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Abstract

We investigate several kinds of regulated rewriting (programmed, matrix, with regular
control, ordered, and variants thereof) and of parallel rewriting mechanisms (Lindenmayer
systems, uniformly limited Lindenmayer systems, limited Lindenmayer systems and scat-
tered context grammars) as accepting devices, in contrast with the usual generating mode.

In some cases, accepting mode turns out to be just as powerful as generating mode, e.g.,
within the grammars of the Chomsky hierarchy, within random context, regular control, L
systems, uniformly limited L systems, scattered context. Most of these equivalences can be
proved using a metatheorem on so-called context condition grammars. In case of matrix
grammars and programmed grammars without appearance checking, a straightforward
construction leads to the desired equivalence result.

Interestingly, accepting devices are (strictly) more powerful than their generating coun-
terparts in case of ordered grammars, programmed and matrix grammars with appearance
checking (even programmed grammars with unconditional transfer), and 11IETOL systems.
More precisely, if we admit erasing productions, we arrive at new characterizations of the
recursivley enumerable languages, and if we do not admit them, we get new characteriza-
tions of the context-sensitive languages.

Moreover, we supplement [36, 5] in showing:

e The emptiness and membership problems are recursivley solvable for generating or-
dered grammars, even if we admit erasing productions.

e Uniformly limited propagating systems can be simulated by programmed grammars
without erasing and without appearance checking, hence the emptiness and member-
ship problems are recursively solvable for such systems.

o We briefly discuss the degree of nondeterminism and the degree of synchronization
for devices with limited parallelism.
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Chapter 1

Introduction

As already SALOMAA pointed out in [29], any device that generates words (hence describing
a formal language) can be interpreted as a system that accepts words. For the usually
considered type-n grammars of the Chomsky hierarchy, it does not matter whether we
consider these devices in generating or accepting mode, in the sense that the family of
languages generable by type-n grammars equals the family of languages acceptable by
type-n grammars, see [29, Theorem [.2.1].

For reasons unknown to us, other grammars have been studied only in the generating
mode. FEspecially, this is true for grammars with regulated rewriting [5] and for grammars
(systems) admitting some sort of parallelism. This is somewhat surprising since applica-
tions of formal languages (like compilers) use accepting, not generating devices. In this pa-
per, we investigate different classes of accepting grammars and compare the such-obtained
classes of formal languages with the well-known generating ones.

It might be that, having observed the triviality of the equivalence proof between gener-
ating and accepting mode within type-n grammars, one gained the intuition that generating
and accepting devices are also equivalent in a trivial manner for other grammar types. In
general, this is not the case, as we will see in the following. Nevertheless, we should keep
the following catalogue of questions in mind, stemming from the above-sketched intuition:

e For which kind of grammar classes do we find a trivial equivalence between accepting
and generating mode, i.e. when do we observe x = y in generating mode of a
grammar G iff y = x in accepting mode of some (dual) grammar G'?

o When do we get equivalence between accepting and generating mode via a more
complicated construction?

o Are there grammar classes for which accepting and generating mode yield different
language classes? If yes, what is the relation between the language classes accepted
or generated by the investigated device: inclusion, incomparability?

We will find representatives for all of the above-listed cases.
Conventions: C denotes inclusion, C denotes strict inclusion, #M is the number of
elements in the set M. The empty word is denoted by A. We consider two languages



L1, Ly to be equal iff Ly \ {A} = Ly \ {A}, and we simply write L; = Ly in this case. We
term two devices describing languages equivalent if the two described languages are equal.

A bit deviating from this definition, the emptiness problem for a language (more pre-
cisely: grammar) family is the next: Is there a Turing machine such that, given a grammar
G from our family, decides whether there exists a word w with w € L(G') or not?

Let Sub(w), (Suf(w), Pref(w)) denote the set of subwords (suffixes, prefixes) of w. d'(L)
and d’ (L) denote the left and right derivatives of L, respectively.! The mirror image of
a language L is denoted by Mi(L). The length of a word x is denoted by |z|. If € V*,
where V' is some alphabet, and if W C V| then |z|w denotes the number of occurrences of
letters from W in z. If W is a singleton set {a}, we simply write |z|, instead of |z|¢.3.

If X is some device, Lgen(X) (Lacc(X)) denotes the language generated (accepted) by
the device X. If X is some family of devices, Lgen(X) (Lacc(X)) denotes the family of
languages each of which can be generated (accepted) by some device in X.

We denote the classes of the Chomsky hierarchy by L(FIN),? Lgen(REG), Lgen(CF),
Lgen(CS), LREC), Lgen(RE).

For each device X considered in this paper, we will define separately what we mean by
generating and accepting mode for X. Generally, the idea is the next:

o Instead of a start symbol, or generally a set of start words, we have a goal symbol, or
generally a set of goal words. We use the notion ‘axiom(s)’ both in generating and
in accepting case.

o Generally, we allow only productions of a special form in generative devices. Since
they turn out to be the most interesting case, mainly context-free productions of
the form ¢ — w, where a is some symbol and w is some (possibly empty) word,
are considered. In accepting mode, we turn these restrictions ‘around’, coming to
productions of the form w — @ in the context-free case. Especially, accepting -
productions are of the form A\ — a.

We call an accepting grammar G¢ derived from a generating grammar ¢ dual to G if G? is
obtained from G interpreting start words as goal words and productions of the form v — w
as productions w — v. Similarly, one can consider the dual H? of an accepting grammar

H. Obviously, (G = G and (H%)* = H.

e The most important thing about grammars is their dynamic interpretation via the
yield relation = (and its reflexive transitive closure = ). In this paper, we introduce
the corresponding yield relation (also denoted by =) of the accepting mode with
textually the same words as in the generating case.

Instead of this formal approach, it would also be possible to introduce the accepting
yield relation in order to mimic the generating one. At least, trying to do so might affirm the

'With our notations, we mostly follow [5].
2Tt makes no sense to differentiate between generating and accepting devices in the case of finite and
recursive languages, since their concept is different.



intuition on side of the reader that generating and accepting words is something different,
indeed.

Our approach has a further advantage which can be stated in the following meta-
observation: In general, if Lgen(X) C Lgen(Y), then Lacc(X) € Lacc(Y'). This follows
from the fact that Lgen(X) C Lgen(Y') is generally proved by simulating one derivation
step u = v in mechnism X via a number of derivation steps v = v in mechanism Y, and
due to our textual transfer of the notion of derivation to the accepting case, textually the
same simulation proves Lacc(X) C Lacce(Y).

Observe that the paper is organized in such a way that ordered and conditional gram-
mars are treated before programmed and matrix grammars, since in our case the techniques
developped in ordered grammars turn out to be basic to, e.g., programmed grammars.



Chapter 2

A Metatheorem, with Prerequisites

We already mentioned that, for type-n grammars, the descriptive power of the generating
and the accepting mode coincide. More precisely, if (G is a generating type-n grammar,
then its dual G is an accepting type-n grammar such that Lgen(G) = Lacc(G?), and vice
versa. In this case, we find x = y in G iff y = = in G

For the sake of self-containment of this report, we first introduce type-n grammars
formally.

2.1 The Chomsky Hierarchy

A type-n grammar is given by a construct G = (Vy,Vr, P, S), where Vy, Vp, P, and
S € Vi are the nonterminal alphabet, terminal alphabet,! finite set of productions, and
axiom, respectively.

In a type-0 grammar (& (or phrase structure grammar), productions are of the form
v — w with v,w € V. If G is generating, we additionally require |v|y,, > 0. In this case,
we call a production erasing if w = A. If ¢ is accepting, we dually require |w|y, > 0. Now,
a production is erasing if v = A. G is called A-free iff G contains no erasing productions.

A type-1 grammar (or context-sensitive grammar) (7 is a type-0 grammar with produc-
tions v — w of a special form. In the generating case, v = v{Avy and w = viw'vy with
vi,v9 € VZE, w' € VE\ {5}, and A € Vy, where w’ = X only if A = S. In the accepting
case, w = wy Awy and v = wiv'wy with vy, vy € VZE v € VE\ {5}, A € Vy, where v/ = A
only if A= 5.

A type-2 grammar (or context-free grammar) G is a type-0 grammar with productions
v — w of a special form. In the generating case, v = A and w = w' with A € Vy and
w' € VZ. In the accepting case, w = A and v = v’ with A € Vy and v" € V.

A type-3 grammar (or regular grammar) (¢ is a type-2 grammar with productions v — w
of a special form. In the generating case, v = A and w = w’ with A € Vy, where v’ = A
only if A = 5. Additionally, w" € {A, A} - V. In the accepting case, w = A and v = v’
with A € Vi, where v/ = X only if A = 5. Additionally, v' € {A, A} - V.

! Generally, we denote the total alphabet of G by Vg = Vr U Vy.



A phrase structure grammar G = (Vy, Vp, P,5) induces a yield relation @ = y on V&
by « = y iff there is a production v — w € P such that ¢ = zyvz; and y = xwa, for
some 21,y € V5. The reflexive transitive closure of = is denoted by =.

The language generated by a generating phrase structure grammar G' = (Vn, Vi, P, 5)
is Lgen(G) = {w € Vi |S = w}.The language accepted by an accepting phrase structure
grammar G is Lacc(G) = {w € V3 |w = S}

As already mentioned, we denote the families of languages generated by type-0....,
type-3 grammars by Lgen(RE), Lgen(CS), Lgen(CF), Lgen(REG), and the families of
languages accepted by type-0,..., type-3 grammars by Lacc(RE), Lacc(CS), Lacc(CF),
Lacc(REG).

The following chain of strict inclusions called Chomsky hierarchy is well-known.

L‘gen(REG) C ,Cgen(CF) C ,Cgen(CS) C L‘gen(RE)

For our purposes, the following lemma is very important, see [5, Theorem 0.2.2].

Lemma 2.1 (Kuroda normal form) For each context-sensitive language L C Vi, there
is a grammar G' = (Vy, Vi, P,.S) whose productions are of the following forms

A— BC, AB—CD, A—a
where A, B,C, D € Vy, a € Vr such that Lgen(G) = L.

2.2 cc Grammars

In this section, we introduce a type of grammar called ‘grammar with context conditions’
(cc grammar for short) for which the trivial relation between say generating grammars
and their dual accepting counterparts is true, too.? Since cc grammars generalize phrase
structure grammars, we show the well-known result once more.

A grammar with context conditions (cc grammar) is given by a construct G' = (Vy, Vr,
P, Q), where Vi, Vy, P, and Q C VI are the nonterminal alphabet, terminal alphabet, set
of production tables, and finite set of axioms, respectively (very similar to phrase structure
grammar definitions). The set P is a finite set consisting of so-called tables Py,..., P;.
Each table consists of a finite number of productions p;; of the form (v;; — w;;, g;;) (with
1 <i<tand1 <j<|P|), where vy, w;; € V32 and g;; C (Ve U{#})* x N (where # & V5
is a new limiting symbol). In addition, in generating mode, we may allow A-productions of
the form v;; — A, and, dually, in accepting mode, A-productions of the form A — w;; may
occur. Sometimes, we call v;; — w;; the core production of the production p;;. A table P,
is applied to a string x using the following steps:

1. z is partitioned into & = 2 v 290y - - - VR Tpyy. Define o 1= o Haot - 2, Hx,y .

%In this way, we generalize the so-called Ircc grammars introduced in [3].
30bserve that we do not exclude the further derivation of terminal symbols. Hence, we incorporate
pure rewriting, too, and also the usual conventions in parallel rewriting.



2. Select n productions p;j,, ..., pij, from P; (possibly with p;; = p;;.) such that for all
1<k <n:

o v, = vy, and
o (¢% k)€ gijy-
3. Replace x using the selected productions yielding y = xyw;;, xaw;j, - - - TpWij, Togr.

If we succeed going through these three steps, we write = y in this case. By =, we
denote the reflexive and transitive closure of the relation =. The language generated by
the cc grammar G is Lgen(G) = {w € V7 |(Jw € Q)w = w}. The language accepted by
the cc grammar G is Lace(G) = {w € V7 | (Fw € Qw = w}.

Observe that cc grammars are a very broad framework, maybe comparable to selective
substitution grammars [5].

Example 2.2 Every phrase structure grammar corresponds to an equivalent cc grammar
(¢ with one table and one one-letter-axiom letting g = Vi{# V3 x {1} for any production.
Conversely, to every cc grammar G = (Viy, Vp,{ P}, {w}) with one table with productions
of the form (v — w, VZ{#}VZ x {1}) with |v|y, > 0 in the generating or |w|y, > 0 in
the accepting case, respectively, and one one-letter axiom w € Vy, there corresponds an
equivalent type-0 grammar (Vi, Vy, P/,w). This is also true if we restrict ourselves to so-
called left derivations, where we let g = Vji{#}VZ x {1} for any production. For context-
sensitive grammars, it is possible to give another different characterization. Let H =
(Vn, Vp, P, S) be a generating context-sensitive grammar. For each production y; Ays —
y1wy2, we put a production (A — w,g) into the table P’ of the equivalent cc grammar
(W, Vo, {P'},{S}), where (x1#x4,n) € g iff y1 € Suf(xy) and y2 € Pref(z;) and n = 1.

Dually, we may treat the case of accepting context-sensitive grammars.

In the following, we formulate the concept of dual grammar formally for cc grammars.
If G =V, Vr,{P1,..., P},Q) is a cc grammar, then G* = (Vy, Vi, {PZ,..., P31, Q) is
called dual to G iff P# = {(w — v,g)| (v = w,g) € P;}. Obviously, (GY)? = G.

Our simple metatheorem proved analogously to [29, Theorem 1.2.1] is the next.
Theorem 2.3 (i) Lgen(G) = Lacc(G?), for any generating cc grammar G.
(ii) Lacc(G) = Lgen(Gd), for any accepting cc grammar G. a

Since we can interpret any type-n grammar as cc grammar (¢, and since we can re-
interpret the dual G as type-n grammar, we obtain Loen(X) = Lace(X) for X ¢
{REG, CF,CS,RE} as a simple corollary. But we can handle other devices in this set-

ting, too.



2.3 Random Context Grammars

A random context grammar (RC grammar) is a system G = (Viy, Vr, P, S) where Vy, Vg, S
are defined as in a usual Chomsky grammar, and P is a finite set of random context rules,
that is, triples of the form (o — 3,Q, R) where a — [ is a rewriting rule over Vi and @
and R are subsets of Vy. For z,y € V7, we write x = y ifl * = z102,, y = 2102, for
some x1, 13 € VZ, (@ = (5,0, R) is a triple in P, all symbols of @) appear in x125, and no
symbol of R appears in x1x2. (Q is called the permitting context of & —  and R is the
forbidding context of this rule.)

The family of languages generated by RC grammars containing only context-free rules
a — f3 is denoted by Lgen(RC,CF,ac). Considering only random context rules with
empty permitting context, we are led to the language family Lgen(fRC, CF). Symmetri-
cally, allowing only rules with empty forbidding context, we come to the language family
Egen(RC,CF).4 If we do not permit A-productions, we arrive at the language families
Lgen(RC, CF—=A,ac), Lgen (fRC, CF—)), and Lgen(RC, CF—-A).

Similarly, the corresponding ‘accepting classes’ Lacc(RC, CF,ac), Lacc(fRC, CF), ...
are defined.

Each RC grammar G = (Vy,Vp, P,S) may be interpreted as a cc grammar (' =
(V, Vo, {P'},{S}) where, for each random context rule (o — 3,Q, R), we have one pro-
duction (o — (3,¢) in P’ such that (z1#x2,n) € g iff, for all v € Q, v € Sub(x1) U Sub(x2),
and, for all w € R, w ¢ Sub(x;) U Sub(xz) and n = 1.

Conversely, consider a cc grammar of the form G = (Vy, Vp,{P},{5}) with S € Vy
and productions (o — 3, g) such that & — [ is a context-free core production and there
are subsets () and R of Vv such that g may be characterized via (x1#x2,n) € ¢ iff, for all
v € Q, v € Sub(ay) USub(xz), and, for all w € R, w & Sub(x1) U Sub(zy) and n = 1. To
(, there corresponds an equivalent RC grammar GG defined in the obvious way. Hence, we
immediately obtain:

Corollary 2.4 ﬁgen(X, Y) = ﬁacc(X, Y), and ﬁgen(RC, Y, ELC) = ﬁacc(RC, Y, ELC), where
X € {RC,fRCY, Y € {CF,CF-\}. 0

Other regulation mechanisms that may be treated similarly are:

e string random context grammars (also called semi-conditional grammars) [23, 5]
e random string context grammars (introduced below)

e a variant of conditional grammars introduced by Navratil [20, 22]

We will refer to the metatheorem at various places. Its application is always the same.
(1) Find a characterization of the grammars in question in terms of cc grammars. (2)
Consider the duals of the cc grammars in the opposite mode (either accepting if we start

*In this case, no ‘appearance checking’ is possible. The letters ‘ac’ in Lgen(RC, CF, ac) indicate possible
appearance checks.



with a generating device or vice versa). (3) Re-interpret the dual cc grammars again in
terms of the original mechanism.
The table mechanism is of course only needed in case of parallel systems.

