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LINEAR AUTOMATA WITH TRANSLUCENT LETTERS
AND LINEAR CONTEXT-FREE TRACE LANGUAGES*

BENEDEK NAGY! AND FRIEDRICH OTTO***

Abstract. Linear automata with translucent letters are studied. These are finite-state acceptors that
have two heads that read the input from opposite sides and for which a set of translucent letters is
associated with each state. Thus, head 1, which proceeds from left to right, does not necessarily read
the first letter of the current tape content, but it skips a prefix that consists of translucent letters only
and reads the first letter after that prefix. Analogously, head 2, which proceeds from right to left, does
not necessarily read the last letter, but it skips a suffix that consists of translucent letters only and reads
the last letter before that. After such a read operation, the head always returns to its corresponding
end of the tape. These linear automata with translucent letters are a generalization of the finite-state
acceptors with translucent letters that were studied by the authors in B. Nagy and F. Otto [Finite-state
acceptors with translucent letters. In BILC 2011, Proc., edited by G. Bel-Enguix, V. Dahl, and A.O.
De La Pente, SciTePress, Portugal (2011) 3-13.] It is shown that these linear automata are strictly
more expressive than the model with a single head, but that they still only accept languages that have
a semi-linear Parikh image. On the other hand, we obtain a characterization for the class of linear
context-free trace languages in terms of a specific class of linear automata with translucent letters.
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1. INTRODUCTION

The finite-state acceptor is one of the most fundamental computing devices for accepting languages. Its
deterministic version (DFA) and its nondeterministic version (NFA) both accept exactly the regular languages,
and they have found applications in many areas like compiler construction, text editors, hardware design, etc.

A finite-state acceptor reads its input strictly sequentially from left to right, letter by letter. However, in
the literature one finds many extensions of this model that process their inputs in different ways. Here we just
mention some of them:

*Some of the results of this paper have been announced at SOFSEM 2019 in Novy Smokovec, Slovakia, January 2019. An
extended abstract appeared in the proceedings of that conference [28].
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2 B. NAGY AND F. OTTO

— The multi-head finite-state acceptor, which has a finite number of heads that all read the input from left to
right, can easily compare different parts of the input to each other without the necessity of storing these
parts in its finite-state control [33]. Accordingly, this type of automaton accepts some rather complex
languages like the copy language that is not even growing context-sensitive (see, e.g., [5]).

— The Watson-Crick automaton (see, e.g., [6, 10, 32]), which has two heads that read the input from left to
right, but which works on double stranded words where letters on corresponding positions are connected
by a complementarity relation. Actually, the Watson Crick automaton is equivalent to the two-head
finite-state acceptor.

— The nondeterministic linear automaton [15], which has two heads that start from the two ends of an input
word, one reading the word from left to right and the other reading it from right to left, halting when the
two heads meet. These automata characterize the class of linear context-free languages. They correspond
to the 5" — 3’ sensing Watson-Crick automaton studied in [14, 17, 19, 21, 30] and to a class of 2-head
finite automata for linear languages [18].

— The finite-state acceptor with translucent letters [20, 25], which has a single head starting at the left end
of an input word, but depending on the actual state, it skips across a prefix of letters that are translucent,
in this way reading (and deleting) a letter from the input. This type of automaton is equivalent to the
cooperating distributed systems of stateless deterministic R(1)-automata that were introduced and studied
in [22]. They only accept languages with a semi-linear Parikh image, but they do accept all rational trace
languages [26]. In fact, the rational trace languages can be characterized by a certain restricted class of
these automata.

— The jumping automaton [16], which has a single head starting at the left end of the input, but that jumps
in each step to an arbitrary position reading (and deleting) the letter at that position. A detailed study of
the expressive power of this model can be found in [9]. We note that there is also a model which combines
the features of jumping automata and 5 — 3’ sensing Watson-Crick automata [13].

In this paper we propose a new type of two-head finite-state acceptor, the nondeterministic linear automaton
with translucent letters’ (NLAwtl, for short). It is obtained by combining the concept of the nondeterministic
linear automaton with the idea of translucent letters from the finite-state acceptor with translucent letters.
Such a device is given an input word surrounded by sentinels, and it has two heads that start at the two ends
of a given input word, being positioned on the sentinels, one scanning the input from left to right, the other
scanning it from right to left. However, depending on the actual state, certain letters are translucent, that is,
the left head, that is, the one scanning the input from left to right, skips across a prefix of translucent letters
and reads (and deletes) the first letter that is not translucent for the current state, and analogously, the right
head, that is, the head that scans the input from right to left, skips across a suffix of translucent letters and
reads (and deletes) the first letter from the right that is not translucent for the current state. If no such letter
is found, then the automaton halts, accepting if the current state is final.

As the NLAwtl extends the nondeterministic linear automaton, it accepts all linear context-free languages.
Actually, the NLAwtl even accepts some languages that are not context-free, but we will see that each language
L accepted by an NLAwtl contains a linear context-free sublanguage that is letter-equivalent to L. This implies
in particular that all these languages have semi-linear Parikh images. Further, we will see that all linear context-
free trace languages are accepted by NLAwtls, and we can even characterize this class of trace languages by a
restricted type of NLAwtls. In addition, we will see that the DLAwtl, the deterministic variant of the NLAwtl,
is less expressive than the NLAwtl, and we establish some closure and some non-closure properties for the
classes of languages accepted by NLAwtls and by DLAwtls. Also we consider a number of decision problems for
NLAwtls.

1In (28] these automata are called two-head finite-state acceptors with translucent letters, abbreviated as 2hNFAwtl, but as our
automata are derived from the nondeterministic linear automata, the new name seems to fit better and it is in addition simpler.
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Finally, we consider the class of NLAwtls A(A) that is obtained by taking a fixed nondeterministic linear
automaton A and by then adding all admissible translucency relations and study the corresponding class of lan-
guages L(A(A)). It is easily seen that A(A) forms a lattice with respect to the inclusion relation on translucency
relations, but what can be said about the corresponding class of languages?

This paper is structured as follows. In Section 2, we recall basic notions and notation of formal language theory.
In Section 3, we introduce the nondeterministic linear automaton with translucent letters and its deterministic
variant, we present an example illustrating the expressive power of NLAwtls, and we establish a normal form
for NLAwtls. In Section 4, we derive the aforementioned results on the expressive power of the NLAwtl. Then
we study closure and decidability results in Section 5 and introduce the classes A(A) of NLAwtls in Section 6.

2. PRELIMINARIES

For a finite alphabet ¥, we use X1 to denote the set of non-empty words over 3 and X* to denote the set of
all words over ¥ including the empty word e. For a word w € ¥£*, |w| denotes the length of w, and |w|, is the
a-length of w, that is, the number of occurrences of the letter a in w. For a subset I' of ¥, |w|r = >~ 1 |wla,
and 7p : X* — I'* is the projection from X* onto I'*, that is, 7r is the morphism defined by 7r(a) = a for all
a € T'and 71 (b) = ¢ for all b € ¥\ T'. Further, for a set S, we use the notation 2° for the power set of S. Finally,
for any automaton A, L(A) will denote the language that consists of all words that are accepted by A, and for
any type of automaton A, £(.A) is the class of languages that are accepted by automata of type A.

Here we assume that the reader is familiar with the basics of formal language and automata theory for which
we refer to the textbooks [12, 35] and to the Handbook [34]. By REG, LIN, CFL, and GCSL we denote the classes
of regular, linear context-free, context-free and growing context-sensitive languages, respectively. For the latter
we refer to [7].

A nondeterministic linear automaton (NLA) [15] is described by a 7-tuple A = (Q, X, 0, qo, L, R, F'), where Q
is a finite set of internal states, X is a finite input alphabet, ¢y € @ is the initial state, L, R & () U X are special
symbols that will be used to mark the positions of the left and right head, respectively, F' C @ is the set of final
(or accepting) states, and § : Q x ¥ — 29*{L:1} ig a transition relation.

An NLA A works as follows. On an input word w € ¥*, it starts in its initial state go with its first (or left)
head on the first letter of w and its second (or right) head on the last letter of w. This configuration is encoded as
(o, LwR). Now, depending on the allowed transitions, it reads the first or the last letter of w, say a or b, moves
the corresponding head to the next letter, and changes its state. Formally, the configuration (¢, LavbR) can be
transformed into the configuration (p, LvbR) if (p, L) € §(q, a), and it can be transformed into the configuration
(', LavR) if (p', R) € 6(q,b), where p,p’,q € Q and a,b € X. If no transition can be applied, then A gets stuck,
that is, it halts without accepting if w = avb is nonempty. Otherwise, it continues reading (and deleting) letters
until w has been consumed completely. Thus, from a configuration of the form (g, LaR) we reach the halting
configuration (p, RL) if (p,L) € §(q,a) or (p, R) € §(q,a). The configuration (p, RL) is accepting if p is a final
state. We say that A accepts a word w if A has a computation that is in a final state g5 € F' after reading w
completely. In addition, we say that A accepts the empty word ¢ if ¢o € F. By L(A) we denote the set of all
words w € ¥* for which A has an accepting computation in the sense described above.

