, B1, o2, Bo} N{ai, bi,ci} # 0 for both i = 1 and i = 2 then
1 < {o, Bi, o, Bot N{ai, by, cill < 2fori=1o0ri= 2 and again
w g1’

From the above it follows that {«y, B1, &2, B2} = {ai, bi,ci, A} for i =1
or i = 2. Without loss of generality we assume that i = 1. But from the
subderivation (4.4) (which produces or consumes tokens) it follows that
x3, B3 & {a;, by, c1} and at least one of them belongs to {a,, b,, cs}. Again
we get the contradiction since (4.4) can increase the powers of at most two

symbols from {as, bs, co}. If the derivation has the form
S =~ U AU, =" Ui U AUz Uy =" U3 U WlU3 Uy,

then one gets that {x,yi, X2, Yo} contains only two elements from X and a

contradiction follows as above.

Case 3. Two of the subderivations of (4.2)—(4.4) produce (consume) to-
kens and the other consumes (produces). Without loss of generality we
assume that (4.2) and (4.3) produces p; and p, tokens, respectively and

(4.4) consumes q tokens. If
S =~ WA U AUz Az, =" Ui W1 U WoU3 W3y € L/,
then the derivation

S=" U AU AUz Azl
*
=" U1X1 A1Y1UaXoA2YaUsX3AzYsliy
* k k k k 1 1
=" UpX; TAY M UeXs P Ay P UsX g Ay gy

k k k k
=" WX WY UX, T WaY 5 P Us X3 Walglty = W
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is also in G. By the definition of the final marking, we have k;p; + Kopa —
lqg = 0. For instance, if we choose ki, ks,1 as k; = p2q, ko = p1q and
Ll = 2p;1p2, this equality holds. By structure of a derivation there are two

possibilities:
{1, B1, &2, B2, &3, B3} ={ai, by, c1, az, by, ca, A}

or

{OC]_, l?)]_, X2, [.))2, X3, [53} = {ai,bi, Ci))\} wherei=1ori=2.

Consider (4.6), here we only have the case a; = a;, 1 = b, &z = cy,
P2 = as, s = by and B3 = c,. It follows that the powers of all symbols
of w’ are the same. But from (4.5), by continuing the derivation, we get a

string which is not in L’:

S =" ulx]fl Ay ]fluzx]z” A2y§2u3xéA3y§u4

* k]_ k]_ k2 k.z l l
=" WX WY UeXg 2 WaY s U X3 AgY sy
* k k k k 21 21
=7 WX WY U Xs P WaY s P UsXs Agys Uy

2kg 2kg

% Kk Kk 3l 3l /
=" WX WY U XS P Ways P UsX; Ways Uy & L

where the powers of four symbols are increased.
Now consider (4.7). Let i = 1. From Case 2, we can conclude that one

of the following three cases is possible:

(a) {a,B1} ={ai, b1}, {2, B2} ={A}, {os, B3} = {c1, AL,
(b) {oa, Ba} ={A} {02, B2} ={ai, by}, {os, Ba} ={c1, A},
(c) {or, Bi} ={a, A}, {x2, B2} ={b1, A}, {as,Bs} ={c1, Ak

Cases (a) and (b) are similar to Case 2. If we choose k; = 3p:l,
ks = 2p;l and q = 5p;p, in case (c), we again get different powers for

symbols a;, by, cy, i.e., w €L,
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Next, we analyze the general case: let the derivation (4.1) have n > 4

subderivations of the form D; : A; — x;Ay; where A; € V, x; = oc}i and

Yi = [31{ ai, Bie€X, Li+1 >1,1 <1< n Without loss of generality we

i
can assume that for some 1 < s < n — 1, the derivations D;, 1 <1 < s,

produce p; tokens and the derivations Dj, s+1 < j < n, consume q; tokens.
If

S =~ WA U Asus - "11T1/\r11Ln;k1

=" W WiUWallg - - - UnWnln g1 =W € L,
then by assumption,

S=* U A U A Us - "11T1/\r11Ln;k1
*
=" W X1 A1Yi1UoXoAoYaUs - - UnXn AnYnln i1
* Kk Kk Kk Kk Kk k
=" UiX; PATY  UeXy P AgYy P Us s Un X P AR Y U

k k k k
= U X WY T U XS 2 Wy U - - Un X Wy = w e L.

According to the definition of the final marking, we have

Zkipi — Z kigi = 0.
i=1

i=s+1

and

{ag, B1, X2, B2, - - -, &, P} = {az, by, 1, az, ba, ca, AL

If for some 1 < i< n, af =c; and B; = a,, then all symbols in w’
have the same power. Then by continuing two subderivations one of which
produces tokens and the other consumes, one increases the powers of at
most four symbols, and get a string w” & L’.

Let, for some 2 <1< n—2,

{otr, B, &2, B2, - -+, i, Bi} ={ai, by, cq, A}
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and

{(Xi+1’ BiJrl) Kit2, Bi+2’ coey K, Bn} = {(12’ b2) C2, }\}

It follows that at least one of the subderivations which generate symbols
in (4.10) (symbols in (4.11)) produces and another subderivation consumes
tokens, since symbols a;, b, ci, i = 1,2, have the same power. Then the
tokens produced by a subderivation Dj, for some 1 < j < i, can be con-
sumed by a subderivation Dy, for some i + 1 < k < n as the both group
of subderivations use the same counter, which result that the powers of at
most two symbols from a;, by, c; and a,, bs, co are increased, i.e., a string
w’ & 1’ is generated. In all cases, we get contradiction to our assumption

L' =L(G). 0

4.3.2 Hierarchy Results

We start with a simple fact.
Lemma 4.3. CF C PN;.

Proof. It is clear that CF C PN, if we take T; = T, = (). From Example
4.2 it follows that CF C PN;. O

Now we present some relations to (positive) additive valence languages.
Lemma 4.4. PN&M C pVIAL

Proof. Let G = (V,L%,S,R,N;) be a 1-PN controlled grammar (with or
without erasing rules) where N; = (PU{q}, T, FUE, o, {,, W, T) is a corre-
sponding 1-Petri net with the counter q (with the notions of Definition 4.2).
We define a positive valence grammar G’ = (V, X, S, R,v) where V, X, S,R
are defined as for the grammar G and for each r € R, the mapping v is
defined by
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1 ify i) e *q,
v(r) =4—1 ify'(r) eq,

0 otherwise.

7T . . .
Let S = w,w € I*, T = 115+ - - T, be a derivation in G. Then v =
tity- -t =yt i f it fN
1ty -t =y H(riry - -1 ) is an occurrence sequence of transitions of N;

enabled at the initial marking p, and finished at the final marking T, i.e.,

t t2 t
Ho 7 H1 — " —7 Mk =T

By definition, if [v|; > 0 for some t € *q then there is a transition t’ € q°
such that |v|¢ > 0. Let

Ul = {t]_’]_,t]_’g, ... )tl,kl} g .q where |V|t1,j > 0, 1 < ] < k,]_

and

ng = {t2,1;t2,2;-- .,tz’k2} E; q. where |\4tzg > 0, 1 5; j 5; kQ.

Since pi(q) > 0 for each occurrence step 1 < i < k, we have |[v|y, > |[v|u,,
consequently, v(ri) + v(rz) + ... +v(r;) > 0 for any 1 < j < k and from
wo(q) =1t(q) =0, T € M, it follows that

k
Y M= Y ME Y vl =o.

tel; tel,
Hence, L(G) C L(G’).

Let D : S 22225 y ¢ I* be a derivation in G’ where v(r1) + v(rs) +
..+ v(ry) =0and v(ry) +v(rz) +...+v(r;) > 0for any 1 <j < k. By
construction of G’, D is also a derivation in (V, %, S, R).

According to the bijection vy : T — R, there is an occurrence sequence

V=tity ot b <2 - 5 1, in Np such that v =y (rire - - Ti).
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1L = Yo since D starts from S, i.e., no(B1(S)) = 1 and po(B1(x)) =0
for all x € (VU L) —{S} as well as py(q) = 0.

Since w € £*, we have u (B *(x)) = 0 for all x € V. From Zizlv(ri) >
0, it follows that p;(q) > 0 for any 1 <j < k.

i=1 Yy l(r)e°q y-l(r)eq®
shows that uy(q) = 0. Therefore pu, = 1. Consequently, L(G’) C L(G). O

Lemma 4.5. aVN ¢ PNg‘].

Proof. Let G = (V,Z%,S,R,v) be an additive valence grammar (with or
without erasing rules). Without loss of generality we can assume that
v(r) € {1,0,—1} for each r € R (Lemma 2.1.10 in [24]).

For each rule r: A — « € R, v(r) # 0 we add a nonterminal symbol A,

and a pair of rules ' : A — A, v : A, — « and we set

V' =VU{A, |T: A = aeR,v(r) #0},
R'=RU{r":A = A, A, - a|T:A— xcR,v(r)#0L

Let N = (P, T,F, &, B, v, ) be a cf Petri net with respect to the context-
free grammar (V’, X, S,R’). We construct a 2-Petri net N, = (PUQ, T,FU
E, ¢, ¢, Y, to, T) where Q ={q,q’} and E =F; UF, with

F, ={(t,q) | t=v"'(r),r € Rand v(r) = 1}
U{(t’,q") [t' =y '(+'),r € R and v(r) = —1},

F, ={(q,t) | t=v '(v),r € R and v(1) = —1}
u{(q’,t) |t ' =y *(r'),r €Rand v(r) = 1}.

The rest components of N, are defined the same as those in the defini-
tion. Consider the 2-PN controlled grammar G’ = (V’, %, S, R/, N,).
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Let D:S = w,w e I* 7 = riTy---Tn, be a derivation in G’. Then
0 =tity - tn =7y (riT2---Tn) is an occurrence sequence enabled at the

initial marking (1, and finished at the final marking t. By construction,

n

> vir) =) lole+ Y lole— > lolk— Y lolt=0
i=1 te*q teq’® teqe teeq’
since
> Jole=) ok —Zm Jand Y [ole= ) lol —Zm
te*q teqe teeq’ teq’

It follows that D is also a derivation in G.

Let D/: S === w,w € L* be a derivation in G. For each 1 <k < n,

(1) if Z]lev(ri) > 0, then for the rule r, with v(r) € {1,0,—1} in G

choose the rule 1y in G’;

(2) if Zlev(n) < 0, then for the rule r, with v(ry) # 0 in G choose the

rules r, and 1 in G’; if v(rx) = 0 then choose 7y in G’.

(3) if Z'f:l v(r;) = 0, then for the rule r with v(ry) € {—1,0}in G choose

the rule ry in G’; if v(ry) = 1, then choose 1y, 1/ in G'.

Therefore D’ is also a derivation in G’. The strict inclusion follows from
the fact that {a]'bl'cl'al*b*c)* | n, m > 1} € PN, cannot be generated by

an additive valence grammar (Example 2.1.7 in [24]). ]

The following lemma shows that, for any n > 1, an n-PN controlled

grammar generates a vector language.
Lemma 4.6. For n > 1, PNN ¢ VEC

Proof. Let G = (V,%,S,R,N,,) be an n-PN controlled grammar (with or
without erasing rules) where N, = (PUQ,T,FUE, ¢,(v, 1o, T). Let
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Q :{q1’q27"'7qn} and

g ={tk,n ter2 -0t e))

where tk,l,i = ‘Y_]'(Tk,]_’i), Ty, ¢ Ak,l,i — Wy 1,4, 1<k n, 1< 1< S(k),
and

qr = {tk21, tezo - tiei))

where tro; =7 HTk2j)s Tk2 t Axzj — W2, 1 <k<n, 1<j<1(k).
Let
BPrai) = Ak, 1 <k<n, 1 <i<s(k)

and

B(Pr2j) = Akzj 1 <k<n, 1<j<Uk).

First, we construct a PN controlled grammar G’ = (V/,X,S,R/,N’) in
such a way that each counter place of N’ has a single input transition and a
single output transition, and we show that the grammars G and G’ generate
the same language.

We set

V/ ZVU{Bk,i,j;Ck,j,i | 1 < k< TL,]. < l< S(k),l g) < l(k)}

where By ij and Cy55, 1 <k <n, 1 <1<s(k), 1<) <Uk), are new

nonterminals. R’ consists of the following rules

R'=(R—{r1i,Tk2; |1 <k<n, 1 <i<s(k)

Ui  Akni = B [ 1<k <n, 1 <i<s(k), 1< < UK}
Ui i Brig = Wi [ 1<k <n, 1 <i<s(k), 1 <j <Uk)}
U{r{c’z,j,i tAk2j = Crjal 1<k <n, 1 <i<s(k),1<j<Uk)}
LJ{r{c”z,j,i tCriji = Wi, 11 <k<n, 1 <i<s(k),1<j <k}
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and N' = (PPUQ’,T',F, @', ,v’, ui, ') where the sets of places, transi-
tions and arcs

P'=PU{pi1ijl 1 <k<n, 1<i<s(k), 1<) <Uk)}
Ulpregil I1<k<n, 1<1<s(k), 1<) <k},
Q' ={qr,; 1 <k<n, 1<i<s(k), 1 <j < UK,

T =(T-J(auqp)
k=1

Ut ey |1 SRS, 1< E<s(K), 1< < UK))
Uftiao bz 1<k <n, 1<

=T

<s(k), 1< < UK,

(FUE— U (P10 ti1,i)s (B, gi) [ 1<

IN
2
=

U{(tk1,,P) | P = CHx), il > 0,1 <1< s(k)}
U (g, tkz,i)s (Pr2,) treg) 1 <5 < UK)}

U{(tie, P) 1P = CH(x), Wil > 0,1 <j < UK)))
)

w
~

(

z
-

(

C
=

{Prti tienij)s (bt Proig)s (Pronig tionig)s

~
I
A
o
I
A
<
I
A

(150 Qi) ULt L5 P) TP = CHX), Wi s,il > 0))
)

ﬁ
z
2]

=

(@
=
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e The weight function is defined by

;

¢(x,y) if (x,y) €F,

@(ti,,p) Ex =ty =p=C"1x), Wil >0,
1<k<n,1<i<s(k),1<j < Uk),

@(tez;,p) Ex=tkojuYy=p=C"1Xx), wkajlx >0,
I1<k<n,1<i<s(k),1<j <Uk),

1 otherwise.

e The labeling functions are defined by

and

e The initial marking is defined by uj({1(S)) =

!
1,1,

12
1,1,

!
Tk,2,5,1

1!
Tk,2,5,1

fpeP,
fp=priijpl <k<n1<i<s(k),1<j<U(k),
fp=projil <k<n1l<i<s(k),1<j<Uk),

1fp:qk,m,1<k<n,1glgs(k),lgj

ifteT,

=t 1<

k ( (
ift=t ., 1<k<n1<i<s(k),1<j<UK),
ift=t,;,1<k (

k (

if t=t],

7J ’1’,

allp e PPUQ —{C 1S}

e The final marking is defined by t/(p) =0 for all p € P’ UQ’.
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By the construction of N’, an occurrence sequence of the form

1 o’ AR c” o " Y2
W ——>H2— U3 —>Ug —>Hs ——> Ug —> Uy — HUg

where ¢/, 0", 0" € T'* can be replaced by

o1, 1,10 a” ot a5 2,0,
K1 Mo He — Us 7 Hr Hs.

Then, it is clear that (4.13) can be replaced in N,, by

tk,l,i\ ; ol.c".c" 7 tk,z,j\
H1 g > Us.
Conversely, an occurrence sequence of the form
ti1i o ty,2,j

Wi —— U2 = Uz — M4

in N,, can be replaced in N’ by
Yo, Wi o Yeagi g Wi
Hi H He — U3 r | ” Ha.

Correspondingly, without loss of generality we can change the order of the
application of rules of derivations in the grammars G and G’. Therefore,
L(G) =L(G").

Now we show that the grammar G’ generates a vector language. By the
construction of N’, [*q| =[q®*| =1 for all q € Q’.

We associate with each pair of rules r;, 7, € R’ where my = v'(t;), t; € °q
and T, = Vy/(tz2), t2 € q°, g € Q’, the matrix m = (r;, ;) and with each
ruler € R’ —{r' =vy/(t') | t' € *Q’UQ’*}, the matrix m = (r). We consider
a vector grammar G” = (V', %, S, M) where M is the set of all matrices
constructed above.

7T . . . . Y%
Let S = w,w e I* 7T =1iry -7, is a derivation in G’ where t — T

with v = tity - - - t, = v (7).
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Let *q = {t} and q* = {t'} for some q € Q’. If tin v, i.e., [v|¢ > 0 then
t’ is also in v and [t;ty - - -ty |y = [tity - - -ty for each 1 < k < n, moreover,
by the definition of the final marking, |v|; = |v|¢,. By the bijection v/,
m=(r,v"), r=vy'(t),r =vy/'(t') isin wand |ri1y- - - Ti|y = 1179 - - T| fOr

each 1 < k < n as well as |rt|, = |7t|,». Hence, w € Shuf*(M).

Let S = w,w € Z*, m = 1Ty T € Shuf*(M), be a derivation in
G’ then again by the bijection v/, v = tity---tn = v (115 -+ 7T ) is an
occurrence sequence of transitions of N’: py — p,. Since the derivation
7t starts from S (i.e., S is the only symbol at the starting sentential form),
o(B(S)) =1 and p(p) =0 for all p € P —{B1(S)}. It follows that
o = py. On the other hand, from w € £*, it follows that p, (B *(x)) =0
for all x € V. From 7t € Shuf*(M), if the rules r,r’ of a matrix m = (r, ')
in 7t then |rirg---1y|y = 172 Tyl for each 1 < k < n and |7t|, = |7|,.
By the bijection vy, [tity- - ti| = |tity -ty |y for each 1 < k < n where
t=vy"1(r), y 1(r') and |v|; = |Vv|y/. It follows that u,(q) =0forallq € Q.
Hence, u, = . O

Theorem 4.7. For k > 1, PNM ¢ PN .

Proof. We first prove that PN?] C PNg‘]

Let G = (V, %, S,R,N;) be a 1-PN controlled grammar (with or without
erasing rules) where N; = (PU{q}, T,FUE, @, (,7V, to, T) 1-Petri net with
the counter place q. Let

.q = {tl’]_,t]_’g, .. -;tl,kl}) k]_ 2 1 and q. = {t2,1,t2,2; e ,tz’k2}, kz 2 1

where ti; = vy 1(rij), Tij @ Ayj = Wiy, 1 <1< < j < ky and by
definition *q N q®* = 0. Let pi; = ¢ H(Ay;), 1 <1<2,1<j <k
We set

V/=VU{Bi; [1<1<2,1<j<ki}

where B;j, 1 <1< 2,1<j <k, are new nonterminal symbols, introduced
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for each transition t;;.
For each rule rij : Aj; — wyj, 1 <1<2,1<j <Kk, we add the new
rules r{,j DAy — By, r{fj : Bij — wij. Let R’ be the set of all rules of R

and all rules constructed above, i.e.,

R =RU[r]; : Ars = Buy [ v A = wyy) € °q,1 < < ki
Ulryj i Bry — waj |y HAL = wi) € °q,1 < < Ky}
U{ré’j :Azj — Baj | Y HAz; = waj) € q°,1 <j < k)
U{rg,j :Baoj = wai Y Az = waj) € q°,1 < < ko)

We construct a 2-PN controlled grammar G’ = (V/, L, S,R’, N,) where
V'’ and R’ are defined above and Ny = (P',T',F, @/, C’,vy’, uj, ') is con-

structed as follows:

P'=Pulp{;|1<i<2,1<j<ki}U{q,q},

1

2 K
F' =FU U U({(pi,jati/,j)) (ti;,Pi ), (Pi ti5)}
i=1j=1

U{(t5,p) | p = CHx), wilk > 0})
U{(ty5,9) 11 <j <k U{(q’,t55) 11 <j < kol

For the weight function we set

o(x,y) if (x,y) €F,
o(ty;,p) ifx=t5,y=p=C"(x),lwilk >0,
1<i<2,1<j <k

1 otherwise.

The initial and final markings are defined by (¢’ 1(S)) =1, puj(p) =0
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for allp € P —{¢/"*(S)} and t/(p) =0 for all p € P".

The inclusion L(G) C L(G’) is obvious, which directly follows from the
construction of G'.

