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Preface

This volume contains the papers presented at DCFS 2016, the 18th International
Conference on Descriptional Complexity of Formal Systems, held during July 6-8,
2016, in Bucharest, at the University of Bucharest. DCFS became a working confer-
ence in 2016, continuing the former Workshop on Descriptional Complexity of Formal
Systems, which was a merger in 2002 of two other workshops: FDSR (Formal
Descriptions and Software Reliability) and DCAGRS (Descriptional Complexity of
Automata, Grammars and Related Structures).

DCAGRS was previously held in Magdeburg (1999), London (2000), and Vienna
(2001). FDSR was previously held in Paderborn (1998), Boca Raton (1999), and San
Jose (2000).

Since 2002, DCFS has been successively held in London, Ontario, Canada (2002),
Budapest, Hungary (2003), London, Ontario, Canada (2004), Como, Italy (2005), Las
Cruces, USA (2006), Novy Smokovek (High Tatras), Slovakia (2007), Charlottetown,
Canada (2008), Magdeburg, Germany (2009), Saskatoon, Canada (2010), Giessen,
Germany (2011), Porto, Portugal (2012), London, Ontario, Canada (2013), Turku,
Finland (2014), and Waterloo, Ontario, Canada (2015).

This conference was an official event of the International Federation for Information
Processing and IFIP Working Group 1.2 (Descriptional Complexity) and was jointly
organized by the IFIP WG 1.2 and the Faculty of Mathematics and Computer Science
of the University of the Bucharest.

The working conference was sponsored by the Department of Computer Science of
the University of Bucharest and other sponsors.

Descriptional complexity is a field in computer science that deals with the size of all
kinds of objects that occur in computational models, such as Turing machines, finte
automata, grammars, splicing systems and others. The topics of this conference are
related to all aspects of descriptional complexity and include, but are not limited to:

— Various modes of operations and complexity measures for automata, grammars,
languages, and related systems

— Succinctness of description of objects, state-explosion-like phenomena

— Trade-offs between descriptional complexity and mode of operation

— Circuit complexity of Boolean functions and related measures

— Succinctness of description of (finite) objects

— Descriptional complexity in resource-bounded or structure-bounded environments

— Complexity aspects related to the combinatorics of words

— Structural complexity of formal systems as related to descriptional complexity

— Descriptional complexity of formal systems for applications (e.g., software relia-
bility, software and hardware testing, modelling of natural languages)

— Descriptional complexity aspects of nature-motivated (bio-inspired) architectures
and unconventional models of computing

— Frontiers between decidability and undecidability
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— Universality and reversibility
— Blum static (a.k.a. Kolmogorov/Chaitin) complexity, algorithmic information

The working conference of DCFS 2016 included four invited lectures, 13 con-
tributed papers, discussion sessions, and a visit of the surroundings of Bucharest city,
concluded by the conference dinner.

The proceedings of DCES 2016, published in this volume of the Lecture Notes in
Computer Science series, were available at the workshop and contain the invited lec-
tures and the contributed papers.

There were 21 submissions to DCFS 2016 by a total of 47 authors from 15 different
countries — Canada, Germany, India, Italy, Portugal, Slovakia, South Africa, Brazil,
Russia, Austria, Czech Republic, Romania, France, Poland, and the UK.

On the basis of at least three reviews for each contribution, an international committee
selected 13 papers — which accounts for an acceptance rate of approximately 60 % — for
inclusion in the workshop program and this proceedings volume. The submission and
refereeing process was supported by the EasyChair conference management system.

We warmly thank those who contributed to the success of DCFS 2016:

— The invited speakers James Currie (University of Winnipeg, Winnipeg/Manitoba,
Canada), Gabriel Istrate (Timioara, Romania), Galina Jiraskova (Mathematical
Institute Slovak Academy of Sciences, Kosice, Slovak Republic), and Mikhail V.
Volkov (Ural Federal University, Ekaterinburg, Russia).

— The authors of contributed and discussion papers.

— The reviewers and the Program Committee for their excellent work in making this
selection.

— The members of the Organizing Committee for their commitment in the preparation
of the scientific sessions and social events

— The staff of Springer and, in particular, Computer Science Editorial, for the
extremely helpful and efficient collaboration in making this volume available before
the conference. As volume editors, we value their experience, advice, and
instructions, which were very helpful for the preparation of this volume.

— All the speakers and participants for attending the DCFS workshop.

Special thanks go to the “Asociatia Alumni Universitatii din Bucuresti” for their
financial and logistic support. We gratefully acknowledge the generous direct financial
support of the Faculty of Mathematics and Computer Science of the University of
Bucharest and the valuable in-kind support from Springer. Without this support, for
which we are thankful, it would have been very difficult to conduct DCFS 2016.

We hope, as in the previous years, that DCFS 2016 has initiated new scientific
discussions and stimulated research and scientific cooperation in the area of descriptional
complexity, and trust that this volume will contribute to raising the interest in this field.

We look forward to seeing this year’s participants and many others at DCFS in
2017!

May 2016 Cezar Campeanu
Florin Manea
Jeffrey Shallit
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Completely Reachable Automata

Eugenija A. Bondar and Mikhail V. Volkov

Institute of Mathematics and Computer Science,
Ural Federal University, Lenina 51, 620000 Yekaterinburg, Russia
bondareug@gmail .com, mikhail.volkov@usu.ru

Abstract. We present a few results and several open problems concerning
complete deterministic finite automata in which every non-empty subset of the
state set occurs as the image of the whole state set under the action of a suitable
input word.

Supported by the Russian Foundation for Basic Research, grant no. 16-01-00795, the Ministry
of Education and Science of the Russian Federation, project no. 1.1999.2014/K, and the Competitive-
ness Program of Ural Federal University. The paper was written during the second author's stay
at Hunter College of the City University of New York as Ada Peluso Visiting Professor of Mathematics
and Statistics with a generous support from the Ada Peluso Endowment
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James D. Currie

Department of Mathematics and Statistics
University of Winnipeg
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Winnipeg, Manitoba R3B 2E9, Canada
j.currie@uwinnipeg.ca

Abstract. The study of words avoiding patterns is a mature branch of combi-
natorics on words. Patterns are themselves words, but their alphabets may be
partitioned into variables, constants, function symbols such as reversal, or other
tokens. As in the classical case of overlap-free words, one typically begins with
the problem of whether pattern p is avoidable by an infinite string over alphabet
>, and then moves on to sharper questions, such as language-theoretic prop-
erties of the set L of finite words over Y avoiding p, and the problem of
enumerating words of L of length n.

Strong techniques for the enumeration of regular or context-free languages
are well-known, following Schiitzenberger’s foundational work. However,
because of the pumping lemma, the language of binary overlap-free words is not
context-free; nevertheless, there is a sharp description of the language of binary
overlap-free words due to Cassaigne, via regular languages coding a sequence of
operator applications. This leads to sharp characterization of the growth of the
number of binary overlap-free words of length n, which turns out to be poly-
nomial. The growth of the language L of finite words over ) avoiding p has
been studied in various cases, and has generally been exponential, but in a few
instances polynomial.

With this background, it was natural for Shallit et al. to ask whether the
language of binary words avoiding xxx® grows polynomially, or exponentially.
The surprising answer turns out to be ‘neither’. It follows that the language in
question is not context-free; interestingly, no more direct proof of this is known.
The language of binary words avoiding xx®x also turns out to have growth
intermediate between polynomial and exponential, but the analysis is simpler.
Given these surprising results involving patterns over {x, x}, it is natural to
study binary avoidability of patterns over {xx%,y, X}, and the related growth
questions. Studying growth questions for 2-avoidable patterns over {x, x%y, y*}
leads to consideration of an under-utilized tool originally due to Shelton, the
method of fixing block inequalities.

This talk will give an overview of the above matters, ending with recent
results and open problems.



Heapability, Interactive Particle Systems,
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Abstract. We outline results and open problems concerning partitioning of
integer sequences and partial orders into heapable subsequences (previously
defined and established by Byers et al.).



Self-Verifying Finite Automata
and Descriptional Complexity

Galina Jiraskova

Mathematical Institute, Slovak Academy of Sciences,
Gresakova 6, 040 01 Kosice, Slovakia
jiraskov@saske.sk

Abstract. We survey recent results on the descriptional complexity of
self-verifying finite automata. In particular, we discuss the cost of simulation of
self-verifying finite automata by deterministic finite automata, and the com-
plexity of basic regular operations on languages represented by self-verifying
finite automata.
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Completely Reachable Automata

Eugenija A. Bondar and Mikhail V. Volkov®™)

Institute of Mathematics and Computer Science,
Ural Federal University, Lenina 51, 620000 Yekaterinburg, Russia
bondareug@gmail.com, mikhail.volkov@usu.ru

Abstract. We present a few results and several open problems concern-
ing complete deterministic finite automata in which every non-empty
subset of the state set occurs as the image of the whole state set under
the action of a suitable input word.

Keywords: Deterministic finite automaton + Complete reachability -
Transition monoid - Syntactic complexity - PSPACE-completeness

1 Background and Overview

We consider the most classical species of finite automata, namely, complete deter-
ministic automata. Recall that a complete deterministic finite automaton (DFA)
is a triple & = (Q, X, 0), where @ and X are finite sets called the state set and
the input alphabet respectively, and 6: Q x X — Q is a totally defined map called
the transition function. Let X* stand for the collection of all finite words over
the alphabet Y, including the empty word. The function § extends to a function
Q x X* — @ (still denoted by 0) in the following natural way: for every ¢ € @
and w € X*, we set §(¢q,w) := ¢ if w is empty and §(q,w) := §(d(q,v),a) if
w = wva for some word v € X* and some letter a € Y. Thus, via 4, every word
w € X* induces a transformation of the set Q.

Let P(Q) stand for the set of all non-empty subsets of the set Q). The function
d can be further extended to a function P(Q) x X* — P(Q) (again denoted by
) by letting 6(P,w) := {6(¢q,w) | ¢ € P} for every non-empty subset P C Q.
Thus, the triple P(&) := (P(Q), X, §) is a DFA again; this DFA is referred to as
the powerset automaton of <.

Whenever we deal with a fixed DFA, we simplify our notation by suppressing
the sign of the transition function; this means that we may introduce the DFA

Supported by the Russian Foundation for Basic Research, grant no. 16-01-00795,
the Ministry of Education and Science of the Russian Federation, project no.
1.1999.2014/K, and the Competitiveness Program of Ural Federal University. The
paper was written during the second author’s stay at Hunter College of the City
University of New York as Ada Peluso Visiting Professor of Mathematics and Sta-
tistics with a generous support from the Ada Peluso Endowment.
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2 E.A. Bondar and M.V. Volkov

as the pair (@, X') rather than the triple (@, X, §) and may write q.w for §(g, w)
and P.w for §(P,w).

Given a DFA & = (Q, X}, we say that a non-empty subset P C @ is reachable
in o/ if P = Q.w for some word w € X*. A DFA is called completely reachable
if every non-empty subset of its state set is reachable.

Let us start with an example that served as a first spark which ignited our
interest in completely reachable automata. A DFA o = (Q, X)) is called synchro-
nizing if it has a reachable singleton, that is, ).w is a singleton for some word
w € X*. Any such word w is said to be a reset word for the DFA. The minimum
length of reset words for o7 is called the reset threshold of <. In 1964 Cerny [8]
constructed for each n > 1 a synchronizing automaton %,, with n states, 2 input
letters, and reset threshold (n —1)2. Recall the definition of ;. If we denote the
states of €, by 1,2,...,n and the input letters by a and b, the actions of the
letters are as follows:

. i ifi<n, | i+1 ifi<n,
1.a = 1.b =
1 ifi=mn; 1 if i =n.

The automaton %, is shown in Fig. 1.

Fig. 1. The automaton %,

The automata in the Cerny series are well-known in the connection with the
famous Cerny conjecture about the maximum reset threshold for synchronizing
automata with n states, see [18]. The automata %, provide the lower bound (n—
1)2 for this maximum, and the conjecture claims that these automata represent
the worst possible case since it has been conjectured that every synchronizing
automaton with n states can be reset by a word of length (n—1)2. The automata
%,, also have other interesting properties, including the one registered here:

Ezample 1. Each automaton %,, n > 1, is completely reachable.
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The result of Example 1 was first observed by Maslennikova [15, Proposi-
tion 2], see also [16], in the course of her study of the so-called reset complexity
of regular ideal languages. Later, Don [9, Theorem 1] found a sufficient condition
for complete reachability that applies to the automata %,. In Sect. 2 we present
another sufficient condition that both simplifies and generalizes Don’s one. We
provide an example showing that our condition is not necessary but we conjec-
ture that it may be necessary for a stronger version of complete reachability.

In Sect.3 we discuss the problem of recognizing completely reachable
automata. We show PSPACE-completeness of the following decision problem:
given a DFA & = (Q, X)) and a subset P C @, decide whether or not P is reach-
able in «/. We also outline a polynomial algorithm that recognizes completely
reachable automata with 2 input letters modulo the conjecture from Sect. 2.

Given a DFA & = (Q, Y), its transition monoid M (<) is the monoid of
all transformations of the set ) induced by the words in X*. By the syntactic
complezity of o/ we mean the size of M (7). Clearly, the syntactic complex-
ity of a completely reachable automaton &/ with n states cannot be less than
2™ — 1 since, for each non-empty subset P of the state set, the transition monoid
of o/ must contain a transformation whose image is P. In Sect.4 we address
the question of the existence and classification of minimal completely reachable
automata, i.e., completely reachable automata with minimum possible syntactic
complexity. This question has been recently investigated in the realm of trans-
formation monoids by the first author [3,4]; here we translate her results into
the language of automata theory and augment them by determining the input
alphabet size of minimal completely reachable automata.

The present paper is in fact a work-in-progress report, and therefore, each of
Sects. 2, 3, and 4 includes some open questions. Several additional open questions
form Sect.5; they mostly deal with synchronization properties of completely
reachable automata.

We assume the reader’s acquaintance with some basic concepts of graph
theory, monoid theory, and computational complexity.

2 A Sufficient Condition

If Q is a finite set, we denote by T'(Q) the full transformation monoid on Q, i.e.,
the monoid consisting of all transformations ¢: @ — Q. For ¢ € T(Q), its defect
is defined as the size of the set @ \ Qp. Observe that the defect of a product of
transformations is greater than or equal to the defect of any of the factors and
is equal to the defect of a factor whenever the other factors are permutations of
Q. In particular, if a product of transformations has defect 1, then one of the
factors must have defect 1.

Let o = (Q,X) be a DFA. The defect of a word w € X* with respect to
& is the defect of transformation induced by w. Consider a word w of defect 1.
For such a word, the set @ \ Q.w consists of a unique state, which is called the
excluded state for w and is denoted by excl(w). Further, the set Q.w contains a
unique state p such that p = ¢;.w = go.w for some ¢; # ¢o; this state p is called
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the duplicate state for w and is denoted by dupl(w). Let D;(</) stand for the
set of all words of defect 1 with respect to o7, and let I'1 (&) denote the directed
graph having @) as the vertex set and the set

By := {(excl(w),dupl(w)) | w € Dy(&)}

as the edge set. Since we consider only directed graphs in this paper, we call
them just graphs in the sequel. Recall that a graph is strongly connected if for
every pair of its vertices, there exists a directed path from the first vertex to the
second.

Theorem 1. If a DFA & = (Q,X) is such that the graph I'1(&) is strongly
connected, then o/ is completely reachable.

Proof. Take an arbitrary non-empty subset P C ). We prove that P is reachable
in o7 by induction on k := |Q \ P|. If k = 0, then P = @ and nothing is to prove
as () is reachable via the empty word. Now let £ > 0 so that P is a proper
subset of Q. Since the graph I'j (&) is strongly connected, there exists an edge
(¢,p) € E; that connects Q \ P and P in the sense that ¢ € Q \ P while p € P.
By the definition of Ej, there exists a word w of defect 1 with respect to o for
which ¢ is the excluded state and p is the duplicate state. By the definition of the
duplicate state, p = q1.w = go.w for some ¢; # ¢o, and since the excluded state
q for w does not belong to P, for each state r € P\ {p}, there exists a unique
state 7’ € @ such that r = r’.w. Now letting R := {q1,q2} U {r’ | 7 € P\ {p}},
we conclude that P = R.w and |R| = |P|+ 1. Then |Q \ R| = k — 1, and the
induction assumption applies to the subset R whence R = Q.v for some word
v € X* Then P = Q.vw so that P is reachable as required.

Don [9] has formulated a sufficient condition for complete reachability in
the terms of what he called a state map. Consider a DFA & = (Q,Y) with
n states in which every subset of size n — 1 is reachable. Let W be a set of n
words of defect 1 with respect to & such that for every subset P C @ with
|P| = n — 1 there is a unique word w € W with P = Q.w. (Such a set is termed
a l-contracting collection in [9]). The state map ow: @ — @ induced by W is
defined by

gow := dupl(w) forw € Wsuch that ¢ = excl(w).

The following is one of the main results in [9]:

Theorem 2. A DFA of is completely reachable if it admits a 1-contracting col-
lection such that the induced state map is a cyclic permutation of the state set

of <.

Even though Theorem 2 is stated in different terms, it is easily seen to con-
stitute a special case of Theorem 1. Indeed, if W is a 1-contracting collection
and oy is the corresponding state map, then each pair (g, gow ) can be treated
as an edge in E7. Therefore, if oy is a cyclic permutation of @), then the set of
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edges {(q,qow) | ¢ € Q} forms a directed Hamiltonian cycle in the graph Iy (/)
whence the latter is strongly connected.

We believe that Theorem 1 may have strongly wider application range than
Theorem 2 even though at the moment we do not have any example con-
firming this conjecture. If the conditions of the two theorems were equivalent,
every strongly connected graph of the form I (%) would possess a directed
Hamiltonian cycle, and this does not seem to be likely.

Now we demonstrate that the condition of Theorem 1 is not necessary.

Ezample 2. Consider the DFA &3 with the state set {1,2, 3} and the input letters
apy, a2); a[3), 4[1,2] that act as follows:

, 2 ifi=1,2, . 1 ifi=1,2,
.apn) = . 1.ap2] = .
3 ifi=3; 3 ifi=3;

) 1 ifi=1,2, | )
1.a[3) = {2 i3 i.apg =3 forall i=1,2,3.

The automaton &3 is shown in Fig.2 on the left. The graph I'1(&3) is shown in
Fig. 2 on the right; it is not strongly connected. However, it can be checked by
a straightforward computation that the automaton &3 is completely reachable.

a2, @[1]> A[1,2]

Fig. 2. The automaton &3 and the graph I (&3)

The reason of why the converse of Theorem 1 fails becomes obvious if one
analyzes the above proof. In fact, we have proved more than we have formulated,
namely, our proof shows that if a DFA &/ is such that the graph I'1 (.27) is strongly
connected, then every proper non-empty subset of the state set of <7 is reachable
via a product of words of defect 1. Of course, this stronger property has no reason
to hold in an arbitrary completely reachable automaton. For instance, in the
automaton &3 of Example 2 the singleton {3} is not an image of any product of
words of defect 1. On the other hand, for the stronger property italicized above,
the condition of Theorem 1 may be not only sufficient but also necessary. We
formulate this guess as a conjecture.
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Conjecture 1. If for every proper non-empty subset P of the state set of a DFA
o there is a product w of words of defect 1 with respect to & such that P = Q.w,
the graph I (<) is strongly connected.

One can formulate further sufficient conditions for complete reachability in
terms of strong connectivity of certain hypergraphs related to words of defect 2.

3 Complexity of Deciding Reachability

Given a DFA, one can easily decide whether or not it is completely reachable
considering its powerset automaton: a DFA & = (Q,Y) is completely reach-
able if and only if ) is connected with every its non-empty subset by a directed
path in the powerset automaton P(&), and the latter property can be recog-
nized by breadth-first search on P(&/) starting at Q). This algorithm is however
exponential with respect to the size of 7, and it is natural to ask whether or
not complete reachability can be decided in polynomial time. First, consider the
following decision problem:

REACHABLE SUBSET: Given a DFA & = (Q,X,0) and a non-empty subset
P C Q, is it true that P is reachable in <7 ?

Theorem 3. The problem REACHABLE SUBSET is PSPACE-complete.

Proof. The fact that REACHABLE SUBSET is in the class PSPACE is easy and
known, see, e.g., [5, Lemma 6,item 1].

To prove PSPACE-hardness of REACHABLE SUBSET, we reduce to it in
logarithmic space the well-known PSPACE-complete problem FAI (FINITE
AUTOMATA INTERSECTION, see [14]). Recall that an instance of FAI consists
of k DFAs «/; = (Q;,X,0;), j = 1,...,k, with disjoint state sets and a com-
mon input alphabet. In each DFA o7 an initial state s; € Q; and a final state
t; € Q; are specified; a word w € X* is said to be accepted by <7; if §;(s;, w) =t;.
The question of FAI asks whether or not there exists a word w € X* which is
simultaneously accepted by all automata 7, ..., 9.

Now, given an instance of FAI as above, we construct the following instance
(7, P) of REACHABLE SUBSET. The state set of the DFA & is Q := U§:1 Qj;
the input alphabet of 7 is X' with one extra letter p added. The transition
function 0: @ x (XU {p}) — @ is defined by the rule

5(q,a) = {6j(q,a) ?faEZanquQj, (1)
5; ifa =pand g € Q.

Expressing this rule less formally, it says that, given a state ¢ € @, one first should
find the index j € {1,..., k} such that ¢ belongs to @Q;; then every letter a € X
acts on ¢ in the same way as it does in the automaton 7; while the added letter p
sends ¢ to the initial state s; of <7; (so p artificially ‘initializes’ each <7;). Observe
that each set @; is closed under the action of each letter in X' U {p}. Finally, we
set P := {t1,...,tx}, that is, P consists of the final states of &4, ..., %.
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We claim that the subset P is reachable in 7 if and only if there exists a word
w € X* which is simultaneously accepted by all automata @, ..., <. Indeed,
if such a word w exists, then §(Q, pw) = P since we have §(Q, p) = {s1,..., sk}
by (1) and d(sj,w) = d;(sj,w) = t; for each j = 1,...,k by the choice of w.
Conversely, suppose that P is reachable in 7, that is, §(Q,u) = P for some
word u € (XU {p})*. Then we must have §,;(Q;,u) = {t;} foreach j =1,... k.
If the word u has no occurrence of the letter p, then v € X* and 6;(s;, u) = {t;}
for each j = 1,...,k so that u is simultaneously accepted by all automata
A, ..., . Otherwise we fix the rightmost occurrence of p in v and denote by
w the suffix of u following this occurrence so that w € X* and u = vpw for
some v € (¥ U {p})*. Then 6;(Q;,vp) = {s;} and 6;(s,w) = 6(Q;,vpw) = {t;}
for each 57 = 1,...,k. We conclude that w is simultaneously accepted by all
automata 27, ..., <. This completes the proof of our claim and establishes the
reduction which obviously can be implemented in logarithmic space.

The reduction used in the above proof is an adaptation of a slightly more
involved log-space reduction used by Brandl and Simon [5, Section 3] to show
PSPACE-hardness of a natural problem about transformation monoids presented
by a bunch of generating transformations.

In connection with Theorem 3, an interesting result by Goral¢ik and
Koubek [13, Theorem 1] is worth being mentioned. If stated in the language
adopted in the present paper, their result says that, given a DFA & = (Q, X))
with |@Q| = n, |X| = m and a subset P C Q with |P| = k, one can decide in
O((k + 1)n*"'m) time whether or not there exists a word w € X* such that
P = Q.w = P.w. (The difference from our definition of reachability is that here
one looks for a word not only having the subset P as its image but also act-
ing on P as a permutation.) Thus, if the size of the target set P is treated as a
parameter, the algorithm from [13] becomes polynomial. One can ask if a similar
result holds for the parameterized version of REACHABLE SUBSET formulated
as follows:

REACHABLE SUBSETy: Given a DFA & = (Q,X,d) and a non-empty subset
P C Q of size k, is it true that P is reachable in <7 ¢

For k = 1, the cited result by Goral¢ik and Koubek applies since, for P being
a singleton, any word w € X* such that P = @Q.w automatically satisfies the
additional condition P.w = P. For k > 1, the question about the complexity
of REACHABLE SUBSET} is open. The reduction from the proof of Theorem 3
cannot help here because the size k of the subset P in this reduction is equal to
the number of DFAs in the instance of FAI from which we depart, and for each
fixed k, there is a polynomial algorithm that decides on all instances of FAI
with k& automata.

Now we return to the question of whether or not complete reachability can be
decided in polynomial time. It should be noted that Theorem 3 does not imply
any hardness conclusion here: while checking reachability of individual subsets
is PSPACE-complete, checking reachability of all non-empty subsets may still
be polynomial even though the latter problem consists of exponentially many
individual problems! One can illustrate this phenomenon of ‘simplification due
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to collectivization’ with the following example. If is known [14] that the follow-
ing membership problem for transition monoids of DFAs is PSPACE-complete:
given a DFA & = (@, Y) and a transformation ¢: @ — @, does ¢ belongs to
the transition monoid M (&), i.e., is there a word w € X* such that qp = q.w
for all ¢ € @7 On the other hand, one can decide in polynomial time whether
or not every transformation of the state set belongs to the transition monoid of
a given DFA. Indeed, given a DFA & = (Q,X), we partition the alphabet X
as X = IT U A, where I consists of all letters that act on @ as permutations
and A contains all letters with non-zero defect. First we inspect A: if no letter
in A has defect 1, then it is clear that the monoid M (/) contains no transfor-
mation of defect 1 (see the observation registered at the beginning of Sect. 2).
Further, we invoke twice the polynomial algorithm by Furst et al. [11] for the
membership problem in permutation groups: we fix a cyclic permutation and
a transposition of @) and check if they belong to the permutation group on Q
generated by the permutations induced by the letters in II. If the answers to
all these queries are affirmative, then M () contains a cyclic permutation, a
transposition, and a transformation of defect 1, and it is well-known that any
such trio of transformations generates the full transformation monoid T'(Q), see,
e.g., [12, Theorem 3.1.3].

Thus, the complexity of deciding complete reachability for a given DFA
remains unknown so far. We expect this problem to be computationally hard
for automata over unrestricted alphabets while for automata with a fixed num-
ber of letters a polynomial algorithm may exist. For instance, if Conjecture 1
holds true, there exists a polynomial algorithm that recognizes completely reach-
able automata among DFAs with 2 input letters. Indeed, let & = (Q, {a, b}) be
a DFA with n states, n > 1. Every subset of the form @Q.w, where w is a non-
empty word over {a,b}, is contained in either Q.a or Q.b. At least one of the
letters must have defect 1 since no subset of size n — 1 is reachable otherwise,
and if the other letter has defect greater than 1, only one subset of size n — 1 is
reachable. Hence, if &7 is a completely reachable automaton, one of its letters has
defect 1 while the other has defect at most 1. Therefore for each proper reachable
subset P C @, there is a product w of words of defect 1 with respect to o7 such
that P = Q.w. In view of Theorem 1, if Conjecture 1 holds true, then complete
reachability of & is equivalent to strong connectivity of the graph I'i(&). It
remains to show that for automata with 2 input letters, the latter condition can
be verified in polynomial time.

Once the graph () is constructed, checking its strong connectivity in
polynomial time makes no difficulty. However, it is far from being obvious that
I (&), even though it definitely has polynomial size, can always be constructed
in polynomial time. Indeed, by the definition, the edges of I'1(«7) arise from
transformations of defect 1 in the transition monoid of <7, and for an automaton
with n states, the number of transformations of defect 1 in M (&) may reach
n'(g) Our algorithm depends on some peculiarities of automata with 2 input
letters. It incrementally appends edges to a spanning subgraph of I'1(</) in a
way such that one can reach a conclusion about strong connectivity of I'1 (&) by
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examining only polynomially many transformations of defect 1. In the following
brief description of the algorithm, we use the notation introduced in Sect.2 in
the course of defining the graph I'i ().

Thus, again, let & = (Q, {a,b}) be a DFA with n states, n > 1. For certainty,
let a stand for the letter of defect 1. If b also has defect 1, then at most two
subsets of size n — 1 are reachable (namely, Q.a and @Q.b), and &7 can only be
completely reachable provided that n = 2. The automaton & is then nothing
but the classical flip-flop, see Fig.3. Beyond this trivial case, b must be a per-
mutation of ) whence b™ acts on @) as the identity transformation. Then the
set {excl(w) | w € D1(&7)} of the states at which edges of I (/) may originate
is easily seen to coincide with the set {excl(a),excl(ab),...,excl(ab”"1)}. For
I' (&) to be strongly connected, it is necessary that every vertex is an origin
of an edge whence the latter set must be equal to Q. Taking into account that
excl(ab®) = excl(a).b* for each k = 1,...,n — 1, we conclude that b must be
a cyclic permutation of Q. It is easy to show that excl(w).b = excl(wb) and
dupl(w).b = dupl(wbd) for every word w of defect 1, and therefore, b acts as a
permutation on the edge set E; of I't ().

lcoumnoe!

a

Fig. 3. Filp-flop

The set F; contains the edges
(excl(a),dupl(a)),..., (excl(adb™ '), dupl(ab”1)). (2)

Since dupl(ab”®) = dupl(a).b* for each k = 1,...,n — 1, the edges in (2) are the
‘translates’ of the edge (excl(a),dupl(a)). Any two edges in (2) start at different
vertices and end at different vertices, whence for some d such that d < n and d
divides n, the edges in (2) form d directed cycles, each of size 5. If d = 1, we can
already conclude that the graph I'j (&) is strongly connected. If d > 1, denote
the cycles by C1,...,Cy and consider the words a2, aba,...,ab" 'a. It can be
easily shown that exactly two of them have defect 1; let us denote these two
words by w; and ws. Since wy and ws end with a, we have Q.w; = Q.we = Q.a
whence excl(w;) = excl(wy) = excl(a). Thus, the edges (excl(wy), dupl(w;)) and
(excl(ws), dupl(ws)) start at the vertex excl(a) which can be assumed to belong
to the cycle C. If also the ends of these edges lie in C7, one can show that
no further edge in F; can connect C; with another cycle whence C; forms a
strongly connected component of I (7). We then conclude that I'1(</) is not
strongly connected.

Now suppose that the edge (excl(w;), dupl(w;)) where i = 1 or i = 2 connects
the vertex excl(a) with a vertex from the cycle C; where j > 1. Then we append
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the edge and all its translates (excl(w;b*),dupl(w;b*)), k = 1,...,n — 1, to
C4,...,Cqg; in the case where both (excl(w;), dupl(w;)) and (excl(ws), dupl(wsz))
leave C1, we append both these edges and all their translates. After that, we get
larger strongly connected subgraphs D1, ..., D, isomorphic to each other, where
¢ < d and ¢ divides d. If £ = 1, then the graph I'1(<7) is strongly connected. If
¢ > 1, we iterate by considering the words w;a, w;ba, ..., w;b" 'a. Eventually,
either we reach a strongly connected spanning subgraph of I} («7), and then the
graph I'1(«/) is strongly connected as well, or on some step the process gets
stacked, which means that I (&) has a proper strongly connected component,
and therefore, is not strongly connected.

The described process branches, and in the worst case the number of words
of defect 1 to be analyzed doubles at each step. On the other hand, since the
steps are indexed by a chain of divisors of n, the number of steps does not exceed
logy n + 1. Thus, executing the algorithm, we have to analyze at most

14244+ -+ 208 = O(n)

words of maximum length O(nlog, n), and therefore, the algorithm can be imple-
mented in polynomial time.

4 Minimal Completely Reachable Automata

Syntactic complexity of a reqular language is a well established concept that has
attracted much attention lately, see, e.g., [6,7]. It can be defined as the size of
the transition monoid of the minimal DFA recognizing the language. It appears
to be worthwhile to extend this concept to automata by defining the syntactic
complezity of an arbitrary DFA &/ as the size of its transition monoid M (/).
In fact, if one thinks of a DFA as a computational device rather than acceptor,
its transition monoid can be thought of as the device’s ‘software library’ since
the monoid contains exactly all programs (transformations) that the automaton
can execute. From this viewpoint, measuring the complexity of an automaton
by the size of its ‘software library’ is fairly natural.

As already mentioned in Sect. 1, the syntactic complexity of a completely
reachable automaton with n states cannot be less than 2™ — 1. It turns out that
this lower bound is tight if one considers automata over unrestricted alphabet.
We present now a construction for completely reachable automata with n states
and syntactic complexity 2™ — 1; for short, we call them minimal completely
reachable automata.

Our construction produces minimal completely reachable automata from full
binary trees satisfying certain subordination conditions. Recall that a binary
tree is said to be full if each its vertex v either is a leaf or has exactly two
children that we refer to as the left child or the son of v and the right child
or the daughter of v. (Thus, all vertices except the root have a gender.) It is
well known (and easy to verify) that a full binary tree with n leaves has 2n — 1
vertices. As full binary trees are the only trees occurring in this paper, we call
them just trees in the sequel.
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If I' is a tree and v is a vertex in I', we denote by I, the subtree of I" rooted
at v. The span of v, denoted span(v), is the number of leaves in the subtree I,.
Figure 4 shows a tree with vertices labelled by their spans.

Fig. 4. An example of a tree with spans of its vertices shown

By a homomorphism between two trees I1 and I, we mean a map from the
vertex set of I into the vertex set of I that sends the root of I'y to the root of
I; and preserves the parent—child relation. Given two trees I and I%, we say
that I subordinates Iy if there exists a 1-1 homomorphism &: It — I3 such
that span(v) < span(v€) for every vertex v of I't. If u and v are two vertices of
the same tree I', we say that u subordinates v if the subtree I, subordinates the
subtree I,. A tree is said to be respectful if it satisfies two conditions:

(S1) if a male vertex has a nephew, the nephew subordinates his uncle;
(S2) if a female vertex has a niece, the niece subordinates her aunt.

For an illustration, the tree shown in Fig. 4 satisfies (S1) but fails to satisfy
(S2): the daughter of the root has a niece but this niece does not subordinates
her aunt. On the other hand, the tree shown in Fig.5 is respectful. (In order
to ease the inspection of this claim, we have shown the uncle-nephew and the
aunt—niece relations in this tree with dotted and dashed arrows respectively.)

It is easy to show that there exist respectful trees with any number of leaves.
In the following table (borrowed from [4]) we present the numbers of respectful
trees with up to 10 leaves.

Number of leaves 1/2/3/4/5/6 |7 |8 |9 |10
Number of respectful trees | 1|1|2|3 /6|10 18|32 |58 |101

We are not aware of any closed formula for the number of respectful trees
with a given number of leaves.



12 E.A. Bondar and M.V. Volkov

Fig. 5. An example of a respectful tree

In our construction, we use certain markings of trees by intervals of the set
N of positive integers considered as a chain under the usual order:

1<2<-<n<....

If i, € N and 7 < j, the interval [i,]] is the set {k € X,, | i <k < j}. We
write [i] instead of [i,4]. By the span of an interval we mean the number of its
elements. Now, a faithful interval marking of a tree I" is a map u from the vertex
set of I" into the set of all intervals in N such that for each vertex v,

— the span of the interval vy is equal to span(v);
— if vy = [4,j] and s and d are respectively the son and the daughter of v, then
sp = [i, k] and dp = [k + 1, j] for some k such that i < k < j.

It easy to see that every tree I' admits a faithful interval marking which is
unique up to an additive translation: given any two markings u, u’ of I', there
is an integer m such that vy = vu’ + m for every vertex v. Observe that if
1 is a faithful interval marking of a tree I' and v is a vertex of I', then the
restriction of p to the subtree I3, is a faithful interval marking of the latter.
Figure 6 demonstrates a faithful interval marking of the tree from Fig. 5.

We have prepared everything and can now present our construction.

Construction T2A (trees to automata). For each respectful tree I' with
n leaves and each its faithful interval marking p, we construct an automaton
denoted by 7, (I"). The states of o7,(I") are the elements of the interval rpu,
where 7 stands for the root of I', and the input alphabet of 27,(I") consists of
2n — 2 letters a,, one for each non-root vertex v of I'. To define the action of the
letters, we proceed by induction on n. For n = 1, that is, for the trivial tree I’
with one vertex r and no edges, <7, (I") is the trivial automaton with one state
and no transitions, so that nothing has to be defined.

Now suppose that n > 1. Take any non-root vertex v of I'; we have to define
the action of the letter a, on the elements of the interval ru. If s and d are
respectively the son and the daughter of r, the interval ru is the disjoint union
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Fig. 6. A faithful interval marking of the tree from Fig.5

of sy and du. If v # s and v # d, then v is a non-root vertex in one of the
subtrees I's or Iy. These two cases are symmetric, so that we may assume that
v belongs to I's. By the induction assumption applied to I's and its marking
induced by p, the action of a, is already defined on the states from the interval
sp; we extend this action to the whole interval ru by setting y.a, := y for each
y € du.

It remains to define the action of the letters as and ay. Again, by symmetry,
it suffices to handle one of these cases, so that we define that action of a,. If s
has no nephew in I, then d is a leaf and du = [m] for some m € N. Then we let
z.as := m for each x € ry. Otherwise let ¢t be the nephew of s. The subordination
condition (S1) implies that there exists a 1-1 homomorphism &: I, — . It is
easy to see that the intervals (€£)u, where ¢ runs over the set of all leaves of the
tree I}, form a partition of the interval su. Now we define the action of as on spu
as follows: if a number = € su belongs to (££)u for some leaf ¢ of I'; and £y = [y]
for some y € N, we let x.as := y.

By the induction assumption applied to the subtree I'; and its marking
induced by u, the action of the letter a; is already defined on the states from
the interval du; now we define the action of as on du by setting y.as := y.a; for
all y € du. This completes our construction.

The reader may find it instructive to work out Construction T2A on a con-
crete example. For the tree from Figs.5 and 6 used for illustrations above, com-
puting all 12 input letters of the corresponding automaton would be rather
cumbersome but one can check, for instance, that the letters as and aq act on
the set [1,7] as follows:

(1234567 (1234567
%=\6666667) “~\1112345)"

Those who prefer a complete example can look at the DFA &3 from Example 2:
the automaton was in fact derived by Construction T2A from the respectful tree
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Fig. 7. The tree behind the automaton &3

with 3 leaves shown in Fig. 7. In particular, this explains our choice of notation
for the input letters of &3 that perhaps had slightly puzzled the reader when she
or he encountered this automaton in Sect.2. By the way, the flip-flop in Fig.3
also can be obtained by Construction T2A (from the unique tree with 2 leaves).

Observe that all automata constructed from different markings of the same
respectful tree are isomorphic since passing to another marking only results in a
change of the state names. Taking this into account, we omit the reference to u
in the notation and denote the automaton derived from any marking of a given
respectful tree I' simply by <7 (I").

We say that two DFAs & = (Q,X,0) and & = (Q, A, () are syntactically
equivalent if their transition monoids coincide. Now we are ready for the main
result of this section.

Theorem 4. 1. For each respectful tree I', the automaton <7 (I") is a minimal
completely reachable automaton.

2. Every minimal completely reachable automaton is syntactically equivalent to
an automaton of the form o/ (I') for a suitable respectful tree I.

3. Every minimal completely reachable automaton with n states has at least 2n—2
input letters.

Claims 1 and 2 in Theorem 4 are essentially equivalent to the main results
of the papers [3,4] by the first author who has used a slightly different construc-
tion expressed in the language of transformation monoids: given a marking of a
respectful tree I" she constructs the transition monoid of &/ (I") rather than the
automaton itself. Claim 3 is new but we have not included its proof here due
to the space limitations because the only proof we have at the moment requires
reproducing several concepts and results from [3,4] and restating them in the
language adopted in the present paper. It is very tempting to invent a direct
proof of this claim that would bypass rather bulky considerations from [3,4].

Theorem 4 leaves widely open the question about lower bounds for syntactic
complexity of completely reachable automata with restricted alphabet. In par-
ticular, the case of completely reachable automata with 2 input letters both is of
interest and seems to be tractable. The latter conclusion follows from our analy-
sis of completely reachable automata with 2 input letters at the end of Sect.3
which demonstrates that such DFAs have rather a specific structure.
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We say that a DFA & = (Q, X, 9) induces a DFA 4 = (Q, A,() on the
same state set if the transition monoid of & contains that of B. Equivalently,
this means that for every letter b € A, there exists a word w € X* such that
¢(q,b) = d(q,w) for every ¢ € Q. This relation between automata plays an
essential role in the theory of synchronizing automata, see, e.g., [2]. With respect
to completely reachable automata, the following question is of interest: is it
true that every completely reachable automaton induces a minimal completely
reachable automaton? In other words, is it true that an automaton of the form
&/ (I") ‘hides’ within every completely reachable automaton?

5 More Open Questions

Since completely reachable automata are synchronizing, it is natural to ask what
is the maximum reset threshold for completely reachable automata with n states.
In view of Example 1, the lower bound (n—1)? for this maximum is provided by
the Cerny automata %,. For completely reachable automata with 2 input letters
this bound is tight because, except for the flip-flop, such automata have a letter
that acts as a cyclic permutation of the state set, and therefore, Dubuc’s result
[10] applies to them. Some partial results about synchronization of completely
reachable automata can be found in [9], but the general problem of finding the
maximum reset threshold for completely reachable automata with n states and
unrestricted alphabet remains open.

The problem discussed in the previous paragraph basically asks what is the
minimum length of a word that reaches a singleton. For completely reachable
automata, a similar question makes sense for an arbitrary non-empty subset.
Thus, we suggest to investigate the minimum length of a word that reaches
a subset with m element in a completely reachable automaton with n states
as a function of n and m. Don [9, Conjecture 2] has formulated a very strong
conjecture that implies the upper bound n(n — m) on this length. Observe that
if this upper bound indeed holds, then completely reachable automata satisfy
the Cerny conjecture. To see this, take a completely reachable automaton & =
(Q, X)) with n states; it should possess a letter a € X such that g.a = ¢’.a for
two different states ¢,¢' € Q. If a word w € X* of length at most n(n — 2) is
such that Q.w = {q,¢'}, the word wa is a reset word for & and has length at
most n(n —2) + 1= (n—1)=%

Another intriguing problem about completely reachable automata suggested
by the theory of synchronizing automata is a variant of the Road Coloring Prob-
lem. We recall notions involved there. A road coloring of a finite graph I consists
in assigning non-empty sets of labels (colors) from some alphabet X' to edges of I'
such that the label sets assigned to the outgoing edges of each vertex form a par-
tition of X'. Colored this way, I" becomes a DFA over X; every such DFA is called
a coloring of I'. Figure 8 shows a graph and two of its colorings by X' = {a, b},
one of which is the Cerny automaton 4;. The Road Coloring Problem, recently
solved by Trahtman [17], had asked which strongly connected graphs admit syn-
chronizing colorings, i.e., colorings that are synchronizing automata. It turns
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Fig. 8. A graph and two of its colorings

out that, as it was conjectured in [1], the necessary and sufficient condition for a
strongly connected graph to possess a synchronizing coloring is that the greatest
common divisor of lengths of all directed cycles in the graph should be equal
to 1. The latter property is called aperiodicity or primitivity.

An analogous question makes sense for completely reachable automata.
Namely, call a coloring of a graph completely reachable if it yields a completely
reachable automaton. Our problem then consists in characterising graphs that
admit completely reachable colorings. Such graphs must be strongly connected
and primitive since every completely reachable automaton is strongly connected
and synchronizing. However, it is easy to produce an example of a strongly con-
nected primitive graph that has no completely reachable coloring; such a graph
is shown in Fig.9 on the left. Moreover, there are interesting phenomena that
have no parallel in the theory of synchronizing automata; for instance, there
exist graphs that have no completely reachable coloring with 2 letters but admit
such a coloring with 3 letters; an example of such a graph is presented in the
center of Fig. 9 while the corresponding coloring is shown on the right.

a
80=0

Fig. 9. The left graph has no completely reachable coloring; the central graph has no
completely reachable coloring with 2 letters but has a completely reachable coloring
with 3 letters shown in the right
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Abstract. We outline results and open problems concerning partition-
ing of integer sequences and partial orders into heapable subsequences
(previously defined and established by Byers et al.).

Keywords: Heapable sequences * Posets

1 Introduction

Suppose ai,as,...,a, is a sequence of integers. Can one insert the elements
of the sequence, successively, as the leaves of a binary tree that satisfies the
min heap property? This is possible, for instance, for sequence 132765 4
but not for sequence 54 3 2 1. Byers et al. [1] (who introduced the notion),
called such a sequence heapable. They provided a polynomial time algorithm to
recognize heapability (though, interestingly, complete heapability, i.e. heapability
on a complete binary tree is NP-complete).

One can view the notion of heapability as a (parametric) relaxation of the
notion of monotonicity. Indeed, heapability of a sequence requires the fact that
the smallest element comes first. The next two elements may, however, arive in
any order and the constraints on element ordering become progressively looser.
The view of heapability as a generalization of monotonicity, connects the study of
heapable sequences to the rich theory built in connection with longest increasing
subsequence [2].