It is known that the class L(NLA) of languages L(A) that are accepted by NLAs coincides with the class LIN
of linear context-free languages [15].

For later use we modify the description of the NLA as follows. First of all, instead of a single initial state
qo, we admit a finite set I C @ of initial states. It is easily seen that an NLA A = (Q,%,0,I,L, R, F') can be
turned into an equivalent NLA B = (QU {q0}, %, 0B, q0, L, R, F') by defining d5 as follows, where a € X:

05(qo0,a) = U d(g,a) and 6p(q,a) = d(q,a) for all ¢ € Q.
qel
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Next, instead of leaving the choice of whether to use the left or the right head to the moment at which a
transition is to be applied, we shift this choice to the previous transition. This is done by partitioning the
set of states () of an NLA A into two subsets, the set Qr of left states and the set Qr of right states, and
by defining § simply as a transition relation § : Q x ¥ — 29. Let (g, LavbR) be a configuration of A. If ¢
is a left state, then a state p € §(g,a) must be chosen and the configuration (p, LvbR) is reached, and if
q is a right state, then a state p’ € 6(¢,b) must be chosen and the configuration (p’, LavR) is reached. By
splitting each state ¢ of an NLA A = (Q,X%,6,I,L, R, F) into a left state ¢q;, and a right state gz and by
deﬁning 5B(qLaa) = {vapR | (p’ L) € 5((]3 a)} and 5B(qR7a) = {pLapR | (pa R) € 5((],@) }a we obtain an NLA
B=(QLUQRr,X,0p,IL UIr,L, R, F;, U Fg) that accepts the same language as A. Here Qr, = {qr | ¢ € Q },
Qr ={qr | q € Q}, and analogously for the subsets I and F of Q. As each state of B is either a left or a
right state, we actually do not need the special marks I and R anymore. Accordingly, we will use the following
definition for the NLA in this paper.

Definition 2.1.

(a) A nondeterministic linear automaton (NLA) is described by a 5-tuple A = (Q, X%, 6,1, F), where @Q is a
finite set of internal states that is partitioned into two disjoint subsets Q = Qr U Qg of left states and
right states, ¥ is a finite input alphabet, I C @ is the set of initial states, F' C @ is the set of final (or
accepting) states, and § : Q x ¥ — 29 is a transition relation.

For an input word w € ¥*, a corresponding initial configuration is simply written as gow, where g € I.
The single-step transition relation 4 that is induced by A on its set of configurations is defined as follows,
where a,b € 3:

pob, if g € Qr and p € 4(q,a),
gavbt4 { pav, if g € Qr and p’ € 6(q,b),
undefined, otherwise.

By K% we denote the computation relation of A, which is the reflexive and transitive closure of 4.
(b) An NLA A= (Q,%,4,1,F) is said to be in normal form if

|n(q)] <1 for each state g € Q,

where p(q) = {a € X | 6(q,a) # 0}, that is, for each state ¢ € Q, there exists at most one letter a € &
such that 0(g, a) is defined.

(¢) An NLA A= (Q,%,9,I,F) is a deterministic linear automaton (DLA) if it has only a single initial state,
that is, [I| = 1, and if |§(g,a)| < 1 for each state ¢ € Q and each letter a € X.

For each NLA B, there exists an NLA A in normal form such that L(A) = L(B). In fact, if u(q) =
{a1,az,...,an}, then one can simply replace the state g by the new states q;, , @iy, - - - , ¢, such that u(q;;) = {a;}
for all j = 1,2,...,m, and in the transition relation §, if ¢ € d(p,a), then ¢ is replaced by all states
QiysQiny - - -+ i, , and analogously in I and in F. So we can restrict our attention to NLAs that are in normal
form.

It is easily seen that our definition of the DLA is equivalent to the definition of the DLA given in [15] and,
hence, it defines the language class 2detLIN [19, 29, 31]. The reason is the following observation. If §(¢, a) = (p, L)
and 6(q,b) = (p', R) for some states ¢, p,p’ and some letters a,b € X, then the DLA A = (Q,%,4,q0, L, R, F)
would have two applicable transitions in a configuration of the form (g, LavbR). Hence, for each state, it either
can only use the left head (that is, this state can be interpreted as a left state) or the right head (that is, this
state can be interpreted as a right state). In [15, 17] it has been observed that the language class £(DLA) is
incomparable under inclusion to the class DCFL of deterministic context-free languages, as, e.g., the language
{a™"c,a™b®"d | n > 1}, which is known to not be deterministic context-free, is accepted by a DLA, while it
can be shown that the deterministic context-free language { a™cb™, a™b*™ | n > 1} is not accepted by any DLA.
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In fact, the latter language is accepted by a deterministic one-turn pushdown automaton, that is, it is even
a deterministic linear language (see, e.g., [2]). Thus, the language class £(DLA) is in fact incomparable under
inclusion to the class of deterministic linear languages.

Next we recall the definition of the finite-state acceptor with translucent letters. A finite-state acceptor with
translucent letters (NFAwtl) is defined by a 7-tuple A = (Q, 3, <, 7,1, F,0), where @ is a finite set of internal
states, ¥ is a finite input alphabet, <t € ¥ is a special symbol that is used as an endmarker, 7: Q — 2% is a
translucency mapping, I C Q is a set of initial states, F' C @ is a set of final states, and § : Q x ¥ — 29 is a
transition relation. For each state ¢ € @, the letters from the set 7(q) are translucent for ¢, that is, in state ¢
the automaton A cannot see them.

An NFAwtl A = (Q,%, <, 7,1, F,d) works as follows. For an input word w € ¥*, it starts in a nondetermin-
istically chosen initial state qo € I with the word w<1 on its input tape. Assume that w = ajas - - - a, for some
n > 1 and aq,as,...,a, € . Then A looks for the first occurrence from the left of a letter that is visible, that
is, the leftmost letter of w that is not translucent for state go. Thus, if w = uav such that u € (7(go))* and
a & 7(qo), then A nondeterministically chooses a state g1 € §(qo, a), erases the letter a from the tape thus pro-
ducing the tape contents uv<l, and its internal state is set to ¢;. In case §(qo,a) = (), A halts without accepting.
Finally, if w € (7(go))*, then A reaches the <-symbol and the computation halts. In this case A accepts if g
is a final state; otherwise, it does not accept. Thus, A executes the following computation relation on its set
Q@ - X*< of configurations:

quv<, if w=uav, u € (7(q))*, a & 7(q), and ¢’ € d(q,a),
Reject, if w = uav, v € (7(q))*, a € 7(q), and §(q,a) = 0,
Reject, if w e (7(q))* and q & F,
Accept, if w € (7(¢))* and ¢ € F.

quw<l 4

Observe that this definition also applies to configurations of the form ¢<i, that is, when the tape just contains
the endmarker. In this situation we see that g<1 -4 Accept holds if and only if ¢ is a final state. A word
w € ¥* is accepted by A if there exists an initial state ¢y € I and a computation gow<i % Accept, where %
denotes the reflexive and transitive closure of the single-step computation relation 4. Now L(A) = {w € ¥* |
w is accepted by A} is the language accepted by A and L(NFAwtl) denotes the class of all languages that are
accepted by NFAwtls.

Obviously, NFAwtls accept all regular languages, as the classical nondeterministic finite-state acceptor, the
NFA, is obtained from the NFAwtl by removing the endmarker <, by ignoring the translucency relation 7, and
by adding a new initial state from which there are e-transitions to all states from the set I.

3. LINEAR AUTOMATA WITH TRANSLUCENT LETTERS

Now we are ready to introduce our new model based on linear automata and NFAwtls.

Definition 3.1. A nondeterministic linear automaton with translucent letters (NLAwtl) consists of a finite-
state control, a single flexible tape with endmarkers, and two heads that are positioned on these endmarkers.
It is defined by an 8-tuple A = (Q, %, >, <, 7,0, 1, F), where

— (@ is a finite set of states that is partitioned into two subsets Q@ = Qp U Qg of left states and right states,

— X is a finite input alphabet,

— >, < € X are special symbols that are used as endmarkers, that is, the tape contents is being written
between > and <,

— 7:Q — 2% is a translucency mapping,

— I C @ is a set of initial states,

— F C (@ is a set of final states, and

§:Q x X — 29 is a transition relation.
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For each state g € @, the letters from the set 7(q) are translucent for g, that is, in state ¢ the automaton A
cannot see these letters.

A is called a deterministic linear automaton with translucent letters, abbreviated as DLAwtl, if |I| = 1 and if
16(¢,a)| <1 for all ¢ € Q and all a € .