Let S = w,w € X*, T = TiTy---Tp, be a derivation in G’ with the
occurrence sequence v = tity---t, = (/~!(m) of transitions of N, enabled
at the initial marking p/ and finished at the final marking t’. It is clear
that for some 1 <1< 2,1 < j < ky, if a rule ri”j i Ayj — By in m,
ie., |7t|r{,j > 0, then the rule r{; : Bi; — wy; is also in 7, ie, |7T|T{:j > 0,
IMOreover, |7T|Ti/,j = IWIT{:j. Without loss of generality we can assume that a

rule r{’; is the next to a rule r; ; in 7t (as to the nonterminal B; j only the rule

"
1)

used). Then we can replace any derivation steps of the form x; A; jx, =l

r{’. is applicable and we can change the order in which the derivation 7t is

x1Bi X2 = XIWijXa by x1A4;%2 =1 X1WijXa.
"

t!. ",
Accordingly, the occurrence sequence t{;t{;, n —» ' —% n”, is re-

placed by tij, p 1oy W, where tiy = v iy, t; = v ;) and
t] :y’*l(r{:j), 1<i<2, 1<j <k Clearly, L(G’) C L(G).

Let us consider the general case k > 1. Let G = (V,%,S,R,Ny) be a
k-Petri net controlled grammar where Ny = (PUQ,T,FUE, @, {,7, to, T)
is a k-Petri net with Q ={q1, g2, .- ., qx}. We can repeat the arguments of
the proof for k = 1 considering qy instead of q and adding the new counter

place qy.1.

For k > 1, let the language L, be defined by

k
Ly = {H a{‘ib{‘ic?i | ng > 1,1 i< k}.

i=1

Then we can show analogously to Example 4.3 and Lemma 4.2 that, for
k> 1,
Lis1 € PNy and Liyy € PNy,

Thus the inclusions are strict. O
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4.3.3 Closure Properties

We define the following binary form for k-PN controlled grammars, which

will be used in some of the next proofs.

Definition 4.5. A k-Petri net controlled grammar G = (V, %, S, R, Ny) is
said to be in a binary form if for each rule A — « € R the length of « is

not greater than 2, ie., || < 2.

Lemma 4.8 (Binary Form). For each k-Petri net controlled grammar there

exists an equivalent k-Petri net controlled grammar in the binary form.

Proof. Let G = (V,%,S,R,Ny) be a k-Petri net controlled grammar with

Nk = (P U Q’T) FU E) P, C"Y’ HO)T)'
We denote by R™2? the set of all rules of the form A — « € R where

|| > 2.
For each rule 1 = A — X1X2 - - - Xn € R72, X1,X2,...,Xn € VU L we set
VT — {Bl,Bg, .. -)Bn—Z}
and

Ry ={A = x1B1,B1 = x2Bs, ..., Bn2 = xn_1Xn}

where B;, 1 <i < n—2, are new nonterminal symbols, V, NV,. = () for all
1,7/ €R, r#71,and V, NV = for all r € R. Let

V'=VU [J VyandR"=(RU [ J R)—R"2

TER>2 TER>2

We define the context-free grammar G’ = (V’, %, S, R’) and construct a

k-Petri net N; = (P, T',F/, @', ', v’, 1y, ') with respect to G’ such that

(1) for A - x € R, || < 2,

v YA - )€ *quqif Yy HA = «) € *q'UQq’,
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(2) for A - x € R, |af > 2,

Y HA = &) € *q iy B s = xn 1xn) € °q,
Yy HA S )€ g iff Y YA = xB1) € ¢

where « = X1Xg - X, Xy € VUL, 1 <1< n.

Let D : S 222X y w € LZ* be a derivation in the grammar G. Then
tity - -t = Y L(riTe - - Tx) is a successful occurrence sequence of transi-
tions in Ny. We construct a derivation D’ in the grammar G’ from D as
follows.

If forsome 1 <m <Kk, T : A = X1Xg - - - Xn € R™? then we replace the
derivation step

Y1AY2 == Y1XiXe - - - XnY2

by the derivation steps
/ ’ / TT,17
Y1AYs = Y1x1B1ys = YrxixoBays =5 - == YiXiXg - - - XnUs

where 1/ € R, _, 1 <1< n—2. Correspondingly, pm Lmy Um+1 1S replaced
by

t{témt'

n—2

Hm — Hm+41

where t/ = v }(v{), 1 < i < n—2. By (4.14)-(4.15), the number of
tokens produced and consumed by the transitions t;,t;,...,t/, , and the
transition t,, are the same. Then D’ is a derivation in G’, which generates
the same word as D does, i.e., L(G) C L(G’).

Inverse inclusion can also be shown using the similar arguments. ]

Lemma 4.9 (Union). The family of languages PNE‘], k > 1, is closed under

union.

P’f’OOf. Let G]_ = (V]_, Z]_,S]_, Rl)Nk,l) and G2 = (Vz, 22, Sg, Rg,Nk’g) be two
k-PN controlled grammars with Ny ; = (P;UQjs, Ti, FiUE, @1, i, Vi, Wi, Ti),
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i1 = 1,2 (with the notions of Definition 4.2). We assume (without loss of

generality) that Vi NV, = (). We construct the k-PN controlled grammar

G :(V]_UVQU{S},Z]_UZg,S,R]_URgU{S—>S]_,S—>Sz},Nk)

where Ny = (P, T, F, @, (, vV, W, T) is defined by

the set of places: P =P; UP> U Q; U{q} where q is a new place;

the set of transitions: T = T; UT, U{tg1, top} where tg; and ty, are new

transitions;
the set of arcs:
F=TF, UF, UE; U{(q, toi), (toi, poi) [ 1= 1,2}

U{(t,qui) | (t,q21) € B2, 1 <1
U{(qli)t) ’ (q2i)t) € EZ) 1 < 1

}
}

<k
<k
where po; are the places labeled by Si, i.e., (i(poi) = Si, 1 =1, 2;

the weight function:

(Pi(X,U) if (X;U) EFi)i:1;2)
(P(X;U) =
1 otherwise;

the labeling function ( is defined by

Gi(p) ifpePrUQy,
Clp) =1 Galp) ifpeP,
S if p=g;
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e the labeling function vy is defined by

’Yl(t) if t c Ti,'.L: 1,2,
v(t) =
S—S; ift:toi,i:1,2;

e the initial marking:

1 ifp=q,
Ho(p) =
0 otherwise;

e the final marking: t(p) =0 for all p € P.

By the construction of Ny any occurrence of its transitions can start
by firing of tg; or to, then transitions of T; or transitions of T, can occur,
correspondingly we start a derivation with the rule S — S; or S — S, then
we can use rules of R; or R,.

A string w is in L(G) if and only if there is a derivation S = S; =*
w € L(G;i), i = 1,2. On the other hand, we can initialize any derivation

S; =*we L(Gy) with therule S — S;,1=1,2,ie.,, w € L(G). O

Lemma 4.10 (Concatenation). The family of languages PNy, k > 1, is not

closed under concatenation.

Proof. Let Ly and L; be two languages, with the same structure but
disjoint alphabets, given at the end of the proof of Theorem 4.7. Then
Lk, Ll/< € PNy and Ly - L]/< ¢ PNy. O

The next lemma shows that the concatenation of two languages gener-
ated by k- and m-PN controlled grammars, k, m > 1, can be generated by

a (k + m)-PN controlled grammar.

Lemma 4.11. For [; € PNE‘], k>1land [, € PNE{], m>1,

[, -1, c PNN

k+m-*
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Proof. Let G; = (V1, L, S1, Ry, Ny) where Ny = (Py, Ty, Fy, @1, (1, V1, U1, T1)
and Gy = (V,, %, Ss, Ry, Niw) where N, = (P, Ty, Fa, @2, (o, V2, U2, T2) be,
respectively, k-Petri net and m-Petri net controlled grammars such that
L(G;) = L; and L(Gy) = L,. Without loss of generality we assume that
ViNnV,=0. Weset V=V; UV, U{S} where S is a new nonterminal and

R = R]_ U R2 U{S — S]_Sg}.

We define a (k + m)-PN controlled grammar G = (V,%,S,R, Ny m)
with Nk+m - (P’ T) F’ Q, C)‘Y) Wo, T) where

e P =P;UPyU{po} where py is a new place;

T =T, UT, U{ty} where ty is a new transition;

F= F1 U F2 U{(PO; tO)) (tO)pl)) (tO)pZ)} where Cl(pl) = Sia i= 1) 2,

the weight function ¢ is defined by

ei(x,y) if (x,y) € F;,i=1,2,
¢(x,y) =
1 otherwise;

e the labeling function ( is defined by

Cx(P) 1fp € Pi)i = 172)
Clp) =

S ifp=rpo

the labeling function vy is defined by

‘Yi(t) iftETi,i: 1,2,
y(t) =
S — S]_Sg ift= to;
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e the initial marking:

1 if‘p = Po,
Ho(p) =
0 otherwise;

e the final marking: t(p) =0 for all p € P.
It is not difficult to see that L(G) = L(G)L(G,). O

Lemma 4.12 (Substitution). The family of languages PNy, k > 1, is closed

under substitution by context-free languages.

Proof. Let G = (V,%,S,R,Ny) be a k-PN controlled grammar with k-
Petri net Ny = (PUQ,T,FUE, @, {7, 1o, T). We consider a substitution
s:X* — 2% with s(a) € CF for each a € L. Let Gy = (Vq, Za, Sq, Ra) be
a context-free grammar for s(a), a € L. We can assume that VNV, =0
forany a € X and V., NV, =0 for any a,be€ X, a #b.

Let Ny = (P, To, Fa, oy Bas Ya, la) be a cf Petri net with respect to
the grammar G, a € X. We define the k-PN controlled grammar

G'=(VUIU|JVaAS,RU[JRaNY

ackx acex
where R’ is the set of rules obtained by replacing each occurrence of a € X

by S, in R and N, is defined by

N =(PUQUPLU [ JPo,TU|J Ta,FUFsU | Fa, ', ¢, v/, 14, )

acX acx acx

where
e Py ={pq | a€ X}is the set of new places;

o Fx ={(t,pa) | Y(t) =A — «,|x|q > 0,a € X} is the set of new arcs;
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the weight function ¢’ is defined by

e(x,y) if (x,y) €F,
¢’ (%, Y) =1 dalx,y) if (x,y) €F,a €,

’(X|a, ifx:t)y:pa)(t)pa) GFZ)GEZ;

the labeling function (’ is defined by

¢(p) ifpe(PUQ),
C'(p) =1 Balp) ifpePyacl,

Sa if p=pq€Pr,acl;

the labeling function v’ is defined by

Vi) = v(t) ifteT,
Yalt) ifteT,,ael;

the initial marking:

1 ifp=0YS),

0 otherwise;

/

Ho(p) =

the final marking: t/(p) = 0 for all p € P/;
Obviously, L(G’) € PNy. O

Lemma 4.13 (Mirror Image). The family of languages PNy, k > 1, is

closed under mirror image.

Proof. Let G = (V,L,S,R,Ny) be a k-PN controlled grammar. Let

RT={A = xn- XoX1 | A = X1X2 - - xn € R}
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The context-free grammar (V,X,S,R) and its reversal (V,X,S,R™) have
the same corresponding cf Petri net N = (P, T,F, &, 3,v,t) as N does not
preserve the order of the positions of the output places for each transi-
tion. Thus we can also use the k-Petri net Ny as a control mechanism for
the grammar (V,X%,S,R7), i.e., we define G~ = (V,X,S,R7, Ny). Clearly,
L(G™) € PNy. O

Lemma 4.14 (Intersection with Regular Languages). The family of lan-

guages PNy, k > 1, is closed under intersection with regular languages.

Proof. We use the arguments and notions of the proof of Lemma 1.3.5 in
[24]. Let G = (V, L, S, R, Ny) be a k-Petri net controlled grammar with a k-
Petri net Ny = (PUQ, T,FUE, o, (, v, W, T) (with the notions of Definition
4.2). Without loss of generality we can assume that G is in a binary form.
Let A = (K, X, sp, 8, H) be a deterministic finite automaton. We set

V' ={[s,x,s']|s,s’ €K, xe VUZL}

For each rule r € R we construct the set R(r) in the following way

1. Ifr=A — x1Xg, X1,X2 € VU X then

R(r) ={[s, A,s’] = [s,x1,s'][s,x2,8"] | s,8’,s"” € KL

2. fr=A —x%x, x€ VUZXthen

R(r) ={[s,A,s’] = [s,x,s']|s,s’ € K}

Further we define the set of rules

Rs ={[s,q,s'] - a|s’'=5(s,a),s,s’ €K,ae L}
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Let

R'= | JR(r)UR;:.

TER

We define the context-free grammar Gy = (V/, X, [so, S, s], R’) for each s €

H. Let Ny = (P, T, Fs, &g, Bs, Vs, Ls) be a cf Petri net with respect to the
grammar Gg where

P, ={ls,p,s'l | s,s" € K,p € P},
T ={ls,t,8'l|s,s" € K,p € P},

Fs — {([31)X7 32]) [Si:y:sé]) | 31732)S£)Sé S K: (X7y) S F}

The weight function ¢ is defined by &([s1,x, s2l, [s1,Y, s5]) = d(x,y)

where si, S2, 51,55 € K, (x,y) € F.

The functions B : Ps — V' and v, : Ty — R’ are bijections, and

ts(B5*([s0,S,8])) =1 and t5(p) = 0 for all P; —{B*([so, S, s])}-
We set
Fo =1{((s,t,8"),q) |s,s" €K,qe QAt € °q}
and
Fo=1(a,(s,t,8) [s,s" €K,qge QAt e q°}.
We construct the k-Petri net
Nk,s = (PS U Q)TS;FS U Fé U F+; Ps, CS)‘YS; HS;TS)

from N where

e the weight function ¢ is defined by

(pS([SIJX: SZ]: [S]/Jy)Sé]) = (P(X:U),Slysi:sz,sé €K and (X;U) e FU E:
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e the labeling function (; is defined by

Bs([s1,p,s2l) if [s1,p,s2] € Ps,
A if [s1,p, s2] € Q,

Cs([s1,p,82) =

e the initial marking p; is defined by ps(B;*([so, S, s])) = 1 and pus(p) =
0 for all (P U Q) —{B;*([so, S, s},

e the final marking 7, is defined by t4(p) =0 for all p € P, UQ,

and define the k-PN controlled grammar G, = (V', X, (so, S, s), R’, Ny 5).
Then one can see that L(G) NL(A) = U,y LIGY). O

The results of the previous lemmas are summarized in the following

theorem

Theorem 4.15. The family of languages PNy, k > 1, is closed under union,
substitution, mirror image, intersection with regular languages and it is not

closed under concatenation.

4.4 Petri Nets with Chains and Cycles

We add new places and arcs, called control places and arcs, to a cf Petri
net such a way that the new places with their input and output transitions

compose chains or cycles.

4.4.1 Chain Control

Let P = {p1, p2,...,pPnt be a set of disjoint chains where each chain p; =
(Pois Tois Fo) € P, 1 <1< m, is defined as

p=tiipiitioPi2  Piki—1tik;
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with the sets of places, transitions and arcs, respectively,

P, = {pi,l:pi,Z; S :pi,ki—l})
Tb ::{thlatLZ)"'ithih

Fo ={(ti,;,Pi) |1 <j < ki —1JU{(pij, tijer) 11 <1<k —1h

Remark 4.1. If a chain p € P consists of a single transitions, i.e., p = t, then

the sets of places and arcs of p is considered to be empty, i.e., P, = F, = 0.

Let

Pp=|JPo, To=JTo, Fp=[JF.

pe?P pe?P pe?
We consider a marked Petri net Ny = (Pp, Tp, Fp, , 1) where d(x,y) =1
for all (x,y) € Fp and (p) =0 for all p € Ps.

Proposition 4.16. v is an occurrence sequence of transitions of N enabled
at the initial marking ¢ and finished at the marking pu where u(p) = 0
for all p € Py iff v is the shuffle of tr(py,), tr(pi,),- .., tr(pi,) for some
Piyy Pigy - -y Piy, € P, m > 1.

Proof. Let v be an occurrence sequence of transitions N enabled at  and
finished at p where u(p) = 0 for all p € Pp. We denote by vi € T;,
1 <1< n, the scattered substring of transitions of the chain p; in v. Since
transitions of different chains occur concurrently, v is a shuffle of the strings
vi, 1 <i<n

By definition, any occurrence sequence of transitions of a chain p; € P,

1 <1i< m, starts by firing of t;; € T,,, and for each v{ € Pref(v;),
’-Vi/,’ti,l 2 |Vi/|ti,2 2 te 2 |Vi/|ti,ki'

Moreover,

|Vi|ti’1 - |‘V'i.|ti,2| == |Vi|ti,ki'
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Let vij,1 <j < |Vi|ti’l, be the sequence of j-th occurrence of the transitions

ti1, ti2, ..., tik,. Then, v; is a shuflle of the sequences v ;.

Let v = tity- - - t,,, be a shuffle of tr(py,), tr(pi,),...,tr(pi,) for some
Piyy Pigy---,Pi, € P, s > 1. By definition, any occurrence sequence of
transitions of Np can only start at the initial marking t. Since for all
1<j<s,

|‘V|tii’l - |V|tij,2| == |V|tijrkij,
w(p) =0 for all p € Py where 1 — . O

Definition 4.6. Let G = (V,%,S,R) be a context-free grammar with its
corresponding cf Petri net N = (P, T,F,d,,v,t). Let T;, Tp,..., T, be a
partition of T and P = {py, p2,.-., Pn} be the set of disjoint chains such
that T, =Ti, 1 <i<n, and J,cp P, NP = 0.

An z-Petri net is a system N, = (PUQ,T,FUE, o, ¢, v, W, T) Where

e Q= Upe:P P, and E = Upe? Fo;

e the weight function ¢ is defined by @(x,y) = d(x,y) if (x,y) € F and
e(x,y)=1if (x,y) € E;

e the labeling function ¢ : PUQ — V U{A}is defined by ((p) = B(p) if
pE€Pand ((p)=Aifp e Q;

e the initial marking p, is defined by po(p) = t(p) if p € P and po(p) =
0ifpeQ;
e T is the final marking where t(p) =0 for all p € PU Q.

Ezxzample 4.4. Figure 4.4 illustrates z-Petri net N, with respect to the
context-free grammar G, = ({S, A, B},{a, b}, S, R) where R consists of

To : S —9'/\8,
T A = A, Ty:B = A, T3: A — dA,
T4 : B — aB, T5 : A — DA, T6 : B — bB.
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S
.9
L
To
- -
I3 Ty
:O >
I's Te

Figure 4.4: A z-Petri net N,

4.4.2 Cyclic Control

Let P = {p1,p2,...,Pn} be a set of disjoint cycles where each cycle p; =
(Poi, Toi, Fou) € P, 1 <1< n, is defined as

P ="PiitiiPi2ti2 PikitikPi

with the sets of places, transitions and arcs, respectively,

Ppi - {pi,l; pi,Z) v ;pi,ki})
To, ={tin, tiz, - tikh

Foo ={(ti,;, pij) 11 <J < kb U{(ti5, pijer) |1 <1< ki — 1HU{(tix, Pk

Let
Pp=|JPs, To=JTo, Fp=[JF.
pe?P pe?P pe?P

We define a marked Petri net Ny = (P, Ty, Fop, d, 1) where ¢p(x,y) =1
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for all (x,y) € Fyp, and for each p; € P, 1 <i<m, t(pi1) =1and ((p) =0
for all p € P,, — {pi,1}-

Proposition 4.17. v is an occurrence sequence of transitions of N enabled
and finished at the initial marking i iff v is the semi-shuffle of strings

tr(py,), tr(ps,), - . -, tr(ps,,) for some py,, pi,, ..., Pi,, € P, m > 1.

Proof. Let v = t;ty---t,, be an occurrence sequence of transitions of Ny
enabled and finished at the initial marking 1. Let v; € T;u 1<i<n,bea
scattered substring of transitions of the cycle p; in v. Similarly to the case
of chains, transitions of different cycles can occur concurrently, thus v is a
shuffle of substrings v{, 1 <1< n.

By definition, if transition t;; € T,,, 1 <1 < n, occurs, then in order to
return the token to place p;i, transitions ti»,ti3s,...,tik, have to occur.
Moreover, transition t;; can occur again after transitions tio, tis, ..., tix,
have occurred in the given order, i.e., the occurrence of tr(p;), 1 <1< n,
can start a second time after its started occurrence has finished. Therefore,
v is a semi-shuffle of tr(py, ), tr(pi,), ..., tr(pi,,) for some pi,, pi,,.-.,Pi,, €

P,m>1.

Let v = t;ty---t,, be a semi-shuffle of tr(py, ), tr(pi,),...,tr(pi,) for
some Pi,, Pi,, - - -, Pi, € P, s > 1. By definition, any occurrence sequence of
transitions of N starts at the initial marking (. On the other hand, any
occurrence sequence of transitions of a cycle p; € P, 1 <i < n, in v returns
a token to place p; 1, i.e., to the initial state. Therefore, v is an occurrence

sequence enabled at and finished at the marking t. ]

Definition 4.7. Let G = (V, %, S, R) be a context-free grammar with its
corresponding cf Petri net N = (P, T,F,d,,v,t). Let Ty, Tp,..., T, be a
partition of T and P ={py, p2, - - ., Pn} be the set of disjoint cycles such that
To, =T, 1<i<n,and U, P, NP =0.

