Noname manuscript No.
(will be inserted by the editor)

Reachability Problems on Reliable and Lossy Queue
Automata

Chris Ko6cher

the date of receipt and acceptance should be inserted later

Abstract We study the reachability problem for queue automata and lossy
queue automata. Concretely, we consider the set of queue contents which are
forwards resp. backwards reachable from a given set of queue contents. Here, we
prove the preservation of regularity if the queue automaton loops through some
special sets of transformation sequences. This is a generalization of the results
by Boigelot et al. and Abdulla et al. regarding queue automata looping through
a single sequence of transformations. We also prove that our construction is
possible in polynomial time.

Keywords Partially Lossy Queue - Queue Automaton - Reachability -
Verification

1 Introduction

Nearly all problems in verification ask whether in a program or automaton one
can reach some given configurations from other given configurations. In some
computational models this question is decidable, e.g., in finite state machines,
pushdown automata [7J[I311], or counter automata without zero-tests (resp.
Petri-nets or vector addition systems) [22[21]. In some other, mostly Turing-
complete computational models this reachability problem is undecidable. For
example, the reachability problem for two-counter automata with zero-tests
(so called Minsky-machines) is undecidable [24].

For queue automata reachability is undecidable [9], while this problem is
decidable for so-called lossy queue automata [3] which are allowed to forget
any parts of their content at any time. In this case, for a regular set of config-
urations, the set of reachable configurations is regular [I5] but it is impossible

This is the full version of the conference contribution [19].

Technische Universitat Ilmenau, Automata and Logics Group
E-mail: chris.koecher@tu-ilmenau.de
ORCID: 0000-0003-4575-9339



2 Chris Koécher

to compute finite automata accepting these sets [2L23]. Surprisingly, the set of
backwards reachable configurations is effectively regular [3], even though this
construction is not primitive recursive [26L[I0]. This positive reachability result
for lossy queue automata was generalized by Finkel and Schnoebelen [12] to
so-called well-structured transition systems, which are systems with an infinite
state space and some special restrictions on their transitions.

Another variation of queue automata are automata with priority queues:
here, each queue entry has some priority and entries with high priority can
supersede or overtake entries with low priority. Haase et al. [14] have proven
that the reachability problem is decidable for these priority queue automata
with superseding semantics, but it is undecidable for priority queue automata
with overtaking semantics.

In this paper we will focus on the reachability problem for reliable and
lossy queue automata. Due to its undecidability resp. inefficiency, one may
consider approximations of this problem. One trivial approach is to simulate
the automaton’s computation step by step until a given configuration (or a
given set of configurations) was found. In this case, starting from a given set
of configurations we simply add or remove a single letter from the queue’s
contents. An even better and more efficient approach is to consider so-called
“meta-transformations” as described in [Bl[6]. Such a meta-transformation is
a combination of multiple transitions of the queue. In particular, given a loop
in the queue’s control component one can combine iterations of this loop to
one big step of the queue automaton. With this trick it is possible to explore
infinitely many contents of the queue in a small amount of time.

Considering reliable queue automata, we know from Boigelot et al. [6]
that, starting from a regular language of queue contents, the set of reachable
queue contents after iterated application of a single transformation sequence
is effectively regular. The authors of that paper also generalized this result to
automata having multiple queues. However, in this case we need some special
restrictions to the considered loops. Bouajjani and Habermehl [§] extended
this result to arbitrary loops. But this requires to consider some proper super-
class of the regular languages representing the queues contents. Abdulla et al.
also considered in [I] loops in automata having some lossy queues and proved
the preservation of regularity.

Here, we consider some extension of these results. Concretely, we consider
iterations through certain regular languages, so-called read-write independent
sets. Such language is the product of some language consisting of write action
sequences, only, with another language consisting of read action sequences. For
these new meta-transformations we prove the preservation of regularity of sets
of configurations. We will see that our construction is possible in polynomial
time. Additionally, we show some extensions of our result. For example, we
will construct from a given single transformation sequence some read-write
independent set. In other words, the result from Boigelot et al. is a corollary
of our construction.

Additionally, we consider another type of meta-transformations: sets of
transformations which are closed under some special (context-sensitive) com-
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mutations of the atomic transformations. For such meta-transformations, the
set of reachable configurations is also effectively regular. Moreover, if we start
from a context-free set of configurations, the set of reachable configurations is
effectively context-free, again. Both constructions can be carried out in poly-
nomial time.

In the last section of this paper we consider so-called partially lossy queue
automata which were first introduced in [20,I8]. This is a generalization of
reliable and lossy queue automata where we can specify which letters can be
forgotten at any time. These partially lossy queues can also be seen as some
kind of the aforementioned priority queues with superseding semantics: here,
the forgettable letters have low priority and the unforgettable letters have high
priority. In this case, letters with low priority can be superseded by any letter
and letters with high priority cannot be superseded by any letter.

We will see, that the sets of reachable configurations can be computed from
the ones of a reliable queue automaton. Hence, all of our results do also hold
for arbitrary partially lossy queue automata. In particular, we will see that
the results from [IL[6] follow from our result. So, we also have a new, unified
proof of these two results.

2 Preliminaries
2.1 Words and Languages

At first, we have to introduce some basic definitions. To this end, let I" be an
alphabet. A word v € I'* is a prefix of w € I'* iff w € vI™*. Similarly, v is a
suffiz of wiff w € I'™v and v is an infiz of w iff w € ™ vI™*. The complementary
prefix (resp. suffix) of w wrt. v is the word w/, € I'* (resp. ,\w € I'*) with
w=w/, v (resp. w =v - ,\w). The right quotient of a language L C I'* wrt.
K C I'* is the language L/ = {u € I'* |Jv € K: uwv € L}. Similarly, we can
define the left quotient g\L = {v € I'*|Ju € K: uwv € L} of L wrt. K.

For aword w = aqas . ..a, € I'* we define its reversal by w® :=a,, ... asa;.
The reversal of a language L is L® = {w®|w € L}. The shuffle of two
languages L and K is the following language:

neNwv,w, € I'*
LUWK = {vlwlvgwg...vnwn IR ’ .

ViV ...V € Lywjwsy ... w, € K

Let ~ be an equivalence relation on I'*. The equivalence class of v € I'*
wrt. ~ is [v]. = {u € ' |u ~ v}. A language L C I'* is closed under ~ if for
each v € L we have [v]. C L.

Let S C I'. Then the projection mg: I'* — S* to S is the monoid ho-
momorphism induced by mg(a) = a for each a € S and 7g(a) = ¢ for each
a € I' < S. Additionally, for w € I'* we write |w|g := |rg(w)].
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2.2 Finite Automata

A (nondeterministic) finite automaton (NFA for short) is a quintuple 2 =
(Q,I,1, A, F) where Q is a finite set of states, I, F' C @ are the sets of initial
and final states, and A C @ x I' x @ is the transition relation. Then, the
configuration graph of A is Gy := (@, A) which is a finite, edge-labeled, and
directed graph. For p,q € Q and w € I'* we write p —g ¢ if there is a
w-labeled path in Gy from p to ¢. For Q1,Q2 C @Q and w € ['* we write
Q1 5o Q- if there are ¢1 € Q1 and ¢o € Qo with ¢1 —o ¢2. The accepted
language of A is L(A) := {w € I'* | T Lo F}. A language L C I'* is regular,
if there is an NFA 2l accepting L. The class of regular languages is effectively
closed under Boolean operations, left and right quotients, shuffle, reversal, and
projections.

Let 2l = (Q, 1,1, A, F) be an NFA, Q;,Q; C Q. Then we set g, .q, :=
(Q,I,Q:,A,Qy), ie., A, q, is the NFA constructed from 2 with initial
states @; and final states QQf. For example, we have

L) = | L) L@gsr)
q€Q

3 Queue and Pushdown Automata

In this section we will recall basic knowledge on (fifo-)queues and (lifo-)stacks.
Both data structures can store entries from a given alphabet A. Then, the
contents of such a queue or stack are words from A*. For each letter a € A we
have two actions (or transformations): writing of a into the structure (denoted
by a) and reading of a from the structure (denoted by @). We assume that the
alphabet A containing each such reading operation @ is a disjoint copy of A.
By X4 := AU A we denote the set of all actions on the data structure. For
w = aias...a, € A* we also write W := ajaz...a, and for L C A* we write
L:={w|we L}

In the following two subsections we will consider queues and stacks sepa-
rately.

3.1 Queue Automata

In queues (or channels) we always write letters on one end of the queue’s
content and read them from the other end. Hence, writing the letter a € A
into the queue with content w € A* results in wa and reading a from aw
yields the queue content w. It is impossible to read a from the empty queue
or whenever the queue’s content is bw with a # b.