An NLAwtl A = (Q,%,>,,7,6, I, F) works as follows. For an input word w € ¥*, an initial configuration
consists of the automaton being in an initial state gy chosen nondeterministically from the set I with the word
>w< on its tape. Assume that w = ajas - - - a, for some n > 1 and ay,as,...,a, € X. If ¢qo € Qr, that is, qq is
a left state, then A looks for the first occurrence from the left of a letter that is not translucent for state qo,
and if gy € Qr, that is, g is a right state, then A looks for the first occurrence from the right (that is, the last
occurrence) of a letter that is not translucent for state ¢o:

— Left-reading: If ¢y € Qr, then A proceeds as follows. If w = uaz for some u € (7(qp))* and a € X\ 7(qo),
then A nondeterministically chooses a state g1 € d(qo,a), erases the letter a from the tape, in this way
producing the tape contents >uz<, returns its left head to the left delimiter >, and sets its finite-state
control to ¢1. If §(qo,a) = 0, then A gets stuck, that is, it halts without accepting. If w € (7(qq))*, then
A halts, and it accepts if q¢ is a final state, that is, if go € F.

— Right-reading: If ¢y € Qg, then A proceeds as follows. If w = vby for some y € (7(go))* and b € ¥\ 7(qo),
then A nondeterministically chooses a state g € 6(qo,b), erases the letter b from the tape, in this way
producing the tape contents >vy<l, returns its right head to the right delimiter <, and sets its finite-state
control to ¢;. If §(go, b) = 0, then A gets stuck, that is, it halts without accepting. If w € (7(qg))*, then A
halts, and it accepts if qg is a final state, that is, if ¢o € F.

Thus, A executes the following computation relation on its set @ - > X*< of configurations:

q >uz<, if g€ Qr and w = uaz for u € (7(q))*,a € X N 7(q),
and ¢’ € 6(q,a),

Reject, if g € Qr and w = uaz for u € (7(q))*,a € ¥\ 7(q),
and 6(q,a) =0,

q >vy<, if g€ Qr and w=vby for y € (7(q))*,b € X\ 7(q),
and ¢’ € 0(q,b),

Reject, if g € Qr and w = vby for y € (1(q))*,b € ¥\ 7(q),
and 3(g,b) = 0,

Accept, if we (7(¢))* and ¢q € F,

Reject, if we (7(q))* and g € F.

q>w<ky

Observe that this definition also applies to configurations of the form ¢ > <, that is, ¢ > < 4 Accept holds
if and only if ¢ is a final state. A word w € ¥* is accepted by A if there exists an initial state ¢y € I and a
computation go >w< =% Accept, where % denotes the reflexive transitive closure of the single-step computation
relation 4. Now L(A) = {w € ¥* | w is accepted by A} is the language accepted by A, L(NLAwtl) denotes the
class of languages that are accepted by NLAwtls, and £(DLAwtl) denotes the class of languages that are accepted
by DLAwtls.

If A is an NLAwtl such that 7(q) = 0 for all states ¢ of A, then A is essentially just an NLA. Conversely, if
B is an NLA, then B can be seen as an NLAwtl A with empty transparency sets and L(A) = L(B). Hence, the
NLAwtl is an extension of the NLA, which shows immediately that LIN C £(NLAwtl).

On the other hand, the NFAwtls obviously correspond to those NLAwtls for which all states are left states.
Thus, the NLAwtl is also an extension of the NFAwtl. It is known that the linear language {a™b™ | n > 0}
is not accepted by any NFAwtl [25], while £(NFAwtl) does even contain some non-context-free languages, for



LINEAR AUTOMATA WITH TRANSLUCENT LETTERS AND LINEAR CONTEXT-FREE TRACE LANGUAGES 7

example, the language {w € {a,b,c}* | |w|a = |w|p = |w]|. }. However, the NLAwt] is more expressive than the
NFAwtl, which is shown by the following interesting example.

Example 3.2. Let L be the language

L = {w#u#wy | wi,ws € {a,b}", |wila = |wala, |wilp = |wals,
and u € {¢,d}* is a palindrome }.

Obviously, L is not context-free, as L N a* - b* - # - {c,d}* - # - a* - b* = { a™V"#u#a™b" | m,n > 0 and u €
{¢,d}* is a palindrome }. Further, L does not contain any regular subset that is letter-equivalent to L itself, and
hence, L is not accepted by any NFAwtl [25]. However, L is accepted by the DLAwtl A = (Q, X, >, <, 7,8, I, F)
that is defined as follows:

- Q = QL U QR7 where QL = {qa7q0} and QR = {paapbap#7p07pd}a
- Z = {a,b,c, da#}a

I'={qa} and F' = {qc, pc, pa},
— 7 is defined by the following table:

Qa | 9c | Pa Db | P# | Pc | P
O1o[{y|{a}]| OO0

U

— and the transition relation is given through the following table:

qa Gc | Pa | Db | P# | Pc | Pd
alpa | —[da| [ -[-]~
b lp ||~ [aa] |~ |-
Flos | == [~ la |- |-
c| =P | === 14|~
T e e e

Let w = x#y+#z be given as input, where z,z € {a,b}* and y € {c,d}*. Then A starts with the initial
configuration g, >x#y#z2<. If x # ¢, then A reads the first letter of x, say a, deletes this letter, and enters
state p,. Now A will get stuck if |z|, = 0, otherwise it will delete the rightmost a occurring in z and then again
enter its initial state ¢,. Analogously, if the first letter of x is a b, then A enters state p,. Now A will get stuck
if |z|p, = 0, otherwise it will delete the rightmost b occurring in z and then again enter its initial state g,. Thus,
by going through states g, and then p, or py, one occurrence of the letter a or b has been removed from x and
from z. If || > |2|q OF |Z]p > |2]p, then A will eventually detect this and it will then get stuck in state p, or ps.
Otherwise, after erasing the prefix , A reads the letter # and enters state px. Using this state it checks that
the remaining tape contents ends with the symbol #, which it deletes in the affirmative entering state g.. Thus,
if |z]q > |z|q or |2]p > |2]p, then A gets stuck in state pg. If, however, |z|, = |z], and |z|, = |x|s, then A enters
state ¢., and using this state and the states p. and pg, it checks whether y is a palindrome over {c,d}. In the
negative, it gets stuck, while in the affirmative, it will read and delete y completely and accept. It follows that
L(A) = L.

Thus, we have derived the following proper inclusions.
Proposition 3.3. £(NLA) = LIN € L(NLAwtl) and L(NFAwtl) C L(NLAwtl).

An NLAwtl A = (Q, %, >, <, 7,6, I, F) can be described more transparently by a graph, similar to the graph
representation of an NFA. A state ¢ € @ is represented by a node, which is labelled with ¢ if ¢ € Qp, as such
a state refers to the left head that reads the tape from left to right, and which is labelled with ¢ if ¢ € Qg,



8 B. NAGY AND F. OTTO

FIGURE 1. The graphical representation of the DLAwtl A of Example 3.2.

as such a state refers to the right head that reads the tape from right to left. In addition, the node of an initial
state ¢ is marked by a special incoming edge without a label, and the node of a final state ¢ is marked by a
special outgoing edge with label 7(q). Further, if ¢ € Q and p € 6(q,a) for some letter a € X, then there is a

directed edge from the node with label ¢ to the node with label p. This edge is labelled with (7(¢),a) if ¢ € Qp,

and it is labelled with Ea,T(q)) if ¢ € Qg. For example, the DLAwtl A from Example 3.2 can be depicted by
the diagram in Figure 1.

Definition 3.4. Let A = (Q, %, >, <,7,0,1, F) be an NLAwtl. For each state ¢ € Q we define u(q) = {a € 2|
5(q,a) # 0}, that is, u(q) is the set of letters which A can read in state q. Observe that we can assume without

loss of generality that p(q) N7(q) = 0 for all states ¢ € Q. Now the NLAwtl A is said to be in normal form if

1. Ju(q)| < 1 for each state ¢ € @, that is, for each state ¢ € @, there exists at most one letter a € ¥ such
that (g, a) is defined,

2. it always accepts with empty tape, that is, each word from L(A) is read (and deleted) completely before
A accepts.

By splitting the state g, into three different states g4, ¢, and ¢4 and by splitting the state ¢, into two
different states ¢. and ¢4 such that, in state g, only the letter = can be read for all z € {a,b,#,c,d}, the
DLAwtl A from Example 3.2 can be transformed into an NLAwtl that is in normal form. Concerning NLAwtls,
we now derive the following result in analogy to the situation for NLAs.

Proposition 3.5. From a given NLAwtl A = (Q,%,>,,7,6,1, F) one can effectively construct an NLAwtl
B=(Qp,%,>,<,78,08,I5,Fg) in normal form such that L(B) = L(A).

Proof. Let A = (Q,%,>,<,7,6,I,F) be an NLAwtl. We proceed in two steps, corresponding to the two
conditions in the definition above.