A c-Petri net is a system N. = (PUQ, T,FUE, @, (,7v, 1o, T) where
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Q= UpEiP P, and E = UpefP Fo;

the weight function ¢ is defined by @ (x,y) = d(x,y) if (x,y) € F and

e(x,y) =11if (x,y) € E;

the labeling function ¢ : PUQ — V U{A} is defined by ((p) = B(p) if

p€Pand ((p)=Aifp € Q;

the initial marking p, is defined by po(p) = up) if p € P, and

Ho(Pi,1) =1, Ho(pi,j) =0 where pi; € P, 1 <i<n, 2 <j<ky

T is the final marking where t(p) = 0 if p € P, and 7(pi1) = 1,

T(pi,j) = 0 where Pi;j € P, 1<i<n,?2 <) < ki.

Ezxzample 4.5. Figure 4.5 illustrates a c-Petri net N, with respect to the

context-free grammar given in Example 4.4.

'R
U/
I's Te

Figure 4.5: A c-Petri net N,
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4.4.3 Supervised Cyclic Control

Let P ={p1,po2,...,pn} be a set of cycles such that
Po, NPy, M-+ Po = {po}
where each cycle p; = (P, Tp,, Fp,) € P, 1 < i< n, is defined as

P ="Poti,iPiiti2 Piki—1tikPo

with the sets of places, transitions and arcs, respectively,

PpAl = {po, Pi,1y Pi2s--- :pi,ki—l}’
Tpi = {ti,l, ti,z; v ’ti,ki}’
Foo = {(pistije) 1<) Sk = Uty ) [1 <1<k — 1)

U{(po, ti,0)} U{(ti k., Po)k-

Let X € {P,T,F} and Xy = Upegj X,. We define a marked Petri net
Ng = (Pp, Tp, Fp, d, 1) where d(x,y) =1 for all (x,y) € Fp, and t(py) =1
and (p) =0 for all p € Py, — {po}-

By construction, each occurrence sequence of transitions of N4 starts by
firing of the first transition t;; of some cycle p;, 1 < 1 < n, and transitions
of a second cycle can fire only after the single token has been returned to the
initial marking (. It happens if we fire the rest transitions ti o, tis,..., tix,

of p;. It follows that

Proposition 4.18. v is an occurrence sequence of transitions of N enabled
and finished at the initial marking ( iff v is the concatenation of strings

tr(pil))tr(piz)" . ')tr(pim) for some Piyy Pigy ey Pipy c iP, m 2 L.

Definition 4.8. Let G = (V, L, S, R) be a context-free grammar with its
corresponding cf Petri net N = (P, T,F, &, B,v,t). Let T, T,,..., T, be
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a partition of T. Let P = {py, p2,...,pn} be the set of cycles such that
To, =T, 1<i<n, PLNPyN--- NPy ={po} and (J,cp P, NP = 0.
An s-Petr: net is a system N, = (PUQ,T,FUE, @, (,vV, W, T) Where

Q= Upe(P PP’E = Upe(P Fp;

the weight function ¢ is defined by ¢@(x,y) = d(x,y) if (x,y) € F and
¢(x,y) =1if (x,y) € E;

the labeling function ¢ : PUQ — V U{A} is defined by ((p) = B(p) if
pE€Pand ((p)=Aifp € Q;

W is the initial marking where po(po) = 1 and yo(p) = p) if p €
(PUQ)—{pok

T is the final marking where t(py) =1 and t(p) =0ifp € (PUQ) —
{Po}-

Ezample 4.6. Figure 4.6 illustrates a s-Petri net N, with respect to the

context-free grammar given in Example 4.4.

4.4.4 Grammars, Languages and Examples

Here we define grammars controlled by z (c, s)-Petri nets introduced in

the previous subsection.

Definition 4.9. (i) An z-Petri net controlled grammar is a quintuple
G=(V,L,S,R,N,) where V, L, S, and R are defined as for a context-free
grammar and N, = (PUQ,T,FUE, ¢,(v, to, T) is a z-Petri net with
respect to the context-free grammar (V, X, S, R) where z € {2, c, s}.

(ii) The language generated by a z-Petri net controlled grammar G, denoted
by L(G), consists of all strings w € I* such that there is a derivation
g I

———= w € L* and a successful occurrence sequence of transitions

v =ttty -ty of N, such that riry - 1 = y(tity - - ty).
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'R
U/
I's Te

Figure 4.6: An s-Petri net N,

Ezample 4.7. Let Gs = (V, L, S, R, N, ) be a z-Petri net controlled grammar
where components V, X, S, R are defined as for the context-free grammar G4
in Example 4.4, and N, is the z-Petri net depicted in Figure 4.4.

After transition to = (}(S — AB) fires, transitions t; = ("}(A — A),
to=C B —=A), ts=CYA — aA), and t4 = (" }(A — bA) are enabled.
Transitions t; and (or) ts can occur several times and in any order, and
the corresponding control places receive as many tokens as the numbers of
occurrences of these transitions. Then transitions t, = ( *(B — aB) and
ts = ("*(B — bB) occur as many times as t; and (or) t3 occur, respectively.
To go to the final marking, transition t; and t, occur. We can see that Gy

generates a vector language
L(Gs) = {wxw'x | x € {aq,b},w € {a, b}*,w’ € Perm(w)}.

Ezample 4.8. We consider c-PN controlled grammar Gg = (V, %, S, R, N.)
where the components V, X, S, R are defined as for the grammar G, in Ex-

ample 4.4 and the c-Petri net N, is illustrated in Figure 4.5 (the transitions
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of N, have the same labels as those of N,).

After transition ty occurs transitions ti, t,, t3, ts are enabled. Further
we have the following cases: (1) the sequence tst, or (and) tsts occurs many
times (in any order); (2) the sequence tsts or tst; occurs, then tyts or tets
occurs, respectively; (3) cases (1) and (2) repeat in any order; (4) to go to
a final marking the sequence t;t; occurs. It is easy to see that Gg generates

a semi-matrix language

L(Gg) = {w1{A, ab, balwy{A, ab, ba}- - -wi{A, ab, bajwy{A, ab, ba}- - - |

Wi, Wy, ... € {a, b}*}.

Ezample 4.9. Let G; = (V, £, S, R, N,) be a s-Petri net controlled grammar
where components V, X, S, R are defined as for the context-free grammar
G4 in Example 4.4, and N; is the s-Petri net depicted in Figure 4.6 (the
transitions of N; have the same labels as those of N,).

The execution of N, starts with the occurrence of ty, and transitions
t1, to, t3, and ts are enabled. If t; occurs, then only t, occurs. If t, occurs,
then in order to reach the final marking, t; has to occur. If t3 (ts) occurs

then only t4 (ts) occurs. We can see that G; generates a matrix language
L(G7) ={ww|w €{a,b}"}.

We denote the families of languages generated by z-Petri net controlled
grammars (with erasing rules) by PN,, (PN?) where z € {2, c, s}.
Next we show that the introduced Petri net controlled grammars simu-

late some well-known regulated grammars.

Lemma 4.19. VEC? = PN sMAT™ = PN

z ) c

MAT™ = PN

Proof. We give here a proof for the first equality. First, we show that the
inclusion VEC?™ C PNLM holds. Let G = (V, L, S, M) be a vector grammar
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where
M={my, my,...,Mp}, My =T1Ti2 - Tin, 1 <1<

Without loss of generality we can assume that G is a grammar with-
out repetition. Let R be the set of all rules of M. We construct a cf
Petri net N = (P, T, F, @, t, B,y) with respect to the context-free grammar
(V,Z,S,R).

For each matrix my =i 1Ti2 - Tik, € M, 1 <1 < n, we define a chain
Pi = tiaPiatiaPiz - - tiki—1Piki—1ti,k, where Py, ={pi1,Pi2, .. Piki—1} I8
a set of new places and Ty, = {ti1,ti2, ..., ik} € T such that y(ti;) =1y,
1 <i<n 1< j < ki Since G is without repetition, the sets T,
1 < 1 < n, are pairwise disjoint. It follows that P = {p1, P2, ..., pn} is the
set of disjoint chains. Therefore, we can construct the z-Petri net N, =
(PUQ,T,FUE, @, (,v, W, T) with respect to the grammar (V, %, S, R) (with
the notions of Definition 4.6), and define z-Petri net controlled grammar
G'=(V,L5,S,R,N,).

Let D : S 22==5 w ¢ I* be a derivation in the vector grammar G.

Then, by definition, 175 - -1 is a shuffle of some matrices
my, My,,...,m;, € M, 1> 1.

It follows that D is also a derivation in the context-free grammar (V, Z, S, R),
and by Proposition 4.1, v = t;ty---ts = y }(r1y---T5) is an occurrence
sequence of transitions of the cf Petri net N enabled at the initial marking
t and finished at the marking pu(p) =0 for all p € P.

On the other hand, v is a shuffle of tr(p;,),tr(p;j,),...,tr(p;,) since
v(tr(pi)) = mi, 1 < i < n. By Proposition 4.16, py(p) = t(p) = 0 for all

p € Q. Therefore, D is also a derivation in G’.

Let D’ :S 222224\ € ¥* be a derivation in the z-Petri net controlled

grammar G’. Then, v = t;ty---ty = y }(riry---71,) is an occurrence se-
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quence of transitions of N, enabled at the initial marking ¢ and finished at
the final marking T. By Proposition 4.16, the occurrence sequence v is a
shuffle of tr(py,), tr(pi,), ..., tr(pi,) for some pi,, piy,-.-, Pi. € P, s =1, as
t(p) =1(p) =0 for all p € Q. On the other hand, by the definition of the
bijection v, y(tr(pi;)) = my;, 1 <j <'s. Therefore, 1172+ -5 is a shuffle of

the matrices m;,, my,, ..., mi,. It follows that D’ is also a derivation in G.

Next we show that PNLM C VEC™ holds.

Let G = (V,L,S,R,N,) be a z-Petri net controlled grammar where
N,=(PUQ,T,FUE, o, v, o, T). By definitions, the set T of transitions
is divided into disjoint subsets Ty, Ts, ..., T,, such that

and p; = (P, Ti,Fi), 1 < 1 < n, are disjoint chains. According to the

bijection vy, we can construct the set of matrices
M ={m; =vy(tr(p:)) [l <i<n},

and define the vector grammar G’ = (V, X, S, M). For the remaining part

of the proof we can repeat the arguments of the first part of the proof.
The other equalities can be proven in the same manner using Proposi-

tions 4.17 and 4.18. L

The results of Lemma 4.19, Theorem 2.1.2 in [24] and Theorem 3.12

can be summarized in the next theorem

Theorem 4.20.

(1) PN, = MAT C PN, = VEC C PN» = PN} = PN?,
(2) MAT C PN, = sMAT C MAT™.
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Arbitrary Petri Net Controlled

Grammars

5.1 Introduction

In this chapter we consider a generalization of regularly controlled gram-
mars. Instead of a finite automaton we associate a Petri net with a context-
free grammar and require that the sequence of applied rules corresponds
to an occurrence sequence of the Petri net, i.e., to sequences of transitions
which can be fired in succession. However, one has to decide what type
of correspondence is used and what concept is taken as an equivalent of
acceptance. Since the sets of occurrence sequences form the language of
a Petri net, we choose the correspondence and the equivalent for accep-
tance according to the variations which are used in the theory of Petri net
languages.

Therefore as correspondence we choose a bijection (between transitions
and rules) or a coding (any transition is mapped to a rule) or a weak coding
(any transition is mapped to a rule or the empty word) which agree with
the classical three variants of Petri net languages (see e.g. [47, 93, 94]).

We consider two types of acceptance from the theory of Petri net lan-
guages: only those occurrence sequences belonging to the languages which

transform the initial marking into a marking from a given finite set of mark-
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ings or all occurrence sequences are taken (independent of the obtained
marking). If we use only the occurrence sequence leading to a marking in
a given finite set of markings we say that the Petri net controlled grammar
is of t-type; if we consider all occurrence sequences, then the grammar is of
r-type. We add a further type which can be considered as a complement of
the t-type. Obviously, if we choose a finite set M of markings and require
that the marking obtained after the application of the occurrence sequence
is smaller than at least one marking of M (the order is componentwise),
then we can choose another finite set M’ of markings and require that the
obtained marking belongs to M’. The complementary approach requires
that the obtained marking is larger than at least one marking of the given
set M. The corresponding class of Petri net controlled grammars is called of
g-type. Therefore, we obtain nine classes of Petri net controlled grammars
since we have three different types of correspondence and three types of the
set of admitted occurrence sequences. These types of control are general-
izations of those types of control considered in the previous chapter, too,
where instead of arbitrary Petri nets only such Petri nets have been consid-
ered where the places and transitions correspond in a one-to-one manner
to nonterminals and rules, respectively.

In Section 5.2 we introduce the concept of control of derivations in
context-free grammars by arbitrary Petri nets. Section 5.3 contains the
results on the influence of the labeling function on the generative power.
In Section 5.4 we discuss the effect of different types of final markings on

the generative power.

5.2 Grammars and Their Languages

We now introduce the concept of control by an arbitrary Petri net.

Definition 5.1. An arbitrary Petri net controlled grammar is a tuple

G=(V,%,S,R,N,y,M) where V, L, S, R are defined as for a context-free
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grammar and N = (P, T, F, ¢, ) is a (marked) Petri net, y: T — RU{A} is

a transition labeling function and M is a set of final markings.

Definition 5.2. The language generated by a Petri net controlled grammar
G, denoted by L(G), consists of all strings w € X* such that there is a
TiT2 Tk

derivation S =—=—= w € X* and an occurrence sequence v = t;ty-- -t

which is successful for M such that riry-- -1 = y(tity - - t).

Definition 5.2 uses the extended form of the transition labeling function
v : T* — R*; this extension is done in the usual manner.

Obviously, if v maps any transition to a rule, then k = s in Definition
5.2.
Example 5.1. Let G; = ({S,A,B,C},{a,b,c},S,R,Ng, v, M;) be a Petri

net controlled grammar where R consists of

S — ABC,
A — dA, B — bB, C —cC,
A — q, B — b, C—c

and N, is illustrated in Figure 5.1. If M, is the set of all reachable markings,

then G; generates the language
L(G) ={a"b™c* In>m>k> 1)
If M; ={u} with u(p) =0 for all p € P, then it generates the language
L(Gy) ={a™d"c™ | n > 1}.

Different labeling strategies and different definitions of the set of final
markings result in various types of Petri net controlled grammars. We

consider the following types of Petri net controlled grammars.

Definition 5.3. A Petri net controlled grammar G = (V,%,S,R,N,vy, M)

1s called
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5.2. GRAMMARS AND THEIR LANGUAGES

S — ABC A—a B—b C—c
@ 1 M 1 M [ M D
L1 L1 D: L1
/R M
N L _/
A — aA B — bB C —cC

Figure 5.1: A labeled Petri net N,

e free (abbreviated by f) if a different label is associated to each tran-

sition, and no transition is labeled with the empty string;

e A\-free (abbreviated by —A) if no transition is labeled with the empty

string;

e ertended (abbreviated by A) if no restriction is posed on the labeling

function vy.

Definition 5.4. A Petri net controlled grammar G = (V,%,S,R,N,vy, M)

1s called

e r-type if M is the set of all reachable markings from the initial mark-
ing (, i.e., M = R(N, v);

o t-type if M C R(N, () is a finite set;

e g-type if for a given finite set My C R(N, 1), M is the set of all
markings such that for every marking u € M there is a marking

u € My such that p > p'.

We use the notation (x,y)-PN controlled grammar where x € {f, —A, A}
shows the type of a labeling function and y € {r, t, g} shows the type of a

set of final markings.

We denote by PN(x,y) and PN*(x,y) the families of languages gen-
erated by (x,y)-PN controlled grammars without and with erasing rules,

respectively, where x € {f,—A,A} and y € {r, t, g}.

95




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

5.3. THE EFFECT OF LABELING ON THE COMPUTATIONAL POWER

The following inclusions are obvious.

Lemma 5.1. For x € {f,—A,A}and y € {1,t, g}, PN(x,y) € PN*(x,y).

5.3 The Effect of Labeling on the Computa-

tional Power

The following lemma follows immediately from the definition of the labeling

functions.

Lemma 5.2. For y € {r, t, g},
PN (f,y) € PN (=7, y) € PNM(A, y).

We now prove that the reverse inclusions also hold.
Lemma 5.3. For y € {r,t,g}, PN (=) y) € PN™M(f,y).

Proof. Let G = (V,X%,S,R,N,v,M) be a (—A,y)-PN controlled grammar
(with or without erasing rules) where y € {r,t,g} and N = (P, T,F, @, ).
Let

R ={r:A > ac R 1) >1},
T ={teT|y(t)=r1eR,
Fl={(p,t) eFlte T"U{(t,p) €Flte T '}

For each rule r : A — « € R”!, we define the set V, = {A, | y(t) = 1} of

new nonterminal symbols, and with the rule r, we associate the set
Rr={A—=A A= alr:A = xeRand y(t) =1}
of new rules. Correspondingly, we set

T, ={cl,Z|r:A— ac R and y(t) =1}
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5.3. THE EFFECT OF LABELING ON THE COMPUTATIONAL POWER

where c! and c? are new transitions labeled by the rules A — A; and
A: — « for each t with y(t) = r, respectively. We define the following sets

of new places
P.={pi|r:A— a€ R and y(t) =1}
and arcs

F.={(p,c})|ct €T, andp € *t}u{c?,p)|c? €T, and p € t*}

U {(Ci;pt); (pt) C%) ’ C‘]c-) C% € TT and pt € Pr}

Let X° = U, cg-1 X+ where X € {V,R, P, T, F}. We consider an (f,y)-Petri
net controlled grammar G’ = (V/,%,S,R/,N’, v/, M’) where V' = VU V°
and R’ = (R—R>}UR® and N’ = (P/, T/, F/, ', /) is a Petri net where the

set of places, transitions and arcs are defined by
P'=PUP’, T"=(T-T"HUT’, F=(F-F ) UF;

the weight function ¢’ is defined by

;

e(x,y) if (x,y) €F,
o(p,t) fx=petandy=cl, teT}

o(t,p) ifx=c?andpet’teT?

1 otherwise;
\

the initial marking (/ is defined by

up) ifpeP,
0, ifpeP;

V(p) =

the bijection y’ is defined by y/(t) = y(t)ift € T—Ty and for all ¢}, c? € T,,
reR™L v (ch)=A = Arand y'(c?) = Ay = «;
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5.3. THE EFFECT OF LABELING ON THE COMPUTATIONAL POWER

for each T/ € M/,

vlp) = t(p) fpeP,
0, ifpePe.

Let

T1 T

S Iy

r Tj+1 T

be a derivation in G where r : A — « € R™.. Then the rule r : A — «
can be replaced by the pair A — A, A, — « for some t € T~! in one-
to-one correspondence with the transition t of N where y(t) = r, by the

transitions c! and c? of N, and vice versa. Hence L(G) = L(G/). O
Lemma 5.4. For y € {r, t, g}, PN(A,y) C PN(—A,y).

Proof. Let G = (V,%,S,R,N,v, M) be a (A,y)-Petri net controlled gram-
mar with N = (P, T, F, (). Let

Tha={teTly(t)=A},
Fao ={(p,t)[p€Pand t € T }U{(t,p) |t € T\ and p € P}.

We define the i-adjacency set of t € T by
Adji(t) ={t" | t” € (Adj*(t")) for some t’ € Adj* ()N Ty} for i > 2
where Adj'(t) = (t*)* and the complete adjacency set by

Adj*(t) = | Adj*(1).

i>1

A transition t’ € Adj*(t) is called an adjacent transition of t. Adj'(t)

denotes the set of non A adjacent transitions of t € T, i.e.,

AdjT(t) = Adj*(t) — Th.
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Let Th = {ty,ty,...,tn}. For each t; € Ty, 1 <1 < n, we define the set
of new transitions
T(t) ={[tl |t e Adj" (t:)}.

We introduce the set R(t;) of new rules with respect to each t; € Ty,

1<i<n,

R(ti) ={A = A|A - x=vy(t) € Rand t € Adj"(t;)}.