In [3] we studied the partition of random permutations into heapable
sequences. Similar results were obtained independently in [4]. Perhaps the most
exciting finding was the scaling of the number of classes in a partition of a ran-
dom permutation into heapable subsequences, conjectured to scale as ¢ - In(n),
with ¢ the golden ratio: in Sect.5 we explain and motivate this conjecture.

This extended abstract continues this line of inquiry. We present some results
and outline several open questions related to the problem of extending notions
related to heapability from numbers to partial orders. More topics will be men-
tioned in the conference presentation.
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2 Preliminaries

A (binary min-)heap is a binary tree, not necessarily complete for the purposes
of this paper, such that A[parent[z]] < A[z] for every non-root node z. If instead
of binary we require the tree to be k-ary we get the concept of k-ary min-heap.

A partially ordered set P = (X, <) is called k-heapable if there exists some
k-ary tree T" whose nodes are in bijection with the elements of X, such that for
every non-root node X; and parent X;, X; < X; and j < 7. In particular a
2-heapable partial order will simply be called heapable.

We easily recover the case of permutations, dealt with in [3], as follows: given
permutation w € S,,, we define partial order < on {1,2,...,n} by i < jiff i < j
and 7[i] < 7[j].

The height of partial order P, denoted by h(P), is the length of the longest
chain (totally ordered subset) of P. The width of P is defined as the size of the
largest antichain of P. By Dilworth’s Theorem [5], w(P) is equal to the small-
est number of elemenst in a partition of P into chains. Finally, the dimension
of P is the smallest number 7 such that the partial order is the intersection of r
permutations.

Ezample 1. Let X = {I, I5,... I} be a finite set of closed intervals on the real
line, with the partial order I < J given by end(I) < start(J). By the Gallai
theorems for intervals [6], height(P) is equal to the minimal number of points
that pierce (i.e. intesect) every interval in P. On the other hand width(P) is
equal to the maximum cardinality of a set of intervals with nonempty joint
intersection.

We give a parametric generalization of height(P) and width(P) as follows:

Definition 1. Given an integer k > 1, a subset Q C P is a k-chain if nodes
of Q are the vertices of a k-ary <-ordered subtree of P (not necessarily induced).

The k-height of P is defined to be the size of the largest k-ary chain of P.
The k-width of P is defined as the minimal number of classes in a partition
of P into k-chains.

We will employ random models of partial orders of fixed dimension. A com-
plete discussion is beyond the scope of the paper [7]. Instead, we recall the
following popular model P4(n) [8]: given constant d > 1 we choose random par-

tial order < as the intersection of d permutations 1, m, ..., 74 chosen uniformly
at random with repetitions from S,,. In other words, given i,j5 € {1,2,...,n}
define

1 <7 <= m() <m(j),m(i) < m2(jf),...,ma(t) < wq(4)-

An equivalent mode to generate a partial order P from P4(n) is the following:
choose n points Py, Py, ... Py,,, P, = (z%,...,2%), uniformly at random from the
hypercube [0, 1]¢. Define

i =<7 <= m(i) <m()), () < m2(4),...,ma(i) < 7q(4).

We will refer to this alternate description as model (II).
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3 The Computational Complexity of Generalized Height
and Width

Open Problem 1. What is the computational complexity of the following deci-
ston problem:

— [GIVEN:] Partial order P = (X, <) and integer r > 1.
- [TO DECIDE:] Can X be partioned into at most v k-chains? That is, is
inequality k-w(P) < r true?

Even the case k = 1 (a.k.a. the longest heapable subsequence of a random
permutation) is still open [1]. In contrast, the k-width of a finite partial order
can be computed in polynomial time:

Theorem 1. For every fired k > 1 there is a polynomial time algorithm that,
given finite partial order P = (X, <) as input, computes the value k-w(P).

Proof. Define the following boolean integer programming problem: define a vari-
able X, , for every pair p < ¢ € P. Intuitively X,, ;, = 1 if p is the parent of ¢ in
the k-chain decomposition of P, 0 otherwise.

Every integral solution to this system correponds to a decomposition of P
into k-ary trees: indeed, every node has at most one parent in the decomposition
induced by variables X, ; = 1, and at most k children.

Since in each tree the number of edges is one less than the number of vertices,

in any decomposition of P into k-chains, the number of such chainsis n—>" X, 4.
p=<q
So to compute the k-width of P we have to solve the following integer

program:

maz () an)

p=q

> Xpe<1lVgeX

p:p=q

Xpq €{0,1}

Consider the linear programming relaxation of the system above, obtained
by replacing condition X, , € {0,1} by X, ; > 0. The matrix of the system is
totally unimodular, since it coincides with the vertex-edge incidence matrix of
the bipartite graph induced by partial order <. Such bipartite matrices are well-
known to be totally unimodular [9]. So linear programming will find an integral
solution to the system in polynomial time. a

Remark 1. The argument above owes much to a discussion with Janos Balogh
from Szeged: we told him a restricted version of the problem, that of scheduling
intervals on binary trees. This amounts to the setting of Example 1. At the time
we had a direct (somewhat complicated) proof of this special case. He came up
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with a (different but related) argument, using network flows. Subsequently we
came with this third proof for the general setting, obviously related to his.

Both our original argument and his extend to the general case, and will be
jointly presented somewhere else. In retrospect, the fact that there are several
distinct proofs is not surprising: Theorem 1 is obviously related to Dilworth’s
Theorem, and the three existing proofs (direct, using network flows, using linear
programming) can be seen as extensions of the corresponding arguments for
proving this latter result.

4 The Asymptotic Behavior of the Average k-height
and k-width

The problem of computing the 1-width of a random partial order of dimension
2 is a variant of the classical problem of computing the longest increasing sub-
sequence of a random permutation. The correct asymptotic behavior is 24/n,
[10-13] and substantially more is known.

The (1-)width and (1-)height of a partial order have also been studied in other
dimensions: notable partial results are due to Winkler [8], who showed that the
correct order of magnitude for the height of a partial order of dimension k is
O(n'/*). Further results were obtained by Brightwell [14].

As for the height, the 1-height of a d-dimensional partial order was consid-
ered by Winkler [8], and then determined by Bollobas and Winkler [15] to be
approximately ¢ - n'/* for some constant ¢ > 0.

In [3] we gave a simple simple lower bound valid for all values of the
k-width(P), where P is a random permutation of width 2. We extend this argu-
ment to all dimensions as follows:

Theorem 2. For every fized k,n,d > 1

In*=1(n)
(k—1)

Proof. For P € Py(n), generated according to model (II) as a sequence of random
points P = (Py, Py,..., P,) € [0,1]% we define the set of its minima as

Epcp,n)k-w(P)] > (1+0(1)). (1)

Min(P)={j€n]: P, < P;jfornol<i<j}

Clearly k-width(P)> |Min(P)|. Indeed, every minimum of P must determine
the starting of a new heap, no matter what k is. Now we use an inequality proved
by Winkler [8]:

n*~1(n
Erer,ol|Min(P)] = G5 + (L4 o(D),
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Open Problem 2. Is there a constant ci g > 0 such that

i Epepam[k-w(P)]
1m
n—0o0 In*k=1(n)

= Ck,d ? (2)

As for the k-height, a result from Byers et al. can be recast as h(P) = n—o(n)
for almost all w € S,,. We easily generalize this result to random d-dimensional
partial orders as follows:

Theorem 3. For all d > 2,k > 1 and almost all permutations P € Py(n) we
have k-h(P) =n — o(n).

Proof. A straightforward adaptation of the argument of Byers et al. [1]. Rather
than with k-dimensional permutations, we will work with random points in [0, 1]¢
(model II).

First one shows that w.h.p. k-h(P) = £2(n), using a similar idea to the one
in [1]: we consider division of P into subcubes [0,1/2]% and [1/2, 1]%, respectively.
Let A; be the suborder of P determined by the restriction to the first n/2
elements and first subcube. W.h.p. LHS(A;) = ©(n'/?®). This follows from the
result of Bollobds and Winkler [15], together with the result of Bollobas and
Brightwell [16], that provides concentration of measure for LIS(A;).

Now we organize the subsequence A; into a k-ary tree W with Q(nl/ ) leaves
and continue to add elements of subsequence As, correponding to points in the
second half; we assume we add elements greedily, in the first possible subheap
rooted at a node of A; on the frontier of W, stopping when we can no longer
place a node in the tree. With high probability this happens after adding 2(n)
nodes from As: to see this we employ the observation that the stopping of the
algorithm implies the existence of a decreasing sequence of Ay of size £2(n'/?).
We then apply the concentration inequality [16] for LDS(As).

For the second, rescaled part of the proof, we search for constants o, 3 > 0
such that w.h.p. the subsequence By, consisting of points among the first n® ones
that belong to the rectangle [0,n?]¢ has w.h.p. k-width 2(n'/4+€). For this to
happen, we take «, 3 so that & —d - 3 > 1/d. It is always possible to find some
positive a, 8 with this property, e.g. « =1 — 2%, 0= ﬁ. Now subsequence Bs
consisting of numbers in the rectangle [n=?,1]¢ among the last n — n® ones has
w.h.p. its LDS of size ©(n'/?). Thus sequence By can w.h.p. be placed in its
entirety on the tree W. Ther remaining parallelipipeds have o(1) volume, hence
a sublinear number of points. The rest of the details are as in [1]. O

Let us note that a random d-dimensional partial order P can be regarded,
by definition, as a subset (thinning) of a (d — 1)-dimensional partial order @:
if P, Ps,...,P; are the permutations defining P, simply define @ to be the
intersection of Py, Ps, ..., Py_1. So the previous result can be interpreted as the
statement that no constant amount of thinning is enough to reduce the width
of a random permutation to sublinear.
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5 The Special Case d = 2

In the special case of heapable sequences and random permutations (d = 2) we
have better insights on the constants cj ¢ from the above open problem:

Conjecture 1. We have ¢z 2 = ¢, with ¢ = % the golden ratio. More generally
1
o’

where ¢, is the unique root in (0,1) of equation X* + X*~1 4+ .. + X = 1.

3)

Ck,2 =

Open Problem 3. Prove this conjecture.

In the next session we sketch some of the experimental and nonrigor-
ous theoretical evidence for this result. The calculations are nonrigorous,
“physics-like”, and have yet to be converted to a rigorous argument.

5.1 The Connection with the Multiset Hammersley Process

One of the most rewarding ways to analyze the asymptotic behavior of the LIS
of a random permutation is the connection with a model from Nonequilibrium
Statistical Physics called the Hammersley process.

The easiest way to describe the Hammersley process is via a sequence of ran-
dom numbers X1, Xs3,..., X, ... € (0,1) (note that this combinatorial descrip-
tion is good for our purposes; the general Hammersley process assumes a unit
intensity Poisson process on the real line).

We interpret X;’s as particles. At each moment the insertion of a new particle
removes (kills) the smallest (if any) particle X;, X; > X;. Intuitively, particles
correspond to pile heads in patience sorting, a well-known algorithm for comput-
ing LIS. The piles are nondecreasing, hence putting a new particle on a pile with
head X; “kills” X;. Particles that are the largest at the moment when inserted
do not kill any particle but simply start a new pile.

A sequence Y of n random particles corresponds naturally to a random n-
dimensional permutation. The live particles in the Hammersley process corre-
spond to piles in patience sorting. Therefore LIS(Y) is equal to the number of
live particles.

The correspondance between live particles and trees in an optimal decom-
position of a random permutation carries on to the framework of heapability as
well, with a twist: the multiset generalization of the Hammersley process (defined
in [3] and denoted by HADy,) sees every particle come with a fixed number of k
lives. A particle does X; does not kill outright the smallest particle X; > X;: it
simply removes one of its lives.

The infinite-time limit of the multiset Hammersley process with two lives
(so-called hydrodynamic behavior [17]) seems experimentally to be the so-called
compound Poisson process. This can be understood combinatorially as follows:
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— At stage n the “typical” configuration of the H AM, process is characterized
by n particles holding 0,1 or two lives.

— The number of particles holding A lives, for A € {0,1,2} is approximately
equal to dy - n, for some constants 0 < dy < 1. That is, the global density of
particles with A lives converges asymptotically to dy.

— Moreover, particles with A lives are distributed approximately uniformly at
random throughout interval (0,1), so that the relative densities are valid not
only globally, but throughout each bin.

The heuristic explanation given above is confirmed experimentally by Fig. 1.
Here we have divided interval (0,1) into 200 bins, and we plot the relative densi-
ties (for each bin, represented on the x axis as the corresponding point in [0,1])
of average number of particles in that bin holding 0,1,2 lives, respectively. We
simulated each realization of the HAMs; process for 100.000 steps, and aver-
age each value over 100 realizations. The densities seem to be approximately
constant among bins. Moreover dy = dy ~ 0.38..., whereas d; ~ 0.23.... End
bin differences appear to be simulation artifacts: larger simulations reduce this
difference.

0.40 . : -
e—e Zzeros
HMM‘ e—e oOnes (
—-e twos
035} WIS - : , : S —— —
w
(%)
(=2 H H
© 1 H
€ 030} i . B . . .. . . i
(7] :
4
g
0.25
0.20 i i l
] 50 100 150 200
Bins

Fig. 1. Relative densities of particles in the HAM> process. (Color figure online)

But what are constants dgy, dy,ds? Clearly dy + d1 + d2 = 1. The number of
particles with two lives grows by one at each step. On the other hand, except in
the (probabilistically rare) cases the new particle is the largest live one, it takes
a life from a particle counted by d; or ds. Assuming well-mixing the probability

that it takes a life of particle with two lives is dldf 7 - We get, therefore, a “mean-
field” equation for ds:
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do

do=1-— . 4

? di +ds @)

As for dy, the flow into d; has rate dldf T However, with probability ﬁ there

is a flow from d; to dy, decreasing d;. The “mean-field” equation for d; is:

dy —dy

= 5

! dy + do ( )

Solving the system of equations for dg, dy, ds yields

3-5
2
a prediction matching the experimental evidence in Fig. 1.
So how does this hydrodynamical limit predict the claimed scaling behavior,
E[2 - w(P)] ~ 1557
In the compound Poisson process the density of live particles is d; + do =

\/52_1. If the first n particles were sampled ezxactly from this distribution, the

expected value of the largest live particle would be 1 — @ . % A new particle
would start a new heap precisely when it is larger than all live particles (hence

do =dy = ~0.381...,d =vV5—-2~0.236... (6)

it does not kill anyone). The probability of this happening is @ . % Thus,

“on the average”, in the first n + 1 stages the number of created heaps is

Vb4 1
2

1+ H, =¢In(n) + O(1),

with H, the Harmonic number. Since process HAM; is asymptotically a com-
pound Poisson process, we expect the high-order terms to be correct. Similar
but more complicated calculations can be performed in the case d = 2 with k
arbitrary.

6 High-Dimensional Permutations

Linial has initiated [18], under the slogan of “high dimensional combinatorics”, a
multidimensional analog of permutations. A p-dimensional permutation of order
nisanxnx...xn=[n]PT! array of 0/1 values in which each line (obtained
by setting p indices to values in [n] and leaving free the remaining coordinate)
contains ezactly a one. Ordinary permutations correspond to the one-dimensional
case, whereas two-dimensional permutations are essentially latin squares.

Recently, Linal and Simkin [19] have considered notions of monotonicity in
high-dimensional permutations, proving a high-dimensonal analog of the Erd&s-
Székeres theorem. They studied afterwards the scaling of LIS of a random mul-
tidimensional permutation, obtaining the scaling E[LIS(7)] = ©(nP/P*+1) for a
random p-dimensional permutation.

Open Problem 4. Study the heapability (2-width and 2-height) of random
high-dimensional permutations.
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7 Partition into (un)equal Parts: Entropy
and Compression

So far we have been interested into the partition of a sequence of numbers into
a minimal number of k-chains.

One may want, instead, a partition that insists on parts as equal/unequal as
possible. Porfilio [4] showed that the problem of dividing a sequence of integers
into a number of equal parts is NP-complete.

One may look for the opposite kind of division, that into mostly unbalanced
parts. One way to measure the imbalance is via entropy of the distribution
induced on the poset by a partition into k-chains. Of course, of all distributions
with finite support the uniform distribution has the largest entropy. Minimizing
entropy is an objective of recent interest in combinatorial optimization [20-26].

Open Problem 5. Study the complezity of partitioning a poset P into k-chains
leading to a distribution of minimal entropy.

The open problem is easily seen to be related to the minimum entropy col-
oring problem for interval graphs. Chromatic entropy is a natural measure with
important applications to coding [20,27,28].

On the other hand we can state the following natural greedy algorithms:

— for k = 1,d = 2: compute a longest increasing subsequence L, of P using
patience sorting (or dynamic programming).

— for other values of pair (k, d): use instead the Byers et al. algorithm for finding
a longest heapable subsequence with n — o(n) elements.

— remove L from P and proceed recursively.

Open Problem 6. Can one give guarantees on the approximation performance
of these algorithms?

Finally, the decomposition of permutations into components (e.g. runs) forms
the basis of the recent theory of data structures and methods for compressing
permutations [29,30] and partial orders. A question that arose during a conver-
sation with Travis Gagie at CPM’2015, and that we would like to state here as
an open question is

Open Problem 7. Is the decomposition of sequences into trees, of the sort
employed in computing the 2-width of a partial order, relevant to compression as
well?

Acknowledgments. This research has been supported by CNCS IDEI Grant PN-
II-ID-PCE-2011-3-0981 “Structure and computational difficulty in combinatorial opti-
mization: an interdisciplinary approach”.
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Abstract. We survey recent results on the descriptional complexity of
self-verifying finite automata. In particular, we discuss the cost of simu-
lation of self-verifying finite automata by deterministic finite automata,
and the complexity of basic regular operations on languages represented
by self-verifying finite automata.

1 Introduction

A self-verifying finite automaton is a nondeterministic automaton whose state
set consists of three disjoint groups of states: accepting states, rejecting states,
and neutral states. On every input string, at least one computation must end
in either an accepting or in a rejecting state. Moreover, there is no input string
with both accepting and rejecting computations.

The existence of an accepting computation on an input string proves the
membership of the string to the language. This is the same as in a nondeter-
ministic finite automaton (NFA). However, in a self-verifying finite automaton
(SVFA), the existence of a rejecting computation definitely proves that the input
is not in the language. This is in contrast with NFAs, where the existence of a
non-final computation leaves open the possibility that the input may be accepted
by a different computation. Thus, even if the transitions are nondeterministic,
when a computation of an SVFA ends in an accepting or in a rejecting state, the
automaton “can trust” the outcome of that computation, and accept or reject the
input. The name “self-verifying” comes from this property. SVFAs were intro-
duced in [4], and were considered mainly in connection with probabilistic Las
Vegas computations. However, as pointed in [8], they are also interesting per se.

Every SVFA can be converted to an equivalent deterministic finite automa-
ton (DFA) by the standard subset construction [19]. On the other hand, every
complete DFA may be viewed as a self-verifying finite automaton with all the
final states being accepting, and all the non-final states being rejecting. Hence
SVFAs recognize exactly the class of regular languages.

From the descriptional point of view, every n-state NFA can be simulated
by a DFA of at most 2™ states [19]. This bound is known to be tight in the
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binary case [5,14,18]. However, Assent and Seibert [1] proved that in the DFA
obtained by applying the subset construction to an SVFA some states must be
equivalent. As a consequence, they obtained an upper bound for the conversion
of self-verifying automata to deterministic automata in O(2"/y/n). Later this
result was strengthened in [11], where the tight bound for such a conversion was
given by a function g(n) which grows like 3"/3. The witness languages meeting
the bound g(n) were defined over a binary alphabet.

The investigation of self-verifying automata was further deepened by Jirdsek
et al. [9]. Using the tight bound g(n) from [11], it was shown that a minimal
SVFA for a regular language may not be unique. Then the authors introduced an
sv-fooling set lower bound technique for the number of states in SVFAs. Using
this technique, they obtained tight upper bounds on the complexity of reversal,
boolean operations, star, left and right quotients, and asymptotically tight upper
bound for concatenation of languages represented by SVFAs.

Here we survey these results. We deal with SVFA-to-DFA conversion in
Sect. 2, and discuss the complexity of basic regular operations on SVFAs in
Sect. 3. To conclude this introduction, let us recall some basic notions and pre-
liminary results. For further details, the reader may refer to [21].

All DFAs in this paper are assumed to be complete, and NFAs have a
unique initial state. Sometimes we also consider NNFAs — nondeterministic
finite automata with a nondeterministic choice of the initial state [22] — where
we admit multiple initial states.

A self-verifying finite automaton (SVFA) is a tuple A = (Q, X, 9, s, F*, F"),
where @), X, 9, and s are the same as in an NFA, F'* is the set of accepting states,
F" is the set of rejecting states, and F* N F" = (J; the remaining states in Q are
called neutral. It is required that for each input string w in X*, there exists at
least one computation ending in an accepting or in a rejecting state, and there
are no strings w such that both §(s,w) N F* and §(s,w) N F" are nonempty.

The language accepted by the SVFA A, denoted as L*(A), is the set of
all input strings having a computation ending in an accepting state, while the
language rejected by A, denoted as L"(A), is the set of all input strings having
a computation ending in a rejecting state. It follows directly from the definition
that L*(A) = (L"(A)) for each SVFA A. Hence, when we say that an SVFA A
accepts a language L, we mean that L = L*(A) and L® = L"(A).

The state complezity of a regular language L, sc(L), is defined as the smallest
number of states in any DFA for L. The state complexity of a reqular operation
is the maximal state complexity of languages resulting from the operation, con-
sidered as a function of the state complexities of the operands. Similarly, the
nondeterministic state complezity and self-verifying state complezity of a regu-
lar language L, denoted by nsc(L) and svsc(L), is defined as the smallest number
of states in any NFA (with a unique initial state) and SVFA, respectively, for L.

Every NNFA A = (Q,X,4,I,F) can be converted to an equivalent DFA
A= (29,5, I,F"), where R-a = §(R,a) for each R in 2% and each a in ¥,
and F' = {R € 29 | RNF # ()} [19]. The DFA A’ is called the subset automaton
of the NFA A. Let us recall two observations from [8,11].
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Proposition 1 ([8,11]). Let a language L be accepted by an n-state SVFA. Then
the languages L and L€ are accepted by n-state NFAs. a

Proof. Let L be accepted by an SVFA A = (Q,X,0,s, F* F"). Then L is
accepted by NFA (Q, X, 4, s, F'*), while L€ is accepted by NFA (Q, X, 4§, s, F"). O

Proposition 2 ([8,11]). Let languages L and L€ be accepted by an m-state and
n-state NNFAs, respectively. Then svsc(L) < m +n+ 1. O

Proof. Let L be accepted by an m-state NNFA N = (Q,X,§,I,F) and L°
be accepted by an n-state NNFA N’ = (Q',X,§',I',F’). Then we can get
an SVFA A for L with m + n + 1 states from NFAs N and N’ as follows.
We add a new initial state s going to 6(I,a)Ud'(I’,a) on each a in X. The state
s is accepting if € € L, and it is rejecting otherwise. All the states in F' are
accepting in SVFA A, and all the states in F’ are rejecting in A. O

2 SVFA-to-DFA Conversion and Minimal SVFAs

The SVFA-to-DFA conversion was first studied by Assent and Seibert [1]. Then
Jirdskovd and Pighizzini [11] obtained a tight upper bound for such a conversion.

Proposition 3 ([1, Theorem 2.1]). Every n-state SVFA can be converted to
an equivalent DFA of at most O(2™//n) states.

Proof (Proof Idea). If S and T are two reachable subset of the subset automaton
of an SVFA A such that S C T, then S and T are equivalent. This gives an upper

bound (Ln7/l2j) € 0(2"/y/n). O

Theorem 4 ([11, Theorem 9]). Every n-state SVFA can be converted to an
equivalent DFA of at most g(n) states, where

1+ 3(=1/3 ifnmod3 =1 andn >4,
14+4-30-5/3  ifnmod3=2andn > 5,
1+2-3(”_3)/3, ifnmod3=0andn >3
n, if n < 2.

g(n) = (1)

)

Moreover, the bound g(n) is tight, and can be met by a binary n-state SVFA.

Proof (Proof Idea). To an n-state SVFA A, we assign an undirected graph G(A)
whose vertex set is @), and which contains an edge {p, ¢} if and only if two com-
putations starting from p and ¢ cannot give contradictory answers on the same
string. Then each reachable subset in the subset automaton of A is represented
by a clique in G(A). Moreover, if S and T are two subsets such that SUT is a
clique in G(A), then S and T are equivalent [11, Lemma 4]. Hence the number of
states in the minimal DFA for L(A) is given by the number of maximal cliques
in G(A). Next, in G(A) there is exactly one maximal clique containing the initial
state of A. This results in at most 1+ f(n — 1) states, where f(n) denotes the



32 G. Jirdskova

Fig. 1. The witnesses for SVFA-to-DFA conversion; n = 13,12, and 14.

maximum number of possible maximal cliques in a graph with n nodes and, as
shown by Moon and Moser [17, Theorem 1], we have f(n) = 3™/ if n mod 3 = 0,
f(n) =4-3/31=1if nmod 3 = 1, and f(n) = 2-3"/3 if n mod 3 = 2. This
gives the upper bound. For tightness, let A = (Q,{a,b},d,qo, F*, F"), where
n =1+3m and m > 2, see Fig. 1 (left) for m = 13, be an automaton defined by

Q={a}U{(i,j) 10<i<2,1<j<m},

6((107 a) =6(qo,b) = {(07 1)’ (0’ 2),..., (O’m)}v

and for all 4,5 with 0 <i<2and 1 <j<m,

. 1,7+ 1)} if j <m,

2 5), ) = {}EO, 1)}, ) otherwise,

6((4,7),b) = {((i + 1) mod 3, j)},

F* = {qo,(0,m)}, and F" = {(1,m),(2,m)}.
It is shown in [11, Lemma 8] that A is an SVFA whose minimal DFAs requires
g(n) states. To get witnesses for n = 3k or n = 3k + 2, we modify the SVFA A
as shown in Fig. 1 (middle and right). O

Thus if we know that the minimal DFA for a language L has more then g(n)
states, then by Theorem4, every SVFA for L must have at least n + 1 states.
We use this result to show that a minimal SVFA may not be unique.

Example 5. Consider the two 7-state non-isomorphic SVFAs shown in Fig. 2.
Apply the subset construction to both of them. In both cases, the subset

Fig. 2. Two non-isomorphic minimal SVFAs for the language (a 4 b)*a(a + b)%.
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automata restricted to the reachable states are the same. These subset automata,
and therefore also the two SVFAs, accept the language (a + b)*a(a + b)?, the
minimal DFA for which has 8 states. Since we have g(6) = 7, every SVFA for
this language has at least 7 states. Hence both SVFAs in Fig. 2 are minimal. O

3 Lower Bound Methods and Operations on SVFAs

To prove that a DFA is minimal, we only need to show that all its states are
reachable from the initial state, and that no two distinct states are equivalent. To
prove minimality of NFAs; a fooling set lower bound method may be used [2,6].
A fooling set for a language L is a set of pairs of strings {(u1,v1),..., (tn,v,)}
satisfying two conditions:

(i) for each 4, u;v; € L, and

(ii) if 4 # 7, then w;v; ¢ L or ujv; ¢ L.

In the case of SVFAs, we change the two conditions. The first condition can
be removed since we have either an accepting or rejecting computation on every
string. Before modifying the second condition, consider the following example.

b

a,b a,b
1 2 3

a

Fig. 3. An NFA for the language L in Example6.

Example 6. Let L be accepted by the 3-state NFA shown in Fig. 3. Let A be an
SVFA for L. Let us show that A has at least 6 states. Consider the following
pairs of strings:

(ug,v1) = (a®,a%)  Acc (ug,v4) = (a®ba,a®) Rej
(ug,v9) = (a®b,a)  Acc (us,v5) = (a,a) Rej
(ug,v3) = (a?b?,e) Acc (ug,ve) = (ab, ) Rej

The strings u1v1, usvs, and ugvs are in L, while uqvy, usvs, and ugvg are not
in L, so we must have accepting and rejecting computations in A on these strings:

s 5 p1 = f1 € FO, s~ py —5 fr € F,
s~ py > fo € FO, s~ ps —> fs € F7,
s 5 pg —> f3 € FO, s 5 pe —> fo € F.

Since u1vg = @, and @ is not in L, we must have p; # ps because otherwise
s - p1 = p2 L2, f2 would be an accepting computation on uius. Similarly, ujvs
and ugvs are not in L, so p1, p2, and p3 must be pairwise distinct. On the other
hand, the strings u4vs, u4vg, and usvg are in L, and therefore the states p4, ps, ps
must be pairwise distinct. Next, let 1 <4 <3 and 1 <j <3.If i < j, then u;v;

is not in L, and therefore p; # p; because otherwise s X, Dj = Dpi 2 fi would
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be an accepting computation on wu;v;. Finally, if ¢ > j, then w;v; is in L, and
therefore p; # p;. Thus all the state p; are pairwise distinct, so the SVFA A has
at least 6 states. O

Notice that in the previous example, we were able to interchange the right
sides of two pairs (u;,v;) and (u;,v;) so that at least one of the resulting strings
u;v; and u;v; had a “different finality” than the concatenations u;v; and w;v;,
respectively. We formalize this in the following definition.

Definition 7. A set of pairs of strings F = {(u1,v1), (uz,v2),..., (Uun,vn)}
is called an sv-fooling set for a language L if for all i,j with i # j at least
one of the following two conditions holds:

(1) exactly one of the strings w;v; and w;v; is in L, or

(11) exactly one of the strings w;v; and w;v; is in L.

Lemma 8 (Lower Bound Method for SVFAs). Let F be an sv-fooling set
for a language L. Then every SVFA for the language L has at least |F| states.

Proof. Let A be an SVFA for the language L with the initial state s. Then for
each u;v;, there is an accepting or a rejecting computation of SVFA A on w;v;.
Fix such a computation for each u;v;. Let p; be the state in this computation that
is reached after reading u;, and let f; be the final state reached after reading v;.
Let us show that the states py,po,...,p, must be pairwise distinct.

Assume for contradiction that there are ¢ and j with ¢ # j such that p; = p;.
Then we have

s%pizpjifj and sﬁ»pj i»fj;and

Uj v Uj Vi

s—pj=pi— fi and s—p;, — fi.

It follows that there are computations on u;v; and on wj;v; that end in
state f;. Thus either both this strings are in L, or both of them are in L°.
Moreover, there are computations on w;v; and u;v; that end in state f;, so
either both these strings are in L, or both of them are in L¢. Hence neither (i)
nor (ii) in the definition of an sv-fooling set holds, which is a contradiction. 0O

Notice that the lemma above may also be applied to a model of SVFAs with
multiple initial states [11, Sect.5]. Hence if a language L is accepted by an n-
state SVFA with multiple initial states, we cannot have an sv-fooling set of size
more than n. In such a case, we can use the following observation to prove that
an SVFA with a unique initial state needs one more state.

Lemma 9. Let F = {(u1,v1), (u2,v2), ..., (Un,vn)} be an sv-fooling set for L.
For each i, let there exist a string w; such that {(u;,v;)} U {(e,w;)} is an sv-
fooling set for L. Then every SVFA for L has at least |F|+ 1 states.

Proof. For each pair in F, fix an accepting or a rejecting computation as in
Lemma 8. Then the unique initial state, reached after reading e, must be different
from all the states reached after reading the left part of any pair in F. It follows
that the SVFA has at least |F| 4 1 pairwise distinct states. O
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Ezample 10. Let us continue our previous example. Define w; = wy = w3 = a2,
wy = ws = €, and wg = a. Notice that we have
ui-a’> € Lande-a® ¢ L fori=1,2,3,
uire€Lande-e¢ Lfori=4,5,
usra¢ Lande-a€ L.
By Lemma9, every SVFA for L has at least 7 states. O

In what follows we use this simple methods to get tight upper bounds on the
self-verifying complexity of reversal, boolean operations, star, and left and right
quotients. In the case of concatenation, we get an asymptotically tight upper
bound.

3.1 Reversal

If a language L is accepted by an n-state DFA A, then the language LT is
accepted by an n-state NNFA A% obtained from A by swapping the role of the
initial and final states of A, and by reversing all the transitions. By applying the
subset construction to NNFA AP we get a DFA for LT of at most 27 states.
The bound 2™ is known to be tight [14,16], and the witness languages can be
defined over a binary alphabet [12,13].

If a language L is represented by an n-state NFA A, then we can construct an
NNFA A% for L® in the same way as for DFAs. An equivalent NFA may require
one more state. The upper bound n + 1 is known to be tight, with worst-case
examples defined over a binary alphabet [7,10]. Our next result shows that the
self-verifying state complexity of the reversal operation is given by the function
2n + 1. Notice that the reverse of our worst-case example is a generalization of
our NFA language in Example 6.

Theorem 11 ([9]). Let n > 3. Let L be a regular language over an alphabet X
with svsc(L) = n. Then svsc(LT) < 2n + 1, and the bound is tight if || > 2.

Proof. Let A= (Q,X,9,s, F*, F") be an SVFA for L. Then L is accepted by the
n-state NFA N = (Q, X, 0, s, F*), and L€ is accepted by the n-state NFA N’ =
(Q,X,0,s,F") by Proposition 1. By swapping the role of initial and final states
in NFAs N and N’, and by reversing all the transitions, we get n-state NNFAs for
languages L® and (L¢)f = (L%)¢. By Proposition 2, we have svsc(Lf) < 2n+1.
This proves the upper bound.

For tightness, let L be the language accepted by the DFA A shown in Fig. 4.
Construct an NFA A” for the language L? as described above. Denote by [i, j]
the set of integers {k | ¢ < k < j}; notice that [i,5] = 0 if ¢ > j. Consider the
following family of 2n subsets

R={[Ld|1<i<n}U{[i+1,n]|1<i<n}.

Notice that each set in R is reachable in the subset automaton of the NFA A’
from the initial subset {n — 1}. Thus for each subset S in R, there is a string
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Fig. 4. The binary witness for reversal meeting the bound 2n + 1.

ug by which the initial state {n — 1} of the subset automaton of A% goes to S.
Consider the following set of 2n pairs of strings:

F = {(u[lyiba”_i) |1<i<n}U {(u[j_s_l’n],a"_j) |1<j<n}

Let us show that the set F is an sv-fooling set for the language L.

First, notice that the string a”~* is accepted by the NFA Af from a subset
S of [1,n] if and only if the state ¢ is in the subset S. To show that F is an
sv-fooling set for L, we have three cases to consider:

(1) Let 1 <i < k <n. Then up ;) - a" % ¢ L® and up g - a" % € LR

(2) Let 1 < j < £ <n. Then upjt1, -a"* ¢ L® and U[r41,n] ~a"t ¢ LR

(3) Let 1 <i<mand1l<j<n. Here we have two subcases:

(3a) If i < j, then ujj1.p) ~a""" ¢ L% and U, ] =
(3b) If i > 4, then uy g -a" 7 ¢ LT and ULj41,n] ~a" 7 ¢ L%,

Hence we have shown that F is an sv-fooling set for the language L*. Now, we
use Lemma 9 to show that one more state is necessary for an SVFA to accept L%.
To this aim, let w; = @™~ for i = 1,2,...,n, wyj =cfor j =1,2...,n—1,
and ws,, = a. Then we have

g-a" ! ¢ L while UL, * a"'eLfifl1<i<nandn>3,

e-e¢ LR while upji1 e € LPif1<j<n—1

e -a € L while ug - a ¢ LT since n > 3.

By Lemma9, every SVFA for L? has at least 2n + 1 states. O

3.2 Boolean Operations

To get a DFA for the complement of a given regular language, we only need
to interchange the final and non-final states in a DFA for the given language.
Formally, if a regular language L is accepted by a DFA A = (Q, X, 4, s, F'), then
the language L¢ is accepted by the DFA A’ = (Q, X, 4, s,Q \ F). Moreover, if A
is minimal, then A’ is minimal as well. It follows that the state complexities of
a regular language and its complement are the same.

On the other hand, if a language is represented by an NFA, we first apply
the subset construction to this NFA, and only after that we can interchange the
final and non-final states. This gives an upper bound 2". This upper bound is
known to be tight [2,20], and witness languages can be defined over a binary
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alphabet [10]. Our first observation shows that the self-verifying complexity of
a language and its complement are the same.

Then we consider the following four Boolean operations: intersection, union,
difference, and symmetric difference. In the general case of all regular languages,
the state complexity of all four operations is given by the function mn, and
the worst-case examples are defined over a binary alphabet [3,15,19,23]. The
nondeterministic state complexity of intersection and union is mn and m+n+1,
respectively, with witness languages defined over a binary alphabet [7].

The difference and symmetric difference on languages represented by NFAs
have not been studied yet. Since both these operations require complementation,
the nondeterministic state complexities m-2" and m-2" +n-2™ of difference and
symmetric difference, respectively, could be expected. In the case of self-verifying
state complexity, we obtain a tight upper bound mn for all four operations, with
worst-case examples defined over a binary alphabet.

Theorem 12. ([9]). Let K and L be languages over an alphabet X with
svsc(K) =m and svsc(L) =n. Then
(i) svsc(L€) = n,
(i) svsc(K N L), svsc(K U L), svsc(K \ L),svsc(K @ L) < mn,
and all the bounds are tight if | X| > 2. O

Proof. (i) Let L be accepted by an SVFA A. To get an SVFA A’ for the language
L¢, we only need to interchange the accepting and rejecting states in the SVFA A.
Moreover, if A is minimal, then A’ is minimal as well.

(ii) Now we consider intersection. Let K and L be accepted by SVFAs A =
(Qa,X,04,54,F%, F}) and B = (Qp,X,0p,sp, F, Ff) of m and n states.
Construct the product automaton A x B = (Q, X, 0, s, F*, F"), where

Q=QaxQp; s=(54,5B);

F*={(p,q) |[pe Fjand g€ F} and F" = {(p,q) | p € Fj or g € F};

0((p,q),a) = da(p,a) x dp(q,a) for each (p,q) in Q and each a in X.

The product automaton A x B accepts K N L, and it is self-verifying.

For tightness, consider languages K = {w € {a,b}* | #4(w) = 0 mod m}
and L = {w € {a,b}* | #(w) = 0 mod n} accepted by an m-state and n-state
DFAs, so also SVFAs, respectively. Then the set of pairs F = {(a’b/,a™~""7) |
0<i<m-—1and 0<j<n-—1}is an sv-fooling set of size mn for K N L.

Let us continue with union and difference. Since KUL = (K°NL°)°, and self-
verifying state complexity of a language and its complement are the same, we can
get an SVFA for the union of K and L as follows. We first construct SVFAs for
K¢ and L°. Then we construct an SVFA for KN L°. Finally, we take an SVFA
for the complement of the resulting language. As witness languages, we can take
the complements of the witnesses for intersection. Similar considerations can be
done also for difference since K \ L = K N L°.

Finally, we consider symmetric difference. To get the upper bound, we con-
struct a product automaton for symmetric difference in a similar way as for
intersection. However, now the sets of accepting and rejecting states are
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F*={(p,q) |l pe F§ and g€ F3} U{(p,q) |p € F) and g € F};

Fr={(p,q) |p€ Fj and g € F3} U{(p,q) | p € F}; and q € Fy}.

This is an mn-state SVFA for the symmetric difference of given languages.

For tightness, let K and L be languages accepted by DFAs A and B shown in
Fig. 5. Construct a product automaton for K @ L as described above, and notice
that the set F = {(a’t?,a™ """ 177) |0 <i<m-—-1land0<j<n-—1}
is an sv-fooling set for the language K & L. O

a a a a,b
% b & b o b n_2 b n_l

Fig. 5. The binary witnesses for symmetric difference meeting the bound mn.

3.3 Star

The state complexity of the star operation is 3/4 - 2" with binary witness lan-
guages [10,15,23]. In the unary case, the tight bound on the state complexity of
star is (n—1)2+1 [23,24]. The nondeterministic state complexity of star is n+1,
with witnesses defined over a unary alphabet [7]. In this section we show that
the self-verifying state complexity of star is 3/4 - 2". Our worst-case examples
are defined over an alphabet which grows exponentially with n. However, for a
four-letter alphabet, we still get an exponential lower bound 27! — 1.

Theorem 13 ([9]). Let L be a language over X with svsc(L) = n. Then
(i) svsc(L*) < 3/4-2", and the bound is tight if |X| > 3/4-2" +1;
(ii) the bound 2"~1 — 1 can be met by a quaternary language.

Proof. (i) Let A = (Q,X,0,s,F* F") be an SVFA for L. If only the initial
state s is accepting, then L* = L. Assume that A has k accepting states that are
different from s. Construct an NFA A* for L* from A as follows. First, add a new
initial and final state gg and for each symbol a in X', add a transition from ¢ to
d(s,a) if §(s,a)NF* =0, and to {s}Ud(s,a) otherwise. Next, for each state ¢ in
Q@ and each symbol a, add a transition from ¢ to s on a whenever 6(q, a) N F* # .
The initial state of A* is g, and the set of final states is {go} UF®. Now consider
the subset automaton of A*. Notice that no set containing a state in F'* and not
containing s is reachable in the subset automaton. Next, we can show that the
empty set is unreachable. Hence the subset automaton has at most 27~ 42n—1-F
reachable subsets. The maximum is attained if k¥ = 1, and it is equal to 3/4 - 2"™.
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To prove tightness, consider the following family of 3/4 - 2™ — 1 subsets:
R={5|5C{0,1,....n—1}and0€ S}U{S |0 #SC{1,2,....,n—2}}.
Let X = {a,b} U{cs | S € R} be an alphabet consisting of 3/4-2" + 1 symbols.
Let L be accepted by an n-state DFA A = ({0,1,...,n — 1}, X,6,0,{n — 1}),
where the transitions are defined as follows: §(i,a) = (¢ + 1) mod n; §(0,b) = 0,
0(i,0) =i+1if1<i<n-—2 and 6(n —1,b) =n — 1; and for each set S in R,

) 0, ifi €S,

o0, es) = {n 1, ifigds.

The transitions on a and b in A are shown in Fig. 6 (top-left), and the transitions
on the symbol c(; 33 in the case of n = 5 are shown in Fig.6 (bottom-right).

@b

a,b a,b
1 m—2
a

€{1,3}

C{1,3}

Fig. 6. The witness for star; symbols a a b (top-left) and symbol ¢y 3y for n = 5.

Construct an NFA A* for the language L* as described above. Notice that
each subset in R is reachable in the subset automaton of A*, that is, for each
subset S in R, there is a string ug, by which {go} goes to the subset S. Then
the set F = {(us,cs) | S € R} is an sv-fooling set of size 3/4 - 2™ — 1 for L*.
Finally, by setting wg = e if n — 1 ¢ S and wg = b otherwise, we use Lemma9
to show that one more state is necessary in every SVFA for the language L*.

(ii) Consider the language L accepted by the quaternary DFA B shown in
Fig.7. Notice that the transitions on symbols a and b are the same as in the
DFA A above. It follows that all the subsets of {0,1,...,n — 1}, that have
been shown to be reachable in the subset automaton of A*, are reachable in
the subset automaton of B* as well. In particular, all the non-empty subsets of
{0,1,...,n—2} are reachable. Similarly as in the proof above, let ug be a string
over {a, b} by which the initial subset {go} goes to S in the subset automaton.
Our aim is to describe an sv-fooling set for L* of size 2"~! — 1. To this aim, for

every non-empty subset S of {0, 1,...,n—2}, define the string vg = vovy - - - Vp—2
of length n — 1 over {c,d} as follows:
e, ifiels,
TG i g S,

that is, the string vg somehow describes the set S, however, in a reversed order:
we can assign the symbol o (i) = ¢ to each state 7 in .S and the symbol o(i) = d to
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a,c,d a,b,c,d

Fig. 7. The quaternary DFA of a language L with svsc(L*) > 2" — 1.

each state i outside the set S, and then we have vg = 0(n—2)o(n—3) ---o(1)o(0).
Then, for every set S, the string vg is accepted by B* from every state outside
the set S, while vg is rejected by B* from every state in S. It follows that
{(us,vs) | 0 #S C{0,1,...,n—2}} is an sv-fooling set for L*. |

3.4 Left and Right Quotients

The left quotient of a language L by a string w is w\L = {z | wz € L},
and the left quotient of a language L by a language K is the language K\L =
Uwex w\L. The state complexity of the left quotient operation is 2™ —1 [23], and
its nondeterministic state complexity is n + 1 [10]. In both cases, the worst-case
examples are defined over a binary alphabet.

The right quotient of a language L by a string w is L/w = {x | xw € L}, and
the right quotient of a language L by a language K is L/K = {J,cx L/w. If a
language L is accepted by an n-state DFA A = (Q, X, -, s, F'), then the language
L/K is accepted by a DFA that is exactly the same as the DFA A, except for
the set of final states that consists of all the states g of A, such that there exists
a string w in K with ¢ - w € F [23]. Thus sc(L/K) < n. The tightness of this
upper bound has been shown using binary languages in [23].