First we transform A into an NLAwtl A’ = (Q', X, >, <, 7,8, I', F') by choosing a set of additional states
F, ={q | q € F} that correspond to the final states of A with respect to the bijection 8 : F — F, that maps
q € F to f(q) =q¢ € F, and by taking Q' = QU F,, I' =TUB(I NF), and F’' = F. Further, 7/(q) = 7(q) for
all g € Q and 7/(¢') = 0 for all ¢’ € Fy, and ¢’ is obtained from ¢ by adding the following transitions:

8 (B(q),a) = {B(q)} forallqe F and all a € 7(q).

Finally, we take 6’(¢q,a) = d(¢q,a) U{B(p) | p € 6(q,a) N F }, that is, if A, while being in state ¢, can read the
letter @ and enter the final state p € F, then A’ has the additional option to enter state 8(p) € Fy. Now A’ can
simulate each computation of A step by step. When A enters a final state ¢ in a situation, where the tape only
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contains letters from 7(g), which means that A will accept, then A’ can enter the state ¢’ = 5(q), read (and
remove) all letters on the tape, and accept with empty tape. Thus, we see that A’ satisfies the second condition
required for an NLAwtl that is in normal form.

Next we transform A’ into an NLAwtl B = (@Qp, %, >, <, 7B, 0B, I5, F) that is in normal form. Let ¢ € Q’
such that u(q) = {ai,, @iy, - .., a;,, } for some m > 2. Then we replace the state g by m states, say ¢;,, i, - - - i, ,
take 75(qi;) = 7'(q) for all j = 1,2,...,m, and define dp(q;,,a;;) = 0'(q,a;;) and dp(q;,,b) = 0 for all j =
1,2,...,m and all b # a;;. Further, in I’, in F’, and on the right-hand side of ¢, we replace each occurrence
of ¢ by @iy, Giy,---4qi,, - Thus, whenever A’ enters state ¢ within a computation, then in the corresponding
computation of B, one must choose one of the states ¢;,, gi,, - - -, ¢i,,, in this way guessing which letter a;, will
be read in the following step. It is now obvious that B is in normal form and that it accepts the same language
as A. O

If Ais an NLAwtl on ¥ that is in normal form, then by removing the translucency relation from A, we obtain
an NLA A’ that accepts a linear sublanguage of L(A). In fact, the following result holds

Proposition 3.6. By removing the translucency relation from an NLAwtl A that is in normal form, we obtain
an NLA A’ such that L(A") is a sublanguage of L(A) that is letter-equivalent to L(A).

Here two languages over the same alphabet ¥ = {aj,as,...,a,} are called letter-equivalent if they have
the same image under the Parikh mapping ¢ : ¥* — N™. Thus, we see that each language from L(NLAwtl) is
letter-equivalent to a linear context-free language and therewith to a regular language.

Proof. Let A =(Q,%,>,<,7,d,I,F) be an NLAwtl that is in normal form, and let B = (Q, %, 6,1, F) be the
NLA that is obtained from A by removing the translucency relation 7 and the endmarkers > and <1. Then each
accepting computation of B corresponds to an accepting computation of A in which no translucent letter is ever
skipped over. Thus, L(B) C L(A), that is, L(B) is a sublanguage of L(A).

Conversely, assume that w € L(A), where w = ajas - - - a,, and that

Q>w<lyg g Dwi<l4 g, Dwadbg - A g, Dwy_ 14 g, ><

is an accepting computation of A on input w. Then ¢y € I and ¢;, € F. We claim that there exists a word
z € ¥* such that goz F% ¢;, and 9 (z) = ¢(w) hold. We proceed by induction on the length n of w.

If n =0, then w = ¢, which means that ¢y = ¢;,. Hence, we can take z = ¢ = w.

Now assume that go € @ and that w = zay for some x € (7(go))* and a € ¥ \ 7(qo). Then w; = zy and
qi, € 9(qo,a). From the induction hypothesis we see that there exists a word z; € ¥* such that ¢;, 21 F%‘l qi,
and ¥(z1) = ¢¥(w1). Let z = az;. Then qoz = qoaz1 Fp ¢, 21 F5 ' ¢i,, that is, B accepts on input z, and
¥(z) = Y(az) = P(awr) = P(azy) = P(zay) = Y(w).

Finally, if g9 € Qr and w = ubv for some v € (7(go))* and b € ¥ \ 7(qo), then wy = wv and ¢;, € 5(qo,b).
Again from the induction hypothesis we see that there exists a word z; € ¥* such that g;, z1 I—%ﬁl ¢, and
¥(z1) = ¥(wy). Let z = z1b. Then qoz = qoz1b B ¢, 21 l—’é_l gi, , that is, B accepts on input z, and ¥(z) =
¥(21b) = Y(w1b) = Y(uwb) = Y(ubv) = Y(w). Thus, we see that, for each word w € L(A), there exists a word
z € L(B) such that w and z are letter-equivalent. O

As NLAs accept exactly the linear context-free languages, this yields the following consequence.

Corollary 3.7. Fach language L € L(NLAwtl) contains a sublanguage that is linear context-free and that is
letter-equivalent to L. In particular, this implies that L is semi-linear, that is, (L) is a semi-linear subset of
N™.
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As an example, we take the language
L' = {a™b"#u#a™b" | m,n > 0,u € {c,d}* is a palindrome },

which is a sublanguage of the language L considered in Example 3.2. The language L’ does not contain a
linear sublanguage that is letter-equivalent to the language itself, and so it follows from Corollary 3.7 that this
language is not accepted by any NLAwtl.

4. LINEAR CONTEXT-FREE TRACE LANGUAGES

Let ¥ be a finite alphabet, and let D be a binary relation on ¥ that is reflexive and symmetric, that is,
(a,a) € D for all a € ¥, and (a,b) € D implies that (b,a) € D, too. Then D is called a dependency relation
on Y, and the relation Ip = (X x X) \ D is called the corresponding independence relation. Obviously, the
relation Ip is irreflexive and symmetric. The independence relation Ip induces a binary relation =p on X* that
is defined as the smallest congruence relation containing the set of pairs { (ab,ba) | (a,b) € Ip }. For w € ¥*,
the congruence class of w mod =p is denoted by [w]p, that is, [w]p = {z € ¥* | w =p z }. These congruence
classes are called traces, and the factor monoid M (D) = ¥*/=p is a trace monoid. In fact, M (D) is the free
partially commutative monoid presented by (X, D) (see, e.g., [8]).

Traces are being used in concurrency theory to describe sequences of actions that are partially independent
of each other. Let a and b symbolize two actions that are executed in parallel. If they are independent, then in
a sequential simulation it does not matter in which order they are executed, that is, ab and ba are equivalent.
As such traces have received much attention (see, e.g., [8]).

To simplify the notation in what follows, we introduce the following notions. For w € ¥£*, we use Alph(w) to
denote the set of all letters that occur in w, that is,

Alph(w) ={a e X | |w|, > 0}.
Now we extend the independence relation from letters to words by defining, for all words u,v € ¥*,
(u,v) € Ip if and only if Alph(u) x Alph(v) C Ip.
As Alph(e) = 0, we see that (¢,w) € Ip for every word w € 3*. The following technical result (see, e.g., Claim

A in the proof of Prop. 6.2.2 of [8]) will be useful in what follows.

Proposition 4.1. For all words x,y,u € X* and all letters a € X, if zay =p au and |z|, = 0, then (a,z) € Ip,
ray =p axy, and xy =p u.

A subset S of a trace monoid M (D) is called recognizable if there exist a finite monoid N, a morphism
a: M(D)— N, and a subset P of N such that S = a=!(P) [3]. Accordingly, this property can be characterized
as follows (see Prop. 6.1.10 of [8]).

Proposition 4.2. Let M (D) be the trace monoid presented by (X, D), and let pp : ¥* — M(D) be the cor-
responding morphism. Then a set S C M(D) is recognizable if and only if the language 4,051 (S) is a regular
language over 3.

By REC(M (D)) we denote the set of recognizable subsets of M (D).

A subset S of a trace monoid M (D) is called rational if it can be obtained from singleton sets by a finite
number of unions, products, and star operations [3]. This property can be characterized more conveniently as
follows.
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Proposition 4.3. Let M (D) be the trace monoid presented by (X, D), and let op : ¥* — M(D) be the corre-
sponding morphism. Then a set S C M(D) is rational if and only if there exists a regular language R over ¥
such that S = pp(R).

By RAT(M (D)) we denote the set of rational subsets of M (D). Concerning the relationship between the
recognizable subsets of M (D) and the rational subsets of M (D) the following results are known (see, e.g., [8]).

Proposition 4.4. For each trace monoid M (D), REC(M (D)) C RAT(M (D)), and these two sets are equal if
and only if Ip = 0.

Thus, each recognizable subset of a trace monoid M (D) is necessarily rational, but the converse only holds if
Ip is empty, that is, if D = X x X, which means that the congruence =p is the identity. Thus, the free monoids
are the only trace monoids for which the recognizable subsets coincide with the rational subsets.