Formally, a queue automaton is a tuple Q = (Q, Iy A, I, A, F) where @ is
a finite set of states, I' and A are two (not necessarily disjoint) alphabets,
I,F C @ are the sets of initial and final states, respectively, and A C @ x
(I'u{e}) x (¥aU{e}) x Q is the transition relation. A configuration of Q is
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a tuple from Confgn := @ x A*. We denote the set of initial configurations by
Inity := I x {€} and the set of accepting configurations by Finalg := F x A*.
For p,q € Q, v,w € A*, and a € I' U {e} we write (p,v) g (¢, w) if one of
the following holds:

(1) there is a € A with (p, o, a,q) € A and va = w,
(2) there is a € A with (p,,@,q) € A and v = aw, or
(3) we have (p,a,e,q) € A and v = w.

Then Ggq := (Coan,U(XeFU{E} 24) is called the configuration graph of Q.

For (p,v),(q,w) € Confg and v € I'* we write (p,v) -q (g,w) if there is
a ~y-labeled path from (p,v) to (¢,w) in Gn. The accepted language of Q is
L(Q) := {y € I'* | Initg L Finalg}.

It is well-known that queue automata can simulate Turing-machines [9].
Hence, queue automata accept exactly the class of recursively enumerable
languages.

In the following, we remove the input tape of our queue automata and
focus on the behavior of the memory component (i.e. the queue). Formally, we
describe a queue’s behavior by a function o associating a word v € A* and a
sequence of transformations ¢t € X with another word vot € A* which is the
queue’s content after application of ¢ on the content v. Since it is impossible
to read a from a queue with content € or bw with a # b, the function o is not
total. However, we may introduce a new content L ¢ A* (the so-called error
state) and set v ot = L whenever the application of ¢ on v is not possible.

Definition 3.1 Let A be an alphabet and 1 ¢ A. Then the map o: (A* U
{1}) x 2% — (A*U{L}) is defined for each v € A*, a,b € A with a # b, and
t € 27 as follows:

(i) voe=w

(ii) voat =wvaot

(iii) avoat =wvot

(iv) bvoat =coat=Lot= 1

We will say “v ot is undefined” if vot = L.

Let Q = (Q,I,A, I, A, F) be some queue automaton. Construct the fol-
lowing NFA (with e-transition) ¥ = (Q, X 4,1, A’, F) with

A" ={(p,a,q)| Iy € I'U{e}: (p,7,,q) € A}.

Then (g0 L(T)) \ { L} is exactly the set of all queue contents after any compu-
tation of 9. Note that Q will not end up in an error state if it is impossible to
read the letter from the queue’s head position. Instead the queue automaton
will stop in such situation. Hence, we exclude L from € o L(%).

More generally, we will consider sets L o T' for some set of initial queue
contents L C A* and some set of transformation sequences 7' C X% . At this
juncture, it suffices to regard only regular languages 7' C X since the control
component T of a queue automaton is always an NFA. All in all, we may define
our reachability problems as follows:
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Problem 3.2 Let A be an alphabet, L C A* be a set of queue contents,
and T' C X% be a regular set of transformation sequences. The set of queue
contents that are reachable from L via T is

REACH(L,T) := (Lo T)~ {L}
and the set of queue contents that can reach L via T is
BACKREACH(L,T) :={v e A" |(voT)NL #0}.

From the definition of o we already know that v o a = va and avoa = v
holds. In this sense, we may see some duality between the write and read
actions a and @. This duality can be extended as follows: by d: X% — X% we
denote the map defined by

d(e) =¢, d(av) =d(v)a, and d(av)=d(v)a

for each ¢ € A and v € X%. We can see that d is a bijective antimorphism
and an involution. Additionally, from [I7, Lemma 3.3] we know that vot =w
holds if, and only if, w® o d(t) = v® for each v,w € A* and t € X%. From
this equivalence we also obtain the following duality between REACH and
BACKREACH:

Theorem 3.3 Let A be an alphabet, K,L C A*, and T C X% . Then we have
BackReacH(L, T) = Reacu(L®, d(T))" .
Proof Let v € BACKREACH(L,T). By definition we have (vo T) N L # (. So,

there are w € L and ¢t € T with v ot = w. By [I7, Lemma 3.3] we also have

w® o d(t) = vR implying v} € REACH(LR, d(T)), i.e., v € REACH(L®, d(T))".

Conversely, let v € REACH (LR, d(T))R. We know v® € REacH (LR, d(T)).
Hence, there is w € L and t € T such that w® o d(t) = v®. Due to [17,
Lemma 3.3] we also have v o t = w implying w € (vo T) N L. In other words,
we have v € BACKREACH (L, T). O

So, with the help of Theorem [3.3]it suffices to consider forwards reachability
from now on.

Now, let L C A* be a recursively enumerable language of queue contents
and T' C X% a regular language of queue transformations. Then the language
REACH(L,T) is (effectively) recursively enumerable. However, since queue au-
tomata can simulate Turing-machines, the language REACH(L,T') can be any
recursively enumerable language - even if L and T are somewhat “simple”
languages:

Remark 3.4 Let K C I'* be a recursively enumerable language. Then there
is a (type-0) grammar & = (N, I, P,S) with K = L(&). Let # ¢ NUT be
some new letter. We set our alphabet A := NUI'U{#} (recall that this is the
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set of possible queue entries). We construct the language of transformations
T C X7 as follows:

T:= ({r|(t,r) € P} U{aala e NUT U{#}}) #,

i.e., the queue automaton can apply any rule from & and move any letter from
the head to its end. Then we have

REACH({#S},T)NI" =L(6) =K.

In other words, REACH(L,T') can be any recursively enumerable language K
even if L is a singleton and 7T is the Kleene-closure of a finite set of transfor-
mation sequences.

Due to Remarkthere are regular languages L and T such that REACH (L, T")
is undecidable. Therefore, we need some approximation to decide whether a
given regular set of configurations can be reached from the regular language
L of queue inputs by application of the transformation sequences from 7.
A trivial approach is to simulate the computation of the queue automaton
step-by-step. That means, starting with L we iteratively compute the set of
all queue contents which are reachable from L after n steps. Formally, for
the set T,, € X7 of prefixes of length at most n of T' we compute L, =
REACH(L,T,) for increasing n € N. Unfortunately, this algorithm is not very
efficient: consider a finite language of queue contents L C A* and a regular
language of transformation sequences 7' C X% . Then T'N X% is finite for any
n € N and, hence, L, = REACH(L, T,,) is finite.

Boigelot et al. improved this trivial approximation in [5,6] by the intro-
duction of so-called meta-transformations. These are certain regular languages
S C X% such that the sets REACH(L, S) (for any regular set L C A*) are ef-
fectively regular. Then the trivial approximation can be modified as follows:
whenever we compute L, from L, we search for such meta-transformation
in the queue automaton’s control component starting from 7;, and apply these
on L,,. In [6] the authors considered meta-transformations of the form S = {t}*
for some t € X%. In fact, this approach is more efficient than the trivial one,
since we can explore an infinite state space in just one step of the algorithm.

From the following proposition we can obtain some more simple meta-
transformations. Concretely, we consider the case that T contains only se-
quences of write actions or only sequences of read actions.

Proposition 3.5 Let A be an alphabet and L, T C A*. Then the following
statements hold:

(1) REACH(L,T) = LT
(2) REACH(L,T) = 7\L

Note that this proposition is a generalization of Theorems 1 and 2 in [5]. In
that paper, Boigelot and Godefroid have proven the effective recognizability
of REACH(L,t) and REACH(L,t) where L C A* is regular and ¢ € A* is some
single transformation sequence.
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Proof First, consider equation let w € REACH(L,T) = (Lo T)~ {L}.
Then there are v € L and t € T with w = vo t. Since t € T C A* we have,
by iterated application of in Definition w=vot=wvt € LT. Now, let
w € LT. Then there are v € L and t € T with w = vt. Again, by application
ofin Deﬁnitionwe have w = vt =wvot € Lo T. Since L,T C A* we
infer that w € (Lo T) ~ {L} = REACH(L, T) holds.

Using in Definition we can similarly prove equation a

Combining Theorem [3.3]and Proposition[3.5] we obtain the following two equa-

tions:
BACKREACH(L,T) = L/r and BACKREACH(L,T)=TL

for each pair of languages L,T C A*.

Now, let L, T C A* be two regular languages accepted by the NFAs
£ and %, respectively. Then, using the classical constructions, we can con-
struct an NFA accepting REACH(L,T) in quadratic time. An NFA accepting
REACH(L,T) can be constructed in cubic time. The number of states of these
NFAs is linear in the number of states in £ and ¥.

If we require these languages to be accepted by a DFA, then we additionally
need to determinize the given NFAs resulting in exponential size and time.
The complexities of BACKREACH are similar to the ones of REACH due to the
duality stated in Proposition [3.5] However, if £ is a DFA, we still can compute
a DFA accepting BACKREACH(L,T') in cubic time having a linear number of
states (in this case we only modify the accepting states of £).

Later in this paper we consider two further types of meta-transformations
T having mappings L — REACH(L,T) and L — BACKREACH(L,T) which
preserve regularity efficiently.

