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Abstract. This paper discusses a generalized version of #-rewriting
systems with context rules. It demonstrates that this context-based gen-
eralization does not affect the generative power of #-rewriting systems of
finite index. A new characterization of the infinite hierarchy of language
families generated by programmed grammars of finite index is obtained.
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1 Introduction

In the formal language theory, there exist language-defining devices having fea-
tures of both grammars and automata (see [1], [3], and [6]). Recently, this theory
has introduced another device of this kind—#-rewriting systems (see [4]). In-
deed, on the one hand, like grammars, they are generative devices. On the other
hand, like automata, they use finitely many states. Recall that these systems of
finite index characterize the well-known infinite hierarchy of language families
resulting from programmed grammars of finite index (see Theorems 3.1.2i and
3.1.7 in [2]).

The original version of #-rewriting systems is based upon rules of the form
pi# — q v, where p, g are states, ¢ is a positive integer, and  is a non-empty
string. By using this rule, the system rewrites ith # with + and, simultaneously,
changes the current state p to ¢. In the present paper, we discuss a generalized
version of #-rewriting systems that uses rules of the form p,a#8 — ¢ a3,
where a and 3 are strings and the other symbols have the same meaning as
above. This generalized rule is applicable to # if this # occurs in the a-( context;
in other aspects, the application is analogical to the original version.

As its main result, this paper demonstrates that the generalization under
discussion does not affect the generative power of #-rewriting systems of finite
index, so we obtain an alternative characterization of the infinite hierarchy of
language families generated by programmed grammars of finite index (see [4],
and Theorems 3.1.2i and 3.1.7 in [2]).

This result is of some interest when compared, for instance, to a similar gen-
eralization in terms of the classical Chomsky Hierarchy, in which grammars with
the generalized rules are much stronger than ordinary context-free grammars.



On the other hand, notice that the language family generated by #-rewriting
systems of finite index is incomparable with the family of context-free languages.
More specifically, a context-free Dyck language is not generated by any #-
rewriting systems of finite index and vice versa Example 1 shows that the family
of languages generated by #-rewriting systems of finite index contains at least
one non-context-free language.

2 Preliminaries

This paper assumes that the reader is familiar with the formal language theory
(see [5], [7]). For an alphabet V', V* represents the free monoid generated by V'
under the operation of concatenation. The identity of V* is denoted by e. Set
V*t = V* — {g}; algebraically, V* is thus the free semigroup generated by V'
under the operation of concatenation. For w € V*, |w| denotes the length of
w, and for W C V, occur(w, W) denotes the number of occurrences of symbols
from W in w. For every i > 0, suffiz(w,?) is w’s suffix of length i if |w| > 4, and
suffic (w,i) = w if ¢ > |w|+1. Let suffizes (w) = {suffiz(w,j) | 0 < j < |w|}. For
every i > 0, prefiz(w, i) is w’s prefix of length ¢ if |w| > ¢, and prefiz (w,i) = w
if i > |w| + 1. Let prefizes (w) = {prefix(w,7) | 0 < j < |w|}.

Let ¥ denote the set of all non-negative integers and let m € ¥. Set I =¥ —
{0}. Let K C ¥ be a finite set. Define max(K) as the smallest integer k such
that for all h € K, k > h. Define min(K) as the greatest integer k such that for
allhe K, k <h.

For a subset S of partially ordered set (¥, <), a supremum of S is an element
p € ¥ such that x < p for all x € S, and for any ¢ € ¥ such that x < ¢ for all
x € S it holds that p < q.

The infimum of the subset S is an element p € ¥ such that p < z for all
x € 5, and for any ¢ € ¥ such that ¢ < x for all z € S it holds that ¢ < p.

If the supremum of a set S exists, it is denoted as sup(.5); infimum is denoted
by inf(S).

A context-free grammar is a quadruple, G = (V, T, P, S), where V is a total
alphabet, T' C V is an alphabet of terminals, S € (V — T) is the start symbol,
and P is a finite set of rules of the form ¢: A — v, where A € (V—-T),v € V* and
q is a label of this rule. If : A — v € P, z,y € V*, G makes a derivation step
from zAy to zvy according to ¢: A — v, symbolically written as x Ay = xvy [q]
or, simply, xAy = zvy. In the standard manner, we define =", where m > 0,
=7, and =*. To express that G makes x =™ ¥y, where z,y € V*, by using a
sequence of rules q1, g2, - . ., ¢m, we symbolically write x =™ y [g1g2 . . . gm]. The
language of G, L(G), is defined as L(G) = {w € T* | S =* w}. A language, L,
is context-free if and only if L = L(G), where G is a context-free grammar.