We call a language L C X* a rational trace language if there exists a dependency relation D on ¥ such that
L = ¢! (S) for a rational subset S of the trace monoid M (D) presented by (X, D). From Proposition 4.3 it
follows that L is a rational trace language if and only if there exist a trace monoid M (D) and a regular language
R C ¥* such that L = ¢ (¢p(R)) = Uyerlw]p. By LRAT (D) we denote the set of rational trace languages
o5 (RAT(M(D))), and LRAT is the class of all rational trace languages. In [22] (see also [25]) the following
result on rational trace languages was established.

Theorem 4.5. LRAT C L(NFAwtl), that is, if M(D) be the trace monoid presented by (X, D), where D is
a dependency relation on the finite alphabet X, then the language ngl(S) is accepted by an NFAwtl for each
rational set of traces S C M (D).

Here we are interested in more general trace languages. A language L C ¥* is called a linear context-free trace
language if there exist a dependency relation D on ¥ and a linear context-free language R C ¥* such that L =
4,0151 (¢p(R)) = Uyperlw]p. Analogously, a language L C ¥* is called a context-free trace language if there exist a
dependency relation D on ¥ and a context-free language R C %* such that L = ¢ ' (pp(R)) = Uwerlwlp [1, 4].
By LLCF(D) we denote the set of linear context-free trace languages obtained from (X, D), and LLCF is the
class of all linear context-free trace languages. Further, by LCF(D) we denote the set of context-free trace
languages obtained from (X, D), and LCF is the class of all context-free trace languages. In [23, 24] it has been
shown that the context-free trace languages are accepted by certain cooperating distributed systems of a very
restricted type of restarting automata. These systems can actually be interpreted as nondeterministic pushdown
automata with translucent letters. Here we derive the following result for linear context-free trace languages.

Theorem 4.6. Let M (D) be the trace monoid presented by (X, D), where D is a dependency relation on the
finite alphabet . Then

LLCF(D) C L(NLAwt]),

that is, the language @Bl(gop (R)) is accepted by an NLAwtl for each linear context-free language R C X*.

Proof. Let R be a linear context-free language over ¥, let S = pp(R) C M(D), and let L = ¢5,*(S) C ©* be
the linear context-free trace language defined by R and D. As R C ¥* is a linear context-free language, there
exists an NLA A = (Q,X%,6,1, F) such that L(A) = R. According to our remarks on NLAs in Section 2, we
can assume without loss of generality that the NLA A is in normal form, that is, for each state ¢ € @, there is
at most a single letter a, € ¥ such that d(¢,a,) # 0. Further, based on well-known transformation techniques
(see, e.g., [15, 17]), we may assume that F' consists of a single left state g4 only, and that §(g+,a) = @ for all
letters a € ¥ (that is, no transition is allowed from the accepting state). From A we now construct an NLAwtl
B=(Qp,%,>,<,7,0p,I5, Fp) as follows:

- Qp=Q,Ip=1I,and Fp = F = {q,},
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- 71(q) ={beX|(byay) € Ip} for all ¢ € Q \ F, that is, all those letters are translucent for state ¢ that
are independent of the letter a, that A can read (and delete) in state ¢, and 7(g4+) = 0, and
— the transition relation dp is simply defined by taking d5(g,a) = §(q,a) for all ¢ € @Q and all a € X.

It remains to show that L(B) = L = ¢ (S) = U,cplu]p. Notice that in order to accept a word w, B must
read (and delete) it completely, as 7(¢+) = @ and g4 is the only final state of B.

Claim 1. J,cglulp € L(B).

Proof. Assume that w € |J,cplulp. Then there exists a word v € R such that w =p u, and so there exists
a sequence of words u = wqp, wy,...,w, = w such that, for each i = 1,2,...,n, w; is obtained from w;_; by
replacing a factor ab by ba for some pair of letters (a,b) € Ip. We now prove that w; € L(B) for all ¢ by induction
on 1.

For i = 0 we have wy = u € R. Thus, wy is accepted by the NLA A, and it follows immediately from the
definition of B that wy is also accepted by B.

Now assume that w; € L(B) for some i > 0, and that w; = zaby and w;11 = zbay for a pair of letters
(a,b) € Ip. By our hypothesis B has an accepting computation for w; = zaby, which is of one of the following
two forms:

(1) 1 >w;<t = g >zaby<t F'E ga>2’aby’ < Fp qz>a'by’' <y gy > <,
or
(2) 1>w;<t = @ >waby<t Ff ge>2'aby’' < bp ga>a'ay’ < B g > <,

where in the first m steps some letters from x and y are read and deleted, in this way reducing these factors to
2" and y’, respectively, and g3 € d5(gz,a) (in (1)) or g3 € dp(g2,b) (in (2)). Now consider the computation of B
on input w; 1 = xbay. In (1), if g2 is a right state, then obviously we have the computation

G >wi1 < = q>rbay< Y ge>a'bay’ < b g3>2'by’ < g > <.

If g2 is a left state, then observe that (b,a) € Ip, and hence, we see that b € 7(gz2), and so also in this situation
B can execute the computation

Qw1 < = q>abay< FY ge>a'bay’ < b g3>2'by’ < - g > <.

Case (2) is obviously symmetric to (1). Thus, we see that w; 11 € L(B). This completes the proof of Claim 1. 0O
Claim 2. L(B) € U,crlulp-
Proof. Let w € L(B), and let

G Pwl = gn>wp < Fs qn—1B>wp—14 Fp qn—2D>wp 24 FB
- Fp g >w < Fp q+><

be an accepting computation of B on input w, where ¢, € Ig. We claim that, for each ¢ = 1,2,...,n, there
exists a word u; € ¥* such that u; =p w; and q;u; F% ¢4, that is, the NLA A accepts the word u; when starting
from state g;.

We prove this claim by induction on i. For ¢ = 1 we have w; = ay, and ¢4 € 05(qg1,a1). From the definition
of B we see that ¢4 € 6(q1,a1), and so we can simply take u; = a; = w;. Now assume that, for some i > 1,
u; =p w; and g;u; F% g4+ hold. The above computation of B contains the step g;+1> w1 < Fp ¢;> w; <. Again
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from the definition of B we see that either g;+1 is a left state and ¢; € 6(git1,@i+1), where w; 11 = za; 11y and
w; = xy for some words z,y € ¥* such that (x,a;11) € Ip, or ¢;41 is a right state and ¢; € §(¢;+1, a;1) with
wiy1 = xa;+1y and w; = xy for some words z,y € ¥* such that (y,a;11) € Ip. In the former case let u;1 be
the word w;41 = a;4+1u;, and in the latter case, let u; 1 be the word w;4+1 = w;a;41. Then

Ui4+1 = Ai41U; =D Aj41W; = Q41 TY =D TAi41Y = Wil
and g;y1Uir1 = ¢ir10;41U; Fa gy, or
Ui+1 = UiQi41 =D Wili41 = TYAi41 =D TAi41Y = Wit1

and gi41U%it+1 = ¢i+1%i@i+1 Fa ¢u;. As by the induction hypothesis qu; F% g4, we see that in either case
Qi+1Ui+1 F g4 follows.

For ¢ = n we obtain a word u € ¥* such that u =p w, and A accepts u starting from state ¢, € I. Hence,
u € R, and it follows that L(B) C |J,cplulp holds. O

Now Claims 1 and 2 together show that L(B) = |J,cplulp = ©5(S) = L, which completes the proof of
Theorem 4.6. O

Next we present a restricted class of NLAwtls that accept exactly the linear context-free trace languages.

Definition 4.7. Let B = (Q,%,>,<,7,6,I,F) be an NLAwtl in normal form that satisfies the following
additional condition:

(*) Vp,q € Q: pu(p) = pu(qg) implies that 7(p) = 7(q),

that is, if two states read (and delete) the same letter, then they also have the same set of translucent letters.
With B we associate a binary relation

Ig = | (7(9) x ulg)),

q€Q

that is, (a,b) € Ip if and only if there exists a state ¢ € @ such that a € 7(q) and (g, b) is defined. The
automaton B is called a 7u-NLAwtl, and further, by Dp we denote the relation D = (X x ) \ Ip.

Observe that the relation Ip defined above is necessarily irreflexive, but that it will in general not be sym-
metric. On the other hand, consider the NLAwtl B that is constructed in the proof of Theorem 4.6. It satisfies
condition (%) above and the relation Ip coincides with the relation Ip restricted to the subset of letters of ¥
that actually occur in the language L. Hence, this relation is in fact symmetric. The following result shows that
also the converse of this observation holds.

Theorem 4.8. Let B be an NLAwtl over ¥ satisfying condition (x) above, that is, a Tu-NLAwtl. If the associated
relation Ip is symmetric, then L(B) is a linear context-free trace language over L. In fact, from B one can
construct an NLA A over ¥ such that L(B) = @B}B (¢py (L(A))).