Further, we define a (—A, y)-Petri net controlled grammar
(;/ = (\/)Z; S;]Q/,FJI,WVI;PV1/)

where R’ = RU J, 1, R(ti) and N’ = (P, T', F', 1) where

T =(T-Tau | J T(t),

ti €T

F'=(F=F)U | J{(p,[th) | p € *t; and [t]; € T(t;)}

tieT)\

U [J (It p) [ [l € T(t:) and p € 7).

tieTh

The weight function ¢’ is defined by

e ¢'(x,y)=oxy)if (x,y) e F—F,

e ¢'(p,[th) =e(p,t:) if p € *t; and [t]; € T(ti), ti € Ty,
o o '([tl,p) =o(ti,p) if p € t} and [t]; € T(ti), t; € Ty.
The labeling function vy’ : T’ — R’ is defined by

e Y(t)=v(t)forallteT,

o v/([t];) =A — A € R(t;) where [t]; € T(t;), t; € T and t € Adj" (t;)
with y(t) = A — x € R.
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5.3. THE EFFECT OF LABELING ON THE COMPUTATIONAL POWER

TiT2: " Th

Let S =——= w,, € X* be a derivation in G. Then

til o 'tik(l)tltél o 'ték(z)t2 o 'tnt;x+11 o 't‘;t+1k(n+1)

is a successful occurrence sequence in N where y(t;) =1, 1 < i< n and
tyeTyforall 1 <i<n+1,1<j<k(i) such that t; € Adj"(t{;) for all
1<i<n,1<j< k(i).

Each A-transition t{], 1<i<n, 1<)

<
by the transition t{j in N/, 1 <1< n, 1<) <k(i) with the label A; — A;
where A; is the left side of the rule r;, y(r;) =t;, 1 <i<n. Then

k(i) in (5.1) can be replaced

t -t titsr etz teeo tn
is a successful occurrence sequence in N’ and correspondingly

S O017T1027T2-:OnTn

w, € X"

/ /i 12 / _ 1 :
is a derivation in G” where oy = r{iT{, - T{{ 4), ¥ (rif) =tf, 1 <i<m,

1 <j < k(i). Using the same idea, we can show the inverse inclusion. [

It is easy to see that the proof of Lemma 5.4 holds for grammars with
erasing rules, too. We present another proof in the following lemma since
its construction has a smaller increase of the number of places, transitions

and edges.
Lemma 5.5. For y € {r,t, g}, PN*(A\,y) C PN*(—A,y).

Proof. Let G = (V,%,S,R,N,v,M) be a (A,y)-PN controlled grammar
where y € {r,t,g} and N = (P, T,F,@,t). Let T, be the set of all A-
transitions of T. We construct the (—A,y)-Petri net controlled grammar
G' =(V,L% S, R N vy, M’) as follows.

We set V! =V U{S’, X} where S’ and X are new symbols and

R'=RU{S" = SX, X = X, X = A}
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and construct N’ = (P/, T’,F/, @', V') where

e the sets of places, transitions and arcs of N’ are defined by

Pr=PuUfp’p"},
T =Tuf{t't"},
Fr=Fu{(p’,t), (t',p"), (", ")},

e the weight function is defined by

. ¢o(x,y) if (x,y) €F,
® (X,U) =
1 otherwise,

e the initial marking is defined by t/(p) = «(p) forall p € P and V/(p’) =
1,V(p") =0,

o for every ' € M/, t/(p) = t(p) for all p € P and t'(p’) = t'(p”) =0,

e and the total function vy’ : T" — R’ is defined by y'(t) = y(t) if
teT—T, v(t) =X = Xift e Ty, vy (t') =S — SX, and
Y (") =X—=A.

TiT2 Tk

Let D : S =——= wy € L* be a derivation in G with an occurrence
sequence v = Vit;vaty - vtk vy in N enabled at the initial marking
and finishing at a marking p, € M where y(t;) =r; forallforall 1 <i <k
and vi € Ty forall 1 <i<k+ 1.

We construct a derivation D’ in G’ from the derivation D as follows.
We initialize the derivation D with the rule S’ — SX. For any A-transition
t in the occurrence sequence v we apply the rule X — X and terminate the

derivation with the rule X — A:

[vyl [val [Vl
S,:>SX X—>X~T‘1 W]_X X—>X‘T2 . X_>X'Tk WkX X—=A Wkez*
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5.4. THE EFFECT OF FINAL MARKINGS ON THE GENERATIVE POWER

and t'vityvoty -+ - Vit v t” is a successful occurrence sequence in N’
where pu(p’) = u(p”) =0 for any p € M.

On the other hand, for each derivation

T1T5 X—=A Tj41 - Tm

S' = SX VVj)( Wj Wm exr”

in G’ by removing the first step, (j+1)-th step and the nonterminal symbol
X from the derivation, we get a derivation in G where the corresponding
occurrence in N’ sequence is obtained by removing the transitions t’, t”

and changing the labels X — X of transitions to A. ]
The following theorem is a combination of the lemmas given above.

Theorem 5.6. For y € {r, t, g},

PN™|(f,y) = PNM(=A,y) = PNM(Ay).

5.4 The Effect of Final Markings on the Gen-

erative Power

We start with a lemma which shows that the use of final markings increases

the generative power.
Lemma 5.7. PNM (A, 1) C PN (A, t).

Proof. Let G = (V,%,S,R,N,y,M) be a (A, r)-PN controlled grammar
(with or without erasing rules) where N = (P, T, F, @,1). We set

T, ={t, [pePland F, ={(p,t,) | p € P}

where t,, and (p, t,) for all p € P are new transitions and arcs, respectively.
We construct a (A, t)-PN controlled grammar G’ = (V, %, S,R,N’, v/, My)
with the Petri net N’ = (P, TUT,,FUF,, ¢’,1) where
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e the weight function ¢’ is defined by ¢’(x,y) = @(x,y) if (x,y) € F
and @'(x,y) =1if (x,y) € Fp,

e the labeling function vy’ is defined by vy/(t) = y(t) if t € T and
Y'(t)=AifteT,,

e the set My of final markings is defined by M, ={(0,0,...,0)}.

TiTg Tk

Let S =——= wy € X* be a derivation in G where v = t;t;---tq,
Y(v) = 1115+ - Ty, is an occurrence sequence in N enabled at  and finished
at some puys € M. We continue the occurrence sequence v by firing the
transition t, ps(p) times, for each place p € P, and after ZpeP us(p) steps
we get the marking p’ where u'(p) =0 for all p € P. Thus L(G) C L(G).

Moreover, it is easy to see that an earlier use of a transition t, either
leads to a blocking of the derivation (since an input place p of a transition
t has not enough tokens and therefore, the corresponding rule y(t) cannot
be applied) or it has no influence on the derivation, i.e., the use of t, can
be shifted after the finishing of the derivation. Therefore L(G) = L(G’)
holds. 0

Corollary 5.8. PN™M(A r) € PNM(A, g).

Proof. Let G = (V,%Z,S,R,N,y,M) be a (A, r)-PN controlled grammar
(with or without erasing rules) where N = (P, T,F, ¢, ). We construct a
(A, g)-PN controlled grammar G” = (V, %, S,R,N’,y’,M’) where V, X, S,
R, N’ and vy’ are defined as for the grammar G’ in the proof of Lemma 5.7.
If we define M’ as the set of any marking n € R(N’, 1) which is greater than

or equal to u' = (0,0,...,0), then the inclusion follows immediately. ]
Lemma 5.9. PN™M(A, g) € PNM(A 1),

Proof. Let G = (V,X,S,R,N,v,M) be a (A, g)-PN controlled grammar
(with or without erasing rules) where N = (P, T, F, @, 1) and M is the set

of all markings such that for every marking u € M there is a marking p’
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of a given finite set My C R(N, () such that u > p’. Let py be a new place.

We define the following sets of new transitions and arcs.

Tame = {tu | 1€ Mg},
Tp :{tp !pEP}

are the sets of new transitions and

Fr, = 1P, ty) [ € Mg and p € P where u(p) # 0},
FXAO = {(tu,po) | ne MO};
Fp={p,tp) [peP}

are the sets of new arcs. We construct the Petri net
N’ = (PU{po}, TUTm, UTp, FUFy, UFy, UFp, @', ')

where

e the weight function ¢’ is defined by ¢’(x,y) = @(x,y) for all (x,y) €
F, ©'(p, t,) = u(p) for each (p,t,) € Fy,,, and @'(t,, po) = 1 for each
(tw, Po) € Fuys

e the initial marking ’ is defined by ('(p) = (p) for all p € P and
' (po) =0.

We define a (A, t)-PN controlled grammar G’ = (V,%,S,R, N/, v/, M)

where
e Y (t)=v(t)if t € T and y/(t) = A otherwise;
o M’ ={u'} where u/(p) =0 for all p € P and u'(po) = 1.

Let D:S< w e I*, m=r1.Ty---Tn, be a derivation in G, then there is

an occurrence sequence v = t;t, - - - ts such that 1 = p where y(v) = 7 and
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i € M. By definition, there is a marking u’ € Mg such that © > p'. It
follows that the transition t; can occur and the place p, receives a token,
and the rest tokens in places of P can be removed by firing transitions t,.
It is not difficult to see that D is also a derivation in G’.

IfD' :S = we I* M =TTy Ty, is a derivation in G’ with a
successful occurrence sequence v = t;t, - - -ty where y/(m) = v, then v = ’
where p'(p) = 0 for all p € P and p'(po) = 1. Since n'(po) =1, [v[t, =1
for some p € My. Without loss of generality we can assume that v =v’-v”
where v’ contains only transitions of T and v” contains only transitions of
Tp and the transition t,. Then, y'(v') =m, v'(v") =Aand / A u” where

w” > w. It follows that D’ is also a derivation in G. 0
Lemma 5.10. PN (X g) € PNMN(A 7).

Proof. Let G = (V,%,S,R,N,v, M) be a (A, g)-Petri net controlled gram-
mar where N = (P, T,F, @,t) and M is the set of all markings such that
for every marking @ € M there is a marking p' in a given finite set
My C R(N, 1) such that p > p'.

We set £ ={a| a € L} where @, a € £, is a new nonterminal symbol
and define a bijection ¢ : VUL — VUZ as

x ifxevV,
d(x) =
X ifxelX

Let
R={A—>¢(x)|]A—>xeRland Ry ={@a—alaeci}
We define a (A, r)-Petri net controlled grammar

G'=(VUZ XS, RURs, N v, M)
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where N’ = (P/,T',F/, @', /) and
P =PU{p,p"LhT' =TUTm,UTy and F' =FUFp, UFz UF,  UF,»
where p’,p” are new places,
Tm, ={tu e Mgt and Ty ={tq | a € X}
are sets of new transitions,

Fmo, =1{(p,ty) [ p € Pand t, € Tum,,
Fp’ - {(p/;tu) | tu € TMO}; and Fp” = {(tu:pﬂ) | tu € TMO},

FZ ::{hjuata);(ta:p/q |ta S Ti}
are sets Of new arcs.

e The weight function ¢’ is defined by ¢'(x,y) = @(x,y) if (x,y) € F,
©'(p,ty) = ulp) if p € Mp and @'(x,y) =11if (x,y) € F,y UF,»UFs.

e The initial marking (' is defined by /(p) = u(p) if p € P and /(p’) =
1, U(p”) =0.

e The bijection vy’ is defined by v'(t) = A — ¢(x) if t € T and y(t) =
A—=oa v (t)=Aifte Ty, and y/'(tq) =a@ —aforall a e X.

e For each 7' € M/, 7/(p’) =0 and ©/(p”) = 1.

TiTo - Th

Let D:S =——= w € L* be a derivation in G and v = t;ty---t,,
t 5 Wm, is a successful occurrence sequence of transitions of N where
Y(v) =113 - - 1. By definition, w,, > u for some p € M.

Let w = ay,ay4, - 0aq,, Qiy, Ay, ..., 04, € L, kK > 1. We construct a

derivation D’ in G’ with respect to D as follows:
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where T; € R, 1 <i<mnand7: A — ¢(a) foreach r : A = « € R,

W = Qy, Ay, -~ - Qy,, and T4, tay — ay, 1 < j < k. One can easily see that
)

vi=v-t,- tag ta, - tay, is a successful occurrence sequence of transitions

of N" and y/'(v') =T1Tg -+ - Tn - Tay, Tay, * Tay, - Therefore, L(G) C L(G’).

Let S = w € I* be a derivation in G’. Then, 7 € (RURy)* and the
corresponding successful occurrence of sequence v of transitions of N’ is of
the form v =v’-t, -v” for some v/, v € (TUTx)* and for some t,, € Ty,

Without loss of generality we can change of the order of application of
rules in 7t such that 1 = 7t/ - 7’ where ’ € R" and n” € R%. Correspond-
ingly, for v we have v =v’-t, - v" where y'(v’) =7’ and y'(v") =n". It
follows that S 2222 v is a derivation in G where ;75 - - Ty corresponds
tom’ =TTy - T, and y(tity - - - ty) = TiTo - - T, Where v/ (tity - - - t) = 7.
Hence, t;t; - - -t is a successful occurrence sequence for M. It follows that

L(G') C L(G). [

In the remaining part we discuss the relation between Petri net con-

trolled languages and matrix languages.

Lemma 5.11. For x € {f,—A,A} and y € {r, t, g},
PN*(x,y) € MAT™.

Proof. Let G = (V,%,S,R, N, v, M’) be an (x, y)-Petri net controlled gram-
mar with N = (P, T,F, @,t) where x € {f,—A,A} and y € {r,t,g}. Let

P:{p17p2)"'7pn}'
We set V' = VUPU{S/,B} where P = {p | p € P} is a set of new

nonterminal symbols and S’, B are new nonterminal symbols. Let fort € T,

t= {pilapizi s )pik}

and

= 1{PjPisr - 1 Piu-
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We associate the following sequences of rules with each transitiont € T

Gi1:1_)11_))\:1311_))\:"'71_)11_>A
®(peyot)

Ot Doy, = APy, 2 AP, A
¢ (Piyst)

Oi : Py, 7> APy, APy, A
@ (Piyot)

GB:B—>Bpﬁ Pl p]-(z Pz ---P;pm P

and define the matrix

m, = (011,012,---,Uik,08,f)

where 1 = A — « = y(t) € R. Furthermore, we add the starting matrix
mp= (S = SB- [ 9™
pep

According to types of the sets of final markings we consider three cases

of erasing rules:

Case y =t. For each T € M/,

Mea =B AP = Ay Pr = Aoy P = Ay, P — A

~"

T(p1) T(pn)

Casey =r.

mpa = (p = A) for each p € P and mg ) = (B = A)

Case y = g. Here we consider matrices (5.9) together with matrices
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(5.10).

We consider the matrix grammar G’ = (V/, %Z,S’, M) where M consists
of all matrices of (5.7)-(5.8) and matrices (5.9) (Case y = t), matrices (5.10)
(Case y = r) or matrices (5.9)-(5.10) (Case y = g).

Let D : S 22 w € I* be a derivation in G. Then v = tity - -t
where y(v) = ri15--- T, is an occurrence sequence of transitions of N en-
abled at the initial marking t.

We construct the derivation D’ in G’ which simulates the derivation D.
The derivation D’ starts with S" = SB - HPGPT)MP” applying the matrix
(5.8), then for each pair of a transition t in v and the corresponding rule
T =vy(t), we choose a matrix of the form (5.7). When the terminal string
w € L* is generated, in order to erase the remaining symbols from P and
the symbol B we use matrices of the form (5.9), (5.10) or (5.9) and (5.10)
depending on y € {r,t, g}.

My My, My

Let D' : S’ 22 SB - [] ., p"™

derivation in G’. Since VNP = (), we can write a derivation D" : S

Whn =W € L* be a

Ti1Tia " Tik

wj, =w € L* where 1j, is the rule of the non-erasing matrix My, 1<i<k
in D’ and we omit those steps in D’ in which erasing matrices are used.

The application of a matrix m, of the form (5.7) in D’ shows that there
are at least @(pi,,t) pieces of P, , etc., and at least ¢@(p;,,t) pieces of P;,
in the sentential form, i.e., the input places pi,, pi,, pi, of t have at least
@(pi,t), ©(piyr t), - .-, ©(Piy,t) tokens, respectively. Thus, the transition
t, y(t) = r is enabled in N. We can construct the successful occurrence
sequence M Hx where y(t;,) = 75, 1 <1 < k. Hence, D" is a
derivation in G. Thus L(G’) C L(G).

I

Now let E : § =22k wj, = w € L* be a derivation in G. Then
SO

we also have the derivation E’ : S/ =% SB ——2—*. wj B in G’ where

!
j

can be erased with matrices (5.9), (5.10) or (5.9) and (5.10) depending on

wi differs from wj, only in letters p with p € P. These letters and B
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y €{r,t,g}. Thus L(G) C L(G'). O
Lemma 5.12. MAT™ C PN (—A, 7).

Proof. Let G = (V, X,S, M) be a matrix grammar (with or without erasing

rules) and
M ={my, my,...,my} where my = (1i1,Ti2, ..., Tik@)), I <i<n.

Without loss of generality we can assume that G is without repetitions.
Let R={r; |1 <i<n, 1<) <k

We set — = {a | a € £} where, for a € £, d is a new nonterminal symbol.
We define the bijection {: VUL — VUZ by

x ifxevV,
P(x) =
x ifxel,
and for each rule r = A — x1X3---X; € R, we introduce the new rule

T=A = P(x)b(xz) - b(x1).
Let

M = {ﬁl,ﬁg, N ,ﬁn} where m; = (?11,?1,2, N ;?i,k(i)); 1<i< n,

My ={(@—a)laczh

We construct the matrix grammar G’ = (VUZ, Z,S,M UMz5). Obvi-
ously, L(G) = L(G’).

We define a (—A, r)-Petri net controlled grammar
(;// - (\/LJ Sfyz; S)]Q,)FJ)WV7PV1,)

where R" =RU{a — a|a € X}and N = (P, T,F, @, ) is a control Petri net
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where the sets of places, transitions and arcs are respectively defined by

P =po}U{pi; 1 <i<mn, 1<) <k(i) -1}

T={talaeZ}Uft,;; [1<i<n, 1<) <k}

F ={(po, ta), (ta,Po) @ € Z}U{(Po: ti), (tix),Po) 1 <1<}
Ut pig) 11 <1<, 1< <k(i) -1}

U{(pixi)-1tikm) 1 <i<n}k

The weight function is defined by ¢(x,y) = 1 for all (x,y) € F, and the
initial marking is defined by t(po) = 1, and t(p) = 0 for all P’ —{pe}. The
labeling function v : T — R’ is defined by y(t,) =a@ — a for all a € X and
Y(ti) =715, 1 <1<, 1 <j <k(i).

Let

mil

S =wp == w, w=weZl"

be a derivation in G’, where m;;, 1 <j < l is an element of M or My, and

Ty T4, j a—a
Wj_1 S W5 Wy Wj O Wj_1 —— Wj

for some a € X. Then by definition of the functiony, p;_; b, W; where v; =
Tyt 2 i k(i) Or Vj =tq and py =t for all 1 <j < 1. Hence, according

v
to (5.11), we can construct the successful occurrence sequence t YRV

of transitions of N. Therefore, S =24 w, € I* is a derivation in G”,
where, for each 1 < j <1, mj = Tij1Ti2 - Tij k(i) OI 7 =T — a for some
ae’l.

Let D : S 222=% € I* be a derivation in G” where v = t;t, - - - t,
v(ti) =71, 1 <1< 1, is a successful occurrence sequence of transitions of
N.

Ift;; with 1 <1 < lstartsin v, then in the next steps tis, tis, ..., tik()
can only fire in this order. Another t;;, 1 <j < lor t, for some a € X

can fire after t;y (i) occurs. By definition of vy, the corresponding label
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rules Ti1,Ti2,...,Tik(i) are the elements of one matrix m; < M, ie,
my = (Ti1,Ti2, ..., Tik(i)). Thus the application of matrices of G’ can
be simulated by occurrence sequence of transitions of N. It follows that D

is also a derivation in G’. O
Now we summarize our results in the following theorem.

Theorem 5.13. For x € {f,—A,A} and y € {r, t, g},

MAT C PN(x,1) = PN(x, g) € PN(x,t) C PN*(x,y) = MAT™.
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Grammars Controlled by Special
Petri Nets

6.1 Introduction

In the previous chapter we investigated arbitrary Petri net controlled gram-
mars in dependence on the type of labeling functions and on the definitions
of final markings, and showed that Petri net controlled grammars have the
same power as some other regulating mechanisms such as matrices, finite
automata. If we consider these matrices and finite automata in terms of
control mechanisms, special types of matrices and special regular languages
are widely investigated in literature, for instance, as control, simple matri-
ces ([54]) or some subclasses of regular languages ([22, 25]) are considered.
Thus, it is also natural to investigate grammars controlled by some special
classes of Petri nets. We consider (generalized) state machines, (general-
ized) marked graphs, causal nets, (extended) free-choice nets, asymmetric
choice nets and ordinary nets. Similarly to the general case we also investi-
gate the effects of labeling policies and final markings to the computational
power, and prove that the family of languages generated by (arbitrary) Petri
net controlled grammars coincide with the family of languages generated

by grammars controlled by free-choice nets.
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6.2 Grammars and Their Languages

Let G =(V,%,S,R,N,y, M) be an arbitrary Petri net controlled grammar
where V and X are sets of nonterminal and terminal symbols, respectively,
S is the start symbol, R is set of context-free rules, N = (P, T, F, 1) is a Petri
net, v : T — RU{A} is a transition labeling function and M is a set of final
markings.