10



Chapter 3

Ordered Grammars and Conditional
Grammars

3.1 Ordered Grammars

An ordered grammar (cf. [13, 5]) is a quintuple G = (Vy, Vr, P, S, <), where Vi, Vp, P,
and S € Vy are the nonterminal alphabet, terminal alphabet, set of productions, and
axiom, respectively. < is a partial order on P.

Both in generating and in accepting mode, a production w — z is applicable to a
string * € V* if © = xywa, for some zq, x5 € V3, and x contains no subword w’ such that
w' — Z € P for some 2/ and w' — ' = w — z; the application of w — 2z to z yields
y = x1zx2. As usual, the yield relation is denoted by =, and its reflexive and transitive
closure is denoted by =. The family of languages generated by ordered grammars with
productions of type X is denoted by Lgen(O,X). The family of languages accepted by
ordered grammars with productions of type X is denoted by Lacc(O, X).

In this section, as our main results, we are going to show that Lacc(O,CF) = Lgen(RE)
and Lacc(0,CF=A) = Lgen(CS). These equalities imply Lgen(O, X) C Lacc(0,X) for
X € {CF,CF—=A} (these are the only cases we consider in detail).

We first show a direct proof of Lgen (0, X) C Lace(O, X), because it is instructive. To
this end, we need the following trivial lemma.!

Lemma 3.1 For any generating ordered grammar (&, there exists an equivalent generating
ordered grammar G/ containing no rules w — z, w — 2’ with w — z = w — 2/, O

Proof. Leave the smaller rules out; they are never applicable. a

Theorem 3.2 For any ordered grammar (G with context-free rules in generating mode,
there is an equivalent ordered grammar ;' with context-free rules in accepting mode.

!This lemma also corrects a small mistake in the proof of [5, Theorem 2.3.4]. See also the correct proof

of [5, Theorem 6.2.3].
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Proof. Without loss of generality, let us assume that G = (Vn,Vp, P, S, <) does not
contain rules A — w, A = w’ with A - w = A — w'. For A —» w € P, let X4, be the
set of nonterminals A" with A" — w’" > A — w for some w’.

We construct an accepting ordered grammar G' = (Vx, Vp, P', S, <'). To this end, let

Vi = Vw U{[w, A]|A —w e PYU{F}

(the union being disjoint, F' is an extra failure symbol). For any production A — w € P,
we introduce the following production(s) and relation(s) in P’ (hence describing P’ and <’
completely).

o w— [w,A] < [w, A] — F}
o [w,A] = A with [w,A] > A <" A" — F for any A" € X4,
o Ifu— Ve P withV # F and u # [w, A, add the relation u — V <’ [w, A] — F.

Firstly, we prove Lgen(G) C Lacc(G'). To this end, we show that, if x = y in G, then

y = z in (. From this, the assertion follows by simple induction. Assume x = v, i.e. there
is a production A — w € P and there are words xy, x5, such that * = 1 Axy, y = rywa,,
and A" € X4, implies A" € Sub(x). Our construction provides a two-step-simulation of
this generating step in the accepting grammar G’. In the first step, w is selected from y
using w — [w, 4], yielding y' = z1]w, A]z,. In the second step, [w, A] is replaced by A
(it is tested by G’ that (Xa, U{[v,B]|B = v € P,B = v # A — w})NSub(y’') = 0),
yielding x; Azy = .

Secondly, we prove Lgen(G) 2 Lacc(G'). To this end, we show that, if y = 3’ = zin
G' for y,x € V5, then 2 = y in . Obviously, we can assume without loss of generality,
that there is no ‘intermediate’ z € V¢, » € {x,y} with ¥/ = 2 = z in the derivation
under consideration. By definition, there is a production v — B € P’ and there are
words yy,y, such that y = yvye and ' = y;Bys. By construction, either B = I or
B = [v, A] for some A — v € P. Only the latter case may lead to some word in V.
Namely, if [u, C'] & Sub(y1[v, Aly2), [u, C] # [v, A] and if X4, NSub(y’) = @, we can apply
[v, A] = A, and this is the only derivation not introducing the failure symbol. These two
derivation steps in the accepting grammar correspond to one application of A — v to = in
the generating grammar G. O

As an example violating the given construction, consider G = ({ A}, {a}, P, A, <), where
P contains the following productions and one order relation: A — aa = A — a. Hence,
Lgen(G) = {aa}. The accepting grammar ' would contain the following productions and
order relations: aa — [aa, A] < [aa, A] — F; [aa,A] — A; a = [a, A] < [a, A] = F}
[a,A] = A <" A = F; aa — [aa, A] <" [a,A] = F; a — [a, A] <’ [aa, A] = F. Now,
both aa = [aa, A] = A and a = [a,A] = A are possible derivations in G’. Hence,
Lacc(G') = {a,aa} # Lgen(G).

In this paper, we see that, in some cases, accepting versions of regulated grammars
are as powerful as their generating counterparts. In ordered grammars, this is not the

12



case. Intuitively, the reason behind this is the next: In generating ordered grammars, it
can be only (negatively) tested whether the string to be rewritten contains single symbols,
where in accepting mode, containment of whole strings can be tested. Especially, this can
be used to check the left and right context of subwords to be derived next by applying
some dummy rules. Similar devices have been introduced and investigated by Kelemen and
Paun [23, 5] as ‘semi-conditional grammars’ or ‘string random context grammars’ for the
generating case. Under some conditions, this string testing turns out to be more powerful
than testing single symbols. It should be mentioned here that, in some sense, these ‘string
random context grammars’ are not a straightforward generalization of random context
grammars, since only one string is allowed as a (forbidding) test-string for each production,
where testing finite sets of test-strings seems to be a more direct generalization. In some
sense, this is exactly what we are doing when considering accepting ordered grammars, cf.
the RSC grammars introduced below. So, the below results are not too surprising keeping
the above remarks in mind. We also use similar simulation techniques as Paun in our case.
We are now going to show our more general results. We first need two lemmas.

Lemma 3.3 Lacc(O0,CF—X) and Lacc(O,CF) are closed under (finite) union.

Proof. In the case of two given grammars, make the two sets of nonterminals disjoint,
add an additional symbol S (the new goal symbol) and two productions S; — S, S — S
(51,52 being the goal symbols of the original grammars). O

By Theorem 3.2 and [31, Teopema 4.2], we immediately get the next assertion.

Lemma 3.4 ﬁgen(CF) g ﬁacc(O,CF—)\). O

Theorem 3.5 Lacc(0,CF—A) = Lgen(CS).

Proof. The inclusion C is easily seen by an Iba-construction as follows. Given an ordered
grammar (G with context-free A-free productions, a linear bounded automaton LBA ac-
cepting the same language would do the following step-by-step simulation: Firstly, LBA
selects a production w — A whose application is going to be simulated; secondly, LBA
checks whether w is contained in the current string = written on a working tape of the
form x# - - - #, and whether, for any w’ — A" > w — A, w’ is not contained in x; thirdly, if
both tests succeed, LBA picks (nondeterministically) an occurrence of w in x and replaces
it by A#1"1=1; finally, LBA moves all #-symbols to the right of the working tape, hence
regaining some tape of the form y# ---#, y € V3.
The inclusion 2 is more involved. Let I € Egen(CS), L C V*. Obviously,

L= |J {a}d,(dy(L)){b} U (LN (VUV?)).

a,beVv

This identity proves that, by our lemmas, it is sufficient for the proof of the present
assertion to show that {a}M{b} € Lacc(O,CF—X) for M € Lgen(CS), A & M.? Let G =

20ur proof parallels [5, page 87]. See also [23].
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(V, Vr, P,S) be a context-sensitive grammar without A-productions in Kuroda normal
form generating M. Let us assume a unique label r being attached to any rule of the
form XU — Y Z (the set of lables is denoted by Lab). We construct an ordered grammar
G = (VX, Vi, P S, <) with context-free A-free rules accepting {a} M{b} as follows. Let

Vi =VWwU{A, B, S FYU{(A,r),[Ar],(Y,r),[Zr]|r: XU = YZ € P}
(the unions being disjoint), Vj = Vr U {a,b}.> P’ contains the following rules:

1. At first, we give some simple starting and terminating rules as well as the direct
simulation of the context-free rules.

(a) a > A<{y— Flye Ve \Vih

(b)) b= B <{y— Flye Ve \(V;U{ANH}

(¢) 2 = X <{(A,r) = F,[A,r] = F|r € Lab} for context-free rules X — x € P;
(d)

2. For any ‘real’ context-sensitive production of the form r : XU — YZ € P, we
introduce the following rules, simulating an application of r:

(a) A—[A,r] <{[A,s] = F,(A,s) = F|s € Lab};

b)Y = [V,r] < {A = F,(A,s) = FJA ] — F[T,s] = F,(T,s) — F|s €
Lab,s" € Lab\{r},T € Vy};

(¢c) Z = (Z,r) < {A = F,(A)s) —» FJA ] —» F[T,s] — F,(T,s) - F|
s € Lab,s" € Lab\ {r},T € Vy};

(d) [A,r] = (A,r) < {A = F (A,s) = FJA ] — F [T, — F, (T,8) = F,
2(Z,r) = F, [Y,rly = F|s € Lab, s € Lab\ {r}, T € Vi, z € Vo \ {[Y. ]},
y € Vo \{(Z,r)}}; (the left and right context checks cause the necessity to have
left and right markers)

(e) (Ayr) > A=< (Zyr) = U=<[Y,r] = X <{A = F,[A,s] = F, (A,s') > F,
[T,s'] = F,(T,s") = F|s € Lab, s € Lab\ {r}, T € Vn};

At first, the endmarker symbols a and b are replaced by A and B, respectively. The
presence of the symbol A indicates that a simulation of a production of ¢ may take place
(or that the final rule ASB — S’ may be applied). The case of context-free productions
is again trivial. In the case of ‘real’ context-sensitive productions, the rules given under
number 2 must be applied subsequently. The application of A — [A, r] fixes the production
to be simulated. Afterwards, one occurrence of Y and one occurrence of 7 is selected,
replacing it by [V, r] and (Z,r), respectively. Note that the greater rules prevent that more
than one Y or more than one Z is replaced. The end of the selection process is signalled
by [A,r] — (A,r). Moreover, this production checks (via the greater rules) whether two

3Note that the case a = b is possible.
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adjacent symbols Y Z have been replaced or not (this prevents shortcuts in the derivation
process, too). This crucial check is done by testing whether the symbol to the right of [V 7]
is different from (Z,r) (only negative checks are possible in ordered grammars); this test
is equivalent to checking whether (Z,r) is to the right of [V, r], as long as it is guaranteed
that [Y,r] is not the right tail of the string we are going to transform. This is the reason
for introducing the right marker B.* A similar argument is valid for the check of the left
context of (Z,r). Note that we need both tests in order to prevent shortcuts, only replacing
either Y by [Y,r] or Z by (Z,r). Note further that this is the only part of the simulation
where we really need to check for strings instead of single symbols. Finally, the rules from
the last part in number 2 serve for the actual simulation of an application of r : XU — Y Z
in G. O

Employing [31, Teopema 4.2], we immediately get the next assertion.

Corollary 3.6 L‘gen(CF) C Egen(O,CF—)\) C L‘acc(o,CF—)\). O

Corollary 3.7 Lgen(0,CF) C Lacc(O,CF) = Lgen(RE).
Proof. We have to show Lgen(RE) C Lacc(O,CF). By [29, Theorem 1.9.10], any re-

cursively enumerable language [, C ¥* is the homomorphic image of a context-sensitive
language L' C V*. Hence, [ = h(L') for a morphism h : V* — ¥*. Without loss of
generality, we may assume X NV = (). Now, let V" = {A”| A € V'} a set of new symbols.
Then, we can use the same construction as in the above theorem, only adding the following
rules:

e w— A"<{B—= F|BeV} for h(A)=w;?
o A" 5 A for A€V,

e ¢ » F for ¢ € ¥ UV” which are greater than any of the rules given by the con-
struction of the above theorem. O

The last corollary from our theorem is the next normal form result:

Corollary 3.8 For any accepting ordered grammar (with or without A-rules), there exists
an equivalent one containing no productions w — A < w’ — A’ with w € Sub(w’). O

We are now going to show that the inclusion in Corollary 3.7 is strict. Note that the
following propositions also solve some problems marked as open in [5, pages 146,147].

Lemma 3.9 For Lgen(O,CF—A) and Lgen(0,CF), the emptiness problem is recursively
solvable.

4Using the Penttonen normal form [24], we would not need the right marker B.
®Note that the case w = A is possible.
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Proof. In [31, CremcrBue 2 on page 98], the solvability of the emptiness problem
for ordered grammar without A-productions is stated. If G = (Vy, Vg, P, S, <) is an or-
dered grammar containing A-productions, we can introduce a new terminal letter A and
replace each A-production A — A by A — A, yielding an ordered grammar G’ without
A-productions, such that Lgen(G) = h(Lgen(G")), where the morphism A is given by b+ b
for b € Vr, and A — A. Obviously, Lgen(G) = 0 iff Lgen(G’) = 0, and the latter problem
is solvable by [31]. O

Corollary 3.10 Lgen(0,CF) C L(REC)

Proof. By the above lemma, we know the solvability of the emptiness problem for
Lgen(0,CF). By a construction similar to Teopema 4.5 in [31], we know that Lgen (O,CF)
is effectively closed under intersection with regular languages. Applying the same idea as in
the proof of [18, Theorem 4], it can be shown that the membership problem is solvable for
ordered grammars. Since any recursively enumberable language is effectively the morphic
image of a context-sensitive language, by [18, Theorem 3(b)], there is a language in L(CS)\
Lgen(0,CF). O

In the same way, we can show the existence of a language in Lgen(M,CF—),ac) \
Lgen(0,CF). From [18], we may conclude further that Lgen(O,CF) is closed neither
under intersection nor under complementation, since this class embraces all context-free
languages. Note that these results on ordered grammars supplement the ones listed on
page 147 in [5].

Obviously, we get as an easy corollary:

Corollary 3.11 Lgen(O,CF) C Lace(O,CF) O

As already noted by Fris, ordered grammars are a special case of ‘grammars with Tj
restrictions’, or ‘conditional grammars of type (2(—X),3)’, as called by Paun in [22].

3.2 Conditional Grammars

Following Paun, we define:®

A conditional grammar of type (i,7), or (i,7)-grammar for short, ¢ € {0,1,2,2 — X, 3},
J €40,1,2,3}, is a pair (G, p), where G = (Vy, Vp, P,S) is a type-i grammar and p is
a mapping of P into the family of type-j languages over Vi;. Both in generating and in
accepting mode, for x,y € V3, we write v = y iff v = xyvay, y = ryway, v > w € P, and
z € p(v — w). The language generated by (&, p) is denoted by Lgen (G, p). The family of
languages generated by conditional grammars of type (z,7) is written Lgen(K,7,7). The
language accepted by (G, p) is denoted by Lacc(G,p). The family of languages accepted
by conditional grammars of type (7, j) is written Lacc(K, 1, 7).

SConditional grammars as defined in [5] only comprise conditional grammars of type (i, 3).
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If G = (Vn,Vr, P,S,<) is a generating ordered grammar with context-free rules, the
conditional grammar ((Va, Vr, P,5), p) of type (2,3) (which is A-free iff G is A-free) gen-
erates L((G), if p is defined as follows: p(A — w) = VA\ VG{A'|A - w < A — '}V
[13, p. 421]. Similarly, if G = (Vy,Vr, P, S, <) is an accepting ordered grammar, the
conditional grammar ((Va, Vr, P,5), p) of type (2,3) accepts L((G), defining p as follows:
plw—A)=Vi\ Vi{w' |w - A<w — A}V

In generating mode, the generalization from ordered grammars with context-free A-free
rules towards (2 — A, 3)-grammars enhances the power of generation [29, Theorem I1.3.7].
This is not true any more in the accepting case, as we will see in the following. The key
to show this is the equivalence of generating and accepting mode for (i, 7)-grammars.

Theorem 3.12 ﬁgen(K,i,j) = ﬁacc(K,i,j) for any Z,]

Proof. We want to apply our metatheorem. To any (¢, 7)-grammar G' = (Viy, Vr, P, S, p),
there corresponds a cc grammar G' = (Vi, Vpr, {P'},{S}) with v — w € P iff (v —
w,gsm,_u(p(v — w)) x {1}) € P', where the gsm-mapping gsm,,_,, replaces exactly one
occurrence of v by #, and keeps the other symbols unchanged. Since type-j languages
are closed under non-erasing gsm-mappings, gsm,_, 4 (p(v — w)) is a type-j language over
Vi U {#} with exactly one occurrence of #.

On the other hand, if G/ = (Vn,Vp,{P'},{5}) is a cc grammar with S € Vy and
productions (v — w, L(v — w) x {1}) € P’ (where v — w is a type-i production), then the
(1,7)-grammar G = (Vy, Vp, P, S, p) with v - w € P iff (v = w, L(v — w) x {1}) € P,
and p(v — w) = gsm;i)#([/(v — w)) NVZ, is equivalent to (7 and is indeed of type (¢,7),
since type-j languages are closed under inverse gsm-mappings which means that p(v — w)

v—F

is a type-j language over V.