Proof. Let B = (Q,2,>,<,7,0,I,F) be a 7u-NLAwtl and assume that the associated relation Ip =
Ugeo(7(@) x pu(q)) is symmetric. Then the relation Dp = (X x X) \ Ip is reflexive and symmetric, and so
it is a dependency relation on ¥ with associated independence relation Ig. Without loss of generality we may
assume that all letters from 3 do actually occur in some words of L(B), since otherwise we could simply remove
these letters from 3. From the properties of B we obtain the following consequences:
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FIGURE 2. The graphical representation of the NLAwtl A for the Dyck language D;.

1. As all words w € L(B) are first reduced to the empty word, which is then accepted in a final state, we see
that, for each letter b € X, there exists a state ¢ € @ such that u(q) = {b}.

2. If (a,b) € Ip, then a € 7(q) for all states ¢ for which p(q) = {b} holds (by (x)).

3. If (a,b) € Ip, then (b,a) € Ip, too, and hence, b € 7(p) for all states p for which u(p) = {a} holds (by
symmetry of Ig and by (x)).

Let L = L(B). We claim that L is a linear context-free trace language over the trace monoid defined by
(X,Dp), that is, L € LLCF(Dpg). To verify this claim we present a linear context-free language R C ¥* such
that L = U,cxl#]D5-

By Proposition 3.6, the language L contains a linear context-free sublanguage R that is letter-equivalent
to L. In the proof of that proposition, an NLA A = (Q4,%, 04,14, F4) for R is constructed from B by simply
removing the translucency relation. In addition, it is shown that each word w € L is letter-equivalent to a word
z € R. Actually, it follows that w =p, z, which implies that L C |J,[2]py-

Conversely, let w =p, v € R, and let v = wq,ws,...,w, = w be a sequence of words such that, for each
i=1,2,...,n, w; is obtained from w;_; by replacing a factor ab by ba for some pair of letters (a,b) € Ig. We
now prove that w; € L for all ¢ by induction on 1.

For ¢ = 0 we have wg = u € R, and so wg € L, as R is a sublanguage of L. Now assume that w; € L for
some i > 0, and that w; = zaby and w; 11 = xbay for a pair of letters (a,b) € Ig. By our hypothesis, B has an
accepting computation for w; = zaby. As a € 7(q) for each state ¢ satisfying u(q) = {b} and b € 7(p) for each
state p satisfying p(p) = {a}, we see that the same computation of B applies to the word w; 1 = xzbay, which
shows that w;;1 € L. Thus, we see that w = w, is accepted by B. This implies that L = |J,.p[2]pj, that is, L
is a linear context-free trace language. O

Theorems 4.6 and 4.8 together yield the following characterization.

Corollary 4.9. A language L C X* is a linear context-free trace language if and only if there exists a Tu-NLAwtl
B with symmetric relation I such that L = L(B).

Let Dy be the Dyck language over ¥ = {a,b}, that is, D; is the language generated by the context-free
grammar ({S}, {a,b},5,{S — 55,5 — aSbh, S — £}). This language is accepted by the NLAwtl A that is given
through the diagram in Figure 2.

Actually, A only uses its left head, that is, it is really just an NFAwtl. This automaton satisfies condition (*)
above, but the relation T4 = 7(q1) X u(q1) = {(a,b)} is not symmetric. And indeed, the language D; is not a
linear context-free trace language.

5. CLOSURE PROPERTIES AND DECIDABILITY RESULTS

While the language

L = {wi#udtws | wi,wz € {a,b}", |wila = |w2a, [wi]p = w2,
and u € {c¢,d}* is a palindrome }
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is accepted by a DLAwtl (see Ex. 3.2), it follows from Corollary 3.7 that the language

L' = Lna* b -# {cd}* #- -a*b*
= {a™b"#HuH#a™b" | m,n >0, u € {¢,d}* is a palindrome }

is not accepted by any NLAwtl. This observation implies that the language classes L(NLAwtl) and £(DLAwtl)
are not closed under intersection with regular languages. As all regular languages are accepted by DLAwtls,
this means that these classes are not closed under intersection, either. However, it is easily seen that the former
class is closed under union. Thus, we have the following consequence.

Corollary 5.1. The language class L(NLAwtl) is closed under union, but it is neither closed under intersection
nor under complementation.

Concerning DLAwtls, we have the following closure property.

Proposition 5.2. The language class L(DLAwtl) is closed under complementation.

Proof. Let A= (Q,%,>,<, 7,9, qo, F') be a DLAwt]l. We define a DLAwtl A° = (QU{qs}, Z,>, <, 7¢, de, qo, Fe),
where ¢y is a new left state, by taking 7.(¢s) = X and 7.(q) = 7(q) for all ¢ € Q, F. = (Q ~ F) U {qs}, and by
defining 0. as follows:

d:.(qg,a) = 6(q,a) forall ¢ € Q and all a € u(q),
dc(g,b) = gy forall g € Q and all b € ¥~ (7(¢) U p(q)).

Thus, given a word w € ¥* as input, A¢ performs the same steps as A until A halts. Let ¢ € @Q and u € ¥* be
the current state and the current tape contents at that point.

— If g € F and u € (7(q))*, then A accepts, which means that w € L(A). However, as q € F,, we see that
A¢ does not accept on input w.

~If ¢ & F, but uw € (1(q))*, then A does not accept, which means that w ¢ L(A). However, as ¢ € F,, we
see that A€ accepts on input w.

— Finally, if ¢ is a left state and « = zay for some word z € (7(¢))* and a letter a & (7(¢q) Uu(q)), then A just
gets stuck without accepting, which means that w ¢ L(A). However, A€ continues the current computation
by ¢ > zay<i Fae g5 > xy<, and then A°® accepts as gy € F, and zy € (7(gy))*, that is, w € L(A°).

— If ¢ is a right state and u = zay for some word y € (7(¢))* and a letter a & (7(q) U u(q)), then it follows
analogously that A¢ accepts on input w.

Thus, we see that L(A®) = ¥* \ L(A). O

As observed above, the language class £(DLAwtl) is not closed under intersection with regular sets. Thus, we
get the following consequence from Proposition 5.2.

Corollary 5.3. The language class L(DLAwtl) is not closed under intersection with reqular sets, and hence, it
18 neither closed under union nor under intersection.

From the definition it follows immediately that £(DLAwtl) C L(NLAwtl). By Proposition 5.2, £(DLAwtl)
is closed under complementation, while by Corollary 5.1, £L(NLAwtl) is not. Thus, we obtain the following
separation result.

Corollary 5.4. £(DLAwtl) C L(NLAwtl).

In fact, in Proposition 5.7 below, we will encounter an example language that separates the class £(DLAwtl)
from the class L(NLAwtl).
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The languages L1 = {a™b™ | m >0} and Ly = {¢"d™ | n > 0} are both linear context-free and it is easily
seen they are accepted by DLAwtls. However, their product Ly - Ly = {a™b™c™d™ | m,n > 0} is not linear
context-free, and in fact it does not even contain a sublanguage that is linear context-free and letter-equivalent
to the language itself. Hence, by Corollary 3.7, L1 - Lo is not accepted by any NLAwtl. This yields the following
non-closure property.

Corollary 5.5. The language classes L(NLAwtl) and L(DLAwtl) are not closed under product.

From the definition of the NLAwtl, it follows immediately that the language classes £L(NLAwtl) and £(DLAwtl)
are closed under reversal. In addition, the former class is closed under a weaker product operation.

Proposition 5.6. The language class LINLAwtl) is closed under product with regular sets, that is, if L €
L(NLAwtl) and R € REG, then L - R and R - L are accepted by NLAwtls.

Proof. Let A= (Q,%,>,<,7,0,1, F) be an NLAwtl in normal form, and let B = (Q’,%,d, ¢}, F’) be an NFA.
From A and B we obtain an NLAwtl C for the product L(B) - L(A) as follows:

— First C simulates the NFA B on a prefix u of the given input w. Whenever B enters a final state from F”,
then C' has the option of entering an initial state of A.

— Once C has entered an initial state of A, it simulates A on the remaining suffix v of the input w. C accepts
if and when A accepts.

Thus, C' accepts a given input w iff w admits a factorization of the form w = wv such that v € L(B) and
v € L(A), which shows that L(C) = L(B) - L(A). As L(A) - L(B) = (L(B)® - L(A)®)f, and as REG as well as
L(NLAwtl) are both closed under reversal, we see that also L(A) - L(B) is accepted by an NLAwtl. O

In [27] it has been noted that the rational trace language
Ly={we{a,b}*|In>0:|w|e =n and |w|, € {n,2n}}

is not accepted by any DFAwtl?. As Ly is linear context-free, it is accepted by an NLAwtl. However, generalizing
the proof of Proposition 4.7 of [27], we now show that L., is not accepted by any DLAwtl. Thus, Ly separates
the class £(DLAwtl) from the class L(NLAwtl).

Proposition 5.7. The language Ly, is not accepted by any DLAwtl.