The grammar G is called a (generalized) state machine, (generalized)
marked graph, causal net, (extended) free-choice net, asymmetric choice
net or ordinary net controlled grammar if the net N is a (generalized) state
machine, (generalized) marked graph, causal net, (extended) free-choice
net, asymmetric choice net or ordinary net, respectively. We also use the
common name a spectal Petri net (in short, sPN) when we refer to each
special class.

We also use a notation an (x,y)-(generalized) state machine, ((gener-
alized) marked graph, causal net, (extended) free-choice net, asymmetric
choice net and ordinary net) controlled grammar where x € {f, —A, A} shows
the type of a labeling function y and y € {r, t, g} shows the type of a set of
final markings (for details, see Chapter 5).

We denote the families of languages generated by grammars controlled
by state machines, generalized state machines, marked graphs, general-
ize marked graphs, causal nets, free-choice nets, extended free-choice nets,

asymmetric nets, ordinary nets and Petri nets

sM™(x,y), GSMPM(x,y), MGM(x,y), GMG™M(x,y), CNWM(x,y),
FCM(x,y), EFCM(x,y), ACY(x,y), ONM(x,y), PNW(x,y)
where x € {f,—A,A}and y € {r, t, g}.

The inclusion X(x,y) C X*(x,y) immediately follows from the defini-

tion where
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e X ¢ [SM, GSM, MG, GMG, CN, FC, EFC, AC, ON},
e x € {f,—A,A}and y € {r, t, g}.

Ezample 6.1. Let G; = ({S, A, B},{a,b},S,R,N,,., Y1, M;1) be a SM con-

trolled grammar where R consists of

S — AB,
A — dA, A — DA, A — A,
B — aB, B — bB, B — A,

the Petri net N, illustrated in Figure 6.1 is a labeled state machine and

M; = {u} where pu(po) =1 and p(p) =0 for all p € P —{po}, then

L(Gi) = {fww|w € {a,b}*} € SM*A, t).

A — aA

—0O O
k/\A—J\ B —A
[}

®
mll

O

Figure 6.1: A labeled state machine Ny,

Ezample 6.2. Let Gy = ({S, A, B},{a, b},S,R, N4, V2, M2) be a MG con-

trolled grammar where R is as for the grammar G; in Example 6.1, a labeled
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marked graph N,,, is illustrated in Figure 6.2 and M; = {u} where u(p) =0
for all p € P. Then

L(Gy) ={ww’ | w € {a,b}* and w’ € Perm(w)} € MG*(A, t).

A —bA B — bB
M

]

A —A —~ B —A
[ —O—L1]

[]
C

Figure 6.2: A labeled marked graph N,

6.3 Results: Labeling Strategies

In this section we investigate the effect of the labeling of transitions on the
generative capacities of the introduced families of languages.

From the definition, the next statement follows immediately.

Lemma 6.1. For X € {SM, GSM, MG, GMG, CN, FC, EFC, AC, ON} and

y e{rt, g},
XM (f,y) € XM (=N y) S XM y).

Further, we show that the reverse inclusions also hold.

For each sPN, one can easily construct a net of the same type in which
the transitions have different labels, by “splitting" each transition into two,
i.e., by replacing a transition t with label A — « by new transitions t’, t”

with labels A — A’, A’ — «, respectively, where t’ receives all incoming
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arcs of t and t” receives all outgoing arcs of t, and a new place p; from

transition t’ and to transition t”.

Lemma 6.2. For X € {SM, GSM, MG, GMG, CN, FC, EFC, AC, ON} and
y e {r’ t) g}’
X[M(—A,y) C X[M(f,y).

Proof. Let G = (V,L,S,R,N,y,M) be a (—A,y)-sPN controlled grammar
(with or without erasing rules) where y € {r, t,g} and N = (P, T,F,1). We
construct a new sPN N’ by replacing each transition t € T with label A — «
by two new transitions 1,1 with labels A — Ay, Ay — «, respectively,

and
o=, (1) =t% 1 ={pJ = "L,

where A¢, t € T, is a new nonterminal symbol and p¢, t € T, is a new place.

Formally, N’ = (P/, T’,F/, /) where P =PUP, T"={l;,1{ | t € T} and

F={p,l)Ipet,teTIU{(l,p)Ipe t’,teT}
U{(lt’pt)) (pt) Li) | t € T}

The initial marking (' is defined by /(p) = (p) if p € P and ('(p) =0
if p € P,. We should mention that this kind of replacement of transitions

of an sPN preserve its structural property.

Let G’ = (V/,%,S,R,N’,y/,M’) be an (f,y)-sPN controlled grammar
where V' =V UV, with V; ={A{|t € T} and

R'={A - A A > a|AcRand tec T}

The labeling function vy’ is defined by y'(ly) = A — A and vy'(l{) =
At — « for all 1,1{ € T' where y(t) = A — x € R.
For each v/ ¢ M/, T/(p) =1(p) if p € P and t/(p) =0 if p € P;.
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1T9Th

In a derivation S =2 w € I* of G, we replace each rule 1; : A; —

o by the pair ¢, 1 Ay — Aq, Ti, P Ay — g, 1 < 1 < n, and the
occurrence sequence of transitions v = t;t,---t,, where y(v) = rirg- -1
by the occurrence sequence 1y, 1{ l,1{, -1, 1{ in the grammar G’. It is
Teg T T Uiy Tin Tipy

difficult to see that S —e—i—2tz !

ltl L/cllt21“£2 cee l‘tnl‘{n with

w is a derivation in G’ where

/ / / / / / /
‘Y (ltll’tl ]'t2 ltz U ltnltn) = rtlrtlrtzrtg o rtnrtn

is a successful occurrence sequence in N’. Thus, w € L(G’).

By construction of N/, if a transition l; for some t € T in a successful
occurrence sequence of transitions o then 1; is also in o, similarly, if A — Ay
inD:S< we L*then Ay — o is also in D. Without loss of generality
we can assume that t=--- (A - A)(Ay —> «)--- and o = -+ -1 1] -+ (If
m=- (A — AJn'(Ay = «)--- for some 7’ € R”* and 0 = ---L;0o'l]---
for some o’ € T'* where y'(0’) = 7/, then we can change the order of

the application of rules and the firing of transitions so that D’ : S N

w € X* where 1”7 = --- (A = AJ)Ay — o)’ --- with v/'(n”) = o,
o” =---Lljo"---). We replace each (A — A{)(Ay — «) by A — « and
L l; by t. Thus, w € L(G). O

For each (A,y)-sPN controlled grammar, if we label each A-transition
with X — X, start each derivation with S’ — SX and erase X with rule
X — A at the end of the derivation, then we get the same derivation in a

(—A,y)-sPN controlled grammar, i.e.,

Lemma 6.3. For X € {SM, GSM, MG, GMG, CN, FC, EFC, AC, ON} and
y €{r,t, g}
XA y) € XA ).

Proof. Let G = (V,X%,S,R,N,y,M) be a (A, y)-sPN controlled grammar
where y € {r,t,g}and N = (P, T,F,1). Let T\, ={t € T|vy(t) = A}
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A (—A,y)-sPN controlled grammar G’ = (V’,%,S’,R’,N’,y’, M) is con-
structed as follows. We set V/ =V U{S’, X} and

R'=RU{S" = SX, X = X, X = A}

where S’ and X are new nonterminals. N’ = (PUP/, TUT/,FUF/,/) is an

sPN where

o P={p/,p") T = (7], F = {(p', 1), (t,p), (p, 1), (1", p")} are

the sets of new places, transitions and arcs, respectively,
e U(p)=1p) for all p € P and /(p’) = (p"”) = 1.

The total function v’ : T — R’ is defined by

;

v(t) ifteT—Ty
X=X ifteT,
S SX ift=+t’

\X—)?\ ift=t".

For each 1" € M/, ©/(p) = t(p) for all p € P and t'(p’) = t'(p”) = 1.

TiTo Ty

Let D : S =——= wy € ¥* be a derivation in G where v = vit; - - - vy ty,
v(ty) =7 and y(v;) = A for all 1 < 1 < k is an occurrence sequence in N
enabled at the initial marking t and finishing at a marking p € M.

We construct a derivation D’ in G’ from the derivation D as follows.
We initialize the derivation D with the rule S’ — SX. For any A-transition
t in the occurrence sequence v we apply the rule X — X and terminate the
derivation with the rule X — A:

[vyl [val [Vl

—
X — X X = Xy o X — )(‘Tk

S’ = SX &=/ wi X XA

wi X Wy € by

and t'vit;vaty - - it t”, t/,t” € T’, is a successful occurrence sequence in
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N’

On the other hand, for each derivation

Ty T X—=A Tit1Tm

*
VVj)( Wj W € X

S’ = SX

in G’ by removing the first step, (j+1)-th step and the nonterminal symbol
X from the derivation, we get a derivation in G where the corresponding
occurrence sequence in N is obtained by removing the transitions t’, t” € T’
and changing the labels X — X to A. L

Lemma 6.4. For y € {r, t,g} and X € {SM, GSM}, X(A,y) C X(—A,y).

Proof. Let G = (V,X%,S,R,N,vy,M) be a (A,y)-state machine controlled
grammar where y € {r,t,g} and N = (P, T, F,1). Let T, C T be the set of
all A-transitions of N and F) C F be the set of all incoming and outgoing

arcs of the A-transitions, i.e., Fx ={(p,t), (t,p)|p € P and t € Ty}.

We construct a new state machine N’ without A-transitions by removing
each A-transition t, € T, with the incoming and outgoing arcs, and adding
a new transition t’ for each adjacent transition t € Adj(t,)", and the new
arcs from the input place of t) to t’ and from t’ to the output place of t.

For each t € Adj" (ta), ta € Ta, we introduce a new “copy" transition

¢t which has the same label as t. Let

Te(ta) ={ce [t € Adj" (tA)} and Te = | Te(ta).

tAETH

Let N’ = (P, T’,F’, () be a state machine where T’ = (T — T,) U T, and

F'=(F=—F\)U{(p,cd) | p € °tx and ¢, € T.(tr), tx € Ta}
U{(ce,p) | ce € Te(ta) and p € (Adj" (1)), ta € Tak

We define a (—A, y)-SM controlled grammar G’ = (V, %, S,R, N/, v/, M)
where V, X, S, R are as for the grammar G, and y'(t) = y(t) if t € T and
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v'(cy) =v(t) if ¢y € T, and cy is the copy of t € Adj™ (t») for all t) € Th.

Let S = w € I* 7T = 7Ty Ty, be a derivation in G. Then there
is an occurrence sequence 0 = 07t;05ty - Oht, 00, ; Which is successful
for M where 0 = thiitai2 taiki € T 1 < j < k(i), and y(0}) =
A1 <1< n+ 1. Without loss of generality we can assume that t; €
Adj*(tai), 1 <j < k(i), for each 0} € T, 1 < i < n. Then each
sequence tyiitaiz - taik@ti, k(i) = 1, is replaced by cy, € Tc(tri1)
where t; € Adjkm(t)\,i,l), and we get the occurrence sequence o’ in N’
and 1112 ---T, = Y'(0’) since ¢y, and t; have the same label. Therefore,
L(G) C L(G').

The inverse case can be shown by backtracking the arguments in this

paragraph. ]

Lemma 6.5. For x € {f,—A,A} and y € {r, t, g},
GMG™ (x,y) € MG (x,y).

Proof. Let G = (V,%,S,R,N,v,M) be an (x,y)-GMG controlled gram-
mar (with or without erasing rules) where N = (P, T, F, () is a generalized

marked graph. Let
P, ={peP|*p=0tand Pj ={peP|p* =0}

Without loss of generality we can assume that P, N Pa = () (if place p € P
is isolated, i.e., [*p| = [p®| = 0, it can be eliminated since isolated places do
not effect any derivation of the grammar).

Let
Q ={gqpIp€ePyland Q" ={q, [p € Py}

be the sets of new places,

T ={tylpeP,land T" ={t, |p € Py}
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be the sets of new transitions and

Fo={(tp,dp), (dp, tp), (tp,P) I P € Pw_}

and

Fr={(pty), (t, ), (dp tp) [P € Py}

be the sets of new arcs.

We construct a marked graph
N'=PUQ UQ", TUT UTH, FUF UF",)

where U(p) = up) if p€Pand V(p)=0ifpe Q- UQ™.

We set V' = VU{B} and R’ = RU{B — B} where B is a new nonterminal
symbol, and define a MG controlled grammar G’ = (V/, L, S,R’, N/, y', M’)
where the labeling function y’ is defined by y/(t) = y(t) if t € T and
Y (t)=B—=Bifte T UT". Foreach v/ € M/, 7/(p) =1(p) if p € P and
T(p)=0ifpe Q UQ™.

By construction of N’, any transition t € T~ UT* never occurs and the
production rule B — B is never applied in any derivation of G’. Thus it is
not difficult to see that L(G) = L(G’). O

Lemma 6.6. For y € {r, t,g} and X € {MG, CN}, X(A,y) C X(—A,y).

Proof. Let G = (V,%,S,R,N,vy,M) be a (A, y)-MG controlled grammar
where N = (P, T, F, 1) is a marked graph. Let T, ={t|y(t) = A} and

Adj"(Ty) ={t |t € Adj"(t,) for some t) € Ty}

We assume that for each t € T,, t is not a transition of some cycle p
where ((p) =0 for all p € P, or (t*)* = () (in the former case, the transition
t and its incoming and outgoing arcs can be removed without effecting any

firing of transitions since t never occurs; in the latter case, the transition
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t, its outgoing arcs and the places of t* can be removed as the firing of t
does not effect any derivation of the grammar G).

Before proving the lemma, we introduce some necessary notions. Tran-
sitions t),t} € T\ are called neighbors if ty € Adj*(t}) or t)y € Adj*(ta).
A subset T{ C T, is called a neighborhood set if all transitions of T, are
pairwise neighbors. A neighborhood set T, C T, is mazimal if for any
tn € Ty — T, there is a transition t), € T such that t, and t) are not
neighbors. Let Nbr(T,) be the set of all maximal neighborhood subsets
of Tn. Let T,(t) denote a maximal neighborhood subset of T, such that
t € Adj"(t,) for all t, € Ty(t).

We construct a generalized marked graph N’ without A-transitions by
e removing

— all transitions of T,
— all places of *t) for each t) € T,,

— all incoming and outgoing arcs of each place p €° t,, t) € Tj, let
F?\ = {(P,t), (t,P) ’ P E .T?\})

— all incoming arcs of each place p € *t N Ty where t € Adj™* (Ty),
let

Fa={(t,p)Ipe *(Adj"(TN) N T}

e adding

— a new transition [t]) for each t) € Ty (t), Ta(t) € Nbr(Ty), t € T,
let

M= U {thiteT}

teT Ta(t)ENDb(Ty)
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— a new place p[t]) for each p € °t,, ty € Ty(t), Ta(t) € Nbr(Ty),
teT,let

[P]x = U U U {pltla | p € *ta},

teT TA(t)ENDbr(T,) tacTa

— for each p € °t,, ta € Ta(t), Ta(t) € Nbr(T,), t € T, add new
arcs (t/,pltln) where t" € *p and t’' & T,, ([t']x,pltln) where
ty € Tan *p, (pltla, [thh), let

m=U U U ((,plthh) [t/ € *p,t' € Ta,p € *ta}
teT T, (t)ENbr(Ty) ta€Tr

U([t']a, plthh) [ty € TAN *p,p € *ty}
Ul(pltla, [tIA) | p € *ta)),

and for each p € °t, t € Adj"(T,), add a new arc ([t]y, p) where
th€ *p N Ty, let

Fa= | ((Whp)lpetitae pnTilk

teAdjT (Ty)
Formally, N’ = (P/, T’,F/, /) is a generalized marked graph where

P/ ::(P ——._TA) kJ[P]Ai
Tﬁ ::(1_—— TX) LJ[TWA)
F' =(F— (FA UFA)) U[FlA U [Fla,

and the initial marking (' is defined by V/(p) = t(p) for all p € P —* T,
and U (p[t]x) = t(p) for all p[t] € [P]x where p € °t,.

We define a generalized marked graph G’ = (V,ZX%,S,R/,N’,y/,M’)

where

e V,X S are defined as for G, R" =RU{A -+ A|A — « € R} and N’ is
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constructed above;

e the labeling function vy’ is defined by y/(t) = y(t) if t € T—T, and
Y'([t]h) = A — Aif [t]) € Ta(t’) where t’ =y 1A — «) € Adj" (t);

e for each final marking v’ € M’ (if M’ is a finite set of final markings),
T'(p) = 1(p) if p € P and '(pltlx) = T(p) for all p[t]y € [P]y where
P < .tA.

Let
SEWELY, mM=TiTy T

be a derivation in G. Then there is a successful occurrence sequence of

transitions 0 = tity -+ t;n, m >n > 1, such that y(o) = 7. Let

t t t tm
L= = g = - =

We construct a successful occurrence sequence o’ of transitions of N’
on the base of (6.2) as follows: all transitions in (6.2) which are from
T — T, also remain in o’. If in order to fire a transition t € Adj"(Ty)
which is in (6.2), some transitions ty i, tais, - -, tai, € Ta(t), L > 1, where
i, € Adjl(tx,ij), 2<j<l—1 and t € Adjl(t;\,il) are to be fired
then t)i,,tri,, ..., ta,i, are replaced by transitions [t] i, [t]A i, - ) [tIA i
otherwise, i.e., if the firing of a transition t, € T, does not effect the firing of
t € Adj" (ta), it is removed. Correspondingly, a derivation in the grammar
G’ is constructed from (6.1) by adding a rule A — A for each [t'], where
v(t) = A — aand t € Adj"(t}). It is clear that the result of the derivation
does not change. Therefore, L(G) C L(G’).

The inverse case can be easily shown: each [t'], with y(t) = A — «
and t € Adj*(t}), is replaced by t, and its label A — A is removed in the

derivation and the same string is generated. ]
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Lemma 6.7. For X € {EFC, AC,ON} and y € {r, t, g},

Proof. Let G = (V,L,S,R,N,vy,M) be a (A, y)-extended free-choice (asym-

metric choice, ordinary) net controlled grammar with N = (P, T, F, (). Let
Ta={teT[y(t)=A}and Fx ={(p,ta), (tr,p) [p € P and t) € Th}
For each t, € T\, we define the set of new transitions
T(ta) ={[t] [ t € Adj" (ta)}.
We introduce the set R(t)) of new rules with respect to each t, € T
R(ta) ={A - A|A = ax=7vy(t) €Rand t € Adj"(t))}.

We define a (—A, y)-extended free-choice (asymmetric-choice, ordinary)
net controlled grammar G’ = (V, %, S,R’, N’,y’, M’) where

:RUURt

teT,

and N/ — (P,T/, F/, L) Where
T T T)\ U T t)\
F = (F—F\)U U{p, )Ip € *ty and [t] € T(t))}

U (1 ] € T(ty) and p € t3).

This method of the addition of new arcs preserves the structural prop-
erties of an extended free-choice, asymmetric choice and ordinary nets.
The function vy’ : T" — R’ is defined by y'(t) = y(t) for all t € T
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and v'([t]) = A — A € R(t)) where [t] € T(t)) and t € Adj" (tn) where
Y(t)=A - axeR.

TiTr2 " Tn

Let S =——= w,, € X* be a derivation in G. Then

t{,l t1 k(1 tltz 1’ té,k(z)t2 o 'tnt1,1+1,1 o 'til+1,k(n+1)

is a successful occurrence sequence in N where y(t;) =1, 1 <1< n and
ti;eNforalll<i<n+1,1<j <k(i) such that t; € Adj+(ti”j) for all
1<i<n, 1<) <k({).
Each A-transition t{., 1 <i<n, 1 <j <k(i) in (6.3) can be replaced
<

1)7

by the transition t{; in N, 1 <i<n, 1 <j <k(i ) with the label A; — A;
where A; is the left side of the rule r; =y (t;), 1 <i<n. Then
til,l t1 k(1 )tltgl tél,k(z)t2 o 'tg,1 o 'tg,k(n)tn

is a successful occurrence sequence in N’ and correspondingly

0171027T2--0OnTn

is a derivation in G’ where

op =1y ) T =Y ), 1< <n, 1< < k().

Using the same idea, we can show the inverse inclusion. ]
Lemma 6.8. For y € {r, t, g}, PNW(A,y) C FCW(A,y).

