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ON THE CLASSES OF LANGUAGES ACCEPTED
BY LIMITED CONTEXT RESTARTING
AUTOMATA %%, #oxx

FRIEDRICH OTTO', PETER CERNO? AND FRANTISEK MRAZ?

Abstract. In the literature various types of restarting automata have
been studied that are based on contextual rewriting. A word w is ac-
cepted by such an automaton if, starting from the initial configura-
tion that corresponds to input w, the word w is reduced to the empty
word by a finite number of applications of these contextual rewritings.
This approach is reminiscent of the notion of McNaughton families
of languages. Here we put the aforementioned types of restarting au-
tomata into the context of McNaughton families of languages, relating
the classes of languages accepted by these automata in particular to
the class GCSL of growing context-sensitive languages and to the class
CRL of Church-Rosser languages.
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1. INTRODUCTION

Restarting automata have been introduced to model the linguistic technique of
analysis by reduction [14]. By now many different types of restarting automata
have been defined and studied intensively, see for example [23]. The deterministic
context-free languages, the context-free languages, the Church—Rosser languages
and the growing context-sensitive languages have all been characterized by cer-
tain types of restarting automata. Further, it has been shown that also some
interesting languages, like the copy language Leopy = {wew | w € {a,b}* } and
the Gladkij language Lglaa = { wew®few | w € {a,b}* }, which are not growing
context-sensitive, are accepted by certain types of restarting automata. Interest-
ingly, a restarting automaton is not only useful for accepting a language, but in
addition, a restarting automaton (“analysis by reduction”) enables error localiza-
tion in rejected words/sentences (see, e.g. [15]).

Therefore, several attempts for learning restarting automata by genetic algo-
rithms have been made [8,13]. Unfortunately, the results are far from being ap-
plicable. Another method based on the concept of identification in the limit from
positive data was proposed in [19]. This method uses positive samples of simplifi-
cations (reductions) and positive samples of so-called simple words (sentences) of
the language to be learnt. It applies to learning a subclass of restarting automata
called strictly locally testable restarting automata. Their definition as well as the
protocol for learning them is based on the notion of strictly locally testable lan-
guages. As it turned out, the strictly locally testable restarting automata are quite
expressive, as they accept a proper superclass of the growing context-sensitive
languages.

In [9] an even simpler version of the restarting automaton was introduced: the
so-called clearing restarting automaton. While in general a restarting automaton
scans its tape content from left to right until it detects a position to which a
rewrite operation applies, the rewriting done by a clearing restarting automaton
only depends on the context of a fixed size around the subword to be rewritten. In
fact, a clearing restarting automaton can only delete symbols. For these automata a
simple learning algorithm exists, but not surprisingly, clearing restarting automata
are quite limited in their expressive power. They accept all regular languages and
even some languages that are not context-free, but they do not even accept all
context-free languages. Accordingly, they were extended to the so-called A-clearing
restarting automata and the A*-clearing restarting automata that can use a marker
symbol A in their rewrite operations. It turned out that these types of restarting
automata only accept languages that are growing context-sensitive [24], but that
they can accept all context-free languages [10]. However, it is still open whether
or not there is a growing context-sensitive language that is not accepted by any
A- or A*-clearing restarting automaton.

Finally, in [2] limited context restarting automata were defined as an extension
of the clearing restarting automaton. Also these automata apply rewrite steps only
based on context information, but their rewrite rules are more general. In fact, the
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most general form of these automata accepts exactly the growing context-sensitive
languages. In addition, in [2] a special version of a genetic algorithm is proposed
to learn these automata from positive and negative samples.

As a limited context restarting automaton applies its rewrite operations based
on context information, it can be interpreted as executing reductions with respect
to a finite string-rewriting system. Furthermore, a word w belongs to the lan-
guage L(M) that is accepted by a given limited context restarting automaton M,
if and only if M can reduce w to the empty word A, that is, if and only if w
can be rewritten to A by the induced string-rewriting system. This is essentially
the same concept as the one that underlies the notion of McNaughton families
of languages studied in [3]. Accordingly, a detailed study of the correspondence
between the various types of limited context restarting automata on the one hand
and the various McNaughton families of languages of [3] on the other hand is
called for. Here we present such a study. For this we first repeat the definitions
of the concept of a McNaughton family of languages and of the various types of
limited context restarting automata. Then we relate the language classes accepted
by these automata to the classes of the classical Chomsky hierarchy and to cer-
tain McNaughton families of languages, among which the class GCSL of growing
context-sensitive languages [7,11], the class CRL of Church—Rosser languages [18],
and the class con-gen-mon-McNL of confluent generalized monadic McNaughton
languages [17) will appear prominently.

Notation. In the following all alphabets considered will be finite. For an alpha-
bet X', X* is used to denote the set of all words over X' including the empty word .
For w € X*, |w| denotes the length of w, and w! is used to denote the reversal
(or mirror image) of w. Accordingly, for a language L C ¥*, L® denotes the lan-
guage L = {w® | w € L}. By N we denote the set of non-negative integers.
A weight function is a mapping g : X — N that assigns a positive weight g(a)
to each letter a of X. It is extended to arbitrary words by taking g(A) = 0 and
g(wa) = g(w) + g(a) for all words w € ¥* and all a € X. Finally, for any type A
of automaton, £(A) is used to denote the class of languages accepted by automata
of this type.

2. MCNAUGHTON FAMILIES OF LANGUAGES

A string-rewriting system S on an alphabet X' consists of (finitely many) pairs
of strings from X*, called rewrite rules, which are written as (¢ — 7). By dom(S)
we denote the set dom(S) = {¢ | Ir € X* : (¢{ — r) € S} of left-hand sides of
rules of S. The reduction relation =% on X* that is induced by S is the reflexive
and transitive closure of the single-step reduction relation

=g ={ (wlv,urv) | ({ —r) € S,u,ve X*}.

For a string w € X*, if there exists a string v such that u =g v holds, then
u is called reducible mod S. If such a string v does not exist, then u is called
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irreducible mod S. By A%(u) we denote the set of all descendants of u, that is,
A(u) ={v]u=%v} Vi) ={u|u=%v} is the set of all ancestors of v,
and IRR(S) denotes the set of all irreducible strings mod S. It is easily seen that
IRR(S) is a regular language for each finite string-rewriting system S. By <%
we denote the Thue congruence on X* that is induced by S. It is the smallest
equivalence relation on X* containing the single-step reduction relation =g.

Here we are interested in certain restricted types of string-rewriting systems. A
string-rewriting system S is called

e terminating, if there is no infinite sequence of reduction steps w =g w1 =g
Wo =8 ...,

o weight-reducing, if there exists a weight function ¢ satisfying ¢(¢) > g(r) for

each rule (¢{ —r) €S,

length-reducing, if |€] > |r| for each rule (¢ — r) € S,

generalized monadic, if |¢| > |r| and |r| <1 for each rule (¢ — ) € S,

monadic, if || > |r| and |r| <1 for each rule (¢ — r) € S,

confluent, if, for all u,v € X*, u &% v implies that there exists some z € X*

such that u =% z and v =% 2z hold, and

e convergent, if it is both terminating and confluent.

Obviously, each weight-reducing system is terminating, and each length-reducing
system is weight-reducing. For a convergent system S, the set IRR(.S) of irreducible
strings is a complete set of unique representatives for the Thue congruence <%
(see, e.g., [4]).

While it is undecidable in general whether a finite string-rewriting system is con-
fluent (see, e.g., [4]), confluence is a decidable property for finite string-rewriting
systems that are terminating. Let S be a string-rewriting system on X If there are
two rules (¢ — r) and (¢ — r') in S such that £ = ul'v for some u, v € X*, then the
word £ can be rewritten by either of the two rules: £ =g r and £ = ul'v =g ur'v.
If the system S is to be confluent, then the words r and ur’v must have a common
descendant. Accordingly, the pair (r,ur'v) is called a critical pair of S. Further-
more, if £ = uv and ¢ = vw for some words u,v,w € XF, then the word uvw can
be rewritten by either rule: vvw = fw =g rw and vvw = ul’ =g ur’. Hence, also
(rw,ur’) is a critical pair of S.