Here we show that the self-verifying complexity of the left quotient operation
is 2™ — 1. To prove tightness, we use an exponential alphabet. Then, using a four
letter alphabet, we get a lower bound 2"~ ! — 1. Finally, we show that the self-
verifying state complexity of right quotient is given by the function g(n), where
g(n) is the tight upper bound for SVFA-to-DFA conversion given in (1) on page 3.

Theorem 14 ([9]). Let K, L C X, svsc(K) = m, and svsc(L) = n. Then
(i) svsc(K\L) < 2™ — 1, and the bound is tight if | X| > 2" + 1;
(ii) the bound 2"~! — 1 can be met by quaternary languages.

Proof. (i) Let L be accepted by an SVFA A = (Q,X,d,s, F*, F?). Then the
language K\L is accepted by an NNFA N = (Q, X, 4, I, F*), where a state ¢
is in [ if it can be reached from the initial state of A by a string in K. After
applying the subset construction to the NNFA N, we get a DFA for K\L, in
which the empty set is unreachable. This gives the upper bound.

To prove tightness, consider the family R of all non-empty subsets of
{0,1,...,n —1}. Let X = {a,b} U{cs | S € R} be an alphabet consisting of
2" 4+ 1 symbols. Let K = a* Ua*b™ 2 be a language over X. Then K is accepted
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by an m-state DFA, and the set {(b%, 0™ 27%) |0 <i <m —2}U{(b™ ta,e)} is
an sv-fooling set of size m for the language K. Hence svsc(K) = m.

Let L be accepted by an n-state DFA B = ({0,1,...,n—1},X,6,0,{n—1}),
where the transitions are defined as follows: §(i,a) = (i + 1) mod n; §(0,b) =
4(1,b) = 0, and 6(i,b) = 7 if 2 < i < n—1; and for each subset S of {0,...,n—1},
we have §(i,cs) =01if i € S, and §(4,cs) = n — 1 otherwise.

Construct an NNFA N for the language K\ L from the DFA B by making all
the states of B initial. Each subset S in R is reachable in the subset automaton of
the NNFA N by a string ug. Now, in the same way as in the proof of Theorem 13,
we can prove that the set of pairs {(us,cg) | S € R} is an sv-fooling set of size
2" — 1 for the language K\L.

(ii) The language K over {a,b,c,d} is the same as in (i). The language L is
accepted by the DFA B’, in which the transitions on a and b are the same as in
the DFA B above, and the transitions on ¢ and d are the same as in Fig. 7. In a
similar way as in the proof of Theorem 13 (ii), we can describe an sv-fooling set
{(us,vs) |0 £S5 C{0,1,...,n— 2}} of size 2"~ — 1 for K\L. O

Theorem 15 ([9]). Let K, L C X, svsc(K) = m, and svsc(L) = n. Then
(i) svsc(L/K) < g(n), and the bound is tight if |X| > g(n) + 2;
(ii) the bound 2(2"/3) can be met by quaternary languages. O

Proof. (i) Let a language L be accepted by an n-state SVFA. First, convert this
SVFA to an equivalent minimal DFA. By Theorem 4, this DFA has at most g(n)
states. By making certain states final based on the language K, we get a DFA
for L/K of at most g(n) states.

For tightness, let n = 1 4+ 3k and k£ > 2; the arguments can be extended to
the other values of n in a straightforward way. Consider the grid @ = {(i, ) |
0<i<2andl < j <k} of 3k nodes. Let R be the following family of 3k
subsets R = {{(i1,1), (i2,2), ..., (ix, k)} | i1,42,...,ir € {0,1,2}}, that is, each
subset in R corresponds to a choice of one element in each column of the grid Q.
Let X = {a,b,c} U{ds | S € R} be an alphabet consisting of 3 + 3% symbols.

Let K = {c! | £ > m — 2} be the language over X that contains all the
strings in ¢* of length at least m — 2. We have svsc(K) = m. Let L be accepted
by a (3k + 1)-state SVFA B, in which the transitions on a,b are the same as in
the binary witness for SVFA-to-DFA conversion in Theorem 4. Next, symbol ¢
performs the cyclic permutation on each row of the grid @, and maps the initial
state to each state in the first row. Finally, for each set S in R, symbol dg maps
every state (4,7) of S to the state (1,7), and it maps every state (¢, j) outside S
to (0, 7). Then we can show that svsc(L/K) = g(n).

(ii) Let ¥ = {a,b,c,d}. Let K = {c’ | £ > m — 2} be a language over X with
svsc(K) = m. Let L be accepted by an n-state SVFA B’ in which the transitions
on a,b are the same as in the SVFA B in case (i). By ¢ and d, the state ¢o goes
to {(0,1),...,(0,k)}, and each state (¢,7) with j < k — 1 goes to {(¢,5 + 1)}.
The state (0,k) goes to {(1,1)} on both ¢,d. The state (1,k) goes to {(0,1)}
on ¢, and it goes to {(2,1)} on d. The state (2, k) goes to {(2,1)} on both ¢,d.
Then we get svsc(L/K) € 02(27/3). 0
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3.5 Concatenation

The state complexity of concatenation is m2™ — 2"~!, and its nondeterminis-
tic state complexity is m + n. In both cases, the worst-case examples can be
defined over a binary alphabet [7,10,15,23]. The aim of this subsection is to get
asymptotically tight bound ©(3™/3 - 2") on the self-verifying state complexity
of the concatenation operation. Recall that g(n) is the tight upper bound for
SVFA-to-DFA conversion given in (1) on page 3.

Theorem 16 ([9]). Let K, L C X, svsc(K) = m, and svsc(L) = n. Then
(i) svsc(KL) < g(m) - 2";
(i) the bound 1/2 - g(m) - 2™ can be met if |X| > g(m) + 2" + 4;
(iii) the bound 2(2™/3 - 2") can be met if | 2| > 8.

Proof. (i) Let K and L be accepted by SVFAs A and B, respectively. First,
convert the SVFA A to a minimal DFA A’. Then, construct an NNFA N for the
language K L from automata A’ and B in a usual way. Next, apply the subset
construction to N. In the subset automaton of NV, every reachable subset can be
expressed as {q} UT, where ¢ is a state of A’ and T is a subset of the state set
of B. Since A is an SVFA, the DFA A’ has at most g(m) states by Theorem 4.
Thus the subset automaton of N has at most g(m) - 2" reachable states.

(ii) For the sake of simplicity, we consider the case of m =1+ 3k a k > 2.
Consider the grid Q = {(4,7) |0 <i < 2and 1 < j <k} of 3k nodes. Let R =
{{(i1,1), (i2,2), ..., (ix, k)} | 1,42, ..., 0k € {0,1,2}}. Let ¥ = {a,b,c,d,e} U
{fs | S e R{gr | T C {0,1,...,n — 1}} be an alphabet consisting of
5+3%5 42n symbols. Let K be the language over X' accepted by m-state SVFA
A=(QU{q},X,0,q0,F% F"), where the transitions on a,b, ¢ are the same as
in the case of right quotient, the symbols d, e, gr are ignored, and transitions
on fg are defined by

5(1.9), fo) = § Lb b BT €5
{(0,5)}, if (i,5) ¢ S;

Let L be the language accepted by DFA B = ({0,1,...,n — 1}, X,-,0,{0}),
wherei-a=i-b=i-c=i-fs=4i-d=(+1)modn;0-e=0,i-b=i+1if
1<i<n-—2and (n—1)-b=1;

n—1, ifieT,
0, ifi¢T.

Construct an NFA N for KL and show that each set in the family Ry =
{SUT| S e R with (0,k) ¢ S, and T C {0,1,...,n — 1}} is reachable in the
corresponding subset automaton. Then prove that F = {(usur,gr - fs - c¥) |
SUT € Ry} is an sv-fooling set for the language KL.

(iii) The idea of the proof is to define strings vg and vy over an eight-letter
alphabet for some sets .S in R, namely, for those that consist only of the states in
the first and second row of the grid @, and for each subset T of {1,...,n—2}. Asa
result, we get an sv-fooling set {(usur,vr-vs-c?*) | S € R, T C{1,...,n—2}},
where R’ contains all the sets in R which only have states in the the first or
second row of the grid Q. This gives a lower bound in £2(2"/3 - 2%). O

i-gr =
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Table 1. The state complexity, nondeterministic, and self-verifying state complexity
of basic regular operations.

4

DFAs NFAs SVFAs | 2]
complement n A n 1
intersection mn mn mn 2
union mn m+n+1|mn 2
difference mn ? mn 2
symmetric difference | mn ? mn 2
reversal 2" n+1 2n + 1 2
star 3/4.2" n+1 3/4. 2" 3/4.2" 41
left quotient 2" —1 n+1 2" —1 2" +1
right quotient n n g(n) g(n) +2
concatenation (m—13)-2" ' m+n O@3™/2.2") g(m)+2" +4

Conclusions

Table 1 summarizes the results on the self-verifying state complexity of consid-
ered operations, and compares them to the known results on their state complex-
ity and nondeterministic state complexity. The last column of the table displays
the size of an alphabet which was used to define witness languages. For star and
quotients, an exponential lower bound can be obtained by using a four-letter
alphabet. In the case of concatenation, a lower bound in £2(2/32") is met by
languages defined over an eight-letter alphabet. The tight upper bound for the
concatenation operation remains open even in the case of a growing alphabet.
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Abstract. Extended regular expressions (with complement and inter-
section) are used in many applications due to their succinctness. In par-
ticular, regular expressions extended with intersection only (also called
semi-extended) can already be exponentially smaller than standard reg-
ular expressions or equivalent nondeterministic finite automata (NFA).
For practical purposes it is important to study the average behaviour
of conversions between these models. In this paper, we focus on the
conversion of regular expressions with intersection to nondeterministic
finite automata, using partial derivatives and the notion of support.
First, we give a tight upper bound of 22 for the worst-case number
of states of the resulting partial derivative automaton, where n is the
size of the expression. Using the framework of analytic combinatorics,
we then establish an upper bound of (1.056 4 o(1))" for its asymptotic
average-state complexity, which is significantly smaller than the one for
the worst case.

1 Introduction

Regular expressions with additional operators are used in applications such as pro-
gramming languages [12], XML processing [23], or runtime verification [22]. Most
of these operators do not increase their language expressive power but lead to gains
in the succinctness of the representation. This is the case for intersection. For regu-
lar expressions with intersection (RER) (or semi-extended), several computational
complexity decision problems, such as membership, equivalence and emptiness,
were studied by various authors. Petersen [21] has shown that the membership
problem is LOGCFL-complete, while for standard regular expressions (RE) it is
NL-complete [19]. Fiirer [14] has proved that inequivalence and non-empty comple-
ment are EXPSPACE-complete, which contrasts with the PSPACE-completeness
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of these problems for RE. The complexity of the conversions from regular expres-
sions with intersection to standard regular expressions, and to finite automata,
were recently studied by Gelade and Neven [16], Gruber and Holzer [18], and
Gelade [15]. The conversion from REA to RE or to nondeterministic finite automata
(NFA) is exponential and it is double exponential to deterministic finite automata
(DFA). The conversion from o € REn to a DFA can be accomplished using Brzo-
zowski’s derivatives [8]. From RE to NFA a standard algorithm is the partial deriv-
ative automaton construction (A,q) introduced by Antimirov [1], which coincides
with the resolution of systems of equations by Mirkin [20]. The average complexity
of these conversions was recently studied using the framework of analytic combi-
natorics [4,5], and also their extension to regular expressions with shuffle [7]. For
these studies, Mirkin’s construction is essential as it provides inductive definitions
that can be used to obtain generating functions.

Caron et al. [9] extended the A,q to regular expressions with both inter-
section and complement (extended regular expressions)'. In their approach a
partial derivative is a set of sets of expressions (akin a disjunctive normal form),
whereas here it is simply a set of expressions. In the worst-case, their approach
also leads to NFAs that can be exponentially larger than the original expres-
sions. Moreover, considering sets of sets of expressions would turn the analytic
combinatoric analysis much harder.

In this paper we show that for RE~, Mirkin’s construction can lead to
automata not initially connected and thus larger than the ones built by
Antimirov’s construction. However, the two constructions can produce identi-
cal NFAs. We present an exponential worst-case upper bound which is tight for
both. Using the framework of analytic combinatorics, we give an upper bound
for the asymptotic average-state complexity for the Mirkin’s construction, which
turns out to be much smaller than the worst-case bound. This also means that
Antimirov’s construction is asymptotically and on average much smaller than
the worst-case upper bound.

2 Regular Expressions with Intersection

Let X = {aq,...,ax} be an alphabet of size k. A word over X is a finite sequence
of symbols of X'. The empty word is denoted by €. The set X* is the set of all
words over X. A language over X is a subset of X*. The set RE of regular
ezpressions with intersection over X contains the expression () and all terms
generated by the following grammar:

a—elal(ata)|(a-a)[(ana)|(@)  (ac), (1)

where the operator - (concatenation) is often omitted. Parenthesis can also be
omitted considering the following precedences for the operators: « > - >N > 4.
The size of a regular expression @ € REn is denoted by |a| and defined
as the number of occurrences of symbols (parenthesis not counted) in «.

! And a more general framework is also reported in [10].
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Similarly, |a|s denotes the number of occurrences of alphabet symbols in «,
and |a|n the number of occurrences of the binary operator N. The language
L(a) for o € REn is defined as usual, with L(a N B) = L(a) N L(B). We say
that two regular expressions «, 3 € REn are equivalent, if L(a) = L(0), and
write @ = ( in this case. For a set S C REn, the language of S is defined as
L(S) = Uaeg L(a). The notion of equivalence extends naturally to sets of regu-
lar expressions. The left-quotient of a language £ w.r.t. a word w € X* is defined
as w 'L = { x| wz € L }. The algebraic structure (REn,+,-,0,¢) constitutes
an idempotent semiring, that with the unary operator x is a Kleene algebra.
Antimirov and Mosses [2] presented a complete and sound axiomatization for
REn, where the binary operator N is idempotent, commutative, associative, dis-
tributes over +, and also satisfies the following axioms, where a;,a; € X

(Emﬁ)zwA(a:ﬁa+7):>a:ﬁ*’y; €ﬂa*i€,

en(af) =(eNa)npg, eNa; =0Na=0,
(a;or) N (a;B) = (a; Naj)(anpB), a;Na; =0 (a; # a;),
(aa;) N (Baj) = (an B)(a; Naj), a+(anpf) =a.

With the usual abuse of notation, define the function ¢ : REn, — {0,e} by
e(a) =ceife € L(a), and e(a) = 0 otherwise. The methods developed in Sects. 3
and 4 are syntactical and aim at building automata equivalent to a given regular
expression. To ensure the finiteness of the constructions it is not necessary to
consider regular expressions modulo any of the above properties?. However, in
some examples, for the sake of succinctness, we also consider regular expressions
modulo the identities of - and +. Note that this does not affect the upper bounds
of the number of states, both in the worst and in the average case.

3 Automata and Systems of Equations

We first recall the definition of a nondeterministic finite automaton (NFA) as a
tuple A = (S, X, So, §, F'), where S is a finite set of states, X' is a finite alphabet,
So C S a set of initial states, § : S x X — 29 the transition function, and F C S
a set of final states. The language of A is L(A) = {w € X* | §(Sp, w) N F # 0}.
The right language of a state s, denoted by L, is the language accepted by
A if we take Sy = {s}. It is well known that, for each n-state NFA A, over
Y ={a1,...,ar}, having right languages Ly, ..., L,, it is possible to associate
a system of linear language equations

Li=a1L; U---UapLly; U E(ﬁi), for ¢ € [1,’/7,],

where L = Ujes(5,a,) £1 and L(A) = Ujeg, £i- In the same way, it is possible
to associate to each regular expression a system of equations. We here extend
Mirkin’s contruction to regular expressions with intersection.

Definition 1. Consider ag € REA over X = {aq,...,ax}. A support of ag is a
set {a1,...,an} of reqgular expressions with intersection that satisfies a system
of equations

2 As is the case, for instance, for Brzozowski DFA or Caron et al. approach.
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; = ajon; + -+ apag; +e(o) i €[0,n], 2)

for some i, ..., ag;, where each o ; is a (possibly empty) sum of elements in
{al,' . 'aan}'

It is clear that the existence of a support of « implies the existence of an
NFA that accepts the language of a.

A support for a regular expression a € REn can be computed using the
function 7 : REn — 2RE defined below. First, we define some operations on sets
of regular expressions. Given S,T C RE- and 3 € RE~, SB={af|a € S} and
SAT ={anf|a € S, €T }. Note, in particular, that L(SAT) = L(S)NL(T).

Definition 2. Given o € REn, the set w(a) is inductively defined by:

7(0) = m(e) = r(a+B) = n(a) Un(B),
m(a) = {e} (a € 2), m(aB) = m(a)BUn(f),
m(a*) = m(a)a* m(ang) =7n(a) A w(B).

Proposition 3. If o € RE~, then w(«a) is a support of a.

Proof. We will proceed by induction on the structure of a. The proof for all
cases, excluding o N G, can be found in [4,11,20]. Let 7(ap) = {a1,...,ay,} and
m(6o) ={f1,...,Bm} be a support of g and Fy, respectively. Thus,

a; =ajaq;+ -+ agag; +e(q;), fori=0,...,n
and
Bj = a1y + -+ apbry +£(5)), for j=1,....m,

where, for all I = 1,...,k, a;; and §j; are linear combinations of elements of
m(ag) and 7(fBp), respectively. We want to prove that 7(cg N fp) is a support for
agNPy. Fori=0,...,nand j =0,...,m, and using the axioms for N, we have

a; N ﬂ] —(alau + -t apag; + 6(0@)) N (alﬂlj + -+ akﬁkj + 6(53))
=(a10q; N a1ﬁ1j) + -+ (a100q; Nagfrj) + (arar; Ne(B)))+
o (e NaBry) + -+ (akoms N agfbi;) + (aro; Ne(B;))+
o (elaq) NarPry) + -+ (e(aq) NawPiy) + (e(cq) Ne(B;))
=(a1 Nay)(oni N Pr) + - + (ax Nar)(ow; N Brj) + (e(aq) Ne(B;))
=ai (o N Pry) + -+ aplar N Prj) + (i N G;).

For each I = 1,...,k, we know that ay; = Z ay and Bi; = Z Bj, for
el 7' €Ji;
Ii; C{1,...,n} and J;; € {1,...,m}. And, since

aiNBy =Y ann Y Br= Y (awnBy)
i€l j'eJiy i/ €ly;,5' €y

we conclude that w(ag) A7 (6y) = {1 NP1, .., a1NPm, ...,y NGBy} is a support
for ag N Fy. m|
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Ezample 4. Given the regular expression oy = (b + ab + aab + abadb) N (ab)*,
m(ar) = {bab N b(ab)*, ab N b(ab)*, b N blab)*, € Nblab)*, bab N (ab)*, abnN
(ab)*, bN(ab)*, €N (ab)*}.

The next proposition provides an upper bound on the cardinality of the
support of a regular expression.

Proposition 5. For all a € RE~, the inequality |n(a)| < 21el==leln=1 pojds.

Proof. We proceed by induction on the structure of the regular expression a.
It is easily proved that the statement holds for the base cases ¢, § and a € X.
Assume that the result holds for some «, 3 € RE~. We will make use of the fact
that 2™ + 27 < 2m+7+1 for any m,n > 0. For o + (3, one has

(e + B) = |m(a) Um(B)] < [r()] + |w(B)] <
< glelz=laln=1 4 olfl==16ln—-1 <

< glalz—laln—1+18lz—8ln—-1+1 _ gla+Blz—|atBln—1
The case for af is analogous. For a*, one has
w0 = In(@)a’] = |n(@)] < 2l=mloln=l = gzl
Finally, for a N 3, one has
[m(an )| =[r(a) Am(B)] <

< |m(@)] - [7(B)] < 2lel=~laln=t ol =IBln =1 =
— olals—laln=1+|8ls=18ln-1 _ 9lengls—(lanBln-1)-2 _

N

_ 9langls—langln-1.

O

The next examples present families of regular expressions that witnesses the
tightness of the upper bound established in Proposition 5.

Ezample 6. Let the regular expression r, € RE~ over X = {a,b} be induc-
tively defined by 79 = a*b*, r1 = b*a and r,, = r,_2 N r}_;, for n > 2. Using
the definition of support it is straightforward that |7 (rg)| = [{a*b*,b*}| = 21,
|m(r1)| = [{b*a,e}| =21, and |7 (r,)| = |7 (r0—2)| - |7 (rn_1)|, for n > 2. Thus, we
obtain |7(r,)| = 2f®(") for n > 0, and where fib(n) is the Fibonacci sequence.
Also, |rols —Jroln —1=2-0—-1=1,|r|ls —|riln—-1=2-0-1 =1,
and ‘7’71‘2 - |rn‘ﬁ -1 = |Tn—2‘2 + |Tn—1|2 - |Tn—2‘ﬁ - |Tn—1|2 -1-1=
(Irn—2ls — Irn—2ln — 1) + (|rn-1lz — |rn-1ln — 1), for n > 2. Consequently,
[7n|5 — |rn|n — 1 = fib(n), for n > 0. We conclude that |7 (r,)| = 2/ml==Irnln=1,
for n > 0.
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Ezample 7. Let the regular expression r,, € REn over {a}, be defined inductively
by ro = a*a and r,, = r,,_1 Na*a, for n > 1. We have 7(r¢) = 7(a*a) = {a*a, e},
and for n > 1,
w(ry) = {a*a,e} M- M {a"a,e}.
n+1

Thus |7(ro)| = 2 and |7(r,)| = |7(re)|* 1 = 271, Note that |r,|s = 2n+2 and
|7n|n = n. Therefore |m(r,)| = 271 = 22n+2=n=1 — glrnlo—lrnln—1,

4 Partial Derivatives

The notions of partial derivatives and partial derivative automata were intro-
duced by Antimirov [1] for standard regular expressions. We now consider the
Antimirov construction from RE~ expressions to NFAs.

Definition 8. For a regular expression a € REH and a symbol a € X, the set
9,(a) of partial derivatives of a w.r.t. a is defined by:

9a(@)BU0.(B), ife(a) =€
0,(0) = 0, Oq(af3) = '
3GE€; — 0, (af) {8a(a)ﬂ otherwise,
{e}, ifa=b da(a+ B) = 0a(a) U 04 (),
9a(b) = {(D 7th . 9a(aN B) = Do) M 0a(PB),
olnerwise, aa(a*) — aa(a)a*.

This definition is extended to words w € X* by O.(a) = {a}, Oue(a) =
Uas oy (a) Oal@i), and 0y (R) = U, e g Ow (i), where R C REq. It follows easily
that £(9y(a)) = w1L(c). The set of partial derivatives of an expression « is
() = Upes Ouw(a). We also define 97 (o) = e s+ Ow(@).

As for standard regular expressions, the partial derivative automaton of
an expression o € REqn is defined by Apq(a) = (0(a), X, {a},da, Fa), where
Fo={7v€0(a)|ely) =¢c} and d4(y,a) = 0a(7). It follows that L(A,q(c))
is exactly L£(a). Mirkin’s and Antimirov’s constructions coincide for standard
regular expressions. We will see that this is not true for regular expressions with
intersection.

The following lemmas present some properties of the function 0,,, used to
prove Proposition 11 and are easy to prove.

Lemma 9. For all S, S’ C RE~ and a € X, the following property holds
0a (S S") =0,(5) M0, (S").

Let suff (w) be the set of all non-empty suffixes of w, being defined as suff(w) =
{ve Xt |Jue X*:uw=uw }. Except for the second case, the following lemma
was shown by Antimirov.
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Lemma 10. For every reqular expressions o, 3 € RE~ and word w € X+, 0,
satisfies the following:

O (a + ) = Ow(a) U dw(P), 3)
8w(04mﬂ) zaw(a)maw(ﬂ)7 (4)
Du(aB) COu(@BU | 0.9, (5)
vesuff (w)
Ow (™) C U Op(a)a™. (6)
vesuff (w)

Proposition 11. For every reqular expressions «, 3 € RE~, the following holds.
Ot (a+8) COM@UIT(B), O (anp) C ot (a)nat(s),
0 (af) COT(@)BUIT(B),  O0F(a") COT(a)ar.
Proof. First note that, given a set £ C REA and a regular expression o« € RER,
if, for all w € X, we have that d,,(«) C E, then we have |, c 5.+ Ow(@) C E and
thus 07 (o)) C E. Moreover, we know that for every w € X7, 9,(a) C 07 (),
since 07 () = U,e s+ Ow(@). Let a, 8 € REn be regular expressions over . In

order to prove the inclusions above, the facts mentioned above are used. The
proof of each inclusion is given, respectively, by the following four proofs:

1. From Eq. (3), for all w € X, the following holds:
Ow(a+ B) = 0y (a) Udy,(B) C 0T (a) UdT(B).

And thus, we can conclude that 0 (a4 8) C 07 (a) UIT(B).
2. In the same way, from Eq. (4), for all w € X7 the following holds:

Ow(a N B) C 0y(a) M Oy(B) C T (a) MOT(B).
And then, 07 (an f) C 0T (o) M O*(B).
3. From Eq. (5), for all w € X, the following holds:
Ow(af) COu(@BuU | 0.(8) SOt (@)BUIT(B).
vesuff (w)
Thus, 0+ (af8) C 8% (a)f U 8" (6).
4. Finally, from Eq. (6), for all w € X", the following holds:
Ow(@)C ) Ou(@)a* €O (a)a”.
vesuff (w)
Therefore, we have that 1 (a) C 0T (a)a*.

Example 12. Consider again a1 = (b+ab~+aab+abab)N(ab)*. We have 07 (ay) =
{bab N b(ab)*, ab N b(ab)*, b N blab)*, abN (ab)*, N (ab)*}. Now, with 8 =
(b + ab + aab + ababd), one has
0 (B) M 0T ((ab)*) ={bab N b(ab)*, ab N b(ab)*, bNb(ab)*,
eNb(ab)*, babN (ab)*, abN (ab)*, bN (ab)*, €N (ab)*}.

Thus, we conclude that 0% (a1) C 07 (b + ab + aab + abab) M & ((ab)*).

O
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The following proposition relates the function 8+ and the support 7.
Proposition 13. Given a € RE~, 07 (a) C 7().

Proof. The proof proceeds by induction on the structure of «. It is trivial that
ot (0) = m(0), 0% (e) = n(e) and 9% (a) = 7(a), for a symbol a € X. Assume
that 07 () C m(a) and 87(B) C 7(B) holds, for o, 3 € RE~. For o+ 3, we have
Ot (a+B) C ot (a)ud™(B) C w(a)Um(B). For ang, there is 01 (anB) C ot ()M
0% (B) € m(a)nm(B). For a3, we have 07 (aB) C 07 (a) U0 (8) C () BUT(S).
Finally, for a*, 07 (a*) C 0% (a)a* C 7(a)a*. O

Since, for every regular expression o € REp, the set 7(«) is finite, Proposition 13
also proves that the set 97 () is finite. For regular expressions without intersec-
tion it is known that m and 9% coincide [11]. Examples 4 and 12 show that there
exists a € REn such that m(a) # 9% («). The following lemmas establish some
conditions for the equality of m(a N B) and 07 (a N B) to hold for «, 3 € REn,
and will be used in Proposition 16.

Lemma 14. Given o, € RE~, one has n(aN @) = 0T (anB) if and only if
m(a) = 9% (a), n(B) = 07(B) and 0% (an B) = 9" (a) M OF(B).

Proof. (=) We have that 7(ang3) = 07 (anB) C 07 (a) MO (3). From Proposi-
tion 13 follows that 07 (a) C 7(«) and 91 (3) C 7(3). Suppose by contradiction
that 0% (a) C 7w(a) or 07 (8) C w(B). Then 0T (a N B) C dt(a) MIT(B) C
m(a) A m(B) = m(a N B), a contradiction since m(a N B) = T (a N B). Thus,
we conclude that 7(a) = 07 () and 7(3) = 07 (83). Consequently, m(a N f) =
m(a) A w(B) = 0% (N P).

(«=) This follows trivially from the definition of support, i.e., 7(a N F) =
m(a) A (), since 7(a) = 01 () and 7(8) = 9T (). O

Lemma 15. Given o, 8 € REn, such that 0y (a) = w(a) or 0y, (8) = w(B) holds
for allw € X%, then 0T (anB) =0T (o) MIT(B).

Proof. First, note that if v € RE~ and 9, (y) = w(y) for every w € X, then
0T (7) = Upes+ Ow(y) = 7(v). Given o, 3 € REn, there are three possible
cases to prove. First, suppose that, for all w € X*, we have d,,(a) = m(a) and

0w (B) = 7(B). Then

o @) = | (@ul@)9u.(8) = n(a) An(8) = 9+ (@) MO* (5).

weX+

It remains to prove the cases that either 9, (o) = w(a) or 9, (8) = 7(8), for all
w € YT, The proof is the same for both cases. So, we will only present the proof
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for the first case. Suppose that, for all w € X+, 9,,(a)) = m(a), it holds that

U (Ou(@mouB) = | (m(e) m0.(8))

weX+ weX+

U {@ns; | aienla), 5; € du(8)}

weX+

{aiﬂﬁj‘aieﬂa), se | au,(ﬂ)}

weXt
={NB; | s em(a), B; €7 ()}
=m(a) A0 (B) = " () MIT(B).

ot (anp)

O

By Proposition 13, |w(«)| is an upper bound for the cardinality of 9% («).
This upper bound can be achieved, as shown by the following proposition.

Proposition 16. For any n € N there exists a reqular expression r, € RE~ of
size O(n) such that |0 (r,)| = 2/mnl==Irala=1,

Proof. Consider the regular expressions r, € REn from Example 7. We prove
that w(r,) = 87 (r,). The proof proceeds by induction on n. For n = 0 and for
all w € Y, we have 9, (a*a) = {a*a,e} = 0" (a*a) = w(a*a). Let us assume,
by induction, that 7(r,) = 9% (ry), for n > 1. It follows from Lemma 15 that
Ot (rpy1) = 0T (rpNa*a) = 0% (r,) MOT (a*a). Since w(a*a) = 0 (a*a), m(r,) =
o*(ry), and 07 (r,Na*a) = 0% (r,) MO (r,), we conclude, from Lemma 14, that
T(rpg1) = m(rp Na*a) = 07 (r, Na*a) = 0T (rpi1). 0

The next example provides another non-trivial family of regular expressions
for which the set of partial derivatives and the support coincide.

Ezxample 17. For n > 0 let the regular expression s, € REn be inductively
defined by sg = (a+b)*b(a+b)* and s, = ((a+b)sp—1(a+b))N((a+b)*(a+b)),
for n > 1. The alphabetic length of s, is |s,|s = 5+ 8n and |s,|n = n. The
cardinality of the support of s,, is given by: |7(sg)| = 2, |7(s1)| = 6 and |7 (s, )| =
St .20+ 32" for n > 2 Thus, for n > 2 we have |7(s,)| = O(2"). Let
m = |sply — |snln —1 =5+ Tn—1,ie. n = (m —4)/7. Then, |7(s,)| =
O(27™) = O(1.105™), which is much smaller than the upper bound 2™. For all
n >0, m(sp) = 0% (sp).

5 Average Complexity Results

We know that the number of states in the partial derivative automaton of an
expression « has |m(a)| as its tight upper bound. In this section we estimate an
upper bound for the asymptotic average size of 7(«). This is done using standard
methods of analytic combinatorics as expounded by Flajolet and Sedgewick [13],
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which apply to generating functions f(z) = >, a,2" associated with combina-
torial classes. Given some measure of the objects of a combinatorial class A, the
coefficient a,, represents the sum of the values of this measure for all objects
of size n. We will use the notation [2"]f(z) for a,. For an introduction to this
approach applied to formal languages, we refer to Broda et al. [6].

Although the methods here used are the standard ones from the Analytic
Combinatorics (and Complex Analysis), each application of these techniques is
always a challenge, as one cannot foresee the analytic difficulties that one can
incur into when conducting the study of the generation function. The generating
function f can be seen as a complex analytic function, and the study of its
behaviour near its dominant singularity n (in case there is only one, as it happens
with the functions here considered) gives us access to the asymptotic form of its
coefficients. In particular, if f(z) is analytic in some appropriate neighbourhood
of 0 containing 7, then one has the following [6,13]:

Proposition 18. If f(z) = a—by/1 — z/p+o (\/1 - z/p), with a,b € R, b # 0,

then
—nn—3/2.

1) ~ o=

If f(z) = \/liz/p +o (\/112/p>, with a € R, and a # 0, then

[2"]F(z) ~ == p 0V

N

5.1 Number of Expressions and Letters and N Symbols

The study of the combinatorial behaviour of the RE~-expressions, both in terms
of the number of expressions and the number of letters in them, is identical to
the study of any other regular expressions with 3 binary operators and a single
unary operator. Thus the results presented in Broda et al. [7] are valid for the
case here studied. Denoting by R (z) the generating function for the number of
REn-expressions without () over a k letters alphabet, and by Ly (z) the generating
function for the number of letters in the expressions, one has:

—n—L1 _ 3
[z"Ry(2) ~ ckpy, *n” 2, (7)
n k —-n+3 _1
[Lk(2) ~ T, (8)
4
where ¢, = V63+:k and pg = % Vl‘;');‘n’k

The average number of letters in an expression of size n is given by
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Using Egs. (7) and (8), one obtains, asymptotically,

3KOk 1o Lol ()
V3 + 3k ’

k—oo 2 H
The number of intersections in the REH-expressions under consideration can
be computed as follows. Consider the bivariate generating function

Ti(u, 2) = Z tmn 2",
m,n

lals ~

where iy, is the number of REH-expressions with m intersection symbols and
size n. From (1), and using the symbolic method, we can write

Ti(u, 2) = (k + 1)z + 22Zx (u, 2)? + uzZy(u, 2)* 4+ 2Ty (u, 2).

Solving this for Zy(u, z), differentiating the result w.r.t. u, and making v = 1,
we obtain an expression for the generating function for the cumulative number
of intersection symbols in all RE~-expressions of size n:

() = V) + e (10)

where gi(2) = 1 — 22 — (11 + 12k)22, from which one obtains, using the same
methods,

[2" Ik (2) ~

1 <(k+ Dype  V/3+3k ) . (11)
6vT \V/3+3kyn  3y/prn3/? P
The average number of symbols N in an expression of size n is given by
(2" 1k (2)
[2"] Ry (2)
Using Egs. (7) and (11), one obtains, asymptotically,

(k+1)px 1
P fol o 3l (12)

o ~

5.2 Average Size of 7

Let Py(z) denote the generating function for the size of w(«) for expressions
without (). From Definition 2 it follows that, given an expression «, an upper
bound, p(a), for the number of elements® in the set 7(«) satisfies:

p(e) =0, pla+ B) =p(a) +p(B),
pla) =1, forae X, p(ap) = p(a) +p(B),
p(a*) = p(a), plan p) = p(a)p(B).

3 This upper bound corresponds to the case where all unions in 7(c) are disjoint.
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From this, we directly get
Py(2) = kz + 42P.(2) Ri.(2) + 2Py (2) + 2P(2)?,
from which we obtain the following closed expression

B 1—z242/qr(z) — \/pk(z) +4(1 = 2)\/qr(2)
B 6

z

Pk(z) ’ (13)
where
pe(2) =5 — 102 — (43 + 84k)22. (14)

One now needs to determine the dominant singularity of Pj(z) which can
either be a root of g (z) or a root of r4,(z) = px(z) +4(1 — 2)\/qx(z). We need to
know which of the two expressions ri(z) or gx(z) has the smallest positive zero.
Because this is not trivial (note that one needs to decide this for all k), one will
do it indirectly using the method expounded in the following paragraphs.

Observing that r(0) = 9 is positive and

12 (13 — 14k — 24k? 4 (8k — 4)/3 + 3k)
(11 + 12k)?

T (pr) = <0,

by Bolzano theorem, r4(z) must have a positive zero smaller than pg. This
conclusion could be achieved, directly, from the fact that the absolute value of the
negative zero of gi(z) is smaller than its positive zero, and thus, by Pringsheim
theorem [13], another smaller positive singularity of Py (z) necessarily exists that
can only be due to rg(z). Letting

 —1-23 13k
PE= "1 112k

and observing that

12 (=13 + 14k + 24k? + (8k — 4)v/3 + 3k)
Tk(pk) = - < 0;
(11 + 12k)?

one concludes that 7, (z) has necessarily two real zeros in its domain, [pg, pk].
Analogously, sx(z) = pr(2) —4(1 — z)v/qx(z) has also two real zeros in the same
interval, and since r(2)sx(2) is a fourth degree polynomial, it follows that r4(2)
has exactly two zeros, n;, and 7)., which are real. Since s;(0) = 1 < r(0) =9,
and ri(x) = sg(x) only at the end points of [pg, pi] it follows that si(x) < rg(x)
in |pk, pr|- Considering the four real zeros of the polynomial 74 (2)sk(z), given
what we just said, we conclude that the two more distant zeros from the origin
are the roots of r4(2). In fact, we can obtain an explicit expression for the zeros
of 71(2)sk(z) by noticing that

pr(2) £4(1 — 2)vV/qr(2) = (1 —z+2 qk(z)>2 — 36kz2
= (1—Zi2 qk(z)—6\/Ez) (1—zi2m+6\/&),
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and thus, solving the equations resulting of nulling those factors, we obtain the
four zeros of r(z)sk(2):

A2k 14 2vVE -1 ;o AWk FT+2VE+1
1l 9%k +avk+15 98k — 4v/k + 15

77,,:4\/2k+ - 2Vk -1 n,,,:74\/2k+ —2Vk+1
k 28k —4vVE+15 F 28k + 4vk + 15

(15)

It is possible to verify that 7, and ) are the roots of r;(z) and the other two
the roots from sg(z). Therefore, one has

e (2)sk(2) = (T056k2 + 7416k + 2025)(2 — mi) (2 — 0} ) (2 — n) (2 — n}').  (16)

From (13) one has

62Pi(2) =1~ 2 — /ri(2) + 2v/aw(2), (17)

and we split the study of the coefficients of the series of Py(z) into the study of
the coefficients of 1 — z — /7 (2) and of 24/qx(z). For the first one, we use that

7056k + 7416k + 2025
sk(2)

z

mk = )08 - =) (1= 2.

Tk

rk(2)
and the fact that given a complex function f, defined in a neighbourhood of 7

such that lim,_,, f(2) = a, one has, for all € R, f(2)(1—2/n)" =a(l—z/n)"+
o((1 —z/n)"), together with Proposition 18, to obtain

[2"] (1 —z— Tk(z)> ~ )\kn,;”n_%,

where
1
e — ((7056k;2 + T416k + 2025) (n, — 1) (1, — 1) (3" — m)m) s
g 2msp, (1) '
For the last summand one has, similarly,
1
2v/ai(2) = 4V3 53k o (o — ) (L= 2/p)* + 0 (1= 2/pi)t)
from which it follows, [2™]24/qx(2) ~ —,u;gp,;"n_%, where
e =204 p? V31 3% (19)

Summing up, we get that

1 —(n —(n _3
2"1Pe(=) ~ 5 (M Y = Y ) (20)
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In order to see what this result entails for the average case when compared
with the worst case result, expressed in Proposition 5, attend to the following.

. 1
( =" Py (2) ) " Dy "\ 7 Pr

Setting v = f]—:, this means that, on average,

el

()] ~ vy
One has v ~ 1.01655, 19 ~ 1.04137, 100 ~ 1.05294, and

i~y — Y3
oo ¥ T 621 3

Proposition 19. For large values of k and n an upper bound for the average
number of states of Apq is (1.056 + o(1))".

~ 1.05564.

Considering the estimates given in (9) and (12), the worst-case upper bound
2lal==leln=1 from Proposition 5 leads to an upper bound for the average case

roughly of €/§||a\|’ for o large enough. As /2 ~ 1.25992, the result just obtained
shows that the upper bound for the average complexity is significantly smaller
than the one for the worst case.

6 Conclusions

The conversion of a regular expression with intersection a to NFA is in the worst-
case 24l [15,17,18]. This fact leads to the assumption that, although succinct,
these expressions are not useful in practical applications. Here we show that,
asymptotically, an upper bound for the average-state complexity of A,q(c) is
exponential but with a base only slightly above 1. Actually, experimental results
using a uniform distribution suggest that the average-state complexity of A,q(«)
may even be polynomial [3].
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Abstract. I study the state complexity of binary operations on regular
languages over different alphabets. It is well known that if L], and L,
are languages restricted to be over the same alphabet, with m and n
quotients, respectively, the state complexity of any binary boolean oper-
ation on L,, and L, is mn, and that of the product (concatenation) is
(m —1)2™ 42" !, In contrast to this, I show that if L}, and L, are over
their own different alphabets, the state complexity of union and sym-
metric difference is mn + m + n + 1, that of intersection is mn + 1, that
of difference is mn +m + 1, and that of the product is m2"™ + 2"~1.

Keywords: Boolean operation - Concatenation - Different alphabets -
Most complex languages - Product - Quotient complexity - Regular lan-
guage + State complexity + Stream - Unrestricted complexity

1 Motivation

Formal definitions are postponed until Sect. 2.
The first paper on state complexity was published by A. N. Maslov [9] in
1970, but this work was unknown in the West for many years. Maslov wrote:

An important measure of the complexity of [sets of words representable
in finite automata] is the number of states in the minimal representing
automaton. ... if T(A)UT(B) are representable in automata A and B with
m and n states respectively ..., then:
1. T(A) UT(B) is representable in an automaton with m - n states;
2. T(A).T(B) is representable in an automaton with (m — 1)2" + 2n~1
states.

The second paper on state complexity was published by S. Yu, Q. Zhuang
and K. Salomaa [11] in 1994. Here the authors wrote:
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1. ... for any pair of complete m-state DFA A and n-state DFA B defined
on the same alphabet X, there exists a DFA with at most m2" — 2"~1
states which accepts L(A)L(B).

2. ... m-n states are ... sufficient for a DFA to accept the intersection
(union) of an m-state DFA language and an n-state DFA language.

Here DFA stands for deterministic finite automaton, and complete means
that there is a transition from every state under every input letter.

I will show that statements 1 and 2 of Maslov are incorrect without the
restriction that the languages are over the same alphabet. In [11] the first state-
ment includes that restriction, but the second omits it (presumably it’s implied).

The same-alphabet restriction is unnecessary: There is no reason why we
should not be able to find, for example, the union of languages L’ = {a, b}*b and
L = {a,c}*c accepted by the minimal complete two-state automata D} and D,
of Fig. 1, where an incoming arrow denotes the initial state and a double circle
represents a final state.

Fig. 1. Two minimal complete DFAs D} and Ds.

The union of L’ and L is a language over three letters. To find the DFA for
L' UL, we view Dj and Ds as incomplete DFA’s, the first missing all transitions
under ¢, and the second under b. After adding the missing transitions we obtain
DFAs D} and Ds of Fig. 2. Now we can proceed as is usually done in the same-
alphabet approach, and take the direct product of D} and Ds to find L' U L.
Here it turns out that six states are necessary to represent L' U L, but the state
complexity of union is actually (m + 1)(n + 1).

Fig. 2. DFAs Dj and D3 over three letters.

In general, when calculating the result of a binary operation on regular lan-
guages with different alphabets, we deal with special incomplete DFAs that are
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only missing some letters and all the transitions caused by these letters. The
complexity of incomplete DFAs has been studied previously by Gao, K. Salo-
maa, and Yu [6] and by Maia, Moreira and Reis [8]. However, the objects studied
there are arbitrary incomplete DFAs, whereas we are interested only in complete
DFAs with some missing letters. Secondly, we study state complexity, whereas
the above-mentioned papers deal mainly with transition complexity. Neverthe-
less, there is some overlap. It was shown in [6, Corollary 3.2] that the incomplete
state complexity of union is less than or equal to mn + m + n, and that this
bound is tight in some special cases. In [8, Theorem 2|, witnesses that work in
all cases were found. These complexities correspond to my result for union in
Theorem 1. Also in [8, Theorem 5], the incomplete state complexity of product
is shown to be m2" 4+ 2"~! — 1, and this corresponds to my result for product
in Theorem 2.

In this paper I remove the restriction of equal alphabets of the two operands.
I prove that the complexity of union and symmetric difference is mn+m-+n+1,
that of intersection is mn + 1, that of difference is mn + m — 1, and that of the
product is m2" +2"~1, if each language’s own alphabet is used. I exhibit a new
most complex regular language that meets the complexity bounds for boolean
operations, product, star, and reversal, has a maximal syntactic semigroup and
most complex atoms. All the witnesses used here are derived from that one most
complex language.