Proof. Let G = (V,X%,S,R,N,vy,M) be a Petri net controlled grammar
(with or without erasing rules) where N = (P,T,F, @,t). For each arc
(p,t) € F, we introduce new places pilp,t], new transitions t;[p,t] and
new arcs (p,tilp,tl), (tilp,tl, pilp,tl), (pilp,tl,t) whose weights are 1’s,
1 <1i< o(p,t), and for each arc (t,p) € F, we introduce new places

p;[t, p], new transitions t;[t,p] and new arcs (t,p;lt,pl), (p;lt,pl, tlt, pl),
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(tj[t, p],p) whose weights are 1’s, 1 <j < @(t,p). Let

Pr ={pilp,tl | (p,t) € F,1 <i< o(p,t)}
Ulpslt,pl I (t,p) € F, 1 <j < ot P}

Tr ={tilp, tl | (p,t) € F,1 <i< o(p, t)}
Uftilt,pl I (t,p) € F,1<j < o(t,pl,

F ={(p, tilp, t]), (tilp, tl, pilp, t | (p, t) € F,1 <i< @(p, b))
U{lpilp, tht) [ (p,t) e K, 1 <i< o(p,t)}
U{lt,p;ilt,pl), (pslt, L 5, PN [ (4, P) € F, 1 <5 < ot p)}
Uillt, plip) I (t,p) € F,1 <) < oft, p)k

We construct a net N’ = (PUPE, TUTE, F/, V') where the initial marking
t/ is defined by V/(p) = i(p) for all p € P and /(p) =0 for all p € Pr.

Let *t = {p1,P2, ..., Pk} for a transition t € T in N. Then for this
transition in N’ we have °t = U‘le{pj[pi,t] |1 <j < opi,t)} and
(pjlpi,th)* ={t}forall 1 <i<kand 1 <j < @(pi,t). It follows that

N’ is a free-choice net.

We define an FC controlled grammar G’ = (V, X, S, R, N’,y’, M’) where
the components V, L, S, R are defined as for the grammar G, the free-choice
net N’ is constructed above. We set y/(t) =y(t)if t € T and y'(t) = A if
t € Tg; for each v/ € M/, 1/(p) = t(p) if p € P, and for p € P¢, ©/(p) =0 if
y € {g, t}, otherwise 0 < t/(p) < t/(p’) where p’ € *(*p).

T1T2 - Tm

Let D : § =——= w € %* be a derivation in G. Then there is a
successful occurrence sequence of transitions v = t;ty---t,, for M in N
such that y(v) = riry---1n. We replace v by v/ = vit;vy---vpt, in N/

where for all 1 < i< n, v; € Perm(*(°t;)) where

*(*t) ={tlpi, il [ 1 << @pi, 1), 1 <i<n, 1 <1< sh
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In order to fire each t;, 1 <1i < n, in N’, we need to fire all transitions
of *(*t;) at least once, therefore, v’ is successful for M’ and Ty - Ty =
v'(v'), i.e., D is a derivation in G'.

Let t;t, - - - t,, be a successful occurrence sequence for M’. By construc-
tion, each occurrence of t;, 1 < i < n, needs at least one occurrence of
all transitions of *(°t;). Without loss of generality we can assume that

— VAgM A Ap A
v =viortivy - opntn vy, Where

s @(pit

0‘—|| || tpu, ,\1\n,
=1 j=1

and v} € TF, 1 <i<n+1
We replace []|_,; H;p:(f”’ti) tj[pi, tilti by ti, 1 <1< n, and erase v},
1 < i< n+1 The obtained occurrence sequence v/ = tity---t, is
TiT2 - Th

successful for M in N. Then a derivation S =——= w € X* in G’ where

TiTy - -Th = Y'(Vv) is also a derivation in G and 7y -- -1, =Vy'(V/). O
The immediate consequence of this lemma is

Corollary 6.9. For X € {EFC, AC,ON} and y € {r, g, t},
XM\, y) € FCM(A, y).

Lemma 6.10. For y € {r,t, g}, FC(A,y) C FC(—A,y).

Proof. The proof is based on the following idea: for a FC controlled gram-
mar G, L(G) € FC(A,y), we construct an equivalent EFC controlled gram-
mar G’, L(G’) € EFC(—A,y) (with an extended free-choice net N’ without
A-transitions), according to Lemma 6.4, next we again transform the gram-
mar G’ into an equivalent FC controlled grammar G”, L(G”) € FC(—A, y),

which is equivalent to G.

Let G = (V,%,S,R,N,v,M) be a free-choice net controlled grammar
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with N = (P, T, F, (). Let
Ta={teT[y'(t)=A}and T(t)) ={[t] | t € Adj"(t\)},

tan € T,, be the set of new transitions. By Lemma 6.4, we define an EFC
net controlled grammar G’ = (V,%,S,R’,N’,vy’, M’) (with the notions of
the proof of the lemma), which is equivalent to the grammar G, where
N = (P, T',F/,u).

By construction of N/, for allt € T—T,, p; Nps N ---Npy = {t} where
*t ={p1,P2, ..., Pk} (the property of “free-choiceness"). On the other hand,
for each transition t, € T, all transitions of T(t)) have the same set of
input places, i.e., for all t;, ts € T(t)), *t; = °ts (the property of “extended

free-choiceness").

Let
o= Ui eF teT(t)

t)\ET)\
For each t € T(t)), ta € Ty, we replace each incoming arc (p,t) by a new
place p[p, tl, a new transition t[p, t] and new arcs (p, tlp, tl), (tlp, tl, plp, tl),

(plp, 1], t). Let

Por=J U b tlp,t)eFs)

tAETy teT(ty)

Tpxt = U U {tlp,t] | (p,t) € F'},
taceTh teT(ty)
FPXT— U U {P; P; ];P[ ;t]);(P[ ;t])t)| (P;t)EF,}

taeTy teT(ty)

We construct a net N” = (P”, T”,F”, ") where
P"=PUPpur, T" =T ' UTp,1,F’' = (F=F) UFpyr,

and the initial marking is defined by " (p) = (p) for allp € P and " (p) =0
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for all p € Ppyr.
If °t = {p1,p2,...,px} for a transition t € T(t)) in N’ then for this
transition in N we get *t = {plp1, tl, plp2, tl, . - ., Plpx, t]} and

(plp1, tH* N (plp2, t* N - N (plpx, th* ={t}.

It follows that N’ is a free-choice net.

We define a FC controlled grammar G” = (V,%,S,R’,N”,y", M")
where V, 2, S, R’ are defined as for G’ and the net N” is constructed above.

The labeling function y” is defined by y”(t) = y/(t) for all t € T and
for tip, tl € Tpx, Y (tlp, t]) =v'(t), t € T(t) (the label of each t € T(t,)
is a chain rule of he form A — A, see the proof of Lemma 6.4).

For each v € M, ©”(p) = T/(p) if p € P and for plp,t] € Ppyr,
" (plp,t]) =0ify € {g, t}, and if y = r then 0 < " (plp, t]) < t”(p) where
p e *(*plp, tl).

Further we can repeat the arguments of the proof of Lemma 6.4. ]

From the presented lemmas above, we can conclude that the labeling
strategies of transitions of special Petri nets do not effect on the generative
powers of the families of languages generated by grammars controlled by

these nets.

Theorem 6.11. For X € {SM, GSM, MG, GMG, CN, FC, EFC, AC, ON},
and y € {r, t, g},

XN(f,y) = XM=, y) = XM, y).

6.4 Results: Final Markings

In this section, we give some characterizations of the classes of languages
generated by sPN controlled grammars by other classes of regulated lan-

guages.
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From the structural properties of special Petri nets and Lemmas 6.5,

6.8, the next statement follows immediately

Theorem 6.12. For X € {FC,EFC, AC,ON}and x € {f,—A, AL,y € {r, g, 1},

SM(x,y) C GSM(x,y) C X(x,y) € X*(x,y),
CN(x,y) € MG(x,y) = GMG(x,y) € X(x,y) C X (x,y).

Lemma 6.13. SMM(A, 1) € SMM(A, 1).

Proof. Let G = (V,XL,S,R,N,v, M) be a state machine controlled grammar
(with or without erasing rules) where N = (P, T, F, ).

Since the firing of a transition in a state machine moves one token
from the input place to the output place, the number of tokens in the net
remains the same in any firing of a transition. It follows that the set M of

all reachable markings is finite, i.e.,

where n = )_

non-negative integers to the equation x; +xo +--- + xx = n, see [44]). O

((p) and k = |P| ((”*kfl) is the number of solutions in

peP k—1

From Lemma 6.13 the next statements follow
Corollary 6.14. SM™ (A, r) € SM™ (A, g) and SMM (A, g) € SMPM(A, t).

Proof. 1. If a finite set of final marking is defined as the set of all reachable

({32

markings, Lemma 6.13 also holds for “g"-case.

2. Let G =(V,L,S,R,N,vy, M) be a state machine controlled grammar
(with or without erasing rules) where N = (P, T, F, ).
Let M = {1t | t(p) = T/(p) for all p € P and for some v/ € M’} where

M’ ={t],T5,..., T} is a finite set of final markings.
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Since

D _tp) =) up)

peP peP
for each marking T € M, 1(p) < Zpep t(p) for all p € P. We define a set

of final markings as
M” ={t|1'(p) < t(p) < K for all p € P and for some v/ € M}

where K =3, up). ]
Lemma 6.15. SMM(A 1) € SMM(A, ).

Proof. Let G =(V, L, S,R,N,vy, M) be a state machine controlled grammar
where N = (P, T,F,t) and M = {14,Ts,...,Tx}. The proof of the lemma

consists of the following steps.
Step 1. Furst, we construct |[M| “copies” of the grammar G.
For each 1y € M, 1 < 1 < k, we define a state machine controlled

grammar G; = (V4, X, Si, Ri, Ny, vi, M) where

e the context-free components V; and R; are defined by
Vi ={Pi(A) | A € V}and Ry = {Pi(A) = P(o) |A = x € R}

where {; : VU X — V; UL, 1 <1<k, are bijections and {(a) = a
for all a € %;

e the sets of places, transitions and arcs of N; = (P;, Ti, Fi, 1) are,

respectively, defined by

Py ={di(p) [p € P},
T ={i(t) [t e T},
Fi ={(di(x), dily)) | (x,y) € F}
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where ¢; : PUT — Py UT;, 1 <1 <Kk, are bijections;
e the initial marking i; is defined by v;($i(p)) = t(p) for all p € P;

e the labeling function vy; is defined by vi(¢i(t)) = Yi(A) = « € Ry if
v(t) = A — a € Rand vi(di(t)) =Aif y(t) = A;

e the set of final markings M; = {u;} where u;($pi(p)) = Ti(p), T € M.

Step II. In order not to generate strings of the language of a grammar
Gi, 1 < 1 <k, before reaching the final marking Wi, we change each
terminal symbol a € L to new nonterminal symbols a, and add new
places, transitions and arcs to N such a way that the nonterminal
symbols @ are changed back to a if and only if the final marking 1s

reached.

Let {p1,p2,.--,Pn} € P; where wi(p1) > 0,1 <1< n, and let k; =
wi(p1), I <1< n. Weintroduce the following sets of new places, transitions

and arcs:

Pi={qu; |1 <1<n, 1< <k,

=
I
—
il
—
N
—
/N
R
=
N
N
ko)

gl
—
N
N
z

:{(pbt{,j)) (t{,ji ql,j) | 1 < l < n,

U U{(ql,j,tt,j,a), (trj,a guy) 11 <1<, 1 <j <kt
acx

We construct a state machine N = (P{, T/, F{, .{) where

P/ =P,UP,T/ =T UT;,F,=F,UF;

and t(p) = (p) for all p € P; and t{(p) =0 for all p € P;.
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A state machine controlled grammar G! = (V/, %, S;,R{, N{,v{,M!) is

defined as follows:

] Vll = Vi U UaEZ Vl,j,a where Vl,j,a = {Cll’j ’ 1 < l < n, 1 < ] < kl} is

the set of new nonterminal symbols;

o Let Ry = {A — @i(a) | A = o € R} where the weight function
@i ViUX = ViU{ay1 | a € X} is bijection, defined by ¢(x) = x if
x € Vi and @(x) =x;,1 if x € Z. We set for each a € X,

Ria ={ay; —» ayjm 11 <1<, 1<) <k —1}

Ufay, = aipp 11 <1<n—

[\
-

U{anx, — al

and define R{ = Ry U cx Ria;
e the labeling function vy’ is defined by
—vi(t)=A — @i(a) €Ryift € T; and yi(t) = A — x € Ry,
= vilt{;) =Afor 1<1<n,1<j<ky,
—viltya) =ay; =2 apje for 1 <1<Kn, 1 <j <k —1,
= Yiltik,a) = ari, = Qg for 1 <l<n -2,
— Yiltnxe,a) = anx, = @
e the set of final markings M;{ = {p{} where p{(p) = 0 for all p € P;

and p!(p) =1 for all p € P;.

One can generate strings of the form w; ; € {a;; | a € Z}* under control
of “N;-part" of the net N{. In order to change nonterminal symbols of
{a1,1 | a € Z} to terminal symbols of X, Zpepi w(p) = Zpepi t{(p) number
of tokens, i.e., all tokens have to been moved from the places of P; to the

places of P;.

135




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

6.4. RESULTS: FINAL MARKINGS

Step I1I. We define such a state machine controlled grammar G” that

the language generated by this grammar 1s the union of languages gen-

erated by the grammars G{, 1 <1<k, constructed in Step II.

We define a SM controlled grammar G” = (V”,%,S”,R”,N",y", M")

where
e the context-free components V" and R” are defined by
K
V7=V u{s"}
i=1
where S” is a new nonterminal symbol and

k
R = JR{U{S” = Si1<i< Ky

i=1

e the state machine N” = (P”, T”,F”, ") is defined by
Kk
P/ = JP{u{ptulp{l1<i<K,
i=1

k
T =T/ uft{ [1<i<K,

i=1

k
F/ = JFHullp, 1), (t,p) 11 <i< K,

i=1

and the initial marking "(p) = (p) if p € P{ and "(p’)

V(P =0,1<i<k

= 1,

e the labeling function y” is defined by v”(t) = vy{(t) if t € T/ and

YIE) =" - S, 1<i< ks

e for each final marking v € M”, ”(p) = t{(p) if p € P{, " (p’
and ”(pj) = Llforsome 1 <j < kand ("(p;) =0foralll <i#j

)=0
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It is not difficult to see that after one of the rules of {S” — S; |1 <1 < k}
is applied, rules of only one of the grammars G{, 1 < i < k, can be used
in a derivation of G”, i.e., a string w is in L(G”) iff there is a derivation
S”" = S ="w e L(G{), 1 <i< k. On the other hand, we can initialize
any derivation S; =* w € L(G{) with the rule S” — §;, 1 <1i <Kk, ie,,
w e L(G"). O

Lemma 6.16. MAT™ € SM™ (1, t).

Proof. Let G = (V, X,S, M) be a matrix grammar (with or without erasing

rules) and
M ={my, my,..., My} where mi =1y 17i2- - Tiki), 1l <1<

Without loss of generality we can assume that G is without repetitions.
Let R={ri; |1 <i<n,1<j<k(i)}. We define an (f,t)-SM controlled
grammar G’ = (V,X,S,R,N,v,{u}) where the sets of places, transitions
and arcs of the a SM N = (P, T, F, 1) are defined by

P ={po} U{pi,; 1 <i<n, 1<) <k(i) -1}
k(i)}
F={(po, ti1), (tixinPo) | 1 <1< NIU{(Pisi)1ntinw) |1 <i<n)

U{(ti, piy) 11<i<n, 1<) <k(i)—1})

T=ty; 11<is<n, 1<

N

The initial marking is defined by t(py) = 1, and t(p) = 0 for all P —{po}.
The bijection v : T — R is defined by

’Y(ti,j) :Ti,j,l < 1<TL,1 <] < k(l)

and the final marking p is the same as the initial marking t.

Let
My *
S =wy Wy w=wEezLl
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be a derivation in G, where m;; € M, 1 <j <, and

mij Tij,lrij,2"'rii,k(ii)
Wj_1 == W5 Wi wj.

By the definition of v, yfl(mij) = 05 where 0 = tiyati 2t k) for all

. P 01092:--0 .
1 <j < 1. Then the occurrence sequence of transitions 1 —— % ( is a

T, My Ty

successful for {u}. Therefore, S ———— wy € L* is a derivation in G’'.

The inverse inclusion can also be shown using the same arguments. [
Lemma 6.17. For y € {r, g, t}, SMWU\,y) C rCW.

Proof. Let G = (V,%,S,R,N,v, M) be a SM controlled grammar (with or
without erasing rules) where N = (P, T, F, 1). We construct a (deterministic)
finite automaton A whose states are the markings of the net N (since the set
of all reachable markings of a state machine is finite, it can be considered
as a set of states) and there is an arc from state p to state ' with label t
iff marking u’ is obtained from marking p by firing transition t. The initial
marking is considered as the initial state and the set of final markings M
as a set of final states.

Formally, A = (M’, T, ,0, M) where M’ is the set of all reachable mark-
ings of the net N and the state-transition function & : M’ x T — M/’
is defined by &(p,t) = ' if p = p/. It is not difficult to see that
o = tity---ty, € L(A) iff o is a successful occurrence sequence of tran-
sitions of N. Let K = {y(o) | 0 € L(A)}. Therefore, L(G) = L(G’) where
G' = (V,ZL,S,R,K)is a regularly controlled grammar. O

From Theorem 6.11 and Lemmas 6.16, 6.17, we have
Corollary 6.18. For x € {f,—A,A} and y € {r, g, t}, MATW = sMW (x,Y)-

Lemma 6.19. VEC™ € MG™(f,t) n CNM(f, t) n GSMPM (¥, ).
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Proof. Let G = (V, L, S, M) be a vector grammar (with or without erasing

rules) where
M ={my, my,...,mp} with my =71Ti2- - Tik, 1 <i<n.

Without loss of generality we can assume that G is without repetition. Let
R be the set of all rules of M, ie., R={r; |1 <1< n, 1<) <kl

We define an (f,t)-ON controlled grammar G’ = (V,X%,S,R,N,v,M)
with N = (P, T, F, ) where

e the sets of places, transitions and arcs are, respectively,

P={pi; [1<i<n,1<j<k—1)}

e the initial marking is defined by ((p) =0 for all p € P;

e the labeling function y : T — R is a bijection defined by y(ti;) = 71,
1 <1i<n,1<j <Kk and the set of final markings M = {u} where
n=_

By construction, N satisfies the structural properties of a marked graph,
a casual net and generalized state machine, which consists of disjoint paths
Pi = tiiPiitigPi2 - Piki—1tik, where y(tr(pi)) = m;, 1 < i < n, and
the firing of the transitions of a path p; simulates the application of the
rules of the matrix m;. Moreover, a derivation S =25 w € I* in
the context-free grammar (V, X, S,R) is a derivation in G if 75 - 1 is a
shuffle of some matrices mi,, mi,,..., mi, € M, and a derivation in G’ if

tite- -ty =y (rire- - 11) is a shuffle of tr(pi,), tr(pi,), ..., tr(pi,) where
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Y(tr(pi;)) = my, 1 <j < k. Thus, it is easy to see that each derivation in

G can be simulated by a derivation in G’ and vise versa. ]
Lemma 6.20. sMAT™N C SM™M(f,t) n MG (f, 1).

Proof. For each semi-matrix grammar we construct an (f,t)-ordinary net
controlled grammar where the net consists of disjoint cycles which corre-
spond to the matrices of the semi-matrix grammar and the firing of the
transitions of a cycle in the net simulates the application of the rules of the
corresponding matrix in each derivation in the grammar.

Let G = (V, L, S, M) be a semi-matrix grammar (with or without erasing

rules) where
M ={my, My, ..., My}, My =Ty Ti2 - Tik, 1 <<

Without loss of generality we can assume that G is without repetition. Let
R be the set of all rules of M, ie., R={r; |1 <1< n,1<j <kl

We define an (f,t)-ON controlled grammar G’ = (V,L%,S,R,N,vy,M)
with N = (P, T, F, 1) where

the sets of places, transitions and arcs are, respectively,

the initial marking is t((pik,) =1, 1 < i < n, and (p) = 0 for all

PEP—{pix [1<i<n}

the labeling function v : T — R is a bijection where y(ti;) = 7y,
1<isn, 1<) <k

a set of final markings is M = {u} where u = .
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By construction, N is a state machine and also a marked graph which
consists of disjoint cycles p; = pi1ti1Piatiz- - Pik ik Pis and y(tr(pi)) =
mi, 1 <1< n. Using the same arguments of the proof of Lemma 6.19, one

can easily show that L(G) = L(G’). O
Now we summarize our results in the following theorem.