Proposition 2.1 [16]. A terminating string-rewriting system is confluent if and
only if, for each critical pair (p,q) of S, p and q have a common descendant mod S.

If S is finite, then it has only finitely many critical pairs, which can be computed.
Hence, it follows immediately that confluence is decidable for finite terminating
string-rewriting systems.

Next we come to the notion of McNaughton family of languages. A language
L C X*is called a McNaughton language, if there exist a finite alphabet I" strictly
containing X, a finite string-rewriting system S on I', strings t1,t2 € (I' \ X)* N
IRR(S), and a letter Y € (I'\. X)NIRR(S) such that, for all w € X*, w € L if and
only if tywts =% Y. Here the symbols of X' are terminals, while those of I" . X
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can be seen as nonterminals. We say that the McNaughton language L is specified
by the four-tuple (S, ¢1,t2,Y"). This fact will be expressed as L = L(S,t1,t2,Y).
We illustrate this definition by a simple example.

Example 2.2. Let X = {a}, let I' = {a,¢,$, F,Y}, and let S be the following
finite and length-reducing string-rewriting system on I:

S = {ecaaaa — ¢aaF, Faa — aF, F$ — $,¢aa$ — Y, ¢a$ — Y}.

This system does not have any critical pairs, and hence, it is confluent. Now, for
all m € N, ¢a™$ =% Y if and only if m = 2" for some n > 0, which implies that
the McNaughton language L(S, ¢, $,Y) is the language Lexpo = {a®" | n € N 1.

By placing restrictions on the finite string-rewriting systems used we obtain cer-
tain families of McNaughton languages. A McNaughton language is called weight-
reducing (length-reducing), if it is defined using a finite string-rewriting system that
is weight-reducing (length-reducing). The resulting class of languages is denoted
by wr-McNL (Ir-McNL). A McNaughton language is called (generalized) monadic,
if it is defined using a finite string-rewriting system that is (generalized) monadic.
The resulting language classes are denoted by gen-mon-McNL and mon-McNL.
By requiring, in addition, that the string-rewriting system is confluent, we obtain
the McNaughton families con-wr-McNL, con-Ir-McNL, con-gen-mon-McNL, and con-
mon-McNL. Thus, Example 2.2 shows that Lexpo € con-I-McNL. Concerning these
families the following results are known.

Theorem 2.3 [3,17].
(a) GCSL =  wr-McNL = Ir-McNL.
(b) CRL = con-wr-McNL = con-Ir-McNL.
(¢) CFL = gen-mon-McNL = mon-McNL.
(d) REG C con-mon-McNL C con-gen-mon-McNL C symDCFL.

Here REG and CFL denote the classes of regular and context-free languages, and
symDCFL = DCFLNDCFL", that is, a language L belongs to symDCFL, if both, L
and L, are deterministic context-free. It is still open whether the second inclusion
in (d) is proper. In fact, it is shown in [17] that the families con-mon-McNL and con-
gen-mon-McNL coincide, if and only if the former is closed under inverse strictly
alphabetic morphisms.

3. LIMITED CONTEXT RESTARTING AUTOMATA

The limited context restarting automaton, abbreviated as lc-R-automaton, was
introduced in [2] as a generalization of the clearing restarting automaton. Here we
introduce a slightly generalized version which uses weight-reducing rules instead
of length-reducing ones.

Definition 3.1. A limited context restarting automaton M is defined through a
triple M = (X, I,I), where X is an input alphabet, I" is a working alphabet
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containing X', and I is a finite set of instructions of the form (ulx — y|v),
where x,y € I'* such that g(z) > g¢(y) for some weight function g : I'* — N,
we {A\e}-I'*,;and v € I - {\,$}. Here ¢ and $ are the left and right sentinels,
which are not elements of I.

The lc-R-automaton M = (X, I', I) induces a reduction relation F§, on I™* that
is defined as follows: for each w, z € I'*, w 4, z, if there exist words wy,wy € I'™*
and an instruction (u|x — y|v) in I such that w = wyzws, z = wiyws, u is a
suffix of ¢w; and v is a prefix of wy$. Thus, the factor x is rewritten into y, if
it appears within the context uzv. By }—f\:f we denote the reflexive and transitive
closure of F§,. The language accepted by the lc-R-automaton M is L(M) = {w €
S wkS, A}

An lc-R-automaton M accepts exactly the set of input words which can be
reduced to A. Obviously, A is in L(M) for each lc-R-automaton M. Accordingly, if
L is a language that does not contain A\ as an element, then L is not accepted by
any lc-R-automaton. In order to overcome this problem, we will consider equality
of languages only up to the empty word, that is, we will say that two languages L
and L' on X are equal, denoted as L=1L',if LN X+ = L'N X+ holds.

Example 3.2. Let M = ({a,b,c},{a,b,c},I) be the lc-R-automaton that is de-
fined by the set of instruction I = {(A|acbb — c|A),(¢|]¢ — X|$)}. Then
aaacbbbbbb 5, aacbbbb 5§, acbb £ ¢ F§ A, and so the word a®cb® belongs
to L(M). Tt is easily seen that L(M) = {a"cb*" |n >0}.

Recall from Definition 3.1 that all instructions of an lc-R-automaton are nec-
essarily weight-reducing. These most general Ic-R-automata are said to be of
type R{. We now define some restricted types of lc-R-automata by putting addi-
tional restrictions on the form of their instructions. We say that an lc-R-automaton
M = (X,II) is of type

e Ry, if I only contains instructions of the form (u|z — y|v), where |z| > |y[;

e R}, if I only contains instructions of the form (u|x — y|v), where |y| < 1, and
xel™T,

e R1, if I only contains instructions of the form (u |z — y|v), where |y| < 1, and
x € I'" such that |z| > |yl;

e RS, if I only contains instructions of the form (u |z — y|v), where |y| < 1,
uwe{\e},ve{\$},andx e 't

e Ry, if I only contains instructions of the form (u|x — y|v), where |y| < 1,
ue {\ ¢}, ve {8}, and x € I't such that |z| > |y|;

e RY%, if I only contains instructions of the form (u|z — y|$), where |y| < 1,
u € {\¢},and z € 't
e R3, if I only contains instructions of the form (u|z — y|$), where |y| < 1,

u € {\, ¢}, and x € I'" such that |z| > |y|.

For any R € {Ro, Rp, R1, R}, R2, Ry, R3, R4}, we will refer to lc-R-automata
of type R as lc-R[R]-automata. In [1], Basovnik studied length-reducing lc-R-
automata, obtaining the following three characterizations.
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Theorem 3.3 [1]
(a) L(Ic-R[Ro]) = GCSL. (b) L(Ic-R[R4]) = CFL. (¢) L(Ic-R[R3]) = REG.

In the current section we complete these results by also studying the other five
types of lc-R-automata.

Let M = (X, I,I) be an lc-R-automaton. With M we can associate the finite
string-rewriting system R(M) = {uazv — uyv | (u|x — y|v) € I'}. Then R(M)
induces a reduction relation :>}}(M) on the set of bordered words ¢ - I'* - §, which
is the reflexive and transitive closure of the single-step reduction relation = g(nr)
(see Sect. 2). Thus, for all w,z € I'*, we have ¢cw$ = gy ¢2$ iff w F§; 2 holds.
Accordingly, we see that

LM)={we " |wki A} ={we I | ew$ =5 8}

By taking S(M) = R(M) U {¢$ — Y}, where Y is a new letter, we obtain a
finite string-rewriting system on I = I" U {¢, $, Y} such that L(M) = {w € X* |
cw$ =35 Y } holds. It follows that L(M) is the McNaughton language that is
specified by the four-tuple (S(M),¢,$,Y).

If M is of type Rj, then the string-rewriting system S(M) is weight-reducing.
Hence, it follows from Theorem 2.3(a) that L(M) € GCSL. Together with
Theorem 3.3(a), this yields the following characterization, as each lc-R-automaton
of type Ry is obviously also of type Rj.

