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Abstract. Tree controlled grammars are context-free grammars where the
associated language only contains those terminal words which have a derivation
where the word of any level of the corresponding derivation tree belongs to a
given regular language.

In this paper, we consider first the case that we take only such regular lan-
guages as the control set which can be represented by finite unions of monoids.
We show that the corresponding hierarchy of tree controlled languages collapses
already at the level 2. Moreover, we present a characterization of both levels
by well-known language families generated by extended Lindenmayer systems.

Furthermore, we give some comments on the hierarchy of tree controlled
languages if one restricts the number of states allowed in the accepting automa-
ton of the regular control language.
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1 Introduction

It is a well-known fact that the most investigated classes of formal languages, the reg-
ular and context-free languages, are not able to cover all phenomena which are known
from natural languages, programming languages etc. Thus, there have been introduced
many grammars with a context-free core and some mechanism which controls the se-
quences of rules in a derivation or the applicability of a rule etc. (see [2] and [6]).
One such control mechanism was introduced by CULIK II and MAURER in [1] where
the structure of the derivation trees is restricted by the requirement that all words
belonging to a level of the derivation tree have to be in a given regular language. PAUN
proved that the generative power of these grammars, called tree controlled grammars,
coincides with that of context-sensitive grammars (if erasing rules are forbidden) or
arbitrary phrase structure grammars (if erasing rules are allowed). Therefore most of
the classical decision problems are undecidable or NP-hard. But if one restricts the
underlying context-free grammars to be unambiguous, then the membership problem
can be solved in quadratic time and a lot of important non-context-free languages can
be generated. Thus it is a natural question to consider restricted versions of tree con-
trolled grammars. In [3] the generative power has been studied in those cases that one
restricts the control language to special subclasses of the family of regular languages,
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e.g. to monoids, nilpotent, combinational, definite, non-counting, regular suffix-closed
and regular commutative languages.

In this paper, we consider first the case that we take only such regular languages
as the control set which can be obtained from singletons, consisting of the empty
word or a letter of the underlying alphabet, and the empty set by the use of union
and Kleene closure. It follows easily that such languages can be represented by finite
unions of monoids. Therefore we have an obvious hierarchy with respect to the number
of unions. We first show that the corresponding hierarchy of tree controlled languages
collapses already at the level 2. Moreover, we present a characterization of both levels
by well-known language families generated by extended Lindenmayer systems.

Furthermore, we give some comments on the hierarchy of tree controlled languages
if one restricts the number of states allowed in the accepting automaton of the regular
control language.

2 Definitions

Throughout the paper, we assume that the reader is familiar with the basic concepts
of formal language theory; for details we refer to [6], [5], and [2].

With any derivation in a context-free grammar G, we associate a derivation tree.
With any derivation tree ¢ of height k£ and any number 0 < j < k, we associate the
words of level j and the sentential form of level j which are given by all nodes of depth j
read from left to right and all nodes of depth j and all leaves of depth less than j read
from left to right, respectively.

Obviously, if w and v are sentential forms of two successive levels, then w =* v
holds and this derivation is obtained by a parallel replacement of all nonterminals
occurring in w.

A tree controlled grammar is a quintuple G = (N, T, P, S, R) where

e (N,T,P,S) is a context-free grammar with a set NV of nonterminals, a set T of
terminals, a set P of context-free non-erasing rules, and an axiom S,

e R is aregular set over (N UT)*.

The language L(G) generated by a tree controlled grammar G = (N, T, P, S, R)
consists of all words z € T™ such that there is a derivation tree ¢ where z is the word
obtained by reading the leaves from left to right and the words of all levels of ¢ — besides
the last one — belong to R.

Example 1. We now consider the tree controlled grammar
G=({S,A,B,C},{a,b},P,S,R)

with P = {S — AB,A — aAb,B — Ba,A — ab,B — a,A — aCb,C — Cb,C — b}
and R = ({a,b,S,C}*{A, B}{a,b, S, A, C}*{B}{a,b,S,C}*)* U{a,b,S,C}*. Due to
the given productions and the control set, the words of a level of a derivation tree can
only be from the set {S, AB,aAbBa,aba,aCba,Cb,b}. Therefore any derivation has
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the form S = AB — aAbBa = --- = a" 1AV "1 Ba""1 = a™b"a" or

S = AB — aAbBa = --- = a" A" !B = a"CH"a"
= "0V = - = d"C"T " = o™ T

withn > 1 and m > 1. Thus, L(G) = {a™"*"a" | n > 1, m > 0}.