2 Terminology and Notation

A basic complexity measure of a regular language L over an alphabet X' is the
number n of distinct (left) quotients of L, where a (left) quotient of L by a
word w € X* is w™'L = {z | wz € L}. The number of quotients of L is its
quotient complexity [2], K(L). A concept equivalent to quotient complexity is the
state complexity [11] of L, which is the number of states in a complete minimal
deterministic finite automaton (DFA) recognizing L. Since we do not use any
other measures of complexity in this paper (with the exception of one mention
of time and space complexity in the next paragraph), we refer to quotient/state
complexity simply as complexity.

Let L, C X and L, C X* be regular languages of complexities m and
n, respectively. The complezity of a binary operation o on L) and L, is the
maximal value of k(L}, o L,) as a function f(m,n), as L, and L, range over
all regular languages of complexity m and n, respectively. The complexity of an
operation gives a worst-case lower bound on the time and space complexity of
the operation. For this reason it has been studied extensively; see [2,3,10,11] for
additional references.

A deterministic finite automaton (DFA) is a quintuple D = (@, X, 6, qo, F),
where @) is a finite non-empty set of states, X' is a finite non-empty alphabet,
0: Q x X — @ is the transition function, qo € Q is the initial state, and F' C Q)
is the set of final states. We extend § to a function §: @Q x X* — @ as usual.
A DFA D accepts a word w € X* if §(qo, w) € F. The language accepted by D is
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denoted by L(D). If ¢ is a state of D, then the language L? of ¢ is the language
accepted by the DFA (Q, X, 4§, q, F). A state is empty (or dead or a sink state) if
its language is empty. Two states p and ¢ of D are equivalent if LP = L9. A state
q is reachable if there exists w € X* such that d(go,w) = q. A DFA is minimal
if all of its states are reachable and no two states are equivalent. Usually DFAs
are used to establish upper bounds on the complexity of operations, and also as
witnesses that meet these bounds.

If (g, a) = p for a state ¢ € Q and a letter a € X, we say there is a transition
under a from ¢ to p in D. The DFAs defined above are complete in the sense
that there is ezactly one transition for each state ¢ € @@ and each letter a € X. If
there is at most one transition for each state of () and letter of X, the automaton
is an incomplete DFA.

A nondeterministic finite automaton (NFA) is a 5-tuple D = (Q, X,0,1, F),
where @, ¥ and F are defined as in a DFA, 6: Q x ¥ — 29 is the transition
function, and I C @Q is the set of initial states. An e-NFA is an NFA in which
transitions under the empty word e are also permitted.

To simplify the notation, without loss of generality we use Q,, = {0,...,n—1}
as the set of states of every DFA with n states. A transformation of Q,, is a
mapping t: @, — @,. The image of ¢ € Q),, under ¢ is denoted by gt. For k > 2,
a transformation (permutation) ¢ of a set P = {qo,¢q1,...,qx—1} C Q is a k-cycle
if gqot = q1,q1t = q2, ..., qr—2t = qx—1,qx—1t = qo. This k-cycle is denoted by
(go,q1s---,qk—1), and acts as the identity on the states in Q, \ P. A 2-cycle
(o, q1) is called a transposition. A transformation that changes only one state
p to a state ¢ # p and acts as the identity for the other states is denoted by
(p — ¢q). The identity transformation is denoted by 1.

In any DFA, each a € ¥ induces a transformation ¢, of the set @,, defined by
¢, = 6(q,a); we denote this by a: §,. For example, when defining the transition
function of a DFA, we write a: (0,1) to mean that 6(q,a) = ¢(0,1), where the
transformation (0, 1) acts on state ¢ as follows: if ¢ is 0 it maps it to 1, if ¢ is 1
it maps it to 0, and it acts as the identity on the remaining states.

By a slight abuse of notation we use the letter a to denote the transformation
it induces; thus we write ga instead of ¢d,. We extend the notation to sets of
states: if P C @y, then Pa = {pa | p € P}. We also find it convenient to
write P -2 Pa to indicate that the image of P under a is Pa. If s,t are
transformations of @), their composition is denoted by s+t and defined by ¢(s*t) =
(gs)t; the = is usually omitted. Let 7, be the set of all n™ transformations of
Qn; then 7, is a monoid under composition.

A sequence (L,,n > k) = (Lg, Lx+1,--.), of regular languages is called a
stream; here k is usually some small integer, and the languages in the stream
usually have the same form and differ only in the parameter n. For example,
({a,b}*a™{a,b}* | n > 2) is a stream. To find the complexity of a binary oper-
ation o we need to find an upper bound on this complexity and two streams
(L:,,m = h) and (L,,n > k) of languages meeting this bound. In general, the
two streams are different, but there are many examples where L], “differs only
slightly” from L,; such a language L/, is called a dialect [3] of L,,.
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Let ¥ = {a1,...,ar} be an alphabet; we assume that its elements are ordered
as shown. Let 7 be a partial permutation of X that is, a partial function 7w: X —
I' where I' C X, for which there exists A C X such that 7 is bijective when
restricted to A and undefined on X'\ A. We denote undefined values of 7 by

“—7 that is, we write m(a) = —, if 7 is undefined at a.
If L C X*, we denote it by L(aq,...,ar) to stress its dependence on X. If
7 is a partial permutation, let s(L(ay,...,ax)) be the language obtained from

L(ay,...,a) by the substitution s, defined as follows: for a € X, a — {w(a)}
if w(a) is defined, and a — (@ otherwise. The permutational dialect, or sim-
ply dialect, of L(aq,...,a) defined by 7 is the language L(w(ay),...,m(ax)) =
sx(L(ay,...,ax)).

Similarly, let D = (Q, X, 0, qo, F) be a DFA; we denote it by D(aq,...,ax)
to stress its dependence on Y. If 7 is a partial permutation, then the permuta-
tional dialect, or simply dialect, D(w(a1),...,m(ag)) of D(ay,...,ax) is obtained
by changing the alphabet of D from X' to n(X), and modifying ¢ so that in
the modified DFA 7(a;) induces the transformation induced by a; in the orig-
inal DFA. One verifies that if the language L(aq,...,ax) is accepted by DFA
D(ay,...,ax), then L(w(ay),...,m(a)) is accepted by D(w(ay),...,n(ax)).

If the letters for which 7 is undefined are at the end of the alphabet X', then
they are omitted. For example, if ¥ = {a,b,¢,d} and w(a) = b, 7(b) = a, and
7(¢) = w(d) = —, then we write L, (b,a) for L,(b,a,—,—), etc.

3 Boolean Operations

A binary boolean operation is proper if it is not a constant and does not depend
on only one variable. We study the complexities of four proper boolean operations
only: union (U), symmetric difference (@), difference (\), and intersection (N);
the complexity of any other proper operation can be deduced from these four.
For example, k(L' U L) = K (WU L) = r(L’ NL) = k(L' \ L), where we have

used the well-known fact that (L) = (L), for any L.
The DFA of Definition 1 is required for the next theorem; this DFA is the
4-input “universal witness” called Uy, (a,b, ¢, d) in [3].

Definition 1. For n > 3, let D,, = Dy(a,b,c,d) = (Qn, X, ,,0,{n — 1}),
where X = {a,b,c,d}, and 6, is defined by the transformations a: (0,...,n—1),
b: (0,1),¢: (n—1—0), andd: 1. Let L, = Ly(a,b,c,d) be the language accepted
by D,,. The structure of Dy(a,b,c,d) is shown in Fig. 3.

Theorem 1. For m,n > 3, let L (respectively, L,) be a regular language
with m (respectively, n) quotients over an alphabet X', (respectively, X'). Then
K(Ly, ULy) = w(L, ®Ly,) =mn+m+n+1, s(L,,\ L, = mn+m+1,
K(Ly, N Ly,) =mn+ 1.
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Fig. 3. DFA of Definition 1.

Proof. Let D), = (Q},, %', 8,0, F') and D,, = (Qn, X, 6,0, F) be minimal DFAs
for L}, and L, respectively. To calculate an upper bound for the boolean oper-
ations assume that X'\ X and X'\ X’ are non-empty. We add an empty state to
D, to send all transitions under the letters from X'\ X to that state; thus we
get an (m + 1)-state DFA D;n’@. Similarly, we add an empty state to D,, to get
D,, 9. Now we have two DFAs over the same alphabet, and an ordinary problem
of finding an upper bound for the boolean operations on two languages over the
same alphabet, except that these languages both contain empty quotients. It is
clear that (m + 1)(n 4 1) is an upper bound for all four operations; however,
this bound can be improved for difference and intersection. Consider the direct
product Py, ,, of D;n,@ and D,, . For difference, all n+1 states of Py, ,, that have
the form (0, ¢), where q € Q,, are empty. Hence the bound can be reduced by
n states to mn + m + 1. For intersection, all n states (0,q), ¢ € Q,, and all m
states (p/,0), p’ € Q),, are equivalent to the empty state (0, (), thus reducing
the upper bound to mn + 1.

To prove that the bounds are tight, we start with D,,(a, b, ¢, d) of Definition 1.
For m,n > 3, let D, (a,b,—,c) be the dialect of D,,(a,b, c,d) where ¢ plays the
role of d and the alphabet is restricted to {a,b,c}, and let D, (b,a,—,d) be
the dialect of D, (a,b,c,d) in which a and b are permuted, and the alphabet is
restricted to {a,b,d}; see Fig. 4.

Fig. 4. Witnesses D;,(a,b,—,c) and D, (b, a, —, d) for boolean operations.
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To finish the proof, we complete the two DFAs by adding empty states, and
construct their direct product as illustrated in Fig. 5. If we restrict both DFAs to
the alphabet {a, b}, we have the usual problem of determining the complexity of
two DFAs over the same alphabet. By [1, Theorem 1], all mn states of the form
{r,q}, v € Ql,, ¢ € Qn, are reachable and pairwise distinguishable by words
in {a,b}* for all proper boolean operations if (m,n) ¢ {(3,4), (4,3), (4,4)}. For

our application, the three exceptional cases were verified by computation.

To prove that the remaining states are reachable, observe that (0,0) <,

(¢",0) and (0, 0) LA (0, q), for ¢ € Q,. Symmetrically, (0/,0) - (0,0) and

(0, 0) <, (p',0), for p’ € Q.. Finally, ()",n—1) = (#,0), and all (m+1)(n+1)
states of the direct product are reachable.

Fig. 5. Direct product for union shown partially.

It remains to verify that the appropriate states are pairwise distinguishable.
From [1, Theorem 1], we know that all states in @), x @, are distinguishable.
Let H={(0",q) | ¢ € Qn}, and V = {(p',0) | p' € Q),}. For the operations

consider four cases:

Union: The final states of P, ,, are {((m—1)’,q) | ¢ € Q,U{0}}, and {(p',n—1) |
p € Q) U{0'}}. Every state in V accepts a word with a ¢, whereas no state
in H accepts such words. Similarly, every state in H accepts a word with a d,
whereas no state in V' accepts such words. Every state in @/, x Q,, accepts
a word with a ¢ and a word with a d. State (', 0) accepts no words at all.
Hence any two states chosen from different sets (the sets being Q. X Q.,
H, V,and {(¢/,0)}) are distinguishable. States in H are distinguishable by
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words in b* and those in V', by words in a*. Therefore all mn +m +n + 1
states are pairwise distinguishable.

Symmetric Difference: The final states here are all the final states for union
except ((m —1)’,n —1). The rest of the argument is the same as for union.

Difference: The final states now are {((m — 1)’,q) | ¢ # n — 1}. The n states
of the form (0',q), ¢ € @y, are now equivalent to the empty state {(0’,0)}.
The remaining states are pairwise distinguishable by the arguments used for
union. Hence we have mn + m + 1 distinguishable states.

Intersection: Here only ((m —1),n — 1) is final and all states (p/,0), p’ € Q},,
and (0, q), ¢ € @y, are equivalent to {(#’,0)}, leaving mn + 1 distinguishable
states. O

Remark 1 (Marek Szykuta, personal communication). In the case of intersection
the alphabet of one of the witnesses can be binary: L’ (a,b,—,c) and L, (b,a)
meet the bound mn + 1. Reachability and distinguishability of all mn states of
the form {p’,q}, p' € Q’,, ¢ € Q,, is the same as above. State (p/,0) can be
reached from (p’, 0) by ¢, and is equivalent to the empty state, thus giving mn+1
states in the intersection.

4 Product

Theorem 2. For m,n > 3, let L (respectively, L,) be a regular language
with m (respectively, n) quotients over an alphabet X', (respectively, X'). Then
k(L Ly) = m2" + 271,

Proof. First we derive the upper bound. Let D), = (Q},,, ~’,¢',0’, F') and D,, =
(Qn, X, 4,0, F) be minimal DFAs of L/ and L,, respectively. We use the normal
construction of an e-NFA N to recognize L., L, by introducing an e-transition
from each final state of D/, to the initial state of D,, and changing all final
states of Dy, to non-final. This is illustrated in Fig. 6, where (m — 1)’ is the only
final state of D),. We then determinize N using the subset construction to get
the DFA D for L L,.

Suppose D), has k final states, where 1 < k < m — 1. I will show that D can
have only the following types of states: (a) at most (m — k)2™ states {p'} U S,
where p’ € Q!, \ F’, and S C @, (b) at most k2”1 states {p’,0} U S, where
p' € F/ and S C @, \ {0}, and (c) at most 2" states S C Q. Because D}, is
deterministic, there can be at most one state p’ of )/, in any reachable subset. If
p’ ¢ F’, it may be possible to reach any subset of states of Q,, along with p’; and
this accounts for (a). If p’ € F’, then the set must contain 0 and possibly any
subset of @, \ {0}, giving (b). It may also be possible to have any subset S of Q,
by applying an input that is not in X’ to {0’} U S to get S, and so we have (c).
Altogether, there are at most (m — k)2" + k2"~1 + 2" = (2m — k)2n~1 4 27
reachable subsets. This expression reaches its maximum when k = 1, and hence
we have at most m2" + 2”1 states in D.

To prove that the bound is tight, we use the same witnesses as for boolean
operations; see Fig.6. If S = {q1,...,qx} C Qn then S+i={q1 +4,...,q: + i}
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Fig. 6. An NFA for the product of L;,(a,b, —,c) and L, (b,a,—,d).

and S —i={q —4,...,q — i}, where addition and subtraction are modulo n.
Note that b? and a™ (a? and b") act as the identity on Q’, (Q,). If p <m —1,
then {p'}US LN {p'YU(S+2), for all S C Q,,. If nis odd, then (b?)("~1)/2 = pn—1

n—1
and {p'} us”’. {PIu(S—1),forallqe @,.If0,1 ¢ S or {0,1} C S, then a
acts as the identity on S.

Remark 2. If 1 ¢ S and {(m —2)'}US is reachable, then {0’,1} U S is reachable
for all S C @, \ {1}.

Proof. If 0 € S, then {(m —2)",0}uU S\ {0} % {(m —1),0,1} U S\ {0} -+
{07,0,1}US\ {0} = {0/, 1}US. If0 ¢ S, then {(m —2)'}US - {(m—1)",0}U
S L {0, 1}US. 0

We now prove that the languages of Fig. 6 meet the upper bound.

Claim 1: All sets of the form {p'} U S, where p’ € Q,_; and S C Q,, are
reachable. We show this by induction on the size of S.

Basis: |S| = 0. The initial set is {0'}, and from {0’} we reach {p'}, p’ € Q},_1,
by a?, without reaching any states of @,,. Thus the claim holds if |S| = 0.
Induction Assumption: {p'} US, where p’ € Q! _, and S C @Q,,, is reachable
if || < k.

Induction Step: We prove that if |S| = k + 1, then {p'} U S is reachable. Let
S ={q0,q1,---,qx}, where 0 < gp < g1 < -+ < g < n — 1. Suppose q € S. By
assumption, sets {p'} U (S'\ {¢} — (¢ — 1)) are reachable for all p’ € Q},,_;.

o All sets of the form {0’} U S are reachable.

Note that 1 ¢ (S\ {q} — (¢ —1)). By assumption, {(m —2)'}U(S\{q} —(¢—1))
is reachable. By Remark 2, {0’,1} U (S'\ {¢} — (¢ — 1)) is reachable.
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1. If there is an odd state ¢ in S, then {0',1} U (S\ {q} — (¢ — 1)) LA {0' qt U
(S\{dq}) ={0}Us.

2. If there is no odd state in S and n is odd, then S C {0,2,...,n — 1}. Pick
g € S. Then {0/, 1} U (S\ {g} = (¢ — 1)) “= {0, g + 1} U (S \ {a} + 1) =—

{0, US\{g} ={0}US.
3. If there is no odd state and n is even, then S C {0,2,...,n—2} (son—1¢ S).

(a) If0¢ S, then 0,1 ¢ S+1.By 1, {0'}U 1sreachable sinceS+1

(S+
contains an odd state. Then {0’} U (S+1) % {1 }U(S—|—1) {0 TUS.
(b) If 2¢ S, then 0,1 ¢ S —1. By 1, {0’} U (S — 1) is reachable, since S — 1
contains an odd state. Then {0’} U(S—1) % {1'}U(S—1) i {0}uUS.
(c) If{0,2} C S, then0¢ S—1,and I,n—1€ S—1.By 1, {0’} U (S —-1)
is reachable, since 1 € S — 1. Note that aba sends 1 to 0, n — 1 to 1, and
adds 1 to each state ¢ > 3 of S — 1; thus 2 ¢ (S — 1)aba, and {0’} U (S —

1) 2% £17,0,1} U S\ {0,2}. Next, b»~L sends 0 to n — 1 and subtracts

1 from every other element of S\ {0,2}. Hence {1’,0,1} U S\ {0, 2} =,
{00~ 1,0} U () {0,2} = 1) % {0,0,2} U (S {0,2}) = {0’} US.

o All sets of the form {1’} U S are reachable.

If 0 and 1 are not in S or are both in S, then {0’} US % {1’} US. If 0 € S but
1 ¢S, then {0/,1}US\ {0} % {1/,0}UuS\ {0} ={1I'}UuS.If1€ Sbut0¢ S,
then {0/,0}U S\ {1} % {1,1}US\ {1} = {1’} us.

o All sets of the form {p'} U S, where 2 < — 2, are reachable.

If p is even, then {0’}US—> {Ptus.

If p is odd, then {1}US—> {pIus.

Claim 2: All sets of the form {(m —1)’,0} U S are reachable.

1. By Claim 1, {(m — 3)’} U S is reachable. If ¢y = 1, then

{(m —3),13US\ {1} > {(m —1),0,1} US\ {1} = {(m — 1)",0} USS.
2. By Claim1, {(m —2)’'} U S is reachable. If gy > 2, then

{(m—-2)}usS - {(m—1),0}US.

Claim 3: All sets of the form S are reachable.

By Claim 1, {0’} U S is reachable for every S, and {0’} U S 4 s

For distinguishability, note that only state ¢ accepts w, = b""17% in D,,.
Hence, if two states of the product have different sets S and S’ and g€ S @© 5,
then they can be distinguished by w,. State {p'} U S is distinguished from S by
ca™1=Ppn=L If p < g, states {p'} U S and {¢'} U S are distinguished as follows.
Use ca™~ 177 to reach {(p +m — 1 —¢)'} from p’ and {(m — 1)’} U {0} from ¢'.
The reached states are distinguishable since they differ in their subsets of @,,. O
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5 Most Complex Regular Languages

A most complex regular language stream is one that, together with some dialects,
meets the complexity bounds for all boolean operations, product, star, and rever-
sal, and has the largest syntactic semigroup and most complex atoms [3]. A most
complex stream should have the smallest possible alphabet sufficient to meet all
the bounds. Most complex streams are useful in systems dealing with regular
languages and finite automata. One would like to know the maximal sizes of
automata that can be handled by the system. In view of the existence of most
complex streams, one stream can be used to test all the operations. Here we
present a stream similar to that of [3] but with one added input letter that
induces the identity transformation, as shown in Fig. 3.

Theorem 3 (Most Complex Regular Languages). For each n > 3, the
DFA of Definition 1 is minimal and its language Ly (a,b,c,d) has complezity n.
The stream (L, (a,b,¢,d) | m > 3) with dialect streams (Ln(a,b,—,¢) | n = 3)
and (L (b,a,—,d) | n = 3) is most complex in the class of regular languages. In
particular, it meets all the complezity bounds below, which are mazimal for regu-
lar languages. In several cases the bounds can be met with a restricted alphabet.

1. The syntactic semigroup of Ly (a,b,c) has cardinality n™.

2. Fach quotient of L, (a) has complexity n.

3. The reverse of Ly(a,b,c) has complexity 2", and L, (a,b,c) has 2™ atoms".
4. For each atom Ag of L,(a,b,c), the complexity k(Ag) satisfies:

AT e S Sy (), i S S € Q.

5. The star of Ly,(a,b) has complexity 2"~* + 272,

The product L', (a,b,—,¢)L,(b,a,—,d) has complezity m2™ + 2"~ 1.

7. The complexity of L, (a,b, —,c)oL,(b,a, —,d) is mn+m+n+1 ifo € {U, B},
mn+m+1ifo=\, andmn+1ifo=n.

S

Proof. The proofs of 1-5 can be found in [3], and Claims 6 and 7 are proved in
the present paper, Theorems 1 and 2. a

Proposition 1 (Marek Szykula, personal communication). At least four
imputs are required for a most complex reqular language. In particular, four inputs
are needed for union: two inputs are needed to reach all pairs of states in Q! X
Qn, one input in X'\ X for pairs (p',0) with p' € Q',,, and one in X\ X’ for
pairs (', q) with g € Q..

! The atom congruence is a left congruence defined as follows: two words = and y
are equivalent if uz € L if and only if uy € L for all w € X*. Thus x and y are
equivalent if € v~ 'L if and only if y € u~*L. An equivalence class of this relation
is called an atom of L [5,7]. It follows that an atom is a non-empty intersection of
complemented and uncomplemented quotients of L. The number of atoms and their
quotient complexities are possible measures of complexity of regular languages [3].
For more information about atoms and their complexity, see [4,5,7].
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6 Conclusions

Two complete DFAs over different alphabets X’ and X are incomplete DFAs
over X’ U Y. Each DFA can be completed by adding an empty state and sending
all transitions induced by letters not in the DFA’s alphabet to that state. This
results in an (m + 1)-state DFA and an (n + 1)-state DFA. From the theory
about DFAs over the same alphabet we know that (m + 1)(n + 1) is an upper
bound for all boolean operations on the original DFAs, and that m2”! + 27 is
an upper bound for product. We have shown that the tight bounds for boolean
operations are (m + 1)(n + 1) for union and symmetric difference, mn +m + 1
for difference, and mn + 1 for intersection, while the tight bound for product is
m2" 4 2771, In the same-alphabet case the tight bound is mn for all boolean
operations and it is (m — 1)2" 4+ 2"~ ! for product. In summary, the restriction
of identical alphabets is unnecessary and leads to incorrect results.

It should be noted that if the two languages in question already have empty
quotients, then making the alphabets the same does not require the addition of
any states, and the traditional same-alphabet methods are correct. This is the
case, for example, for prefix-free, suffix-free and finite languages.
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it will be denoted by x(L). The state complexity of an operation on regular lan-
guages is the maximal state complexity of the result of the operation expressed
as a function of the state complexities of the operands.

Let X be a finite non-empty alphabet. The shuffle v v of words u,v € X*
is defined as follows:

Wi v = {ugvy URVE | U = U U, U = U Uy ULy e e Uk, UL, e, U € X
The shuffle of two languages K and L over X' is defined by

KulL= U UL V.
ueK,veL

Note that the shuffle operation is commutative on both words and languages.

The state complexity of the shuffle operation was first studied by Campeanu
et al. [2], but they considered only bounds for incomplete deterministic automata.
In particular, they proved that 2™" — 1 is a tight upper bound for that case.
Since we can convert an incomplete deterministic automaton into complete one
by adding the empty state, it follows that 2(m~D(=1) _ 1 is a lower bound
for the case of complete deterministic automata. Here we show that this lower
bound can be improved, and we derive an upper bound for two regular languages
represented by complete deterministic automata, but the question whether this
bound is tight remains open.

A nondeterministic finite automaton (NFA) is a quintuple A =
(Q,X,0,s,F), where @ is a finite non-empty set of states, X' is a finite alphabet
of input symbols, §: Q x X — 29 is the transition function which is extended
to the domain 29 x X* in the natural way, s € Q is the initial state, and F C Q
is the set of final states. The language accepted by NFA A is the set of words
L(A)={we X*|i(s,w)NF #0}.

An NFA A is deterministic and complete (DFA) if |6(q,a)| = 1 for each ¢ in
Q@ and each a in X. In such a case, we write §(q, a) = ¢’ instead of 6(q,a) = {¢'}.
A DFA is minimal (with respect to the number of states) if all its states are
reachable, and no two distinct states are equivalent.

Every NFA A = (Q, X, 4, s, F) can be converted to an equivalent DFA A’ =
(29, 2,6,{s}, F"), where [’ = {R € 29 | RN F # (}. The DFA A’ is called the
subset automaton of NFA A. The subset automaton may not be minimal since
some of its states may be unreachable or equivalent to other states.

Let K and L be regular languages over an alphabet X recognized by deter-
ministic finite automata K = (Qx, X, 0k, 9k, Fx) and L = (Qr, X, 61,91, FL),
respectively. Then K w L is accepted by the nondeterministic finite automaton

N =(Qk xQr,X,0,(qr,qr), Fx X FL),
where
5((]3, Q)aa‘) = {(5K(paa)7q)7 (p7 6L(Q7a'))}'

Let D = (29x*Qc 3§ {(qx,qr)}, F') be the subset automaton of N. If
|Qk| =m and |Qr| = n, then NFA N has mn states. It follows that DFA D has
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at most 2™ reachable and pairwise distinguishable states. However, this upper
bound cannot be met, as we will show.

In the sequel, we assume that Qx = {1,2,...,m}, qx = 1, Qr =
{1,2,...,n}, and q;, = 1. We say that a state (p,q) of NFA N is in row i if
p =1, and it is in column j if ¢ = j.

Proposition 1. Let a € X. Let S be a state of D. Let meo1(S) = {p | (p,q) €
S for some q}, and Tow(S) = {p | (p,q) € S for some p}. Then m,(S) C 7, (S -
a) for x € {col,row}.

Proof. Let p € me1(S); then we have (p,q) € S for some ¢. Since d((p,q),a) =

{(§K<p7 a/)v q)a (pv 6L(q7 (L)}7 we have (p7 §L<Q7 a)) € 6(57 a)a SO p € 71—Col((s(Sa a))
By symmetry, the same claim holds for oy a

We claim that in the subset automaton D, every reachable subset S of Qg x
()1, must contain a state in column 1 and a state in row 1, that is, it must satisfy
the following condition.

Condition (C): There exist states (s,1) and (1,¢) in S for some s € Qg and
t e QL'

Lemma 2. FEvery reachable subset S of subset automaton D satisfies Condi-

tion (C).

Proof. The initial subset of D is {(1,1)}, and it satisfies Condition (C). By
Proposition 1, for every a € X we get that 1 € me1(d(S5,a)) and 1 € myow (6(S, a)),
so (S, a) satisfies Condition (C). By induction, all reachable subsets satisfy
Condition (C). O

Theorem 3 (Shuffle: Upper Bound). Let k(K) = m and (L) = n. Then
the state complexity of the shuffle of K and L is at most

f(m,n) — gmn—1 + 2(m71)(n71)(2m71 . 1)(27171 - 1) (1)

Proof. By Lemma 2, every reachable subset of D must contain a state in row 1
and a state in column 1. There are 2™"~! subsets containing state (1,1), and
2(m=1)(n=1)(gm=1 _ 1)(27=1 _ 1) subsets not containing (1,1) but containing
(s,1) for some s € {2,3,...,m} and (1,¢) for some ¢ € {2,3,...,n}. This gives
flm,n). O

Let K and L be two regular languages over X. If k(K) = (L) = 1, then
each of K, L, and K L is either () or X*, and (K 1w L) = 1; hence the bound
f(1,1) =1 is tight.

Now suppose that «(K) = 1; here we have two possible choices for K, the
empty language or X*. The first choice leads to x(K w L) = 1. Hence only the
second choice is of interest, where the language K w L = X* w L is the all-
sided ideal [1] generated by L. If k(L) = 2, the upper bound f(1,2) = 2 is met
by the unary language L = aa*. Hence assume that «(K) = 1 and (L) > 3.
The next observation shows that in such a case, the tight bound is less than
f(1,n) =21
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Proposition 4 (Okhotin [4]). If k(L) > 3, then the state complexity of X* 1 L
is at most 2"~2 + 1, and this bound can be reached only if |X| > n — 2.

Okhotin showed that the language L = (a1 X*a; U -+ U ap—2X*ay_2) X",
where ¥ = {aj,...,a,—2}, meets this bound [4]. This takes care of the case
k(K) =1 and, by symmetry, of the case k(L) = 1.

In what follows we assume that m > 2 and n > 2. First, let us show that the
upper bound f(m,n) cannot be met by regular languages defined over a fixed
alphabet.

Proposition 5. Let K and L be regular languages over X with k(K) =m and
k(L) = n, where m,n > 2. If k(K w L) = f(m,n), then |X| = mn — 1.

Proof. For s =2,3,...,mand t = 2,3,...,n denote

If all the subsets satisfying Condition (C) are reachable, then, in particular, all
the subsets A, By, and C; must be reachable. Let us show that all these subsets
must be reached from some subsets containing state (1,1) by distinct symbols.

Suppose that a set A, is reached from a reachable set S with S # Ag by a
symbol a, that is, we have Ay = §(S,a) and S # A,. The set A, contains only
states in column 1 and rows 1 or s. By Proposition 1, the set S may only contain
states in column 1 and in rows 1 or s, that is, we have S C {(1,1), (s,1)}. Since
S # As, we must have S = {(1,1)}.

By symmetry, each B; can only be reached from {(1,1)}.

Suppose that a set Cy; is reached from a reachable set S with S # Cy; by a
symbol a. By Proposition 1, we must have S C {(1,1), (s, 1), (1,%), (s,)}. Let us
show that (1,1) € S. Suppose for a contradiction that (1,1) ¢ S. Then, since S
is reachable, it must contain a state in column 1 and a state in row 1, that is,
we must have {(s,1),(1,¢)} C S. But then (s,t) € S since S # Cy;. However,
then 6k (s,a) = 1 and d1,(t,a) = 1 which implies that (1,1) € 6((s,1),a), and
so (1,1) € Cg. This is a contradiction. Therefore Cy; is reached from a set
containing (1, 1).

Thus each Ay is reached from {(1,1)} by a symbol as, each B; is reached
from {(1,1)} by a symbol b;, each Cy; is reached from a set containing (1,1) by
a symbol ¢y, and we must have

dk(1,as) =s and 65(1,as) =1,
5K(1,bt) =1 and (SL(].,bt) = t,
Ok (L,cet) = s and 01, (1, cst) = t.

It follows that all the symbols ag, bs, and cs; must be pairwise distinct. Therefore
we have |¥|>2m—14n—-1+(m—1)(n—1) =mn — 1. |
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d b a b 4
l a,b, c l l a,c,
b,c,d a,b,c,d

Fig. 1. Witness DFAs K and £ for shuffle with |Qx| =2, |Qr| = 2.

Unfortunately, this lower bound on the size of the alphabet is not tight, as
is demonstrated by the following example:

Ezample 6. 1f t is a transformation of the set {1,2,...,n} and ¢ € {1,2,...,n},
let gt be the image of ¢ under t. Transformation ¢ can now be denoted by
[1t,2t,... nt].

(1) If m = n = 2, we have f(2,2) = 10. Let X = {a,b,c,d}, and let the
DFAs K and L be as shown in Fig.1, and let K and L be their languages.
Then (K w L) = 10. We have used GAP [3] to show that the bound cannot be
reached with a smaller alphabet, and that the DFAs of Fig.1 are unique up to
isomorphism.

(2) For m = 2 and n = 3, the minimal size of the alphabet of a witness pair
is 6. We have verified this by a dedicated algorithm enumerating all pairs of
non-isomorphic DFAs with 2 and 3 states. In contrast to the previous case, over
a minimal alphabet there are more than 60 non-isomorphic DFAs of L — even if
we do not distinguish them by sets of final states — that meet the bound with
some K. One of the witness pairs is described below.

Let ¥ ={a,b,c,d,e, f}. Let K = ({1,2}, X, 0k,1,{2}), and let a = [1,2], b =
c=[2,1],d=[1,1], e = [2,2], and f = [2,1]. Let £ = ({1,2,3},X,0r,1,{1}),
and let a = [2,2,3], b=[2,1,3], ¢ =[1,1,1], d=e=[3,1,2], f = [3,1,1]. Then
kK(KwL)=44 = f(2,3).

The bound mn — 1 on the size of the alphabet is not tight for m = n = 2,
where an alphabet of size four is required. For any m,n > 2 the subsets of
{1,2} x {1, 2} satisfying (C) must be also reachable, and to reach them we can
use only transformations mapping 1 to either 1 or 2. There are only three such
transformations counted in Proposition 5; thus we need one more letter.

2 Partial Results About Tightness

To prove that the upper bound f(m,n) of Eq. (1) is tight, we must exhibit two
languages K and L with state complexities m and n, respectively, such that
k(K w L) = f(m,n). As usual, we use DFAs to represent the languages: Let
K and £ be minimal complete DFAs for K and L. We first construct the NFA
N as defined in Sect.1, and we consider the subset automaton D of NFA N.
We must then show that D has f(m,n) states reachable from the initial state
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{(1,1)}, and that these states are pairwise distinguishable. We were unable to
prove this for all m and n, but we have some partial results about reachability
in Subsect. 2.1, and we deal with distinguishability in Subsect. 2.2.

2.1 Reachability

We performed computations verifying reachability of the upper bound for small
values of m and n. These results are summarized in Table 1.

The computation in the hardest case with m = n = 6 took about 48 days
on a computer with AMD Opteron(tm) Processor 6380 (2500 MHz) and 64 GB
of RAM. Moreover, we verified that in all these cases, every subset of size at
least 3 is directly reachable from some smaller subset. We also verified that for
reachability in case of m = n = 3 an alphabet of size 12 is sufficient, and in case
of m = n = 4 an alphabet of size 50 is sufficient. Using these results, we are
going to prove reachability for all m,n with 2 < m <5 and n > 2.

Table 1. Computational verification of reachability of the bound. The fields with v'*
follow from the proofs of Subsect. 2.1.

m\n|2 3|45 6|7 =8
2 VIVIVIVIVIVIVE
3 VIVIVIVIVIiVT
4 arararara
5 ararara
6 VI |7
7 707
238 ?

Without loss of generality, the set of states of any n-state DFA is denoted
by Q. = {1,2,...,n}. Let 7,, be the monoid of all transformations of the set
Q. Let p,g € Q, and P C @,. Let 1 denote the identity transformation. Let
(p — ¢q) denote the transformation that maps state p to state ¢ and acts as
the identity on all the other states. Let (p,q) denote the transformation that
transposes p and q.

Here we deal only with reachability, so final states do not matter. We assume
that the sets of final states are empty in this subsection.

Let Xy, = {ast | s € T, and t € 7,,} be an alphabet consisting of m™n™
symbols. If an input @ induces transformations s in 7,,, and ¢ in 7,,, this will be
indicated by a: s;t.

Define DFAs ]Cm,n = (va Em,na&na 1, ®) and ‘Cm,n = (Qna Zm,nv 5n7 LQj)v
where 6,,(p, ast) = ps if p € Qy, and 8,,(q, as) = gt if ¢ € Q. Let Ny, be the
NFA for the shuffle of languages recognized by DFAs KC,,, , and £, ,, as described
in Sect. 1, and let D,, ,, be the subset automaton of N, ,,. The NFA N, ,, has
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alphabet X, ,,, and so has an input letter for every pair of transformations in
T % Tp. Therefore the addition of another input letter to the DFAs KC,y, 5, and
Ly, cannot add any new set of states of N that would be reachable from
{(1,1)} in Dy .

Let m’ < m and n’ < n. Then DFA K, 0 = (Qumry Do 7y Omry 1,0) (respec-
tively, the DFA L, v = (Qn/y X 7, 05 1,0)) is a sub-DFA of Ky, ,, (vespec-
tively, of L., ), in the sense that Qn C Qum, Xy € Lo, and 0y C .
As well, NFA N, v is a sub-NFA of N,, ,,. Note that D,, , is extremal for the
shuffle: every language K w L, where K and L are languages with state com-
plexities m and n respectively, is recognized by some sub-DFA of D(m,n) after
possibly renaming some letters.

For the next lemma it is convenient to consider a subset S of states (p,q)
of Ny as an m x n matrix, where the entry in row p and column q is (p, ¢) if
(p,q) € S, and it is empty otherwise. We first introduce the following notions.

Definition 7. Let i,i' € Q.,, 1 # 14, and j,j' € Qn, j £ J'.

(a) A row i’ contains row i, if (¢,7) € S implies (i',7) € S for all j € Q.

(b) A column j' contains column j if (i,5) € S implies (i,5") € S for alli € Q.
(c) A subset of Qn, x Qp is valid if it satisfies Condition (C) from Lemma 2,
that is, if it contains a state in row 1 and a state in column 1.

Lemma 8. Let S be a valid subset of Q,, X Q, with the property that there are
distinct 1,7’ or j,j' such that either row i' contains row ¢ or column j' contains
column j. Assume that every valid subset S’ of Qm/ X Qn/, where m’ < m, or
n' <n, or|S'| <|S|, is reachable in DFA Dy, . Then S is reachable in Dy, p,.

Proof. If S contains an empty row or column, then without loss of generality we
can renumber the n states of £,,, in such a way that column n is the empty
column in S. By the inductive assumption we know that S is reachable in Dy, ,,—1
by some word w. Since N, ,_1 is a sub-NFA of N,, ,,, S is reachable in D,,, ,, as
well by the same word. Suppose that S has neither an empty row nor an empty
column. By symmetry, it is sufficient to consider the case with distinct ¢ and 7’
such that row ¢’ contains row i. Let S = S\{(¢',j) | (¢,5) € S for j € {1,...,n}}.
Since |S’| < |S], the set S’ is reachable by assumption. To obtain S, we apply
the letter that induces the transformation ¢ — #'; 1. a

Lemma 9. Let S be a valid subset of Q., X Q. such that there is a column or
a row with ezactly one element. Assume that every valid subset S" of Qv X Qur,
where m’ < m, orn’ < n, or |S'| < |S], is reachable in Dy, nr. Then S is
reachable in Dy, p .

Proof. Recall that we can assume m > 2 and n > 2. We may assume that there
is neither an empty row nor an empty column in S; otherwise S is reachable by
Lemma 8. It is sufficient to consider the case involving a column, since the case
involving a row follows by symmetric arguments. Let (p, q) be the only element
in column q. If there are more elements in row p, then column ¢ is contained in
another column and by Lemma 8, the set S is reachable.
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Let S’ be the subset of Q,,_1 X @,_1 obtained by removing row p and
column ¢, and renumbering the states to @Q,,—1 X @,—_1 in the way such that
i € @ becomes i — 1 if ¢ > p and otherwise remains the same, and j € @,
becomes j — 1 if j > ¢ and otherwise remains the same. We have that S’ is a
valid subset, and by the inductive assumption it is reachable in D,,_1 ,—1 by
some word u'; let u be the word corresponding to ' in the original numbering
of the states. We consider four cases.

Case p # 1 and ¢ # 1: State {(1,1), (p,q)} is reachable in Dy, ,, by word a?,
where a: (1,p); (1,q). Then S is reachable by a*u.

Case p =1 and ¢ # 1: State {(2,1),(1,q)} is reachable in D,, , by word a?,
where a: (1,2);(1,q). Then state (2,1) corresponds to state (1,1) after the
renumbering, and S is reachable by a?u.

Case p # 1 and ¢ = 1: This is symmetrical to the previous case.

Case p =1 and ¢ = 1: State {(1,1),(2,2)} is reachable in D,, ,, by word a?,
where a: (1,2);(1,2). Then state (2,2) corresponds to state (1,1) after the
renumbering, and S is reachable by a?u. O

Theorem 10. If for some h every valid subset can be reached in D, (1ha) then
'\|Lh/2

for every m < h and every n, every valid subset can be reached in Dy, 4.

Proof. This follows by induction on m, n, and |S|.

For m = 1 this follows by induction on n: if n = 1 then D;; consists of a
single valid subset {(1,1)}, and if n > 1, then we apply Lemma8. For m < h
and n < (Lh}/LZj) this holds by assumption, since Ny, ,, is a sub-NFA of J\/,%(Lh;;%).

If |S| = 1, then {(1,1)} is the only valid subset, and it is reachable since it is
the initial subset of D,, .

Let S be a valid subset of Q,, X Q,,, where m < h and n > (Lh}/l2J)’ and
assume that every valid subset S’ of Q,, X @, is reachable if m’ < m, or
n’ < n, or |S’| < |S]. By Sperner’s theorem [5], the maximal number of subsets
of an m-element set such that none of them contains any other subset is (anr/‘z J)'

This is not larger than (Lh};? J>; hence, there exist some columns j, 5 with j # 5’
such that the j-th column is contained in j'-th column. By Lemma 8, the subset
S is reachable. a

Corollary 11. Let 1 < m < 4 and n > 1. Then every valid subset can be
reached in Dy, p, .

Proof. Since we have verified the reachability of all valid subsets for m = 4 and
n=6= (;1), Theorem 10 applies with kA = 4. O

To strengthen this result and show reachability for m < 5, we need to intro-
duce another concept with permutations. Let ¢ be any permutation of m rows.
We split subsets of @, (subsets of rows) into equivalence classes under ¢. For
UCQm, [Up=4{VCQn|V =¢ () for some i > 0} denotes the equiva-
lence class of U. See Tables 2, 3, 4 for examples of subsets whose columns U are
partitioned into equivalence classes under some ¢.
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For a subset S of @, X @y, by col(S, ) we denote the subset of Q,,, contained
in the i-th column. Then cols(S) = U, ¢;¢, col(S, ) is the set of the subsets in
the columns of S.

The following lemma assures reachability (under an inductive assumption)
of a special kind of subsets whose columns form only full and empty equivalence
classes under some permutation .

Lemma 12. Let ¢ be a permutation of m rows. Let S be a walid subset of
Qm X Qn such that [U], C cols(S) for every U € cols(S), and there is a
column V' € cols(S) such that |[V],| > 2. Assume that every valid subset S’ of
Qmy X Quy, where m’ < m, orn' <mn, or|S’| <|S|, is reachable in Dy . Then
S is reachable in Dy, 4, .

Proof. We can assume that no two columns contain the same subset of rows, no
column is empty, and the first row contains at least two elements; otherwise S
is reachable by Lemma 8 or by Lemma 9.

Let S; = col(S,j) be the j-th column of a valid subset S. Thus we have
S={(i,7) |1 <j<nandieS;} Since|[V],| > 2, we can always choose V so
that ¢ =1(V) is in a k-th column Sy, with &k # 1. Let S” be the set obtained from
S by omitting the states in the k-th column and by taking the pre-image of S}
under ¢ in any other column, that is,

S ={(i,4) |1<j<nj#k, andi€ @ (S}

Since k # 1 and the first row of S contains at least two elements, the set S’ is
valid. Since V' is non-empty, we have |S’| < |S|. Let ¥ be a permutation that
maps a column j to the column containing ¢~!(S;), that is, we have Sy =
©71(S;). Let t be the transformation given by a., . Let us show that S’t = S.

Let (i,j) € S'. Then i € ¢~ 1(S;), so ¢(i) € S;, and we have (i,j)t =
{((2),4), (1,9(4))} € S. Hence S't C 5.

Now let (i,j) € S. First let j # k. Then i € Sj, so o~ 1(i) € 1(Sj).
Therefore (<p*1( ),j) € S'. Since (i,5) € (¢ 1(3),5)t, we have (1,7) € S't. Now
let j = k. Then i € ¢~ *(V) and Sy-1(4) = V. Thus (i, (k)) € &, nd we
have (i,k) € (i,9~(k))t. Hence S C S’t. Our proof is complete. O

Corollary 13. Let 1 < m < 5 and n > 1. Then every valid subset can be
reached in Dy, .

Proof. The proof follows by analysis of valid subsets S C @5 X @, with the aid
of Corollary 11, Lemmas 8 and 12, and the results from Table 1.

Suppose that there is a valid subset S C Q5 x @Q,, that is not reachable; let
S be chosen so that n is the smallest number and S is a smallest non-reachable
subset of Q5 X Q.,.

By Corollary 11 and the choice of n, every valid subset S’ C Q,,,» X Q,./, where
m’ < 5,0rn' <mn,or|S’| <|S|, is reachable. Hence, S has no column containing
another column; otherwise, we can apply Lemma 8. Since we have verified the
reachability of all valid subsets for m = 5 and n < 7 (Table 1), we must have
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Table 2. A subset and the equivalence classes of columns under ¢ = [2,3, 1,4, 5].