A programmed grammar (see page 28 in [2]) is a quadruple, G = (V, T, P, 5),
where V' is a total alphabet, T C V is an alphabet of terminals, S € (V —T)
is the start symbol, and P is a finite set of rules of the form ¢: A — v, g(q),
where ¢: A — v is a context free rule labeled by ¢ and g(q) is a set of rule labels



associated with this rule. After a derivation step, symbolically denoted by =,
according a rule of this form in an ordinary context-free way, in the next step a
rule labeled by a label from g(g) has to be applied. In the standard manner, we
define =™, where m > 0, =7, and =*. The language of G, L(G), is defined as
LG)={weT*|S="w}

Let G be a grammar, and let T" and S be its terminal alphabet and start
symbol, respectively. For a derivation D:S = w; = wy = ... = w, = w €
T*, r > 1, according to G, we set Ind(D,G) = max({occur(w;,V —T) | 1 <
i < r}), and for w € T*, we define Ind(w,G) = min({Ind(D,G) | D is a
derivation for w in G}). The index of grammar G (see page 151 in [2]) is defined
as Ind(G) = sup {Ind(w,G) | w € L(G)}. For a language L in the family £(X)
of languages generated by grammars of some type X, we define Indx(L) =
inf {Ind(G) | L(G) = L, G is of type X }. For a family £(X), we set L,(X) =
{L|Le€L(X)and Indx(L) <n},n>1.

3 Definitions

A generalized #-rewriting system (G#RS) is a quadruple H = (Q, X, s, R),
where @ is a finite set of states, X' is an alphabet containing # called a bounder,
QNX =0,s¢cQisastart state and R C Q x I x " x Q x X* is a finite
relation whose members are called rules. A rule is usually written as r: p ;a#8 —
q ayB € R hereafter, where r is its unique label, 7 € I, ¢,p € @, and a, 3,y € X*.

A configuration of H is a pair from @ x X*. Let x denote the set of all
configurations of H. Let pua#fv, quayfv € x be two configurations, p,q € @,
u,v,, B,y € X* i € I and occur(ua,#) = ¢ — 1. Then, H makes a computa-
tional step from pua# v to quayfv by using r:p,a# 8 — q ay3, symbolically
written pua#fv ;= quayfv [r] in H or pua#fv = quayfv [r] in H when po-
sition is not relevant or simply pua##(v = quayfv when the applied rule is
immaterial.

In the standard manner, we extend = to =" and ;= to ;=", for m > 0;
then, based on =™ and ;=™, we define =1, =* ;=% and ;=* in the standard
way.

The language generated by G#RS H, L(H), is defined as

LH) ={w | s#="quw, g€ Qwe (¥—{#})"}.

As special case of G#RS, if every r:p;a#8 — q ay8 € R satisfies that
a = =c¢ then H is called context-free #-rewriting system (CF#RS).

Let k be a positive integer. H is of index k if for every configuration = € y,
s# =* quy = x implies occur(y, #) < k. Notice that H of index k cannot derive
a string containing more than k #s.

For G#RS H, maxy(H) and maxg(H) denote the maximum length of left-
hand and right-hand side of rules, respectively. Precisely, let H = (Q, X, s, R)



be a G#RS, maxy(H) = max({|a| | pia — ¢ B € R}) and maxg(H) =
max({|f] | pia — q B € R}).

Let k be a positive integer. L (G#RS), L (CF#RS), and Ly (P,CF') denote
the families of languages generated by generalized #-rewriting systems of index
k, context-free #-rewriting systems of index k, and derived by programmed
grammars of index k, respectively. L(G#RS) and L(CF#RS) denote the family
of languages generated by generalized #-rewriting systems and context-free #-
rewriting systems, respectively.

Ezample 1. CF#RS Hy = ({s,p,q, f},{a,b,c, #},s, R1), where R; contains

DS o p H#HH#
D pi# — q a#td
qott — p it
D pft— foab
cf#—fe

For instance, H; computes aabbce as s# = p## [1] = qa#b# [2] =
pa#bc# [3] = faabbe# [4] = faabbece [5].

Uk Wiy

Ezample 2. G#RS Hs = ({s,p,q},{a,b,c,#}, s, Ra), where Ry contains

s1# — s a##

© Soa#HE — p affb#c
pia# — q aa#

1 qob#c — p bb#cc
pra# —pa

: p1b#tc — p be

S o

For instance, Hy computes aabbcc as s# = sa#t# [1] = paftbitc [2] =
qaaftb#tc [3] = paatbbitce [4] = paabb#cc [5] = paabbee [6].

Obviously, H; and Hy are of index 2. Both systems describe the same lan-
guage L(Hy) = L(Hz2) = {a"b"¢™ | n > 1} which belongs into L(CF#RS) —
L(CF).