Theorem 3.4. L(Ic-R[R{]) = L(Ic-R[Ry]) = GCSL.

In the proof of Theorem 3.3(a) in [1], the author constructs an lc-R[Ro]-automa-
ton M for the language L(G) from a given growing context-sensitive grammar G.
Basovnik’s thesis [1] is difficult to access. Therefore, we present a full proof for
Theorem 3.4 using a construction that is based on the two-pushdown automata
of [7], as we will refer back to this proof later.

Proof of Theorem 3.4. Because of the above observation, it suffices to show that
each growing context-sensitive language is accepted by some lc-R-automaton of
type Ro. Hence, assume that L C X* is growing context-sensitive. We construct
an lc-R[Ro-automaton M for L. As L is growing context-sensitive, there exists
a length-reducing two-pushdown automaton (TPDA, for short, see, e.g., [7]) T =
(Q, 2,16, qo, L, X\, X\, {gs}) that accepts L. Here I' is the tape alphabet of 7" that
includes the input alphabet X as well as the special bottom marker L for the
pushdowns. Thus, for all w € X*, w € L if and only if T" accepts starting from the
initial configuration Lgow L, that is, if and only if LgowLl FJ. g5 holds (see [20]
Lems. 3.4 and 4.1). Actually, we may even assume without loss of generality that
the initial step of a computation of T" that starts from an initial configuration of
the form 1 gowl reduces the overall length of the configuration by at least two,
and that T never enters its initial state ¢y during a computation.

Let I' = {@| a € I' } be a new alphabet in one-to- one correspondence to I” such
that Q, I', and I are pairwise disjoint, let —: I'* — T denote the corresponding
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isomorphism that is induced by a +— @ (a € I'), and let A = QUI'UT. In analogy
to the proof of [20] Lemma 4.1, we can construct a finite length-reducing string-
rewriting system R on A such that, for all w € *, w € L iff LgowL =74 qy. Here
the final state gy is introduced by specific rules of the form lagqul — qs. Now
from R we obtain an lc-R-automaton M = (X, A, I) by taking

T={(A[ €= 7| N[ (=) € Rltr =l =0} U
{(elu—v|N)| (Tu—To) € B fuls = 0= ulgy } U
{(¢c|u—v|N)]|(Lgu— Lv) € R, |JulL=0}U
{Auv—=v|9%)]|(ul—vl)eR, |Jult=0}U
{(¢lu—v|8)|(Llul - Lvl)e R, |ul, =0} U
{(¢|lu—v|9)]| (Lgul — lvl)e R} U
Tlelu—A18) | (aoul — q7) € RuJu] > 0} U
fleu—A18) | (Tul — q5) € R fulgy =0},

Then M is of type Ro, and for all w € YT,
w € L(M) iff w H§; X iff ew$ =5y ¢8 iff Tgowl =5 qp iff w e L.
Thus, L(M) = L. This completes the proof of Theorem 3.4. O

Let G = (N, T, S, P) be a weight-increasing context-sensitive grammar, that is,
there exists a weight function g such that g(¢) < g(r) for each rule (¢ — r) of P,
and in addition, each rule (¢ — r) has the form ¢ = vwAv and r = uzv for some
AeN,u,ve (NUT)* and z € (NUT)*. By taking

IG)={(u]z — A|v) | (WAv — uzv) € P} U{(¢|r = A|$)| (S —r)e P},

we obtain an lc-R-automaton M(G) = (T, N UT,I(G)). It is easily seen that
M(G) is of type R}, and that L(M(G)) = L(G) U {A} holds. Thus, ignoring
the special case of the empty word we see that all languages that are gener-
ated by weight-increasing context-sensitive languages are accepted by lc-R[R/]-
automata. However, the class of languages that are generated by weight-increasing
context-sensitive grammars, which is known as the class ACSL of acyclic context-
sensitive languages, coincides with the class GCSL of growing context-sensitive
languages [21]. Hence, we obtain the following characterization.

Theorem 3.5. L(lc-R[R}]) = GCSL.

If M = (X, II) is an Ic-R[Rq]-automaton, then the rules of R(M) have the
form (uxv — wyv), where |z| > |y| and |y| < 1. By replacing each instruction
of the form (u|xz — A|v) € I by finitely many rules with a revised context, the
following technical result can be derived.

Lemma 3.6. If M = (X,II) is an |c-R[R1]-automaton, then there exists an
equivalent lc-R-automaton M' = (X, I,1') of type Ry such that |y| = 1 for all
instructions (u |z — y|v) € I’ satisfying u # ¢ orv # 8. In fact, for allw,z € I'*,
w kS, z if and only if w kS, z.
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Proof. To obtain M’ from M, we simply replace each instruction of the form
i = (ulz = Awv) € I. f u = u; A for some A € I', then we replace i by the
instruction i = (u; | Az — Alv); if u = XA or u = ¢ and v = Buw; for some
B € I', then we replace 4 by the instruction i = (u|xB — Blwv1); if u = ¢ and
v = ), then we replace ¢ by the set of instructions I'(i) = {(¢|z4A — A|N) |
AeTl}u{(elr — X$)};if u= X and v = $, then we replace i by the set
of instructions I'(i) = { (M| Az — A|$) | A € I'} U {(c]z — A|$)}; and if
u = A = v, then we replace ¢ by the set of instructions I'(i) = { (A |24 —
AN, (MAz — AN | Ae '} U{(e]lz — A|$)}. Then, for all w,z € I'*,
if w4, z using instruction 4, then w 5, z by instruction ¢’ or by one of the
instructions of I'(7), and conversely, if w F§,, z by instruction i’ or by one of the
instructions of I'(7), then w F$; z by instruction . O

Now let M = (X, I,I) be an lc-R[R;]-automaton that satisfies the properties
of Lemma 3.6, let R(M) be the corresponding string-rewriting system, and let
R(M)~! denote the system R(M)™' = {(v — u) | (u — v) € R(M)}. From
R(M)~! we can construct a length-increasing context-sensitive grammar G(M) =
(I'", 2", S, R') that generates the language L(G(M)) = ¢ - L(M) - $. Thus, the
language ¢- L(M)-$ is a growing acyclic context-sensitive language (see, e.g., [21]).
It is known from [6] that the class GACSL of growing acyclic context-sensitive
languages is closed under the operations of removing left and right end markers.
Hence, the language L(M) is growing acyclic context-sensitive, too. Conversely, if
G = (N,T, S, P) is a length-increasing context-sensitive grammar, then by taking

IG)={(u]z— Alv) | (uAv — uav) € P} U{(¢|r = A|$)| (S —r)e P},

we obtain an lc-R-automaton M (G) = (T, N UT,I(G)) of type Ry such that
L(M(G)) = L(G) U {A} holds. Thus, we have the following characterization.

Theorem 3.7. L(Ic-R[R4]) = GACSL.

It is known that the class GACSL properly contains the class CFL of context-free
languages, and it is obviously contained in ACSL = GCSL. However, it is an open
problem whether this containment is strict or not.

Let M = (X, I, I) be an lc-R[R}]-automaton. Then, for each instruction (u |z —
y|v) € I, we have u € {\ ¢}, v € {\$}, |z| > 1, ly| <1, and g(z) > g(y) for a
fixed weight function g. Hence, the corresponding string-rewriting system R(M)
can be split into four disjoint subsystems:

(a) Rpir = {ca8 —eyS | (¢c|z—y|$
(b) Rpre ={cx — ey | (¢|z —y|N) €
(¢) Rout = {28 = yS| (M2 —y|8) €
(d) Ring ={z—y|(\|z—y|lNel
Let B(M) ={a €I | ca$ € dom(Rpir) and ¢a$ =%, ¢85} U {A}. As R(M) is
finite, so is the set B(M). Let R’ = Rpre U Rsur U Rins. Then

€ I}, the bifix rules of R(M),
I}, the prefiz rules of R(M),
I}, the suffix rules of R(M),
I3 the infiz rules of R(M).