1 /2 |3 /4 5 6 |7 |8 |9
1 |o o | o o
2 | o o o o
3 o | o o o
4 o| oo
5 o | ol o
eq A |A|A |B|B|B|C|C|C

Table 3. A subset and the equivalence classes of columns under ¢ = [1,2,3,5,4].

1 12 3 |4 |5 6 |7 |8
1 |o] o o
2 | o o o
3 | o o o
4 o| oo o
5 o/ o] o] o
eq A |B |C|D |B |C |D|E

1 /2 |3 |4 5 |6 |7 |8
1 o/ o] o] o
2 | o o | o o
3 o | o o o
4 | ool o o
5 o|o| o]l o
eq A|A|A|A |B|B |B |B

n > 8 and so S has at least 8 distinct columns. Obviously there is neither an
empty nor a full column. If there is a column U with |[U| =1 or |U| = 4, then
by Sperner’s theorem if n > (;) = 6, then S has a column containing another
column; hence S can have only columns U with |U| =3 or |U| = 2.

Let C3 be the number of 3-element columns (|U| = 3), and C3 be the number
of 2-element columns (|U| = 2). We are searching for possible subsets S that do
not have a column containing another column, and with C'5+C5 > 8. We consider

the following six cases.

(1) Let C5 = 0. If Cy = 10, which implies that S contains all possible 2-
element subsets, then under ¢ = [2,3,4,5,1] we have two full and non-trivial
equivalence classes. Hence S is reachable from a smaller subset by Lemma 12.
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If C5 = 9, then without loss of generality let the missing 2-element subset be
{4,5}; see Table2. Under ¢ = [2,3,1,4,5] we have three full and non-trivial
equivalence classes, and S is reachable by Lemma 12. Finally, if C; = 8, then
we have two subcases. If the two missing 2-element subsets have a common
element, then without loss of generality let them be {2,3} and {4,5}. Under
» = [1,4,5,2,3] we have four full and non-trivial equivalence classes, and S is
reachable by Lemma 12. If they have a common element, then without loss of
generality let them be {3,4} and {4,5}. Under ¢ = [1,2,5,4,3] we have six
full equivalence classes and two of them are non-trivial. Thus S is reachable by
Lemma12.

(2) Let C3 = 1. The only possible subset, up to permutation of columns and
rows, is shown in Table3. It has all columns with two elements that are not
contained in the 3-element column. By Lemma 12 with ¢ = [1,2,3,5,4], it is
reachable.

(3) Let C5 = 2. A simple analysis reveals that if the 3-element columns
have only one common element, then Cs is at most 4. If they have two common
elements, then C5 is at most 5. Thus in this case, we have Cy + C5 < 7.

(4) Let C3 = 3. Here C5 is at most 4.

(5) Let C3 = 4. The only possible subset, up to permutation of columns and
rows, is shown in Table4. By Lemma 12 with ¢ = [2,3,4, 1, 5], it is reachable.

(6) Let C3 > 5. These cases are symmetrical to those with C3 < 3; it is
sufficient to consider the complement of S.

Since these cover all the possibilities for set S, this set is reachable. a

2.2 Proof of Distinguishability

The aim of this section is to show that there are regular languages defined over a
three-letter alphabet such that the subset automaton of the NFA for their shuffle
does not have equivalent states.

To this aim let A = (Q, X, 4, s, F) be an NFA. We say that a state ¢ in Q is
uniquely distinguishable if there is a word w in X* which is accepted by A from
and only from the state ¢, that is, if there is a word w such that d(p,w) € F
if and only if p = ¢. First, let us prove the following two observations.

Proposition 14. If each state of an NFA A is uniquely distinguishable, then
the subset automaton of A does not have equivalent states.

Proof. Let S and T be two distinct subsets in 2¢. Then, without loss of gener-
ality, there is a state ¢ in @ with ¢ € S\ T Since ¢ is uniquely distinguishable,
there is a word w which is accepted by A from and only from q. Therefore, the
subset automaton of A accepts w from S and it rejects w from T. Hence w
distinguishes S and T O

Proposition 15. Let a state ¢ of an NFA A = (Q, X, 0,s,F) be uniquely dis-
tinguishable. Assume that there is a symbol a in X and exactly one state p in Q
that goes to q on a, that is, (p,a,q) is a unique in-transition on a going to q.
Then the state p is uniquely distinguishable as well.
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Proof. Let w be a word which is accepted by A from and only from ¢. The word
aw is accepted from p since ¢ € §(p,a) and w is accepted from ¢. Let r # p.
Then g ¢ 6(r,a) since (p, a, q) is a unique in-transition on a going to g. It follows
that the word w is not accepted from any state in 6(r,a). Thus A rejects aw
from r, so p is uniquely distinguishable. O

Now we can prove the following result.

Theorem 16. Let m,n > 2. There exist ternary languages K and L with
k(K) = m and k(L) = n such that the subset automaton of the NFA accept-
g K L does not have equivalent states.

Proof. Let m and n be arbitrary but fixed integers with m,n > 2. Let K be
accepted by the DFA K = ({1,2,...,m},{a,b,c},dk,1,{m}), where for each i
in {1,2,...,m},

O0g(i,a) =1+ 1ifi<m—1and dx(m,a) =1;

0k (l,¢) =2 and 6k (i,¢) = 1if i > 2.
Let L be accepted by the DFA £ = ({1,2,...,n},{a,b,¢},dr,1,{n}), where for
each jin {1,2,...,n},

6p(j,a) = 1;
0r(j,¢) = n.

The DFAs K and £ are shown in Fig. 2.

Construct the NFA A for K w1 L as described in Sect.1 on page 2. The
transitions on a, b, c in N for m = 4 and n = 5 are shown in Fig. 3. Notice that
each state (¢,7) with 2 < ¢ < m and 2 < j < n has a unique in-transition on
symbol a and this transition goes from state (i — 1, j); see the dashed transitions
in Fig.3 (top-left). Next, each state (m,j) with 2 < j < n has a unique in-
transition on b which goes from (m,j — 1), and each state (¢,2) with 2 < i< m

Fig. 2. The DFAs K and L.
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Fig. 3. NFA N for m = 4 and n = 5; the transitions on a (top-left), b (top-right), and
¢ (bottom).

i C a a a a
O
a a a a
O
a a a a
Q_g)_ b b b

Fig. 4. The subgraph of unique in-transitions in NFA N; m =4 and n = 5.

has a unique in-transition on b going from (i,1); see the dashed transitions in
Fig.3 (top-right). Finally, the state (2,1) has a unique in-transition on ¢ going
from (1, 1); see the dashed transition in Fig. 3 (bottom).
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The empty word is accepted by N from and only from the state (m,n) since
this is a unique accepting state of A/. Thus (m,n) is uniquely distinguishable.
Next, consider the subgraph of unique in-transitions in N. Figure4 shows this
subgraph in the case of m = 4 and n = 5. Notice that from each state of N, the
state (m,n) is reachable in this subgraph. By Proposition 15, used repeatedly,
we get that each state of N is uniquely distinguishable. Hence by Proposition 14,
the subset automaton of AV does not have equivalent states. a

3 Conclusions

We have examined the state complexity of the shuffle operation on two regular
languages of state complexities m and n, respectively, and found an upper bound
for it. We know that this bound can be reached for any m with 1 < m < 5 and
any n > 1, and also for m = n = 6. For the remaining values of m and n,
however, the problem remains open. Since there exist two languages K and L
for which all pairs of states in the subset automaton of the NFA accepting the
shuffle K w1 L are distinguishable, the main difficulty consists of proving that all
valid states in the subset automaton can be reached for the witness languages.

Acknowledgments. We would like to thank an anonymous referee for proposing the
notions of a uniquely distinguishable state and of a subgraph of unique in-transitions
which allow us to simplify the proof of distinguishability. We are also grateful for his
comments and suggestions that helped us improve the presentation of the paper.
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Abstract. We show that it is decidable given an MSO-definable prop-
erty P of countable words and a Muller context-free grammar GG, whether
every word in the language generated by G satisfies P.

1 Introduction

A word, called ‘arrangement’ in [9], is an isomorphism type of a countable labeled
linear order. Such words form a generalization of the classic notions of finite and
w-words.

Finite automata on w-words have by now a vast literature, see [13] for a
comprehensive treatment. Finite automata acting on well-ordered words longer
than w have been investigated in [1,6,7,16,17], to mention a few references. In the
last decade, the theory of automata on well-ordered words has been extended
to automata on all countable words, including scattered and dense words. In
[2,3,5], both operational and logical characterizations of the class of languages
of countable words recognized by finite automata were obtained.

Context-free grammars generating w-words were introduced in [8] and sub-
sequently studied in [4,12]. Context-free grammars generating arbitrary count-
able words were defined in [10,11]. Actually, two types of grammars were defined,
context-free grammars with Biichi acceptance condition (BCFG), and context-free
grammars with Muller acceptance condition (MCFG). These grammars generate
the Biichi and the Muller context-free languages of countable words, abbreviated
as BCFLs and MCFLs. Every BCFL is clearly an MCFL, but there exists an MCFL
of well-ordered words that is not a BCFL, for example the set of all countable well-
ordered words over some alphabet. In contrast, the set of all countable words over
an alphabet is a BCFL.

In [11], it was shown that it is decidable (in polynomial time) whether a given
MCFG generates well-ordered (or scattered) words only. This result was obtained
by analysing the structure of a finite graph canonically associated with the gram-
mar. In this note we establish a generic decidability result to the effect that
whenever P is some property of countable words definable in monadic second-
order logic (MSO), e.g., being well-ordered or scattered, then it is decidable
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whether an MCFG generates only words satisfying P. Of course for such a gen-
eral setting one cannot hope for efficient algorithms since model checking MSO
is nonelementary.

The main idea of the proof is that one can associate with each MCFG a
regular tree in which every derivation tree of the grammar can be represented
and moreover, the set of all derivation trees is MSO-definable.

2 Notation

Countable Words and Muller Context-Free Grammars. An alphabet is a
finite nonempty set X of symbols, usually called letters. A word over X is a strict
linear ordering (I, <) equipped with a labeling function X\ : I — X. The empty
word, denoted €, is the unique word over the empty ordering. It is assumed
that no alphabet contains e. When X' is an alphabet, Y. stands for X U {e}.
An embedding of words is a mapping between the respective underlying linear
orderings that preserves the order and the labeling; a surjective embedding is an
isomorphism. We usually identify isomorphic words and denote by X* the set of
all countable words over the alphabet ¥. As usual, we denote the collections of
finite and w-words over X' by X* and X, respectively. Sometimes we will also
use the same notation for infinite sets.

Let N denote the set of positive integers. When u € N* and ¢ € N, we usually
write ui as u - i. A tree domain D is a prefix- and left-sibling closed nonempty
(but possibly infinite) subset of N*. Thus, whenever u - (¢ + 1) is in D, where
1 € N, then w- 7 is also in D, and v -¢ € D implies u € D as well. Elements of
a tree domain D are also called the nodes of D. When u and u - ¢ are nodes of
D, where u € N* and i € N, then u - i is called a child of u. A descendant of
a node v is a node of the form uv, or u - v, where v € N*. Nodes of D having
no child are the leaves of D. The leaves, equipped with the order inherited from
the lexicographic ordering <, of N* (that is, u <, v iff u = wiw’ and v = wjw”
for some i < j € N, w,w’,w” € N*) form the frontier of D, denoted fr(D). An
inner node of D is a non-leaf node. A path of a tree domain D is a (finite or
infinite) prefix-closed subset 7 of D such that each node of 7 has at most one
child in 7. Given a tree domain D and some node v € D, the sub-tree domain
of D rooted at u is the tree domain D|, = {v : uv € D}.

A tree over some alphabet A, or a A-tree for short, is a mapping ¢ : dom(t) —
A., where dom(t) is a tree domain, such that inner vertices are mapped to letters
in A. Notions such as nodes, paths etc. of tree domains are lifted to trees. When
7 is a path of the tree t, then labels(w) = {t(u) : u € 7} is the set of labels
occurring on 7 and infLabels(7) = [ {t(v) : wv € 7} C labels(r) is the set of

uem
labels occurring infinitely often. Given a tree ¢ and some node u € dom(t), the

subtree of t rooted at u is the tree t|, with domain dom(t|,) = dom(t)|, and
labeling t|,,(v) = t(uv). A tree is regular if it has finitely many subtrees.

The frontier word lfr(t) of a tree t is determined by the leaves not labeled
by e, which is equipped with the lexicographic ordering of N* and the labeling
function inherited from ¢. The root symbol of t is t(e).
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A Muller context-free grammar [11], or MCFG for short, is a system G =
(V,X,R,S,F), where V and X are the pairwise disjoint alphabets of nontermi-
nals and terminals respectively, R is the finite set of productions of the form
A—awithAeVand ae (XUV)*, S eV isthe start symbol and F C P(V)
is the set of accepting sets.

A (VU X)-tree t is locally consistent with the above grammar G if it satisfies
the following conditions:

1. The root symbol of ¢ is S.
2. For each inner node wu of ¢ there exists a production A — X7 ... X, in R with
t(u) = A, X; € VU X such that:
(a) either n > 0, the children of u are exactly u-1,...,u-n and for each
1<i<n,tlu-i) =X
(b) or n =0 and u has a single child « - 1 labeled e.
3. The leaves of t are labeled in ..

A derivation tree of the above grammar G is a locally consistent tree ¢ satis-
fying the additional condition that for each infinite path 7 of ¢, infLabels(r) is
an accepting set of G.

The language L(G) C X* generated by G is the set of frontier words of
derivation trees. A Muller context-free language, or MCFL for short, is a language
generated by some MCFG.

Ezxample 1. If G = ({S,I},{a,b}, R, S, {{I}}), with
R={S—a,S—b8S—¢eS—1I1— SI},
then L(G) consists of all the well-ordered words over {a, b}.

Indeed, assume t1,1%s,... are derivation trees. Then so is the tree ¢ depicted
in Fig. 1 with frontier word lfr(¢;)lfr(t2) . . .. Thus, L(G) contains the empty word
(by S — €), the words of length 1 (by S — a and S — b), and is closed under
taking “w-products”. Since the least class of order types which contains 0, 1 and
which is closed under w-sums is the class of all countable ordinals (see e.g. [15]),
L(G) contains all the well-ordered words over {a,b}.

t3

Fig. 1. Derivation tree corresponding to Example 1

For the other direction, assume ¢ is a derivation tree having a frontier word
containing an infinite descending chain u; > us > .... Then let us define the
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path vg,v1,...1in t: vg = € and v;41 is v; - 1 if this node is an ancestor of infinitely
many u; and v; - 2 otherwise (which happens if v; corresponds to the production
I — ST and the node v; -1 (which is labeled \S) has no descendant of the form wu;
at all). Note that for each u; there exists a unique v;; such that v;; is an ancestor
of u; and v;; 41 is not, since the length of the words v; grows without a bound.
Now these nodes v;; correspond to the production I — ST and v;;41 = vy, - 1,
so that the successor of v;; along the path is labeled by S. Hence v, v1, ..., is a
path 7 in ¢ such that infLabels(7) contains S, which is a contradiction since the
only accepting set is {I}.

MSO on Trees and Words. Let X} and X5 be fixed, countably infinite,
disjoint sets of first-order and second-order variables, respectively. It is assumed
that X7 and A, are disjoint from alphabets, they do not contain ¢, etc.

Given an alphabet A, the set of monadic second-order, or MSO-formulas (for
trees over A) is the least set satisfying the following conditions:

1. When z is a first-order variable and § € A, is a symbol, then d(x) is an
MSO-formula.

2. When x and y are first-order variables, then y = « - 1 and sibling(x, y) are
MSO-formulas.

3. When z is a first-order and X is a second-order variable, then X (), also
written & € X is an MSO-formula.

4. When ¢ and 1 are MSO-formulas, then so are (¢ V ¢) and (—).

5. When « (X, resp.) is a first-order (second-order, resp.) variable and ¢ is an
MSO-formula, then so is (Jzp) ((3X ¢), resp).

We also use the standard abbreviations of pAY) = —(=pV—1), o — b = (=) Vi),
Vxyp = —Jdx—p etc., and omit some parentheses for the sake of readability.
Formulas over A are interpreted on A-trees in the expected way. A structure is
a triple (¢, ITy, IT5) where t is a A-tree, IT; : X1 — dom(t) assigns a node of ¢
to each first-order variable, and I : X, — P(dom(t)) assigns a set of nodes of
t to each second-order variable. Then, the above structure satisfies the formula
@, denoted (¢, IT1, IT) = ¢, if and only if one of the following conditions holds:

1. p =0(x) for § € A, and x € Xy, and t(I11(x)) = 6.

2. p=(y=ax-1) forx,y € Xy and II1(y) = Il (z) - 1.

3. ¢ =sibling(z, y) for ¢,y € A1 and there exist u € N*, i € N with IT; () = u-,
Ih(y) = u-(i+1)

4. Y = X(Il?) for x € X, X e Xy and Hl(IB) S HQ(X)

5. ¢ = (p1V 2) and (¢, IT1, IT5) satisfies ¢1 or o (or both).

6. © = (1) and it is not the case that the structure satisfies .

7. ¢ = (3xp1) and there is a structure (¢, I, II2) satisfying ;1 such that
IT, (y) = II{(y) for each first-order variable y # x.

8. ¢ = (3X 1) and there is a structure (¢, Iy, IT)) satisfying ¢; such that

II,(Y) = II5(Y) for each second-order variable Y # X.
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It is clear that satisfaction depends on ITy(x) or II3(X) only if the appropriate
variable occurs freely in the formula (i.e. not within the scope of some 3 quan-
tifier). Hence when ¢ is a sentence, a formula without free variable occurrences,
it makes sense to write ¢ = ¢ instead of (¢, I11, IT5) = .

In order to ease notation, when II; and Il are clear from the context, we
write  and X for IT; (x) and II1(X).

Ezxample 2. One can define the i-th child relation y = x - ¢ for ¢ € N inductively
as 3z(z = x - (i — 1) A sibling(z,y)) (which is satisfied by a structure if and
only if y = x - 7).

Consider the formula

child(z,y) =3z(z =z -1) A
VX((Vz((z =x-1)—z€X)) A

VzVw(z € X Asibling(z,w) »we X) -y € X)

Then, child(x, y) holds in the structure iff & has a first child and if whenever a
set X contains the first child of  and is closed under taking right siblings, then
X contains y as well, that is, if and only if y = « - i for some 3.

As another example, the formula N

Jz(x € X) A VaVy(x € X Achild(y,z) — y € X)
holds in a structure if X is a nonempty, prefix-closed subset of the nodes.

It is well-known [14] that given any regular tree t and MSO sentence ¢, it is
decidable whether ¢ = ¢ holds.

For countable X-words, the syntax and semantics of MSO are slightly
changed due to the differing relational structure: the atomic formulas are of
the form a(x) for a € ¥ and © € X; and = < y for x,y € A}, interpreted in
the expected way. A property P of countable X-words is called MSO-definable
if there exists an MSO sentence ¢p which is satisfied exactly by those Y-words
having property P.

3 Result

Let us fix a Muller context-free grammar G = (V, X, R, S, F) for this section,
with R being disjoint from V U X. Without loss of generality we assume that
each A € V is the left-hand side of at least one production. We define the
grammar tree associated with G as the unique derivation tree 7 of the following
grammar G' = (VUR, X, R, S, P(VUR)) with R’ consisting of productions of
the following form:

1. When A — a3,...,A — ay are all the productions of G having A on their
left side in some fixed ordering of the productions, then A — (A — a1)(A —
as)...(A — ag) is a production of G’ (the right-hand side of this single
production is in R* while the left-hand side is in V).
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2. For each production A — Xj...X}, the production (A — X;...Xy) —
X1 ...Xg. (which is a production of the form r — « for some r € R and
a € (VU X)*) is a production of G’.

Note that each element of VUR is the left-hand side of exactly one production
in R/, hence there exists exactly one locally consistent tree of G’. Also, since the
acceptance condition is P(V U R), this tree is a valid derivation tree of the
grammar, thus 7 is well-defined and has at most |V| + |R| 4 | X¢| subtrees up to
isomorphism. Hence it is a regular tree.

Example 3. For the MCFG of Example 1, this tree 7 is depicted in Fig. 2.

S
T
S—a S—b S—e¢ S—1
Vo] ;

I—JSI
/\
S I

S—a S—b S—e S—1 I—SI

a b e 1

Fig. 2. Grammar tree of the MCFG of Example 1

Moreover, each locally consistent tree ¢ of G can be embedded into 7 in the
following sense: there exists a mapping h; : dom(t) — dom(7) with h(e) = ¢
and t(u) = 7 (ht(u)) for each u € dom(t), moreover h:(u - 7) is a descendant
(in particular, a grandchild) of h¢(u) in 7 for each u -4 € dom(t), moreover,
when u and v are siblings in ¢, then so are h;(u) and h:(v) in 7. Indeed, assume
u-i € dom(t) and that v’ = hs(u) is already defined. Then since u is an inner node
of ¢, we have t(u) = A € V. By 7 (v) = t(u) = A, each production r = A — «
occurs as 7 (u - k) for some k. € N. In particular, let r = A — X;... X, be
the production corresponding to u, so that u has n children and t(u - j) = X;
for each j = 1,...,n (subsuming the case when n =0 as t(u - 1) = €). Then, we
define hi(u - j) as v’ - Ky - j.

We call a prefix-closed nonempty set T'C dom(7) derivation-like iff it satis-
fies the following conditions:

1. For each u € T with 7 (u) € R, each child of u is in T.
2. For each u € T with 7 (u) € V, exactly one child of u is in T.
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It is clear that derivation-like subsets of dom(7) are in one-to-one correspon-
dence with the locally consistent trees of G: with any locally consistent tree ¢
of G we associate the derivation-like set ' C dom(7) which is the closure of
im(h;) with respect to the prefix relation. Given a derivation-like set T, the
corresponding locally consistent tree is denoted ¢.

Ezample 4. Figure3 shows a (part of a) derivation tree t of the grammar of
Example 1 and the corresponding derivation-like subset T of dom(7") (as nodes
in boldface).

S—a S—b S—e S 1
b
15 s
;
I S—b S—e S—1
&N @ o Lo
'l !

Fig. 3. A part of a derivation tree ¢t of Example 1 and the corresponding derivation-like
subset T of T

Proposition 1. There is an MSO formula d(X) with the free variable X € Xy
such that (T, I, II) = d(X) if and only if X is a derivation-like set.
(In short, it is MSO-definable whether some set X is derivation-like.)

Proof. We can define d(X) as the conjunction of the formulas stating that X is
nonempty and prefix-closed (see Example 2), the formula

Vm((w € XA T\G/Rr(w)) — Wy(child(z,y) — y € X))

stating that all the children of the nodes labeled by productions are members of
X, and the formula

V:c((:c e XA \/ A(x)) — Ely(child(a:,y) AVz(child(z,z) ANz € X « z = y)))
AeV

stating that exactly one child of the nodes labeled by nonterminals is in X. O
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Also, from a derivation-like set T" determining a locally consistent tree t of G,
one can select a subset of nodes corresponding to a path of ¢:

Proposition 2. There exists an MSO-formula p(X,Y") with the free second-
order variables X,Y such that (T,111,1I5) = p(X,Y) if and only if X =T
s a derivation-like subset of T with corresponding locally consistent tree t and
Y = hi(m)! for some infinite path T of t.

Proof. p(X,Y) expresses the following:

i) X is a derivation-like subset of 7, i.e. d(X) holds,

(i) ¥ C X,

(iii) each of the nodes of Y is labeled by some member of V|

(iv) whenever v is a grandparent of some node v € Y, then v € Y as well, and
(v) each u € Y has exactly one grandchild in Y.

These properties can clearly be defined in MSO. O

Proposition 3. There is an MSO formula d'(X) expressing that X is a deri-
vation-like set corresponding to an actual derivation tree of G.

Proof. The descendant relation @ < y can be defined in MSO by a formula
expressing that whenever Y is a prefix-closed set containing y, then Y contains
x as well. n

Then, for each F' € F we can construct a formula mp(Y') stating that if Y =
h¢ () for some path 7 of some locally consistent tree t of G, then infLabels(w) = F:

mp(Y)= N ia(Y) A J\ =ia(Y)
A€F A¢F
where i4(Y) is the formula

Vz(x €Y - Jy(x =y AN yeY A A(y)))

stating that A occurs infinitely many times on the path given by Y.
Now, we can define d'(X) as

d(X)AVY (p(X,Y) = \/ mp(Y))
FecF

expressing that X is a derivation-like set corresponding to some locally consistent
tree t of G such that any infinite path 7 of ¢ satisfies the Muller acceptance
condition. O

Now a set Y C dom(7) corresponds to a frontier word of some derivation tree of
G (i.e. belongs to L(G)) if and only if there exists some X C dom(7) satisfying

! Here, h, () denotes the set of images of the nodes of 7w with respect to the embedding
he.
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d’'(X) such that a node v € dom(7) is in Y if and only if v € X and is a
X-labeled node of 7', which is an MSO-definable property:

IX (d'(X)AVyY(y €Y < (ye X A \/ a()))).
acXy

Moreover, the lexicographic ordering on these leaves can also be defined in
MSO as u <y v iff there exists some common ancestor w of u and v such that
w -4 and w - j are respectively ancestors of u and v for some ¢ < j:

T <y = HzlﬂzQ(zl <x A zo=y A sibling+(z1,z2))
where sibling+(w, y) is the transitive closure of sibling:
x££y N VX (x e X AVz1Vzo(z1 € X Asibling(z1,22) > 22 € X)) mye X

Hence we have shown:

Proposition 4. For any MCFG G, there exists an effectively constructible MSO
formula w(Y') such that (T, II1,II2) |E w(Y) if and only Y is the set of X'-labeled
leaves of some derivation-like subset of T corresponding to a derivation tree of G.

As a corollary, we obtain the main result of this note.

Theorem 1. [t is decidable for a given MCFL L and an MSO-definable property
@ of words whether every member of L satisfies .

Proof. The question can be reduced to checking whether 7 satisfies the for-
mula VY (w(Y) — ¢(Y)) where ¢(Y) is obtained from ¢ by replacing all the
subformulas of the form Jxy’ and IX ¢’ respectively to Jz(x € Y A ¢') and
AXVx(rx € X - x €Y))A¢) and substituting the formula defining the lex-
icographic ordering  <; y in place of the atomic formulas = < y. Since 7 is
regular, model checking the resulting formula on 7 is decidable. a

(We remark that thus it is also decidable whether there exists a word in L
satisfying an MSO formula ¢ since such a word exists if and only if not all
members of L satisfy —¢.)

In particular, our former decidability results (without complexity bounds)
regarding whether an MCFG generates scattered (or well-ordered) words are
corollaries of this general theorem. However, since model-checking MSO formu-
las on regular trees has a high complexity in general (tower(n) when n is the
alternation depth of the second-order quantifiers), no polytime decision proce-
dures follow from the present theorem. Nevertheless several interesting properties
are decidable in polynomial time, including whether every word generated by an
MFCG is scattered or well-ordered, cf. [11].

As another example, let X' = {a,b} be an alphabet. The following formula
segment(X) expresses that X is a nonempty interval, or segment of a given
word:

(Frxze X)A(VavyVz(zr <yry<zAz e X NzeX)—yeX).
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The following formula dense(X) expresses that X is a dense subset (containing
at least two elements) of the word:

Jzdy(x <yrxe X Aye X)A
Va:Vy(m<y/\:cEX/\yGXHEIz(a:<z/\z<y/\z€X)>.

Thus, the property “there exists a dense segment X of the word such that for
all x < y in X there exists z, 2’ with z < 2,2’ < y and z is labeled by a, 2’ is
labeled by b” is also expressible in MSO as

EIX( dense(X) A segment(X) A
VaVy(x <yrz e X hye X

—>3z§|z'(:c<z/\z<y/\:1:<z’/\z’<y/\a(z)/\b(z/)))>

In other words, w € {a,b}* satisfies the above formula iff w = u{a, b}"v for some
words u,v € {a,b}* where {a,b}" is the so-called shuffle of a and b. Thus, it is
also decidable for a MCFL L whether every word in L is of the form u{a,b}"v.
Another expressible property is that whether a word is the shuffle product of,
say, a dense word and a scattered word consisting only of a’s, that is, whether
the underlying linear order can be partitioned into two subsets such that the
two subwords determined by the partitions satisfy the appropriate property:

IX (dense(X)/\V:c(:c ¢ X —a@)A-Y (Va(zcY —>a¢ X)A dense(Y))).

Thus, it is also decidable for a given MCFL L whether every member of L is a
shuffle product of a dense word and a scattered one consisting only of a’s.

4 Conclusion

We have proved that there is an algorithm to decide for a Muller context-free
language L generated by an MCFG and an MSO-definable property P of words
whether every word in L has property P. We obtained this result by assigning a
regular tree ¢ to an MCFG such that the derivation trees of the grammar have
an MSO-interpretation in ¢. We then used the fact that the MSO-theory of a
regular tree is decidable.

There is an alternative method. First, we can prove that the MCFLs are
exactly the frontier languages of the tree languages recognizable by Muller tree
automata. This is similar to the well-known fact that ordinary context-free lan-
guages are the frontier languages of the languages of finite trees recognizable
by finite tree automata. Also, there is an algorithm to decide, for a Muller tree
automaton and an MSO-definable property of trees whether every tree in the
language L recognized by the automaton has property P. This follows using the
fact that every Muller tree automaton can be converted to an MSO-formula ¢,
and if P is definable by the formula 1, then it holds that every tree in L satisfies
P iff there is no tree satisfying ¢ A =), which is decidable.
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Abstract. We investigate the computational power of d-dimensional
contextual array grammars with matrix control and regular control lan-
guages. For d > 2, d-dimensional contextual array grammars are less
powerful than matrix contextual array grammars, which themselves are
less powerful than contextual array grammars with regular control lan-
guages. Yet in the 1-dimensional case, for a one-letter alphabet, the
family of 1-dimensional array languages generated by contextual array
grammars with regular control languages coincides with the family of
regular 1-dimensional array languages, whereas for alphabets with more
than one letter, we obtain the array images of the linear languages.

1 Introduction

Contextual string grammars were introduced by Solomon Marcus [14] with moti-
vations arising from descriptive linguistics. A contextual string grammar consists
of a finite set of strings (arioms) and a finite set of productions, which are
pairs (s,c) where s is a string, the selector, and c is the contezt, i.e., a pair
of strings, ¢ = (u,v), over the alphabet under consideration. Starting from an
axiom, contexts iteratively are added as is indicated by the productions, which
yields new strings. In contrast to usual sequential string grammars in the Chom-
sky hierarchy (e.g., see [20]), these contextual string grammars are pure gram-
mars where new strings are not obtained by rewriting, but by adjoining strings.
Several classes of contextual grammars have been introduced and investigated,
e.g., see [3,17] for surveys on the area.

The idea of contextual productions then was also introduced for multi-
dimensional array grammars, for instance, to carry over ideas from formal
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languages to the processing of digital images. In the area of two-dimensional pic-
ture languages, e.g., see [12,16,18,19], different kinds of array grammars, both
isometric and non-isometric ones, have been proposed, motivated by many appli-
cations such as character recognition (also confer [4]), cluster analysis of patterns,
and so on. Isometric contextual array grammars were introduced in [11].

Regulated rewriting with different control mechanisms has been studied
extensively especially for string grammars (e.g., see [2]), for example, grammars
with control languages and matrix grammars, but then also for array grammars,
e.g., see [9]. Non-isometric contextual array grammars (with regulation) were
considered in [7,8,13].

In this paper we consider matrix contextual array grammars and contextual
array grammars with regular control and examine their generative power. In
the 1-dimensional case, we obtain special results: the family of 1-dimensional
array languages generated by contextual array grammars with regular control
languages coincides with the family of regular 1-dimensional array languages over
unary alphabets and with array images of the linear languages over alphabets
with more than one letter; already for binary alphabets, regular control is strictly
more powerful than matrix control, a phenomenon rarely observed in regulated
rewriting (confer [10]).

2 Definitions

For notions and notations as well as results related to formal language theory we
refer to books like [2]. The families of A-free (A denotes the empty string) regular
string languages (over a k-letter alphabet) is denoted by £ (REG) (L (REG¥)).
For the definitions and notations for arrays and sequential array grammars we
refer to [9,18,22].

Let Z be the set of integers and N be the set of positive integers. Let d € N.
A d-dimensional array A over the alphabet V is a mapping A : Z¢ — V U {#}
where shape (A) = {v € Z | A(v) # #} is finite and # ¢ V is called the blank
symbol. We usually write A = {(v, A(v)) | v € shape (A)}. The set of all d-di-
mensional arrays over V is denoted by V*?. The empty array Aq in V*¢ satisfies
shape(A4) = 0. Moreover, we define V4 = V*d\ {A,}.

Let v € Z? Then the (linear) translation 7, : Z¢ — 7% is defined by
To (w) = w + v for all w € Z%, and for any array A € V*? we define 7, (A), the
corresponding d-dimensional array translated by v, by (7,(A)) (w) = A (w — v)
for all w € Z?. The vector (0, ...,0) € Z¢ is denoted by 2.

Usually (see [18]) arrays are regarded as equivalence classes of arrays with
respect to linear translations. The equivalence class [A] of an array A € V*4
satisfies [A] = {B e V*|B =1, (A) for some v € Z%}. The set of all equiva-
lence classes of d -dimensional arrays over V' with respect to linear translations
is denoted by [V*d], and this bracket notation carries over to classes of array
languages, as well.

As many results for d-dimensional arrays for a specific d can be taken over
immediately for higher dimensions, we introduce special notions:
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Let n,m € N with n < m. For n < m, the natural embedding ip m : Z" —
Z™ is defined by ipm (v) = (v, 2p—p) for all v € Z"; for n = m we define
inm @ L™ — Z" by inn(v) = v for all v € Z". To an n-dimensional array
A e VT with A = {(v, A(v)) | v € shape (A)} we assign the m-dimensional
array in.m (A) = {(in,m (v), A(v)) | v € shape (A)} .

We can use the well-known graph-theoretic notion of a connected graph to
define connected arrays. Let W be a non-empty finite subset of Z¢. We associate
a graph g(W) to W with vertex set W and an edge between v, w € W if and only
if [[v —w|| = 1, where the norm ||u|| of a vector u € Z%, u = (u(1),...,u(d)),
is defined by |lu|| = max {|u (¢)| | 1 < i < d}. Then W is said to be connected if
g(W) is connected. There is a natural bijection between the (equivalence classes
of) 1-dimensional connected arrays and strings: for any equivalence class of 1-
dimensional arrays A = [{((i —1),a;) | 1 <i < n}]| we define its string image
as str(A) = ajy ...ay; the string w = a; ...a, can be interpreted as the array
arr (w) = {{((¢ —1),a;)} | 1 <i < n}. In the standard way, these notions are
extended from strings and arrays to sets of strings and arrays.

Example 1. Consider the language L; of connected 2-dimensional arrays

Ll:{{((Ovi),a)|0§i§n}U{((j,0),a)|1§j§m}

n,mEN}.

a An example of these L-shaped arrays (for n = 3 and m = 4)
a from [L;] can be depicted as shown on the left. Observe that
Z waaa both arms of these arrays can have arbitrary lengths. O

Definition 1. A regular d-dimensional array grammar is specified as G =
(d,N,T,#, P,{(vs,S})) where N is the alphabet of non-terminal symbols, T
is the alphabet of terminal symbols, NNT = 0, # ¢ NUT; P is a finite
non-empty set of reqular d-dimensional array productions over NUT, as well as
vg € Z% and S € N is the start symbol. A regular d -dimensional array produc-
tion either is of the form A — b, A€ N,be T, or Av## - bC, A,Ce N,be T,
v € Z with ||v|| = 1. The application of A — b means replacing A by b in a given
array. Av# — bC' can be applied if in the underlying array we find a position
u occupied by A and a blank symbol at position u + v; A then is replaced by b,
and # by C. The array language generated by G is the set of all d-dimensional
arrays derivable from the initial array {(vg,S)}. The family of A-free d-dimen-
sional array languages (of equivalence classes) of arrays over a k-letter alphabet
generated by reqular d-dimensional array grammars is denoted by L (d—REGAk)
([ﬁ (d—REGA’“)]). For arbitrary alphabets, we omit the superscript k.

The following results for 1-dimensional array languages are folklore:
Theorem 1. For all k£ > 1, [L (1—REGA’“)] = [arr (ﬁ (REG’“))} and
str ([£ (1-REGAF)]) = L (REG*).

Let us mention the close similarities of the work of 1-dimensional regular
array grammars and Lindenmayer systems with apical growth [21]. Another
similar development can be found within Watson-Crick systems [15].
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3 Contextual Array Grammars

We now turn our attention to the main variants of contextual array grammars
considered in this paper.

Definition 2. A d-dimensional contextual array grammar (d € N) is a con-
struct G = (d,V, #, P, A) where V is an alphabet not containing the blank symbol
#. A is a finite set of axioms, i. e., of d-dimensional arrays in V¢, and P is a
finite set of rules of the form (Uy,a, Ug, B) where

(i) Ua,Us CZ% Uy, NUg = 0, and U,,Us are finite and non-empty;
(i) a:Uy—Vand B:Ug — V.

(Ua, @) corresponds with the selector and (Ug, B) with the context of the produc-
tion (Ua, o, Ug, B) ; Uy is called the selector area, and Ug is the context area. As
the sets U, and Ug are uniquely determined by o and 3, we will also represent
(Ua,a,Ug, B) by (a, B) only.

For Cy,Cy € VT we say that Co is directly derivable from Cy by the contextual
array production p € P, p = (Uy, o, Ug, B) (we write Cy =, Ca), if there exists
a vector v € Z% such that

- C(w) =Co (W) = a(7—y (w)) for allw € 7, (Uy),
- Cy (w) =# for allw € 7, (Ug),

- Cy (w) = B (1=y (w)) for allw € 7, (Ug),

— C1 (w) = Co (w) for allw € Z\ 7, (Uy UUg) .

Hence, if in C; we find a subpattern that corresponds with the selector a and
only blank symbols at the places corresponding with B, we can add the context (3
thus obtaining Co. For every By, Bs € [V“‘d} we say that By is directly derivable
from By by the contextual array production p € P, p = (Uy,a,Ug, 3), denoted
Bi = Ba, if and only if C4 ==, Ca for some C1 € By and Cz € By. C1 =¢ Co
(B1 =>¢ B2) means that C; =, Co (B1 = B2) for some p € P.

The array language generated by G is defined as

L(G)={CeVT| A= C for some Ac A}.

The special type of d-dimensional contextual array grammars where axioms are
connected and rule applications preserve connectedness is denoted by d-ContA,
the corresponding family of d-dimensional array languages by L (d-ContA); by
L (d—C’ontAk) we denote the corresponding family of d -dimensional array lan-
guages over a k-letter alphabet.

Remark 1. As we mostly are interested in (families of) equivalence classes of
arrays, a d-dimensional contextual array grammar [G] for generating [L] for
L € £ (d-ContA) being generated by a d -dimensional contextual array grammar
G=(d,V,#,P,A) with A= {A; |1 <i<n} will be specified by writing [G] =
(d,V,#,P, A") where A" = {A/|1<i<n} such that A; € [4;], 1 < i < n,
which means specifying an axiom A; by one array from [A4;].
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Ezample 2. Any finite d-dimensional array language of connected arrays L C
T+disin £ (d-ContA) as L = L(Gp) where G, = (d,T,#,0,L). O

Ezxample 3. We now show how the language L; from Examplel can be gen-
erated by the contextual array grammar Gy, ie., L1 € L (2—C’ontA1): G, =
(2,{a},#, P1,{A1}) where A; = {((0,0),a),((0,1),a),((1,0),a)} is the only
axiom and P; consists of the two productions p, and p,.:

pu = ({(0,0),(0,1)},{((0,0),a),((0,1),a)},{(0,2)},{((0,2) ,a)}),
pr = ({(0,0),(1,0)},{((0,0),a),((1,0),a)},{(2,0)},{((2,0),a)}).

As the selector area U, and the context area Ug in a contextual array pro-
duction of the form (U,, a,Ugs, ) are disjoint, both @ and 3 can be
represented within only one pattern,
i.e., p, and p, can be represented in
a more depictive way by the patterns pu=[a], pr=[a][a]a.
shown on the right (the symbols of the

selector are enclosed in boxes).
The example of the L-shaped array for n = 3 and m = 4 then is generated

by twice applying rule p, and three times applying rule p,, in any order. We
also observe that every intermediate array obtained by applying these rules is
in L1, too. Obviously, by the definition of equivalence classes of arrays, we also
have [L (G1)] = [L1] € [L (2-ContAY)].

a

[A1] can be described in a more depictive way by “ ,1.e., the contextual array
aa

grammar [G1] for [L (G1)] can also be written as [G1] = (2, {a},#, P1, {a })

aa
(see Remark 1). In the following, the axiom(s) often will just be given in such a
pictorial variant. d
a
Ezample 4. For the singleton language L, = a - [{a}“], we have
aaaaa

L, € [L(2-ContA)|\ [£ (2-REGA)]. As we can take L, (as any finite language)
as a set of axioms, containment in [£ (2-ContA)] is clear. Conversely, any regular
array grammar has to scan the non-blank symbols of the array A, which is
impossible, as the underlying graph g(shape(A)) is not Hamiltonian. O

Theorem 2. £ (1-REGA')| C [£ (1-ContA')].

Proof. Due to the results from Theorem1, it only remains to show that
[arr (E (REGl))] - [/.3 (I—ContAl)}.

From [1, Theorem4.4], we deduce that any infinite language L C {a}" in
L (REG') can be written in the form L = {a®,a*2,...,a* }JUJ."  {a* T4 | n >
0} for some numbers k. k < d; < ds < ... < dp < 2k,0< 81 < 82 < ... < 8¢ < k.
The 1-dimensional contextual array grammar now is constructed using a context
of length k and putting the words a®/, 1 < j < t,and a%, 1 < i < m, into the set
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of axioms, i.e., we define the 1-dimensional contextual array grammar G (L) =
(1,{a},#,P,A) with A = {arr (a¥) |1 <j <t} U {arr (a®) |1 <i<m} and

P = {@kak}. Obviously, [L (G (L))] = [arr (L)]. The 1-dimensional contex-

tual array grammar [G (L)] for [L (G (L))] can also be written as [G (L)] =
(1,{a},#,P,A") with A’ = {a% |1 < j <t}U{a% |1 <i< m} (compare with
Remark 1).

For the sake of completeness we mention that every finite array language
A = {arr(a®)|1<j <t} is generated by the 1-dimensional contextual array
grammar G (L) = (1,{a},#, P, A) with P = (). O

Remark 2. Following the definition already given in [11], our d-dimensional
extension of (external) contextual grammars only appends at one location, while
external contextual string grammars as originally defined by Solomon Marcus,
see [14], append to both ends of a string at the same time. This design deci-
sion has two main reasons. First, it is not quite clear what the d-dimensional
counterpart of external contextual grammars would really mean: for instance,
for d = 2, should we allow appending on both ends of a row or column at
the same time, as we did in [8] for the case of non-isometric contextual array
grammars? Or, should we rather append on ‘all ends’? Obviously, this situation
becomes even more intricate for higher dimensions. Yet second and even more
important, appending at both sides of a string, i.e., a 1-dimensional array, in
parallel can easily be simulated sequentially by a matrix with two components.
It is therefore easy to see that in the 1-dimensional case, the string images of
the arrays generated by contextual array grammars with matrix control exactly
correspond with the string languages generated by external contextual string
grammars. This means that for the regulated variants discussed in the following,
any variant that can be conceivably defined for the d-dimensional analogue of
external contextual grammars, in the 1-dimensional case should lead to the same
results as the original variant of contextual array grammars defined in [11] and
taken as the basis in this paper, too.

3.1 Matrix Contextual Array Grammars

Definition 3. A d-dimensional matriz contextual array grammar is a pair
Gy = (G, M) where G = (d,V,#, P, A) is a d-dimensional contextual array
grammar and M is a finite set of sequences, called matrices, of rules from P,
i.e., each element of M is of the form (p1, - ,pn), n > 1, where p; € P for
1 < i < n. Derivations in a matriz contextual array grammar are defined as
in a contextual array grammar except that a single derivation step now consists
of the sequential application of the rules of one of the matrices in M, in the
order in which the rules are given in the matriz. The array language generated
by Gy is the set of all d-dimensional arrays which can be derived from any of the
axioms in A. The family of d-dimensional array languages of arrays generated

by d-dimensional matriz contextual array grammars (over a k-letter alphabet) is
denoted by L (d-MContA) (L (d-MContA*)).
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Example 5. Consider the language Lo of connected arrays given by

nEN},

which contains L-shaped arrays as L; from Example 1, but now with both arms
having the same length. Ly € L (2—MC’ontA1), as it can be generated by the
2-dimensional matrix contextual array grammar Gy = (Gi,M) where G;
is the 2-dimensional contextual array grammar from Example3 and M =
{(pu,pr)}. The only derivations possible in G}, for [Lo] € [L£ (2-MContA')]
(see Remark 1) are:

L= {{(0.0.0)}U{(0.0.0). (.00, [ 1< <0}

a
—— a — ——
GIJ\/Ia Gl]\la G;V[
aa aaa aaaa

a
The single matrix (py,pr), pu = [a], pr = [a][a]a, guarantees that both

arms of the array grow in a synchronized way.