4 Results

The first part of the section establishes an infinite hierarchy of language fami-
lies resulting from the generalized #-rewriting systems defined in the previous
section.

Throughout this section, we only describe the construction part of the proof,
leaving the complete version of this proof to the reader.

Lemma 1. For every k > 1, L, (CF#RS) = Li,(G#RS).



Proof.
We only need to prove that L, (G#RS) C Li(CF#RS).

Construction. Let k > 1 be a positive integer. Let H = (Q,T U{#},s,R) be a
generalized #-rewriting system of index k, where ¥ = TU{#}, # ¢ T. Let u =
max({maxy,(H), maxg(H)}) and let $ be a new symbol, $§ ¢ QUX. We construct
the context-free #-rewriting system of index k, H' = (Q', TU{#}, s, R’), where
components @', s’, and R’ are constructed as follows:

2. Ql = {<p7 yo#yl# “e yh—l#yh>
lpeQ,1<h<k,
v =5 Viuy, vy € T V; € {&, 8},
)1 < 20, |y} < 20, 0 < j < h);

3. R = {(p,xo#t .. . #2,V0ll#  Fran) 13 — (0, voFE - #HY;SYFE - Han) #
| (0, wo#t .. iV all# Fan), (pxo#t - #Y;SYTH# . Han) € Q'
V; € {e, 8}, y; € prefizes(z}), yj € suffizes(x7),
z; €T*,1<h<k 0<j<h,where z{, =y)=2z) =y =¢};

4. For every rule r:p;a#8 — q ayf € R, add the following set to R':

{{p, ' a#Bn") i# — (¢, avpn") ~
| occur(n'a, #) =i — 1,
(p,n' a#6n"), (q,n'ayBn") € Q" }.

Basic Idea. By several computational steps, H' simulates a single step in H.
Inside of every state of the form (p,n) occurring in a configuration of H', it is
recorded

(1) p—the current state of H;
(2) n—the context string of H’s current configuration that represents context
of each # of length at most pu on both sides of #.

The simulation is done in two steps by rules introduced in the third and forth
step of the above construction as follows.

(a) Each substring of terminals between two #s can be non-deterministically
shortened by the rules constructed in 3 and the position of the shortening is
marked by $ to reflect this in the subsequent context checks. This shortening
is necessary only to make enough space in the context string for the rule
application in the next step.

(b) By each of H’s generalized rules is rewritten only one # with respect to its
surrounding left and right context. In this step, the rules of the context-
free form constructed in 4 are applied and, thereby, simulate H’s behavior
thanks to context checks, which are managed by the second component of
states in H'.

The simulation is completed when the string of terminals is obtained.



Let A be a homomorphism from a configuration of context-free #-rewriting
system to corresponding configuration of generalized #-rewriting system defined

as h((p,n)z) = pz.

Claim 1. If s# =™ pzo#z1# ... #2n in H, then (s, #)# =" (p,vo#z1#. ..
#xp) zo#z1 ... Fzn [rirh ... rl] in H where x; = z,V;z}, V; € {¢,$}, x} €
prefizes (z;), xf € suffives (z;), |z:i| < 4p+1, 25,2, € T*,0<i < h, 1 < h <k,
for m > 0.

Proof. This claim is established by induction on m.

Basis: Let m = 0. For s# =0 s# in H there exists s'# =0 s'# in H’, where

S = (s, #).

Induction Hypothesis: Suppose that Claim 1 holds for all computational steps of
length m or less for some m > 0.

Induction Step: Consider s# =™1! ¢2', where 2/ € X*. Express s# =711 ¢z’
as s# =" pz [rire...1Ty], where z = zo#21# ... a#0 ... #zn, # between «
and £ is the ith bounder and 71,...,7m, "mi1 € lab(R), and pz = ¢z’ [rm41].
For rpp1:pa#B — q ayB is 2/ of the form: 2/ = zo#21# ... ayB. .. #2zy, for
20y --,2n €T,

Based on the induction hypothesis, there exists (s, #)# =" (p, zo#x17# . ..
QF#L . Hxp) 20 a#LB .zt [Firh vl =T (D yoHFNnH - aFL . Hyn)
st BB 2 1don (o] = (0 yoRy . 0vB . #yn) Zodt ... AP 21

#zp, [r7.41], where p is a sequence of rules constructed in step 3, [p| > 0, r > 1,
ri € lab(R'), 1 < j < r+1, x5, y; € Te,$}T%, z; € T%, 0 < j < h,
occur(Yo#n# . .. o, #) = occur(zo#nH#H ..oy #) =i—1, 0 = Tj aHTi—at1 -
mi_g#xijl, a = occur(a, #) + 1, T € suffives (vi—a), B = Ti#riy1 ... 705
#7,, 5, 8 = occur(B,4), T,y 5 € prefives (x;,5), and 7. 1: (D, Yo#Y1# - . aFB . ..
#Huyn) # — (g, Yoty ...ayB ... #xp) v € R is introduced by step 4.
Therefore, h({p, yo#y1# . .. aF#L ... #yn) 20# ... a#B ... zn_1#2,) = pz and
h({qg, yo#1# ... ayB ... #yn) 20# ... ayB. .. zn_1#2r) = 7', so the claim holds.