Given a set R of regular languages, we denote by 7C(R) the set of all languages
generated by tree controlled grammars G = (N, T, P, S, R) with R € R.

Lemma 2. (3| If X CY holds for two sets X and Y of reqular languages, then also
the inclusion TC(X) C TC(Y) holds. O

An extended tabled interactionless L system (ETOL system for short) is a quadru-
ple G = (V,T,P,w) where V is an alphabet, T is a subset of V, w € V* and,
P={P,P,,..., P} for some r > 1 where, for 1 < ¢ < r, P; is a finite subset of
V x V* such that, for any a € V, there is at least one element (a,v) in P;. The
elements P;, 1 <17 < r, are called tables.

As usual, we shall write a — v instead of (a,v). A word x € V7T directly derives a
word y € V* (written as z = y), if

— T=x1x2...xy for somen > 1, 2; € V, 1 <i<n,

- Yy=y1y2...Yp and

— there is a natural number j, 1 < j < r such that x; — y; € Pj for 1 <i <n.
The language L(G) generated by an ETOL system G is defined as

LG)={z|2€T", w=" 2},

where =* is the reflexive and transitive closure of =.

By ETOL and ETOL, we denote the families of all languages generated by ETOL
systems and ETOL systems with at most r tables, respectively. An ETOL system with
only one table is also called an EOL system; we write EOL for the class ET0L;.

We recall the following theorem on the hierarchy with respect to the number of
tables; a proof of it can be found in [5].

Theorem 3. For any ETOL system G, there is an ETOL system G’ such that G’ has
at most two tables and L(G') = L(G), i.e., ETOL, = ETO0Ly for any r > 2. O

3 A Collapsing Hierarchy

Let X be an infinite set. We consider only languages L C (X')* where X’ is a finite
subset of X. Let us consider regular sets which are obtained by application of union
and Kleene closure from the basic sets {z} with z € X, {A} and (. By (A4*)* = A*
and (A* U B*)* = (AU B)*, it follows easily by induction on the number of applied
operations that any infinite such restricted regular set is of the form A7 UA5U---U A}
for some n > 1 and some (finite) alphabets A; C X, 1 <i < n, i.e., it is a union of n
monoids for some n > 1.
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For any natural number n > 1, let MON,, be the set of all languages that can be
represented in the form AfUA3U---UA} with 1 <k < n where all 4; (1 <i<k) are
alphabets. Obviously, MON{ C MONy C --- C MON; C --- . By Lemma 2 and |3],
we obtain the following results.

Proposition 4. 7C(MON,) C TC(MONy) C--- CTC(MON;) C ---. O
Proposition 5. 7C(MON) = EOL. O

We now show that every language in 7C(MONy) (k > 1) can be generated by an
ETOL system with £+ 1 tables. In [1], it was shown that every tree controlled grammar
G = (N,T,P,S,R) with R= N{UN;U---UN; where N = NyUNyU---U N and
N; N N; =0 for i # j generates an ETOL language. Our result is in that sense sharper
that we allow an arbitrary control set R € MON.

Theorem 6. For all k > 1, the inclusion TC(MON}) C ETOLy1 holds.
Proof: Let L be a language generated by a tree controlled grammar
Gt = (N7T7P751R)

where R is the union of at most k monoids: R = RfUR; U ---U R;.

If S ¢ R then L = () and we take the ETOL system G = ({S},0,{h1 },S) with
h1(S) = S. Since L(G) = 0, we have L = L(G). Let us now consider S € R.

We construct an ETOL system G = (VU{ F },T,{ h1,ha,..., hgt1 },S) as follows:

V=NUT,
hi(A)y={w|A—wePandwe R} fori=1,2,...,kand A€ N,
1A ={w|A—-wePandweT"}for Ae N,
he(A) = {h;(A) if i(4) # 0.
{F} otherwise,
hi(a)={a} fori=1,2,...,k+1landa e TU{F}.

fori=1,2,....,k+1and A€ N,

The trap symbol F is introduced to meet the definition that h;(A) # 0 for
i=1,2,...,k+1and A € N. The sentential forms containing F' do not contribute to
the language L(G). By induction on the derivation length, it can be proved that G
generates the given language L. Hence, TC(MONy) C ETOLy 1. O

According to Theorem 3, we even have the next result.
Corollary 7. For all k > 1, the inclusion TC(MON}) C ET0Ly holds. O
We now show that the inversion holds for & > 2.