Theorem 3. For any d > 2 and any k > 1, we have E(d-ContAk') g
L (d-MContAk) and [E (d-ContAk)] g [/J (d-MContAk)].

Proof. The inclusion L (d—ContAk) Cc L (d—M ContAk) and therefore also
[£ (d-ContA*)] C [L (d-MContA*)] is obvious from general results for gram-
mars working on various kinds of objects and with specific regulating mecha-
nisms, see [10].

For showing the strictness of the inclusion, we prove that the array language
Lo from Exampleb cannot be generated by a 2-dimensional contextual array
grammar; for dimensions d > 2, we just take [iz g (L2)].

Now assume we could find a 2-dimensional contextual array grammar
[G = (2,{a},#, P, A)] that generates [La]. As contextual grammars are pure
grammars, [A] is a finite subset of [L (G)]. As [L (G)] is infinite, we would need
an infinite number of rules to get [Ls] which resembles the case of external con-
textual string grammars; in fact, as soon as the arms get long enough, we have
to apply a rule which only grows the arm going up or only grows the arm going
to the right, resulting in an array which contradicts the definition of [Ls]. It is
obvious that we also have [is 4 (L2)] € [£ (&-MContA*)]\ [ (d-ContA*)]; this
observation completes the proof. O

In the 1-dimensional case, the situation is different: as we shall prove later,
see Theorem 6, [£ (1-ContA')] = [L (1-MContA')], but for k > 2, we still have
[£ (1-ContAF)] S [£ (1-MContAF)], as the following example shows.

Ezample 6. Consider the non-regular language L,, = {a"ba™ | n > 1}. By The-
orem 1, there cannot exist an array grammar G of type 1-REGA? such that
[L(G)] = larr(Ly)]. Even more, there is no 1-dimensional contextual array
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grammar for L,. Namely, if this would be the case, then first observe that there
must be rules that append something to the right, as well as to the left of the
array, and this should be possible infinitely often. Otherwise, the sequence of con-
text additions would happen (finally) only on one side, which means that this
behavior can again be simulated by some regular array grammar, contradicting
our previous reasoning. Hence, there must be a rule that contains a sequence of
a’s as its selector, say, arr(a™), and also a sequence of a’s, say, arr(a™) as its
context in order to append a" to the right of the current array, and likewise,
there must be a rule that contains a sequence of a’s as its selector, say, arr(a’),
and also a sequence of a’s, say, arr(a’) as its context in order to append a’* to
the left of the current array. For sufficiently long arrays arr(a™ba™), both rules
can be applied, and arrays like arr(aba™*"e) can generated that do not belong
to L,. Hence, L, ¢ L(1-ContA).

Yet for the 1-dimensional matrix contextual array grammar [G ] = (G, M)
with [G] = (1,{a,b} ,#, P,{aba}) where p; = a[a], p, = [a]a, and M, =
{{pi,pr)}, we have [L (G,)] = [arr (Ly,)]. The single matrix (p;,p,) guarantees
that the number of symbols a grows to the left and to the right in a synchro-
nized way. a

In addition, the following example even yields that for any k& > 2,
[L (l—MC'ontAk)] is incomparable with [L (l—REGAk)] .

Ezample 7. Consider the regular string language L, = {ba™b|n > 1}. Due to
Theorem 1, there exists an array grammar of type 1-REGA? G, such that
[L (G,)] = [arr (L,)]. Yet on the other hand, there cannot exist an array gram-
mar of type 1-M ContA? [G] such that L ([G]) = [arr (L,.)], which can be proved
by a simple pumping argument: The number of symbols a between the two sym-
bols b can become arbitrarily large, but we only have a finite set of axioms A;
as [G] is a pure grammar, [A] C [L]; yet [G] can only grow these arrays in an
external way, i.e., by adding symbols on the left or on the right, but in this way
we are not able to grow the number of symbols a in the middle. O

3.2 Contextual Array Grammars with Regular Control

Definition 4. A d-dimensional contextual array grammar with reqular control
is a pair Go = (G,L) where G = (d,V,#, P, A) is a d-dimensional contex-
tual array grammar and L is a regular string language over P. Derivations in
a d-dimensional contextual array grammar with reqular control are defined as
in the contextual array grammar G except that in a successful derivation the
sequence of applied rules has to be a word from L. The array language generated
by G is the set of all d-dimensio nal arrays which can be derived from any of
the axioms in A following a control word from L. The family of d-dimensional
array languages of arrays generated by d-dimensional contextual array grammars
over a k-letter alphabet with reqular control is denoted by L ((d-ContA, REG)).
The corresponding family of array languages of equivalence classes of arrays is
denoted by using brackets in the notations.
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As a general result (following [10]) we can state:

Theorem 4. For anyd > 1 and any k > 1,
(£ (d-ContA¥)] C [£ (d-MContA")] C [£ ((d-ContA*, REG))] .

Ezample 8. Consider the regular string language L, = {ba™b|n > 1} from
Example 7. We have shown that [arr (L,)] € [£ (1-REGA?)]\[£ (1-M Cont A?)].
Moreover, [arr (L,)] € [£((1-ContA', REG))] \ [£ (1-MContA?)]: Consider
Gl = (G,,C.) with G, = (1,{a,b},#, P,{arr (ba)}) and P = {paq,pas} With
Paa = [a]a, and pey = [a]b, as well as C; = {paa}” {Pas}- It is easy to see that
L(G)] = [arr (L)) 0

Theorem 5. For any d > 1 and any k > 2, we have:
(£ (d-ContA¥)] & [£ (d-MContA")] & [£ ((d-ContA*, REG))] .

Proof. The inclusions directly follow from Theorem4. The strictness of the
first inclusion follows from Example6 by taking the non-regular string lan-
guage L, = {a"ba"|n >1}. Then [iyq(arr(Ly,))] € [L£(d-MContA?)] \
[E (d—ContA’“)] . The strictness of the second inclusion follows from Example 8
by taking [i1 4 (arr (L,))]. O

On the other hand, in the 1-dimensional case, the following theorem says that
even with the regulating mechanisms of matrix control or regular control lan-
guages, with 1-dimensional contextual array grammars over a one-letter alphabet
we cannot go beyond regularity, i.e., beyond [L: (1—REGA1)}.

Theorem 6. [L(1-REGA')| =
[E (l—ContAl,REG)] = [ﬁ (1-MContA1)} = [ﬁ (l—ContAl)] .

Proof. (Sketch) According to Theorems4 and 2, we only have to show that
[ﬁ (I—REGAl)] ) [L ((I—C’ontAl, REG))]. The main ideas of the correspond-
ing technically non-trivial proof can be described as follows:

— Without loss of generality, right-hand sides of rules have the form @ma”.

— Context information is irrelevant for the unary 1-dimensional case, assuming
that the set of axioms collects all arrays of sufficient size.

— The state information of the regular control is then encoded in the nontermi-
nals of the regular array grammar. O

Allowing for more than one symbol, 1-dimensional contextual array gram-
mars can generate exactly the array images of linear languages. The proof is
based on the following normal form:

Lemma 1. For any 1-dimensional contextual array grammar with reqular con-
trol Go = (G, L), where G = (1,V,#, P, A), L C P*, we can construct an equiv-
alent 1-dimensional contextual array grammar with reqular control G, = (G', L)
with G' = (1, V,#, P, A"), L' C P"™, such that for P we have:
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— All rules in P’ are of the form [a]b or b[a] for some a,b €V, i.e., we only
have the minimal non-empty size of selectors and minimal contexts of size 1.

— If there is a rule of the form [a]b / b[a] in P’, then also all rules of the form
b orb are in P', for any c € V, i.e., the selector contents is irrelevant,
only direction of growth of the array is important.

The rules in this normal form nicely correspond with the operations of left and
right insertions for strings, which operations together with regular control lan-
guages also characterize the family of linear languages.

Theorem 7. [L(1-ContA, REG)] = arr (L (LIN)).
Proof. (Sketch) The main ideas of the proof can be described as follows:

— Adding strings in a controlled way “on both ends” corresponds to applying
linear rules, but in reverse order.

— The information about the finitely many selectors possible can be stored in
the nonterminal; on the other hand, the nonterminal can be stored in the state
of the finite automaton of the control language. O

For d > 2, i.e., in the case of at least two symbols, we can prove the incompa-
rability of the families of array languages generated by contextual array gram-
mars and those equipped with control mechanisms:

Theorem 8. For any d > 2 and any k > 1, all the three families
[/J (d—ContAk)], [/3 (d—MContAk)], and [E ((d—ContAk', REG))]
are incomparable with [L', (d—REGAk)].

Proof. For the singleton language L, from Example4, we have iy 4 (L)) €

([£ (d-ContA")] N [L (&-MContA")| N [L ((d-ContA", REG))]) \ [£ (d-REGA")] .
On the other hand, for L, from Example7 we have is 4 ([arr (L,)]) €

[£ (1-REGA?)] \ ([£ (d-ContA")]U [L (d-MContA")] U [L ((d-ContA', REG))]).
Yet even for the case of one-letter alphabets we can find an array language of
2-dimensional arrays in [£ (2-REGA")] \ [L ((2-ContA', REG))]: we consider
| |-shaped arrays with the left vertical line having a length being a multiple of 3
and the right vertical line having a length being a multiple of 5. These arrays can
easily be generated by a regular array grammar by first generating the left ver-
tical line from up to down, followed by the horizontal line, finally generating the
right vertical line upwards. On the other hand, this set of 2-dimensional arrays
cannot be generated by a contextual array grammar even when using regular
control: as soon as the vertical lines have become long enough, we cannot dis-
tinguish any more between the left and the right one, so either the lengths will
not necessarily fulfill the constraints of being a multiple of 3 and 5, respectively,
any more, or even worse, the lines might even be prolonged below the horizontal
line yielding arrays of the shape of an H. O
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4 Decidability Questions

As the size of the arrays generated by contextual array grammars (even with any
control mechanism) increases with every derivation step, the generated array
languages are computable (i.e., recursive).

As an immediate consequence of Theorem 7, we obtain:

Corollary 1. Emptiness is decidable for L (1-ContA, REG).
Yet for higher dimensions, we obtain a completely different situation:

Theorem 9. Emptiness is not decidable for L (d—C’ontAk,REG) for d > 2,
even for k = 1.

Proof. (Sketch) As, for example, described in [5], the derivation carpet of a Tur-
ing machine can be described using 2-dimensional contextual array productions
in the t-mode of derivation, i.e., a derivation only stops if no rule can be applied
any more. The goal of only halting with specific conditions being fulfilled can
also be obtained using suitable regular control languages, as we can require spe-
cific final rules to be applied. Hence, we will obtain a non-empty array language
if and only if there is a derivation simulating the acceptance of a string by the
given Turing machine. The proof given in [5] does not bound the number of
symbols used. Yet m symbols can be encoded by 2 x m rectangles with the k-th
of these m symbols being encoded by leaving the k-th position in the second
vertical line free, which then can be checked by the selector in the contextual
array productions. Hence, simulating successful computations of the given Tur-
ing machine will result in the generation of 2k x mn rectangles for accepting
computations. 0

5 Picture Generation

Another interesting topic is to consider the generation of geometric objects such
as solid rectangles and squares, which has been used to exhibit the generative
power of various array grammar variants. Both of them, i.e., the 2-dimensio-
nal array language L,..; of all solid rectangles of size m x n, m,n > 2, made
of a single symbol a and the 2-dimensional array language Lgquqre of all solid
squares of side length n, n > 2, made of a single symbol a are well-known
to be in [L (Q—REGAl)]7 see [23], but as we are able to show they can also be
generated by 2-dimensional contextual array grammars with regular control, i.e.,
{Lyects Lsquare} C [E ((Z—ContAl, REG))]. We now only exhibit the contextual
array grammar with regular control for the squares.

Ezample 9. Lgsguare is generated by the 2-dimensional contextual array gram-
mar with regular control Gsquarerc = (Gsquare; Csquare) With Ggguare =
({a}, Psquares Asquare), where Aggyare collects the 2 x 2 and 3 x 3 squares,

Psguare = {5uts Sdrs Surs Sdls Tuls Tuws Tdrs Tad } » and

quuare = ({Sulsdr} {rulrdr}* {’ruu’rdd}* {Sursdl})+-
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The rules are listed in the following:

a a [a] [a] a a [a][a]
ala][a] [a][a]a [a][a] a a [a][a]
su= la| , sir= a a,se= |alla], sau= a a [a],
[a][a] [a]
[a] a a |a] [a][a][a] [a] a
ra = |a|[a][a], ruw = [a], rar = a |a], raa = [a|[a].
How to derive a 4 x 4 square is shown below:
a a aaaa aaaa
a a
a a aaa aaaa aaaa
aaq 7w G Toar g T G40 7% ggaa
aa a a aa aaaa

Notice that the rules s,, and sg check if a complete new border layer was
actually generated, so they provide “keystones” as used in architecture, and it
somehow replaces the t-mode of derivation, e.g., see [6]. a

As already with the t-mode of derivation, e.g., see [6], only eight contextual
array rules were needed in Example 9 to generate the squares. This shows that the
ability of contextual array grammars to insert new parts on different positions
in the current array allows for a significantly smaller number of rules when
using specific control mechanisms as the ¢t-mode of derivation or regular control
languages, in comparison with the construction of an extended regular array
grammar as described in [23], where the construction has to be carried out along
a Hamiltonian path. The inserted pieces used in [23] in fact could also be used as
arrays inserted by a contextual array grammar with regular control, yet even for
the subset of squares of side lengths 5k + 16, k > 0, as exhibited in [23], 27 rules
(arrays) were used. As these are in fact a kind of macro-rules, a complete list of
regular array rules based on [23] would correspond to about one thousand rules.
This is an example showing that contextual array grammars may allow for a
succinct description of specific picture languages with rather small descriptional
complexity.
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Abstract. We consider graph-controlled insertion-deletion systems and
prove that the systems with sizes (i) (3;1,1,1;1,0,1), (i) (3;1,1,1;
1,1,0) and (iii) (2;2,0,0;1,1,1) are computationally complete. More-
over, graph-controlled insertion-deletion systems simulate linear lan-
guages with sizes (2;2,0,1,1,0,0), (2;2,1,0;1,0,0), (3;1,0,1;1,0,0), or
(3;1,1,0;1,0,0). Simulations of metalinear languages are also studied.
The parameters in the size (k;n,i’,i";m,j’,7") of a graph-controlled
insertion-deletion system denote (from left to right) the maximum num-
ber of components, the maximal length of the insertion string, the max-
imal length of the left context for insertion, the maximal length of the
right context for insertion; a similar list of three parameters concerning
deletion follows.

Keywords: Insertion-deletion systems - Graph-controlled systems -
Descriptional complexity measures - Computational completeness

1 Introduction

Insertion and deletion operations frequently occur in DNA processing and RNA
editing. In the theoretical process of mismatched annealing of DNA sequences,
certain segments of the strands are either inserted or deleted [18]. During RNA
editing, some fragments of messenger RNA are inserted or deleted [2,3]. The
motivation for insertion operations can be found in [7], where this operation and
its iterated variant were introduced as a generalization of concatenation and
Kleene’s closure. The deletion operation was introduced in [10]. Insertion and
deletion operations together were introduced into formal language theory in [11].
The corresponding grammatical mechanism is called insertion-deletion system
(abbreviated as ins-del system). Informally, if a string 7 is inserted between two
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parts wy and ws of a string wyws to get winws, we call the operation insertion,
whereas if a substring § is deleted from a string widws to get wyws, we call the
operation deletion. Suffixes of w; and prefixes of wy are called contexts.

Several variants of ins-del systems have been considered in literature, like
ins-del P systems [1], tissue P systems with ins-del rules [14], context-free ins-
del systems [16], matrix ins-del systems [13,17], etc. All the mentioned papers
(as well as [19]) attempted to characterize the recursively enumerable languages
(i.e., they show computational completeness) using ins-del systems. We refer to
the survey article [20] for details of variants thereof.

One of the important variants of ins-del systems is graph-controlled ins-del
systems introduced in [5] and further studied in [9]. In such a system, the concept
of a component is introduced and is associated with every insertion or deletion
rule. The transition is performed by choosing any applicable rule from the set of
rules of the current component and by moving the resultant string to the target
component specified in the rule. If the transition of strings from component to
component establishes a tree structure for a given system, then this system can
also be seen as an ins-del P system. The objective is to obtain computationally
completeness results with few components and small descriptional complexity
measures of the ins-del rules.

For an ins-del system, the descriptional complexity measures are based on
the size comprising of (i) the maximal length of the insertion string, denoted by
n, (ii) the maximal length of the left context and right context used in insertion
rules, denoted by i’ and ", respectively, (iii) the maximal length of the deletion
string, denoted by m, (iv) the maximal length of the left context and right
context used in deletion rules denoted by j’ and j”, respectively. The size of an
ins-del system is denoted by (n,i',i";m,j’, 5").

Initially, computationally completeness results for graph-controlled ins-del
systems were obtained with 5 components [12], then reduced to 4 components
with sizes (1,1,0;2,0,0), (2,0,0;1,1,0), (1,1,0;1,1,0), (1,1,0;1,0,1) [5] and
then later reduced to 3 components with sizes (1,2,0;1,1,0), (1,1,0;1,2,0) [8].
In [9], even graph-controlled ins-del systems with only 2 components and sizes
(1,1,0;1,2,0), (1,2,0;1,1,0) were shown to be computationally complete. As an
ins-del system without graph-control can be seen as a graph-controlled ins-del
system with just one component, it is remarkable in this context to note that
such system with size (1,1,1;1,1,1) are computationally complete; see [19].

In this paper, we prove the computational completeness of the following
graph-controlled ins-del systems: (i) 3 components with size (1,1,1;1,1,0) or
(1,1,1;1,0,1); (ii) 2 components with size (2,0,0;1,1, 1). We also simulate linear
grammars by graph-controlled ins-del systems having (i) 3 components with size
(1,0,1;1,0,0) or (1,1,0;1,0,0); (ii) 2 components with size (2,0,1;1,0,0) or
(2,1,0;1,0,0). We also extend the simulation technique to metalinear languages.

2 Preliminaries

We assume that the readers are familiar with the standard notations used in
formal language theory. However, we now recall a few notations here.



Descriptional Complexity of Graph-Controlled Insertion-Deletion Systems 113

Let N denote the set of positive integers, and [1...k] = {i € N: 1 <1i < k}.
Given an alphabet (finite set) X, X* denotes the free monoid generated by X.
The elements of X* are called strings or words; A denotes the empty string.
For a string w € X*, |w| denotes the length of a string w and w® denotes the
reversal (mirror image) of w. Likewise, LT and £ are understood for languages
L and language families £. RE denotes the family of the recursively enumer-
able languages, The family of linear and metalinear languages is denoted by
LIN, MLIN, respectively, where MLIN is the smallest language class contain-
ing LIN and is closed under concatenation. It is known from [15] that LIN is
neither closed under concatenation nor under Kleene closure whereas MLIN is
not closed under Kleene closure but closed under concatenation. Also, both LIN
and MLIN are closed under reversal.

For the computational completeness results, we are using the fact that
type-0 grammars in the special Geffert normal form are known to character-
ize the recursively enumerable languages. According to [5], a type-0 grammar
G = (N, T, P,S) is said to be in special Geffert normal form, SGNF for short, if

— N decomposes as N = N’ U N"”  where N” = {A, B,C, D} and N’ contains
at least the two nonterminals S and $’,

— the only non-context-free rules in P are the two erasing rules AB — A and
CD — ),

— the context-free rules are of the following forms:
X —=Ybor X —-bY where X, Y e N, XY, beTUN", or S" — \.

How to construct this normal form is described in [5] and is based on [6]. Also,
the derivation of a string is done in two phases. First, the context-free rules are
applied repeatedly and the phase I is completed by applying the rule S” — X in
the derivation. In phase II, only the non-context-free erasing rules are applied
repeatedly and the derivation ends. It is to be noted that as these context-free
rules are more of a linear type, it is easy to see that there can be at most only one
nonterminal from N’ present in the derivation of G. We exploit this observation
in the proofs of Theorems 2 and 4. Also, note that X # Y, X,Y € N’ in the
context-free rules.

2.1 Insertion-Deletion Systems

We now give the basic definition of insertion-deletion systems, following [11,18].

Definition 1. An insertion-deletion system is a construct v = (V,T,A, R),
where V' is an alphabet, T C V is the terminal alphabet, A is a finite language
over V., R is a finite set of triplets of the form (u,n,v)ins or (u,d,v)qe, where
(u,0) eV* X V* n,deVT.

The pair (u,v) is called the context, n is called the insertion string, 0 is called
the deletion string and x € A is called an aziom. For all contexts of ¢ where
t € {ins,del}, if u =X (v =), then we call the operation ¢ to be right context
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(left context). If both w,v = A for a rule, then it means, the corresponding
insertion/deletion can be done freely anywhere in the string and is called context-
free insertion/deletion. An insertion rule will be of the form (u,n,v);ns, which
means that the string 7 is inserted between u and v. A deletion rule will be
of the form (u,d,v)4e1, which means that the string 6 is deleted between u and
v. In other words, (u,n,v)ins corresponds to the rewriting rule uv — unv, and
(u, d,v)ge; corresponds to the rewriting rule udv — wv.

Consequently, for z,y € V* we can write x = y if y can be obtained from z
by using either an insertion rule or a deletion rule which is given as follows:

1. = zyuvzs, y = runues, for some x1,z2 € V* and (u,n,v)ins € R.
2. x = z1udvre, Yy = T1UVTa, for some x1,x2 € V* and (u,0,v)4e € R.

The language generated by -y is defined by
L(y)={w e T* |z =" w, for some z € A},

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

2.2 Graph-Controlled Insertion-Deletion Systems

A graph-controlled insertion-deletion system with k components, or (k-)GCID
for short, is a construct IT = (k,V,T, A, H, iy, is, R) where

k is the number of components,

— V is an alphabet,

— T CV is the terminal alphabet,

— A CV is a finite set of axioms,

— H is a set of labels associated (in a one-to-one manner) to the rules in R,

ip € [1...k] is the initial component,

— iy € [1...k] is the final or target component, and

— R is a finite set of rules of the form (7,r,j) where r is an insertion rule of the
form (u,n,v)ms or deletion rule of the form (u,d,v)ge; and 4,5 € [1...k].

A rule of the form [ : (i,r,7), where [ € H is the label associated to the rule,
denotes that the string is sent from component ¢ (for short denoted as C%) to
Cj after the application of the insertion or deletion rule r on the string.

A configuration of IT is represented by (w); where i is the number of the
current component (initially ip) and w is the current string. A transition (w); =
(w'); is performed if there exists a rule { : (¢,7,7) in R such that w = w’ on
applying the insertion or deletion rule 7; in this case, we also write (w); = (w');
or (w'); < (w);. By (w)ZZ;/ (w')j, we mean that (w’); is derivable from (w);
using rule [ and (w); is derivable from (w’); using rule I’. The language of a
graph-controlled insertion-deletion system is the set of all terminal strings in
the target component iy reachable from an axiom and the initial component ig.
Formally,

L) ={weT" | (x);, =" (w);, for some x € A}.
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Next, we discuss about the size of a graph-controlled ins-del system. A graph-
controlled ins-del system IT is of size (k;n,,i";m,j’,j") (with the correspond-
ing language classes denoted by GCID(k;n,i',i";m,j',5")) if

k = the number of components

n = max{|n|: (¢, (u,n,v)ins,j) € R} (max. length of the inserted string)
i = max{|ul|: (%, (u,7,0)ins,j) € R} (max. length of the left context)

i = max{|v|: (¢, (u,n,0)ins,j) € R} (max. length of the right context)
m = max{|d|: (i, (u,0,v)ge1,7) € R} (max. length of the deleted string)
" = max{|ul: (i, (u,0,0)ger,j) € R} (max. length of the left context)
" =max{|v|: (i, (u,0,v)ge1,j) € R} (max. length of the right context)

Let us give some examples for GCID systems.

Ezample 1. The following GCID system IT; of size (2;1,0,0;0,0,0) generates
the language L1 = {w € {a,b}": |w|, = |w|p}-

I, = (2,{a, b}, {a,b},{\},{rl,r2},1,1,R),
where the rules of R are: 71 : (1, (A, a, A)ins,2), 720 (2, (A, 0, A)ins, 1). O

Ezample 2. With axiom A = {ab, A}, two rules grouped in singleton compo-
nents C1 = {(1,(a,a,b)ins,2)}, C2 = {(2,(a,b,b)ins, 1)}, initial and target
component C1, the GCID system IT, can describe Ly = {a"b™: n > 0}, i.e.,
Ly € GCID(2:1,1,1;0,0,0). O

Ezample 3. Consider the GCID system I3 of size (3;1,0,1;1,0,0) as follows:
II3 = (3,{S5,5 a,b},{a,b},{SS'}, H,1,1,R),
where the rules of R are the following ones:

rl.l1: (1,(N\a,S)ins,2) 71.2: (1,(N, S, A)del, 3)
r2.1: (2,(N, 0,5 )ins, 1)
r3.1: (3,(\ S, 9 )ins, 1) 73.2: (3,(N, S, N gers 1)

We claim that IT5 generates Ly = {a™b": n > 1}*. We prove our claim by
discussing the working of the rules of I3 here. Starting with the axiom SS’ in
C1, a is inserted before S and then b is inserted before S’ in order, repeatedly,
and this leads to (a™Sb™S’) in C1. After n(> 0) cycles of repetitions, rule 1.2
is applied and this deletes S and we move to C'3 with the string a™b™S’. We now
have a choice of applying rule 3.1 or 73.2. In the latter case, S’ is deleted and
the process terminates at the target component C1. In the former case, we are
back to the starting point in order to generate a™b™a™b™SS’. On repeating this
process several times as desired, the process can be terminated by applying the
rule r3.2. With these arguments, one can see that this system generates Ls. O

Observe the similarities between the examples: L; is the iterated shuffle clo-
sure of (Ly U L), while Ls is the Kleene closure of L. Notice that Ly ¢ LIN
and L3z ¢ MLIN, and the latter can be proved in the same way as argued in [4,
p. 137] for the Lukasiewicz language.
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3 Auxiliary Results

In order to simplify the proofs of some of our main results, the following obser-
vations are helpful.

Theorem 1. For all non-negative integers k,n,i',i",m,j, 7", we have that
GCID(k;n,i,i";m,5',§") = [GCID(k;n,i" ,i';m, 5", )%

Proof. To an ins-del rule (z,y, 2), with u € {ins, del}, we associate the reversed
rule p(r) = (2%, y®,2®),. Let II = (k,V,T, A, H,iq,i¢, R) be a graph-controlled
insertion-deletion system with k& components. Map a rule I: (i,7,j) € II to
l: (i,p(r),7) in p(R). Define IT% = (k,V,T, AR H,ig,is,p(R)). Then, an easy
inductive argument shows that L(IT®) = (L(II)). Observing the sizes of the
system now shows the claim. a

Corollary 1. Let L be a language class that is closed under reversal. Then, for
all non-negative integers k,n,i',i",m,3', 5", we conclude that

1. L=GCID(k;n,i',i";m,j',j") if and only if
L = GCID(k;n,i",i';m, 3", §');

2. L C GCID(k;n,,i";m,j',3") if and only if
L C GCID(k;n,i",i';m, §", ')

4 Computational Completeness Results

In this section, we prove the computational completeness results for GCID sys-
tems of sizes (i) (3;1,1,1;1,1,0) (i) (3;1,1,1;1,0,1) and (iii) (2;2,0,0;1,1,1).
One may note that, in the first (second) system, the deletion is left context (right
context) and in the third system, the insertions are performed in a context-free
manner.

Theorem 2. GCID(3;1,1,1;1,1,0) = RE.

Proof. Consider a type-0 grammar G = (N, T, P, .S) in SGNF. We build a GCID
system IT such that L(IT) = L(G). Let IT = (3,V,T,{S}, H,1,1, R). The rules
in P are labelled injectively with labels from [1...|P|]. Let V.= NUT U{p: p €
[1...]|P]]}. R is defined as follows. The rules are classified into components C'1,
C?2 and C3 as indicated by the first character following the rule label.

We simulate the rule p: X — bY by the following ins-del rules:

pll : (la(Avan)insaQ)
p21 : (23 (Avbap)insa?))v p22 : (27(Yv Xa )‘)dela]-)
p31 : (3a (b7 Y7p)in57 3)7 p32 : (37 (}/7 D, )‘)dela 2)

We simulate the rule ¢: X — Y'b by the following ins-del rules:

qll : (17()‘7q>X>'ms;2)
q21 . (27(Aa}/aq)insa3)7 q22 . (27(AaQ7A)delvl)
q3.1: (3,(q,0, X)ins,3), ¢3.2: (3,(b, X, A) e, 2)
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We simulate the rule f: AB — X\ by the following ins-del rules:

fr1: (4, (N f, A)ins,2)
f21 : (23 (/\7f7 )‘)delv ]-)a f22 : (23 (faA7>\)del73)
f31 : (37 (fuBa )‘)dela2)

We simulate the rule g: CD — A by the following ins-del rules:

gll (17()‘7930)in332)
921 : (27 ()\793 )‘)dela 1)7 922 : (27 (9707 )‘)del73)
931 (37 (gvD,)\)delaQ)

We simulate the rule h: S” — X by the ins-del rule h1.1: (1, (A, S, A) e, 1).

We now proceed to prove that L(II) = L(G). We do this by explaining
how the simulation of the rules of G should work and why no other malicious
derivations are possible in I1.

Working of p : X — bY: Consider the string aX 3 in C'1. Then there is a unique

sequence of rule applications in IT as follows.

(aXB)1 =p11 (apXB)2 =p21 (abpX B)3 =p31 (DY pX )3
=p3.2 (DY XB)s =po2 (abY B)1.

Note that though applying the rule p3.1 leaves the string in C3 itself, rule
p3.1 cannot be applied again (the benefit of using double-sided context). Also,
only one X of N’ is present in the derivation until a Y € N’ is introduced, thus,
p2.2 cannot be used before the rule p2.1 is applied.

Working of ¢q: X — Yb: Consider the string X in C'1. On applying rule ¢1.1,
we insert ¢ before X and we get agX (3 in C2. Now, we can apply either ¢2.1 or
q2.2. In the latter case, we delete the just inserted marker ¢ and end up with
aXfin C1 (back to the starting point). Hence, we choose rule ¢2.1 eventually to
move on. In this case, consider the following sequence of rule applications in IT.

(aXﬂ)lzzé(OéqXﬂ)z =421 (Y ¢XB3)3 =431 (@Y gbXB)3 =432 (oY ¢b3)2

At this point, we again have a choice of applying rule ¢2.1 or ¢2.2. In the
former case, we will again insert a Y before ¢ yielding Y'Y ¢b3 in C3. AsY € N’
is the only nonterminal in the string, the first symbol of 3 cannot be X. Thus,
we cannot apply any rule in C'3 and the derivation stops with nonterminals in a
non-target component. In the latter case, by applying ¢2.2 we delete ¢ and get
aYbf in C1, which is the target component.

We next proceed to discuss the simulation of the non context-free erasing
rules AB — X\ and CD — .

Working of f: AB — A: The working of the rule is shown by the following
sequence of rule applications.

(CYABﬂhz;;j(@fABﬁh =22 (af BB)s =31 (afB)2 =f2.1 (aAB)1




118 H. Fernau et al.

Working of g: CD — A: Similar to the working of the rule f: AB — A.

The rule (1, (X, 5, A ger, 1) directly erases S’. We start at S in C1 and by
repeatedly applying the rules p, q, f, g, h, we eventually get (S); =« (w)1. This
proves that L(G) C L(IT).

To prove the reverse relation (L(I1) C L(G)), we observe that the rules of IT
are applied in groups and each group of rules corresponds to one of p,q, f, g, h.
Also, it is not possible to switch between the simulation of some p, say, to that
of f, as we always use unique marker symbols to prevent this from happening.
This observation completes the proof. a

As RE is known to be closed under reversal, we conclude with Corollary 1:
Theorem 3. GCID(3;1,1,1;1,0,1) = RE.
Theorem 4. GCID(2;2,0,0;1,1,1) = RE.

Proof. Consider a type-0 grammar G = (N, T, P,S) in SGNF. We construct
a GCID system IT such that L(IT) = L(G). Let I = (2,V,T,{S},H,1,1, R).
The rules from P in G are labelled injectively with labels from [1...|P]]. The
alphabet of I is V. = NUT U{p,p’ : p€[1...|P|]}. R is defined as follows.

We simulate the rule p: X — bY, with X,Y € N’, by the following ins-del rules:

pl.l: (1, (A 0Y, A)ins, 2)
p2.12 (2,(Y,X, /\)delal)

We simulate the rule ¢: X — Y'b, with X, Y € N’, by the following ins-del rules:

gl.l: (1,( A, Yb, N)ins,2)
q2.1: (2,()\,X,Y)del,l)

We simulate the rule f: AB — X\, with A, B € N”, by the following ins-del rules:

L1 (L, N ins»,2), f1.2: (L, (A, f, fder, 1), f1.3: (1, (A A, f)der, 2)
f2'1 : (2a (f/aBa)‘)dela 1); f22 : (2’ ()‘7f17>‘)delv 1)

We simulate the rule g: CD — X by the following ins-del rules:

gll (la(Aaggl7>\)i7L872)a 912 (17(C7gvgl)dela1)a 913 (17()\70791)dela2)
921 (Za(glaDaA)dehl)a 922 (27(>‘7g,7>‘)d8171)

We simulate the rule h : S — X by the ins-del rule h1.1: (1, (A, S, A)ger, 1).
We now proceed to reason why L(IT) = L(G).

Working of p: X — bY: Consider a string X3 in C'1. The string bY is free to be
inserted anywhere in the string using rule pl.1 and the derivation moves to C2.
Rule p2.1 can be applied only if bY is inserted before X. Recall that X,Y € N’
and these types of nonterminals only occur once in valid sentential forms of G
(SGNF property). In this case, the X is deleted yielding bY and the derivation
ends at the target component C'1. If bY has been inserted elsewhere, then no
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rule of C2 can be applied and we are trapped in a non-target component with
nonterminals in the string.

Working of ¢: X — Yb: Similar to the working of the rule p as explained above.

Working of f: AB — A: Consider the string aABS in C1. We introduce two
markers f, f’ together anywhere in the string using the rule f1.1 and move to
C2. Suppose that ff’ has been inserted between A and B. Now, there is a choice
of applying rule f2.1 or f2.2. In the latter case, we will delete the marker f’
and come to the target component C'1 with aAfBg. If we introduce ff’ again,
this will eventually lead to a string having the nonterminals f and A in it, thus
not deriving any terminal string. This observation forces one to choose rule f2.1
before applying f2.2. In this case, there is a unique sequence of rule applications:

(QAff'BB)2 =21 (@Aff B)1 = 1.2 (@Af'B)1 =513 (af'B)2 =22 (aXB)1

Suppose that ff’ has not been inserted between A and B, then it is not difficult
to see that the derived string will always contain some nonterminals.

Working of g: CD — A: Similar to the working of the rule f: AB — A.

The rule (1, (A, 5", A)ger, 1) directly erases S’. We start at S in C1 and by
repeatedly applying the rules p,q, f, g, h, we eventually get (S); =, (w);. As
argued above, no malicious derivations can lead to terminal strings in C1. O

5 (Meta)linear Languages

We next prove that GCID systems of sizes (2;2,1,0;1,0,0), (2;2,0,1;1,0,0),
(3;1,1,0;1,0,0), or (3;1,0,1;1,0,0) can simulate all linear languages. In these
systems, deletions are performed in a context-free manner. While comparing the
last two sizes with the first two sizes, one may note that the length of the inserted
string is reduced at the cost of increasing the number of components. We also
show how to extend the simulations beyond linear languages.

Theorem 5. LIN C GCID(2;2,1,0;1,0,0).

Proof. Consider a linear grammar G = (N, T, P, S), where every rule of P is of
the form X — Yaor X — aY or X — a or X — X. We construct a GCID system
II=(2,V,T,{S},H,1,1,R) for G. The rules from P in G are labelled injectively
with labels from [1...|P|]. The alphabet of [T is V = NUTU{p: p€ [1...|P|]}.
The set of rules R of IT is defined as follows.

We simulate the rule p : X — Ya by the following ins-del rules:

pll (17(X7p7>‘)ins;2)7 p12 (L(payaa)\)insaz)
p2]— (27(>‘,Xa )‘)del;]-)v p22 (27(>\7p7 A)delvl)

We simulate the rule ¢ : X — aY by the following ins-del rules:

qll (17(X7qa)‘)in552)7 q12 (17(qaax)\)in572)
q21 (27()\7X7)‘)delal)7 q22 (27(>\7q7)\)d6l51)
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We next simulate the rule f : X — a by the following ins-del rules:

fL1: (1,(X,a,N)ins,2)
f2.1: (2,(>\,X,)\)del,1)

We now prove the theorem by discussing the working of the above rules.

Working of p: X — Ya: Consider the string a X3 in C'1. On applying rule p1.1,
we insert p after X and get aXpg in C2. At this point, we have a choice of
applying rule p2.1 or p2.2. In the latter case, the marker p is deleted and we
move to C'1 with a X in the string and this is our starting point. Hence we
have to use rule p2.1 eventually to proceed. In this case, X is deleted and move
to C1 with apB. At this point, we note that the rule pl.1 cannot be applied
since in linear grammar there is at most one nonterminal (in this case, X) in the
string; this was already deleted in the previous step. With these arguments, we
simulate the rule X — Ya as follows:

(aXﬂ)lzz;;(aXpﬁ)g =p2.1 (apf)1 =p1.2 (apYafB)s =p22 (Y aB);.

In the above sequence, we note that before the derivation (apf)1 =p1.2
(apY af)a, the rule pl.1 cannot be applied since in a linear grammar there is at
most one nonterminal (in this case, X) in the string and it is already deleted in
the previous step.

Working of ¢: X — aY: Similar to the working of the above rule p: X — Ya.
The sequence of rule applications in II is given below for a better understanding.

(OéXﬁ)lzZ;;(anmz =421 (@gf)1 =q1.2 (apaY )2 =¢2.2 (@aY F);.

The working of rule f : X — a is simple and straightforward. Since we
start at S in C'1 and if we repeatedly apply the rules p, q, f, we eventually get
(S)1 =« (w)1. This proves that L(G) C L(II).

For the converse direction L(G) D L(II), observe the remarks that we gave
above when explaining the working of the simulations; apart from unnecessary
additional loops in the simulation, no successful derivations are possible in IT
other than those intended for the simulation of G.

The strictness of the inclusion follows from Examples 1 and 3. O

Remark 1. By allowing for a few more components, we can extend the previous
simulation result to cover Kleene closures of linear languages or also MLIN.
For instance, starting with axiom S’S and a third component containing rules
r3.1 : (3,(5,5,N)ins,1) and 3.2 : (3, (A, 5, N)der, 1) and changing f2.1 to
transit to C3, the modified system [T’ would describe (L(G))™, or, by having S’
as the axiom and starting in C3, we can get (L(G))*. O

Likewise, we can describe metalinear languages with three or four components.

Theorem 6. MLIN C GCID(4;2,1,0;1,0,0)NGCID(3;2,1,0;1,0,1).
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Proof. If L € MLIN happens to be a linear language, we can proceed as in
Theorem 5. So, we assume that L € MLIN — LIN is given. We can think of the
work of a metalinear grammar G with L(G) = L C T* (generating the concate-
nation of k linear languages L(G1),...,L(Gy) with start symbols Si,..., Sk,
respectively, and k pairwise disjoint nonterminal alphabets Ny, ..., Ny) as fol-
lows: starting with S1.55 as the axiom, first, G; generates a terminal word. Then,
St — 5354 is executed, and G2 generates a terminal word, starting from So. This
strategy continues, until Sj,_; — Sk_19], is executed, followed by the generation
of a terminal word by Gj_1 and finally S}, — S initiates the last grammar G,
to append a terminal word.

Let us first focus on GCID(4;2,1,0;1,0,0). More formally, we construct
a GCID system IT = (4,V,T,{5155},H,1,1,R) for G. Let V4,...,V} be the
alphabets resulting from the construction of GCID systems II; for Gq,...,Gy
according to Theorem 5. Let N; = V; — T and assume (w.l.o.g.) that Nq,..., Ng
are pairwise disjoint. Let V = Ule V:U{S.: i €[l...k]}. Let R; be the rule set
of IT;. R} coincides with R; except for (possibly) terminating rules of the type
2.1 that target at C3 fori € [1...(k —1)]. Let R = Ule R} U Ry, where Rr
collects transition rules that are described in details in the following.

The work of grammar G, say, of G1, is simulated (as described in the proof of
Theorem 5). Then, (in general) we transit to the third component. We perform
the following transition rules:

7’1*)22.1 : (2, ()\7 T1-2, A)del) 1)
r1—23.1: (37 (Séa -2, A)inw 4)7 r1-23.2: (37 (7‘1*’27 S2Sf/37 A)insa 2)
7“1*)24.1 : (4, ()\,Sé,)\)delag)

Similar transition rules are added to start simulations of Gg, ..., Gk_1.
Finally, we have the rules:

rk,lﬂkQ.l : (2, (/\,kalakyA)delv]-)
’I"k:71~>k:3.1 : (3; (S]/cv Tk—1—k; )‘)inm 4)7 kalak3'2 : (37 (kal"k’ Sk’ )\)insa 2)
rk—1—>k4-1 : (4, (A,S]/WA)dela?))

Observe that the applications of the new rules (in comparison to what is
inherited from Theorem 5) is deterministic, and due to the new components,
no interference with previously introduced rules is possible. Furthermore, the
context-free deletion rules in C2 of Theorem 5 will delete only nonterminals of
N;, i € [1...k], in the present simulation; hence, they do not interfere with the
new nonterminals like S7.

We now turn to GCI1D(3;2,1,0;1,0,1). The only real problem merging C2
and C4 was that during the simulation of Gj, possibly the symbol S, gets
deleted. This can be prevented by requiring the right context of r;_;11 in
the rule that deletes Sj ;. More precisely, the modified rules for P; will be
’1"1'*)7;+13.1 : (3, (Sz{+1? Ti—i+1y )\)insa 2) and Ti‘;i+12.2 : (2, ()\, Sz/’+17 Ti*ﬂl%»l)dela 3)
The remaining technical details are left to the reader.

Remark 1 and more concretely Example 3 shows the claimed strictness of
the inclusion. O
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Since LIN and MLIN are known to be closed under reversal [15], by using
Corollary 1, we can immediately conclude the next two Theorems (7 and 8):

Theorem 7. LIN C GCID(2;2,0,1;1,0,0).
Theorem 8. MLIN C GCID(4;2,0,1;1,0,0) N GCID(3;2,0,1;1,1,0).
Theorem 9. LIN C GCID(3;1,1,0;1,0,0).

Proof. Consider a linear grammar G = (N, T, P, S). We construct a GCID sys-

tem IT = (3,V,T,{S}, H,1,1, R). The rules from P in G are assumed to be

labelled injectively with labels from the set [1...|P]|]. The alphabet of IT is

V=NUTU{p,p': pe[l...|P|]}. The set of rules R of II is defined as follows.
We simulate the rule p : X — Ya by the following ins-del rules:

pll : (17(X7p7)\)insa3)a p12 . (1,<paa/a )‘)in572)7 p13 . (1a(p/7}/a)‘>in552)
p21 : (27 (pap/a )‘)insa 3)7 p22 : (27 (Aap/a A)Clela 1)
p31 : (37 ()‘;Xa A)dalal% p32 : (37(>‘7p7 A)dehl)

We simulate the rule ¢ : X — aY by the following ins-del rules:

qll : (17(X7q7>\)inS33)7 q12 : (17(qaq/;A)inS72)7 q13 : (la(q/a}/a)‘)insv2)
q21 : (2,(qaa7)‘)in873)a q22 : (2,(>‘aq/,)\)dela]~)
q31 : (37 (>\7 X7 )‘)dEh 1)7 q32 : (37 (>\7 q, )\)dela 1)

We simulate the rule f : X — a by the following ins-del rules:

LI (1,(X, a5 A)ing, 3)
310 (3,(\ X, N aer, 1)

Working of p: X — Ya: Consider the string a X3 in C'1. On applying rule p1.1,
we insert p after X and get aXpg in C3. At this point, we have a choice of
applying rule p3.1 or p3.2. In the latter case, the marker p is deleted and we
move to C1 with a X3 as the string and this is our starting point. Hence, we
use rule p3.1 eventually to proceed. Then, X is deleted and we move to C'1 with
appB. Now, the rule pl.1 cannot be applied since in linear grammars there is at
most one nonterminal (in this case, X) in the string that was already deleted in
the previous step. Hence, we simulate the rule X — Ya as follows:

(aXﬁhzZ;;(OéXpﬁ)zz =p3.1 (apB)1 =p1.2 (apaf)s =p21 (app'af)s
=p3.2 (ap'af)1 =p13 (p'YaB)2 =p22 (@Y af);.