Proof. Assume that A = (Q,{a,b},>,<,7,0,{q}, F) is a DLAwtl that accepts the language L. Let m be a
sufficiently large integer, and let w = a™b™. Then w € Ly, and hence, the computation of A on input w is
accepting. Let

Q>w<d = qg>a"bmA ], ¢r>a
be this computation, where ¢f € F and = € (7(gs))*. As z is obtained from w = a™b™ by deleting some letters,
we see that = a"b° for some integers r and s such that 0 < r,s < m. If » > 0, then a € 7(gs), and then A
would also accept the input a™*'6™ ¢ L. Analogously, if s > 0, then b € 7(qy), and then A would also accept
the input a™b™*+! ¢ L, . Hence, we conclude that r = s = 0, that is, 2 = ¢, which implies that the accepting
computation of A on input w consists of 2m steps.

2 Actually, it is shown in [27] that Ly is not accepted by any stl-det-global-CD-R(1)-system, which is a specific type of cooperating
distributed system of a very restricted type of restarting automata. The results of [25] then yield that Ly is not accepted by any
DFAwtl.
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If m > |Q|, then there exists a state ¢ € @ that occurs repeatedly in this computation, that is, this
computation can be written as follows:

QoD>w< = go>a™b™ < FYy g>a™ Ty T2 g }—Q_i qa™ IR G Y g <,

where 0 < i < j < |Q, 41,12, 71,72 € N such that ¢ = i; +i2 and j = j1 + jo, and ¢y € F. Of course, j; > i; and
J2 = 1ia.

Claim. jl - ’il = j2 — ig.

Proof. Assume that j; — iy > jo — 92. Then m + j1 — iy > m + ja — i3, and hence, the word q™tJ1 —#1pm+iz—iz

is not an element of L,,. However, on input a™+/1 =% pm+i2=%2 A executes the following computation, as A is
deterministic:

qo>a™ T Tyt g 1 g MM g Y g <,

that is, A accepts this word. This contradiction implies that j; — i1 < jo — io.

Now assume that j; — i1 < jo —i2. Then m + j; — i1 < m + jo — 2, and if m is sufficiently large, then
2(m + j1 —41) > m + j2 — iz, and hence, also in this case the word a™T1741p™m+i2=% jg not an element of Ly .
However, as above it follows that A accepts this word. Thus, we see that indeed j; — i1 = jo — 92 holds. O

Now we consider the word z = a™b?™ € L.,. Then the computation of A on input z is accepting, and as A
is deterministic, this computation has the following form:

goD>2< = qo>a™b*" < Hg g>am T2z g H;i g>amTRpm iz g Fapr><
for some final state py € F'. From this computation we now obtain the following computation:
qo>a™ T T pmtiz =iz I—i‘ ga™ T p2mTizg i pr><.
However, m + j1 — i1 # 2m + j1 — i1 = 2m + ja — iz and 2(m + j; — 1) # 2m + j; — i3 = 2m + ja — i9, which

implies that the word a™+J1—#1p2m+i2=% js not an element of Ly. Thus, it follows that the language Ly, is not
accepted by any DLAwtL. O

This observation yields the following result.

Corollary 5.8. The language class L(DLAwtl) does not even contain all rational trace languages.

Let L{, denote the following variant of the language Ly:
L, = {we|we{a,b}T,|wl, =|wly —1}U{wd|w € {a,b}",2 |w|, = |w|, —1}.

Tt is easy to design a DLAwtl A for this language. Now let ¢ : {a,b, ¢, d}* — {a,b}* be the alphabetic morphism
that is defined by a — a and b,c,d — b. Then

o(L) ={we{a,b}" |In>0:|wl, =n and |w|, € {n,2n}},

which is not accepted by any DLAwtl (see the proof of Prop. 5.7). Thus, we obtain the following non-closure
property.

Corollary 5.9. The language class L(DLAwtl) is not closed under alphabetic morphisms.
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However, the following questions remain open.

Question 1: Is any of the classes £(DLAwtl) and £(NLAwtl) closed under Kleene star or inverse morphisms,
and is L(NLAwtl) closed under e-free morphisms?

Consider the linear context-free language L = {a™b™ | m > 1}. It is easily seen that L is accepted by a
DLAwtl. We think that L* is not accepted by any NLAwtl, which would prove non-closure under Kleene star.

Finally, we turn to decision problems. A DLAwtl (NLAwtl) can easily be simulated by a (non-) deterministic
one-tape Turing machine that is simultaneously linearly space-bounded and quadratically time-bounded. Hence,
we have the following complexity results.

Proposition 5.10.

(a) L(DLAwtl) C DSpaceTime(n,n?).
(b) L(NLAwtl) C NSpaceTime(n,n?).

It follows in particular that £(NLAwtl) is contained in the class of context-sensitive languages. The proof
of Proposition 3.6 yields an effective construction of an NLA A’ from an NLAwtl A such that the language
E = L(A’) is a subset of the language L = L(A) that is letter-equivalent to L. Hence, F is non-empty if and
only if L is non-empty, and E is infinite if and only if L is infinite. As the emptiness problem and the finiteness
problem are decidable for NLAs (that is, for linear context-free languages), this immediately yields the following
decidability results.

Proposition 5.11. The following decision problems can be solved effectively:
Instance : An NLAwtl A.
Problem 1 : Is the language L(A) empty?
Problem 2 : Is the language L(A) finite?

Since universality is undecidable for linear languages (see, e.g., [12]), and as one can easily design a DLAwtl
for the language ¥*, we obtain the following undecidability results.

Proposition 5.12. The following decision problems are undecidable in general:

(a) Instance o An NLAwtl A on X, and a regular language R.
Problem 3 : Is L(A) = X%, that is, is A universal?
Problem 4 : Is R contained in L(A)?

(b) Instance : Two NLAwtls A and B.

Problem 5 : Is L(A) contained in L(B)?
Problem 6 : Is L(A)=L(B)?

Finally, it has been observed in [25] that it is undecidable in general whether a given NFAwtl accepts a
regular language. As the NFAwtl is a special type of NLAwtl, this immediately yields the following result.

Proposition 5.13. The following decision problem is undecidable in general:

Instance : An NLAwtl A.
Problem 7 : Is the language L(A) regular?

Actually, we even have the following undecidability result.

Proposition 5.14. The following decision problem is undecidable in general:

Instance : An NLAwtl A.
Problem 8 : Is the language L(A) linear context-free?
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Proof. The language class L(NLAwtl) is effectively closed under union and under product with regular sets
(Prop. 5.6). Further, universality is undecidable for NLAwtls. Finally, the class of linear context-free languages
contains the regular languages, and it is closed under right quotients with single letters, that is, if L € LIN,
then also L/a = {w | wa € L} is linear context-free. Thus, we can apply Greibach’s general undecidability
result [11], which implies that it is undecidable in general whether the language accepted by a given NLAwtl is
linear context-free. O

However, the following question remains open.
Question 2: Is it decidable whether a language that is accepted by an NLAwtl is also accepted by a DLAwt1?

Finally, observe that universality is decidable for DLAwtls, as emptiness is decidable for them by Proposi-
tion 5.11 and £L(DLAwtl) is closed under complementation (Prop. 5.2). However, the following questions remain
open.

Question 3: Are containment, equivalence, regularity, or linear context-freeness decidable for DLAwtls?

6. A FAMILY OF LANGUAGES ASSOCIATED TO AN NLA

Let A= (Q,%,9,I,F) be an NLA in normal form. Recall from Definition 2.1 that, for each state ¢ € @,
w(q) ={a€X|d(qa)#0}. Without loss of generality we may assume that

— F ={q4} for a state ¢ € @, that is, ¢+ is a unique final state, and p(g+) = @, that is, in this state A
cannot read any letter,

— each letter a € ¥ occurs in some word of the language L(A), which means in particular that, for each
a € X, there exists at least one state ¢ € @ such that p(q) = {a},

— and pu(q) # 0 for each non-final state g € Q \ F.

By introducing the sentinels > and < and by adding an admissible translucency mapping 7 : Q — 2%, we
obtain an NLAwtl A, = (Q, X, >, <, 7,0,1, F) from A. Here the translucency mapping 7 is called admissible for
A if it satisfies the following restrictions:

1. 7(¢4+) =0 and
2. 7(q) € X\ p(q) for all g € Q N {g4}.

From the proof of Proposition 3.6, we see that L(A,) contains the linear context-free language L = L(A) and
that L is letter-equivalent to L(A.). Observe that A, and therewith the language L, does not depend in any
way on the translucency mapping 7. Thus, we can choose different translucency mappings 7 for the NLAwtl A,
but L will be contained in each of the resulting languages L(A,) and it will be letter-equivalent to each of these
languages.