Theorem 8. FEwvery ETOL language can be generated by a tree controlled grammar with
a control set composed of two monoids: ETOL C TC(MON3).
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Proof: Let L be an ETOL language. Then, by Theorem 3, there is an ETOL system
G = (V,T,{ h1,he },w) with two tables that generates the language L.
With every symbol x € V', we associate two new symbols 1 and x2. We set

Vi={z1|zeV}and Vo={aa|zeV}

The corresponding isomorphisms are denoted by 7; and 7, respectively:

m:V* =V withni(z) =21 and m2: V* — V5 with ne(x) = z2.

Additionally, let S ¢ V U V] UV, be a new symbol.
We now construct a tree controlled grammar Gy = (N, T, P, S, R) as follows:

N={S}uViuUVs,
P={S—mnw) lje{1,2}}
U{ni(z) = nj(w) |i,5 € {1,2}, 2 € V and w € h;(z) }
Uf{ni(z) »alic{l,2} andz €T},
R=Wu{s}huy.

We prove that the tree controlled grammar Gy generates the given ETOL language L.

(1)

(1)

L C L(Gy).
We show for every sentential form w of G by induction on the derivation length
that 71 (w) and n2(w) are words of a level of a derivation tree of G;.

For the axiom w of G, the words 7;(w) and n2(w) are obtained by Gy using
the rule S — n1(w) or S — Ma(w). The words S, M (w) and na(w) belong to R,
so M (w) and na(w) appear as words of a level of a derivation tree of Gy.

Let w be a sentential form of G. By induction hypothesis, n;(w) and n2(w)
occur as a level in a derivation tree of G¢. Let u € h;(w) be a derivative of w
by a table h; (i € {1,2}). Due to the construction of the rule set P, we can
derive n;(u) in Gy. Since 7;(u) € V;*, the word 7n;(u) belongs to R and it is a
level of a derivation tree of Gy. If w € T™, then we can derive w itself from
ni(w) or nz(w) in G by applying the terminating rules and obtain w € L(Gy),
which proves L C L(Gy).

L(Gy) C L.
Every derivation tree of Gy has as root the nonterminal symbol S. We show
for every word w that occurs at a level (apart from the first and last ones) of
a derivation tree of Gy by induction on the derivation length that there are a
number ¢ € {1,2} and a word w’ such that w = n;(w’) and w’ is a sentential
form of G.

Let w be a word of the second level of a derivation tree. Then w is a
derivative of S in Gt. Since there are only two rules for S, there is a natural
number ¢ € {1,2} such that w = n;(w). Furthermore, w is a sentential form
(the axiom) of G.

Let w be a word of a further level of a derivation tree of Gy. By induction
hypothesis, there are a number ¢ € {1,2} and a word w’ such that w = n;(w’)
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and w’ is a sentential form of G. Let u be the next level after w. Then u is a
derivation of w and u € RUT™*. If u € R, then there is a number j € {1,2}
such that u € V7, because S does not occur on the right hand side of a rule.
Then, according to the rules of Gy, there is a word «’ such that u = 7n;(v') and
v € h;j(w’). Hence, v is a sentential form of G. If uw € T*, then terminating
rules were applied to w. According to the rules in P, we have u = w’. In this
case, we obtain that u is a sentential form and even a terminal word of L(G}).
Thus, every word generated by Gy is also generated by G.

Together, we obtain L = L(Gy), which completes the proof that every ETOL language

is also generated by a tree controlled grammar where the control set is described by

two monoids. Hence, the inclusion ET0L C TC(MON3) holds. O

This theorem improves the result ET0L, C TC(MON 1) of the paper [1].
By Proposition 4, Proposition 5, Corollary 7 and Theorem 8, we obtain the hierarchy
shown in Figure 1 where an arrow from a class X to a class Y indicates X C Y.

EOL //_—;)/? TOL\

! \

TC(MON;) —=TC(MON3) —-TC(MON3) — -+ —=TC(MONy) —---
Figure 1. Hierarchy of the classes 7C(MON) and ETOL

From Figure 1, one can immediately see that the classes 7C(MON},) and ETOL are
pairwise equivalent for k > 2.