LM)={we X" [ew$ =%, 8} ={we X" |Jae BM):euw$ =% ca$},
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that is, ¢- L(M) -$ = V5, (¢- B(M) - $) N (¢- Z* - §). Recall that V%, (a) denotes
the set of ancestors of @ mod R', and V%, (B) = U,cp Vi (@) for any set B. Now
we define a mixed rewriting system (see, e.g., [12]) P(M) = Ppre U Pyys U Pt by
taking the prefiz-rewriting system® Py = {x — y | (¢ — ¢y) € Rpre }, the suffiz-
rewriting system* Pas = {x — y | (#8 — y$) € Reur }, and the string-rewriting
system Pps = Ring. Then L(M) = V};(M) (B(M)) N X*. As P(M) only contains
generalized monadic rules (see, e.g., [17]), it follows that the set Vian (B(M)) is
context-free, which in turn implies that L(M) is a context-free language.

Conversely, if L C X* is a context-free language, then there exists a context-free
grammar G = (N, ¥, S, P) for L N X22 such that, for each rule (¢ — r) of P, we
have [¢] = 1 and |r| = 2. We now obtain an Ic-R-automaton M (G) = (X, NUX,I)
by taking

I={(A|r—=LN|(l—=r)eP}U{(cla—=A|$)|ac (ENL)U{S}}.

Then M(G) is of type Ro, and L(M(G))= L. Thus, we have the following char-
acterization.

Theorem 3.8. L(Ic-R[R}]) = L(Ic-R[R2]) = CFL.

Finally, let M = (X, I',I) be an lc-R[R%]-automaton, that is, for all instructions
(ulxz — ylv) € I, we have u € {\,¢}, v =3, |z| > 1, ly| <1, and g(z) > g(y) for
a fixed weight function g. Hence, the corresponding string-rewriting system R(M)
can be split into two disjoint subsystems:

(a) Ruit = {¢x$ — ¢cy$ | (¢|xz — y|9$) € I}, the bifix rules of R(M),

(b) Reut = {28 — y$ | (N x—y|$) €T}, the suffix rules of R(M).
As al?ove, the set B(M) = {a € I'" | ¢a$ € dom(Rpir) and cab =5, ¢85} U {A}
is finite, and

LM)={we X" [ewS =%, 8} ={we X" |Jae BM):euw$ =5  ca$},

that is, ¢ - L(M) -8 = Vg (¢ B(M)-$) N (¢ X*-8$). For the suffix-rewriting
system P(M) = {y — x| (#8 — y8$) € Rur }, we obtain L(M) = A%, (B(M))N
X*. As B(M) is finite, and, hence, regular, it follows that the set of descendants
Apan (B(M)) of this set with respect to the suffix rewriting system P(M) is
regular [5], which in turn implies that L(M) is regular.

Conversely, if L C X* is a regular language, then there exists a regular grammar
G = (N, X, S, P) for LN Y22 such that, for each rule (¢ — r) of P, we have £ € N
and r € ¥ - N U X2, We now obtain an lc-R-automaton M (G) = (X, NU X, I) by
taking

I={(A|r—=4|$)|(l—-r)eP}U{(cla—A|$)|ac(LNX)U{S}}.

Then M(G) is of type Rs, and L(M(G))= L. Thus, we have the following char-
acterization.

3The rules of a prefix-rewriting system can only be applied to the prefix of a word.
4The rules of a suffix-rewriting system can only be applied to the suffix of a word.
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L(lc-R[Ro]) = L(Ie-R[Rp]) = GCSL == Ir-McNL == wr-McNL

L(Ie-R[R2]) = L(Ie-R[R%]) = CFL = mon-McNL = gen-mon-McNL

L(Ic-R[R3)) = L(Ic-R[R]) = REG

FI1GURE 1. Hierarchy of language classes that are accepted by the
various types of limited context restarting automata. Question
marks indicate inclusions not known to be proper.

Theorem 3.9. L(Ic-R[R%]) = L(Ic-R[R3]) = REG.

The results on the various Ic-R-automata are summarized by the diagram in
Figure 1.

4. CONFLUENT LIMITED CONTEXT RESTARTING AUTOMATA

As defined in Definition 3.1, an lc-R-automaton M = (X, I, I) is a nondeter-
ministic device. A word w € X* belongs to the language L(M) accepted by M,
if and only if there exists a computation of M that transforms the initial con-
figuration with tape content ¢w$ into the configuration with tape content ¢$. In
general, there will be many different computations of M that start from the con-
figuration with tape content ¢w$, and only some of them will derive the tape
content ¢$. As this phenomenon complicates the problem of deciding membership
in L(M), we are interested in lc-R-automata for which all computations from ¢w$
lead to ¢$, if w € L(M). Actually, as the reduction relation F§, corresponds to
the single-step reduction relation = g5 that is induced by the string-rewriting
system R(M) on the set of bordered words ¢- I'™* - $, this would lead to considering
lc-R-automata M for which the string-rewriting system R(M) is confluent on the
congruence class [¢3]gr(ar). Unfortunately, it is undecidable in general whether a
finite string-rewriting system is confluent on a given congruence class, even if the
given finite system only contains length-reducing rules [22]. Therefore, we turn
to lc-R-automata that satisfy an even stronger restriction than confluence on a
particular congruence class.

Definition 4.1. An lc-R-automaton M = (X, I',T) is called confluent if the cor-
responding string-rewriting system R(M) is confluent.

As R(M) is a finite and terminating string-rewriting system for each lc-R-
automaton, confluence is a decidable property of lc-R-automata (see Prop. 2.1
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and the subsequent paragraph). We illustrate the above definition by a simple
example.

Example 4.2. Let ¥ = {a}, let I' = {a,F'}, and let I = {(¢|aaaa — aaF|\),
(A Faa — aF|A),(AF — X|9),(¢c|laa — A|$),(¢|]a — A|$)}. Then M =
(X, I, 1) is an Ic-R-automaton of type Rg that accepts the language Lexpo, and it
is easily checked that M is confluent.

We will use the prefix con- to denote types of confluent Ic-R-automata. Further,
for each type R € {R},R; | i € {0,1,2,3} }, Ic-R[con-R] will denote the class of
lc-R-automata of type R that are confluent.

In the following we study the expressive power of the various types of confluent
lc-R-automata. As in the previous section we consider the various types in turn,
from the most general one to the most restricted one.

If M = (X,I,I) is an lc-R[con-Ry]-automaton, then S(M) = R(M)U{¢$ — Y}
is a finite weight-reducing string-rewriting system that is confluent, and L(M) is
simply the McNaughton language that is specified by (S(M),¢,$,Y). Thus, L(M)
is a Church—Rosser language [18]. On the other hand, if L C X* is a Church—Rosser
language, then it is accepted by a length-reducing deterministic two-pushdown
automaton [20]. Following the proof of Theorem 3.4, a confluent lc-R-automaton of
type R can be constructed for L. Hence, we obtain the following characterization.

Theorem 4.3. L(lc-R[con-R{]) = L(Ic-R[con-Ry]) = CRL.

In [25] Woinowski introduced a normal form for presentations of Church-Rosser
languages, called context-splittable Church—Rosser language systems. Such a pre-
sentation is of the form (S, ¢, $,Y"), where S is a finite, weight-reducing, and conflu-
ent string-rewriting system that consists of rules of the form (uzv — uyv), where
w,v € I'*, x € I'", and |y| < 1, and rules of the form (¢x$ — Y), where x € I'T.
As each Church-Rosser language admits a presentation of this form [25], and as
a presentation of this form can immediately be translated into an lc-R-automaton
of type con-R, this gives the following characterization.

Theorem 4.4. L(lc-R[con-R}]) = CRL.

For the class of languages that are accepted by confluent Ic-R-automata of
type R1, we have no characterization result yet. On the one hand, these automata
can only accept (certain) Church—Rosser languages, and hence, they do not accept
all context-free languages. On the other hand, the language Lexpos = { a’®" [n>0}
is accepted by an lc-R[con-Rq]-automaton, as shown in [24]. As this language is
not context-free, we can at least conclude the following.