3.2 Pushdown Automata

Recall that stacks (or pushdowns) have the same set of actions on their content
as queues. In other words, we are able to write a letter into the stack’s content
or read a letter from the stack. While queues apply their read and write actions
on different ends of their content, stacks execute these actions always on the
same end. Formally, writing a letter a € A into the stack w € A* results in
the content aw and reading a from aw makes w. Note that it is impossible to
read a from bw where a # b. Similarly, the stack blocks when reading a from
E.

In this paper, a pushdown automaton (or PDA for short) is defined simi-
larly to queue automata. Also the definitions of their configuration graphs and
accepted languages are similar. The only exception is Transition which has
to be rephrased as follows:

(1’) there is a € A with (p,,a,q) € A and av = w,
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Note that our definition of pushdown automata slightly differs from the
classical definitions in textbooks (cf. for example [16]). While our automata
apply at most one action on their stack on each transition, in the classical
definition the PDAs always read one letter and write a sequence of letters
afterwards. However, both definitions are equivalent. A classical PDA can be
transformed into our model by splitting transitions into a sequence of transi-
tions applying exactly one action. Conversely, a transition writing a from our
definition can be translated into transitions applying bba for each b € A.

Due to the equivalence of these models, we are allowed to call a language
L C I'* context-free if there is a PDA B with L = L(3).

Let C' C Confyp be a set of configurations of 3. Then we denote the set of
configurations of 8 reachable from C' by

post*(C) := {d € Confy |Fy € I'*: C Ly d}.
The following result is well-known in verification:

Theorem 3.6 ([I3L11L25]) Let P = (Q,[,A,I,AF) be a PDA, p € Q,
and A be an NFA over A. Then we can compute an NFA B, over A for each
q € Q such that

post™({p} x L(M) = [ {a} x L(B,)

q€Q

holds. The construction of the NFAs B, is possible in polynomial time. a

Concretely, using the construction from [I3], we obtain NFAs 9B, having
O(ng + ny) states, where nyg and ng is the number of states of some given
PDA 9B and NFA 2, respectively.

4 Behavioral Equivalence

The first type of meta-transformations we want to consider are languages that
are closed under the so-called behavioral equivalence. To this end, let v € A*
be an arbitrary queue content and a € A. Then we have

voaad =vaaoa= (vaoa) a=voaaa.

In other words, the queue transformation sequences aaa and aaa have the same
effect on any queue content. Then we say that these two sequences behave
equivalently. On the other hand, we have € o a@ = ¢ # 1 = € o @a which
witnesses that aa and @a do not behave equivalently.

Formally, this equivalence is defined as follows:

Definition 4.1 Let A be an alphabet and s,t € X%. Then s and ¢ behave
equivalently (denoted by s = ¢) if vo s = v ot for each v € A*. The induced
relation = is called the behavioral equivalence.
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In other words, we have s = t if for each queue input the application of s and
t lead to the same output of the queue automaton. As we have seen above we
know aaa = aaa and aa # aa.

This equivalence relation was first introduced by Huschenbett et al. in [17].
It was used in that paper to define the transformation monoid of a queue (the
so-called queue monoid). This monoid consists of the equivalences classes of
the behavioral equivalence with composition. Moreover, they proved that = is
a congruence on X% which is described by a finite set of equations. We recall
these context-sensitive commutations in the following theorem:

Theorem 4.2 ([17, Theorem 4.3]) Let A be an alphabet. Then = is the
least congruence on X% satisfying the following equations for each a,b € A:

(1) ab=ba if a #b,

(2) aab = aab, and

3) baa = baa. a
(3)

In this section we want to prove that regular languages that are closed
under the behavioral equivalence, the mappings L — REACH(L,T) and L +—
BACKREACH(L, T') effectively and efficiently preserve regularity. We prove this
with the help of the following corollary of Theorem [1.2]stating that each trans-
formation sequence ¢ € X% has some equivalently behaving transformation
sequence s € X% which is in some sense “simple”:

Proposition 4.3 ([17, Lemma 5.2]) Let A be an alphabet and t € X%.
Then there is s € A" A*A" with s = t. From a given word t we can compute
such a word s in polynomial time.

Proof (idea) We construct some confluent and terminating semi-Thue sys-
tem R by ordering the equations in Theorem from left to right. Then from
t € X% we can compute a unique word r € A*({J, . 4 @) A*. This word r iden-
tifies the whole equivalence class of t. Assume that r = 71 a1@7a2a3 . . . apay, 72
(where r1,79 € A* aq,...,a, € A) is this unique word. Then we can set
S:=T1a103...0,72A103 ... a, and we have t = r = s. O

Remark 4.4 The algorithm from Proposition returns a word s € A" A* A"
which is unique for each word from the equivalence class [t]=. However, there
are words t € A* having multiple s € A" A*A" which behave equivalent. For
example, let a,b € A be two distinct letters and ¢ = a@ba. Then the algorithm
outputs abaa but we also have @aab, aaab € [t]=.

The behavioral equivalence was further considered in [I7[18]. Concretely,
in that papers the authors studied those regular languages which are closed
under the behavioral equivalence =. In [I8, Theorem 4.1] we defined some
kind of rational expressions constructing these sets as well as some MSO-
logic describing them. In particular, let T C X% be a language that is closed
under =. Then, we know that 7T is regular if, and only if, TNA" A*A" is regular
due to [I7, Theorem 9.4].
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Ezxample 4.5 Let R,W C A* be regular languages. Then R can be accepted
by some NFA R = (Q, A, I, A, F). In this case, we have

RwW]=nA A*A" = | LR WL Rgsr)
9€Q

which is regular (recall that [L]= is the closure of L C X under = and W is
the shuffle of two languages). Hence, [R U W]z is regular and closed under =.

Now, let a € A. Then [(a@)*]= is not regular since (by Theorem [4.2) we
can prove [(aa)*]= NA"A*A" = {a"a" | n € N} which is not regular.

The following lemma states that closure under behavioral equivalence is de-
cidable for regular languages:

Lemma 4.6 Let A be an alphabet. Then the following problem is decidable:

Input: An NFA A over Xy
Question: Is L(2) closed under behavioral equivalence?

Proof (idea) We can check this question with the help of some rational trans-
duction (cf. []): let 7 be the transduction with the graph

G =I5 {(lr),(r,0)| €= ris equation in Theorem 2} I3 UIT5,

where Iy, = {(a,a) | @ € X4} is the identity on X'4. It is a simple task to
prove that G is rational in X% x X%. Then L(A) C X% is closed under = if,
and only if, L() = 7(L(2)) holds. We can check this equation since 7(L(2l))
is effectively regular. O

However, it is undecidable whether the closure of a given regular language T
under = is regular as well [I7, Theorem 8.4].
Finally, we are able to prove the main theorem in this section:

Theorem 4.7 Let A be an alphabet, L C A* be regular, and T C X% be regu-
lar and closed under =. Then REACH(L,T) and BACKREACH(L,T) are effec-
tively regular. In particular, from NFAs accepting L and T we can construct
NFAs accepting REACH(L,T) and BACKREACH(L,T) in polynomial time.

Proof We first prove that
REACH(L,T) = REACH(L, TNA A*A")

holds. The inclusion “D” is trivial. Towards the converse inclusion, let w €
REACH(L,T). Then there are v € L and t € T with vot = w. Due to
there is s € A" A*A" with s = ¢. By definition of = we also

*

Proposition "
have vos =wvot=w. Since T is closed*unc1££ =wehave se TNA A*A
This finally implies w € REACH(L, TN A A*A").

Next, we compute REACH (L, TDZ*A*Z*). To thisend, let ¥ = (Q, X4, I, A, F)
be an NFA with L(T) = T. We partition TNA A*A" as follows: let p, ¢ € Q be
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any pair of states. Then we can compute the following three regular languages
in polynomial time:

KPP9I = L(%r,,)NA", KP'=L(%,,)NA and KP7=L(%T,,p)NA" .

Then it is easy to see that TNA A*A" =
we have

bacq KV YK5 YK holds. Hence,

REACH(L,T) = ReacH | L, | ] KTIKDIKD?
P,qeQ

= |J Reacn(L, KPIKDIKDT).
P,q€Q

So, let p, ¢ € Q. By Proposition 3.5 reading from the queue corresponds to tak-
ing the left-quotient and writing into the queue corresponds to concatenation.
Therefore, we have:

Reach(L, KPTRPTKTT) = e\ (ep\L) - K5)

Hence, due to closure properties of the class of regular languages, REACH (L, T)
is effectively regular. Since all of the needed closure properties are also efficient
and since we are considering only O(|Q|?) many languages K'Y, an NFA
accepting REACH(L,T') can be computed in polynomial time. This NFA has
a cubic number of states.