Theorem 9. The classes TC(MONy,) for k > 2 coincide with the class ETOL. O

For k£ > 1, the inclusions and equivalences hold as shown in Figure 2. An arrow
from a class X to a class Y indicates the proper inclusion X C Y.

cS

!

ETOL = TC(MON,) = TC(MON3) = --- = TC(MON}) = - - -

!

EOL = TC(MON)

Figure 2. Characterization of the classes 7C(MON})

We have shown that the languages generated by tree controlled grammars with the
union of finitely many monoids as the control set can already be generated by a tree
controlled grammar with the union of two monoids as the control set. We obtained
a two level hierarchy where the first level (using one monoid) is characterized by the
family of EOL languages and the second level by the family of ETOL languages.
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4 A Hierarchy with Respect to the Size of Automata

Let R be a regular language. Its descriptional complexity ¢(R) is defined as the number
of states of a minimal finite deterministic automaton that accepts R (which is unique
up to isomorphism of finite deterministic automata). For any n > 1, by REG,, we
denote the family of regular languages R such that ¢(R) < n. It is known that

REG1 C REG, C REG3 C ---C REG,, C --- .

Obviously, by Lemma 2,
Lemma 10. 7C(REG;) CTC(REG2) CTC(REG3)C---CTC(REG,) C---. D

If an automaton with input alphabet X has exactly one state z, then the accepted
set is the empty set (if the set of accepting states is empty) or X* (if the set of
accepting states is {z}). Since a tree controlled grammar G = (N, T, P, S, () generates
the empty set, and the empty set is also generated by any tree controlled grammar
G' = (N,T,P,S,V*) with VN (NUT) =0, we get the following statement.

Theorem 11. 7C(REG;) =7TC(MON,) = EOL. ]

We consider the language
L(G) = {a"b"™a™ | n > 1, m > 0}

from Example 1. By [5], Corollary 4.7, L(G) ¢ EOL. Hence, by Theorem 11, we obtain
L(G) ¢ TC(REG,).

Moreover, it is easy to see from Example 1 that L(G) is in 7C(REG2) since the
language R from Example 1 is accepted by the deterministic finite automaton

A= ({ZO, 21}7 {CL, b7 57 Aa Bv 0}7 20, 5, {ZO})
where the transition function ¢ corresponds to the graph given in Figure 3 1.

S,C,ab S,A,C,ab

/ B /
start— —
A,B

Figure 3. Transition graph of A

Therefore the following result holds.

Theorem 12. 7C(REG:) C TC(REG>). O

Let L be a language and V' = alph(L) be the minimal alphabet of L. We say that L
is combinational if and only if it can be represented in the form L = V*A for some
subset A C V. By COMB, we denote the family of all combinational languages.

With respect to the hierarchy obtained in [3], we immediately get the following
result.

n all figures displaying transition graphs of automata in this paper, the word start points to the
start state and all accepting states are marked by a surrounding double circle.
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Theorem 13. 7C(COMB) C TC(REG>).

Proof: Every combinational language L can be represented as V*A with V' = alph(L)
and A C V. Such a language can be accepted by a deterministic finite automaton with
two states and the transition function shown in Figure 4.

VA A
/

VAA )
start— —
A

Figure 4. Automaton for accepting the language V*A

Hence, COMB C REG3. By Lemma 2, we obtain 7C(COMB) C TC(REG2). O

Theorem 14. ETOL C TC(REGy).

Proof: By Theorem 9, for any ETOL language L, there is a tree controlled grammar
G = (N,T,P,S,A; U A) where Ay C NUT and Ay € N UT such that L(G) = L.
The finite automaton

'A/ = ({ZO,Zl,ZQ,Zg},N U T7 ZOadla {20,21,22})

with the transition function ¢’ defined according to the transition graph shown in
Figure 5 accepts the language A7 U A3.

Aq

£
A1NAsg y V\Al
start—> VA(A4104;) <\ 14
) J
m V\A2
N

Az
Figure 5. Transition graph of A’ (with V =NUT)

Therefore L = L(G) € TC(REG,). ]

We now show that this inclusion is strict. We give a language that is not generated
by an ETOL system but by a tree controlled grammar with a control set which is
accepted by a deterministic finite automaton with four states.

Lemma 15. The language L = { " (ab™)™ | n > m > 1} is not generated by an ETOL
system.