As sketched above, the claim is now a direct consequence of our metatheorem.

For clarity, we give a direct proof of the statement, too.

At first, let us show Lgen(K,7,7) € Lace(K,7,7). Let G = (Vy,Vr, P,S) and p be
such that (G, p) is an (i,7)-grammar in generating mode. Without loss of generality, we
may assume that, for any v — w € P, p(v — w) C Vi{v}V4. We define an equivalent
accepting (7, j)-grammar (G', p") with G' = (VX,, Vp, P’,S) as follows: Vi, = Vy U {[w, v] |
v — w € P}; for any v — w € P, P’ contains the following productions (which are the
only ones in P’), and p’ is defined as follows:

o p'(w— [w,v]) = VG
o if yyvys € p(v — w), then yi[w, v]ys € p'([w,v] = v).

Any derivation step of G is simulated by two steps of G'. At first, G’ selects a w to
be replaced, and then the actual simulation takes place, accompanied by the appropriate
checks according to the original grammar (G, p).

The language p'([w,v] — v) can be also described in the following manner. Let F, be
some generalized sequential machine replacing exactly one occurrence of v as substring of

"Note that words containing some [w’, v'] are not in V.
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x € p(v — w) by [w,v]. Then, F,(p(v = w)) = p'(Jw,v] = v). Since each of the type-j
languages is an AFL, p’ maps onto type-j languages (see [29, page 135]).

The other implication Lacc(K,2,7) € Lgen(K,7,7) is shown by a similar two-step-
simulation. Let G = (Vi,Vr, P,S) and p be such that (G,p) is an (7, j)-grammar in
accepting mode. We define an equivalent generating (¢, 7)-grammar (G’,p') with G' =
(VX, Vp, P',S) as follows: Vi = VyU{[v,w]|w — v € P}; for any w — v € P, P’ contains
the following productions, and p’ is defined as follows:

o p(v—[v,w]) = V5
o if yywys € p(w — v), then yi[v, w]ys € p'([v, w] = w).

Similarly, if p(w — v) is of type j, then p/([v, w] — w) is of type 7, too. O
Especially, we find:

Corollary 3.13 (i) Lgen(O,CF=X) C Lgen(K,2 —A,3) = Lgen(CS)
(ii) Lacc(O,CF=X) = Lacc(K,2 = A,3) = Lgen (K, 2 — A, 3) = Lgen(C9)
(iii) Lgen(0,CF) C L(REC) C Lgen(K,2,3) = Lgen(RE)
(iv) Lacc(0,CF) = Lace(K,2,3) = Leen(K,2,3) = Lgen (RE) O

Moreover, we state the following observation: Analyzing the transformation from ac-
cepting ordered grammars with context-free rules to (2, 3)-grammars, we see that we do
not need the full power of regular languages in order to accept all context-sensitive (and
even enumerable when permitting A-productions) languages. We can restrict ourselves to
local languages (sometimes also called locally testable languages, see [28]). We do not know
whether we loose generative power when imposing a similar restriction upon the generating
mode.

Finally, we want to turn to an appropriate natural generalization of random context
grammars which we call random string context grammars (not to be confused with string
random context grammars [5]).

3.3 Random String Context Grammars

A random string context grammar is a system G = (Vn,Vr, P,S), where Vy, Vp, S have
their usual meaning, and P is a finite set of random string context rules, i.e. triples of
the form (o — 3,0, R), where o — (3 is a rewriting rule, and @, R are finite subsets of
V5. We write @ = y iff @ = xy0xy, y = 2182, for some z1, 22 € V3, (0 —» 3,Q,R) € P,
() € Sub(zy) U Sub(zz), RN (Sub(x;) U Sub(zs)) = 0.

Lgen (RSC,CF[=A],ac) (Lacc(RSC,CF[—=A],ac)) denotes the family of languages gener-
ated (accepted) by random string context grammars with [A-free] context-free productions.
If any permitting context () is empty, we put an f (indicating we only consider forbidding
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context) in front of RSC. If any forbidding context R is empty, we call the corresponding
language families Lgen(RSC,CF[—A]) (Lacc(RSC,CF[=A])).

Applying our metatheorem 2.3, we obtain:

Corollary 3.14 Lgen(X,Y) = Lacc(X,Y), and Lgen(RSC,Y,ac) = Lacc(RSC, Y, ac),
where X € {RSC,fRSC}, Y € {CF,CF—A}. 0

Note that random string context grammars with context-free rules are a restriction of
(,3)-grammars. For any production (A — w, @, R) of a given RSC grammar, introduce a
production A — w into the simulating (¢,3)-grammar attached with the language

p(A = w) = ([ VBV (U VE{CVE).

BeQ CeR

In some sense, RSC grammars are more closely related to 2-conditional grammars of
type (4,3) as introduced by Navratil®, see [22, page 185], where the context left and right
to the letter/word to be replaced is considered separately.

It is known that context-free fRC grammars are equivalent to generating ordered gram-
mars regarding their descriptional power [5, Theorem 2.3.4]. We are going to prove a
similar characterization of context-free fRSC grammars via accepting ordered grammars.

Theorem 3.15 (1) /:,gen(fRSC,CF—)\) = ,Cgen(CS) = L‘acc(o,CF—)\),
(11) L‘gen(fRSC,CF) — L‘gen(RE) — ﬁacc(O,CF).

Proof. In random context grammars, it is rather easy to show the equivalence of fRC
grammars and generating ordered grammars. Of course, by our above theorems, any
fRSC grammar can be simulated by an accepting ordered grammar, first constructing an
equivalent linear bounded automaton or an equivalent Turing machine.

On the other hand, a construction analogous to [5, Theorem 2.3.4] showing the above-
claimed equivalences of fRSC grammars and accepting ordered grammars is rather involved,
since in an ordered grammar a production w — A might be blocked by a greater rule
w' — A’ with, e.g., wx = yw' for some z,y with |y| < |w|. In fRSC grammars, we can
only check the context of w in the string to be rewritten, disregarding possible overlaps.

We already noticed that, from the construction given in the proof of Theorem 3.5, it
is possible to get a normal form representation for ordered grammars. Unfortunately, in
the construction given there, overlap occurs in point (2d) when testing the left context.
We may overcome this difficulty by introducing additional symbols of the form [B,r] into
the nonterminal alphabet of the simulating accepting ordered grammar.® These symbols
should be introduced by a rule B — [B, r] between (2a) and (2b) and appropriately handled
by the other (test) productions. (2d) is replaced by

8Navratil called these grammars ‘context-free grammars with (regular) conditions’ in [20]. Observe that
our metatheorem applies also to these grammars.
9This modification cannot be done when starting with a grammar in Penttonen normal form.
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(2d1) [A,r] = (A,r) ={A > F.B— F,(A,s) = F[A,s| = F,[T,] = F, [B,s'] = F,
(Tvsl) — F7 [Y,T]y — FW|S € Labv s’ € Lab\{r}v T e VN7 ye VG’ \ {(Z,T)}},

(2d2) [B,r] = B <A{B = F, z(Z,r) = F, [T,s] = F, [B,s] = F, | & € Lab\ {r},
T ¢ VN, z € Ve \ {[Y, T]}}

This overlapfree normal form enables us to apply the standard procedure from [5,
Theorem 2.3.4], delivering the claimed result.
The case including A-rules is treated as before. O

Combining this with our previous results, we see that fRSC grammars are more powerful
than fRC grammars. More precisely, we find:

Corollary 3.16 (1) /:,gen(fRC,CF—)\) = /:,acc(fRC,CF—)\) C ﬁgen(fRSC,CF—)\) =
ﬁacc(fRSC,CF—)\) = ,Cgen(CS),

(11) /:,gen(fRC,CF) — L‘acc(fRC,CF) C L‘gen(fRSC,CF) — ﬁacc(fRSC,CF)
= L‘gen(RE) O

Furthermore, for RC grammars, it is known that the restriction to only forbidding (or
to only permitting) context restricts the descriptive power of the mechanism. For RSC
grammars, such a restriction cannot be observed. A similar remark is valid as regards
appearance checking.

We conclude this section comparing RC and RSC grammars with respect to the restric-
tion to only forbidding (or to only permitting) context.

Theorem 3.17 (i) o Lgen(fRC,CF—=A) C Lgen(RC,CF—A,ac) C Lgen(CS);
o Loen(RC,CF=X) C Lgen(RC,CF—),ac) C Lgen(CS);
o Loen(fRC,CF) C L(REC) C Lgen(RC,CF,ac) = Lgen(RE);
o Loen(RC,CF) C L(REC) C Lgen(RC,CF, ac) = Lgen (RE);

(ii)) @ Lgen(fRSC,CF—)) = Lgen(RSC,CF—A,ac) = Lgen(CS);
® /:,gen(RSC,CF—)\) g ,Cgen(RSC,CF—)\, ELC) = ,Cgen(CS),
® /:,gen(fRSC,CF) = L‘gen(RSC,CF, ELC) = ,Cgen(RE),
® ,Cgen(RSC,CF) g L‘gen(RSC,CF, ELC) = ,Cgen(RE),
Proof. Egen(RSC,CF—)\,aC) C ,Cgen(CS) and Egen(RSC,CF,aC) C Egen(RE) can be
shown by standard constructions.
Lgen (RSC,CF—X,ac) € Lgen(CS) is seen via a standard construction of a simulating

linear bounded automaton. Similarly, or by appealing to Church’s thesis,

Egen(RSC,CF,aC) C Egen(RE) can be shown.
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For the strictness of the inclusion Lgen(fRC,CF—X) C Lgen(RC,CF—A, ac) see [31]
combined with [5, Theorem 1.2.4]. The strictness of the inclusions Lgen(RC,CF) C
L(REC) C Lgen(RC,CF,ac) follows combining [5, Theorem 1.2.4] and [18, Corollary 5]. O

The only thing left open is whether the inclusions Lgen(CS) 2 Lgen(RSC,CF—X) and
Egen(RE) D Egen(RSC,CF) are strict or not. basically because we did not see any way
to prevent multiple applications of the same rule. This situation contrasts a bit with
the one encountered with string random context grammars with left derivation (another
possible variant of random context grammars), whereas the forbidding context restriction
still poses problems, where the permitting context restriction is fairly easily solved, see
[5, page 89]. Another idea to prove the strictness of the inclusions Lgen(RSC,CF[-A]) C
Lgen (RSC,CF[—-A], ac) would be to use [18], but we were not able to show this either.

21



Chapter 4

Matrix Grammars, Programmed
Grammars and Grammars with
Regular Control

4.1 Matrix Grammars

A matriz grammar ([1, 5]) is a quintuple G = (Vn, Vp, M, S, F'), where Vi, Vr, and S are
defined as in Chomsky grammars (the alphabet of nonterminals, the terminal alphabet,
and the axiom), M is a finite set of matrices each of which is a finite sequence m : (ay —
Br,00 = B, ..., — By), n > 1, of ‘usual’ rewriting rules over Vg, and F' is a finite
set of occurrences of such rules in M. For some words z and y in V& and a matrix
m: (a1 = Br,a2 = Boy ..o a — B,) in M, we write @ =y (or simply @ = y if there is
no danger of confusion) iff there are strings xq, 1, .. .,:L'nmsuch that ©g = x, ¥, = y, and
for 1 <1 < n, either

! ! ! *
iy = Zio10uZ;_q, T = Zi—1 iz for some 2,4, z,_; € V&

or x¥;_1 = x;, the rule a; — [; is not applicable to x;_;, and this occurrence of a; — 3,
appears in F'. One says that the rules whose occurrences appear in F' are used in appearance
checking mode, and that a matrix grammar is defined with (without) appearance checking if
F'# 0 (F =0). The language generated (accepted) by (i is defined as Lgen(G) = {w € V7
| S = w} (Lace(G) = {w € Vi |w = S}).

The family of languages generated (accepted) by matrix grammars with appearance
checking and with context-free rules a — 3 in their matrices shall be denoted by Lgen (M,
CF,ac) (Lacc(M,CF,ac)), and for the family of languages generated (accepted) by matrix
grammars without appearance checking and with context-free rules we shall use the no-
tation Lgen(M,CF) (Lacc(M,CF)). If A-rules are forbidden in the matrices we arrive at
the families Lgen(M,CF-),ac) (Lace(M,CF-A,ac)) or Lgen(M,CF-)A) (Lacc(M,CF-X)),

respectively.
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Clearly, the concept of the matrix grammar G¢ = (Viy, Vo, M4, S| F'?) dual to a matrix
grammar G = (Vy, Vp, M, S, F') should be determined as follows:

e if a matrix m : (ay — (1,00 = [B2,...,a, — [,) appears in M, then m’ : (3, —
Qs ., 31 — 1) is contained in M9,

e there are no further matrices in M4,

e the occurrence of some rule 3; — «; in some matrix m’: (8, = au,...,01 = a1) is
in F'%iff th di f thi le (i : - in th di
in iff the corresponding occurrence of this rule (i.e. a; — [; in the corresponding
matrix m from which m’ is constructed as above) is in F.

By a proof analogous to the proof of [29, Theorem 1.2.1], we find the following theorem.

Theorem 4.1 (i) Lgen(G) = Lacc(G?), for any generating matrix grammar ¢ with-
out appearance checking.

(ii) Lacc(G) = Lgen(Gd), for any accepting matrix grammar G without appearance
checking. O

Even in case of matrix grammars, we might have argued with our metatheorem. We
show this construction in the following in case of matrix grammars with erasing core
productions. Contrary to the so-far applications of the metatheorem, this construction
does not carry over to the case of pure matrix grammars.

Let my,...,m; be the matrices of G = (Viy, Vr, M, 5), and
(it = Bty ooy qig, = Bir,)

be the production sequence of matrix m;. We introduce a unique label p;; (1 <@ < ¢,
1 <j < k). In the equivalent cc grammar G' = (V{, Vp, P, {5'}) with Vi = Vy U {p;; |
1 <i<t,1 <35 <k}U{S} (the unions being disjoint), we have a start table containing
{S" = Spiu,A#} x {1} |1 < ¢ < t}, a termination table {(p;y — A Vi{#} x {1})]
1 <4 < t}, and, for each p;;, 7 < k;, a table {(ai; — Gi;, VA{#IVE{#} x {1}), (pi; —
piren VEA#IVE#) x {21)}, and, for cach pig, o table {(0m, — Ga. Va{#)Va{#) x
DT U (i — ps VAR x 2D)[1< 5 < 1),

On the other hand, a cc grammar of the given form can be readily transformed into an
equivalent matrix grammar.

Observe that nearly the same construction is valid for matrix grammars with leftmost
restrictions of type left-3, see [5], showing that also in that case (without appearance
checking) generating and accepting grammars are equally powerful.

A similar but more awkward construction is possible in the non-erasing case.

Nevertheless, in this case we think that the direct proof given through the concept of
dual grammars is more lucid than the deviation via cc grammars.

We would like to add a caveat regarding transformations into cc grammars in this
place. Observe that we could also include appearance checking features in cc grammars
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which are not reversible, e.g., via a table {(p;; = pijs1, (VE\ (VE{ai; }VEO{#} x {1D}.
Taking the dual grammar, we would exclude 3;; instead of «;;, which gives some feeling
why appearance checking really behaves different, as it is shown below.

Considering matrix grammars with appearance checking, we find the assertion of The-
orem 4.1 to be violated by the following example: let ¢ = ({A},{a},{(A — aa, A —
a)}, A, F) be a generating matrix grammar, where F' contains both A — aa and A — «,
then we have Lgen(G) = {aa} but Lacc(GY) = {a,aa}.

This difficulty cannot be overcome by some normal form result similar to Lemma 3.1.
This will be seen by Corollary 4.12 and can be illustrated by the next example.

Example 4.2 Let G = ({5,5, X, Y}, {a,b}, M, S’, F') be the generating matrix gram-

mar with appearance checking, where M contains the matrices

mo: (S —=9),

my: (S = X),

my: (X — SX),

ms: (X —b),

my: (X =Y, 8 —a,5—al5),

and F consists of all rules from matrix m4. Then Lgen(G) = {a,b} U {a*"7'b|n > 1}.

This can be seen as follows. Starting with mg, we get the uniquely determined derivation

S' = § = a. If we first apply the matrix my, then either we can terminate to b by ms
mo my

or we can derive SX by my. A string S™X can be rewritten by mq yielding S"*1 X or by
ms deriving S™b. The application of my4 to S”X can be disregarded since it introduces Y
which is a trap symbol. From 5"b the derivation must be continued by my, and we get

S —= b= 10 = ... = a,0b,
my my my my

where |z;|s =n —7 and |z;|, = 2¢, for 1 <7 <n—1,and z, = L.
On the other hand, by ¢ the following derivation is possible: a? = aS = S = 5.
g g 0

Hence, a? € Lacc(G?) and a* ¢ Lgen(G).

4.2 Programmed Grammars

A programmed grammar ([25, 5]) is a construct G = (Vn, Vr, P, S), where Vy, Vp, and S
are defined as in Chomsky grammars, again, and P is a finite set of productions of the
form (r: o — B, o(r), ¢(r)), where r : o — (3 is a rewriting rule labelled by r and o(r)
and ¢(r) are two sets of labels of such core rules in P. By Lab(P), we denote the set of
all labels of the productions appearing in P.