In order to investigate this phenomenon, we choose the notation (A,7) for the NLAwtl A, =
(Q,%,>,<,7,0,1,F). If |Q| = m and |Z| = n, then there are 2(*~D:(m=1) admissible translucency mappings
for A, as for each of the m — 1 non-final states ¢, there are 2"~! possible values for 7(q). Thus, from the given
NLA A, we obtain a family

A(A) = {(A,7) | 7 is an admissible translucency mapping for A}

of cardinality 2(»~1(m=1) of NLAwtls that are all based on the given NLA A and that only differ in their
translucency mappings. Concerning the resulting family of languages we have the following basic observation,
where 7y denotes the trivial translucency mapping that is defined by taking 74(q) = 0 for all states g of A.

Proposition 6.1. The linear context-free language L(A) = L((A,71p)) is a sublanguage of L((A,T)) that is
letter-equivalent to L((A, 7)) for each NLAwtl (A,7) € A(A).
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Let 7y be the admissible translucency mapping that is defined by 7v(q) = X \ u(q) for all non-final states
q € @Q ~ F. Then the following result is easily obtained. Just observe that each accepting computation of an
NLAwtl (A, 7) € A(A) is also an accepting computation of the NLAwtl (A, 7v).

Proposition 6.2. The language L((A,7v)) is the commutative closure of the language L(A). In particular,
L((A, 7)) is a sublanguage of L((A,7v)) for all (A,7) € A(A).

On the set of NLAwtls A(A), we can define a partial ordering < as follows:
(A,m) < (A7) iff Vge QN F :11(q) C 12(q).

If (A, 7)) < (A, 72), then each accepting computation of the former is also an accepting computation of the

latter. Thus, we obtain the following result.
Proposition 6.3. If (A, 71) < (A, 72), then L((A,71)) C L((A, 12)).

The set A(A) is actually a distributive lattice under the operations
(A, 1)V (A, 1) = (A, 71 Umg) and (A, 1) A (A, 72) = (A, 71 N T2),
where 7 U7 and 71 N 7 are defined through
(11 UT2)(q) = 71(q) UTa(q)
and
(N 72)(q) = 1a(q) N 72(q)

for all g € Q.
Does this lattice of NLAwtls induce a lattice on the corresponding family of languages

LIA(A) = {L((A,7)) [ (A,7) € A(A) }7

Let A : A(A) — L(A(A)) be the mapping that maps each NLAwtl (A, 7) € A(A) to the corresponding language
L((A,7)). We define the following binary operations V and A on L(A(A)):

L((A,m)) V L((A,72)) := L((A, 1) V (4, 72))
and
L((A, 7)) A L((A, 7)) = L((A,71) A (A, 7).
Obviously,
L((A,71)) UL((A,72)) € L((A,71)) V L((4, 72)),
as each accepting computation of (A, 71) or (A,7,) is also an accepting computation of (A4,71) V (A, 7), and
L((A, 7)) A L((A,72)) € L((A,71)) N L((4,72)),

as each accepting computation of (A, 71) A (A4, 72) is an accepting computation of (A, 71) as well as of (4, 72).
However, in general these are proper inclusions.
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Example 6.4. Let A = (Q,X,0,I,F) be the NLA that is defined by Q = Qr = {qa, @, 9, 9+ }, X = {a,b, c},

I= {qa}7 F= {Q+}7 and 5(Qaaa) = {qa7qb}a 5(qb7b) = {Qb7q(1}a 5(QCaC) = {qCaQ+}7 and 5((],1’) = @ for all other
pairs (¢,x) € @ x 3. Then it is easily seen that L(A) =a™ - b" - cF.

Let 71 be the translucency mapping defined by 7i(q,) = {b} and 71(q) = 71(¢.) = 0, and let 75 be the
translucency mapping that is defined by 75(qq) = 72(¢.) = 0 and 72(gp) = {c}. Then

L((A, 7)) = {w e {a, b} | |w]a, [w]p > 1} - ¥,
and
L((A,m)) = a® - {w e {b,c}" | |[wy, [w]e > 1}

Now let 73 = 71 UTo. Then 73(qa) = {b}, 3(qp) = {c}, and 73(q.) = 0, and w = bacb € L((A,73)) ~ (L((A, 7)) U
L((Aa T2)))7 that iS,

L((Aaﬁ» U L((A77_2)) - L((A7Tl)) v L((AvTQ))'

Example 6.5. Let A = (Q,X,4,1,F) be the NLA that is defined by Q = Qr = {¢u, 9, B, 9+, X = {a, b},

I = {Qtlaqéz}v F= {q+}7 and (5((]&,04) = {Qavqb}v 5(qtlz7a) = {qtlzvqb}v 5((]1,,[)) = {Qb,q+}7 and (5(q7$) = 0 for all
other pairs (¢,z) € @ x X. Then it is easily seen that L(A) =a™ - b™.

Let 71 be the translucency mapping defined by 71(g,) = {b} and 71(¢},) = 71(q) = 0, and let 7 be the
translucency mapping that is defined by 72(q,) = 72(qp) = 0 and 72(q},) = {b}. Then

L((A, 1)) ={w € {a,b}" | [wla, lwly > 1} = L((A, 72)).

Now let 73 = 71 N 72. Then 73(q,) = 73(q}) = 73(qs) = 0, and L((A,73)) = L(A) = a* -b* C L((4,71)) N
L((A,72)) = L((A, 1)), that is,

L((A;m)) ANL((A,72)) S L((A, 7)) N L((A, 72)).

The next examples illustrate the possible structures of the set L(A(A)).

Example 6.6. Let A = (Q,%,0,1,F) be the NLA that is defined by Q = Qr = {44, %, 9+}, X = {a,b},
I={qu,q}, F ={q+}, and 6(qa,a) = Q, 6(qs,b) = Q, and §(g,z) = () for all other pairs (g, z) € @ x X. Then
it is easily seen that L(A) = {a,b}". Further, L(A,7y) = {a,b}" as well, which implies that L(A,7) = {a,b}"
for all admissible translucency mappings 7. Thus, the language class L(A(A)) consists of only one language,
the language {a,b} ™.

Example 6.7. Let A = (Q,%,0,I,F) be the NLA that is defined by @ = Qr = {¢a, %, ¢c, ¢+, L = {a, b},
I ={q.}, F ={q+}, and 6(qa,a) = {qa, @}, 6(qp,0) = {av,qc}, (gc,a) = {qc, g+ }, and (g, z) = (@ for all other
pairs (q,x) € Q x X. Then it is easily seen that L(A) =a™ - b -a™.

As we have three non-final states and two input letters, there are 28 possible translucency mappings for A,
which are listed in the following table together with the resulting languages:
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T ‘ da ‘ b ‘ qc ‘ L((A’T))

™ | 0 1] 1] at bt .at

| 0 0 | {b} at bt .at

| 0 | {a} | 0 | a-{we{a, b}t ||w,|wlp>1}
T3 @

ta} [ {b} | a-{we{a, b} [|w]g, |w]p > 1}
s | {b}| 0 1] {w € {a,b}" | |w]a,|wlp >1}-a
s [ {0} | 0 [ {0} | {wefa, b} [|wla,|wly>1}-a
76 | {0} [ {a} | O | {we{a, b} [|wle>2,w]p>1}
v | {0} | {a} [ {0} | {w€{a,0}" |w]a >2,|w[y > 1}

Here we see that L((A,79)) = L((A,71)), L((A,72)) = L((A,73)), L((A,74)) = L((A,75)), and L((A,7s)) =
L((A,71v)), and that with respect to inclusion these families are related as shown in the following diagram:

L((A’ TV))

PN

L((A,72)) L((A;74))

N

L((A,79))

Observe that in Example 6.7, 71 and 75 are incomparable with respect to inclusion, but that L((A4, 7)) C
L((A, 72)) holds, and the same is true for 75 and 74. So the following question remains.

Question 4: Under what conditions is the set £(A(A)) a distributive lattice under the operations V and A
defined above?

Based on an NLA in normal form, we have defined a class of NLAwtls and a corresponding class of languages
by adjoining all admissible translucency mappings. Of course, the same definition can be applied to NFAs to
define a class of NFAwtls and the corresponding class of languages. Observe that the NLAs in Examples 6.4—6.7
above only contain left states, and hence, they are actually NFAs. Thus, Question 4 extends to NFAs.

7. CONCLUSION

We have extended the nondeterministic linear automaton by translucency mappings, and we have seen that
the resulting NLAwtls are quite expressive. In fact, they accept a subclass of the class of all languages with semi-
linear Parikh image that properly contains all linear context-free trace languages. In addition, we successfully
characterized the class of all linear context-free trace languages by a restricted type of NLAwtls. Further, we
presented a number of closure and non-closure results for the language classes £L(NLAwtl) and £(DLAwtl),
but some operations still remain to be considered. Also we considered various decision problems for NLAwtls.
Finally, we obtained a finite lattice of NLAwtls A(A) from each NLA A that is in normal form, and this lattice
yields a finite family of languages £(A(A)) that are partially ordered with respect to inclusion. However, it
remains to study these families of languages in more detail.
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