Theorem 6.21. The relations in Figure 6.3 hold where x € {f,—A, A},
y € {r,g,t}, X € {FC, EFC, AC, ON}, Y € {SM, GSM, FC, EFC, AC, ON}
and Z € {MG, GMG, CN}; the lines (arrow) denote (proper) inclusions of

the lower families into the upper families.
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MAT» = PN*(x,y) = Y2 (x,y) = Z(x, t)

PN(x,1) = X(x,1) PN(x,g) = X(x, 9)
/ MG(x,t) = GMG(x, t)
MG(x,1) = GMG(x, 1) GSM(x, t) ‘
CN(x, t) MG(x, g) = GMG(x, g)
GSM(x, 1) / GSM(x, g)
\%
CN(x,T) CN(x, g)

SM(x,y) = MAT = sMAT

CF

Figure 6.3: The hierarchy of language families generated by Petri net con-
trolled grammars
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Capacity-Bounded Grammars

7.1 Introduction

The close relationship between Petri nets and language theory has been
extensively studied for a long time [18, 24]. Results from the theory of
Petri nets have been applied successfully to provide elegant solutions to
complicated problems from language theory [35, 48].

A context-free grammar can be associated with a context-free (commu-
nication-free) Petri net, whose places and transitions, correspond to the
nonterminals and the rules of the grammar, respectively, and whose arcs
and weights reflect the change in the number of nonterminals when applying
a rule. In Chapter 4 we used extended cf Petri nets, i.e., cf Petri nets
enriched by additional components (places and arcs) in order to define
regulation mechanisms for context-free grammars. Moreover, we considered
generalizations of these types of control mechanisms in Chapter 5, where
instead of extended cf Petri nets we used arbitrary (place/transition) Petri
nets whose transitions correspond to production rules. In this chapter
we continue the research in this direction by restricting to (context-free,
extended or arbitrary) Petri nets with place capacities.

Quite obviously, a context-free Petri net with place capacity regulates
the defining grammar by permitting only those derivations where the num-

ber of each nonterminal in each sentential form is bounded by its capac-
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ity. Similar mechanisms have been introduced and investigated by sev-
eral authors. Grammar with finite indez (the index of a grammar is the
maximal number of nonterminals simultaneously appearing in its complete
derivations (considering the most economical derivations for each string))
were first considered by Brainerd [10]. Nonterminal-bounded grammars
(a grammar a nonterminal-bounded if the total number of nonterminals in
every sentential form does not exceed an upper bound) were introduced by
Altman and Banerji in [5, 6, 8]. A “weak” variant of nonterminal-bounded
grammars (only the complete derivations are required to be bounded) were
defined by Moriya [70]. Ginsburg and Spanier introduced derivation-
bounded languages in [43] (all strings which have complete derivation in a
grammar G consisting of sentential forms each of which does not contain
more than k nonterminals collected in the set L (G))). There it was shown
that grammars regulated in this way generate the family of context-free
languages of finite index, even if arbitrary nonterminal strings are allowed
as left-hand sides of production rules. Finite index restrictions to regulated
grammars have also been investigated [40, 39, 76, 78, 84, 86, 87, 88]. There
it was shown that the families of most regulated languages are collapse.
In this chapter we show that capacity-bounded context-free grammars
have a larger generative power than context-free grammars of finite in-
dex while the family of languages generated by capacity-bounded phrase
structure grammars (due to Ginsburg and Spanier) and several families of
languages generated by grammars controlled by extended cf Petri nets with

place capacities coincide with the family of matrix languages of finite index.

7.2 Capacity-Bounded Grammars

We will now introduce capacity-bounded grammars and show some rela-

tions to similar concepts known from the literature.

Definition 7.1. A capacity-bounded grammar is a tuple G = (V, L, S, R, k)
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where G’ = (V, L, S,R) is a grammar and k : V — N is a capacity function.
The derivation relation = is defined as &« =g P iff &« =g/ B and || <
kK(A) and |Bla < k(A), for all A € V. The language of G is defined as
L(G)={we Z*|S=F wh

The families of languages generated by capacity-bounded GS grammars
and by context-free capacity-bounded grammars are denoted by GS., and
CF, respectively. The capacity function mapping each nonterminal to 1
is denoted by 1. The notions of finite index and bounded capacities can be
extended to matrix, vector and semi-matrix grammars. The corresponding
language families are denoted by

MAT,, VEC,, sSMAT,), MAT,', VECL, sMAT.,".

Capacity-bounded grammars are very similar to derivation-bounded
grammars, which were studied in [43]. A derivation-bounded grammar
is a quintuple G = (V, %, S, R, k) where G’ = (V, %, S, R) is a grammar and
k € N is a bound on the number of allowed nonterminals. The language of
G contains all words w € L(G’) that have a derivation S =* w such that
IBlv < k, for each sentential form (3 of the derivation.

Other related concepts are nonterminal-bounded grammars and gram-
mars of finite index. A context-free grammar G = (V, X, S,R) is nonter-
manal-bounded if 3]y, < k for some fixed k € N and all sentential forms 3
derivable in G. The indez of a derivation in G is the maximal number of
nonterminal symbols in its sentential forms. G is of finite index if every
word in L(G) has a derivation of index at most k for some fixed k € N. The
family of context-free languages of finite index is denoted by CFg,.

Note that there is a subtle difference between the first two and the last
two concepts. While context-free nonterminal-bounded and finite index
grammars are just context-free grammars with a certain structural property

(and generate context-free languages by definition), capacity-bounded and
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derivation-bounded grammars are special cases of regulated rewriting (and
could therefore generate non-context-free languages). However, it has been
shown that the family of derivation bounded languages is equal to CFg,,
even if arbitrary grammars due to Ginsburg and Spanier are permitted [43].
We will now give two examples of capacity-bounded grammars generating

non-context-free languages.

Ezample 7.1. Let G = ({S,A,B, C},{qa,b,x,y},S,R, 1) be the capacity-

bounded context-free grammar where R consists of

19:S—AC, 11:A— aBb, r:B — aCb, r3:C — dAb,

T4 : A—=xC, 15:C—=xB, 155:B—=x%xA, 1m:A—vy.

A derivation in G proceeds as follows. After the first step S = AC
the sentential form contains two nonterminals from {A, B, C}. As long as
the terminating rule r; is not applied, the capacity bound requires that
one of the nonterminals must be rewritten by a word containing the third
nonterminal symbol. For instance, in the sentential form AC, one must
either replace A by aBb or C by xB. In this way the subderivations of the
two nonterminals are coupled.

We consider only the generation of terminal words from
M = a"x*ybTa"x*yb™.

Words from M can be generated exactly by the derivations of the form

S = AC= aBbC = aBbaAb = a’Cb’*aAb = a*Cb%a’Bb?
= d®Ab’a®Bb? 2 a*Ab’a’Cb?
= AL AP CHT, ¢ = (TyraTeriTaTy)t i n > 1
=S a®™EYbPra®xPyb®t, ¢ € {rsTyTeTsTrTaTy, TeTaTeT7 s Ty ).

The intersection of L(G) with the regular set M is not context-free. Hence,
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L(G) is a non-context-free language.
Ezample 7.2. Let G = ({S, A, B,C,D, E, F},{a, b, c}, S, R, 1) be the capacity-

bounded grammar where R consists of the rules:

r1:S— ABCD, 7,:AB — aEFb, 13:CD — cAD, 14:EF — EC,
rs:EF 5 FC, 14:AD —FD, 17:AD —ED, 15:EC — AB,
TgiFD-)CD, T]_O:FC—>AF, 1‘112AF%7\, 1‘121ED->)\.

The possible derivations are exactly those of the form

S = ABCD
atsratolsto)s (nABb™c"CD

= g EFbM e AD

=L qnHIECH e HED

TlOT‘ll‘r‘lg anbncn

(in the last phase, the sequences 119112717 and 11515071 could also be applied

with the same result). Therefore,
L(G) ={a"b"c™ [n > 1}.

The above examples show that capacity-bounded grammars — in con-
trast to derivation bounded grammars — can generate non-context-free lan-
guages. Moreover, any context-free language generated by a grammar of G
of finite index is also generated by the capacity-bounded grammar (G, k)
where «k is capacity function constantly k.

The generative power of capacity-bounded grammars will be studied in
detail in the following two sections. In the end of this section we show an
important technical result: one can restrict to grammars with capacities
bounded by 1. Let CF., and GS!, be the language families generated by

context-free and arbitrary grammars with capacity function 1.

Lemma 7.1. CF_, = CFﬁb and GS., = GSib.
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Proof. Let G = (V,ZX%,S,R,k) be a capacity-bounded phrase structure
grammar. We construct the capacity-bounded grammar G’ = (V/, %, (S, 1),

R’,1) with capacity function 1 and

Vo= {(A,l)|A€V,1<1<K(A)},
R" = {«' = B’ |h(a) = h(B") € R}

where h: (V/UX)* — (VUZX)* is the letter-to-letter homomorphism defined
by h(a) =a, for a € X, and h((A,i)) =A,for A eV, 1 <1< «k(A).

To show L(G’) C L(G) we will prove by induction on the number n
of derivation steps that (S,1) =%, v’ implies S =¢ h(y’). The induction
basis n = 0 is clear as h((S,1)) = S. Now suppose that the statement
has been shown for n and that vy’ is derivable in G’ in n + 1 steps. Then
there are words «’, 3’,v1,v5 such that vy = y{p’'vs, «’ — B’ € R’ and
Yi'v5 is derivable in G’ in n steps. By induction hypothesis, h(y;«"y))
is derivable in G. Moreover, h(a’) — h(f’) is in R and applying this rule
to h(y))h(a)h(v}) vields h(y{Jh(B")h(v4) = h(y'). Finally, fy/[(n < 1
holds for all A € V, 1 < i < k(A). Consequently |h(y’)|a < k(A), for all
A €V, and h(y’) is derivable in G.

To show L(G) C L(G’) we will prove by induction on the number n of
derivation steps that S =§ vy implies (S,1) =%, v/, for some y' € h™1(y).
Again, the induction basis n = 0 is trivial. Now suppose that the statement
is true for n and that v is derivable in n + 1 steps in G. Then there are
x, 3,v1, Y2 such that v = y1Bvs:, « — 3 € R and y;«xy, is derivable in
n steps in G. By induction hypothesis, some word from h!(y;xy,) is
derivable in G’ and it has the form y;a’y) with h(y;) = vi, h(«') = «,
h(ys) = V2, as h is letter-to-letter. Since y;«’y; is derivable in G’ and vy =
Y1B7y2 is derivable in G, we have [y{ys/(a,1) < 1 and [B[a < k(A) —[y1v2la,
forall A € V,1 <1< «k(A). Foraword (! € (VVUZX)* and A € V, define
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the set
Freea(¢') = {il1<i<«k(A)and |C'| (A1) =0}

The cardinality of Frree (y;v3) is equal to k(A)—|y1Y2|a and hence at least
IBla. Consequently, there is a word B’ € h™!(B) such that |R’|a1) = 0,
if i ¢ Freea(yiys), and |B'la1) < 11if 1 € Freea(yiys). This implies
'YiB'valiaq) <1, for all A € V,1 <1i< k(A). By definition of G’, the rule
o’ — B’ is in R’, its application on y;a'y; yields vy’ = y{B’vs € h 1 (y).
As [yl as) <1,forall AeV,1 <i<A, vy’ is derivable in G’. O

7.3 The Power of Capacity-Bounded GS Gram-

mars

It will be shown in this section that capacity-bounded GS grammars gen-
erate exactly the family of matrix languages of finite index. This is in
contrast to derivation bounded grammars which generate only context-free

languages of finite index [43].
Lemma 7.2. GS., C MAT4,.

Proof. Consider some language L € GS,, and let G = (V,L,S,R,1) be a
capacity-bounded GS grammar such that L = L(G). A word x € (VU X)*

can be uniquely decomposed as

x =X1PB1X2P2 - XnPrnXnt1

where X1, Xni1 € L, Xo, ..., Xn € X7, B1,...,Pn € V. The subwords B;
are referred to as the mazimal nonterminal blocks of x. Note that the
length of a maximal block in any sentential form of a derivation in G is
bounded by |V|. We will first construct a capacity-bounded grammar G’
with L(G’) = L such that all words of L can be derived in G’ by rewriting

149




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

7.3. THE POWER OF CAPACITY-BOUNDED GS GRAMMARS

a maximal nonterminal block in every step. Let G’ = (V, X, S,R’, 1) where

R ={o;oxoxy — ooty | o« = B € R, g, oty € V¥,

locxas|a < 1, for all A € V]

The inclusion L(G) C L(G’) is obvious since R C R’. On the other hand,

any derivation step in G’ can be written as

Y1 XXY2 =G/ Y1X1Pogys, where o — 3 € R,

implying that the same step can be performed in G as

YiouxxoY2 =G,1 Y10 P xaYe.

Thus L(G’) C L(G) holds as well. Moreover, any derivation step in G,

Y11 XY =1 Y1k Poays,

x; X, being a maximal nonterminal block, can be performed in G’ replac-
ing the maximal nonterminal block o xaxs by o 3 oxs.

In the second step we construct a context-free matrix grammar H which
simulates exactly those derivations in G’ that replace a maximal nontermi-

nal block in each step. We introduce two alphabets
Vl={l«]|xe V" |xJa <1, foral Ac Vland V={A|A €V}

The symbols of [V] are used to encode each maximal nonterminal block as

single symbols, while V is a disjoint copy of V. Any word
6 =x1B1X2B2 - XnBrnXni1, X1, Xn+1 € L5, Xg, ..o, Xn € X7, By, .. P VT

such that |x|o < 1, for all A € V, can be represented by the word [«] =

X1[Bilx2[P2] - - xn[PnlXni1, where the maximal nonterminal blocks in «
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are replaced by the corresponding symbols from [V]. The desired matrix
grammar is obtained as H = (Vy, £, S/, M), with V}y = [VIUV UV U{S"]
and the set of matrices defined as follows. For any rule r = « — 3 in R/,

M contains the matrix m, consisting of the rules
o [a] — [B] (note that o € [V], but B € ([VIU X)*),
e A — A, for all A € V such that |a/n =1 and || =0,
e A — A, for all A € V such that |a/n =0 and |B| = 1.

(The order of the rules in m, is arbitrary). Additionally, M contains the

starting and the terminating matrices
(S" = [SISA;---An) and (S —= A AL = A, .., AL — A),

where V ={S, Ay, ..., An}. Intuitively, H generates sentential forms of the
shape [B]y where [B] € ([V] U X)* encodes a sentential form [ derivable
in G’ and v € (V UYV) counts the nonterminal symbols in 3 as follows:
'YIA + [Ylx = 1 and |y|a = [Bla. Formally, it can be shown by induction
that a sentential form over Vi3 U L can be generated after applying k > 1

matrices (except for the terminating) iff it has the form [(3]y where
e B € (VUZX)* can be derived in G’ in k — 1 steps,

o v €{S,SHAL, AL} {Am, A} and [yla = 1 iff [B|a = 1.

Lemma 7.3. MATg, C GSs.

Proof. We will simulate a step of a programmed grammar of finite in-
dex (including the information of the next rule to apply) by a series of
steps of a capacity-bounded GS grammar. Let G = (V, X, S, R, 0) be a pro-

grammed grammar of finite index k. The rules of G are given as R ={A; —

151




UNIVERSITAT ROVIRA I VIRGILI

PETRI NET CONTROLLED GRAMMARS
Sherzod Turaev
ISBN:978-84-693-1536-1/DL:T-644-2010

7.3. THE POWER OF CAPACITY-BOUNDED GS GRAMMARS

., A, = «,} and labeled by the symbols Lab = {l,...,1.}. The suc-
cess field function o can thus be seen as a function o :{1,...,1} — 2L,
Moreover, define the words p; = 1;---1;_1liy1 - - - 1. To construct the equiv-
alent capacity-bounded GS grammar G = (V’,%,S’,R’, k) we define the

nonterminal set
V' =V U Lab U {S/, C, D, X]_, X2, Y, [,]}
and the capacity function «: V'’ — N given by

1, for A’ € Lab U{Xy, X, Y}

k+1, otherwise.

Let h:V* — (V’')* be the homomorphism defined by

X, fxekX
h(x) =

[xC], otherwise.

The set of rules in G’ is constructed as follows. For each rule 1; : A; — «j,

1 <i<r and any 1 <j <k, R’ contains the rules

i C] — [LiX. Y],
LiX1Y] — [lisz],
LiXzY]  — h(ay)[C],
Pi

DIX,] — [piC],
piCl = [piDIXy],

[As
[
[
[
[
[p:DIX;] — [pm DIt I%ilvX,] for m € o(i).

Moreover, R’ contains the rules

S’ — [SCl[piD*Xs], [piD*"X,] = A, 1 <i< 1, and [C] — A.
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Consider a sentential form of the shape h(p)[p;D'X,] such that [h(B)|c+
j = k+ 1. It can be read as follows: The original programmed grammar
G has derived the sentential form (3 with a number of C nonterminals
and will apply the rule labeled l; in the next step. Indeed, if any rule is
applicable, then it is [A;C] — [1;X;:Y] and h(f3) has the factorization h(f) =
h(B1)[AiCIh(B2). (The application of a rule [A;C] — [l;X;Y] with j # i
would introduce a second symbol 1;; the application of [p;D'X,] — [piC]
would generate a total count of k + 1 C’s; the left-hand sides of the other
rules do not appear in the sentential form.) The next seven steps are also

forced, thus giving the following sequence of derivation steps in G:

h(B1)[AiCTh(B2)[p: DX
h(B1) X YTh(B2)[piDIX]
h(B1) X1 YTh(B2)[p:C]
h(B1) X YTh(B2)[piC]
(1) LiXaYIR(B2) [piDIX4]
n(B1)h(ow) [CIN(B,) [piDX4]
h(ﬁl)h(ﬁi)h(ﬁz)M

B1 h(“i)_h(ﬁz)[piDjXﬂ,
B1)h(ow)h(Ba)[pm DIV,

U R R A
ﬁﬁﬁrzﬁﬁﬁ
>
uuu;uuu
<

o )

=
o =
=R
v
=3
<
2}

where m € o(i).

Consequently, every sentential form reachable after seven steps from
h(B) [piD'Xs] with |Blv +j = k + 1 has the form h(B’)[pmD’ ' X,] with
IB'lv +j’ =k + 1, where 3’ is directly derived in G using the rule labeled
l; and m € o(i). Conversely, any sentential form of the above form can be
derived in G’ using the seven steps from above.

The sentential forms reachable after the first step in G’ are exactly those
of the form [S][p;D¥*X,], 1 <i < r. We can conclude by induction that the
sentential forms derivable in G’ in (7n + 1) steps are exactly those of the
forms h(B)[piD'X,] with |B]yv +j = k + 1 such that B is derivable in G in
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n steps and the rule p; is applicable. Moreover, the only way to generate
a terminal word w in G’ is to generate a sentential form w[p;D*"1X,] in
7n + 1 steps and then to apply the terminating rule [p;D*"!X,] — A. This
is by the above arguments if and only if w is derivable in G, and thus
L(G’) = L(G). O

7.4 Capacity-Bounded Context-Free Grammars

In this section, we investigate capacity-bounded context-free grammars. It
turns out that they are strictly between context-free languages of finite
index and matrix languages of finite index. Closure properties of capacity-
bounded languages with respect to AFL operations are shortly discussed
at the end of the section.

As a first result we show that the family of context-free languages with

finite index is properly included in CF,.
Lemma 7.4. CFg, C CF.

Proof. Any context-free language generated by a grammar G of index k
is also generated by the capacity-bounded grammar (G, k) where k is the
capacity function constantly k. The properness of the inclusion follows

from Example 7.1. ]

An upper bound for CF., is given by the inclusion CF.,, C GS., =
MATg,. We can prove the properness of the inclusion by presenting a
language from MAT§g, \ CF. In order to show that a language is not in

CF ., we can make use of the following “replacement lemma”.

Theorem 7.5. For any infinite language L € CF ., there are a constant n
and a finite set £ of infinite languages from CF, such that, for every word
z € L with |z|] > n, there are a decomposition z = uvw, |v| < n, and a

language L’ € £ such that uv'w € L, for all v/ € .

154




UNIVERSITAT ROVIRA I VIRGILI
PETRI NET CONTROLLED GRAMMARS

Sherzod Turaev

ISBN:978-84-693-1536-1/DL:T-644-2010

7.4. CAPACITY-BOUNDED CONTEXT-FREE GRAMMARS

Proof. Consider a capacity-bounded cf grammar G = (V,%,S,R, 1) such
that L = L(G). For A € V, let GA = (V,X,R,A,1) and Lo = L(GA).
The following holds for any derivation in G involving A: If 0 A3 =7 uvw,
where &, € (VUZ)*, u,v,w € L* and v is the yield of A, then v € L4.

The nonterminal set V can be decomposed as V = Vs U Vg, where

Ving = {A € V|L,L is infinite},
Vi, = {A € V|La is finite}.