Proof: Suppose, there is an ETOL system generating L. Then also the language
L'={(ab™)™|n>m>1}is an ETOL language because the family of ETOL lan-
guages is closed under homomorphisms. But L’ is not an ETOL language ([5]). So,
neither is L. O
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Theorem 16. The language L = {c™(ab™)" | n > m > 1} is generated by a tree
controlled grammar where the control set is accepted by a deterministic finite automaton
with four states.

Proof: Let A = ({ 20,21, 22,23 },{S,A4,B,B,b,c},20,0,{ 20,23 }) be a deterministic
finite automaton where the transition function is defined according to the diagram of
Figure 6. The language accepted by this automaton is denoted by T'(.A).

S,A,B ¢,8,B,B' b A B'b
¢,B'.b ) A ) Bb )
start— e
c,S,B

Figure 6. Transition graph of A

Let T = {a,b,c} and G = ({S, A, B,B'},T, P,S,T(A)) be a tree controlled gram-
mar with the rule set

P={S—ASB,S—AB,A—A A—c,B—B,B— B'b, B—ab, B'— B'b, B'— ab}.

We now prove L = L(G).
(1) LCL(G).
Let n,m be two natural numbers with 1 < m < n. One derivation tree of the
word ¢™(ab™)" is given in Figure 7.

Level Sentential form
0 S S
VRN

1 A S B ASB
[

n—1 A A S B B Ar—lgpn—1
/ s/ \
n A A A A B B B A" B"
| AN I\
’I’L+1 C A A A A B/ b B/ b cA'nfl(B/b)n
. I\ AN
n-+2 c A A A -~ A B b -+ B b CQAn—Q(B/bQ)n
L \ \\ \\
| N i\
n+m-—1 c A A B b -+ B b cm—lAn—(m—l)(B/bm—l)n
| I\ I\
n-+m c C a b a b cn(abm)n

Figure 7. Derivation tree of the word ¢"(ab™)"

The words of the levels 0 to n are accepted in state zg; the words of the
levels n + 1 to n +m — 1 are accepted in state z3. The last level contains a
terminal word.
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(m) L(G)C L.

We show inductively which words can be derived and belong to the control set R.
The start symbol S is accepted by the automaton A. From S, the words AB
and ASB can be derived (and only these two). Both words are also accepted
by A. The sentential form AB derives the words

— cab € T*, which belongs to the language L, too,

— Aab, ¢cB'b, AB’b, cB, which are not accepted by A, and

- ABeT(A).
The sentential form ASB derives the words

~ cAoBab, AAcBab, cAcBB'b, AAc BB'b, cAc BB with o € { S, A}, but all

these words are not accepted by A, and

— AAoBB e T(A) with o € { S, }.
The new sentential forms accepted by A are A2SB? and A2B2. The sentential
form A*SB? with i > 2 leads to

— the word A'S’B € T(A) with S’ € { ASB, AB },

~ a word wS™v with w € {¢, A}*, "€ {ASB,AB}, v € { B,B’,a,b}*, and

#c(w) > 0 or #4 py(v) > 0, but then wS'v ¢ T(A).

Hence, the only sentential forms derived from A*SB® and accepted by A are
AHLS B and A1 B+l The sentential form A*B* with i > 2 leads to

— the word ¢‘(ab)? € T*, which belongs to the language L, too,

~ the word A'B? € T(A),

~ aword wA(B'b)" € T(A) with w € {¢, A}* and #.(w) > 0,

— another word wv ¢ T* with w € {¢,A}* and v € { B, B’,a,b}*, but then

wo ¢ T(A).

Hence, the only new sentential form that is accepted by A is wA(B'b)" with
w e {ec, AV, #.(w) >0, and i > 2.

We now consider a word wA(B’b)! with w € { ¢, A}*, #c(w) > 0, and 7 > 2
that occurs at some level of a derivation tree. It corresponds to a sentential form
sA(B'bF)" with the following properties: k < i, s € {¢, A}*, [sA| =i, there are
letters x1,x2,...,x, and words y1,¥2, ..., Yn+1 such that w = z1z9... 2, and
S = Y1T1Y2T2Y3 - - - YnTnYn+1 (w is a scattered subword of s) and the remaining
subword s — w = Y192 . .. Yn+1 does not contain the letter A (for the induction
base, we have w = s and k = 1).