Finally, we have to show that BACKREACH(L,T) is effectively and efhi-

ciently regular. Recall that BACKREACH(L,T) = REACH(LR,d(T))R holds.
Due to [I7, Proposition 3.4] the language d(T) is still closed under behavioral
equivalence. Additionally, d(T) is effectively regular since we only have to re-
place a by @ and vice versa and to invert the edges of the automaton accepting
T. Since the class of regular languages is efficiently closed under reversal we
can compute an automaton accepting BACKREACH(L,T) in polynomial time
which has a cubic number of states. O

Note that, due to the proof of this theorem, the map L — REACH(L,T)
preserves regularity if T C A"A*A" holds. Tt is also possible to extend the
result of the previous theorem to context-free languages:

Theorem 4.8 Let A be an alphabet, L C A* be context-free, and T C X be
reqular and closed under =. Then REACH(L,T) and BACKREACH(L,T) are
effectively context-free. In particular, from a PDA accepting L and an NFA ac-
cepting T', we can construct PDAs accepting REACH(L, T') and BACKREACH (L, T),
respectively, in polynomial time.

Proof (idea) This is similar to the proof of Theorem due to the effective
and efficient closure properties of context-free languages (note that the left or
right quotient of a context-free language wrt. a regular language is context-
free, again). O
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5 Read-Write Independence

In this section we want to consider another kind of meta-transformations:
cyclic regular languages. In other words, given two regular languages L C A*
and T C X%, we want to compute an NFA accepting REACH(L,T*). The
case |T'| = 1 was first considered by Boigelot et al. in [6L5] (and similarly by
Abdulla et al. [I] for lossy queues). In these papers the authors proved that
REACH(L,T*) is effectively regular in this case. So, a natural question would
be to ask, whether this result also holds if T is no singleton. Unfortunately, we
have seen in Remark [3.4) that REacH (L, T*) can be undecidable if T is a finite
language. The following example proves that REACH(L,T*) is not necessarily
regular anymore even if 1" consists of two words:

Example 5.1 Let A be an alphabet and a,b € A be distinct letters. Then we
have

ReacH({a}, {abb, ba}*) N {a}* = {a®" | n € N}

which is not even context-free.

In both cases, Example and Remark the write actions of any se-
quence t € T depend on the read actions in t. So, we are able to copy data
from the head of the queue into its tail. Then, we can see the queue as a
Turing-tape and we are able to move the head on this tape in any direction.
Hence, we consider languages 7' C X% in which for each pair s,t € T there is
another word r € T consisting of the write actions from s and the read actions
from ¢. In this case, independently of the word from 74 (T) we write into the
queue, we can read any word from 74(T). Formally, we are considering the
following sets of sequences of transformations:

Definition 5.2 Let A be an alphabet. A set T C X% is read-write independent
if, for each s,t € T, we have m4(s)n4(t) € T. In other words, T is read-write
independent if, and only if, m4(T)7m%(T") C T holds.

We may see read-write independent sets T' as some kind of a Cartesian prod-
uct of a set of sequences of write actions W C A* with a set of read action
sequences R C A~ where for each element (w,7) € W x R we have the trans-
formation w7 € T. Some simple read-write independent sets are listed in the
following example:

Example 5.3 Let W, R C A*. Then W R and WLLR are read-write independent
sets.

Since the class of regular languages is closed under projections and concate-
nation and due to the decidability of the inclusion problem, we can decide
whether a given regular language T' C X7 is read-write independent.

For our further considerations of read-write independent sets we need the
following lemma. It states that we can “de-shuffle” those languages:
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Lemma 5.4 ([20, Lemma 3.11]) Let A be an alphabet, L C A*, and T C
2% be read-write independent. Then we have

REACH(L,T) = REACH (L, w4 (T)m5(T)) . O

Note that Lemma does not hold for arbitrary languages 7' C X% . For
example, consider L = {e} and T = {@a}. Then we know € o Ga = L and
€ o aa = ¢ resulting in REACH(g,aa) = 0 C {¢} = REACH(e, aa). However,
the following inequation holds for any language T' C X% - even if T' is not
read-write independent:

REACH(L,T) € REACH (L, mo(T)m5(T)) .

Now, consider T := ma(t) W m4(t) for some word ¢t € X%. This language is
read-write independent. Due to Theorem T is also closed under behavioral
equivalence, i.e., we can compute REACH(L,T') in polynomial time. However,
T* is not necessarily closed. Hence, we cannot apply Theorem [£.7] to compute
REACH(L, T*). By Lemma [5.4] we infer

ReacH(L,T*) = REACH(L, (ma(T)m#(T))*) = REACH(L, (ma(t)m5(t))") .

Since ma(t)m5(t) € X% the map L — REACH(L,T*) preserves regularity effi-
ciently by [6].

In the following, we will prove that, provided T is any regular and read-
write independent language, the mapping L — REACH(L,T™*) preserves reg-
ularity effectively and efficiently (Theorem . By Lemma it suffices to
consider languages T' = W R where W, R C A* are two regular languages.
But before we show this general case, we make some additional assumptions
on the languages W and R. Afterwards we derive the general case from this
particular case. Concretely, we consider regular subsets W R C A*A" where A
is some alphabet having a special letter $ which marks the beginning of each
word from W and is used for synchronization between writing and reading
actions. In this connection, we have to ensure that the $ can be read whenever
it occurs on the queue’s head. We do this by insertion of arbitrarily many $’s
at any position in R. In other words, we require R = $* L1 R.

Theorem 5.5 Let A be an alphabet and $ € A be some letter. Additionally,
let L C (AN{$}H)*, W C $(A~{$})*, and R C A* be regular languages
such that R = $* W R holds. Then REACH(L, (W R)*) is effectively regular.
In particular, from NFAs accepting L, W, and R we can construct an NFA
accepting REACH (L, (W R)*) in polynomial time.

The proof of this result can be found on page [I7]
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5.1 The Reduction to Pushdown Automata

We prove Theorem by reduction to the reachability problem in pushdown
automata. A first, trivial idea would be a simple replacement of the queue by
a stack, i.e., from the queue’s content v we reach w if, and only if, the PDA
reaches w from v. Unfortunately, this construction is not possible since our
queue automaton modifies its content at both ends which cannot be simulated
with a single stack. Hence, we need a more abstract presentation of the queue’s
contents.

To this end, we consider some non-failing computation ¢t € (WR)* of the
queue with initial content v € L, i.e., vot # L. So, let vg,..., v, € A* and
Qlyeeey O € X4 with vg = v, Vi1 = v; 0 ;41 # L for each 0 < @ < m,
and t = ay...q, € (WR)*. By vip1 = v;0 a1 # L we have Tima(aiyy) =
m(a;11)0iq1 for each 0 < 4 < k. Hence, we have Toma(t) = m4(t)Um. Since
t € (WR)* holds, we have m4(t) € W* and, therefore, voma(t) € LW*. Let €
be an NFA accepting the regular language LW™* (this is the set of all possible
queue Contents). Then there is an accepting run py, ..., pe in € labeled with
vowrt(t).

Due to closure properties, the language (W R)* is regular. Let T be some
NFA accepting this language (i.e., T accepts all possible Transformation se-
quences). Then there is an accepting run of sg,...,s, in ¥ labeled with
t= ag...0g—1.

Now, we want to abstract any configuration (s;, v;) of our queue automaton
with the help of the following information:

1. the state s; from ¥ which corresponds to the control state of our queue
automaton,

2. two states p,, and p,, from € such that ps,,...,py, is a run in € labeled
with v;, and

3. the natural number |v;s.

Initially, we abstract (so,v0) by (po,Pju|; S0,0) since po,...,pj,| is a run in €
labeled with vg = v and |vg|g = |v|s =0 by v € L C (A~ {$})*. Next, we can
obtain the abstraction of (s;41, viy1) from (s;, v;) as follows: let (pg,, Py, , Si, 1)
be the abstraction of (s;,v;). By the choice of our run in ¥ we have some edge
5; —%z s;41. Additionally, we have to distinguish the following two cases:

1. If ; = a € A, we can extend the run p,,, ..., p,, by the edge py, L Dyit1-
Additionally, if a; = $ then the number of $’s in v; will be increased. Hence,
we abstract (s;41,v;+1) in this case by (pg,, Py, +1, Si+1, 1 + |als).

2. If a; = @ € A, the run p,,,... , Py, starts with the edge py, Se Dai+1- 1f
a = $ then the number of $’s in v; decreases. The resulting abstraction of
(si+1,vi+1) in this case is (pafri-lrpyw Si+1,Mi — |a\$).

All in all, (p,, Py, 8i,n:) is an abstraction of the queue automaton’s con-
figuration (s;,v;). These information can be simulated with the help of some
pushdown automaton 3. In this case, the control states of 3 are composed
of the states ps,, py,, and s; and the stack contains $”¢. Note that this PDA
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ew

suffix of LU W prefix of W

Fig. 1 A run labeled with v; from ps; to py, in €.

is essentially a (partially blind) one-counter automaton, but due to technical
reasons we will utilize this more powerful automata model.

To this end, let € = (Qc¢, A, I¢, A¢, Fe) be an NFA accepting LIW* and ¥ =
(Qx, X4, Iz, Ag, Fx) be an NFA accepting (WR)*. W.l.o.g., we can assume
that both, € and ¥, are trim in the sense that each state is reachable from the
initial state and can reach some final state. Additionally, we assume that € and
T have exactly one final state called f¢ resp. fz. Note that we can compute
these two automata in polynomial time from NFAs accepting L, W, and R.