Working of ¢q: X — aY: Consider the string a X5 in C1. On applying rule ¢1.1,
we insert ¢ after X and get aXq@ in C3. At this point, we have a choice of
applying rule ¢3.1 or ¢3.2. In the latter case, the marker ¢ will be deleted and
we move back to the starting point. Hence we have to use rule ¢3.1 eventually
to proceed. In this case, X is deleted and we move to C'1 with agB where ¢’ is
inserted after ¢ and the string moves to C2 with aqq¢’3. In C2, we can apply
the rule ¢2.1 or ¢2.2. On applying ¢2.2, ¢’ is deleted and the string agf will
be in C'1 and we are back to the previous step. This is also depicted in the
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following derivation. This forces us to apply the rule ¢2.1 and the sequence of
rule applications is shown in the derivation. With these arguments, we simulate
the rule X — aY as follows:

(X120 (aXqB)s = a1 (@gB)1 272 (aqq' B)2 =21 (agaq'B)3
=431 (aaq' B)1 =413 (aaqd'Y B)2 =422 (aaY B);.

The working of rule f : X — a is simple and straightforward. By repeatedly
applying p,q, f, we eventually get (S); = (w)1. Thus L(G) C L(IT). Moreover,
as argued above, no other derivations are possible for IT, entering C'1 with a
string aX 8. So, by induction, L(G) 2 L(II) also follows. O

As LIN is known to be closed under reversal, by using Corollary 1, we have:
Theorem 10. LIN C GCID(3;1,0,1;1,0,0).

In the literature, GCID(4;1,1,0;1,0,1), GCID(4;1,0,1;1,1,0) (see [5]) and
i) GCID(5;1,1,0;1,1,0), ii) GCID(5;1,1,0;1,0,1), iii) GCID(5;1,1,0;2,0,0),
iv) GCID(5;1,0,1;2,0,0), v) GCID(5;2,0,0;1,1,0), vi) GCID(5;2,0,0;1,0,1)
(see [12]) describe RE. Thus, the generative power of GCID(4;1,1,0;1,0,0),
GCID(4;1,0,1;1,0,0), GCID(5;1,1,0;1,0,0), GCID(5;1,0,1;1,0,0) is open.
In the following, we discuss the power of these systems.
Remark 2. Asin Remark 1, one can see that the Kleene star of each of the linear
languages lies in GCID(4;1,1,0;1,0,0)NGCID(4;1,0,1;1,0,0). Inheriting the
proof idea of Theorem 6, we deduce the following from Theorems 9 and 10:

Theorem 11. MLIN € GCID(5;1,1,0;1,0,0) NnGCID(5;1,0,1;1,0,0).

Fig. 1. Control graph structure of Theorem 2; the corresponding simple undirected
graph is a path on three vertices, which corresponds to three nested membranes.

Fig. 2. Control graph structure of Theorem 9; the corresponding simple undirected
graph is a cycle on three vertices, which cannot correspond to any nested membrane
structure.
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6 Conclusions

We have studied GCID systems of various small sizes, proving them to be either
computationally complete or able to simulate at least all (meta-)linear languages.
Example 2 shows (together with [20]) that two components are more powerful
than one for systems of size (1,1,1;z,y,2) with y + 2z < 1, = € {0,1}. Proving
a non-trivial simulation result for the family of context-free languages (say, by
GCID systems with size (3;1,1,0;1,1,0)) is left open. Also, we have indicated
how to simulate Kleene closures of meta-linear languages; it would be there-
fore interesting to see if the regular closure of the linear languages can be also
simulated; refer to [15] for details of this language class.

The underlying control graph of a k-GCID system IT is defined to be a graph
with k nodes labelled C'1 through Ck. There exists a directed edge from C'i to C'j
if and only if there exists a rule of the form (i,r,5) in R of II. If the undirected
simple graph corresponding to this underlying directed graph is a tree, then IT
can be viewed as an insertion-deletion P system (see [5]). In this paper, the
underlying graphs of the GCID systems that simulate the families RE and LIN
(in Theorems 2, 4 and 5) are trees. Hence, the corresponding results can be
immediately also read as results on insertion-deletion P systems. However, one
may note that the control graph of the construction of Theorem 9 contains a
triangle (¢1.3 leads from C1 to C2, ¢2.1 from C2 to C3 and ¢3.1 from C3 to
C1 in the proof of Theorem 9) and is hence not a tree. Whether or not similar
results hold for insertion-deletion P systems remains open. The control graphs
of the graph-controlled ins-del systems discussed in this paper are visualized in
Figs. 1 and 2 for the case of Theorems 2 and 9, respectively. The annotations
given on the edges tells what part of the simulation is responsible for this edge.
The according pictures of the simulations in the metalinear cases are even a
bit more involved (as we have four components in the first part of Theorem 6)
and is hence omitted. However, as there are only connections between C'1 and
C2, between C2 and C3, and between C'3 and C4, this corresponds again to an
insertion-deletion P system.
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Abstract. Weakly recognizing morphisms from free semigroups onto
finite semigroups are a classical way for defining the class of w-regular
languages, i.e., a set of infinite words is weakly recognizable by such
a morphism if and only if it is accepted by some Biichi automaton.
We consider the descriptional complexity of various constructions for
weakly recognizing morphisms. This includes the conversion from and
to Biichi automata, the conversion into strongly recognizing morphisms,
and complementation. For some problems, we are able to give more pre-
cise bounds in the case of binary alphabets or simple semigroups.

1 Introduction

Biichi automata define the class of w-regular languages. They were introduced
by Biichi for deciding the monadic second-order theory of (N, <) [2]. Since
then, w-regular languages have become an important tool in formal verification,
and many other automata models for this language class have been consid-
ered; see e.g. [10,13]. Each automaton model has its merits and its disadvan-
tages. Recently, the authors have shown that recognizing morphisms have many
nice algorithmic properties [5]. Such morphisms come in two different flavors.
Strongly recognizing morphisms admit efficient minimization and complementa-
tion, whereas weakly recognizing morphisms can be exponentially more succinct
(but there is no minimal weak recognizer and there is no efficient complemen-
tation). The situation is similar to the behavior of deterministic and nondeter-
ministic finite automata. The major difference to both nondeterministic finite
automata and Biichi automata is that there is an efficient inclusion test for
weakly recognizing morphisms [5]. Every strongly recognizing morphism is also
weakly recognizing, but the converse is false.

In this paper, we consider the descriptional complexity of various operations
on weakly recognizing morphisms and conversions involving nondeterministic
Biichi automata (BA) and strongly recognizing morphisms. In each case, we
give asymptotically tight bounds. For the conversion of a BA into a weakly
recognizing morphism, we give a lower bound which matches the naive upper
bound. Our results are summarized in Table 1.

There are some similarities between recognizing morphisms over finite and
over infinite words. Strong recognition is the natural counterpart to recognition
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Table 1. Bounds for the descriptional complexity of various operations.

Operation Lower bound Upper bound
BA to weak recognition 2 [new] 2 9]

BA to weak recognition, binary alphabet | 2("~1*/* [new] 27" [9]

Weak recognition to BA (n—3)(n+1)/32 [new] | n(n+1) [9]
Weak recognition to strong recognition |n2""! [new] on’ [10]
Complementation of weak recognition n2"" ! [new] 2 [10]
Complementation for simple semigroups |n2"~"' [new] n2" [new]

for finite words. Nevertheless, in order to prove lower bounds for the conversion of
Biichi automata to weakly recognizing morphisms, we first show that bounds for
converting nondeterministic finite automata to recognizing morphisms over finite
words (with some limitations) also hold for the conversion of Biichi automata to
weakly recognizing morphisms. We then use techniques of Sakoda and Sipser [12]
and of Yan [14] to obtain tight bounds for the conversion of nondeterministic
finite automata to recognizing morphisms. This step is similar to the work of
Holzer and Konig [6]. To the best of our knowledge, our lower bound over finite
words for the conversion of an NFA into a recognizing morphism is also a new
result.

2 Preliminaries

This section gives a brief overview of some basic definitions from the fields of
formal languages, finite automata and semigroup theory. We refer to [10,11] for
more detailed introductions.

Words. Let A be a finite alphabet. The elements of A are called letters. A
finite word is a sequence ajas - - - a, of letters of A and an infinite word is an
infinite sequence ajas ---. The empty word is denoted by €. Given an infinite
word a = ajaz-- -, we let inf(«) C A denote the set of letters in o which occur
infinitely often.

Let K be a set of finite words and let L be a set of infinite words. We set
KL ={ua|u€K,a€ L}, K" = {ujuz---un | u; € K}, K* =J,5, K" and
K* = KT U {e}. Moreover, if ¢ ¢ K we define the infinite iteration K¥ =
{uiug -+ | u; € K}. A natural extension to K C A* is K* = (K \ {e})“ U {e}.

Automata. A finite automaton is a 5-tuple A = (Q, A,0,1,F) where Q is a
finite set of states and A is a finite alphabet. The transition relation § is a
subset of ) x A x Q and its elements are called transitions. The sets I and F
are subsets of @) and are called initial states and final states, respectively.

A finite run of a word aqas---a, on A is a sequence qoa1q1a1 - * Gn_1anqn
such that gy € T and (g;, @441, qi+1) € 0 for all i € {0,...,n — 1}. The run is said
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to start in go and end in g,,. The word aias - - - a,, is the label of the run. A finite
run is called accepting if it ends in a final state. A finite word w is said to be
accepted by A if there exists an accepting finite run of u on A and the language
accepted by A is the set of all finite words over A* accepted by A. It is denoted
by Lyra(A).

Analogously, an infinite run of a word ajas--- on A is an infinite sequence
qoaiqiay - - such that qo € I and (¢, ai4+1,¢i+1) € 0 for all ¢ > 0. It is called
accepting if inf(goqigz---) N F # (. An infinite word « is said to be Biichi-
accepted by A if there exists an accepting infinite run of o on A. The language
Biichi-accepted by A is the set of all infinite words Biichi-accepted by A and it
is denoted by Lpa(A).

We use the term run for both finite and infinite runs if the reference is clear
from the context. A language L C A* (resp. L C A¥) is reqular (resp. w-regular)
if it is accepted (resp. Biichi-accepted) by some finite automaton.

Finite semigroups. A semigroup morphism is a mapping h: S — T between
two (not necessarily finite) semigroups .S and T such that h(s)h(t) = h(st) for all
s,t € S. Since we do not consider morphisms of other objects, we use the term
morphism synonymously. A subsemigroup of a semigroup S is a subset that is
closed under multiplication. We say that a semigroup T divides a semigroup S
if there exists a surjective morphism from a subsemigroup of S onto 7.

Green’s relations are an important tool in the study of semigroups. For the
remainder of this subsection, let S be a finite semigroup. We let S denote the
monoid that is obtained by adding a new neutral element 1 to S. For s,t € S let

s R t if there exist ¢,¢ € S such that sq =t and t¢' = s,

s L t if there exist p,p’ € S* such that ps =t and p't = s,

s J t if there exist p,q,p’,q € S* such that psq =t and p'tq’ = s,
sHtif sRtands Lt

These relations are equivalence relations. The equivalence classes of R (resp. L,
J, H) are called R-classes (resp. L-classes, J-classes, H-classes). For s € S,
we denote the R-class (resp. L-class) of s by Rs (resp. Ls) and we let S/R =
{Rs | s€ S} aswell as S/L ={L,|s €S}

A semigroup is called J-trivial if each of its J-classes contains exactly one
element. A semigroup is called simple if it consists of a single J-class. In a finite
simple semigroup, the relations s R st £ t hold for all s,t € S. Moreover, each
‘H-class forms a group and all such groups are isomorphic [11]. We will also utilize
the following lemma:

Lemma 1. Let S be a finite simple semigroup and let x,y,z € S such that
y R z. Then xy = xz implies y = z.

Proof. Suppose that xy = xz. Since S is simple, we have y £ xy and thus, there
exists an element p € S* such that pry = y. Since y R z, there exists an element
q € S' with yq = z. It follows that y = pry = prz = pryq = yq = 2. O
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Recognition by morphisms. Let h: AT — S be a morphism to a finite semi-
group S. A pair (s,e) of elements of S is a linked pair if se = s and €% = e.
For s € S, we set [s], = h™!(s) and if h is understood from the context, we
may skip the reference to the morphism in the subscript. A language L C AT is
recognized by a morphism h : AT — S if L is a union of sets [s;] with s; € S. A
language L C A% is weakly recognized by a morphism h : AT — S if it is a union
of sets [s;][e;]” where (s;, e;) are linked pairs of S. A language L C A“ is strongly
recognized by a morphism h : AT — S if [s][t]” N L # 0 implies [s][t]* C L for
all s,t € S. It is easy to see that strong recognition implies weak recognition,
see e.g. [10, Theorem 2.2]. Moreover, if a morphism strongly recognizes L, it also
strongly recognizes its complement A“\ L. By extension, we also say that a semi-
group S recognizes (resp. weakly recognizes, strongly recognizes) a language L
if there exists a morphism h: AT — L that recognizes (resp. weakly recognizes,
strongly recognizes) L.
For a language L C A* U A¥, we have u =y, v if and only if

(zuy)z® € L & (zvy)z* € L and
z(zuy)® € L & z(zvy)” € L

for all finite words z,y,z € A*. Keep in mind that ¢¥ = e. The relation =
was introduced by Arnold [1]; it is called the syntactic congruence of L. The
congruence classes of =y, form the so-called syntactic semigroup A* /=y, and the
syntactic morphism hy: AT — AT /=p is the natural quotient map. If L C A*
(resp. L C AY) is regular (resp. w-regular), the syntactic semigroup of L is finite
and hr, recognizes (resp. strongly recognizes) the language L; see [1,10].

3 Lower Bound Techniques

3.1 Proving Lower Bounds for Weakly Recognizing Morphisms

We first consider the general problem of proving lower bounds for the size of
weakly recognizing semigroups for a given language L. In the case of recognizing
morphisms over finite words and in the case of strongly recognizing morphisms,
this is easy since one only needs to compute the syntactic semigroup, which
immediately yields a tight lower bound. On the contrary, weakly recognizing
morphisms do not admit minimal objects. However, it turns out that one can
still use a relaxed version of Arnold’s syntactic congruence.

We first prove a combinatorial lemma and then give the main result of this
section.

Lemma 2. Let u,v € A" and let (s,e) be a linked pair. Then uv* is contained
in [s][e]” if and only if there exists a factorization v = vivy and powers k,£ > 0
such that ¢ is odd, h(uv*v) = s and h(vovtv;) = e.

Proof. Let v=ajas---a, with n > 1 and a; € A. If uv® is contained in [s][e]”,

there exists a factorization uv” = vw'vjvj--- such that h(u’) = s and h(v)) = e
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for all ¢ > 1. Since u and v are finite words, there exist indices j > i > 1, powers

k,¢ > 1 and a position m € {1,...,n} such that u'vjvh---vi_ | = wwrajas - am
!/

and vjv, g - v;. = Umg1Gmaz - apvlaiag - an,. We set v1 = ajag - - a,, and

Vg = Gmt1Gm+2 - Gn. Lhen v1v9 = v,

h(uvkvy) = h(uwwaras - - - any,) = h(u/vivh vl ) =sett =,
4 — V4 _ 10 / _j—i+l
h(vov*v1) = h(Amy1Gma2 - GV a1a2 - - ap) = h(vivi - ~Uj) =e =e.
If ¢ is even, we can replace ¢ by 20 + 1 since h(vov2tt1v;) = h(vevfvgvevtor) =
) P Y
€2 = e. The converse implication is trivial. a

Theorem 3. Let L C A% be a language weakly recognized by some morphism
h: At — S and let u,v,z € AT and z,y € A* be words such that one of the
following two properties holds:

1. zuyz¥ € L and xvyz* ¢ L
2. x(uy)” € L and z(uyvy)” & L and z(vyuy)” & L.

Then h(u) # h(v).

Proof. We consider finite words u,v € AT such that h(u) = h(v) and show that
in this case, neither of the properties can hold.

If the first property holds, there exists a linked pair (s, e) such that zuyz* €
[s][e]” € L. Thus, by Lemma 2, we have h(zuyz¥z;) = s and h(z22%z;) = e
for some factorization z = z1z9 and powers k,¢ > 0. Now, since h(mvyzkzl) =
h(zuyz*z1) = s, we obtain zvyz* € [s][e]” C L, a contradiction.

If the second property holds, there exists a linked pair (s,e) of S such that
zw® € [s][e]” € L where w = uy. Thus, by Lemma 2, we have h(zw*w;) = s
and h(wgwewl) = e for some factorization w = wjws, some power k > 0 and
some odd power ¢ > 0. Since ¢ is odd (£ — 1)/2 is an integer and we have
h(ws (vyuy) /2
ha(vyuy) =
alently, if k is even, we have h(:c(uyvy)k/le) = h(z(uy)*w,) = s and hence,
x(uyvy)” € L. Both cases contradict Property 2 above. O

vywr) = h(wa(uy)‘w;) = e. Now, if k is odd as well, we obtain
*vywy) = h(x(uy)*w;) = s and therefore, z(vyuy)” € L. Equiv-

The next proposition is another simple, yet useful, tool for proving lower
bounds. It allows to transfer bounds from the setting of finite words to infinite
words.

Proposition 4. Let A = (Q, A,6,1,F) and let a € A be a letter such that for all
q € Q and g5 € F, we have (q,a,qf) € ¢ if and only if ¢ = q¢. Let K = Lpa(A)
and let L = Lypa(A). Then each semigroup weakly recognizing K has at least
|AT /=_| elements.

Proof. Let h: AT — S be a morphism weakly recognizing K and consider two
words u,v € AV such that u #Z; v. Then, without loss of generality, there
exist z,y € A* such that zuy € L and xvy ¢ L. This implies zuya® € K
since (¢s,a,qy) € ¢ for all g € F. Equivalently, because of (¢,a,qs) ¢ ¢ for
all ¢ € Q\ F and g5 € F, we have zvya® ¢ K. By Theorem 3, this yields

h(u) # h(v). O
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3.2 The Full Automata Technique

The full automata technique is a useful tool for proving lower bounds for the
conversion of automata to other objects. It was introduced by Yan [14] who
attributes it to Sakoda and Sipser [12]. The technique works for both accepted
and Biichi-accepted languages. However, we will prove the main result of this
section only for the setting of finite words and use Proposition 4 to obtain anal-
ogous results for infinite words.

Let Q be a finite set and let I, F be subsets of Q. The full automaton
F(Q,1,F) is the finite automaton (@, B, A, I, F) defined by B = 2Q” and by
the transition relation A = {(p,T,q) € @ x Bx Q | (p,q) € T}.

Theorem 5. Let A= (Q,A,d,1,F) be a finite automaton and let F(Q,I,F) =
(Q,B,A,I,F) be the corresponding full automaton. Then the syntactic semi-
group of Lypa(A) divides the syntactic semigroup of Lypa(F(Q, I, F)).

Proof. We first define a morphism 7: A* — Bt by 7(a) = {(p,q) | (p,a,q) € 6}.
Let K = Lypa(F(Q,I,F)) and let L = Lypa(A). It suffices to show that
m(u) =k 7(v) implies w =, v. Thus, consider u,v € AT such that w(u) =g 7(v).
In particular, for all z,y € A*, we have w(zuy) € K if and only if n(zvy) € K.
By the definition of 7, we have 7(w) € K if and only if w € L for all w € A*.
Using the equivalence from above, this yields xuy € L if and only if zvy € L for
all z,y € A*, thereby proving that u =p, v. O

4 From Automata to Weakly Recognizing Morphisms

The standard construction for converting a finite automaton A to a recognizing
morphism is the so-called transition semigroup of A. For a given word u € A™,
it encodes for each pair (p, ¢) of states whether there is a run of u on A starting
in p and ending in ¢. Thus, for a finite automaton with n states the transition
semigroup has 27" elements. For details on the construction, we refer to [10,11].
We show that this construction is optimal.

Theorem 6. Let A be a finite automaton with n states. Then there exists a
semigroup recognizing Lnpa(A) (resp. weakly recognizing Lpa(A)) which has at
most 2 elements and this bound is tight.

Proof. Each language that is accepted (resp. Biichi-accepted) by A is recognized
(resp. weakly recognized) by the transition semigroup of .4 which has size 2,

To show that this is optimal, we consider the full automaton F(N, N, N) =
(N,B,A,N,N) where N = {1,...,n} and let L = Lypa (F(N, N, N)). For two
different letters X,Y € B we may assume, without loss of generality, that there
exist p,q € N such that (p,q) € X \'Y. With P = {(p,p)} and Q = {(¢,q)}, we
then have PXQ € L and PYQ ¢ L. Thus, X #;, Y. This shows that BT /=,
has at least |B| = 2° elements.

Noting that the transitions labeled by the letter {(¢,¢q) | ¢ € N} form self-
loops at each state, the Biichi case immediately follows by Proposition 4. O
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The proof of the optimality result requires a large alphabet that grows super-
exponentially in the number of states of the automaton. A natural restriction is
considering automata over fixed-size alphabets.

By a result of Chrobak [3], the size of the syntactic semigroup of an unary
language accepted by a finite automaton of size n is in 20(V*1°87) (note that
since unary languages are commutative, the syntactic monoid is isomorphic to
the minimal deterministic automaton). Over infinite words, the unary case is
uninteresting since the only language over the alphabet A = {a} is {a“}.

For binary alphabets, a lower bound can be obtained by combining the full
automata technique with a result from the study of semigroups of binary rela-
tions [7, Proposition 6]. In order to keep the paper self-contained, we present a
proof that is adapted to finite automata and does not require any knowledge of
binary relations.

Theorem 7. Let A= {a,b} and let n be an odd natural number. There exists a
language L C A (resp. L C A%) and a finite automaton with n states accepting
(resp. Biichi-accepting) L, such that each semigroup recognizing (resp. weakly
recognizing) L has at least 2(n=1*/4 clements.

Proof. We first analyze the case of finite words. Let m = (n — 1)/2 and
let M = {1,...,m}. We consider the automaton A depicted below and let
L = Lpa(A).

b
o

For 1 < 4,5 < m we first define p; ; = (m+j—i)m—i and ¢; ; = (m+i—j+2)m+i.
Furthermore, we set u; ; = aP*ba?3. We claim that for each 4, j there exists a
path from state k to £ labeled by w; ; if and only if (k,¢) = (i,j +m) or k = £.

The two a-cycles have length m and m + 1, respectively. Since for each pair
(4, j) we have p; j +¢; ; = 2m(m + 1) and since one can always stay in the same
state when reading the letter b, there clearly exists a path from each state to itself
labeled by w; ;. Now, fix some (7, j) and let (k, ¢) = (¢, j+m). We have i +p; ; =
(m+j—14)m which means that, when starting in state i, one can reach state m by
reading aP#7. Being in state m, one of the b-transitions leads to state m+1. From
there on, we make a single step backwards whenever reading the factor a™. Thus,
by reading the word a%-, we perform (m+i—j+2)—i = m—j+2 backward steps
in total, finally reaching state n+1—(m—j+2) = 2m+2—(m—j+2) = m+j = L.
The converse direction of our claim follows immediately since the automaton is
deterministic when restricted to a-transitions and since one can only reach states
¢ > m by using the transition (m,b,m + 1).

For X C M x M, we now define uy as the concatenation of all u;; with
(i,7) € X, where the factors are ordered according to their indices (i, 7).
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By the above argument, it is easy to see that there is a path from state ¢ to
7+ m labeled by ux if and only if (i,7) € X. Since there are 2™ = 2(n=1?/4
subsets of the Cartesian product M x M, it remains to show that for different
subsets X,Y C M x M, we have ux # vy. To this end, assume without loss
of generality that (i,7) € X \ Y. Then a* luxa™ 7 € L but a' luya™ 7 ¢ L, as
desired.

For the Biichi case note that for all ¢ € @, we have (i,b,n) € ¢ if and only
if 4+ = n. Therefore, by Proposition 4 and the arguments above, the smallest
semigroup weakly recognizing Lpa (A) has at least 2(n=1)°/4 glements. a

The construction above does not reach the 2"~ bound obtained when using
a larger alphabet. However, this is not surprising, given the following result.

Proposition 8. Let m € N be a fized integer and let A be an alphabet of size
m. Then there exists an integer n,, > 1 such that for each finite automaton A
over A with n = ny, states, the language Lypa(A) C A* (resp. Lpa(A) C A¥)
is recognized (resp. weakly recognized) by a morphism onto a semigroup with less
than 2™ elements.

We do not give a full proof of the proposition here, but the claim essentially fol-
lows from a careful analysis of the subsemigroup of the transition semigroup gen-
erated by the transitions corresponding to the letters in A. Applying Devadze’s
Theorem [4,8] to the matrix representation of this subsemigroup shows that it
is proper, i.e., smaller than the full transition semigroup itself.

5 From Weakly Recognizing Morphisms to Automata

The well-known construction to convert weakly recognizing morphisms to finite
automata with a Biichi-acceptance condition has quadratic blow-up [10]. We
show that this is optimal up to a constant factor.

Theorem 9. Let A = {a,b}, let n >3, and let L = |J}_, (ba’bA*)”. Then there
exists a semigroup with 4n+ 3 elements that weakly recognizes L and every finite
automaton Biichi-accepting L has at least n(n + 1)/2 states.

Proof. We first define a semigroup S = {a‘, a’b, ba’,ba’b | 1 <i < n} U {b,bb,0}
by the multiplication 0-s=s-0=0 for all s € S and

bb ifi=45=0

blalb” - b™mal bt = bfa™7b* ifr=m=0and 1 <itj<n
0 ifr=m=0andi+j>n
baid otherwise

where £, m,r,s € {0,1} and i,5 € {0,...,n}. The morphism h: At — S defined
by h(a) = a and h(b) = b now weakly recognizes L since L is the union of all
sets [ba’b][ba’d]” with 1 < i < n.
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Now assume that we are given a finite automaton A = (Q, 4,6, I, F) such
that Lpa(A) = L. For each i € {1,...,n}, we consider the word a; = (ba'b)”
and let r; be an accepting run of a;. We first show that for i # j, we have
inf(r;) N Q Ninf(r;) = 0, and then prove that |inf(r;) NQ| > ¢ for 1 < i < n.
Together, this yields

n

QI = linf(ri) NQ[ =Y i =n(n+1)/2.
=1 i=1

Let 4,5 € {1,...,n} such that ¢ # j. We assume for the sake of contradiction
that there exists a state ¢ € Q with ¢ € inf(r;) and g € inf(r;). Let u € ba’bA*
be a prefix of «; such that r; visits ¢ after reading u. Let v € A* be a factor
of a; such that there exists a finite run labeled by v, which starts and ends in
q, visits at least one final state and such that v* = (ba/b)” or v* = a*b(balb)”
for some k € {0,...,j}. Obviously, we then have uv* € Lga(A) but uwv” & L, a
contradiction.

For the second part of the proof, assume again for the sake of contradiction
that [inf(r;) N Q| < i for some accepting run r; of a;. Then inside each ba‘b-
factor, a state is visited twice and we can apply the standard pumping argument
to show that a word in A¥ \ Lpa(A) has an accepting run as well. O

6 Complementation

To date, the best construction for complementing weakly recognizing morphisms
is the so-called strong expansion [10]. Given a morphism h: AT — S, the strong
expansion of h is a morphism g: AT — T which strongly recognizes all languages
weakly recognized by h. If S has n elements, the size of T is 27", The purpose
of this section is to give a lower bound for complementation. At the same time,
the established bound also serves as a lower bound for the conversion of weak
recognition to strong recognition since each morphism strongly recognizing a
language also strongly recognizes its complement.

Complementing weakly recognizing morphisms is easy in the case of J-trivial
semigroups since each language weakly recognized by a [J-trivial semigroup S is
already strongly recognized by S, i.e., there is no need the compute the strong
expansion if the J-classes of the input are trivial already. In order to establish
a lower bound, we thus consider the class of simple semigroups, which is dual
to J-trivial semigroups in the sense that simple semigroups consist of a single
J-class only.

Proposition 10. Letn > 1 be an arbitrary integer and let A = {a1, a9, ..., an}.
The language L = J!-_, (a;A*)* is weakly recognized by a simple semigroup with
n elements and every semigroup weakly recognizing A“ \ L has at least n2"~1
elements.

Proof. The alphabet A can be extended to a semigroup by defining an associative
operation a o b = a for all a,b € A. Now, the morphism h: AT — (A,0) given
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by h(a) = a for all a € A weakly recognizes L. The semigroup (A4, o) contains
|A| = n elements and it is simple because we have a L b for all a,b € A.

Now, let h: AT — S be a morphism weakly recognizing A“\ L. For a letter b €
A and a subset B C A\ {b}, let up g be the uniquely defined word ba;, a;, - - - a;,
such that 41 < iy < --- < 4y and {a;,,ai,,...,a;,} = B. Consider two letters
b,c € A and subsets B C A\ {b}, C C A\ {c}. If b # ¢, we have u, pc” ¢ L and
Ue,cc” € L. If B # C we may assume, without loss of generality, that there exists
a letter a € B\ C. In this case, we have au.c* & L but a(up, puc,c)” € L and
a(ue,cup,p)* € L. By Theorem 3, this suffices to conclude that h(up g) # h(uec)
whenever b # ¢ or B # C and therefore, S contains at least |A| 2141-1 = p2n—1
elements. O

Rather surprisingly, the established lower bound turns out to be asymptot-
ically tight in the case of simple semigroups. More generally, for simple semi-
groups, the construction of the strong expansion can be improved such that only
n2™ elements are needed. This will be proved in the remainder of this section.

We start with a morphism h: AT — S onto a simple semigroup with n = ||
elements. Since S is simple, there exists a surjective mapping v: S — G onto
a finite group G that becomes a bijection when restricted to a single H-class.
Therefore, the mapping 7: (S/R) x G x (S/L) — S with 7=1(s) = (Rs,(s), L)
for all s € S is well-defined and bijective. Moreover, for s,t € S, we write R; - s
to denote the element 7(Ry,v(s), Ls).

Let T={(s,X)|s€S5,X CS}andlet g: AT — T be defined by

g(u) = (h(u), {Rnq) - h(p) | p.q € AT, pg = u})

for all u € AT. The set T can be extended to a semigroup by defining an
associative multiplication

(s, X)-(t,Y) = (st, X U{R,-s}UY)

where Y denotes the set {m(Ry,v(s(R; -v)), L,) | y € Y}. Under this extension,
the mapping g becomes a morphism.

The following three technical lemmas capture important properties of the
construction and are needed for the main proof.

Lemma 11. Let s,t € S. Then R; - s is the unique element x such that t R t,
x L s and y(x) = v(s) or, equivalently, the unique element x such that x H ts

and y(z) = ~(s).

Proof. Let ¥ = Ry -s. We have (R,,v(7),L,) = 7 'z) = 7 YRy - s) =
(R, (), Ls). Together with the fact that 7 is bijective, this establishes the
first claim. For the second claim, note that since S is simple, x R t is equivalent
tox R ts and = L s is equivalent to = L ts. a

Lemma 12. Let u € AT with g(u) = (s,X) and let x € S. Then z € X U {s}
if and only if there exists a factorization u = pq with p € AT and q € A* such
that x H h(gp) and v(z) = v(h(p))-
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Proof. Obviously, we have x = s if and only if there exists a factorization u = pq
with p = w and ¢ = ¢ satisfying the properties described above. Thus, it suffices
to consider factorizations where p,q € AT. By Lemma 11, such a factorization
exists if and only if 2 = Ry(q) - h(p) which is, in turn, equivalent to x € X by
the definition of g. O

Lemma 13. Let (t, f) be a linked pair of S, let ((s, X),(e,Y)) be a linked pair
of T and let a € [(s, X)]gl(e,Y)];. Then o € [tlu[f]; if and only if tq = s,
pg=e, qp=f, Rg-t€ X and R;-p €Y for somep,qg€S.

Proof. For the direction from left to right, let o = wwjvjvevh--- such that
gu) = (s,X), g(vivl) = (e,Y), h(uvy) = t and h(viviy1) = f for all i > 1.
Furthermore, we assume without loss of generality that v;,v; # ¢ for all ¢ > 1
and that h(vy) = h(vz). We set p = h(vy) = h(v2) and ¢ = h(v}). Now, tg =
h(uvivy) = se = s, pg = h(v1v]) = e and gp = h(vijvy) = f. Moreover, by the
definition of g, we have R, -t = Rj,(y;)-h(uv1) € X and Ry-p = Ry (vr)-h(v1) €Y.

For the converse implication, note that by Lemma 12, there exists a factor-
ization v = uv1vjvavy - -+ such that h(u) = s, h(vivy) = €, Ry(py) - h(uvi) = Ry -t
and Rp, () -h(vi) = Ry-p for all i > 1. Since S is simple, h(v;) R h(vivi) =e R p
and h(v;) L (Rpwy) - h(vi)) = (Rg - p) £ p for all i > 1. Furthermore,
Y(h(vi)) = Y(Rp(wy) - h(vi)) = v(Rq-p) = 7(p). Together, this yields h(v;) = p by
Lemma 11. Similarly, we have h(v)) R (Rh(u;) -h(v;)) = (Rq - p) R q and thus,
ph(v)) = h(v;v)) = pq implies h(v;) = g for all i > 1 by Lemma 1. This shows
that h(uvy) = sp = tgp = tf =t and h(viviy1) = qp = f. We conclude that
o e [fIf)°. 0

Theorem 14. Let h: AT — S be a morphism onto a simple semigroup of size
n = |S| that weakly recognizes a language L C A¥. Then there exists a morphism
g: AT = T to a semigroup of size |T| = n2" that strongly recognizes L.

Proof. The construction we use is the one described in the introduction of this
section. Consider a linked pair ((s, X), (e,Y)) of T" as well as two infinite words
a, 3 € [(s,X)][(e,Y)]”. If a € L, there exists a linked pair (¢, f) of S such that
a € [t][f]¥ € L. Lemma 13 immediately yields 3 € [t][f]* C L, thereby showing
that ¢ strongly recognizes L. O

7 Discussion and Open Problems

We presented lower bound techniques and gave tight bounds for the conver-
sion between finite automata and weakly recognizing morphisms. One can use
techniques similar to those described in Sect.4 to obtain a 3" lower bound
for the conversion of finite automata with transition-based Biichi acceptance
to strongly recognizing morphisms. However, with the usual state-based Biichi
acceptance criterion, the analysis becomes much more involved and it is not
clear whether the 3" upper bound can be reached. Analogously, there is no
straightforward adaptation of the conversion of weakly recognizing morphisms
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into Biichi automata in Sect. 5 to strongly recognizing morphisms. It would be
interesting to see whether the quadratic lower bound also holds in this setting.

Another open problem is to close the remaining gaps between the upper and
the lower bounds. This is particularly true for the complexity of complementa-
tion and the conversion of weakly recognizing morphisms to strong recognition.
We showed that there is an exponential lower bound and gave an asymptoti-
cally optimal construction for simple semigroups which was a first candidate for
semigroups that are hard to complement. It is easy to adapt this construction to
families of semigroups where the size of each J-class is bounded by a constant.
However, for the general case, the gap between n2"~! and 27" remains.

Beyond that, another direction for future research is to investigate whether
any of the bounds can be improved by considering the size of the accepting set,
i.e., the number of linked pairs used to describe a language.

Acknowledgments. We thank the anonymous referees for several useful suggestions
which helped to improve the presentation of this paper.
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Abstract. We investigate the descriptional complexity of the subreg-
ular language classes of (strongly) bounded regular languages. In the
first part, we study the costs for the determinization of nondeterminis-
tic finite automata accepting strongly bounded regular languages. The
upper bound for the costs is larger than the costs for determinizing unary
regular languages, but lower than the costs for determinizing arbitrary
regular languages. In the second part, we study for (strongly) bounded
languages the deterministic operational state complexity of the Boolean
operations as well as the operations reversal, concatenation, and itera-
tion. In detail, we present upper and lower bounds and we develop for
the proof of the lower bounds a tool that exploits the number of different
colorings of cycles occurring in deterministic finite automata accepting
bounded languages.

1 Introduction

Descriptional complexity is an area of theoretical computer science in which one
of the main questions is how succinctly a formal language can be described by
a formalism in comparison with other formalisms. A fundamental result is the
exponential trade-off between nondeterministic (NFA) and deterministic finite
automata (DFA) [16]. A further exponential trade-off is known to exist between
unambiguous and deterministic finite automata, whereas the trade-offs between
alternating and deterministic finite automata [14] as well as between determin-
istic pushdown automata and deterministic finite automata [19] are bounded by
doubly-exponential functions.

The question of whether the costs for determinization remain exponential
even for subclasses of the regular languages, called subregular language classes,
has been studied in [3,4] for unary languages and in [18] for finite languages.
A systematic study of the problem for subregular language classes is provided
in [2]. In this paper, we study with bounded regular languages another subreg-
ular language class which has not gained much attention yet apart from the
fundamental paper [7] in which bounded regular languages are introduced and,
for example, characterization theorems are established. In general, a language is
called (strongly) bounded if it is a subset of ajas - - - af, where a1, as, ..., a; are
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(pairwise distinct) symbols. Bounded languages have been investigated to a large
extent in the literature. We would like to mention that basic results are summa-
rized in [8] and that there exist strong connections to counter machines which
are shown, for example, in [11,13]. The descriptional complexity of bounded
context-free languages has first been studied in [15] and recently in [12].

In this paper, we start to investigate the descriptional complexity of bounded
regular languages. We provide the necessary definitions and notions in Sect. 2.
Additionally, we summarize the closure properties for (strongly) bounded regu-
lar languages. In Sect. 3 we compute the costs for determinizing NFAs accepting
strongly bounded regular languages. As bounded languages are both an exten-
sion of unary languages and a restriction of arbitrary languages, we obtain a
‘similar’ result for the upper bound of the determinization costs that turns out
to be larger than the costs for determinizing unary NFAs, but lower than the
costs for determinizing arbitrary NFAs. Finally, we study in Sect.4 the deter-
ministic operation problem for bounded regular languages which quantifies the
costs (in terms of states of a DFA) of operations on (strongly) bounded regular
languages such as union, intersection, concatenation, iteration, and reversal. The
deterministic operation problem for regular languages has initially been studied
in [20,21]. Nowadays, there exists a vast literature on the deterministic and non-
deterministic operational state complexity of subregular languages, and we refer
to the recent survey [6]. Here, we complement these findings with the results
for (strongly) bounded regular languages. It should be noted that we devise a
new tool to obtain lower bounds for bounded regular languages which may be
of interest on its own.

2 Preliminaries and Closure Properties

Let X* denote the set of all words over the finite alphabet Y. The empty word
is denoted by A, and X+ = X* \ {A\}. The reversal of a word w is denoted
by w®. For the length of w we write |w|. For the number of occurrences of a
symbol @ in w we use the notation |w|,. We denote the powerset of a set S
by 2°. By ged(w1,29,...,2,) we denote the greatest common divisor of the
integers x1,xa, ..., 2, and by lem(z1,xa,...,2,) their least common multiple.
If two numbers 2 and y are relatively prime, that is ged(z,y) = 1, we write x L y.

A nondeterministic finite automaton (NFA) is a system M = (S, X, 4, so, F'),
where S is the finite set of internal states, X is the finite set of input symbols,
so € S is the initial state, F C S is the set of accepting states, and 6 : S x X — 29
is the partial transition function. The language accepted by M is L(M) ={w €
X* | §(sg,w) N F # ()}, where the transition function is recursively extended to
§: 8 x X — 29,

A finite automaton is deterministic (DFA) if and only if |0(s, a)| = 1,
s € S and a € X. In this case we simply write d(s,a) = p for (s,a) = {p}
assuming that the transition function is a mapping § : S x X — S. So, any
DFA is complete, that is, the transition function is total, whereas for NFAs it is
possible that § maps to the empty set.
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A language L C XY™ is said to be bounded if and only if L C aja3---aj, for
k>1anda; € X, 1 < i< k. Itis strongly bounded if all letters a1, as, ..., ax are
pairwise different. It should be noted that in the literature bounded languages
which are defined as above are often called letter-bounded languages. Moreover,
if symbols a1, as,...,a are replaced by fixed words wy,wo, ..., w, a language
L C wjws---wj is called word-bounded. However, in this paper we confine
ourselves to investigating only bounded and strongly bounded languages over
symbols.

The closure properties of bounded and strongly bounded languages are sum-
marized in Table 1. Although both language classes are not closed under all
operations, it is well known that the regular languages are closed under all oper-
ations. This allows to study the deterministic state complexity of all operations
for (strongly) bounded regular languages.

Table 1. Summary of closure properties of the language families discussed.

—lu n R |- |=*

Bounded regular no | yes | yes | yes | yes | no

Strongly bounded regular | no|no |yes|yes no |no

3 Determinization

It is well known that the costs for the simulation of a nondeterministic finite
automaton with n states by a deterministic finite automaton can be limited
by 2™ many states using the power set construction. On the other hand, several
different NFAs are known that reach this bound exactly. In the unary case the
upper bound as well as the lower bound collapses to e®(V*1°87)  Considering the
costs for determinization in the strongly bounded regular case, one may expect
that the bounds for the conversion might be strictly in between the bounds for
the general and the unary case. In the following, we present an upper bound
which is slightly more costly than in the unary case.

Theorem 1. Let A be an NFA with n states accepting a strongly bounded regular
language L(A) over the alphabet X and m = n - |X|* + |X|. Then an equivalent

DFA A" with at most | X|? - elx"@( v m'log(m)) many states can be constructed.

Proof. Given an NFA A = (S, X, 59,6, F) with n states accepting a strongly
bounded regular language L(A) over the alphabet X', we will construct an equiv-
alent DFA. We may assume that X = {a1,a2,...,ax} and L(A) C ajab---a}
with & > 2 and pairwise distinct a; € X with 1 <17 < k.

The principal idea of the construction is to divide automaton A into ‘unary’
sections Sq,,S,, ., 5, according to the read input symbols, to determinize
these unary subautomata, and finally to reassemble the different deterministic
subautomata to an equivalent DFA. In the first step, we construct an equivalent
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start
—

Fig.1. An NFA A accepting a strongly bounded regular language.

NFA A’ with the property that each state of A’ has incoming edges with at most
one type of symbol. We define A’ = (S’, X, s, d’, F'), where sj, is a new state,
S ={s;|seS,xeX}U{siland F' ={s, |s€ F,x € ¥ }U{sy|so€ F} If
s' € 0(s,a) for some s,s" € S and a € X, then define s/, € §'(sy,a) for all z € X.
If s € §(sp,a) for some s € S and a € X, then define s, € §'(s), a). The number
of states of A’ is at most n - |X| + 1. Now, each state of A’ has incoming edges
with at most one type of symbol and a state s, is defined to be in section S,
of A’, for a € X. Furthermore, the initial state sj of A’ is only visited in the
first computation step and then never again. It is the single state in the special
section St

The next step is to modify A’ in such a way that it has no states having
more than one edge to another section labeled with the same symbol. Assume
that there is some state s € S’ having ¢ > 2 edges labeled with a leading to
section S,. Then we add a new state s’ to section S,, add for every edge from s
labeled with an a to some state s” in S, an edge from s’ labeled with A\ to the
state s”, and replace the ¢ old edges by one edge from s to s’ labeled with a.
These modifications introduce at most |X| new states for every state as well as
A-moves to the NFA, but preserve the given language. Moreover, for every input
symbol a € ¥, all nondeterministic moves on a take place inside section S,. The
number of states of A’ is now at most n - |X|? + | X|.

The first two steps of the construction based on the example NFA shown in
Fig.1 are depicted in Fig. 2.