We choose £L ={LaA | A € V) and n = r- max{jw| | w € UAevﬁn Lal,
where 1 is the longest length of a right side in a rule of R. For a derivation of
z € L with |z| > n, consider the last sentential form with a symbol from Vg,,.
Let this symbol be A and the sentential form be «; Ax,. All nonterminals in
&1y are from Vg,, and none of them generates a subword containing A in
the further derivation process. We get thus another derivation of z in G by
postponing the rewriting of A until all other nonterminals have vanished by
applying on them the derivation sequence of the original derivation. This

new derivation has the form
S =5 tAn, = UAW =5 uvw = z.

The length of v can be estimated by [v| < n, as A is in the first step
replaced by a word over (£ U Vj,) of length at most r. Finally, note that
uAw =% uv’w holds for all v/ € La. Hence, any word uv'w with v/ € L

can be derived in G. [l
Corollary 7.6. L ={a™b"c™ |n > 1} ¢ CF.

Proof. Suppose, for contradiction, that L € CF, and that n and £ are the
constant and the set of infinite languages from Theorem 7.5 with respect
to L.

Consider the word z = a™"b™*1c™™! ¢ L. By Theorem 7.5, there
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are a decomposition z = uvw, [v| < n, and a language L’ € £ such that
w'w € L, for all v/ € L’. For the decomposition, there are two cases:
u € a"bt or w e btc™. We discuss only the first case; the other is similar
to the first one. Consider any v/ € L’ with [v/| > |v|. If V| > 0 then
uwv'w is in atb*{a,b,c}*a{a,b,c}* and thus not in L. If [v/|, = O then

luv'w| > Juvw| = 3n + 3 and [uv'w|, = n + 1, and hence uv'w ¢ L. O
The results can be summarized as follows:
Theorem 7.7. CFz, C CF C GS.p = MATg,.

As regards closure properties, we remark that the constructions showing
the closure of CF under homomorphisms, union, concatenation and Kleene

closure can be easily extended to the case of capacity-bounded languages.

Theorem 7.8. CF; is closed under homomorphisms, union, concatenation

and Kleene closure.

Proof. Let G; = (Vi,%1,S51,Ry,1) and G, = (Vs, Ly, So, Ry, 1) be capacity
bounded grammars with V; NV, = (), and let h: X} — A* be a homomor-

phism. Let Gs, G4, G5, Gg be the capacity-bounded context-free grammars
defined as

Gs = (V1,A,S1,R3,1), with Rg={A — g(B) | A = B € Ry}
where g: (£; UVy)* — (AU V)™ is the homomorphism
defined by g(A) = A, for A € Vi, g(a) = h(a), for a € L;;
Gs = (V1UVLU{S4}, L1 ULy, Sy, Ry) with
Ry =Ry URyU{Ss — S1,S:s — S}
Gs = (ViUV,U{Ss}, L ULy, S5, Rs) with Rs = Ry URy, U{Ss — S:1Ss5};
Ge = (V1 U{Se}, Z1,Se, Rs) with Rg = R; U{Ss — S1S6,Se — AL
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Then, L(Gs) = h(L(G1)), L(G4) = L(G1) UL(Gz), L(Gs) = L(G1)L(G2),
L(Gg) = L(Gy)*. We will give a correctness proof only for the last equation.

To show L(Gg) C L(G;)*, one proves by induction on the number n
of derivation steps that any sentential form derivable in Gg has the shape
BiBa---Px or PPz PS¢ where k > 0 and (i, 1 < i < k is derivable
in G;. Clearly, the statement is true for n = 0 as the word Sg is of the
claimed form. Now suppose that the statement holds for n. The only

possible shapes of sentential forms derivable in n + 1 steps are

PPz Px (Se — A applied on 3132 - BiSe);

BBz PxS1Se Se — S1S6 applied on B1P2 - BxSe);

Bi---Pic1BiPit1- - Px (a rule from R; applied on substring {3;
of B1B2---Bx);

B1---PBi1B{Pit1---PxSs (a rule from R; applied on substring 3;
of B1B2- - BiSe)-

In the first two cases it is obvious that the sentential forms have the
claimed shape. For the other cases, note that |31 - Bi_1B{Bit1- - Prla <1
has to hold for all A € V; which implies [3{[» < 1, for all A € Vi, and thus

Bi =c, Bi.
Conversely, any word w = wiwy - - - Wy with w; € Ly, for 1 <1i <k, can

be obtained in G4 by the derivation

S@ = S]_Ss =" W]_Sﬁ = W]_S]_S@ =" W1W236 =% WiWy - - 'Wksﬁ
:¢'VV1YV2' Wy
where the subwords w; are derived from S; as in G;. OJ

Regarding intersection with regular sets and inverse homomorphisms,

we can show non-closure properties.

Theorem 7.9. CF, is neither closed under intersection with regular sets

nor under inverse homomorphisms.
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Proof. Let L € CF ., be the language generated by the capacity-bounded
grammar from Example 7.1. As discussed in the example, the intersection

of L with the regular set M given there is
Ll — {a3nx3yb3na3nx2yb3n | n 2 1}

Moreover, let g : {a, b, ¢, d}* — {a, b, x,y} be the homomorphism defined
by g(a) = a,g(b) = b,g(c) = x3y,g(d) = x?y. It is easy to see that
g }(L) =Ly ={a®"cb?®a®"db®" | n > 1}. With the help of Theorem 7.5 it
can be shown that L, [, ¢ CF . O

7.5 Control by Petri Nets with Place Capacities

Control by Petri nets can in a natural way be adapted to Petri nets with
place capacities. A context-free grammar is controlled by its context-free
Petri net with place capacity by only allowing derivations that correspond
to valid firing sequences respecting the capacity bounds. The (trivial)
proof for the equivalence between context-free grammars and grammars
controlled by cf Petri nets can be immediately transferred to context-free

grammars and Petri nets with capacities:

Theorem 7.10. Grammars controlled by context-free Petri nets with place
capacity functions generate the family of capacity-bounded context-free

languages.

Let us now turn to grammars controlled by extended cf Petri nets with
capacities. Since an extended cf Petri net N,, z € {2z, c, s}, has two kinds
of places, i.e. places labeled by nonterminal symbols and control places,
it is interesting to consider two types of place capacities in the Petri net:
first, we demand that only the places labeled by nonterminal symbols are
with capacities (weak capacity), and second, all places of the net are with

capacities (strong capacity).
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An z-Petrinet N, = (PUQ, T, FUE, @, (, v, W, T) is with weak capacity
if the corresponding cf Petri net (P, T,F, ¢, ) is with place capacity, and
strong capacity if the Petri net (PUQ, T, FUE, @, Wo) is with place capacity.
A grammar controlled by an z-Petri net with weak (strong) capacity is an
z-Petri net controlled grammar G = (V, %, S, R, N,) where N, is with weak
(strong) place capacity. We denote the families of languages generated by
grammars (with erasing rules) controlled by z-Petri nets with weak and

strong place capacities by wPN,, sPN., (WPN?2  sPN?)), respectively,

where z € {2, c, s}.

With the similar manner, we also define grammars controlled by arbi-
trary Petri nets with place capacities. Let G = (V,X,S,R, N, vy, M) be an
arbitrary Petri net controlled grammar. G is called a grammar controlled
by an arbitrary Petri net with place capacity if N is a Petri net with place
capacity. The families of languages generated by grammars controlled by
arbitrary Petri nets with place capacities (with erasing rules) is denoted by
PN (x,y) (PN (x,y)) where x € {f, —A,A} and y € {r,t, g

Before deriving results on the generative power of grammars controlled
by extended Petri nets with capacities, we will first study the generative

power of capacity-bounded matrix and vector grammars, which are closely

related to these Petri net grammars.
Theorem 7.11. MAT;, = VECY = MATY = sMAT".

Proof. We give the proof of MAT, = VEC?,. The other equalities can be
shown in an analogous way. Since MATg, = VECy, = VEC;‘in, it suffices
to prove VEC;, C VEC), and VEC), C VEC])%n. The first inclusion is
obvious because any vector grammar of finite index k is equivalent to the
same vector grammar with capacity function constantly k.

To show VEC}, C VEC;;n, consider a capacity-bounded vector grammar
G = ({Ao, AL, .-, A £, Ap, M, 1). (The proof that it suffices to consider

the capacity function 1 is like for usual grammars.) To construct an equiv-
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alent vector grammar of finite index, we introduce the new nonterminal
symbols B, B!, 0 < i < m, C,C’. For any rule r: A — «, we define the
matrix p(r) = (C — C’,so,81,...,5m, T, C’ — C) such that s; = B; — B
if A =A;and |x|]a =0, s; =B = B; if A # A; and |x|a, = 1, and s; is
empty, otherwise.

Now we can construct G’ = (V/, £,S’, M’) where
V' =VU{B;,B{|0<i<m}uU{S,C,C’}

and M’ contains

e for any matrix m = (ry,..., ), the matrix m’ = (u(ry), ..., n(re)),
e the start matrix (S’ — A¢BoB;---B/,C),
e the terminating matrix (C — A,B{ — A,B] — A,...,B/, — A).

The construction of G’ allows only derivation sequences where complete
submatrices w(r) are applied: when the sequence p(r) has been started,
there is no symbol C before u(r) is finished, and no other submatrix
can be started. It is easy to see that G’ can generate after applying
complete submatrices exactly those words ByC such that B € (VU X)*,
Y € {Bo, BgH{B1,Bi}--{Bm,B,,} such that 3 can be derived in G and
lYlg, = 1 iff |B|a, = 1. Moreover, G’ is of index 2|V| + 1. O

By constructions similar to those in Theorem 4.20 and Theorem 7.11,

we can show with respect to weak capacities:
Theorem 7.12. For z € {2, c, s}, MAT, = WPNE);}.

Proof. We give only the proof for £ = z. The other equations can be shown
using analogous arguments. By Theorem 7.11 it is sufficient to show the
inclusions VECp, C WPN,, and wPN?, C VEC),.

As regards the first inclusion, let L be a vector language of finite index

(with or without erasing rules), and let ind(L) = k, k > 1. Then, there is
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a vector grammar G = (V,Z,S,M) such that L = [(G) and ind(G) < k.
Without loss of generality we assume that G is without repetitions. Let
R be the set of the rules of M. By Lemma 4.19, we can construct a z-
Petri net controlled grammar G’ = (V,X%,S,R,N,), N, = (PUQ,T,FU
E, @, Y, Uo, T), Which is equivalent to the grammar G. By definition, for
every sentential form w € (V U X)* in the grammar G, (wjy < k. It
follows that (w|a < k for all A € V. By bijection (: PUQ — V U{A}
we have pu(p) = (¢ *(A)) < kfor all p € P and p € R(N,, u), ie.
the corresponding cf Petri net (P, T,F, d,B,v,t) is with k-place capacity.
Therefore G’ is with weak place capacity.

On the other hand, the construction of an equivalent vector grammar
for a z-Petri net controlled grammar, can be extended to the case of weak
capacities just by assigning the capacities of the corresponding places to

the nonterminal symbols of the grammar. ]

As regards strong capacities, there is no difference between weak and
strong capacities for grammars controlled by c- and s-Petri nets because

the number of tokens in every circle is limited by 1. This yields:
Corollary 7.13. For z € {c, s}, MATy, = sPN[C);].

The only families not characterized yet are sPN[C);]. We conjecture that

they are also equal to MATg,.

The next statement indicates that the language generated by a grammar
controlled by an arbitrary Petri net with place capacity iff it is generated

by a matrix grammar.

Theorem 7.14. For x € {f,—A,A} and y € {1, t, g},
PNe(x,y) = MAT C PN}, (x,y) = MAT*.

Proof. First, we show that the inclusion PN)C‘,, (x,y) C MAT? holds for all
x € {f,—A,A}and y € {r, t, g}.
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Let G = (V,L,S,R,N,v,M) be a grammar controlled by Petri net N =
(P, T,F, @, 1) with place capacity. Since the net N is with place capacity, the
set of all reachable markings, i.e., R(N, ) is finite. Thus, we can construct
a finite automaton A whose states are the markings of the net N and there
is an arc from state p to state ' with label t iff marking n’ is obtained
from marking u by firing transition t. The initial marking is considered as
the initial state and the set of final markings M as a set of final states.

Formally, A = (M/,T,(,6, M) where M’ = R(N,() and the state-
transition function & : M/ x T — M’ is defined as 8(p,t) = ' iff p — p'. It
follows that o = t;ty---t,, € L(A) iff 0 is a successful occurrence sequence
of transitions of N. Let K ={y(0) | 0 € L(A)}. Then, it is not difficult to
see that L(G) = L(G’) where G’ = (V, %, S, R, K) is a regularly controlled
grammar. Therefore, for all x € {f,—A,A} and y € {r, t, g}, we have

PN%, (x,y) € MAT?.

Next, we show that the inverse inclusion also holds. By direct observa-
tion, we can see that Theorem 5.6 in Chapter 5 also holds for the grammars

controlled by Petri nets with place capacities, i.e., for y € {r,t, g},
PNJ,(f,y) = PN} (=, y) = PN (A, y).
Lemma 5.12 in Chapter 5 also maintains for PNZ;} (—A, 1):
MAT™ € PND (<A, 7).

Lemma 6.13 and Corollary 6.14 in Chapter 6 also hold for grammars con-
trolled by Petri nets with place capacities as each place of a Petri net with

place capacity has at most the upper bound, the set of reachable markings
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is finite. Thus,
PNG'(A,1) CPNS'(A, g) C PNU(A )

From (7.1)-(7.3), we get

MAT™ € PNG'(A, 1) € PN'(A,9) € PNG/(A, 1)
From (7.1) and (7.5) it follows that MAT™ = PNZ;} (x,y). O

We summarize our results in the following theorem.

Theorem 7.15. The relations in Figure 7.1 hold where x € {f,—A,A},
y € {r,qg,t}, 1 €{2z,c, s} and 7 € {c, s}; the lines (arrows) denote (proper)

inclusions of the lower families into the upper families.
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MAT?* = PNg, (%, y)
MAT = PN¢ (x,y)

MAT:, = MAT? = sMATY = vIN = @5, = @st, = wpN? = spND
fi cb cb ch cb ct cj

CF. = CFl,

CFsn

Figure 7.1: The hierarchy of language families generated by grammars with
bounded capacities
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Conclusions and Further Research

The thesis dealt with a new type of grammars with regulated rewriting;
it introduced Petri net controlled grammars, and studied their computa-
tional and closure properties. It also concerned the close related topics:
semi-matrix and capacity-bounded grammars. Though the theme of regu-
lated grammars is one of the classic topics in formal language theory, a Petri
net controlled grammar is still interesting subject for the investigation for
many reasons. On the one hand, this type of grammars can successfully be
used in modeling new problems emerging in manufacturing systems, sys-
tems biology and other areas, about which we spoke in Introduction. On
the other hand, the graphically illustrability, the ability to represent both
a grammar and its control in one structure, and the possibility to unify dif-
ferent regulated rewritings make this formalization attractive for the study.
Moreover, control by Petri nets introduces the concept of concurrency in

regulated rewriting systems.

In Chapter 3 we introduced semi-matrix grammars and contented our
research only those properties of these grammars which were used in proofs
of some statements in the next chapters. We investigated the closure prop-
erties of families of semi-matrix languages, and established the relationship
to the families of matrix and vector languages. There still remain a lot of

themes for the separate investigation, for instance, decision problems for
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semi-matrix grammars and computational, closure properties of unordered
semi-matrix grammars. But the most interesting question, in our opin-
ion, is to investigate the relationship of the families of matrix languages
and vector languages. Since by structure of control, semi-matrix grammars
are “between” matrix and vector grammars, they may establish the final

connection matrix languages to vector languages.

In Chapter 4 we defined several concepts of control by Petri nets, by
transforming a context-free grammar into an isomorphic Petri net called a
cf Petri net, and enriching it by additional components (places and arcs).
First, we defined k-Petri net controlled grammars, i.e., grammars controlled
by cf Petri nets with k additional places in Section 4.3. We study the
generative power and closure properties of the family of languages generated
by k-Petri net controlled grammars. The main contribution of this section
is the fact that the families of languages generated by k-Petri net controlled
grammars form infinite hierarchy with respect to the number of additional
places. In Section 4.4 we showed that some well-known grammars with
regulated rewritings can be simulated by extended cf Petri net controlled
grammars.

There are various related problems that deserve further investigation.

1. The study of the decision power of this families of languages remains
untouched. k-Petri net controlled grammars at most generate vector
languages, it suggests that we may prove the decidability for many

problems.

2. Our primary investigations reveals that the matrix grammars, vector
grammars, semi-matrix grammars, random context grammars [67],
and other grammars can be simulated by Petri net controlled gram-
mars. This motivates us to study the unified theory of grammars

with regulated rewritings in future.

3. In the section we investigated the hierarchy problem with respect
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to the number of additional places. It is also interesting to study
this problem with regards to the fixed number of additional arcs. Let
PN(n, m;, my) denote the family of languages generated by grammars
controlled by (n, m;, my)-Petri nets where n is the number of addi-
tional places, m; is the number additional incoming arcs to additional
places, and m; is the number of additional outgoing arcs from addi-
tional places. For instance, the families PN(1, 2,1) and PN(1, 1, 2) are

incomparable as it is not difficult to see that
{a*1b*2cks | k; + ky = ks} € PN(1,2,1) — PN(1,1,2)
while

{ak1bRecks | k] =k} + ki) € PN(1,1,2) — PN(1,2,1).

. In the investigated grammars, the control in extended cf Petri nets

are restricted to some specific subnets: places, chains or cycles. One
may ask what family of languages is generated if arbitrary subnet is
considered? The study of this topic may be interesting at least for the
reason to complete the variations of extended cf Petri net controlled

gramimars.

In Chapter 5 we defined arbitrary Petri net controlled grammars which
are generalizations both regularly controlled grammars and extended cf
Petri net controlled grammars. In the former case, instead of a finite au-
tomaton, a Petri net is associated with a context-free grammar and required
that the sequence of applied rules corresponds to an occurrence sequence
of the Petri net. In the latter case, instead of two bijections, only one
transition labeling function is considered. We studied nine families of lan-
guages generated by arbitrary Petri net controlled grammar resulted from

the different labeling policies and the different definitions of final marking
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sets, and showed that the labeling does not effect the generative capacity.
It is also shown that the introduced families between the families MAT and
MAT”. Thus it gives hope that one can solve the problem of strictness of

the inclusion MAT C MAT” using Petri net controlled grammars.

In Chapter 6 we continued our study of arbitrary Petri net controlled
grammars by restricting Petri nets to structural subclasses, i.e., special
Petri nets such as state machines, marked graphs, free-choice nets, and
many others. The observation showed that the labeling policy in special
Petri nets does not also effect on computational power. On the other hand,
we obtained some interesting results: first, it was demonstrated that the
families of matrix languages and languages generated by state machine
controlled grammars have the same generative power; second, the family of
languages generated by (arbitrary) Petri net controlled grammars coincide
with the family of languages generated by grammars controlled by free-
choice nets. But there still remain several questions to investigate such as
the generative capacity and other mathematical properties of the families
of languages generated by generalized state machine, (generalized) marked
graph, casual net controlled grammars; the relationship of the family of
vector languages to the family of languages generated by marked graph

controlled grammars.

In Chapter 7 we concentrated our attention to study the behavior of
Petri net controlled grammars under dynamical changes of Petri nets,
namely we considered cf, extended cf and arbitrary Petri nets with place
capacities, and investigated generative power and closure properties corre-
sponding families of languages. We also defined capacity-bounded gram-
mars as counterparts of grammars controlled by cf Petri nets with place
capacities. As the main results in this chapter we mark out that capacity-
bounded context-free grammars have a larger generative power than con-
text-free grammars of finite index while the family of languages generated

by capacity-bounded GS grammars (due to phrase structure Ginsburg and
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Spanier) and several families of languages generated by grammars con-
trolled by extended cf Petri nets with place capacities coincide with the
family of matrix languages of finite index.

In our further investigations we would like to consider grammars con-
trolled by k-Petri nets with places capacities. There is also another very
interesting direction for the study. If we notice the definitions of derivation-
bounded [43] or nonterminal-bounded grammars [5, 6, 8] only nonterminal
strings are allowed as left-hand sides of production rules. Here, an inter-
esting question is emerged, what kind of languages can be generated if
we derestrict this condition, i.e., allow any string in the left-hand side of
the rules? Let us consider the grammar G = ({S, A, B, C,D},{a, b,c},S,R)

where R consists of

S — abc, S — aAbc, dA — aaB,
Bb — bbC, Cb — bC, Cc— Dcc,
Cc — cc, bD — Db, aD — dA.

It is not difficult to see that the grammar G generates non-context-free
grammar {a™b™c™ | n > 1} where in each sentential form there is only
one nonterminal symbol. Thus, it may be an interesting topic for fur-
ther study to investigate derivation-bounded, nonterminal-bounded and
capacity-bounded grammars with arbitrary phrase structure production

rules.
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