Recall that the queue’s configuration is abstracted by states from € and T
and by some natural number. Then the PDA P = (Qy, X4, {$}, Ip, Ay, Fip)
is defined as follows:

— Q= Qe x Q¢ X Q. Here, the first and second component represent the
two states characterizing the queue’s content as described above. The third
component represents the control state of the queue automaton.

— Ip :=1I¢ X Qp X Iz where Qr :={¢ € Q¢ |Fv € L: I¢ ¢ ¢} is the set of
states being reachable via L

- Fq} ::QQXFQXFT

— Ag contains exactly the following transitions for a € A, p,p’,¢,¢" € Qe,
and s, € Qx:

(W) Simulate writing of the letter a into the queue:

((pa q, 8)7 a, 7T$(Cl), (p7 qu 8/)) € Am if (Q7 a, q/) € AG and (57 a, SI) € A‘Z-
(R) Simulate reading of the letter a from the queue:

((p,q,s),a,mg(a), (p',q,s")) € Ap if (p,a,p’) € A¢ and (s,a,s’) € Ax.

In other words, we have the following four cases:

((p,g,5), ")
((p,g,5), ")
((p,g,5), ")

((pq,5),8™)

Now, we assign to the conﬁguration ((p,q,s),$") the set of all words being
the labeling of some run from p to ¢ in € and containing n appearances of

g ((p.d,s),8") iff a € AN {8}, ¢ e ¢ and s =5 s
(p )’$n+1) iff ¢ i>¢ ¢ and s 35 s

W o
%\\L@\imip

3 (
qg((p,q $),8") iffac AN{$}, p Dep and s Bg 5.
=g (

(v',q,s"),$" 1) iff p g@ o' andsﬂg s,
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the letter $ (which marks the beginning of a word from W). Formally, our
assignment is the mapping [.]: Confy — 24" with

[((pq.5),8™)] = L(€pg) N (8" L (AN {8})")

for each p,q € Q¢, s € Qx, and n € N. This language represents the set of all

configurations (s, v) whose abstraction (as explained above) is ((p, g, s),n).
Next, we prove that the set of reachable queue contents coincides with this

semantics of the reachable, accepting configurations of the PDA .

Proposition 5.6 We have REACH(L, (WR)*) =

o€post* (Initg )NFinaly [Uﬂ .
With the help of Proposition [5.6| we are able to prove Theorem So, we will

first prove this theorem and afterwards we show the correctness of the PDA
B and its semantics.

Proof (of Theorem Due to Theorem|[3.6|we can compute NFAs describing
the set of configurations post*(Initg) in polynomial time. So, for (p,q,s) € Qg
let U}, 4.5) be an NFA such that

post™(Inity) = U {(p,a,9)} x L(Ap,q,5))
(P,4,5)€Qsp

holds. Since, $ is the only stack symbol in B, we get L(2(, 4.5)) € $*. Further-
more, $" € L(2(, q.5)) holds if, and only if, ((p,q, s),$™) € Confy is reachable
from some initial configuration of 3.

The following language is regular as well:

K= U (L(cpﬁQ) N (L(m(p7q78)) W (AN {$})*)> .

(p:q,8)€Fy

Later we will see K = REACH(L, (WR)*). But before, we want to give some
intuition on the definition of K. This language contains all words v € A* such
that

— v is the label of some run in € from p to ¢, where ¢ is accepting in € (note
that p is not necessarily initial),

— v contains n $’s (for some n € N), and

— the configuration ((p, ¢, s), $™) is reachable in P from some initial configu-
ration.

Since each intermediate step of our computation is possible in polynomial
time, we can compute an NFA accepting K in polynomial time as well.

Finally, we prove K = REACH(L,(WR)*). Applying Proposition it
suffices to prove K = UJGpost* (Initgz )NFinalg [[Uﬂ

First, let v € [o] for some o = ((p, ¢, s),$") € post* (Inite) N Finaly. Then
we have (p,q,s) € Fip and $" € L(2(;,q,5)). Hence, we have

v € [o] = L(€pq) N (8" W (AN {$})")
C L(€psq) N (LA (p,g,) W (AN {SH*) C K.
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Conversely, let v € K. Then there is (p,q,s) € Fyp with

0 € (L€pq) N (L q.0) W (AN {S")).

Set n := |v|g. Then we have $" € L(2, ) implying that ((p,q,s),$") is
reachable from an initial configuration of 3. Additionally, this configuration is
final since (p, ¢, s) € Fy. In other words, we have ((p, ¢, s), $") € post* (Initg)N
Finalyg. Finally, we have

v € L(€.g) N (3" W (AN{$})*) = [((p,q,5),8™)]. O

5.2 The Correctness of the Construction

Next, we want to prove the correctness of Proposition [5.6] We prove this with
the help of two lemmas each proving one inclusion. First, we show that each
reachable queue content belongs to the semantics of some reachable configura-
tion of . To this end, we consider some v € L and t € (WR)* with vot # L.
We construct a t-labeled run of 8 such that the i*" intermediate result v; is
covered by the semantics of the i*" step in our constructed run.

Concretely, we have runs pg, ..., p¢ and sg, ..., Sy in € and T labeled with
v A(t) and ¢, respectively, from an initial state to some accepting state. The
ith configuration o; on our run of B consists of two states p,, and p,, (where
0<az; <y; <¥),s;, and the number of §’s on the sub-path p,,,...,p,,. Then
we will see that v; € [o;], which finally implies v, = vo t € [o.,].

Ezample 5.7 Consider L = {e}, W = {$a, $b}, and R = $* Wb = $b$*. Then
the languages LW™ and (WR)* are accepted by the NFAs € and ¥ in Fig.
Let t := $b%b € (WR)*. Then we have

co$b$b=$0b3b=8$boShb=bob=c# L.

. . $ b $ b $ b
Consider the accepting runs p; —¢ p2 —¢ p1 and §1 —x Sg =g S3 —x S3 —g
s4 in € and T labeled with v (t) = $b and ¢, respectively. Then we construct
the following run in B:

. $ b
Inltrp > ((phphsl)ao) _>‘43 ((p17p2782>7 1) _>‘I3 ((plap1;83)7 1)
$ b .
=5 ((p2,p1,53),0) =9 ((p1,p1, 54),0) € Finalgs .

Then we can see vot =¢ € [((p1,p1,54),0)].

Lemma 5.8 Let t € (WR)* and v € L withvot # L. Then there is 0 €
post*(Initg) N Finaly with (v o t) € [o].
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$
$
‘,—@D $
b
Fig. 2 NFAs € and ¥ accepting LW* and (Wﬁ)*, respectively, from Example

Proof Let t = w17y ... w7, with wy,...,wx € W and rq,...,7x € R. We
have vw; ... wy € LW* = L(€). Hence, there is a run (py, . . ., pe) labeled with
vw ... wy in € with pg € I¢ and py € Fe. Additionally, we have t € (WR)* =
L(%) and therefore a run (sg, ..., sy,) with labeling ¢ in ¥ with sy € Iz and
Sm € Fx.

By t € X% there are ap,...,apy,—1 € X4 with ¢ = ag...am,—1. Since
vot # L there are vg,...,v, € A* with vg = v and v;11 = v; o «; for each
0 <4 < m. This implies v; = vo ap...q;—1 and, hence, vma(ag ... q;—1) =
ma(oo ... 0i—1)T;. Since vma (v . . . @i—1) is a prefix of vw; ... wy, we infer that
v; is a factor of the word vw; ...wy. Therefore, v; is the labeling of some
fragment of the run (pg,...,p¢) in €.

Now, we want to construct a run (o, ..., 0, ) in P from an initial config-
uration to a final configuration with labeling ¢. To this end, we define

- x; = ‘040 .. .Oli—1|j?
— ;= |f()| + ‘ao . -~Oli71|A7 and
= ni = |vils.

By definition we have 0 < z; < |t|x < m and |v| < y; < |vt|a < £ for each
0 <i<m. Set 0; := ((Pa;>Py,» i), $™) € Confy for each 0 < i < m. We will
prove that og,...,0p, is a run in B with labeling ¢ from Initg to Finaly such
that v; € [o;]. But first, we have to show n; = |ag...a;—1]g — |ag - ..ai_1|§
for each 0 < ¢ < m. We do this by induction on 7. The case i = 0 is obvious
sinceng =0byvg=v €L C(AN{$})* and ap...;—1 = . Now, let i > 0.
The induction hypothesis holds for ¢ and we prove the equation for ¢+ 1. Then
we have to consider three cases:

1. o; ¢ {$,8}. Then we have

Ni+1 = |’Ui+1|$ = |’Ui‘$ =MN; = |OZ() .. .Oé¢_1|$ — |OJO [ 7 | 3

= |O[0...Ck7;‘$ — |Oé()...041'|§.
2. a; = $. Then we have

Ni+1 = |’Ui+1|$ = |’Ui|$+1 =n;+1= |Oz0...0(i,1|$ — |a0...ai,1\§+1

= |Olo...ai_1$‘$ - |a0...ai_1$|§= ‘Ozo...()li|$ — |Oé0...0{i|§.
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3. a; = $. Then, by vi+1 =v; 0 $ # 1 we have v; = $v;11. Hence, we have

Ni+1 = |’Ui+1|$ = |’Ui|$ -1 = Nn; — 1= |040...Oéi_1|$ — |a0...ai_1\§— 1

= |a0...ai,1§\$ - |a0...ai,1§|§: ‘040...012*|$ — |a0...ai|§.