Such a word wA(B'b)* (w € {¢, A}, #.(w) > 0, i > 2) with a corresponding
sentential form sA(B'b)" (k < i) derives

— the word ¢/(ab)? with j = # 4(w) + 1 and the corresponding sentential form

¢! (ab® 1), which is a word of the language L,

— aword w' A(B'b)" € T(A) with #.(w") > 0 and the corresponding sentential
form is s’ A(B'b¥+1)! with i > 3 (in this case, w contains at least one ¢ and

at least one A to produce a ¢ in w’, hence |[wA| > 3), k+1 < i, s € {¢c, A},

|s’Al = i, w' is a scattered subword of s’ and the remaining subword s — w
belongs to the set { ¢ }*,
— another word wv ¢ T* with w € {¢,A}* and v € { B',a,b}*, but then

wo ¢ T(A).



On Two Hierarchies of Subregularly Tree Controlled Languages 11

Hence, we obtain again a word of the form wA(B’b)" with a corresponding
sentential form sA(B'b*) or a terminal word that belongs to the language L.

Thus, all terminal words generated by G are also words of the language L.

Together, we obtain L = L(G) which completes the proof that the tree controlled

grammar G € TC(REG,) generates the non-ETOL language L. O

Together with Theorem 14, we obtain the strict inclusion.
Corollary 17. ETOL C TC(REGy).
Finally, we give the following statement.

Theorem 18. FEvery language that is generated by a context-sensitive grammar with

exactly r non-context-free rules pi,pa,...,pr and n; symbols on the left hand side of

the rule p; (1 <i <) is also generated by a tree controlled grammar where the control
T

set is accepted by a deterministic finite automaton with at most 2+ > (n; — 1) states.
i=1

Proof: Let L be alanguage generated by a context-sensitive grammar G = (N, T, P, S)

with exactly r non-context-free rules pi, po, ..., pr and n; symbols on the left hand side

of the rule p; (1 < i < r). For each terminal symbol, we introduce a non-terminal

to postpone the termination. Let Ny = {7, | a € T'}. Further, let V.= N UT,

W = NUNyp and n : V¥ — W* be the isomorphism defined by n(A) = A and

n(a) = Tg.

The non-context-free rules have the form p; = A;14;2... Ain, = Bi1Bi2...Bin,
with A;, € Vand B, €e VT for 1 <i<r, 1<k <n,. Let

Xik = (n(Aix), pi, k,n(Bik))
for 1 < 1 < r, 1 < k < Ng, P; = AZ’JAZ‘Q N Ai,ni — Bi,le‘,Q e Bl}ni and

The language L can be generated by a tree controlled grammar similar to |2, The-
orem 2.3.2].

The terminal symbols are derived in the last step (because otherwise it is not to
be seen whether two adjacent symbols in a word of some level are neighbours in the
sentential form, if they wrongly would be regarded as adjacent, then a rule could be
applied that is not applicable to the sentential form).

We construct a tree controlled grammar G’ = (N, T, P/, S, R) as follows:

N' =W UM,

P={A—-nw)|A—-wePforAc NandweV*}
U{A— X, | Xir=(A,pi,k,B) e M}
U{Xix — B | Xix = (A, pi,k, B) € M}
U{A—-A|AceW}U{T,—a|laeT},

R=W*"U(W*{ Xi1Xin... Xin, | 1 <i <7 }W*)"



12 J. Dassow, B. Truthe

In each step, context-free rules, chain rules and rules simulating non-context-free
rules can be applied simultaneously. It is easy to see that the tree controlled grammar G’
generates the language L.

,
The control set R is set is accepted by a finite automaton with 24 > (n; — 1) states.

=1
The transition graph is illustrated in Figure 8.
X1,2 1) Xis X1nq—1
2 e
X11 Xim N\ }
w
VAN
start‘> —>@ N’
N\{Xrn}

Xrynr ’

Figure 8. Automaton for R

The start state zg is the only accepting state, we have one ‘trap’ state z; for errors
and further states 2} after reading a symbol X;; (1 <i <r, 1 <k <n; —1) — after
reading X ,, correctly, we return to z. O

However, the sets 7C(REG,,), n > 1, do not form an infinite hierarchy. As shown by
STIEBE, every context-sensitive language language can be generated by a tree controlled
grammar whose control language is accepted by a deterministic finite automaton with
at most five states (|7]).
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