Corollary 4.5. The language class L(lc-R[con-R4]) is incomparable to the class
CFL with respect to inclusion.
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It remains open whether Ic-R-automata of type con-R accept all Church—Rosser
languages, in fact, it is even open whether they accept at least all deterministic
context-free languages.

Now we turn to the confluent Ic-R-automata of type R5.

Theorem 4.6. L(lc-R[con-Rj]) C con-gen-mon-McNL.

Recall from Section 2 that con-gen-mon-McNL denotes the family of confluent
generalized monadic McNaughton languages.

Proof. Let M = (X, I, I) be an lc-R[con-Rj]-automaton. As in the discussion that
led to Theorem 3.8, the corresponding string-rewriting system R(M) can be split
into four disjoint subsystems:

(a) Rpir = {¢z$ — ¢y$ | (¢|z — y|$) € I}, the bifiz rules of R(M),
(b) Rpve ={¢x — ¢y | (¢|z—y|X) €1}, the prefiz rules of R(M),
(€) Rout ={2$ —y$ | (N xz—y|$) eI}, the suffiz rules of R(M),
(d) Rint ={xz—y|(Nz—y|NeT}, the infix rules of R(M).

Observe that together with R(M), also the string-rewriting system
S(M) = R(M) U {¢$ — V)

is confluent, as the additional rule (¢$ — Y) does not yield any additional crit-
ical pairs. In what follows, we will transform the system S(M) into a conflu-
ent generalized monadic string-rewriting system G on an extended alphabet I
such that L(M)=L(G, ¢, $,Y) holds. This transformation will be realized in three
steps. We use the notation nf(w) to denote the unique irreducible descendant
of the word w € (I" U {¢,$,Y})* with respect to the string-rewriting system
S(M). Recall that S(M) is convergent, as it is weight-reducing and confluent, and
hence, these normal forms exist. Furthermore, we take p to denote the number
p=max{|z|| Ju,y,v: (u|z —y|v) €}

Step 1. First we replace the subsystem Ry U{c$ — Y} by a new set of bifix rules
Ri;;on I" =T1U{¢,$,Y, N}, where N is another new letter. The system Ry is
defined as follows:

e ={ew$ =Y Jwel* |w <
{ew$ = N |we I |w <

Then (¢3 —Y) € Ry, and for all (¢cw$ — N) € Ry, we have |w| > 1. Let
S1(M) = Ri;s U Rpre U Ry U Ring. (4.1)
Obviously, S1(M) is a finite and weight-reducing string-rewriting system.

Claim 4.7. For all w € I'", ¢wS =5, YV iff ¢ew$ =5 /) Y.
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Proof. For w € I'*, if ¢cw$ =5, Y, then either cw$ =% g g, ¢5, or
there exists a rule (¢z$ — ¢y$) € Rpi¢ such that ¢w$ =% g g, 28 =
ey =5, Y holds. As [z < p, we see that (ca$ — V) is contained in Ry,
and hence, ¢w$ =73 ) Y follows. Conversely, if (¢2$ — Y) is a rule of Ry,
then cw$ =5y Y holds. Thus, for any w € I'", if cw$ =5,y Y then also

cw$ =%, Y. O

It follows that L(M) is the McNaughton language that is specified by the 4-tuple
(Sl (M)7 ¢, $v Y)

Claim 4.8. The string-rewriting system S1 (M) is confluent.

Proof. As the system S(M) is confluent, it follows immediately that the subsys-
tems Rpre U Ring and Ry U Ring of S1(M) are also confluent. Thus, it remains to
consider the critical pairs that result from overlapping a rule of Ry, with a rule
of Ry, and those that result from overlaps with rules from Ry ;.

First, let (¢ — ¢y) € Rpre and (2'$ — y'$) € Rgyr such that @ = z129 and
2z’ = x9w3 for some non-empty factor zo. Then
¢y’ S.

tyr3$ <g . cxr3$ = crir073$ = c12'$ =R

pre suf

As S(M) is confluent, nf(cyx3$) = nf(cx1y’$). Now |yxs|, [21y'| < |x1xexs| < 2-p,
and hence, Ry, contains the rules (¢yz3$ — Z) and (¢z1y’'$ — Z) for some symbol
Z € {Y, N}. Thus, the critical pair (¢yxz3$, cx1y’$) resolves mod S1(M).

Obviously, there are no overlaps between different rules of Ry, Hence, it re-
mains to consider the cases that (¢w$ — Z) € R}, and (x — y) € Rins such that
w = wizws, or (¢ — ¢y) € Rpre such that w = zws, or (2§ — y$) € Reyr such
that w = wyx. Here we only consider the first of these cases, as the other two are
dealt with in the same way. We have

cwrywz$ =g, cwizwe$ = ew$ =g 7.

As S(M) is confluent, it follows that nf(¢wiyw2$) = nf(¢w$). Further, |wiyws| <
|lw| < 2-p, and hence, R{; also contains the rule (¢wiyws:$ — Z). Thus, also
the critical pair (¢wiywse$, Z) resolves. It follows that the system S;(M) is indeed
confluent. O

Step 2. Next we separate those letters that are (prefix or suffix) reducible to A
from the other ones. In this way we will transform the system S; (M) into a sys-
tem So(M). This is done as follows. First the right-hand side of each rule of S; (M)
is replaced by its unique irreducible descendant mod S7(M). For the subsystem
R}, nothing changes by this operation, but for a rule (z — y) € Rins, if |y| = 1,
then y may reduce to another letter 4’ € I' or to A, and analogously for the rules
of Rpre and Rgyur. The system obtained in this way is still confluent and equivalent
to S1(M) (see, e.g., [4] Lem. 2.2.11).
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Next, let Iy = {A € I' | (A — X) € Rins }, that is, Iy is the set of letters
that reduce to A. We now delete all rules from Ry, Rsur and Rin¢ that properly
contain an occurrence of a letter from Iy on their left-hand sides. It follows from
the confluence property that the resulting system is still confluent and equivalent
to S1(M) (see [4] Thm. 2.2.13 and the remark preceding Thm. 2.2.14).

Finally,let Iy = { A€ I'\ Iy | (¢A — ¢) € Ryre }, that is, I, is the set of letters
that are prefix reducible to A. From Rj.. we now delete all those rules for which
the left-hand sides have a proper prefix of the form ¢A for some letter A € I,.
Analogously, let I's = {A € I'\ Ty | (A3 — $) € Reur }. From Rgur we delete all
those rules for which the left-hand sides have a proper suffix of the form A$ for
some letter A € I's. By S2(M) we denote the system that is obtained by these
operations. It has the form

So(M) =Ry ;UR,  UR.UR! (4.2)

pre inf»
where R! ; consists of two subsystems, Rinf1 = {A — A | A€ Iy} and Rinto =

{(x = y) € Ring | z € (I' ~ Ip)" }, R;r consists of two subsystems, Rpre1 =
{¢A—c¢|AeT,}and

(5]

Rpre2 = { (¢ — ¢y) € Rpre | © does not begin with a letter from I, },
and R/ ; consists of Re, 1 ={A$ —$|Ae I} and
Reur2 = { (23 — y$) € Ryur | « does not end with a letter from Iy }.

Again it follows from the confluence property of Sy (M) that the system S (M) is
still confluent and equivalent to S1(M). In particular, L(M) is the McNaughton
language that is specified by the tuple (S2(M),¢,$,Y).

Step 3. The subsystem R, U R/ ; of So(M) contains generalized monadic rules
only, but Rpyre2 and Rgu2 may contain some rules that are not generalized
monadic. Thus, we must replace these rules by some generalized monadic rules.
For doing so we introduce the alphabet

I=T"U{¢A|Ae T~ (IoUl,)}U{Ag|Ae '~ (I UTl)}, (4.3)

that is, for each letter A that is not prefix reducible to A, we add a letter ¢ A, and
for each letter A that is not suffix reducible to A\, we add a letter Ag. To simplify
the notation, we write ¢w to denote the word that is obtained from w by replacing
the first letter A of w by the symbol ¢ A, and analogously for wg, and we define a
morphism ¢ : I'™* — I"* through A — A (A€ T), ¢A—cA (Aec '~ (I[,UTl})),
Ag— AS (Ae '\ (IyUTy)),and Z— Z (Z € {¢,$,Y,N}).