To prove that o, € post*(Inityz) NFinaly and vot € [o,,,] we demonstrate
that o¢ € Inity, o; iﬁp Oit+1, Vit1 € [0i41], and oy, € Finalg. This is done
by induction on 1.

First, we show o € Initg. By definition, we have zg = ng = 0 and yo = |v|.

Due to the choice of the run (py,...,p¢) we have py € Is and pg Le Plv| and
therefore pj,| € {¢ € Qe¢|Ju € L: I¢ “e¢ q} = Q. Additionally, by to the
choice of (s, ...,sm) we have sq € Is. Hence, o9 = ((po,Pju|;50),€) € Initsp.

By v e L C(AN{$})* we can also infer v € L(Cpyp,, ) N ($O W (AN {$})*) =
[o0].

Next, let ¢ > 0. We have to consider two cases:

(W) «; € A. Then we have ;11 = x4, yi+1 = v; + 1, and n;11 = n; + |ay|s. By
the choice of the run (po, . . ., p¢) we have (p,,, @i, py,,,) € Ae and by choice
of (sq,...,Sm) we have (s;, a;,s;4+1) € Az. Hence, there is a transition

((pxi7pyi7s’i)7 Qg 7T$(O[i), (pxi+17pyi+17si+1)) S A‘B

and, therefore, o; iﬂp 0i41. Furthermore, we have

i.h.
Vig1 =00 q; = vi; € [o3] -
:(L(Qipxi_wyi) N($™ w (AN {$})*)) -y
C(L(€pa,—p,, ) N (8™ W (ANASH)) (L(€p,, —py,,, ) N (ms(0i) W (AN {S})7))
Q(L(szi%pyi)l’(cpyi prprl)) n ($7’L17T$ (Olz) L (A AN {$})*)
CL(€y,, p,.,, ) N (S0 W (A {$))") = [0a]
(R) a; =a € A. Here, we have 2,11 = 7;+1, yir1 = i, and nj 11 = n;—lalg > 0.
Due to v;41 = v; 0 @ # L we have v; = av;41. Since (pg,,...,Dy,) is a run
labeled with v; and a is a prefix of v;, this run begins with an a-edge.

This implies (ps,,a,pe,,,) € Ae. Additionally, since (so,...,Sy) is a run
labeled with ¢, we have (s;, a;, s;11) € Az. Hence, we have

((pzl ) pyia 8i)7 a? T$ (a)7 (pziﬂ 7pyi+1a Si+1)) S A‘ﬁ

implying o; ﬂ)qg 0;+1. By the induction hypothesis we have v; € [o;] =
L((ﬁpmi_,pyi )N (87w (A~ {$})*). Since v; = avi41 and (py,,a,Pa,,,) € Ae
we know that

vi € a- (L(E, )N (8"l (AN {8)) = a - [o4i1]

w1 7Py,

which implies Vi+1 = a\vi S [[O'i+1]] (recall that Vir1 = av; hOldS)
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Finally, we have y,, = ¢ implying p,,, = ps € F¢ and s,, € Fz. Hence, we
have 0, € Finalyg which finishes our proof. a

Letv € Land t € (WR)* with vot # L. Recall that we have proven Lemma
by combining runs in € and ¥ to a t-labeled run in 8 which simulates the
computation v o t. A first approach to prove the converse inclusion would be
the following: let o € post™(Initg) N Finaly and w € [o]. Then there is a run
in P from Inity to o labeled with ¢ € X%. From this run we obtain some
accepting run in T labeled with ¢ implying ¢t € L(T) = (W R)*. Unfortunately,
we cannot infer v o t # L as the following example proves:

Ezxample 5.9 We continue Example Consider the following accepting run
of P:

. $ a
Imt‘ﬁ > ((plvplvsl)ao) _>‘B ((p17p2782)7 ]-) _>‘B ((plap1783)7 ]-)

$ b .
—p ((p2,1, 83),0) iﬁp ((p1,p1,84),0) =: o € Finaly .

Then we have [o] = {¢} and, indeed, ¢ € REACH(L, (WR)*). However, t =
$a$b is not an allowed computation of our queue automaton since

co$a$b=%0a$b=%a0%b=aob= L.

The reason of this problem is the lack of memory of our pushdown automaton
B which allows that the subsequences of write and read actions, respectively,
do not match. However, we can avoid this problem by a modification of write
actions in our run ¢. Since the application of a read action in 3 always requires
a step in the NFA €, we can obtain a transformation sequence ' € (WR)* in
which we only read letters that have been written into the queue before. This
will finally result in w = v o ¢’ € REACH(L, (WR)*).

Lemma 5.10 Let o € post*(Initg) N Finaly. Then we have
[e] € REACH(L, (WR)*).

Proof Let o = ((p,q,s),$") € post*(Inity) N Finaly and v € [o]. Since v €
lo] = L(€psq) N (S W (AN {8$})*), L(€) = LW*, and g € Fg there are a suffix
y of a word from L UW and $z21,...,%2, € W such that v = y$21825...%z,.
By v € [o] we have y € L(€p— 5, ) N (AN {$})*. Furthermore, there is some
word t € X% labeling a path from Inity to o. Since every transition of the
PDA ‘B simulates a transition of the NFA T, we obtain t € L(T) = (WR)*.
Hence, there are k& > 0, $wy,...,$w € W, and ry,...,7, € R with t =
$wi Tt ... SwTE.

The PDA 3 lacks a memory of the concrete paths in € and ¥ and, hence,
lacks a memory of the letters that were written into the queue. Therefore,
it is possible that the transformation ¢ cannot be applied to any word from
L (ie., Lot = {L}). But due to this lack of memory we can replace the
infixes $w1, ..., 8wy in ¢ by arbitrary words from W. Hence, we construct a
new transformation #' € L(T) = (W R)* which is a labeling of some other path
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in P from Inityp to o which corresponds to some “valid” computation of the
queue automaton (i.e., Lot # {1}).
_ Recall that $-transitions in P increase the number of $s in the stack and
$-transitions in P decrease the number of $s in the stack. Therefore, since ¢ is
some labeling of a path in P each prefix of ¢ contains at least as many $s as
$. Hence, we have |ry...7;|g < |$w; ... $w;|g =i for each 1 < i < k.
Duetory,...,rx € R C A* thereis £ € N and words xo, ..., z; € (AN{$})*
with 71 ...7p = 20$ ... 82. Hence, since |ry ...7;|s < i we know that r1...7;
is a prefix of z$ ... $z; for each 1 < i < /. In particular, we have k = |t|g and
¢ = |t|lg implying k — £ = n.

Now, we distinguish two cases: first, suppose ¢ = 0, i.e., k = n and zg =
r1...1, € A*. Therefore, a path in B with labeling ¢ from Inity to o requires
some $-free path in € labeled with r;...r; from I¢ to p € Qe (this path
is represented in the first component of B’s states). Due to L(€) = LW™*,
L C (A~ {8})*, and W C $(A4 \ {$})*, the word r1...7 is some prefix
of a word from L. Hence, we have zg € L(Cj,—,) N (AN {$})* and y €
L(¢p—t.) N (AN {8})* implying zoy € L. Now, we prove

v =u1z0y o $171$...$2.7% € REACH(L, (WR)").
Then we can prove the following

Ty o 82178 .. . 8T =11 .. gy 0 $297S .. S TR

=7ro...1y8z1 0 $20738 ... ST

=rip1- ey ... 820 8z TS ST

Since $z1,...,82z, € W and r1,...,7% € R we have $21718 ... 82,7 € (WR)*.
Then, from zoy € L we can infer v € REACH(L, (WR)*).

Next, we assume £ > 1. Since ¢ is the labeling of some path from Inity to o
in P we can prove (by observing the first component of 3’s state) that there
is a path in € from Iy to p labeled with 71 ...7, = 2¢%$...$z,. By definition
of L(€) = LW*, L C (A~ {$})*, and W C $(A \ {$})* we have x¢ € L,
$x1,...,%2,_1 € W, and $z, is a prefix of a word in W.

Since z0$...8z, € L(€r,p) and v = y$218...82, € L(€,,5,) C o] we
have

0% ... %20y$218...82, € L(€) = LW™,

i.e., $xpy € W. We want to prove now

v =xp 0 ST 82275 . . . $xeyTe$21Te11 - - . $2, 7% € REACH(L, (WR)").
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First, we prove by induction on 1 < ¢ < £ that
xo 0 Sz T 8xoT2 .. ST = oy \ (@08 . .. 82y)
holds. To this end, let 4 = 1. Then we have
20 0 $2177 = 2021 0 T1 = -, \(20$21)

which is defined since rq is a prefix of zo$x; as mentioned above. Now, let
1 < i < {. Then we have

zo o ST 8xoTs . . ST = oy \(20$ ... $2i-1) 0 $z;7;  (by ind. hyp.)
i \(0$ ... $2i1) - Sz, 07
=i\ (@08 ... 8z, 18z;) 0T
=7\ (rl...m,l\(ﬂcoﬂg e $xz))
=\ (o8 ... 8z;).