A sequence of words over V7, yo,y1,...,Yn, 1s referred to as a derivation in G iff, for
1 < < n, there are productions (r; : o; — 3, o(r;), ¢(r;)) € P such that

, , ) .
Vi1 = Zic10uzi_ Ui = zima izt and, if 1 <o <n, ripq € o(ry)
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or
a; ¢ Sub(yi—1), yic1 = yi, and, if 1 <4< n, rigg € o(ry).

Note that — in terms of the concept of matrix grammars — in the latter case, the
derivation step is done in appearance checking mode. The set o(ry) is called success field
and the set ¢(ry) failure field of r1. The language generated by G is defined as

Lgen(G) = {w € V7 |there is a derivation S = yo,y1,...,yn = w}
if G is a generating programmed grammar and
Lacc(G) = {w € V} | there is a derivation w = yo, y1,...,yn = 5}

if GG is an accepting one.

The family of languages generated (accepted) by programmed grammars of the form
G = (Vw, Vr, P,S) containing only context-free core rules is denoted by Lgen(P,CF,ac).
When no appearance checking features are involved, i.e. ¢(r) = () for each rule in P, we
are led to the families Lgen(P,CF) (Lacc(P,CF)). The special variant of a programmed
grammar, where the success field and the failure field coincide for each rule in the set P of
productions, is said to be a programmed grammar with unconditional transfer . According
to the notation which has been introduced up to here, we shall denote the class of languages
generated (accepted) by programmed grammars with context-free productions and with
unconditional transfer by Lgen(P,CF,ut) (Lacc(P,CF,ut)). If erasing rules are forbidden,
we replace the component CF by CF-A in that notation.

Let G = (Vy, Vr, P, S) be a programmed grammar (in generating or in accepting mode).
Then the dual grammar G? is the quadruple (Viy, Vi, P4, S), where P? is constructed as
follows: with a production (r : a — 3, o(r),¢(r)) we associate the production (r¢ :
B — a, ol(r), ¢*(r)) with o(r) = {s € Lab(P)|r € o(s)} and ¢%(r) = {s € Lab(P)|
r € ¢(s)}. Then we have (G%)? = G, and G is of the same type as G.

Again, similar to [29, Theorem 1.2.1], we find the next theorem. Also in this case, we
might have applied our metatheorem directly, but we did not do this, since as in matrix
grammars the required construction is much more complicated than the natural concept
of a dual grammar.

Theorem 4.3 (i) Lgen(G) = Lacc(G?), for any generating programmed grammar ¢
without appearance checking.!

(ii) Lacc(G) = Lgen(Gd), for any accepting programmed grammar G without appear-
ance checking. O

That this statement does not hold for programmed grammars in general can be illus-
trated by analogous arguments as given for the matrix case (e.g., see Example 4.2).

!Note that a programmed grammar with unconditional transfer is not a programmed grammar without
appearance checking.
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4.3 Grammars With Regular Control

Let G' = (Vy,Vr, P,S) be a type-n grammar with labelled rules, i.e. P = {r; : g —
B1, 190 az = By ooy oy — (a), let Lab(P) be the set of all labels {ry,rq,...,r.},
F C Lab(P), and let R be a regular language over the alphabet Lab(P). Then G =
(Vn, Vp, P, S, R, I) is refered to be a (type-n) grammar with regular control (cf. [15, 5, 29]).
The language generated by G consists of all words w for which there is a word r;,ry, -+ -7y,
in R and there are strings g, 1, ..., x) such that xg = S and a; = w if G’ is generating,
and x¢g = w, x = S if G’ is accepting, respectively, and for 1 < j < k, either

—_— . . / . —_— . . / . / *
Tj = 20z g, Ty = Z]_lﬁzjzj_l for some z;_q, 2 €Va,

or r;_1; = xj, the rule with label r;, is not applicable to x;_, and r;; € F'. The rules with
a label in F' are used in appearance checking mode, since, during a derivation according to
a word in R, they can be passed over if not applicable. Clearly, if F' = () then G is said to
be without appearance checking.

By Lgen(rC,CF, ac), the family of languages generated by context-free grammars with
regular control is denoted. In the same manner as, e.g., for matrix grammars, the classes
Lgen (rC,CF — X ac), Lgen(rC,CF), Loen(rC,CF — A), Lacc(rC,CF,ac), Lace(rC,CF —
Ayac), Lace(rC,CF), and Lacc(rC,CF — X) are introduced.

Given a grammar G' = (Vy, Vp, P, S, R, F') with regular control, its dual is determined
as G4 = (Vy, Vp, P4 S Mi(R), I), where P* = {r; : 3; = a;|ri : a; = 3; € P}. Indeed,
G is a grammar with regular control, since the family of regular languages is closed under
mirror image®. Once more, by analogous arguments as in the proof of Theorem 1.2.1 in
[29], we find a trivial equivalence between generating and accepting mode for grammars
with regular control if appearance checking is forbidden.

Theorem 4.4 (i) Lgen(G) = Lacc(G?), for any generating grammar ¢ with regular
control that is defined without appearance checking.

(ii) Lacc(G) = Lgen(Gd), for any accepting grammar GG with regular control and
without appearance checking. a

We summarize our previous results in the following.
Corollary 4.5 Lgen(X,Y) = Lacc(X,Y), where X € {M,PrC}, Y € {CF,CF-A}. O

Even in this case our metatheorem is directly applicable. Let G be a grammar with
regular control, G = (Vy, Vr, P, S, R, I), where I' = (). Since R is a regular language, there
is a finite automaton® A which recognizes R, A = (Lab(P), Z, 2, @, ), where Lab(P) is
the input alphabet, Z = {zg,21,..., 2} is the set of states, zg is the initial state, ) C Z

?By this argument, the concept of the dual to a grammar with control, where the control language is
taken from any language family which is closed under mirror image, can be given in this way.
3For details concerning the notion of finite automaton, confer to, e.g., [29] or [5].
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is the set of final states, and ¢ is the transition function of A. We construct an equivalent
cc grammar G’ = (Vy, Vi, P',{5"}) with V{, = Vy U{[r,z]|r € Lab(P), z € Z} U {5}
(the unions being disjoint), P’ containing a start table {(S" — S[r, zo], {#} x {1})|r €
Lab(P)}, a terminating table {([r,q] — X, Vi{#} x {1})|r € Lab(P), ¢ € Q}, and for
each production (r: o — ) € P, a table {(a — 5, VA{#Va{#} x {1} U {([r, 2] =
(2, VE{# IV {#) % (20) | € Tab(P), =/ € 6(,)}.

Conversely, a cc grammar of the given form can be readily transformed into an equiv-
alent grammar with regular control.

4.4 Appearance Checking Features

Theorem 4.6 For Y € {CF-A, CF}, we have
(i) ﬁacc(M,Y) = ﬁacc(P,Y) = ﬁacc(fcay) )
(ii) 'CELCC(Mv Y, ac) = ﬁacc(Pa Y, ac) = ﬁacc(fca Y, ac) .

Proof. (i) Because of Corollary 4.5 it is sufficient to refer to the following. In [5, Theorem
1.2.2] the equivalence of the classes Lgen(M,Y) and Lgen(P,Y’), and in [29, Theorem V.6.1
and Theorem V.6.6] the equivalence of the language families Lgen(M,Y") and Lgen(rC,Y’)
has been proved.

(11) (EL) Eacc(M, Y, ELC) g ﬁacc(P, Y, ELC).

Let G = (V, Vi, M, S, F') be an accepting matrix grammar (with appearance checking),
M = {m17m27"'7m7’}7 my (rilvri%"'vrik,‘)v Tij L Vij — Azyv 1 < ? < r, 1 < .] < kz We
set

Vi={d|lacVr} and Vy=VyUViU{S},

(the unions being disjoint), and we define a homomorphism h by

h(a)=d for a € Vi, h(A)=Afor A€ Vy.

Now, we construct the accepting programmed grammar G = (Vy, Vz, P, S), where P con-
tains the following productions:

(1) (la] = a —=d {[pl[b € Vry, {[11],[2,1],.... [ 1]}),

if?“iji UZ']‘—>AZ']‘,1§Z'§T,1§]'<]€Z',

(3) ([ kil = Plvir) = Aggs {11012, 10, [, 10, %), 8(3, ki)
1fr2kl DU — Aik,‘, 1< < r,

(4) (x: 8 =S, {x},0),
where, for 1 < <r, 1 <5<k,
.0 ri; ¢ ¥
(S(Zv.]) - {0.([@7]]) Tii cF
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Obviously, any derivation by  has to start by application of a production of type (1)
and thus, all occurrences of terminal symbols have to be replaced by their primed versions.
Now, the productions of type (2) and (3) are used in order to simulate the application of
matrices in M. The goal symbol can be derived if and only if the sentential form S has
been obtained by application of a production of type (3). Hence, L(G) = L(G).

Clearly, if (G is defined without erasing rules, G is an accepting programmed grammar
without erasing rules, too.

(ii) (b) Lacc(P,Y,ac) C Lacc(rC,Y, ac).

We omit this proof since the construction in the proof of [29, Theorem V.6.1] for the
corresponding generating devices can be used here.

(ii) (¢) Lacc(rC,Y,ac) C Lace(M, Y, ac).

Let G = (Vi,Vr, P, S, R) be an accepting context-free grammar with regular control,
Vv ={A1,Ag,... A, and P ={r;:vg = Ay re v = Ay ooy s v — Ay, and
let A be the finite automaton which recognizes R, A = (Lab(P), Z, z9, @, §), where Lab(P)
is the input alphabet, Z = {zg, z1,..., 21} is the set of states, z¢ is the initial state, @ is
the set of final states, and ¢ is the transition function of A. We construct an accepting
matrix grammar G’ = (Vi,, Vi, M, S’ '), where

V=W U{[A,z]|A € VN, z€ ZYU{E},

(the unions being disjoint), and M containing the following matrices:

(1) ([Al,Zo] — E, cee [An,Zo] — E,
[Al,Zl] — E, cee [An,Zl] — E,
(A ze] = E, o [An, 2] = B, v — [Ai), 0(20,75)]) for 1 <5 <m,

(2) ([Az] = A, v; — [Aij,(S(z,rj)]) foreach AeVy,zeZ, 1<7<m,
(3) ([S,¢] = 9) for each ¢ € Q.

Let F' contain all productions with the letter F on their right-hand sides as well as all
productions v; — A;, in the matrices of type (2) whose label r; is an element of F. Any
derivation must start with a matrix of type (1) which simulates the application of one rule
ri tv; — Ay € P with |v|lyy = 0 introducing the nonterminal [A;,, 2] such that z is the
state that is reached by A after reading r; as first input symbol. Since a further application
of a matrix of type (1) introduces the trap symbol, there is exactly one nonterminal of the
form [A,z], A € Vy,z € Z, in every sentential form which is not a terminal word and
yields the goal symbol. The task of a matrix of type (2) is twice. At first it simulates the
application of a rule in P, and secondly a transition of the automaton A is calculated in the
following manner: if we have simulated a derivation according to ryre---r;, €(Lab(P))*
then the second component of the nonterminal of the form [A,z], A € Vn,z € Z, in
the derived sentential form equals the state that is reached by A after reading the input
iy Tiy -+ T4, Thus, the goal symbol S” can be reached (by an application of the matrix (3))
iff the iterated application of matrices of type (2) simulates a derivation according to ¢
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which yields S. Hence, Lacc(G') = Lacc(G). Clearly, if G is A-free then G is A-free, too.
O

If appearance checking features are permitted in the accepting case, like in ordered
grammars we can test both the containment and the noncontainment of a string. Indeed,
we are led to results corresponding to the statements of Theorem 3.5 and Corollary 3.7 for
accepting ordered grammars. First let us show the following.

Theorem 4.7 Lacc(0,X) C Lacc(P, X, ut), where X € {CF,CF — A}.

Proof.  The proof of [31, Teopema 4.3] of our statement for the generating case is
transferable to the accepting case, cf. our meta-observation. a
Corollary 4.8 (i) For any (generating) context-sensitive grammar, there is an equiv-

alent accepting nonerasing programmed grammar with unconditional transfer.

(ii) For any (generating) type-0 grammar, there is an equivalent accepting programmed
grammar with unconditional transfer.

Proof. The assertion follows from Theorem 4.7, if we take into consideration the results
presented in Theorem 3.5 and Corollary 3.7. O

Theorem 4.9 (1) ﬁacc(P, CF, ELC) g Eacc(RE),
(11) /:,aCC(P,CF*)\, ELC) g ,Cacc(CS).

Proof. (i) Clearly, this statement follows from the Church’s thesis, but it can also
be proved directly. Let G = (Vy,Vp, P,S) be an accepting programmed grammar with
appearance checking. First let us mention that, without loss of generality, we can assume
that ¢(r) = 0 if (r : v = A, o(r), ¢(r)) is a production with v = X (a rule A — A is
applicable to any string over V).

We consider an accepting type-0 grammar G’ = (V, Vr, P’, 5") constructed as follows®.
We set

Vi=Wu{B.C.stu |J {A.B.C. D},
reLab(P)

where the unions shall be disjoint. P’ contains the following rules:

1. Here we introduce some starting and ending rules.

1)

2) a—aC foraeVy

3) C — A.C forr € Lab(P)

4) BSA,.C — 5" forr e Lab(P)

a — Ba forac Vy

(
(
(
(

4Our construction is based on the proving idea of [5, Lemma 1.2.4].
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(Because of the last rule, a derivation is accepting if (and — by the following rules — only
if) each of the following conditions is satisfied:

e B has been derived exactly once as left marker,
e (' has been derived exactly once as right marker,
e there is exactly one application of a rule of type (3) during the derivation.)

2. For any production (r: v — A, o(r),¢(r)) in P, v # A, we introduce the following rules
in P’.

(5) wA, » WAz forw,w € (VwUVE)*, 2z € Vn UV, |w| = |v],v#w=1uw'z
(6) vA, —vB,

(7) zB, — B,z forzeVyUVp

(8) wvB,— AC,

9) C,z—zC, forzeVyUVp

(10) C,C — A,C  for s € o(r)

(11) BwA, —» BwD, for w e (Vy U V)", |w| < |v| =1

(12) D,z —zD, forzeVyUVp

(13) D,C — A,C  for s € ¢(r)

The nonterminal A, checks whether the rule with label r is applicable. In the affirmative
case it introduces B, which can be replaced only by simulating the core rule of the produc-
tion that is labeled by r. At this, C, is introduced which moves to the right and derives
A, such that s is in the success field of r. If the production with label r is not applicable
D, is introduced which also moves to the right and derives A, with s € ¢(r).

3. For any production (r: A = A, o(r), §) € P, we introduce a rule A, — B,, and we
add the rules (7) — (10) constructed above. (Clearly, the rule (8) is of the form B, — AC,,
now.)

Obviously, the sentential forms contain at most one letter A,, B,, C,, or D, for some
r € Lab(P). Hence, L(G") = L((G), and the proof is complete for the type-0 case.

(ii) Now, let & be length-increasing. By the proof of Theorem 1.2.1 in [29], the con-
struction of G’ in (i) implies that there is an equivalent generating type-0 grammar to ¢
with

WS(z,G") < l|z|+3

for any « € L(G"). From the workspace theorem [29, Theorem III.10.1] we obtain L(G") €
Lgen(CS). In conclusion, L(G) € Lacc(CS), and the proof is finished. O

Because of the fact that any programmed grammar with unconditional transfer is an
arbitrary programmed grammar (with appearance checking) of the same type, we arrive
the expected corollary.
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Corollary 4.10 (1) Eacc(M, CF, ELC) = ﬁacc(P, CF, ELC) = ﬁacc(P, CF, ut) =
= ,Cacc(rc, CF, ELC) = ,CaCC(RE) 5

(11) ﬁacc(M,CF*)\, ELC) == ﬁacc(P,CF*)\, ELC) == Eacc(P,CF*)\,ut) ==
= Eacc(rC,CF*)\, ELC) = ,Cacc(CS). O

In conclusion, we find a hierarchical result for programmed grammars in accepting mode
which is still open in the generating case.

Corollary 4.11 For Y € {CF,CF-A}, we have
EaCC(P,Y) C ,CaCC(P,Y, ut) O

The main result of this section is given in the next corollary.

Corollary 4.12 Let X, Y € {M, P, rC}. Then, we have
(1) Egen(X, CF, ELC) == Eacc(Y, CF, ELC),
(11) ,Cgen(X, CF*)\7 ELC) C ,Cacc(Y, CF*)\7 ELC).

Proof. By [5, Theorem 1.2.4 and Theorem 1.2.5], Lgen(M,CF-)\,ac) C Lgen(CS) and
Lgen (M, CF,ac) = Lgen(RE) hold. By [29, Theorem V.6.1 and Theorem V.6.6], we have
Lgen(M, X,ac) = Lgen(rC, X,ac), X € {CF,CF-A}. Since the family of generated type-
n languages and the family of accepted type-n languages coincide for n € {0,1}, the
statement is a direct consequence of Corollary 4.10. O

Note that we could have proved, e.g., Lacc(CS) € Lacc(M, CF-A,ac) also directly,
using an argument similar to the one given for ordered grammars. To conclude this section,
we enclose such a proof below.