We define the system G as

G = ]%pre U Rsuf U Rbif U Ri/nf7 (4.4)
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where the subsystems Rpre, Rsuf, and Rbif are defined as follows:
(a) Rpre = {¢A— ¢A | AeI'~(IToUTI,)} U Rpre1 U
{¢x— ¢y | (¢x —cy) € Rprepandy e I'} U
{¢x—c¢ | (ex —¢) € Rpre2 } U
{exiz — ¢y | (212 —y) € Ringo,x1,y € '\ (IoUTy) }U
{¢mizx—¢ | (z12 —>Y) € Rinto,x1 € '\ ([oUI,),yel,}U
{@1’116—?@ ($1$—>)\)GRinf,Q,.’Elep\(FoUFp)}.

Observe that (¢z — ¢y) € Rpre,2 implies that y & I, as by construction the right-
hand side of each rule of Sp(M) is irreducible. Hence, all the marked symbols
¢T, ¢x1, and ¢y occurring in the definition of Rpre are defined.
(b) Rt = {A$—Ag | Ae '\ (IoUTIs)} U R U
{zg —ys | (2% —y%) € Reyspandy e I' } U
{l‘$—>$ ‘ (£$—>$)€R5uf72}U
{abg = ys | (vb—y) € Rinr2,byye '~ (IpUIls)}U
| (xb—y) € Ringo,be I' N (IToUIls),y€ls}U
‘ (.’Eb—> )\) S Rinf,g,be JARN (F()UFS)}.
As above, (28 — y$) € Rgur 2 implies that y ¢ I's. Hence, all the marked symbols
xg, bg, and yg occurring in the definition of Ryt are defined.
(c) Ruis = Rz U
{ ¢awdb$ — Y, cawbg — Y, ¢awbg — Y |a e I'\ (IpUI},),we '™,
be '\ (IpUTy),1<|awb| <2-p,nf(¢cawd$) =Y }U
{ ¢awdb$ — N, cawbg — N, ¢awbs — N |aec '\ [y UI,),we ™,
be '\ (IpUT),1<|awb| <2-p,nf(cawd$) #Y }.
Here, for each letter A € I', the rules (¢A$ — Z), (¢cA$ — Z), and (¢Ag — Z) are
in Ry for some symbol Z € {Y, N}, provided ¢A and/or Ag are defined.

Then G is a finite generalized monadic string-rewriting system, and it is shown
easily that G is weight-reducing. Below we will prove that G is also confluent,
and that the tuple (G, ¢, $,Y") specifies the language L(M). In preparation for this
proof we first relate reduction sequences of Sa(M) to reduction sequences of G and
vice versa.

Claim 4.9. Let A,B € I' and u,v € I'* such that ¢Au :>§2(M) ¢Bv and ¢Bv €
IRR(S2(M)). Then ¢Au =} ¢Bv, and in addition, if A ¢ Iy U I}, then also
¢A’LL :>E ¢Bv.

Proof. We proceed by Noetherian induction based on the well-founded partial
ordering :>§2(M) on ¢ - I'*. If ¢Au is irreducible mod S3(M), then Au = Bw.
Hence, A= B ¢ [, UI}, and ¢Au =g ¢Au = ¢Bv follows.

Now assume that ¢Au =g, ¢Dw, where D € I' and w € I'*. Then
cDw :>’f92( M) ¢Bv, as So(M) is confluent. Hence, from the induction hypothe-
sis we know that ¢Dw =¢ ¢Bv holds, and that also ¢Dw =¢ ¢Bv holds, if
D ¢&Iyul,.

If ¢Au is rewritten into ¢Dw by applying a rule (x — y) € Riyro to a factor
of u, then A = D is not touched in this step, and ¢Au =¢ ¢Aw = ¢Dw.

If ¢Au is rewritten into ¢Dw by applying a rule (¢Az — ¢y) € Rpre2, then
u = xz for some z € I'*, yz = Dw, and A ¢ Iy U I},. Hence, (¢A — ¢A) € Rpre,
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and either (¢Az — ¢y) € Rpre (if y € T') or (¢Az — ¢) € Rpre (if y = N).
Thus, ¢cAu = ¢Axz =¢ ¢Axz =g ¢yz = ¢Dw in the former case, and ¢Au =
cAxz =g ¢Arz =g ¢z = ¢Dw, in the latter case.

If ¢Au is rewritten into ¢Dw by applying a rule (Az — y) € Ring,2 to the prefix
Az of Au, then u = zz for some z € I'*, yz = Dw, and A ¢ Iy. If A & I, either,
then Ry contains the rule (¢Az — ¢y), if y € '~ (Iy U I},), and it contains
the rule ( ¢Az — ¢), if y € I}, U{A}. Hence, this case is analogous to the previous
one. If, however, A € I, then the situation is different, as in this case Rpre does
not contain any prefix rule that is derived from the infix rule (Az — y). However,
(¢A — ¢) is a rule of Ryye,1, and hence, we obtain ¢Au = ¢Azrz =g,y ¢xz, and
as So(M) is confluent, we have ¢z =%, (ar) ¢Bv. Hence, by induction hypothesis
¢rz =& ¢Bv. It follows that cAu = ¢Axz =g ¢xvz =% ¢Bv. O

In the same manner also the following technical result can be derived.

Claim 4.10. Let A € I' and u € I'" such that ¢Au =75 /) ¢. Then ¢cAu =7 ¢,
and in addition, if A € I'y U I}, then also ¢Au =¢ ¢.

By symmetry, statements corresponding to Claims 4.9 and 4.10 also hold for
Sy (M)-reductions that begin with a word of the form uA$. These technical results
will now be used to prove the following fundamental property of G.

Claim 4.11. For all w € I'*, if ¢cw$ =%, Y, then cw$ =5 Y.

Proof. Let w € I'* such that cw$ =5 ;) Y holds. If [w| < 2 p, then we have

(cw$ = Y) € Ry, C Ry, and hence, ¢w$ =¢ Y holds. If |w| > 2 - p, then the
above Sy(M)-reduction can be replaced by a reduction of the following form:

00 =k om0 FR o, 08 F R Y
where u is irreducible mod Ry, U R{;, and [v] <2 p.
If w = A, then by Claim 4.10 we have ¢w$ =7 ¢§ =¢ Y. If u = Az for

some A € I' and z € I'*, then by Claim 4.9, ¢w$ =}, ¢Az$. The reduction
tu$ = ¢Az$ =%, g €03 can be written as

€Az =5y CAZS =R g U8,
where z$ is the irreducible descendant of 2$ mod R, ;U R/ ,.

If Az$ is reducible mod R U R{ ;, then it follows from the form of the rules
of So(M) that |z| < p. If z = A, then we have 2§ =¢ § by the suffix variant of
Claim 4.10, which yields ¢Az$ ={, ¢A$ =¢ Y. Further, if z = 2'B for some
B e I' and 2’ € I'*, then the suffix variant of Claim 4.9 shows that z$ =, 2/Byg,
and hence, we obtain ¢Az$ =7 ¢A2’Bg =¢ Y, as (¢A2'Bg —Y) € Rui¢. This
completes the proof of Claim 4.11. (]
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From the construction of the rules of G it follows immediately that, for each
rule (z — y) € G, ¥(z) =5, 1) ¥(y) holds. Hence, together with Claim 4.11 this
yields the following statement.

Claim 4.12. For all w € I'*, ¢w$ =§ Y iff ¢w$ =% Y-

As noted before, L(M) is the McNaughton language that is specified by the
tuple (S2(M),¢,$,Y). Thus, Claim 4.12 shows that L(M) = L(G,¢,$,Y) holds.
To complete the proof of Theorem 4.6 it remains to establish the following claim.

Claim 4.13. The string-rewriting system G is confluent.