The last two equations hold since 71 ...7; is a prefix of z¢$. .. $z; as we have
mentioned above. Next, we can prove the following equalities:

xo 0 $x1T182oTs . . S pyTeS 21Tt - 82 TR
= \(@o8 ... 8xp_1) 0 SzpyTeSzTorT . . 82,7k
=\ (@0 . Sxe_18z0y) 0 TS T T - . 82T
=g \(T1 - TRY) 0 8207051 - - - 82Tk
=rp...rpy 0 TeS21Tor1 - . - STk
=rpi1...Tey 0 S Ti1 ... 82Tk

=rpra...7y821 0 $2071 2. .. 82,7k

=9$21%8...82, =v
From $x1,...,820y,%21,...,82, € W and ry,...,rr € R we can infer

$x1 7182073 . .. SxoyTeS 1Tt - . . $Sznth € (WR)*.

With z¢ € L we can finally infer v € REACH(L, (WR)*). O

5.3 The Main Result

Until now we have seen the effective preservation of regularity if the read-write
independent set T' C X% satisfies a special condition, namely, T = W R where
W C $(A N {$})* and R = $* W R. From this special case we infer now the
effective preservation of regularity for arbitrary read-write independent sets.
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Theorem 5.11 (Main Theorem) Let A be an alphabet, L C A* be regular,
and T C X% be read-write independent and regular. Then REACH(L,T*) and
BACKREACH(L,T*) are effectively reqular. In particular, from NFAs accepting
L and T we can compute NFAs accepting REACH(L, T*) and BACKREACH (L, T™)
in polynomial time.

We first consider the effective and efficient regularity of REACH(L, T™). Recall
that we are able to de-shuffle T' by Lemma [5.4] i.e., we have

REACH(L,T) = REACH (L, mo(T)m5(T)) .

So, when computing REACH (L, T*) it suffices to only consider the de-shuffled
words in T. The following lemma states that we are allowed to insert the
synchronizing letter $ into our de-shuffled words:

Lemma 5.12 Let A be an alphabet, $ ¢ A be another symbol, and L, W, R
A*. Set W' := $W and R' := R W $*. Then we have REACH(L, WR)
wa(REACH(L, W'R’)).

1N

Proof First, let x € REACH(L, WR). Then there are v € L, w € W, and r € R
with vowr = x # L. Due to Definition [3.1] we have rz = vw. We can construct
re{r}w$* C Rws$* =R and 2’ € {x} W $* satisfying 7’2’ = vw, i.e., we
have 2’ = ,\v$w. Hence, the following holds:

1 # 2 =, \vSw =v$wor’ =vo$wr’ € REACH(L, W'R’)

implying x = m4(2') € ma(REACH(L, W'R)).

Now, let € ma(REACH(L, W'R’)). Then there is 2’ € REACH(L, W'R’)
with 2 = ma(z’), i.e., we have v € L, w’ € W', and v’ € R’ with vo w'r’ =
2’ # 1. Again, by Definition we have 7'z’ = vw’. Since w4 is a homo-
morphism, we can infer w4 (r")ma(2') = 74 (v)7a(w') and, therefore, m4(a’) =
7ar)\TA(v)Ta(w'). Hence, the following equations hold:

LAz =ma(2") = n,o\Ta(W)ma(W') = ma(v) 0 TA(W )T A(1).

Since 74 (v) = v, ma(w') € Ta(W’') = W, and 7a(r') € ma(R') = R we can
finally infer x € REACH(L, WR). O

Now we can prove our main theorem in this section:

Proof (of Theorem Let W := m4(T) and R := 74(T) which are both
regular by closure properties of regular languages. We introduce a new letter
$ ¢ A. Then we can compute NFAs accepting W’ := $W and R’ := RLI$*. By
Theorem 5.5 we know that REACH(L, (W'R/)*) is effectively regular as well.
By iterated application of the Lemmas and we can infer that

REACH (L, T*) = REACH(L, (WR)*) = ma(REACH (L, (W'R')*))

holds. Hence, due to the closure properties of the class of regular languages,
REACH(L,T™*) is effectively regular. Note that the modifications of W and R
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as well as the projection to A are possible in linear time and space. Hence, an
NFA accepting REACH(L, T™*) can be computed in still in polynomial time.

Finally, we have to consider BACKREACH (L, T*). Due to Lemma and
Theorem [B.3] we have

BACKREACH (L, T*) = BACKREACH(L, (WR)*) = REAcH (LY, (REWR)*)

By closure properties and the statement above we obtain the effective and
efficient regularity of BACKREACH (L, T™*). O

R

We can use Theorem to prove the effective preservation of regularity
of some other language classes. The following corollary lists some of them:

Corollary 5.13 Let A be an alphabet, L C A* be regular, and T C X7 be
reqular. Then REACH(L, T*) and BACKREACH (L, T*) are effectively regular if
(1) T = R{W Ry for some reqular sets W, Ry, Ry C A*,

(2) T = {t} for somet € X% (cf. [6]), or

(3) TCA*UA".

In all of these cases the computation of NFAs accepting REACH (L, T*) and
BACKREACH(L, T*), respectively, is possible in polynomial time.

Proof First, we prove Then we have
(RiWRy)* ={c} UR{(WRR1)*WR;.

Then, due to Proposition and Theorem REACH(L, (R{W Rg)*) is ef-
fectively regular.

Next, we consider Due to Proposition we can compute a word
s € A"A*A" with s = t. Using we know that REACH(L, s*) is effectively
regular. Hence REACH (L, t*) is regular as well.

Finally, we consider Let W,R C A* with T = W U R. Then we have
T* = (W*R")*. Hence, due to Theorem REACH (L, T*) is effectively reg-
ular. O

As we have seen, Theorem [5.11| implies the effective preservation of regu-
larity for a large class of sets of transformation sequences. However, we think
our result can be generalized to an even larger class of languages. Recall that
T C X7 is read-write independent if for each pair s,¢ of words in T' there
is some particular de-shuffled combination 74 (s)m4(t) of these words in T
A possible generalization is to drop the requirement that this combination is
de-shuffled:

Conjecture 5.14 Let A be an alphabet, L C A* be regular, and 7' C X%
be regular such that for each s,¢ € T there is r € T with wa(r) = ma(s)
and m4(r) = mx(t) holds. We conjecture that in this case REACH(L,T™) is
effectively regular.

The proof of Theorem does not work in this case. At least the uti-
lization of Lemma [5.4] where we de-shuffle the words from T, is impossible
in certain cases. For example, we have REACH({c}, (Gaa)*) = {e} # a* =
REACH({¢}, (aaa)*). However, possibly the construction of our PDA B in the
proof of Theorem [5.5] can be modified to this more general case.
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6 Partially Lossy Queues

Until now we have only considered queues which are reliable. We can also prove
the results from the previous sections for (partially) lossy queue automata.
These partially lossy queue automata are queue automata with an additional
uncontrollable action which is forgetting parts of its contents that are specified
by a so-called lossiness alphabet.

Definition 6.1 A lossiness alphabet is a tuple £ = (F,U) where F and U are
two finite sets with F' N U = (. We call F the set of forgettable letters and U
the set of unforgettable letters.

From a given lossiness alphabet £ = (F,U) we also obtain the alphabet Ay =
F U U of all possible queue contents and the alphabet X, = A, U A, of all
queue actions.

In fact, a partially lossy queue is allowed to forget any letter from F' in
its content at any time. Here, we first consider partially lossy queues with
restricted lossiness. Concretely, we consider only the computations in which
the queue forgets letters when necessary. That is, if the queue tries to read
some letter which is preceded by some other, forgettable letters.

Formally, the computations of such restricted partially lossy queues are
defined as follows:

Definition 6.2 Let £ = (F,U) be a lossiness alphabet and L ¢ A.. Then the
map oz : (AL U{L})x X% — (AzU{L}) is defined for each v € A%, a,b € A,
and t € X% as follows:

1. voge=w

2. vosat =vaogt
vort ifa=0b

3. bvogat=(qvogat ifbe F~{a}
i otherwise

4. copat=1lopst=1

Let A be some alphabet and v, w € A* be two words. Then v is a subword
of w (denoted by v =< w) if we have w € {v} w A*. The induced relation
=< C (A*)? is a partial ordering on A*. Let £ = (F,U) be a lossiness alphabet
and v,w € A}. We say that v is an L-subword of w (denoted by v <, w)
if 7y(w) = v < w holds, i.e., v is a subword of w which contains at least
all unforgettable letters from w. It is easy to see, that =g ) is the equality
relation and =(Fp) is the subword relation.