Let L € Lgen(CS), L € V*. Obviously,

L= |J {a}d,(dy(L)){b} U (LN (VUV?)).

a,beVv

This identity proves that, since accepting matrix languages are easily seen to be closed
under finite union, it is sufficient for the proof of the present assertion to show that
{a}M{b} € Lacc(M,CF—Aac) for M € Lgen(CS), A & M.

We consider a generating context-sensitive grammar G = (Vy, Vp, P, S) without M-
productions in Kuroda normal form generating M. We construct an accepting matrix

grammar G = (Vy, Vo U {a,b}, M, S, F) as follows. Let

V_N:VNU{Avang}U{Y/|Y€VN}
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(the unions beeing disjoint), (Vy U Vy) \ {Y'|Y € Vi } = {C1,C4,...,C,}, let M contain

the following matrices:

(a) (ASB — S),

(b) (A=E,B—FE, a—Ab—B),

(¢) (A=A B— B,x— X) forall context-free rules X — « € P,
(

d) (A=A B->B Y=Y 77,
YO, - E YC,—E ....Y'C, = F,
W' —E, C 72— E ...,C, 7 = E,
Y- X, 7= U) for XU—=YZeP,

and let I’ contain exactly all rules with the symbol F on their right-hand sides. One can

easily prove that Lacc(G) = {a} M{b}.

4.5 Comparison Results

Finally, we want to compare our results obtained so far in the accepting case with the
corresponding known results in the generating case, cf. [5, Theorem 1.2.4] as regards
matrix (or one of the equivalent regulation mechanisms) and random context grammars.

Theorem 4.13 L] ,Cgen(RC,CF) = /:,aCC(RC,CF) g Egen(M,CF) = ,Cacc(M,CF) C
L(REC).

¢ Egen(RC,CF - )\) = Eacc(RC,CF - )\) g Egen(M,CF — )\) = ,Cacc(M,CF — )\) C
£(CS).

L L‘gen(RC,CF,aC) = Eacc(RC,CF,aC) = ,Cgen(M,CF,ELC) = ,CaCC(M,CF,ELC) = /:,(RE)

d ’Cgeﬂ(Rcch_)‘v ELC) = 'CELCC(RC7CF—)\, ELC) = L‘gen(M,CF—)\, ac) C ,CaCC(NLCF—
Ayac) = L(CS). O

Now, we turn our attention to devices who are parallel in nature.
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Chapter 5

Lindenmayer Systems

An ETOL system is a quadruple G = (V,V' {P,..., P.},w), where V' is a non-empty
subset of the alphabet V., w € VT, and each so-called table P; is a finite subset of V' x V*
which satisfies the condition that, for each @« € V, there is a word w, € V* such that
(a,w,) € P; (again, the elements of P; are written as a« — w, in the generating case), such
that each P; defines a finite substitution o; : V* — 2V, In the generating case, x = y iff
y € oi(x) for some 7, and Lgen(G) = {v € V" |w = v}. If no table P; contains a A-rule,
ie. P, CV x V7T for each i, the system is called propagating; in this case, we add the
letter P to the notation of the system. If for any table P,, « — w € P, and a — w’ € P,
imply w = w’, the system is called deterministic; in this case, we add the letter D to the
notation of the system.

The basic properties of the derivation in L systems (in contrast to the sequential rewrit-
ing mechanisms considered above) may be summarized as follows.

e Any symbol [subword] in the word under consideration has to be rewritten in one
derivation step (in parallel).

e In the derivation, terminal symbols may be replaced.

Coming to accepting L systems, one necessary change in the formulation of the rewriting
rule is that we must replace subwords instead of symbols, as indicated in square brackets
above. But, this ad hoc approach is not sound for several reasons.

e In contrast to the generating process (where the now discussed item is trivial), we
are forced to consider the partition of the word to be derived into non-overlapping [!]
subwords separately as the first step inside a derivation step. Where in L. systems,
it is still easy to rule out segmentations which leave out some subwords underived,
and are, hence, not partitions observed in the derivation process of L systems, we get
into trouble within systems which are only partially parallel. We discuss this item in
detail at the appropriate places.
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e )-productions cannot meaningfully be interpreted within the above intuition: Re-
place every A occurring as some subword ... This problem is circumvented if we
interpret the set of productions defining some inverse substitution.

e The intuition of the ‘deterministic’-restriction in L systems is twofold:

— in a static interpretation, we say an L system is deterministic if the left-hand
sides of the productions are distinct in each table, or formally: each table P,
satisfies the condition: if @ — w € P; and ¢ — w’ € P;, then w = w';

— in a dynamic interpretation, a substitution o; is deterministic iff, for any w € V*,
there is at most (and hence, exactly one) v € o;(w).

In the generating mode, these two intuitions lead to the same notion of determinism,
which is not the case in accepting mode. We will discuss this item in connection with
pure grammars and systems. Here, we restrict ourselves to the static interpretation.
In the accepting mode, this would mean that we require the left-hand sides of the
productions of one table to be different.

We now formally introduce accepting L systems: Each table P; is a finite subset of
V* x V which satisfies the condition® that, for each a € V, there is a word w, € V* such
that (wg,a) € P; (the elements of P, are written as w, — « again), such that each P,
defines a finite substitution o; : V* — 2V" gi(a) = {w|w — a € P}. In the accepting
case, y = z iff ¥ € o7 '(y) for some i, and Lacc(G) = {v € V™ |v = w}. If no table P,
contains a A-rule, i.e. P, C V't x V for each 7, we call the system propagating; in this case,
we add the letter P to the notation of the system. If for any table P;, w — a € P; and
w— a € P, imply a = &', we call the system deterministic; in this case, we add the letter
D to the notation of the system.

IfG = (V,V'.{P,...,P.},w) is an ETOL system, then the number r of tables is
denoted by Syn(G). For L € Lgen(ETOL),

Syngen (L, ETOL) = min{Syn(G) | G is a generating ETOL system, and Lgen(G) = L}.
Analogously, for L € Lacc(ETOL),
Syngcee( L, ETOL) = min{Syn(G) | G is an accepting ETOL system, and Lacc(G) = L}.

IfG=(V,V',{P,...,P.},w) is a generating ETOL system, for 1 < j <r and a € V,
we define Det(G, P;,a) = #{a — y|a — y € P;}. The degree of nondeterminism of

!This so-called ‘completeness condition’ for L systems cannot be transferred to the accepting case
requiring that for any possible left-hand side, there is at least one rule in P;, since the specification of P;
should remain finite. One might wish to abolish the completeness condition totally, and, at least in the
generating case of systems with extensions [21], this modification does not alter the descriptive power. But
we do not investigate this item in the accepting case in this paper.
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the system G is defined as Det(() = max{Det(G, P;,a)|1 < 57 < r,a € V}. For L €
Lgen (ETOL),

Detgen (L, ETOL) = min{Det(() | G' is a generating ETOL system, and Lgen(G) = L}.

Analogously, if G = (V, V' {Py,..., P.},w) is an accepting ETOL system, for I < j <r and
y € V*, we define Det(G, Pj,y) = #{y — a|y — a € P;}. The degree of nondeterminism
of the system G is defined as Det((G) = max{Det(G, P;,y)|1 < j < r,y € V*}. For
L € Lacc(ETOL),

Detacc(L, ETOL) = min{Det((') | GG is an accepting ETOL system, and Lacc(G) = L}.

As regards the comparison of the descriptive power, L systems are quite trivial, since any
application of a finite substitution in generating mode can be simulated by an application
of the inverse of a finite substitution in accepting mode and vice versa. More specifically,
if P is a table of a generating ETOL system, we call P? = {v — w|w — v € P}
dual to P. If G = (V,V',{P,...,P.},w) is a generating ETOL system, its dual G* =
(V, V' {P{, ..., P%} w) is an accepting ETOL system with Lacc(G?) = Lgen(G). Similarly,

one can define the dual of an accepting ETOL system with an analogous property.
Theorem 5.1 ﬁgen(E[P][T]OL) = ﬁacc(E[P][T]OL) O

This result is equally easily seen using cc grammars: For any ET0L-table ¢, we introduce
in the simulating cc grammar a table ¢ consisting exactly of the productions (v — w, {#}* %
N) whenever v — w € t.

The notation (consistently used throughout this paper) should mean that you may omit
the same letters occurring in brackets on both sides of the equation.

Obviously, our theorem allows also to carry over results on the synchronization degree
from generating systems [26] to accepting ones.

In the following, we consider (syntactically) deterministic systems. It is clear that the
trivial equivalence of the above theorem does not hold for these systems. In fact, we will
prove inequivalence of generating and accepting mode in the following. First of all, we
define some sort of normal form.

Let GG be some ETOL system (be it generating or accepting). G is called symmetrically
deterministic or ESDTOL system iff for any table P and any two productions vy — wy, vy —
we € P, v; = vy is equivalent to wy = w,.

Lemma 5.2 ﬁgen(EDTOL) = ﬁgen(ESDTOL)

Proof. Since the inclusion ‘O’ of the claim is trivial, the other direction ‘C’ remains to be
shown. Let G = (V,V' {Py,...,P.},w) be a generating deterministic ETOL system with
V=Aa,...,a;}, V' ={ass1,...,a;}. Let F Ay, ..., A; be new symbols. We define a new
total alphabet V =V U {F,Ay,..., A/}

For each table P in G, define

conflict(P) = {a; = x € P|(Jj #1)(a; > x € P)} and

35



no-conflict(P) = P \ conflict(P)
Define
SD(P) = mno-conflict(P)U {a; = A |a; — x € conflict(P)}
U {A = FPa; e VIU{F = F}, and
T, = {A; = AJUu{b—=0blbe V\{A;}}
Consider the symmetrically deterministic system
G=V, V' {SD(P),....SD(P,),Ty,...,T;},w).
It is easily seen that Lgen(G) = Lgen(é). O

Lemma 5.3 ﬁacc(ETOL) = ﬁacc(EDTOL)

Proof. We have to show the inclusion C. The proof is very much alike the previous one.
Let G = (V,V' {P1,..., P.},w) be an accepting ETOL system.
For each table P in G, define

conflict(P)={x wy € P|(Fz#y)(x -z € P)} and
no-conflict(P) = P \ conflict(P)

We introduce new symbols A,_,, if there is a table P such that @ — y € conflict(P).
We assume a suitable enumeration of these symbols, i.e. {A,5, |[(I1 <7 < r)(x =y €
conflict(P;))} ={A;|1 <@ < T}

We define a new total alphabet V =V U {F,Ay,..., A1}

Define

DET(P) = no-conflict(P)U{A,5,x = y |z — y € conflict(P)}
U {F* S A1 <i<ITYU{F = F}, and
T, = {A=A}1u{b—=>0blbeV\{A;}}
Consider the deterministic system
G=V,VI,{DET(P),...,DET(P,),Ty,...,Tr},w).
It is easily seen that Lacc(G) = Lace(G). O

In other words, the degree of nondeterminism Detacc(L, ETOL) = 1 for any ETOL
language L. This contrasts the situation found within generating ETOL systems, since
there is an ETOL language L with Detgen (L, ETOL) = 2. Since the dual of say an accepting
ESDTOL system is again an ESDTOL system generating the same language, we may state
the following corollary.

Corollary 5.4 ﬁacc(ESDTOL) = ﬁgen(ESDTOL) = ﬁgen(EDTOL) C
C Eacc(EDTOL) — ﬁacc(ETOL) — ﬁgen(ETOL) O

We do not know what happens if we restrict our attention to propagating systems.
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Chapter 6

Uniformly Limited Systems

Before turning to accepting version of uniformly limited (ul) systems, we will improve some
known results in the generating case.

A Ek-uniformly-limited ETOL system (abbreviated as kulETOL system) is a quintuple
G = (V,V'.{P,...,P.},w,k) such that k € N and (V,V'.{P1,...,P.},w) is an ETOL
system.! The notions of propagating and pure systems are inherited from L systems.
Basically, the idea of one derivation step in kul systems is the next: Choose one table
P; and k£ symbols in the string = to be derived and replace each of this selected symbols
a according to some rule ¢ — w € P; yielding a new string y. One seemingly technical
problem remains: What should one do with strings = shorter than &7 We consider two
different modes:

o In Watjen’s mode, each symbol in a word shorter than k is replaced. The family of
languages generable in such a manner is denoted by Lgen (AulETOL).

e In Salomaa’s mode [30] or in the exact mode, words shorter than k do not yield
further words except from the first derivation step, where, starting from the start
symbol S (instead of the axiom w), any word w with S — w € P, is obtainable. The
family of languages generable in such a manner is denoted by Lgen (AulETOL,ex).

Finally, we define both for the generating and the accepting case

L(ulE[P]TOL[,ex]) = | J L(kulE[P]TOL[ex]).

k>1

Witjen and Unruh [36] called a generating kulETOL system G = (X, A, {Py,..., P},
S, k) pseudo-synchronized iff for every « € A and w € ¥*, if w is derivable from «
after a positive number of non-parallel context-free derivation steps (considering GG as a
EO0S system, i.e. a context-free grammar with rewriting rules for terminal symbols), then

w & A*.

!'We inherited our denotations for ETOL systems from above, hence we deviate from the usual denota-
tions in the literature of kulETOL systems [36].
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We prefer the following formulation of pseudo-synchronization in the generating case:
we call a generating (exact) kulETOL system G = (¥, A {Fy,..., P.},S, k) with failure
symbol F' pseudo-synchronized iff for every a € A and w € ¥*, if S = ¢ = u = w with
|w|F = 0 implies |u|s\a > k.

Theorem 6.1 Let k£ € N. For every kulETOL system G = (X, A, {P1,..., P}, w, k) (ei-
ther in Watjen’s or in Salomaa’s mode), there exists an equivalent pseudo-synchronized
EulETOL system (7 (either in Watjen’s or in Salomaa’s mode) containing the same number
of tables. If G is propagating, G’ is propagating, too.

Proof. Define ¢/ = (X', A {F,...,P'},S,k) by ¥ = X UA"U{S, F'} (disjoint union)
where A" ={d’'|a € A}. By @+ 2 for © € ¥ and ¢’ — a for a € A, we define a morphism
g: (NUA) — ¥~

Let © denote the set of sentential forms of length < 2lk (where [ is the length of the
longest right-hand side of a production in (7) derivable in G.? If the © obtained in this way
is empty, we set @ = {w}. Now let Q' = {z|Jw € Qg(z) = w A (w € AV Jw|p\a > k))}.

Finally, we set P/ = {y — 2|y € ¥\ A Ay - w € PAg(z) = w}U{d — 2]
acANa—wePNga)=wtU{a— Flae AYU{S s w|weQ}U{F - F}. O

As already said in the section on Lindenmayer systems, we consider determinism as
a purely syntactical concept. This means, a kulETOL system ' (be it generating or ac-
cepting) is called deterministic if G is deterministic, taken as an ordinary Lindenmayer
system.

The construction given in the proof of the preceding theorem unfortunately destroys
determinism for two reasons.

1. If € contains more than one word, there is more than one production with left-hand
side S in each table.

2. Since we include all productions of the form y — « (or a’ — ) if there is a production
of the form y — w (or @ — w) such that g(x) = w, and since ¢ is not injective, we
introduce nondeterminism.

The first item can be overcome introducing a separate start table init,, = {S — w} U
{y = Fly # S} for each w € ' instead of including the start productions into the
simulating tables.

The second item is solved similarly: since, for any table P;, there is only a finite number
of possible combinations

{y=z|lyeX\AANy—swe P Agla)=wlU{d 2 2la € ANa— weE P Ag(z) =w},

we may introduce one table P ; for any such combination labelled 7, 1 < 5 < 7;, such that
G = (XA {inity, jw € QYU{Pia,....Prj,ocoy Prayoo oy Py b, S k) is a deterministic
pseudo-synchronized system simulating & if G is deterministic.

The following fact is now clear. Compare with [36, page 296f.].

2We do not care about effectivity issues in this place.
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Corollary 6.2 For every k € N, we have
Lgen (kulE[P][D][T]0L) = Lgen (kulE[P][D][T]0L,ex) O

We want to improve [36, Theorem 4.1], where the relation
ﬁgen(klﬂEPTOL) g ﬁgen(P,CF—)\,aC)
was shown.

Theorem 6.3 For every k € N, we have
(1) ﬁgen(kUIEPTOL,eX) g Egen(P,CF—)\)
(11) ﬁgen(klﬂETOL,eX) g ﬁgen(P,CF)

Proof. Our construction is very similar to [36, Theorem 4.1], hence we give the construc-
tion without proof.

For any exact kulETOL system G = (V,V' {Py,..., P.},an, k), k € N, we construct an
equivalent context-free programmed grammar G such that G” is A-free iff (7 is a propagating
system. Let V = {ay,...,a,}, V' = {ay,...,a,} with m < n. Let W = {A4y,...,A,}
be a new alphabet, and g : W* — V* be the bijective morphism given by ¢g(A;) = «; for
1=1,...,n.