Claim 2. If s# =* pw in H, then (s, #)# =* (p,n)w in H for some z > 0,
we T

Proof. Consider Claim 1 for h = 0. At this point, if s# =7 pzy, then (s, #)# =*
(p, z0)z0 and so zg = w.
O

Theorem 1. For every k > 1, Li;(G#RS) C Lx1+1(G#RS).

Proof.

Li(G#RS) = Li(CF#RS) follows from Lemma 1. Recall that L (P,CF) =
Li(CF#RS) (see [4]) and L(P,CF) C Liy1(P,CF) for every k > 1 (see
Theorems 3.1.2i and 3.1.7 in [2]). Thus, Theorem 1 holds. O



5 Conclusion

The present paper has discussed generalized language-defining device that repre-
sents a combination of both automata and grammars. This device characterizes
well-known infinite hierarchy of formal language families in a very natural way.
Consequently, it is obviously closely related to some classical results about formal
languages, on which it sheds light in an alternative way. Therefore, this paper
suggests its further investigation in the future. Specifically, this investigation
should pay a special attention to the following open problem areas:

Unrestricted Rules. Observe that Theorem 1 does not hold if the rules are of
the form p;a — ¢q B, where p,q € Q, i € I, a,8 € X*, occur(a,#) > 1 and
computation step is defined as follows:

Let pud’#a’"v, quBv be two configurations, p,q € Q, u,v € X*, i € I and
occur(ua’,#) = i — 1. Then, #-rewriting system with unrestricted rules makes
a computational step from puc/#a’’v to quBv by using the unrestricted rule
ripia’#a’ — q 3.

Let us demonstrate this observation on the following example.

Ezample 3. In [2], Theorem 3.1.7 proves that L, € Li(CF#RS) and Lj, ¢
Li_1(CF#RS), where Lj, = {b(a'b)?* | i > 1}.

Consider G#RS with unrestricted rules H = ({s, s, p,q,r, 7, f}, {a, b, #}, s,
R), where R contains

s1# — ' #Ha#H#
s'oft — ' #a
s#—p#
po#a — q a#f
qs# — p #a
pottH — 1 #HH#
ri#E—1r'b

' 3# — p #H#
pi#E#E—fb
fa#t#E— f b

For instance, H computes baabaabaab = b(a?b)? as

s# = s'#HH#a## [1] = 'H#H#aaH## 2] = pH#HFaat# [3]

= q#a#ast# (4] = pa#tadfa# (D]

= q#aast#ta# [4] = pH#aa##aatt [5]

= r#taa#tFaadt [6] = r'baa##aatt [7] = pbaa#Haa#t# (8]

= gbaa#a#Ha## [4] = pbaa#aftaitaF [5]

= gbaa#aa#H#a# [4] = pbaataa#tFaadt [5]

= rbaa#aa#H#aa# [6] = r'baabaa#H#aa# [7] = pbaabaa#F#Haa## [8]

= fbaabaabaa## [9] = fbaabaabaab [10].

It is obvious that H is of index 4 and L(H) = {b(a’b)’ | i,7 > 1} € L4(G#RS
with unrestricted rules). Thus, this example shows that for every k > 1, there is
a language L such that L ¢ L (CF#RS) and L is generated by a generalized
#-rewriting system with unrestricted rules.

—_



We believe that there is no infinite hierarchy based on finite index in case of
generalized #-rewriting systems with unrestricted rules. More specifically, every
generalized #-rewriting system with unrestricted rules can be transformed into
equivalent generalized #-rewriting system with unrestricted rules of index 1.
However, we have not proved this conjecture so far.

Unlimited Index. Consider #-rewriting systems that are of unlimited index.
What is the language family defined by them. What is the relation between
L(CF#RS) and L(G#RS)?

Determinism. This paper has discussed a general version of #-rewriting systems,
which work non-deterministically. Of course, these systems can be restricted
so they work deterministically. What is the language family defined by these
deterministic systems?

Formally, a generalized #-rewriting system M is deterministic if for every
left-hand side of M’s rule r, lhs(r), holds that card({lhs(r) | r € R}) < 1.
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