Next, we want to describe the computations of non-restricted partially lossy
queues. In [20] we have proven that the set of reachable queue contents after
application of ¢ € X7 on some content v € A7 is the set of all L-subwords of
vog t. To this end, we define up- and downclosures of some language L C A}
with respect to =<,: the downclosure of L

beL:={ve A |FweLl:v=,w}.
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Similarly, the upclosure of L is
teLi={we A} |Fvel:v=<,w}.

Hence, the set of reachable contents of a (non-restricted) partially lossy queue
after application of ¢ on the input v is | (v o t). Therefore, we define our
reachability problems as follows:

Problem 6.3 Let £ = (F,U) be a lossiness alphabet, L C A} be a set of
queue contents, and 7" C X7 be a regular set of transformation sequences.
The set of queue contents that are reachable from L via T is

REACH. (L, T) == < (Lo T) ~ {L})
and the set of queue contents that can reach L via T is
BACKREACH, (L, T) :==15 {v e Az [(vos T)NL # 0} .

Partially lossy queue automata with lossiness alphabets £ = (,U) are reli-
able. Hence, we have REACH,; = REACH and BACKREACH,; = BACKREACH
in this case. In this reliable case we have a strong duality between forwards
and backwards reachability. However, this duality does not hold for arbi-
trary lossiness alphabets: if £ = (F,U) is a lossiness alphabet with a €
A we have REACH.({e},a) = {e,a}, which cannot be transformed into
BACKREACH ({¢},a) = F*aF™* using reversal. Hence, we have to consider for-
wards and backwards reachability in this case. Anyway, we will see later in this
section that we can reduce forwards and backwards reachability for arbitrary
partially lossy queues to reachability in reliable queues.

Now, we consider fully lossy queues: let £ = (F, ) be a lossiness alphabet.
Then, for regular languages L C A} = F* and T' C X}, the set REACH (L, T)
has a decidable membership problem [3] and, since it is downwards closed
under the subword ordering < [I5], it is regular. Though, we cannot compute
an NFA accepting this set [2123] and this holds even if we start from the
empty queue, only (i.e., L = {e}). Surprisingly, the set BACKREACH. (L, T) is
effectively regular [3], but the computation of an NFA accepting this language
is not primitive recursive [26L10].

Hence, again we try to approximate the reachability problem with the help
of meta-transformations. To this end, we need another definition:

Definition 6.4 Let £ = (F,U) be a lossiness alphabet and w = aqas...a, €
A% with a1, a9,...,a, € Az. The set of the reduced L-superwords of w is

redsup, (w) := {wiawaas . .. wpa, | V1 <i <n:wg € (F N {ai}) ).

Let w € A}.. Then it is easy to see, that a reduced L-superword v € redsup,(w)
also is an L-superword of w, i.e., w <, v. However, in general w <, v does not
imply that v € redsup,(w) since, e.g., for w < v it is allowed to add some
forgettable letters at the end of w. If FF = ) holds, then there is exactly one
reduced L-superword redsup,(w) = {w}. Note that redsup,(w) is effectively
regular. We can also extend this notion to languages:
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Lemma 6.5 Let £ = (F,U) be a lossiness alphabet and L C A} be regular.
Then the language redsup (L) := U, redsup,(w) is effectively regular. An
NFA accepting redsup (L) can be computed in polynomial time.

Proof (idea) Let A = (Qu, Ar, Ini, Ag, Fy) be an NFA accepting L. We can
compute an NFA B = (Qw, Az, Is, Ax, Fis) as follows:

— Qs = Qu x Ag,

- I% = Ig( X AL,

— Fy = Fy X AL, and

Ay = {((p7 a),a,(q,b)) | (p,a,q) € Au} U {((pa b),a,(p,b)) |a € F~ {b}}

In other words, we simulate 2 in the first component of the states of 8. In the
second component we guess the letter which 2 reads on its next step. With
the help of this information we are able to read some other forgettable letters.
Hence, we obtain L(B) = redsup,(L). O

Now, we can state the following connection between partially lossy com-
putations o, and reduced L-superwords:

Lemma 6.6 Let £L = (F,U) be a lossiness alphabet and v,w,t € A}. Then
we have vor t =w if, and only if, there is s € redsup,(t) with v = sw.

Proof We prove this by induction on the length of ¢. First, assume ¢ = ¢. Then
we have v =v o, t =w, ¢ € redsup,(t), and v = ew = w.

Next, let t = at’ for some a € Az and t' € A}. Assume vo,t = w. Then we
have w = vo,t = (voga) o, t'. By definition of o, there are v; € (F \ {a})*
and vy € A} with v = viavs, v og @ = va, and vy or t! = w. By induction
hypothesis there is s’ € redsup,(t') with ve = s'w. Set s := v1as’. Then we
see s € redsup,(at’) = redsup, (¢) and v = viave = vias'w = sw.

Conversely, let s € redsup,(t) with v = sw. Then by definition there is
s1 € (F~{a})* and sy € A} with s = s1as9 and so € redsup,(t’). By v = sw
there is vo € A} with v = sw = sjasaw = s1avy, i.e., v2 = sow. By induction
hypothesis we have vy oy t/ = w. We also have v oy @ = v, implying

vort=(vos@ost =vport/ =w. 0

With the help of Lemma[6.6] we can finally prove the following reductions from
reachability in partially lossy queues to reachability in reliable queues:

Proposition 6.7 Let £L = (F,U) be a lossiness alphabet and L, T C A%.. Then
the following statements hold:

(1) (Log T)~{Ll} =(LoT)~ {1}

(2) (LogT)~ {L} = (Loredsup,(T)) ~ {L}

(3) REACH,(L,T) = | REACH(L,T)

(4) REACH.(L,T) = | REACH(L,redsup,(T))

(5) BACKREACH,(L,T) = 1,BACKREACH(L, T')

(6) BACKREACH,(L,T) = 1,BACKREACH (L, redsup, (7))
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Proof First, we prove
(LogT)N{L}=LT=(LoT)~{Ll}.

To prove let 2 € Loy T. Then there are w € L and t € T with
x=wort. By Lemmathere is s € redsup,(t) C redsup,(T") with w = sz.
Then we have = w o 5 and, hence, « € L o redsup, (7).

Now, let © € L o redsup, (7). Then there are w € L and s € redsup,(7T)
with 2 = w o § and, therefore, sz = w. There is t € T with s € redsup,(t). By
Lemma we have x = w o, t and, therefore, x € Lo, T.

The equations |(3){(6)| are direct consequences of and as well as
Theorem [B.31 a

Finally, we can prove that our results from the previous sections also hold for
arbitrary partially lossy queues:

Theorem 6.8 Let £ = (F,U) be a lossiness alphabet, L C A% be regular, and
T C X% be regular and closed under =, (where s =g t ifvog s =wvogt for
each v € A%). Then REACH,(L,T) and BACKREACH(L,T) are effectively
reqular. O

Theorem 6.9 Let L = (F,U) be a lossiness alphabet, L C A% be regular,
and T C X% be regular and read-write independent. Then REACH, (L, T*) and
BACKREACH, (L, T*) are effectively reqular. O

Theorem 6.10 Let L = (F,U) be a lossiness alphabet, L C A}, be regular,
and T C X} be reqular. Then REACH.(L,T*) and BACKREACH (L, T*) are
effectively regular if

(1) T = Ri{W Ry for some reqular sets W, Ry, Ry C Az,
(2) T = {t} for somet e X} (cf [1[G]), or
(3) T C AL UAL . O

7 Conclusion and Open Problems

In this paper we considered the reachability problem of reliable and lossy queue
automata having exactly one queue. We joined these two models to so-called
partially lossy queue automata (plq automata, for short). These automata are
allowed to forget a specified subset of their contents at any time. Depend-
ing on this specified set, the reachability problem of these automata is either
undecidable or inefficient. Hence, Boigelot et al. [6] and Abdulla et al. [I]
tried to approximate the reachability problem with the help of so-called meta-
transformations. These are regular languages of transformation sequences such
that we can easily compute the set of reachable queue contents. Here, we con-
sidered two special kinds of meta-transformations:

1. the set of possible sequences of queue transformations is closed under cer-
tain (context-sensitive) commutations of the atomic transformations.
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2. the plq automaton alternates between writing of words from a regular lan-
guage and reading of words from another regular language. This is a gener-
alization of the results [6l[I] where the authors considered queue automata
looping through a single sequence of transformations.

In both cases we could prove that, starting with a regular language of queue
contents the queue reaches a regular set of new contents.

Until now it is open, whether we can extend our second kind of meta-transfor-
mations to plq automata looping through a sequence of multiple such regular
languages of write and read actions. We may also ask, in which cases a plq
automaton having multiple queues reaches a recognizable set of states reach-
able from a recognizable set of initial contents. For example, in [6] there is
also a result considering multiple reliable queues looping through a sequence
of transformations. So, we could also try to generalize our result to multiple
queues.

We could also consider automata having other data structures as their
memory. So, we could also consider automata with multiple pushdowns. Since
these automata are as powerful as queue automata or Turing-machines, we
also have to approximate the reachability problem.
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