We define a context-free programmed grammar G' = (Vy, Vp, P, .S) where

W=WU{A4;|1<i<n, 1<) <rju{S}
and Vr = V' with new symbols A;; and S.
The following productions are contained in P:
(inity : S — ¢~ (w), {term, |1 < p <m}U{fo,i |1 <v<n1<p<rh0)
where a,, — w € P; for some F;;

(term,, : A, — a,, {termy, ... term,}, )

for 1 <pu <m;

(flﬁjﬁ : AZ — Ai,jv {fL]}H-I-lv oo 7fn,j,ﬁ+1}7 ®)
for1<i<n, 1 <3< 1<k<k

(figr s A = AijAPjan |1 < v <inja, = v e P}, D)
forl1<i:<n, 1 <5<

(Pi7j7ﬁ7w : Ai,j — g_l(w), {Py7]‘7ﬁ+17v | 1 <r< n,a, — v E P]},Q)
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for1<i<n, 1 <3<r, 1<k<k, a —weP;

(Prjeww  Aig = g~ w), {term,, |1 < pp <m}U{fipn |1 <v <n, 1 <p<r}0)

for1<i<n,1<3<r,aq—webkP,.

The crucial thing is that the k parallel replacements of G are simulated sequentially
by fi ;. and P ;.., where the intermediate words due to that sequentialization cannot
contribute to the language. O

From [18], we get as a corollary:

Corollary 6.4 For every k € N, we have
(1) /:,gen(kulEPTOL) = /:,gen(kulEPTOL,eX) C L‘gen(P,CF—)\,aC) C ,Cgen(CS)
(11) ﬁgen(klllETOL) = ﬁgen(klﬂETOL, GX) C E(REC) C Egen(P,CF, ELC) = ﬁgen(RE)

Proof. We only have to show the second case. By [18], we know that for Lgen(M,CF) =
Lgen (P,CF), the membership problem is decidable. Since every recursively enumerable
language is the morphic image of a recursive language, we obtain by [18, Theorem 3],
applied to the language class Lgen(M,CF), the strictness of the inclusion Lgen(M,CF) C
L(REC). O

Let us turn to the discussion of accepting versus generating mode. First, we consider
the exact mode.

Since the exact modes differs between the first and all other derivation steps, we may
have a discussion “which should be the appropriate definition for the accepting mode?”.
To circumvent this, we take the next definition of generating/accepting exact kulETOL
systems which is obviously equivalent to the one considered up to now.

An exact kulETOL system is a quintuple G = (S, A {P,...., P} {w,...,ws} k),
where ¥ is the total alphabet, A C ¥ is the terminal alphabet, each P; is a table as
in ETOL systems, and {wy,...,ws} C X1 is a finite set of axioms. The yield relation = is
defined as follows: @ = y iff there is a table P; and productions a, — w, € P; for each
1 < k < k and words wq,...,x such that ¥ = xgaix;--- aprp and y = xpwiay - - - wpag.
The language generated by G is Lgen(G) = {w € A*|[(Jo € {1,...,s})(w, = w)}.
Likewise, accepting exact kulE'TOL systems are defined.

Theorem 6.5 For every k € N, we have
Lgen (kul[E][P][T]0L,ex) = Lacc(kul[E][P][T]0L,ex)

Proof. Nearly, the concept of duality introduced for L systems above suffices to show the
theorem. More precisely, if G = (3, A, {P1,..., P.},{w1,...,ws}, k) is an exact generating
kulETOL system, its dual can be described as

G = (S, A AP P e, w ) K,
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where, as general, P?* = {v — w|w — v € P}. Then, Lgen(G) = Lacc(G?).

Namely, assume that @ = y in the generating system . Then, |z| > k. Since some
table P, must have been applied successfully deriving y out of x, y contains (at least)
k non-overlapping subwords which are right-hand sides of productions of F;. Therefore,
within the accepting system G?, we find y = z, using table P¢.

Now, consider some direct derivation y = z in the accepting dual system G¢. By
definition, there is a table de and there are (at least) k non-overlapping subwords in y
which are left-hand sides of productions of de. Hence, |z| > k, and employing table P;,
we find ¢ = y within the original system G.

On the other hand, if G = (X,A{P,..., P}, {wi,...,ws}, k) is an exact accepting
kulETOL system, its dual may be described as

G = (S, AP P o, ws b E)

and Lacc(G) == Lgen(Gd). O
An alternative proof uses our metatheorem: Each production v — w in a table P; of
an exact kul-system corresponds to a production (v — w, (VE{#})*Va x {1,...,k}) in a

simulating table P/ of the corresponding cc grammar.

Note that this theorem allows also to carry over results on the synchronization degree
from generating systems to accepting ones.

As regards Watjen’s mode, it depends on the precise definition of generating systems
how to define accepting ul systems, since the original definition “replace exactly min{k, ||}
symbols of the word x to be rewritten” is not an appropriate one to be interpreted in
accepting mode.

We discuss a few possible interpretations of the derivation # = y in the following.

1. Select k symbols of the word = and replace them. If this is not possible, replace k — 1
symbols of x. If this is not possible, replace k£ — 2 symbols of « ...

2. Select k symbols of the word = and replace them. If this is not possible, interpret
the tables as finite substitutions o; as in L systems and define @ = y iff y € o;(x)
for some table o;.

3. Let & be the string to be rewritten. Denote by Lj(x) the set of strings derived directly
from x via G, where G is interpreted as an exact kulETOL system. If Li(z) # 0, then
r=yiff y € Li(z). If Lp(xz) = 0, then @ = y iff there is a partition @ = z1--- 2y
with | < k and there is a table in (¢ containing productions =y — 1, ..., ¥} = y
such that y = y; - --y;. Note that this definition is equally valid for generating and
accepting mode. In generating mode, it coincides with Watjen’s definition.

The first reformulation does not lead to a unique interpretation in accepting mode.
Taking as rules aa — z and aaa — y and k = 3, is a® = azy allowed or not? If we select
the subwords as indicated, especially applying aaa — y, we do not find 3 subwords as
required. But selecting other subwords, this is possible, namely in the derivation a® = zzz.
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But also the second reformulation causes problems in accepting mode. Taking our
example again, we find a® = yy because of the interpretation via inverse substitutions as
in L systems. Is this our intention? Maybe. But taking additionally a rule of the form
a — b, we may fail applying aaa — y as before, but then the L interpretation would yield
a® = b°, actually replacing 6 symbols.

Unfortunately, even the third definition does not lead to a situation where the gener-
ating and accepting mode are dual as in lrcc grammars. For example, in the generating
system dual to the above example, yy = a®, but yy € L3(a®), hence a® = yy is not valid
in accepting mode.

Of course, one could try to consider the above variants separately as language descrip-
tion mechanisms and discuss them in detail. This is beyond the scope of this paper. We
only mention that the third way of defining accepting ulETOL systems is at least as pow-
erful as their generating counterparts, but we do not know whether or when the converse
assertion holds.

Instead, and because of these difficulties, we define the yield relation given by a kulETOL
system G as follows:

Let @ be the string to be rewritten. Again, denote by Lj(x) the set of strings derived
directly from z via G, where G is interpreted as an exact kulE'TOL system. Now define
r = y iff y € Lg(x) or there is a partition @ = xy---2; with [ < k and there is a table
in (¢ containing productions =y — ¥y, ..., ¥y — y; such that y = y;---y;. Note that
this definition is equally valid for generating and accepting mode. In generating mode, it
coincides with Watjen’s definition.

Using this definition and the usual concept of dual systems (again, the employment of
our metatheorem is possible), we find:

Theorem 6.6 For every k € N, we have Lgen(kul[E][P][T]OL) = Lacc(kul[E][P][T]OL) O

By our above considerations, we see that Watjen’s mode and exact mode do coin-
cide within systems with extensions regarding their descriptive power when considering
accepting systems, too.

Finally, we turn to deterministic ulETOL systems. Defining symmetrically deterministic
systems as above, we can use nearly the same constructions as within Lindenmayer system:s.
Nevertheless, the results obtained for uniformly limited systems differ remarkably from our
previous results. Since the dual of say an accepting ulESDTOL system is again a ulESDTOL
system generating the same language, we now show that for any generating (accepting)
ulEDTOL system, there is an equivalent generating (accepting) ulESDTOL system in order
to prove the desired relation Lgen(kulEDTOL) = Lacc(kulEDTOL).

Lemma 6.7 For every k € N, we have
ﬁgen(kUIEDTOL) == ﬁgen(kUIESDTOL) and
Lgen (kulEDTOL,ex) = Lgen (kulESDTOL,ex) O
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Instead of a proof, we only remark that — in comparison with Lemma 5.2 — in the
exact mode within kulETOL systems, one should introduce a; — AFz in table SD(P)
instead of a; — A;z in order to guarantee the termination of the simulation.

Lemma 6.8 For every k € N, we have Lacc(kulE[P]DTOL) = Lacc(kulE[P]SDTOL)

Proof. Since the inclusion ‘O’ of the claim is trivial, the other direction ‘C’ remains to
be shown. This proof is very similar to the one showing Lemma 5.2, but is also valid
in the propagating case. Let G = (V,V' . {P,..., P.},w) be an accepting deterministic
k-uniformly-limited ETOL system with V' = {ay,...,a;}, V' = {as41,...,a;}. For each
table P in (G, define

conflict(P)={x - a; € P|(Jy # 2)(y = a; € P)} and

no-conflict(P) = P \ conflict(P)

Let L be the maximal number of conflicts in G, i.e. L(i,p) = #{x — a;, € P,}, and
L = max{max{L(i,p) |1 <i <t}|1 < p < r}. Introduce an indexing scheme in the set of
conflicting productions, e.g., {x = a; € P,} = {#;1 —= ai,..., %16, — ai}. Let

177 6171, ceey bl,Lv 6271, ceey 627[/, ce . ,bt71, ceey th, F171, ceey Fl,Lv FQJ, ceey F27L, ceey Ft71, ey Ft,L
be new symbols. Let V contain all these symbols, together with the symbols of V. Define

SD(P,) = mno-conflict(P,) U{x;; — b;j|xi; — a; € conflict(P,),1 <j < L(i,p)}
U {F* S ala; €V}
U {FT b s PP b p g ooy FETEEODIE g, € V)
U {b, > F;|[1<i<t,1<j<L}U{F = F}, and
T = {bi1— ai,bis—b,....00p = b 1|l <i<t}U{F— F}
U {F,; = Fij |1 <i<t,1<j<LYU{F™ =bp |1 <i<t}

Consider the symmetrically deterministic system

G=V,V',{SD(P),...,SD(P,), T},w).
It is easily seen that Lacc(G) = Lacc(G). One application of say table P, in G is
simulated by one application of SD(P,) in 7, followed by at most L applications of 7. O

In the preceding proof, observe that even if, in the derivation v = w according to P,,
actually k subwords have been replaced, this is not the case any more for the applications of
T in the simulating grammar, since symbols a; — once introduced via T" — do not change
by subsequent applications of T'. Hence, the above argument is only valid in Watjen’s
mode.

By Corollary 6.2, we obtain:
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Theorem 6.9 For every k € N, we have Lacc(kulEDTOL,ex) = Lgen (AulEDTOL,ex) =
== ﬁgen(kUIEDTOL) == ﬁacc(klllEDTOL) O

Since Lemma 6.7 is only valid for the non-propagating case, we obtain:

Corollary 6.10 For every k& € N, we have ,Cgen(kulEPDTOL) 2 Lace(kulEPDTOL) O

We do not know whether the inclusion in the last corollary is strict.

Analyzing the proof of Lemma 5.3, we see that an analogue holds for uniformly limited
systems. Note that in Wéatjen’s mode, we must add a failure symbol F’ and, in DET(P),
the following productions {A; — F'|1 <« < I} U{F' — F'} U {x — F'|(Jy)(x —
y € conflict(P))}. Otherwise, there might be for example ‘shortcuts’ in the simulating
derivation process.

Lemma 6.11 For every k& € N, we have
ﬁacc(klﬂETOL) == ﬁacc(klllEDTOL) == ﬁacc(kUIEDTOL,eX) O

Corollary 6.12 For any kulETOL language L,
Detacc([/, kUIETOL) == Detgen([/, kUIETOL) =1 O
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Chapter 7

Uniformly Limited ETOL Systems
With Unique Interpretation

7.1 Introduction

The content of this section is accepted for publication [10]. We repeat some definitions
already introduced in the preceding section for reasons of some subtle formal differences.

kulETOL systems have been introduced by Wétjen and Unruh [36] in order to further
the study of the influence of restricted forms of parallelism in the derivation process of
systems (grammars) defining formal languages. As in KIETOL systems [32, 4], they found
interesting relations with programmed grammars which are another form of varying the
idea of context-free parallel generation (acceptance) of words.

Unfortunately, Wétjen and Unruh did only show that AulE(P)TOL systems are at
most as powerful as programmed grammars (without erasing productions) with appearance
checking, leaving the other possible inclusion open. In the previous section, we showed that
EulE(P)TOL systems are at most as powerful as programmed grammars (without erasing
productions) without appearance checking, hence proving that the inclusion shown by
Witjen and Unruh is strict indeed (by [18, 9]). This leaves us with the natural question
whether kulE(P)TOL systems are at least as powerful as programmed grammars (without
erasing productions) without appearance checking. Up to now, we were not able to solve
this problem.

In this section, we introduce another class of limited parallel systems which look quite
similar to kulETOL systems in their definition. For this modification, we show that the
above stated and other problems open for kulETOL systems can be settled. We hope
that this variation sheds some light on the still open problems for AulETOL systems and
supports the interrelation of restricted parallel and regulated rewriting.

For the convenience of the reader, below we repeat the definition of kulETOL systems
and unordered scattered context grammars without appearance checking.

G = (XA, H,w, k) is a k-uniformly-limited ETOL system (abbreviated as kulETOL
system) if £ € N and (¥, A, H,w) is (formally) an ETOL system with alphabet ¥, terminal
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alphabet A C ¥, finite set of tables H (where a table is a finite substitution on ), and
axiom w € X1, In a derivation of a kulETOL system, at each step of the rewriting process,
exactly min{k, |w|} symbols of the word w considered have to be rewritten, where |w| is
the length of w. As in ETOL systems, a system is called propagating if no table contains
an erasing production @ — A. We abbreviate such systems by kulEPTOL.

An interesting variant of the above definition was introduced by K. Salomaa in [30]
under the name of “k-context-free grammars” in the case of systems with just one table.
In our setting, this variant reads as follows: formally, an exzact k-uniformly-limited EFTOL
system G = (X, A, H,Q, k) is defined as a kulETOL system (except © which is now a finite
set of axioms w; € X7T), but in each derivation step of an exact kulETOL system, exactly
k occurrences of left-hand sides of productions of some table selected before are replaced
by the corresponding right-hand sides within the string w to be rewritten.

As usual, we write w = v if there is a one-step-derivation in some sense!. The reflexive
transitive closure of = is written =. If G = (3, A, H,w, k) is a generating kulETOL system
(with an underlying generating ETOL system (X, A, H,w)), then Lgen(G) = {w € A* |w =
w}, and the family of languages generated in such a way is denoted by Lgen (AulETOL).
Similarly, for exact systems, we write Lgen(G) = {w € A*[Jw € Qw = w)} and
Lgen (kulETOL,ex). For exact systems, it is quite natural to consider them as language
acceptors as well, supposing that the underlying ETOL system is accepting, too. In this
case we define Lacc(G) = {w € A*|Fw € Q(w = w)} and write Lace(kulETOL,ex). If the
underlying E'TOL system is propagating, we replace ‘ETOL’ by ‘EPTOL’ in our notation.

Syntactically, our modification looks like the just defined systems: G' = (¥, A, H,Q, k)
is a k-unique uniformly-limited ETOL system (abbreviated as ku*lETOL system) if G can
be interpreted as an exact kulETOL system.? In each derivation step of (7, exactly k
pairwise different productions of a chosen table are applied to the string to be rewritten.
This means that exactly k occurrences of left-hand sides of pairwise different productions
are replaced by the corresponding right-hand sides according to the selected productions.
The generated/accepted language of a given ku*lETOL system is defined as above, leading
us to the language classes ,Cgen(kuzlETOL) and Lacc(ku*IETOL) and their propagating
counterparts.

Observe that, due to our modified definition, any table within a ku?lETOL system which
contains less than & productions is never applicable.

Instead of proving the equivalence of programmed grammars and ku?IETOL systems di-
rectly, we use unordered scattered context grammars instead, because they are also rewrit-
ing systems with restricted parallelism in a certain sense known to be equivalent to pro-
grammed grammars without appearance checking [5, Lemma 2.4.5 and Lemma 2.4.6] with
or without erasing productions.

An wunordered scattered context grammar is a quadruple G = (X,A, P, 5), where ¥
and A denote the total alphabet and the terminal alphabet, respectively, and S € ¥\ A

Tt will be clear from the context which mechansism we choose.
2Tt is obviously possible to introduce this modification in the non-exact case, too, but this is not needed
here.
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is a start/goal symbol. P is a finite set of finite sequences of context-free productions,
P =A{p1,...,p,}, written as

Pi i (Vigs Uiy ey Vi) = (Wins Wiy ooy Wi, )y 1 <0 <.