Proof. Obviously, the subsystems Rpi and R! . are confluent. Furthermore, it
follows as in the proof of Claim 4.8 above that all overlaps between a rule of Ry;¢
and a rule from Rpe U Reur U R!; resolve. Thus, it remains to consider the case

that a rule from Rpre U Rout overlaps with a rule from f%pre U Reut U R! ;. As Rpre
andA Ry are defined in a symmetric way, it suffices to consider the case of a rule
of Rpre.

If (¢A — ¢A) € Rpre, then A € I'~ (Iy U T}). Hence, ¢A does not overlap with
the left-hand side of any other rule of f%pre. If (Az — y) € Rl, then (¢Az —
¢Y) € Rpe, if y € '\ (Iy U T}), and (¢Az — ¢) € Ry, if y € I, U {A}. In the
former case, (¢y — ¢y) € Rpre, and in the latter case we have ¢y =% ¢, that

is, the critical pair (¢Az, ¢y) resolves. Finally, if (A$ — Ag) € Raus, then A & Ty,
either. Hence, ¢ A$ <¢ ¢A$ = ¢Ag, that is, (¢ AS$, ¢Ag) is a critical pair of G.
However, Ry then contains the two rules (¢A$ — Z) and (¢Ag — Z) for some
value of Z € {Y, N}, which shows that the above critical pair resolves.

Next assume that (¢Az — ¢y) € Rpre and that (¢Az; — ¢y') € Rpre, where
r = 1129 for some word zo € I'*. Then ¢y <¢ ¢Ar = ¢Ar129 =G ¢y 22, that
is, we obtain the critical pair (¢y,¢y'®2). As Sa(M) is confluent, ¢y and ¢y'xo
have a common irreducible descendant mod Ry, U Ri ;, and hence, we see from
Claims 4.9 and 4.10 that this critical pair resolves.

In the same manner it can be shown that all other critical pairs that result
from overlapping a rule of Ry with a rule of Rye U R ; resolve, too. Finally, if
(¢Ax — ¢y) € Rpre and (wBg — zg) € Reut such that z = 2125 and w = 2213
for a non-empty word xo € I'*, then we obtain the critical pair (¢yzsBg, ¢Az12g).
However, as |yzsB|, |Az1 2| < |Azi2223B| < 2-p, we see that Ruyi¢ contains the two
rules (¢yz3Bs — Z) and (¢Axz124 — Z) for the appropriate symbol Z € {Y, N}.
Thus, also this critical pair resolves, and all other critical pairs that result from
overlapping a rule of Rpre with a rule of Rsuf can be shown to resolve in the same
way. It follows that the system G is confluent. O

Thus, G is actually a finite, weight reducing, generalized monadic string-rewrit-
ing system that is confluent, and hence, Claim 4.12 shows that L(M) is indeed a
confluent generalized monadic McNaughton language. O
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If M = (X, T,1) is a confluent lc-R-automaton of type R, then it turns out that
the string-rewriting system G constructed in the proof above is finite, monadic,
and confluent. Hence, we obtain the following inclusion.

Theorem 4.14. L(lc-R[con-R2]) C con-mon-McNL.
We continue with the converse of Theorem 4.6.
Theorem 4.15. con-gen-mon-McNL C L(lc-R[con-R})).

Proof. Let L = L(S,t1,t2,Y), where S is a finite, confluent, generalized monadic
string-rewriting system on a finite alphabet I" that properly contains the input
alphabet X, 1.t € (I'\ X)* and Y € I'\ X are irreducible mod S, and L C X*.
According to [17] we can assume that S is terminating and interreduced, that is,
for each rule (x — y) of S, y € IRR(S) and x € IRR(S \ {z — y}). Furthermore,
we can assume that S does not contain any rules with right-hand side A. Actually,
it is quite easy to provide a weight function g such that S is weight-reducing with
respect to g. As S is terminating and confluent, each word w € I'* has a unique
normal form in IRR(S), which we denote by nf(w) as before.

From S we now construct a confluent lc-R-automaton M of type R, such that
L(M)=L holds. This automaton will work on an extended alphabet I that is
defined as follows:

I'=TuU{[a),{a]| a € IRR(S),|a| < p+1} (4.5)
U{[a] | @ € IRR(S), |a] < 3-p+2},

where p = max{ |w| | w € {t1,t2} U{x | (x — y) € S} }. A symbol of the form [«)
will be used to encode the normal form « of a word beginning with ¢;, a symbol
of the form (] will be used to encode the normal form « of a word ending in ¢,
and finally, a symbol of the form [a] will be used to encode the normal form « of
a word that begins with ¢; and ends in ¢ (see the construction below).

The lc-R-automaton M = (X, I',I) is defined by the following sets of instruc-
tions, where I = Iing U Ipre U Tgur U Tpif:
(@) fins = { (A |z =y [N [ (z —y) e 5}
Observe that |x| > |y| = 1 holds for each of these instructions.
(b) Inre = { (¢]a — [nf(t1a)) |N) | e € T NIRR(S) }U

{(¢] [a)u — [nf(aw) | A) | u € TRR(S), 1 < Ju| < p— 1,
and |nf(ou)| < p+1},
(¢) Isur = { (A0 — (uf(bt2)]|$) | be I'NIRR(S) }U
{ (A ula] = (nf(ua)][$) [ u € IRR(S),1 < |u| <p -1,
and [nf(ua)| < p+1},

(¢][ayu — [nf(aut2)]|$) | v € IRR(S),0 < Ju| < p+1}U
(¢|ula] — nf(trua)]|$) | uw e IRR(S),0 < |u|<p+1}U
(¢ [eyu(y] — nf(au)][$) [ u € IRR(S),0 < |u| < p}U
(€| [Y] = Al$)}
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Tt is easily checked that M is of type RY. Observe that all subsystems of I will in
general contain some length-preserving instructions. The proof of Theorem 4.15
will now be completed by establishing the following two claims.

Claim 4.16. L(M)=L.
Claim 4.17. The string-rewriting system R(M) obtained from [ is confluent.

Proof of Claim 4.16. Let w € L such that |w| > 1. Then w € X, and tywty, =% Y.
As S does not contain any rule with empty right-hand side, this reduction sequence
can be factored as tywty =% tinf(w)ts =% © =g Y for some rule (z — Y) of S.
Obviously, the automaton M can execute the sequence of cycles w l—f\:[ nf (w) using
the instructions of Ii,.
If nf(w) = a € I', then nf(w) = a F§; [nf(t1a)) FS; Y] FS, A, as nf(trate) =Y.
If nf(w) = avb, where a,b € I' and v € I'*, then nf(w) = avdb 5, [nf(t1a))vd 5§,
[nf(t1a))v(nf(bta)]. If |v| < p, then (¢|[nf(t1a))v(nf(bta)] — [Y]|$) € L. Fi-
nally, if |v| > p, then nf(t1a)v or vnf(bte) (or both) are reducible mod S, as
nf(t;a) vnf(btsy) reduces to the word z mod S, and |z| < p. Hence, we obtain
[nf(t1a))v(nf(bt2)] S, [nf(t1av;))ve (nf(vsbts)] using instructions from I,,e and/or
Isus, where v = vivgvg and |va| < p. As nf(tyav) vo nf(vsbts) =% Y, we can now
use an instruction from Iyi¢ to obtain [nf(¢1avy))ve (nf(vsbte)] H5, [Y] F5; A Thus,
in each case w is accepted by M, which proves that L C L(M) holds.
Conversely, let w € L(M) such that |w| > 1. Then w F$; A, and as M has only
a single instruction with empty right-hand side, we see that w 5, [Y] holds. We
define a morphism ¢ : (I'U{¢, $})* — (I'U{¢, $})* by taking a — a (a € I'U{¢, $}),
[@) — a, {a] — «, and [a] — « for all values of a. From the definition of the
instructions in I, the following properties are easily derived, where u, v, a,y € I'*:
(a) Ifutr§ [@v, then tiu =% av.
) If w kS, v(a], then uty =% vo
) If [e)u F§, [)v(y], then auty =% avy.
) Ifu(y] FSy [@)v(v], then tiuy =% avy.
) If w5, v, where either both, u and v, begin with a letter of the form [)
or none of them does, and where either both end with a letter of the form
(7] or none of them does, then ¥ (u) =% ¥(v).
(f) If [@)u F§; [7], then auty =% ~.
(g) If u(a] F§; [v], then tiua =% ~.
(h)  If [@)uly] FS; [v], then auy =% v.
By induction on the number of cycles in the computation w 5, [Y] it can now be
shown easily that t;wts =% Y holds, which implies that w € L.
Thus, in summary we have shown that L(M) = L U {A}. This completes the
proof of Claim 4.16. O

Proof of Claim 4.17. The string-rewriting system R(M) consists of four subsystems
Ring, Rpre, Rsuf, and Ry that are obtained by turning the corresponding sets of
instructions into rewrite rules.
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By our hypothesis, the subsystem R;,¢, which coincides with the string-rewriting
system S, is confluent.