The application of such a rule p; to some x € XF yields y € ¥* (written as x = y), if there
is a permutation 7 : {1,....r} — {1,...,r;} such that

L = X107 (1)L2Vn(2) " " LrUn(r)Lri+1, and

Y = T1Wr(1)T2Wr(2) ** * T Wr(r,)Tri41-
Note that we have covered both the generating and the accepting case, since these notions
are inherited via the underlying context-free productions. Denoting the reflexive transitive
closure of = by =, we define in the generating (accepting) case Lgen(G) = {w € A*|
S 2w} (Lace(G) = {w € A*|w = S}) and denote the language families by Lgen(usSC)
(Lacc(uSC)). Following [5], we attach —X to these denotations if we want to restrict
ourselves to nonerasing productions. A uSC-grammar G = (¥, A, P,S5) is in 2-normal
form if, for any p; € P, r; <2, where r; denotes the length of the sequence of productions
p; as above.
Similarly, a scattered context grammar is a quadruple G = (¥, A, P,5), where ¥ and
A denote the total alphabet and the terminal alphabet, respectively, and S € ¥\ A is
a start/goal symbol.? P is a finite set of finite sequences of context-free productions,
P ={pi,...,pa}, written as

Pi i (Vigs Uiy ey Vi) = (Wins Wiy ooy Wi, )y 1 <0 <.
The application of such a rule p; to some x € X% yields y € ¥* (written as x = y), if
T = TV XV Ty U, ey, and

Y= W1 2Wa ** - Tp, Wy, Tp 41

Note that we have covered both the generating and the accepting case, since these notions
are inherited via the underlying context-free productions. Denoting the reflexive transitive
closure of = by =, we define in the generating (accepting) case Lgen(G) = {w € A*|
S = w} (Lace(G) = {w € A*|w = S}) and denote the language families by Lgen(SC)
(Lacc(SC)). Again, we attach —X to these denotations if we want to restrict ourselves to
nonerasing productions.

7.2 Results

We first want to state a normal form result for unordered scattered context grammars
which immediately follows from the proof of Lemma 2.4.6 in [5]. In the following lem-
mas 7.1,7.2,7.3, we exploit the fact that the proofs of Lemma 2.4.5 and Lemma 2.4.6 in [5]
work for the accepting case as well.

3The general case of scattered context grammars is not considered in the paper [10].
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Lemma 7.1 There is a Turing machine which, given a uSC-grammar ', constructs an
equivalent uSC-grammar G in 2-normal form. If G’ is non-erasing, G inherits this prop-
erty. O

A further analysis of the proof of Lemma 2.4.6 shows that, in addition, one can restrict
one’s attention to uSC-grammars G = (X, A, P,5) in 2-normal form with the following
separation property:

There is a partition ¥; UY, = X, ¥ N Y, = 0 of the total alphabet ¥ of (¢ such that, if
pi ¢ (v1,v2) = (w1, wy) is an arbitrary sequence of two context-free productions in P, then
vy, wy € X7 and v, wy € X3,

With the help of this observation, we can show the following normal form result.

Lemma 7.2 There is a Turing machine which, given a uSC-grammar G, constructs an
equivalent uSC-grammar G = (X, A, P, S) such that

1. G in 2-normal form.
2. ( has separation property.

3. None of the context-free productions in any of the sequences p € P has the form

A— A
If GG is non-erasing, (¢ inherits this property.

Proof. Let G = (X,A, P, 5) be given by the preceding lemma. If P does not contain a
sequence p containing a production A — A, we are done. Sequences of the form (A) — (A)
can simply be left out. Otherwise, we introduce a new symbol A’, replace the disturbing
A — Aby A — A’ and introduce for every sequence ¢ € P, g # p containing A a new
sequence ¢, where each occurrence of A is replaced by A’. In this way, we obtain a grammar
(" equivalent to ¢ which satisfies (1) and (2) and in which the number of ‘irking symbols’
has been reduced by 1. Since ¥ is finite, repeating this algorithm, we finally arrive at a
grammar G with the desired properties. a

From the effective equivalences Lgen(P,CF) = Lacc(P,CF) and Lgen(P,CF — A) =
Lacc(P,CF — X), we immediately get:

Lemma 7.3 There is a Turing machine which, given an accepting (generating) uSC-
grammar (', constructs an equivalent generating (accepting) uSC-grammar G. If G’ is
non-erasing, (G inherits this property. O

Note that the last lemma can also be proved directly, using independence arguments
developped in the case of so-called lrcc grammars [3] and L systems [11].

Now, we compare ku?lE(P)TOL systems with unordered scattered context grammars in
regard to their descriptional power.
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Lemma 7.4 There is a Turing machine which, given an accepting (generating) ku*lETOL
system (', produces an equivalent accepting (generating) uSC-grammar G. If G/ is prop-
agating, then (G is non-erasing.

Proof. Let G' = {¥' A, H,Q,k} be a ku*IETOL system. For any table h € H, there are

(h, k) := ( #lih ) possible selections of productions in A which can be applied in parallel

during one derivation step of GG'. Choose (h, k) sequences pj,;, 1 <@ < (h, k) of productions
of length k from h such that any of the (h, k) possible selections is uniquely identified. We
write such a sequence as uSC-productions:

Phyi 2 (Vhits Unizs - - Ohik) = (Whity Whiizy ooy Whik)

denotes such a possible selection {vy,;; = wp;;|1 <7 <k} Ch.
Let S be a new symbol. In the accepting (generating) case, we define goal (start)

productions ry, : (w = ) (ry : (9 = w)). Now, the simulating uSC-grammar is defined as
G = (Z/U {S}vAv{ph,i|h € H71 S ? S (h,k)}U {Tw |w € Q},S) O

First of all, let us mention two consequences of [18, 9] and [5, 31] due to the effective
equivalence of uSC-grammars and matrix grammars without appearance checking [5]:

Lemma 7.5 There is a Turing machine which, given an accepting (generating) uSC-
grammar G and some word w, decides whether w € Lace(G) (w € Lgen(G)). a

Lemma 7.6 There is a Turing machine which, given an accepting (generating) uSC-
grammar (¢, decides whether there exists some word w with w € Lacc(G) (w € Lgen(G)).0

Lemma 7.7 There is a Turing machine TM which, given an accepting (generating) uSC-
grammar (' and a natural number k& > 2, produces an equivalent ku?lETOL system G. If
(' is non-erasing, then G is propagating.

Proof. In order to avoid clumsy formulations, we restrict ourselves to the generating
case. W.l.o.g, we can assume that the language described by G' = (¥, A, P,S) is not
empty. Furthermore, assume G’ to be in the normal form of Lemma 7.2. First, by the
decidability of the word problem for uSC-grammars, TM can collect all words (sentential
forms) over ¥/ of length < max{2 - k,2 - [} (where [ denotes the length of the longest
right-hand-side of context-free productions contained in i) described by G’ into a set .
Hence, 2 contains all possible ‘starting points’ of simulations of the simulating ku?lETOL
system G = (X, A, H,Q, k) which TM wants to construct. Let ¥ = X' U {F'}, where F'is
a special failure symbol.

The set of production strings P can be split into P, = {(4) = (w)|A € L\ A w €
Y¥*}NnPand P, = P\ P. For every production string of the form (A) — (w) € Py, we
introduce a table {A — w} U {a — ala € X}, yielding a set of tables H;. For every
production string of the form (A;, Ay) — (wq,ws) € Py and every (k — 2)-element subset
3 of ¥,* we introduce a table {A; — wy, Ay = wy} U{A = F|A e X\ S}U{a = af

Here, we need k > 2.
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a € i]} Hence, from P, we get a set of tables H,. Let H = H; U Hy. 1t is obvious how a
derivation step in GG’ is simulated by G. Note that the normal form assumption is needed
in order to show that any ‘successful’ derivation in G’ can be simulated by G. O

We clarify our construction with the help of the following example. Consider the uSC-
grammar G/ = (¥ {a,b,c},{(5) = (AX), (A, X) = (Aa,bX¢), (A, X) — (a,be)}) with
¥ = {A,X,S,a,b,c}. Let ¥ = {A,X,S,F,a,b,c}. Obviously, Lgen(G') = {a™b"c"|
n € N}. Let & = 3. We have, using the abbreviations from the above proof, @ =
{5, AX, AabX ¢, abc,aabbec}, Hy = {{S — AX}U{Y = YV |Y € ¥}}, and Hy = {{A —
Aa, X = bXce,Y = YIU{Z = F|Z e X\{Y}},{A = a, X =2 be,Y = Y}U{Z = F|
Z € L\AY}}HY € ¥} Now, we have ¢ = (¥,{a,b,c}, Hi U H3,9,3). A possible
derivation is AabXc¢ = AaabbXcc = aaabbbece, where in the first derivation step we
use one of the tables {A — Aa, X — bX¢,Y — Y} UA{Z — F|Z € ¥\ {Y}} and
in the second one we use one of the tables {A — a, X — be,Y — Y} U{Z — F|
Z € Y\ A{Y}} (with Y € {a,b,c} in both cases). Note that because of the particular
structure of sentential forms derivable in (’, most of the tables in H; U H, are never
applicable, and in addition, some of them are superfluous and harmless.

Combining our lemmas with other known results proved above or contained in [5], we
obtain:

Theorem 7.8 For each £ > 2:
Lgen (2u'1ETOL) = Lacc(20?1ETOL) = Lgen (ku*lETOL) = Lacc(ku*IETOL) =
Lgen (uSC) = Lacc(uSC) = Lgen(P,CF) = Lace(P,CF).
All these language families properly include the family of context-free languages (which in
turn equals Egen(luQIETOL) = Lacc(1*IETOL)), even more, they include Lgen (kulETOL).
The class of recursive languages properly contains all these language families.
There is a Turing machine which, given an arbitrary generating (accepting) k'u*IETOL
system G with k' > 1, decides whether Lgen(G) (Lacc(G)) is empty or not.
Moreover, each ku?lETOL-language can be described by a 2u?lETOL-system with a
special failure symbol F' satisfying the following normal form for each table h

o #H{lu—veh|lutvAN(u£FVov#F)} <2
e u — v € h implies |ul, |v| < 2

o If uy — vy and ugy — vy are two distinct productions in h such that u; # v; (1 = 1,2)
and F' & {uy, vy, us, vz}, then neither uy = uy nor vy = v,. O

The second requirement of the normal form can be readily established, the other two
follow directly from the uSC-normal forms used in our above constructions. Note that this
normal form resembles the ones encountered in regulated rewriting (cf. [5, p. 49]) and

limited ETOL systems [19].

Theorem 7.9 For each £ > 2:
ﬁgen(QuzlEPTOL) == ﬁacc(QuzlEPTOL) == ﬁgen(kuzlEPTOL) == ﬁacc(k‘uzlEPTOL) ==
L‘gen(usc — )\) = Eacc(usc — )\) = ,Cgen(P,CF — )\) = /:,aCC(P,CF — )\)
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All these language families properly include the family of A-free context-free languages
(which in turn equals Egen(luzlEPTOL) = Lacc(1u*IEPTOL)), even more, they include
Lgen (kulEPTOL).

The class of A\-free context-sensitive languages properly and effectively contains all these
language families.

Moreover, each ku?lEPTOL-language can be described by a 2u*lEPTO0L-system satis-

fying the normal form described in the preceding theorem. O

Observe that we could prove Lemma 7.3 also directly using our metatheorem. We show
this technique in the following for scattered context grammars in general. For any produc-
tion (vi1, ..., vy ) = (Wi, ..., w;,) of a scattered context grammar, we introduce a table ¢;
in the simulating cc grammar consisting of the productions (v;; — wyj, (VE{#})VZ x{j})
for each 1 <5 <r,.

Theorem 7.10 [ ] /:,gen(SC) = ,Cacc(SC) = E(RE)
[ J /:,gen(sc - )\) = ,Cacc(sc - )\)
Proof. We still have to show Lgen(SC) = L(RE).> By [16, Corollary on page 245], the

enumerable languages can be characterized as homomorphic images of Lgen(SC — ). This
result yields the claim almost immediately. a

7.3 Conclusions
From previous works [2, 11, 32], we know that
Egen(klllETOL) == ﬁgen(klﬂETOL,eX) == ﬁacc(klllETOL,eX),

hence we can say that this language family is somewhat robust as far as small changes
within its defining mechanism are concerned.

This is probably not true for the modification of kulETOL systems discussed in this
note. Via the established connections of our mechanism with well-known families from
the theory of regulated rewriting, one might get a better insight in the subtle difficulties
encountered within uniformly limited systems.

Below, we list some properties of ku?E(P)TOL languages inherited from the work on pro-
grammed grammars whose state is presently unknown for kulE(P)T0L languages. Hence,
this list might help to settle the conjectured strictness of the inclusion Lgen (AulE(P)TOL) C
Lgen (ku’lE(P)TOL).

e The language class Lgen (ku*lE(P)TOL) is closed under the following operations:

— concatenation

®Note that this also supplements [5, page 147].
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— intersection with regular languages

— substitution by context-free languages
— (A-free) gsm and inverse gsm mappings
— permutations

— quasiintersection
e The language class Lgen (ku’lE(P)TOL) is not closed under the following operations:

— intersection

— complementation

In [30], Salomaa only considered systems with one table in the exact mode. In that case,
“T” is omitted in our abbreviations. (The fact that Salomaa’s (k-)context-free grammars
start from only one string does not matter, since it is possible to ‘blow’ this string up
with a symbol A immediately deriving to A such that we can replace an exact kulEQOL
system (X, A, {h},Q, k) by an equivalent k-context-free grammar (Y U{S, A}, A;hU{A —
MULS — wlw € O}, SA* ). Moreover, Watjen and Unruh showed in [36] the equivalence
of k-context-free grammars and kulEOL systems.) Salomaa showed that one obtains an
infinite strict hierarchy

The corresponding relations are unclear in the case of an arbitrary number of tables or
when restricting to propagating systems. On the contrary, the same situation is clear for
k-uniquely uniformly limited systems, where the hierarchy nearly collapses:

Finally, observe that the systems introduced in the present paper may be also seen as
a variation of so-called 1IETOL systems [32] (see below). In a 1IETOL system, a derivation
step according to some chosen table / is defined as follows:

e Replace one occurrence of each symbol according to A, if this is possible!®
We may see a derivation step according to the table h of a 2u*1ETOL system as follows:

e Replace one occurrence of each symbol according to h, such that exactly 2 characters
are replaced in total!”

6i.e. if the string to be rewritten contains at least one occurrence of the symbol under question; if it

does not contain that particular symbol, this does not affect the rewriting of the other symbols
"Again, by inspecting the proof of Lemma 2.4.6 in [5], one sees that the system constructed in Lemma 7.7
has the property desired by these new restrictions also in the case of tables of type H;.
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So, this note may also help to get a better understanding of the relationship between
limited and uniformly limited rewriting. This would probably add to the comprehension
of programmed grammars, too. Whilst it is clear from [31] that in the non-erasing case
the class Lgen(P,CF — A, ut) of languages generable by so-called programmed grammars
with unconditional transfer does not coincide with the class Lgen(P,CF — ) (which in
turn equals Lgen(uSC — X)), it is still unknown whether there holds an inclusion relation,
and if there is such a relation, which direction is true. Even more, literally nothing seems
to be known in the corresponding case with erasing productions.® Now, Lgen(P,CF —
A ut) O Loen(1IEPTOL), and Lgen(P,CF,ut) = Lgen(11ETOL) [4], whilst on the other
hand Lgen (P,CF — ) 2 Lgen (kulEPTOL) and Lgen(P,CF) O Lgen (FulETOL).

8New results are contained in [8].
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Chapter 8

Limited L Systems

In [32], another similar type of parallel derivation was examined, so-called limited L sys-
tems. In such systems, say KIEOL systems with a fixed k, in each derivation step, k
occurrences of each symbol have to be rewritten, if possible. In this paper, we examine
corresponding accepting systems. But what should this mean for kK1EOL systems? “Re-
place k occurrences of non-overlapping subwords for each left-hand side of a production”
would lead to the same problems as discussed above within the uniformly limited systems
if there are not k& subwords of the required form. Furthermore, there are different ideas
how to handle situations like in the string abba to be derived and productions abb — a and
ba — b, where there is some kind of mutual exclusion of the application of those produc-
tions. Similar problems are encountered within variants of limited L systems as considered
in [6, 14].

Since it is the easiest case, we restrict ourselves to 11IETOL systems in the following as
first introduced by Frings in [12]. At first, we give precise definitions of such systems [32].

A 1-limited ETOL system (abbreviated as 1IETOL system) is a quintuple G = (V, V",
{P1,...,P.}, w, 1) such that (V,V' {P,..., P.},w) is an ETOL system (either generating
or accepting). The notion of propagating and that of deterministic systems is inherited
from L systems. According to G, @ = y (for 2,y € V) iff there is a table P; and partitions
T = LTy QpTy, Y = Tolrxy - Bux, such that o, — (8, € P, for each 1 < v < n,
a, # a, for v # p, and each left-hand side z of a production of P; is either equal to some
«, or not contained in Sub(xg) U Sub(zy) U --- U Sub(x,).

The language generated by a generating 1IETOL system G is Lgen(G) = {w € V™|
w = w}. The language accepted by an accepting 11IETOL system G is Lacc(G) = {w € V"
|w = w}.