Next we consider the subsystem Rpye. Assume that (¢[a)u — ¢[nf(au))) and
(¢[)uv — ¢[nf(cuv))) are both rules of Rpye, where 1 < |u| < Juv| < p — 1. Then
(¢[nf(cu))v — ¢nf(auv))) is also a member of Ry, which shows that the critical
pair (¢[nf(aw))v, ¢[nf(auwv))) resolves. Hence, the subsystem Ry is confluent, and
by symmetry also Rgus is confluent. Finally, as there are no non-trivial overlaps
between rules of Ry, also Ry is confluent.

Thus, it remains to consider those critical pairs that result from overlapping
rules of different subsystems. Let (ca — ¢[nf(t1a))) € Rpre and (az — y) € Ring.
From these two rules we obtain the critical pair (¢[nf(¢1a))x, ¢y). As S is strictly
monadic and interreduced, we have y € I'NIRR(S). Hence, Rpre contains the rule
(¢cy — ¢[nf(t1y))). Further, € IRR(S), |z| < p — 1, and nf(t;ax) = nf(t1y), that
is, |nf(t1az)| < p+1. Thus, Ry also contains the rule (¢[nf(¢1a))z — ¢[nf(t1az))),
which shows that the critical pair above resolves.

If (¢[e)uv — ¢[nf(auv))) € Rpre and (vw — y) € Riyr for some non-empty
word v, then we obtain the critical pair (¢[nf(cuv))w, ¢[a)uy). As S is confluent,
we know that nf(auvw) = nf(auy). So let this normal form be z = z;...z,
where k > 1 and z1,...,2; € I'. If k < p+ 1, then (¢[nf(auv))w — ¢[z)) € Rpre
and (¢[e)nf(uy) — ¢[z)) € Rpre, and so the critical pair resolves. If, however,
k > p+ 1, then ¢f(aw))w =5 = ¢fz1...2p11)2p42. .. 2, and clojuy =5
clanf(uy) =% .
have |r| < 1. Thus, the critical pair above also resolves in this case. It follows
that the subsystem Rp.. U Rint is confluent, and by symmetry also the subsystem
Rgur U Ryyt is confluent.

Finally, let (ca — ¢[nf(t1a))) € Rpre. If (a$ — (nuf(at2)]$) € Rsur, this yields
the critical pair (¢[nf(t1a))$, ¢(nf(at2)]$). As nf(nf(tia)tz) = nf(ty nf(ats)), we
see that Ry contains the rules (¢[nf(t1a))$ — ¢[nf(¢t1at2)]$) and (¢(nf(ats)]$ —
¢[nf(t1at2)]$), that is, the critical pair resolves. Further, if Ry, contains the rule
(au{a]$ — (nf(aua)]$), then the critical pair (¢[nf(¢1a))u(a]$, ¢(nf(aux)]$) is ob-
tained. As |u| < p, and as nf (nf(t1a)uc) = nf(¢; nf (aua)), we see that this critical
pair resolves mod Ry;¢. It follows analogously that also the other critical pairs that
result from overlapping a rule of Ry, with a rule of Rg,s resolve mod Ry;s.

inf

¢[z1...2p41)2p42 - . - 2k, as for all rules (¢1 |4 — r|c2) € I, we

It remains to consider those critical pairs that result from overlapping a rule
of Rpis with a rule of the other three subsystems. First, observe that there are
no such overlaps with rules of Ri,s. Now let (¢[a)uv$ — ¢[nf(auvts)]$) € Ry
and (¢[a)u — ¢[nf(au))) € Rpre. These rules yield the critical pair (¢[nf(cuvts)]$,
¢[nf(au))v$). But then Ry also contains the rule (¢[nf(au))v$ — ¢[nf(auvts)]$),
which resolves this critical pair. All other critical pairs that result from an overlap
with a rule of Ry, also resolve mod Ry, and by symmetry the same holds for the
critical pairs that result from overlaps with a rule of Rgus. Thus, we have shown
that the system R(M) is indeed confluent. O

This completes the proof of Theorem 4.15. (]
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GCSL
}
L(le-Rlcon-Ro]) =—— L(Ic-R[con-Ry)) CRL CFL
I !
L(le-R[con-R1]) DCFL
_— 4
L(lc-R[con-R1]) symDCFL
/
L(le-R[con-R5]) LIN
[
con-gen-mon-McNL
b
L(le-R[con-R2]) —— con-mon-McNL
) :
L(lc-Rlcon-R3]) == L(Ic-R[con-R5]) REG

FIGURE 2. Hierarchy of language classes that are accepted by the
various types of confluent limited context restarting automata.
Question marks indicate inclusions not known to be proper.

Together Theorems 4.6 and 4.15 yield the following equivalence.
Corollary 4.18. L(lc-R[con-R}]) = con-gen-mon-McNL.

It currently remains open whether the converse of Theorem 4.14 holds as well.
Observe that the lc-R-automaton M constructed in the proof of Theorem 4.15
contains length-preserving instructions even when the string-rewriting system S’ is
length-reducing.

Finally, we turn to the confluent lc-R-automata of types R%; and Rg. If M
is an lc-R[con-R%]-automaton, then L(M) is a regular language by Theorem 3.9.
Conversely, if L C X* is a regular language, then there exists a deterministic finite-
state acceptor A = (Q, X, qo, F,§) that accepts L. We define an Ic-R-automaton
M= (X,QU X,I) as follows, where a,b € X and ¢,¢' € Q:

I'={(clab—q|A)|d(qo,ab)=q} U {(¢|ga— ¢ |\)]|d(g,a)=q"}U
((clg—=AI$) g€ F} U {(¢]a—A|$)|acEnLEY.

It is easily seen that L(M)= L%, and that the string-rewriting system R(M) is
confluent. By taking M’ = (X,Q U X, I"), where I’ = { (A |uf* — v®|$) | (¢|u —
v|iN) €T} u{(e|ul® = vF|$) | (¢|]u — v|$) € I}, we obtain a confluent lc-R-
automaton of type Rg that accepts the language L. Thus, we have the following
characterization.

Theorem 4.19. L(lc-Rlcon-R%]) = L(lc-R[con-R3]) = REG.

The diagram in Figure 2 summarizes our results on confluent lc-R-automata.
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5. CONCLUDING REMARKS

We have studied the relationship between various classes of limited context
restarting automata on the one hand and certain McNaughton families of languages
on the other hand. We have seen that the class GCSL of growing context-sensitive
languages is an upper bound for all the types of limited context restarting au-
tomata considered, and that this upper bound is attained by three classes of these
automata. Under the additional requirement of confluence, the Church—Rosser lan-
guages form an upper bound, which is reached by the three most general types of
these automata. On the other hand, for the most restricted types of lc-R-automata,
we just obtain the regular languages, both in the confluent and the non-confluent
case. However, for most of the intermediate systems, the question for an exact char-
acterization of the classes of languages accepted remains open. In fact, for these
types of systems it even remains unsolved whether weight-reducing Ic-R-automata
are more expressive than length-reducing Ic-R-automata of the same type.
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