Theorem 8.1 Lacc(1IEPTOL) = Lgen(CS)

Proof.  We transfer the proof of Theorem 3.5, taking into account the modifications
indicated in the proof of Theorem 3.15. The simulation of an accepting 11IEPTOL system
by a linear bounded automaton should be clear and is therefore omitted.

It is easily seen that Lacc(1IEPTOL) is closed with respect to finite union and con-
tains all finite languages. Therefore, for the proof of Lacc(1IEPTOL) O Lgen(CS), it is
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sufficient to show that {a}M{b} € Lacc(1IEPTOL) for M € Lgen(CS), A € M. Let
G = (Vn,Vp, P, S) be a context-sensitive grammar without A-productions in Kuroda nor-
mal form generating M. Let us assume a unique label r being attached to any rule of the
form XU — Y Z (the set of lables is denoted by Lab). We construct a 11IEPTOL system
G' = (V, V' {init,, init,, term} U {simul-cfy . | X — = € P} U {simul-cs,; |r € Lab,1 <
i <6},5, 1) accepting {a} M{b} as follows. Let

V=WU{AB,S F,F.}U{(Ar),[Ar],[B,r], Y,r),[Zr]|r: XU —=>YZ e PtuV’

(the unions being disjoint), where V' = Vp U {a, b}.

For brevity, we leave out productions of the form F; — x which have to be added for
right-hand sides x not present in the table specifications listed above in order to fulfill the
completeness restriction for tables inherited from L systems.

1. start/termination/context-free rules:

(a) inity, ={a = AU {x — F. |z e V\V'}

(b) inity, ={b - B} U{x = F. e ¢ V\ (V' U{A})}

(¢) simul-cfx, = {2 = X} U{(A,r) = F,,[A,r] = F,|r € Lab} for context-free
rules X = x € P;

(d) term = {ASB — S"fU{z — F, |z € V}

2. For each context-sensitive rule r : XU — Y Z € P, we introduce the next tables:

(a) simul-cs,s ={A = [A,r],B = [B,r]} U{[A,s] = F.,(A,s) = F.,[B,s] = F,|
s € Lab};

(b) simul-cs,» ={Y = [V,r]}U{A = F., B — F,,(A,s) = F.,[A,s']| = F.,|B, 9
— F, [T,s] = F.,(T,s) = F,|s € Lab,s' € Lab\ {r},T € Vx };

(¢) simul-cs,3 ={Z — (Z,r)}U{A = F.,B— F,,(A,s) = F.,[A,¢] = F.,|B, ]
— F 1,8 = F,,(T,s) = F,|s € Lab,s" € Lab\ {r},T € Vy};

(d) simul-cs,4 = {[A,r] = (A, r)}U{A = F.,B — F,,(A,s) = F,, [A,s] = F,,
[B,s'] = F., [T,8] = F., (T,s") = F., [Y,rly = F.|s € Lab, s € Lab\ {r},
TeVy,ze VALY rl}y e VAL{(Z,r)}};

(e) simul-cs,5 = {[B,r] - B}U{A — F.,B — F.,(A,s") = F., [A,s] = F,,
[B,r] = F., [T,s'] = F., (T,s") = F., z2(Z,r) = F, |s € Lab, s € Lab\ {r},
TeVy,ze VALY rl}y e VAL{(Z,r)}};

(f) simul-cs,g = {(A,r) = A U{(Z,r) = Ut U{[Y,r] = X} U{A = F,, [A,s] =
F.,[B,s]—= F.,(As") = F., [1,8] = F,, (T,s") = F.|s € Lab, s € Lab\ {r},
T € VN} O
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Alternatively, we could have given a proof parallelling [4]. Note that in this case, some
technical subtleties must be circumvented.

A third proof alternative is, using our meta-observation, to notice that the proof given
in [7, Lemma 3.10] showing that Lgen(O,CF—X) C Lgen(1IEPTOL) is valid in the erasing
and accepting cases, too, which allows us to apply Theorem 3.5 and Corollary 3.7 directly.

Hence, we can derive the following.

Corollary 8.2 Lacc(1IETOL) = Lgen(RE) O

Our theorem largely solves the relation between generating and accepting mode in

HETOL systems.

Corollary 8.3 (i) Lgen(1IEPTOL) C Lacc(1IEPTOL)
(i) Lgen(1IETOL) C Lacc(1IETOL)

Proof. Dassow showed in [4] the inclusion Lgen (1IEPTOL) C Loen(P,CF—Aut). In [31],
the strictness of the inclusion Lgen(P,CF—Aut) C Lgen(CS) is proved. Hence, by our
above Theorem 8.1, we know the first inclusion to be strict. a

We remark on point (ii) that, in spite of the solvability of the emptiness problem for
HETOL systems,' it may be that the inclusion (ii) is not strict, but the method turn-
ing a, say type-0-grammar, into a generating 11ETOL system is not effective. Similarly,
Lgen (1IETOL) may be closed under intersection with regular languages, but not effectively
closed.? These questions are thoroughly discussed in [9].

Observe that the simulation of generating 11ETOL systems via accepting ones is quite
indirect in the preceding corollary: Firstly, we sequentialize 1IETOL systems using, e.g.,
type-O-grammars, secondly, we use parallelism and accepting mode in order to mimic the
context checks possible in phrase structure grammars. It is instructive to try a direct proof
of the corresponding inclusions. The main problems are the following three: (1) if you
employ the dual G¢ of a generating 11IETOL system (' in order to simulate (s derivations,

!By [4], we can effectively turn a 11IETOL system into a programmed grammar with unconditional
transfer. For generating (P,CF—A,ut)-grammars, the emptiness problem is decidable by [31]. This implies,
by the construction given in Lemma 3.9, the solvability of the emptiness problem for generating 11ETOL
systems and generating (P,CF ut)-grammars.

2This effectivity should have been added into the formulation of [18, Theorem 3], since otherwise we
would have the following interesting ‘proof’ for the strictness of the inclusion in question: Assume to the
contrary Lgen(1IETOL) = Lacc(11ETOL). Then, Lgen(1IETOL) is closed under intersection with regular
languages, since Lacc(1IETOL) = Lacc(RE) is so. Applying [18, Theorem 3(b)], we can find a language in
Lacc(NETOL)\ Lgen (11IETOL), contradicting our assumption. Hence, Lgen (IIETOL) C Lacc(11IETOL), but
we cannot show up with a concrete example as in [18]. But note that the construction given above proves
the following rather strange situation for generating 11IETOL systems: Either the inclusion in question is
strict, i.e. IIETOL systems are not computationally universal, or, in case Lgen (1IETOL) = Lacc(11ETOL),
the family of 1IETOL systems 1s not effectively closed under intersection with regular languages, i.e. either
the family of languages Lgen(11IETOL) is not closed under intersection with regular languages or there
is no algorithm that, given a 11ETOL system G and say a finite automaton A, delivers another 11ETOL
system G’ such that L(G') = L(G) N L(A).
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because there might be applicable productions @ — a,b — @ in G, not any derivation of GG
may be simulated by G4; (2) there are also problems with derivations possible in G but
not in G (consider the ‘dual’ example of two productions a — a, a« — b in ); (3) instead
of employing additional productions, G might also “forget’ productions to be simulated,
e.g., with the set of productions {a — «aa,b — ab} in G and the axiom ab, the word aab
would be accepted by G* even in two different ways. (1) and (2) can be circumvented
enhancing the alphabet. Difficulty (3) might be overcome using regulation of k-limited
systems as introduced in [34] for the generating case. Of course, one might use additional
tables in order to check whether a simulation step has been correct or not (like in the proof
of the last theorem). It is instructive that case (3) also prevents the application of the idea
of symmetrically deterministic systems, although a corresponding normal form does exist
both in the generating and in the accepting mode. The problem is again that the simple
idea of duality does not apply in the case of limited Lindenmayer systems.
Nevertheless, it is easily seen by a direct argument that

ﬁacc(llEDTOL) - Eacc(llETOL),

hence showing again that the syntactical concept of determinism does not decrease the
descriptive power of accepting parallel systems with extension mechanism.

We were not able to do the necessary simulations without the help of additional
tables; hence, we do not know whether Lgen(1IEOL) C Lacc(11EOL) is true or not.
Nonetheless, using arguments similar to [33], one can convince oneself that the inclusion
Lacc(LIE(P)OL) € Lacc(1IE(P)TOL) is strict.

Note that it is possible to reason about the degree of synchronization in accepting
HETOL systems using the same ideas as in [35], therefore, the degree of synchronization of
an arbitrary accepting 11ETOL language equals two.

In the case of generating systems, the exact relation between the generative power of
EIE[P]TOL and kulE[P]TOL systems is still open [36]. In the case of accepting systems, we
readily infer the next theorem.

Theorem 8.4 UkEN Eacc(kUIE[P]TOL) C ﬁacc(llE[P]TOL) O

In [8], we recently showed that Lgen (ulETOL) and Lgen (11ETOL) cannot coincide, since
Lgen (1IE[P]TOL) contains non-recursive languages. Moreover, for £ = Lgen(ulETOL), the
following predicate is true.

e For each homomorphism h and language L € £, L C ¥*, there is a Turing machine
T}, 1, such that T} 1, computes the function

fth DI {0,1},71) —1ifTwe h(L)

On the other hand, we showed in [8] that there is a homomorphism A and a language
L € Lgen(1IEPTOL) such that the above predicate is false, i.e. the corresponding fi z,
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is uncomputable. Hence, Lgen(ulEPTOL) and Lgen(1IEPTOL) cannot coincide, and, fur-
thermore, there is a language L € Lgen(11EPTOL) \ Lgen(ulEPTOL).

Further note that our results on accepting limited Lindenmayer systems underline the
relationship of this parallel language class with the regulated language class of programmed
grammars with unconditional transfer, a relationship already observed by Dassow [4, 6] in
the generating case. We summarize these relations in the following corollary. In the
generating case, the strictness of one inclusion is still open.

Corollary 8.5 (i) UpeN Lgen(FIEPTOL) € Loen (P,CF—Aut)
(1) Uy Loen(KIETOL) = Loen(1IETOL) = Lgen (P,CF,ut)
(iii) Lacc(1IEPTOL) = Lace(P,CF—\ut)
(iv) Lacc(1IETOL) = Lacc(P,CF,ut) O
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Chapter 9

Summary

In this section, we want to summarize the results obtained in this report and in other
papers. In some sense, the following diagrams supplement the diagram on page 146 in
[5]. In the diagrams, solid lines indicate strict inclusion, where the larger language class
is near the arrow-tip, dashed lines indicate an inclusion relation where the strictness is
unknown, and dotted lines mean that the inclusion relation which is indicated by the
arrow tip cannot hold. Incomparability of language classes is indicated by a dotted line
without arrows between them. In order to shorten the diagrams, we simply write £ if
the language accepting capacity equals the language generating capacity of the grammar
families. As usual, we define

L ([WIELPITOL) = U £, ¢ fgon (F[)IE[PTOL).

aCC c1
/g e

We try to refer to proofs of any claim which is not proved in [5, 27] or is one of the
many results comparing generating and accepting devices in this paper.

This section can also be understood as an invitation to the reader to help to clarify the
yet unsolved and open relationships between the listed families of languages.

9.1 The Non-Erasing Case

Reference of claims:
o Loen(ulEPTOL) C Lgen (P,CF — X) see Theorem 6.3

o In [17], it is shown that {a*" |n € N} ¢ Lgen(P,CF). Hence, there are EPOL lan-
guages which are not in Lgen(P,CF). This naturally applies also to superfamilies of
Lgen (EPTOL) and to subfamilies of Lgen(P,CF). Especially, this partially answers
a question raised in [36] concerning the relationship of uniformly limited L systems
and L systems.

¢ The same example shows the strictness of the inclusion between Lgen (P,CF —X) and

Egen(P,CF — A,ac). Confer also to [18].
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Currently, we do not trust the proof given in [31] showing the strictness of the inclu-

sion Lgen(P,CF — A, ut) C Lgen(P,CF — A, ac).
In [8, Theorem 5.2], we showed Lgen (O,CF — A) ¢ Lgen(1IEPTOL).

The strictness of the inclusion Egen(CF —A) C Egen(ulEPOL) can be seen by Exam-
ple 2.1 in [36], where also the incomparability results concerning EPOL are proved.

In [32, Theorem 4.4] together with [33], it is especially shown that Lgen(IEPOL)
does not contain Lgen(EPOL). Similarly, [33] shows the strictness of the inclusion
Lgen(IEPOL) C Lgen (IEPTOL).

The inclusion Lgen(IEPTOL) € Lgen(P,CF — A, ut) is proved in [4, 6].

The strictness of the inclusion L(uSC —X) C L(SC — A) is seen as follows: any recur-
sively enumerable language is the homomorphic image of some L£(SC — A)-language
(see the proof of Theorem 7.10), but homomorphic images of L(uSC — A)-languages
are always recursive by [18].

L L(CS)
LSC—N) Leen (P,CF — A, ac)
A
.
|
L(P,CF — \) = L(uSC - \) Lgen (P,CF — A, ut)
¥ A
|
|
L(u*IEPTOL) - Lgen (IEPTOL)
A
| e
L(ulEPTOL) . Lgen(0,CF — X) = LIRCEF — 1)
L(ulEPTOL,ex) L(EPTOL)
A
| )
I
LUIEPOLLEX) > LEPOL) > Lgen (IEPOL)
\ L(CF)

Furthermore, we know that
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E(CS) == Eacc(P,CF — )\, ELC) == ﬁacc(P,CF — )\,ut) == ﬁacc(llEPTOL) == ﬁacc(O,CF — )\)
Finally, the problem remains where to place the chain
L(CF)— L(RC,CF — X) - - = L(P,CF — })

within the sketched diagram.

9.2 The Erasing Case

With the references given in the preceding subsection, most of the connections given in the
following diagram should be clear.
We add only two references:

o The strictness of the inclusion Lgen (IEOL) C Lgen(IETOL) was shown in [33].

o We showed in 3.10 that ordered grammars have a solvable membership problem.
Furthermore, Lgen(0,CF) is closed under homomorphism. If each context-sensitive
language were generable by an ordered grammar, then also any homomorphic image
of a context-sensitive language were generable by an ordered grammar, which would
finally imply the recursiveness of any enumerable language.

We know that the following language classes characterize L(RE) = L(P,CF, ac):

Lace(0,CF)

Eacc(P,CF, ut) == Egen(P,CF,ELC) == ﬁacc(P,CF,aC)

Lacc(1IETOL)

L£(SC)

L(u?1IETOL)

Moreover,
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L(REC) < Lgen (IETOL) = Lgen (P,CF, ut)

L(P,CF) = £(uSC) L(CS) o > Lgen (0,CF) =|L(TRC,CF)
oY

CQIFTOLey)  £(ETOL)

\

| :
| v
L(UIBOL,ex) - S 001) ) R —— > Lgen (IEOL)

T

Let us point the reader to the following interesting observation [8, Theorem 5.5]:

Finally, the problem remains where to place the chain

\

L(CF)

L(CF) — L(RC,CF) - - = £(P,CF)

within the sketched diagram.

Note that we did not list the classical equivalences of various types of regulated rewriting
which also transfer to the accepting case, as shown in the paper. As one representative,
we refer to programmed grammars in this section.



Chapter 10

Conclusions

In our introductory section, we listed three cases of possible relations between the language
families generated and the language families accepted by some device X. Indeed, we found
representatives for all these cases. We list these cases in detail in the case of parallel
rewriting below.

e In the case of Lindenmayer and uniformly limited systems with extension mechanism,
we found a trivial equivalence between accepting and generating mode.

e In the case of uniformly limited systems in Wéatjen’s mode (together with the exten-
sion mechanism), this equivalence was proved using a more involved technique.

o In the case of 1-limited systems with extension mechanism, the accepting mode is
strictly more powerful than the generating one.

In the case of Lgen(X) C Lace(X), we mostly found this by proving that Lacc(X) =
Lgen(CS), whereas the class Lgen(X) is known to be a proper subset of Lgen(CS). Besides
verifying the relationship between the families Lacc(X) and Lgen(X), these results give an
interesting, somewhat practical characterization of the class of context-sensitive languages:
the family Lgen(CS) consists exactly of all languages which can be parsed (accepted) by
a nonerasing context-free matrix grammar with appearance checking, or by a nonerasing
context-free programmed grammar with unconditional transfer, or by an ordered grammar
with A-free context-free rules, etc. In this connection, it might also be interesting to
investigate programmed, matrix, ... grammars with, e.g., linear or right-linear A-free rules
as accepting devices, examining in more detail the reason why context-free productions
give such a descriptive power when considered in accepting mode.

We did not find examples for the following two cases:

o Is there a grammar family such that the generating mode is strictly more powerful
than the accepting mode?

o [sthere a grammar family such that the language families corresponding to generating
and accepting mode are incomparable?
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As regards the first case, we found a possible candidate, namely deterministic k-
uniformly-limited EPTOL systems in Watjen’s mode, but we could not prove the strictness
of the corresponding inclusion. For the second case, we will find examples when considering
pure grammars. We present these results in another paper.
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