In the following, the sections are successively determinized. We start with
the determinization of the first section S,, having n; many states and define the
set I,, of incoming states as the set of all states with incoming edges from other
sections. Here, I, = 0’(s(, a1) consists of one state only, since there are no states
having more than one edge to another section labeled with the same symbol.
Additionally, we define the set O,, of states with outgoing edges to other sections
as Oy, ={s € Sq, |7 €0 (s,a;) for some r € S’ and k > j > 1}. For the state
s € I,, we construct an NFA A, as subautomaton of A’ with state set S,, and
s as initial state. Furthermore, all edges labeled with a; such that ¢ # 1 are
removed. Finally, we eliminate A\-moves applying the construction given in [10]
which does not increase the number of states. Additionally, we set all outgoing
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N

) )

Fig. 2. The first two steps of the construction of A’. States 00 and 07 are added so
that the initial state has no incoming edges and every state has only incoming edges
with the same label. State ¢ is added to ensure that there are no states having more
than one edge to another section labeled with the same symbol.

states from O,, as accepting. This is done to avoid that states with outgoing
edges possibly disappear in the determinization process. Such states will later
be rechanged to non-accepting states and completed with the outgoing edges to
other sections. Thus, the NFA A, accepts the unary language { w € af | (s, w)N
(F'UOg,) # 0} and has at most ny states. Next, we apply the construction
given in [3] to obtain a DFA A/ such that L(A]) = L(A;). According to [3] the

costs for determinizing A, are bounded by ee( v nl'log(nl)). Since n; is bounded

by m = n-|X? + |X|, we get an upper bound of ¢; = ee(v m'log(m)) many
states. Next, we construct an NFA A” based on A’ by replacing automaton Ag
in section S,, of A’ by its deterministic version. Additionally, let s’ be the
initial state of the DFA A’ then all transitions in A” that link to state s are
redirected to the initial state s’ of A”. As a result of the construction, the DFA A’
implemented in A” has two different types of accepting states. The first type are
the original accepting states where some input is accepted in A’. The second
type are the states where the outgoing edges have to be placed. These have to
be changed into non-accepting states and the outgoing edges have to be added
to A”.

To find out which states in section S,, have to be accepting and which states
have to be connected with other sections, we do the following considerations.
Let B be an NFA accepting a unary language having a single accepting state.
Then the lengths of the words of the accepted language L(B) can be described
by a finite set £ of equations of the form g(z) = z4-x+y,, where z,y,4, 2z, > 0 are
integers (see, for example, [3]). Looking at the equivalent DFA B’, we obtain that
for each equation g € £ there are one or more accepting states in B’ indicating
the divisibility of the input words according to g.

Now, we consider again for state s € I,, the NFA A, and its equivalent
DFA A. First, we set all states in A/, non-accepting. Second, for every accepting
state f in A, such that f € F’ (thus, being an original accepting state in A’), we
consider an NFA A, ; based on A, where f is the only accepting state and we
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determine the set of equations &£ for A, ¢. Based on the obtained divisibilities we
set the corresponding states in A’, as accepting. Third, for every outgoing state
0 € Og, linking with input symbol a; to some state s; € S; for some k£ > j > 1,
we consider an NFA A; , based on A, where o is the only accepting state and we
determine the set of equations &£ for A, ,. Based on the obtained divisibilities we
add to the corresponding states in A/, outgoing edges labeled with a; to state s;.
We notice that this adding of edges may introduce nondeterminism in A’. To
remove such possible nondeterministic moves, we do the following: for every state
q € A, having more than one outgoing edges labeled by some a; with k > j > 1,
we introduce a new state p to section S, replace all outgoing a;-edges from ¢
by outgoing A-edges from p, and add one a;-edge from ¢ to p. Note that the
removing of nondeterministic moves adds at most ¢; states to each section Saj.
Finally, we rename the NFA A” with a determinized section S,, to A’ and start
the determinization of the next section S,,.

Again, we define the set I,,, of states with incoming edges from other sections
and the set O,, of states with outgoing edges to other sections. Formally,

I,, ={s5€ 84, |s€d(raz) for somer € S and r & §'(q,az) for all ¢ € S },
Ou, = {5 € S84, |7 €8(s,a;) for somer € S"and k > j > 2}.

For each state s in I,, we construct an automaton A, in a similar way as above.
Thus, A accepts the unary language { w € a3 | (s, w)N(F'UO,,) # 0 } and has
at most ng + 1 states, if s has been added by removing nondeterministic moves
in the previous step, and at most no states otherwise. Next, we determinize A,
and obtain an equivalent DFA A/ with at most

(O (VO ostmi D)) _ o (v/mteatm) _

many states. Then we construct an NFA A” based on A’ by replacing automa-
ton A in section S,, of A’ by its deterministic version and all transitions in A’
that link to state s are redirected in A” to the initial state of A’. Finally, we
determine the accepting states of A/ as well as the connections from outgoing
states to other sections, and we remove possibly introduced nondeterminism.
Having done this for all s € I,, we rename the NFA A” with determinized
sections S,, and S,, again to A’. The size of the determinized section S,, can

be calculated as follows: we have at most m + 41 = e@( \ m'log(m)) = {1 states
in I,,. Each determinization costs at most ¢; states. Thus, we obtain o = ¢2 as
an upper bound for the determinization costs of section S,,. Again, note that the
removing of nondeterministic moves adds at most {5 states to each section Saj
with k£ > j > 2.

We continue the construction by determinizing successively the following
sections in a similar way as described above. The costs for determinizing
section S,, with 3 < 4 < k can be calculated as follows. There are at most
m+ 0y + 0o+ - -+ ¢;_; states in I,, and each determinization costs at most ¢;
states. By setting ¢; = %, we obtain i - £; as total upper bound.
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After determinizing all sections Sy, Sa,, - - -, Sa, We obtain a DFA A’ being
equivalent to A and the number of states of A’ is bounded by the function

140+ 20+ + k-0, <K20F = |22 6|2‘-@(\/m.10g(m)>. 0

4 Deterministic Operational State Complexity

This section is devoted to studying the deterministic operational state complex-
ity of the family of strongly bounded regular languages, that is, the languages are
given by DFAs. Clearly, the known upper bounds for general regular languages
apply also here. Moreover, every unary language is also (strongly) bounded. So,
the known lower bounds for unary languages apply here as well. In [21] it has
been shown that the tight bounds for Boolean operations coincide for general
regular and unary regular languages. In the unary case the lower bound requires
the numbers of states to be relatively prime. In [17] unary regular languages are
studied whose deterministic state complexities are not relatively prime. Here we
can derive the following corollary for strongly bounded regular languages.

Corollary 2. For any integers m,n > 1 let A be an m-state and B be an n-state
DFA that accept strongly bounded languages.

1. Then m states are sufficient and necessary in the worst case for a DFA to
accept the language L(A).

2. Then m-n states are sufficient for a DFA to accept the language L(A)NL(B)
(respectively L(A) U L(B)).

8. If m L n, then there exist a unary m-state DFA A and a unary n-state DFA
B (with the same input symbol) such that any DFA accepting L(A) N L(B)
(respectively L(A) U L(B)) needs at least m - n states.

Notice that the languages L(A)UL(B) and L(A) are not necessarily strongly
bounded. However, since they are regular they are accepted by DFAs in any
case.

In the following, we turn to the operations reversal, iteration, and concate-
nation for which the deterministic state complexities of general and unary lan-
guages are different (see, for example, the summary in Table 2). So, an immediate
question is to what extent the state complexity of strongly bounded languages
is strictly in between both cases. Since the deterministic state complexities for
unary languages are well known, we suppose that the strongly bounded lan-
guages that are investigated in the remainder of this section are defined over
an alphabet of size at least two. In other words, we consider strongly bounded
languages L C aja3 - - - aj, such that k > 2.

4.1 A Tool for Constructing Lower Bound Witnesses

A widely used method to show lower bounds is to define an infinite family of
witness languages so that the sizes of the minimal automata accepting them
establish the bound. In order to allow the construction of witnesses as well as
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to determine the necessary sizes of the automata, lower bound techniques are
very helpful. For example, in proofs dealing with the nondeterministic state
complexity on regular languages specified by NFAs, the so-called fooling set
technique can be used [1,9].

Here we first present a tool for the definition of lower bound witnesses, that is,
for the construction of DFAs accepting (strongly) bounded languages. The idea
is based on the number of possibilities to color a cycle of a DFA whose edges are
labeled with the same input letter. All cycles in a DFA accepting a (strongly)
bounded language have this unary form. We use the two colors gray (g) and
white (w).

Let S, be a (sub)set of states of a given DFA that build a cycle on some fixed
input letter. The set of all colorings of S, with colors from {g,w} is X = { f |
f:S.— {g,w}}. So, there are | X| = 2/%! different such colorings.

Example 3. The DFA A depicted in Fig.3 has a cycle on input letter b, where
the states of the cycle are S. = {1,2,3,4}. The coloring shown at the top of the
figure is f1 € X with fi1(1) =g, f1(2) = g, f1(3) = w, and fi(4) = w. u

start@a\\ljb@b®b®

start@awb@b®b®

Fig. 3. Coloring of the cycle of DFA A from Example 3. Edges to the rejecting sink
state are omitted.

For the clarity of presentation, colorings are written as words. For exam-
ple, coloring fi; can be written as ggww, and the set of all such colorings is

X = {wwww, guww, wgww, . ..,g999g}+. Moreover, a coloring can be uniquely
identified by the set of states that are colored by w. For example, f; is given
by {3,4}.

Two colorings f1 and f5 are said to be equivalent if f; can be obtained from f5
by applying the transition function. More precisely, two colorings f; and fo are
equivalent if and only if there is some £ > 0 so that fi(i) = f2(5(i,2%)), for all
1 € S.. Here, S, is the set of cycle states and the cycle is on input symbol z.

Ezample 4. Let fo € X with fo(1) = w, f2(2) =g, f2(3) = g, and f2(4) = w be
the coloring shown at the bottom of Fig. 3. Then f; and fy are equivalent, since
f1(1) = f2(6(3,0)), for all 4 € {1,2,3,4}. |
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Now, we turn to determine the number of possibilities to color a cycle with
inequivalent colorings. The number depends only on the number of states in the
cycle. For example, for four states we obtain the following equivalence classes
{wwww}, {gwww, wgww, wwgw, wwwg}, {ggww, wggw, wwgg, gwwg}, {9999},
{gg99w,wggg, gwgg, ggwg}, and {gwgw, wgwg}, and thus six possibilities.

Now we consider the cyclic group G generated by the cyclic permutation
((12---]5.])). The group naturally operates on S.. Moreover, for ¢ € G and
f € X,let of € X be defined as of(s) = f(o1(s)), for all s € S.. With
this operation, G acts on the set X of colorings as well. So, two colorings are
equivalent if and only if they are in the same orbit of G. Therefore, the num-
ber of possibilities to color a cycle with inequivalent colorings coincides with
the number of orbits of G acting on X. This number can be determined by
Polya’s enumeration lemma that is a generalization of the well-known Burnside
lemma on the number of orbits of a group action on a set (see, for example, [5,
Chap. 8]). In the particular case of a cyclic group generated by a cyclic permuta-
tion ((12---n)) and two colors, the number or orbits is £ 2 dn P(d) - 21 where
d|n denotes the positive divisors of n and p(d) = |[{1 < k < d | ged(k,d) =1}]is
Euler’s function. For example, for n = 4 we have d|n = {1,2,4}. Since ¢(1) = 1,
»(2) = 1, and ¢(4) = 2, the number of orbits and, identically, the number of
inequivalent colorings is $(1-2*+1- 27 +2.2i) = 6.

4.2 Reversal, Concatenation, and Iteration

The first operation we consider in detail is the reversal. It turns out that the
upper bound and lower bound can be described by an exponential function which
is slightly smaller than in the case of arbitrary regular languages. On the other
hand, in comparison with unary regular languages we obtain an exponential
increase. The upper bound in the bounded case is derived from the observation
that any DFA accepting some bounded language over an alphabet with at least
two elements must have a rejecting sink state.

Theorem 5. Let k,n > 2 be two integers and A be an n-state DFA that accepts
a (strongly) bounded language L(A) C aja}---aj. Then 2"~ ! states are sufficient
for a DFA to accept the language L(A)%.

Proof. Every non-unary DFA A = (S, X, §, s, F') accepting a (strongly) bounded
language necessarily has a rejecting sink state, say e € S. Now an NFA for the
reversal of L(A) is constructed by interchanging the initial state with the accept-
ing states and reversing the direction of the transitions. The NFA is determinized
which yields a DFA A’ = (2%, %, 6, s{), F') accepting L(A)%. Since for all states
p, q € 2% so that p = qU{e} we have §'(p,v) € F' if and only if §'(qU{e},v) € F’
if and only if §'(q,v) € F’, for all v € X*, the states p and ¢ are equivalent. We
conclude that A’ has at most 2"~ ! states. O

In order to show the lower bound 2772 4 1 the coloring of cycles is exploited.
Next, the construction of the witness DFAs is given, then we analyze a witness
for six states. Finally, the general case is proven.
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Let n > 3 be an integer. The DFA A,, = (S,,, X, d,,0, {n—2}) is constructed
as follows (see Fig.4): S,, = {0,1,...,n—2,e} where e denotes the rejecting sink

state, X' = {a,a1,az,...,a;} with k = ﬁ (Zd|n72 o(d) - 2L§2> —1, and
6n(i,a):{(i—|—1)modn—2 for0<i<n-—3
e otherwise

The transition function is still incomplete. Now we consider the colorings of
the cycle, that is, of the states {0,1,...,n — 3}, whereby we disregard gg-- - g.

n—2

From above it is known that there remain k = —L- (Zd\n—z o(d)-27a ) -1

inequivalent colorings. From each equivalence class M; one element m;, 1 < j <
k, is chosen and identified by the states that are colored white. For example,
wwgw is identified by {0,1,3}. Now, the definition of the transition function is
completed by setting

5u(ia;) n—2 ifiem;
n\l, ;) = .
/ e otherwise

for 1 < j < k. The DFA A,, accepts the language

k
L(A,) = U U (a"?)*a'a; C a*ajal---aj.

Fig. 4. The witness DFA A,, for reversal. The set of all a; with i € m; are denoted
by X;. Edges to the rejecting sink state are omitted.

Ezample 6. There are six inequivalent possibilities to color the 4-state cycle
of Ag. Disregarding the coloring where all states are gray, the five equivalence
classes in question are

M, = {{0}7 {1}’ {2}a {3}}’ My = {{O’ 1}; {1a2}v {273}7 {370}}7
M; = {{0,2},{1,3}}, My = {{0,1,2},{1,2,3},{2,3,0},{3,0,1}},
Ms = {{0,1,2,3}}.
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Choosing my = {3}, ma = {2,3}, ms = {1,3}, my = {1,2,3}, ms = {0,1,2,3}
yields XO = {a5}, X1 = {ag,a4,a5}, X2 = {0@,0,4,0,5}, X3 = {a17a27a37a4,a5}
in Fig. 4. |

Theorem 7. For any integer n > 3, there exists an n-state DFA A that accepts
a (strongly) bounded language such that any DFA accepting L(A)® needs at least
2"=2 4 1 states.

Proof. We use the DFA A,, = (Sp, X, d,,0,{n — 2}) from above as witness. To
show that A, is minimal, consider two states p,q € {0,1,...,n — 3}. Let M,
denote the equivalence class with the colorings that color only one state white,
and let m, = {s}. Then §,(p,a"a,) = n — 2 and 6,(q,a%a,) # n — 2, for
x=n—2—|p—s|, since a, sends only state s to the sole accepting state n — 2.
Clearly, the states n — 2 and p € {0,1,...,n — 3} are inequivalent.

The NFA B,, = (P, X, Vn, Pn—2,{po}) with P, = {po,p1,-..,Pn—2} and

Un(Pr—2,ai) = Ujepm, pj, for 1 <i <k, and
Un(pi,a) = p; with i = (j + 1) mod (n —2), for 0 <i<n—3,

accepts the language L(A,)"®. Notice that n —2 ¢ m; for all 1 < j < k.

By applying the powerset construction, the NFA B,, is determinized which
yields the DFA A/ = (S, 5,8, pn_2, F'}), where S/ = 2P2\Mpn—2} U {p, ,},
FTIL = {T € 2Pr\pn—2} | Tﬂ{pO} # 9}7 51/1({pn—2}’ai) = Ujemi pj, for 1 <@ <k,
8, ({pn—2},a) =0, and 0, (T, a) = U,cp v(t,a), for T € 2P\ P2},

The DFA A/, accepts L(A)¥ and has 2772 + 1 states. By the construction
of A, and since the equivalence classes of colorings partition the set 2F»\{Pn—2}
all states of A/ are reachable.

In order to show that A/ is minimal, first consider the states {p,_»} and
R; € S, for 0 < i < n—3. For p; € R; we have &, (R;,a') € F! while
5, ({pn_s},d) & .

Now let R; and R; be two different states from S, \ {pn—2} and let p; be
in their symmetric difference, say, p; € R; \ R;. Then 0, (R;,a') € F), while
8! (Rj,al) ¢ F!. Therefore, A/, is minimal. |

Next, we turn to the operation iteration. Here, we will obtain tight upper
and lower bounds that lie strictly in between the bounds for unary regular and
arbitrary regular languages. Roughly speaking, the bounds for unary regular
languages are quadratic and for arbitrary regular languages exponential. The
bound for strongly bounded regular languages turns out to be the sum of a
quadratic and an exponential function, where the quadratic function depends
on the number of states of the first part of the given DFA and the exponential
function depends on the number of remaining states. The partitioning of the
state set of a DFA accepting a strongly bounded language L C aja3---aj into
two sets is done, roughly speaking, as follows: the first set is given by all states
that are reachable with words from aj. Since the DFA is deterministic, these
states form a line or a line followed by a cycle in the state graph.
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More precisely, let A = (S, X, 4, sg, F') be a minimal DFA accepting a strongly
bounded language L C aja3 ---aj and let e denote the rejecting sink state of A
if it exists. In the sequel, the set of states ¢ € S with ¢ # e such that there
exists a word v from aja3 - --aj \ aj with 6(so,v) = ¢ is denoted by Ss. The set
S\ (S2 U{e}) is denoted by 5.

So, all states from Sy are reachable only by words of the form aj. For k > 2,
we have S = S; U Sy U {e}. The next theorem shows the upper bound for the
iteration.

Theorem 8. Let ny > 2 and ny > 1 be two integers and A be an (ny +mng +1)-
state DFA with state set S that accepts a strongly bounded language, so that
S = S1USyU{e} with |S1| =n1 and |S2| = na. Then (ng —1)% +2"2 + 2 states
are sufficient for a DFA to accept the language L(A)*.

In order to show a matching lower bound the coloring of cycles is exploited.
Next, the construction of a (2n + 1)-state witness DFA is given. Let n > 1 be
an integer. The DFA B, = (S, X,6,,0,{n —1,2n — 1}) is constructed as follows
(see Fig.5): S = {0,1,...,2n — 1,e} where e denotes the rejecting sink state,

Y ={a,b,a1,as,...,ar} with k = % <Zd‘n o(d) - 2%) —n—1, and

)

,+ 1 f <i<n-—1
5n(i,a):{(l+ Jmodn for0<i<n

e otherwise

i+n for0<i<n-1
On(i,0) =9 (i +1)modn forn<i<2n-—1.

e otherwise

In order to complete the definition of the transition function we consider col-
orings of the cycle on input letter b, that is, of the states {n,n+1,...,2n — 1},
whereby we disregard gg - - - g, wgg - -+ g, wwgg---g, -+, ww - - wg, and ww - - - w.

There remain k = + Zd|n ¢(d)-2d) —n — 1 inequivalent colorings. From

each equivalence class M; one element m;, 1 < j < k, is chosen and iden-
tified by the states that are colored white. The states in m; are denoted by
70,55 71,55+ m,|—1,5- Lhe definition of the transition function is completed by
setting

50 i, ;) r;; if0<i<n-—1andr;is defined
i,a;) =
! e otherwise

for 1 < j < k. The DFA B,, accepts the language
k
L(B,) = (a")*a"™" Ly U ajb” I )" u U (a™)* anbQ" 1= g (b,

that is, L(B,) C a*aja3 - - - a;b*.
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Fig. 5. The witness DFA By for iteration. Edges to the rejecting sink state are omitted.

Ezample 9. From the six inequivalent possibilities to color the four-state cycle
(see Example 6) of B4 on input letter b only the sole equivalence class M; =
{{4,6},{5,7}} remains. Choosing my = {4, 6} yields ro.;1 =4 and 1 = 6. So,
0n(0,a1) =4 and §(1,a1) = 6 are defined (see Fig.5). ]

Theorem 10. For any integers n; = ng > 1, there exists an (nq + ng + 1)-
state DFA A that accepts a (strongly) bounded language such that any DFA
accepting L(A)* needs at least (ng — 1)? 4+ 2"2 + 2 states.

The final operation we consider is the concatenation. Again, the structure
of (strongly) boundedness allows to reduce the descriptional complexity com-
pared with the general case. As for iteration we obtain that the upper bound
is described by the sum of a quadratic and an exponential function, where the
number of states of the first DFA appear as quadratic resp. linear factor in both
addends. As is done for iteration, the states of the second DFA are partitioned
into two parts and the number of states of the first part appear as linear factor in
the quadratic addend and as exponential factor in the other addend. The proof
of the next theorem gives a detailed construction of the upper bound for the
concatenation of two strongly bounded regular languages.

Theorem 11. Let m,ny,ns > 1 be integers, A be an m-state DFA, and A’
be an (ny + ng + 1)-state DFA with state set S’ that accept strongly bounded
languages, so that S = S} U S5 U {e'} with |S| = n1 and |S4| = na. Then
in total m*ny +(2m—1)2"2 states are sufficient for a DFA to accept the language
L(A)L(A").

The currently best known lower bound for the concatenation of strongly
bounded languages is derived from the concatenation of unary languages. In [21]
it is shown that for any m,n > 1 with ged(m,n) = 1 there exist an m-state
DFA A and an n-state DFA A’ accepting unary (and thus strongly bounded)
languages so that any DFA that accepts the concatenation L(A)L(A’) has at
least mn states. The results on the deterministic state complexity obtained in
this section are summarized in Table 2.
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Table 2. Summary of the deterministic state complexity of the operations studied in
this section. The upper and lower bounds for bounded regular languages are obtained
in this section. The results for unary regular and arbitrary regular languages may be
found, for example, in [6,21].

Unary regular Bounded regular Regular
LiULy <mn < mn mn
L1 N Ly | > mn, if ged(m,n) =1|> mn, if gcd(m,n) =1
L m m m
LiLs <mn <m?ny + (2m —1)2"2 | (2m — 1)2" !

> mn, if ged(m,n) =1 |> mn, if ged(m,n) =1
r (m—-12+1 (my —1)%42m2 42 |2m71pom—2
LE m < gm-t om

>9om=2 41

5 Conclusions

In this paper, we have studied the descriptional complexity of (strongly) bounded
regular languages. We have described a procedure for determinizing nondeter-
ministic finite automata accepting strongly bounded regular languages. The
obtained upper bound on the number of states is close to the known upper
bound for the determinization of unary nondeterministic finite automata. More-
over, we have determined the deterministic state complexity of several operations
on strongly bounded regular languages, in particular, of the operations reversal,
iteration, and concatenation. The resulting upper and lower bounds are basically
strictly in between the known bounds for unary and arbitrary regular languages.
As interesting points for further research on the topic we would like to mention
the improvement of the lower bound on concatenation, the study of additional
operations, and the investigation of the nondeterministic state complexity of
operations. Another interesting question is to look more closely at the size of the
alphabets of the witness languages for the lower bounds. In the proofs given in
this paper, the size is depending on the given number of states. It would clearly
be of interest to study fixed alphabets or to consider the size of the alphabet as
an additional parameter for upper and lower bounds.

References

1. Birget, J.C.: Intersection and union of regular languages and state complexity.
Inform. Process. Lett. 43, 185-190 (1992)

2. Bordihn, H., Holzer, M., Kutrib, M.: Determination of finite automata accepting
subregular languages. Theor. Comput. Sci. 410(35), 3209-3222 (2009)

3. Chrobak, M.: Finite automata and unary languages. Theoret. Comput. Sci. 47(2),
149-158 (1986)



152

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A. Herrmann et al.

Chrobak, M.: Errata to “Finite automata and unary languages”. Theoret. Comput.
Sci. 302, 497-498 (2003)

Erickson, M.J.: Introduction to Combinatorics. Wiley, New York (1996)

Gao, Y., Moreira, N., Reis, R., Yu, S.: A survey on operational state complexity.
CoRR abs/1509.03254 (2015). http://arxiv.org/abs/1509.03254

. Ginsburg, S., Spanier, E.H.: Bounded regular sets. Proc. Amer. Math. Soc. 17(5),

1043-1049 (1966)

Ginsburg, S.: The Mathematical Theory of Context-Free Languages. McGraw Hill,
New York (1966)

Glaister, I., Shallit, J.: A lower bound technique for the size of nondeterministic
finite automata. Inform. Process. Lett. 59, 75-77 (1996)

Hopcroft, J.E., Ullman, J.D.: Introduction to Automata Theory, Languages, and
Computation. Addison-Wesley, Reading (1979)

Ibarra, O.H.: Reversal-bounded multicounter machines and their decision prob-
lems. J. ACM 25(1), 116-133 (1978)

Ibarra, O.H., Ravikumar, B.: On bounded languages and reversal-bounded
automata. Inf. Comput. 246, 30-42 (2016)

Ibarra, O.H., Seki, S.: Characterizations of bounded semilinear languages by one-
way and two-way deterministic machines. Int. J. Found. Comput. Sci. 23(6),
1291-1306 (2012)

Leiss, E.L.: Succinct representation of regular languages by Boolean automata.
Theoret. Comput. Sci. 13, 323-330 (1981)

Malcher, A., Pighizzini, G.: Descriptional complexity of bounded context-free lan-
guages. Inf. Comput. 227, 1-20 (2013)

Meyer, A.R., Fischer, M.J.: Economy of description by automata, grammars, and
formal systems. In: SWAT 1971, pp. 188-191. IEEE (1971)

Pighizzini, G., Shallit, J.: Unary language operations, state complexity and
Jacobsthal’s function. Int. J. Found. Comput. Sci. 13, 145-159 (2002)

Salomaa, K., Yu, S.: NFA to DFA transformation for finite languages over arbitrary
alphabets. J. Autom. Lang. Comb. 2, 177-186 (1997)

Valiant, L.G.: Regularity and related problems for deterministic pushdown
automata. J. ACM 22, 1-10 (1975)

Yu, S.: State complexity of regular languages. J. Autom. Lang. Comb. 6, 221-234
(2001)

Yu, S., Zhuang, Q., Salomaa, K.: The state complexities of some basic operations
on regular languages. Theoret. Comput. Sci. 125(2), 315-328 (1994)


http://arxiv.org/abs/1509.03254

The Complexity of Languages Resulting
from the Concatenation Operation

Galina Jirdskova!®) | Alexander Szabari?, and Juraj Sebej?

! Mathematical Institute, Slovak Academy of Sciences, Gresdkova 6,
040 01 Kosice, Slovakia
jiraskov@saske.sk
Faculty of Science, Institute of Computer Science, P.J. Saférik University,
Jesennd 5, 040 01 Kosice, Slovakia
alexander.szabari@gmail.com, juraj.sebej@gmail.com

Abstract. We prove that for all m,n, and a with 1 < o < f(m,n),
where f(m,n) is the state complexity of the concatenation operation,
there exist a minimal m-state DFA A and a minimal n-state DFA B,
both defined over an alphabet X with |X| < 2n+4, such that the minimal
DFA for the language L(A)L(B) has exactly « states. This improves
a similar result in the literature that uses an exponential alphabet.

1 Introduction

Iwama et al. [4] stated the question of whether there always exists a minimal
nondeterministic finite automaton (NFA) of n states whose equivalent minimal
deterministic finite automaton (DFA) has « states for all integers n and « sat-
isfying n < a < 2™. The question was also considered by Iwama et al. [5], and
answered positively in [9] for a ternary alphabet. However, in the unary case,
the existence of holes, so called “magic numbers”, was proved by Geffert [1].
The binary case is still open.

The same problem on sub-regular language families was studied by Holzer
et al. [2]. It turned out that the existence of non-trivial magic numbers is rare,
and that the ranges of possible complexities are usually contiguous. One interest-
ing exception was obtained by Cevorové [18]. She studied the star operation on
unary regular languages, and proved that there are two linear segments of magic
numbers in the range from 1 to (n—1)2+1, that is, of values that cannot be met
by the state complexity of the star of a unary language accepted by a minimal
n-state DFA. On the other hand, she proved that for the square operation in
the unary case no magic numbers exist [19]. Another example of the existence
of magic numbers for symmetric difference NFAs was presented by Zijl [17], but
they could possibly be trivial.

A similar problem for the reversal, star, and concatenation operation was
studied in [7,8], where it was shown that for all the three operations the whole
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range of possible complexities up to known upper bounds can be produced using
an exponential alphabet.

The result for reversal and star was improved in [10,14] by showing that a
linear alphabet is enough to produce the whole range of complexities.

In this paper we complement these results, and show that a linear alphabet
can also be used for the concatenation operation. We prove that for all m,n,
and a with 1 < a < f(m,n), where f(m,n) is the state complexity of the
concatenation operation, there exist a minimal m-state DFA A and a minimal
n-state DFA B, both defined over an alphabet X' with |X| < 2n + 4, such that
the minimal DFA for the language L(A)L(B) has exactly « states.

To get this result, we describe three constructions, in which we are able to
get m-state and (n + 1)-state DFAs A;, B; for i = 1,2,3 from m-state and n-
state DFAs A and B, by adding a new state to B, and by adding the transitions
on two new symbols. Moreover, if the state complexity of the concatenation of
L(A) and L(B) is «, then the state complexity of the concatenation of L(A;)
and L(B;),i=1,2,3,1is 2, 2ac— 1, and av+ 1, respectively. As a results, we get a
contiguous range of complexities from m +n + 1 up to known upper bound for a
linear alphabet. To get complexities from 1 to m +n — 1, we use a known result
from [8]. We deal with the value m + n separately, and use a binary alphabet
here.

The paper is organized as follows. The next section contains some definitions
and preliminary results. In Sect. 3, we recall known results concerning the state
complexity of concatenation. In Sect.4, we prove that the range of possible
complexities for the languages resulting from the concatenation operation is
contiguous from 1 up to known upper bound, and we show that a linear alphabet
is enough for this. Section 5 contains some concluding remarks.

2 Preliminaries

In this section we give some basic definitions and preliminary results. For details,
the reader may refer to [3,13,15].

Let X be a finite alphabet of symbols. Then X* denotes the set of strings
over X including the empty string . The length of a string w is denoted by |w],
and the number of occurrences of a symbol a in a string w is denoted by #,(w).
A language is any subset of X*. The concatenation of languages K and L is the
language KL = {uv | v € K and v € L}. The cardinality of a finite set A is
denoted by |A|, and its power-set by 24.

A nondeterministic finite automaton (NFA) is a quintuple A = (Q, X, -, I, F),
where @ is a finite set of states, X is a finite alphabet, - : Q@ x ¥ — 29 is the
transition function which is extended to the domain 29 x X* in the natural way,
I C Q is the set of initial states, and F' C @ is the set of final states. The language
accepted by A is the set L(A) = {w € X* | I -wN F # (}. For a symbol a, we
say that (p,a, q) is a transition in NFA A if ¢ € p - a, and for a string w, we write
p = qif ¢ € p-w. We say that (p, a, @) is an in-transition going to state q.
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An NFA A is deterministic (DFA) (and complete) if |[I| =1 and |¢-a| =1
for each ¢ in @Q and each a in Y. In such a case, we write ¢ - a = ¢’ instead of
q-a={q}

The state complezity of a regular language L, sc(L), is the smallest number
of states in any DFA for L. The state complexity of a binary regular operation o
is defined as a function f(m,n) given by

flm,n) =max{sc(KoL) | K,L C X" sc(K)=m,sc(L) =n}.

Every NFA A = (Q, X, -, 1, F) can be converted to an equivalent DFA A’ =
(29,2, I, F'), where R'a=R-aand F' = {R €29 | RNF # ()} [12]. The
DFA A’ is called the subset automaton of the NFA A. The subset automaton
may not be minimal since some of its states may be unreachable or equivalent
to other states.

In the following proposition, we provide a sufficient condition for an NFA,
which guarantees that the corresponding subset automaton does not have equiv-
alent states.

Proposition 1. Let N = (Q,X,-,1,F) be an NFA. Assume that for each state
q in Q, there is a string wy in X* which is accepted by N only from the state q,
that is, we have q¢-wy N F # 0, and p-wy N F = 0 if p # q. Then the subset
automaton of N does not have equivalent states.

Proof. Let S and T be two distinct subsets of the subset automaton. Then,
without loss of generality, there is a state ¢ with ¢ € S\ T. Then the string
wq is accepted by the subset automaton from the subset .S, but it is rejected
from T'. O

To describe string w, accepted by an NFA only from state g, we usually use
the next observation.

Proposition 2. Let a string wy be accepted by an NFA N only from state q.
If (p, a, q) is the unique in-transition going to state q by symbol a, then the string
aw, 1s accepted by N only from state p.

In what follows, we often need to show how the set of all the reachable subsets
in a subset automaton looks like. To do this, the following observation is useful.

Proposition 3. Let D be a subset automaton of an NFA N = (Q,X,-, 1, F).
Let R be a family of subsets of QQ such that

(1) each subset in R is reachable in D,
(2) I €R, and
(3) for each S in R and each symbol a in X, the set S -a is in R.

Then R is the family of all reachable subsets of DFA D.

Proof. Each set in R is reachable in D by (1). Let S be a reachable subset of D.
Then there is a string w in X* such that S = I - w. We prove the proposition by
induction on |w|. If jw| = 0, then w = ¢ and S = I - = I, which is in R by (2).
Now let w = wva for a string v and a symbol a. By the induction hypothesis, the
set S’=1T1-visin R. Then S =5"-a,s0 S is in R by (3). O
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3 State Complexity of Concatenation

Consider minimal DFAs A and B. Without loss of generality, we assume that
the state set of A is {qo,q1, - - -, qm—1} with the initial state go, and the state set
of Bis {0,1,...,n— 1} with the initial states 0. Moreover, in both A and B, let
us denote the transition function by -. This is not confusing since the state sets
of A and B are disjoint. First, let us recall the construction of an NFA for the
language L(A)L(B).

Construction of NFA for concatenation:

(DFA A and DFA B — NFA N for L(A)L(B))

Let A = ({q07q13"'7Qm—1}727'7QO7FA) and B = ({071,...,71 - l}aEa'a(),FB)
be DFAs. Construct NFA N from DFAs A and B as follows:

(a) for each symbol a and each state ¢; with ¢; -a € F4, add transition (g;, a,0);
(b) the set of initial states of N is {qo} if qo ¢ Fa, and it is {qo, 0} otherwise;
(c) the set of final state of N is F'g.

In the subset automaton of NFA N constructed as above, each reachable
subset is of the form {¢;}US, where S C {0,1,...,n—1} since A is deterministic
and complete. Moreover, if ¢; is a final state of A, then 0 € S since N has the
transition (g, a,0) whenever a state ¢ of A goes to a final state ¢; on a symbol a.
It follows that the subset automaton of N has at most (m — k)2" + k271
reachable states. Next we have (m — k)2" + k2"~ ! = m2" — k2"~!  which is
maximal if k = 1 [11,16]. We write this upper bound as (m — 1)2" 4 2"~!. The
bound is known to be tight if m > 1 and n > 2 [6,11,16]. If m > 1 and n = 1,
then L = () or L = X*, so the tight upper bound in this case is m. Hence we get
the following result.

Proposition 4 [6,11,16]. Let m,n > 1 and f(m,n) be the state complexity of
the concatenation operation on languages over an alphabet of size at least two
defined as f(m,n) = max{sc(KL) | K,L C X* |X| > 2,s¢(K) = m,sc(L) =n}.
Then we have

fn dn=1
o) = {(m — 12" +27h ifn>2.

4 The Range of Possible Complexities

The aim of this section is to show that the whole range of complexities from 1
to f(m,n) for the concatenation operation can be produced using an alphabet
that grows linearly with n.

To this aim consider minimal DFAs A = ({qo, 41, -, qm-1}, 2"+, 905 {Gm-11}),
and B = ({0,1,...,n — 1}, X,-,0,{1}). Construct an NFA N for L(A)L(B) as
described in Sect. 3. Let D be the subset automaton of N, and R the family of
all the reachable subsets in DFA D. We assume that A, B, N, D, and R satisfy
the following conditions.
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b a,b

Fig. 1. Transitions on a, b, ¢ in states in {qo,q1,...,gm-1} U {0,1}.

(1) The transitions on symbols a, b, ¢ in states in {qo,q1,-..,qm—1} U{0,1} are
defined as in Fig. 1.

(2) If (¢i,0,q0) is a transition in A for some ¢ in X, then ¢ = m — 1.

(3) Each set in R\ {{go}} is reachable from {q;} in the subset automaton D.

(4) For each state ¢ of NFA N, there exists a string w, in X* accepted by N
only from state q. Moreover, we have

w1 = &,
Wy = C,
wy,._, = b,
Wy, _, = cbe,
w,,, , , =a'chcfori=1,2,...,m—2, and

wj =a; for j=2,3,...,n—1.
Proposition 5. Let A, B, N, D, and R satisfy conditions (1)-(4). Then

(a) The sets {q1}, {¢m-1,0}, {@m-1,0,1}, {@m-2,0,1} are in R.
(b) The initial subset {qo} of the subsel automaton D cannot be reached from

any other reachable subset of D.
(c) The subset automaton D of NFA N does not have equivalent states, so

se(L(A)L(B)) = R].

Proof. (a) By (1), the transitions on a, b, ¢ are as in Fig. 1. It follows that in the
subset automaton D, we have

{a0} = {@1} “— {gm-1,0} = {gm—1,0,1} = {gm2,0,1}

(b) Assume for a contradiction that there is a set S in R and a symbol o
such that S -0 = {go}. Then we must have g,,—1 € S by (2). It follows that
the initial state 0 of B must be in S since ¢,,_1 is final in A. However then
S0 2{q,0- 0}, a contradiction.

(c) By (4), the NFA N satisfies the condition in Proposition 1. Therefore
the subset automaton D of N does not have equivalent states, and we have
sc(L(A)L(B)) = |R|. O
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Now our goal is to construct a minimal m-state DFA A; and a minimal (n+1)-
state DFA B; for i = 1,2, 3 over the alphabet X U{a,,b,} from automata A and
B, such that A, B, N, D, R satisfy conditions (1)—(4), in such a way that A; and
B;, the NFA N; for L(A;)L(B;), the subset automaton D; of N; and the family
R; of reachable states of D; satisfy conditions (1)—(4). Moreover, if R = «, then
|R1| = 2a, |R2| =2 — 1, and |R3| = a+ 1.

We construct automata A; and B; from automata A and B by adding a new
state n to DFA B, and by adding the transitions on two new symbols a, and
bn. The transitions on a,, are the same in all the three constructions, and they
guarantee that the string a,, is accepted by N; only from state n. The transitions
on b, are used to reach the set {go,n} in Dy, the set {g1,n} in Dy and the set
{¢m-1,0,n} in D3. We have to be careful with condition (4), especially in the
third construction.

Table 1. New transitions; ¢ € {0,1,...,m —1}, j € {0,1,...,n — 1}.

C1 C2 C3
ceX n—n n—mn n>0
n50-0ifo#c
an qi — qm-—1 qi — qm—1 qi — gm-1
n—1 n—1 n—1
Jj—0 Jj—0 Jj—0
bn, m—-1 — Qo qm-1— q1
G = gm-1ifi£Em—1/q¢ > gm-1ifi#m—1|¢ — gm-1
n—n n—n n—mn
J—n j—n j—n

Construction 1. (a — 2a)
Construct DFAs A; and B; from DFAs A and B as follows:
(1) add a new state n to DFA B going to itself on each old symbol ¢ in X
(2) add the transitions on two new symbols a,, and b, as shown in Table 1
in column C1.

Construction 2. (a — 2a —1)
Construct DFAs As and B, from DFAs A and B as follows:
(1) add a new state n to DFA B going to itself on each old symbol ¢ in X
(2) add the transitions on two new symbols a,, and b, as shown in Table 1
in column C2.

Construction 3. (« — a+1)
Construct DFAs A3 and Bs from DFAs A and B as follows:
(1) add a new state n to DFA B withn-c=1andn-oc =0-0if 0 € X\ {c};
(2) add the transitions on two new symbols a,, and b, as shown in Tablel
in column C3.
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Lemma 6. Let A, B,N,D, R satisfy conditions (1)-(4). Let A;,B; for i =
1,2,3 be the DFAs resulting from Constructions 1, 2, 3, respectively. Let N;
be an NFA for L(A;)L(B;) constructed as described in Sect. 3, D; be the cor-
responding subset automaton, and R; be the family of all the reachable subsets
in DFA D;. Then all these automata satisfy conditions (1)-(4). Moreover, if
|R| = a, then |Ri| = 2a, |Ro| =2a—1, and |R3| = a + 1.

Proof. Since we do not change transitions on symbols in X' on states of A and B,
condition (1) is satisfied. Since the only new transition to go is (gm—1,bn,qo) in
Construction 1, condition (2) is satisfied in each A;.

In each N;, the string a,, is accepted only from state n. Moreover, in By and
Bsy, state n goes to itself on each symbol in X. It follows that condition (4) is
satisfied for Ny and Ns. In B3, we have n-c=0and n-b=0-b=b. It follows
that (0,¢,1) is the only transition on ¢ going to state 1, and (gm,—1,b,0) is the
only transition on b going to state 0. It follows that (4) is satisfied for N3 as well.

Now consider the subset automata Dy, Dy, D3. Since we did not change tran-
sitions on symbols in X on states in A and B, we have R C R; for i = 1,2, 3.
Let us show that

Ry =RU{SU{n}|SeR},

Ro=RU{SU{n}|SeRand S # {q}},

Rg =RU {{qm_l,O,n}}.

If S is in R then S is reachable in D, so S can be reached from the initial
state {go} by a string ug over X. If moreover, S # {qo}, then, by (3), S is
reached from {q¢;} by a string vg.

In D; we have {0} = {q1} 7, {¢m-1,0} LN {qo,n} % S U {n}. Thus
RU{SU{n}|S € R} C Ry, and every new set S U{n} can be reached from
{@1}. Let us show that no other set is reachable in D;. For each set S in R and
each ¢ in X', we have

S-0€eR,

S- an € {{qula 0}7 {melvoa 1}}’a

S bn € {{q0, 7}, {qm-1,0},{@m-1,0,n}},

(SU{n})-c=S-0cuU{n},

(S U {n}) cap = {qm—1707 1}7 and

(SU{n}) - b € {{a0,n},{gm-1,0,n}}.

Using Proposition 5(a), we get that all the resulting sets are in RU{SU{n} |
S e R} By Proposition 3, we have R = RU {SU {n}|Se€ R}, and, moreover,
R satisfies condition (3).

Next, in Dy we have {qo} = {q1} 7, {¢m-1,0} LR {qi,n} 2 SuU{n}
if S # {qo}. So every new set S U {n} is reached from {q;}. The transitions on
each ¢ in X and on a, are the same as in Construction 1, and for each S in R,

S-b, € {{q1,n}, {@mn-1,0},{@gm-1,0,n}}, and

(SU{n})-bn € {{ar,n},{gm-1,0,n}}.

All the resulting sets are in RU {SU{n} | S € R and S # {qo}}. Moreover,
{qo} cannot be reached from any other subset in R. By Proposition 3, we have
Ry =RU{SU{n}| S € R and S # {qo}}. Moreover, R, satisfies condition (3).
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Finally, in Dy we have {g0} % {a1} " {gn-1,0} 2 {gu-1.0,n},
so the new set {¢n_1,0,n} is reached from {¢;}. The transitions on a, are
the same as above, and for each S in R and each o in X, we have S - b, €
{{@m-1,0},{¢gm-1,0,n}}. Next, for the new set {¢mn—1,0,n}, we have

{Qm—la 0, n} C= {Qm—Qa 0, 1},

{¢m-1,0,n} 0 ={q¢m-1,0} o if 0 € ¥ and 0 # ¢;

{melv 07 n} : bn = {qul,o,n}.

All the resulting subsets are in R U {{qm,l, O,n}}. By Proposition 3, we have
R3 = {R U {qm,1,07n}}, and again, R3 satisfies condition (3). O

Recall that f(m,n) = (m—1)2" +2"1 is the state complexity of concatena-
tion if n > 2. Our first aim is to show that each value in the range from m+n+1
to f(m,n) may be attained by the state complexity of concatenation of m-state
and n-state DFA languages provided that m > 3. We show this by induction,
with the basis proved in the next lemma.

Lemma 7. Let m > 3 and n = 2. For each a with m+3 < a < f(m,2) =
4m — 2, there exist a minimal m-state DFA A and a minimal 2-state DFA B,
both defined over an alphabet X with |X| < 7, such that sc(L(A)L(B)) = a.
Moreover, the corresponding NFA N for L(A)L(B), the subset automaton D of
N, and the set R of reachable states of D satisfy conditions (1)—-(4) on page 5.

Proof. We first consider the values a = i(m — 2) + 6 for i = 1,2,3,4. Then we
consider all the intermediate values of a. Finally we deal with the case « = m+3.

First let ¢ = 1, so & = (m — 2) + 6 = m + 4. Define a minimal m-state
DFA Aio = ({¢0,q15---,Gm-1},{a,b,¢,d},,q0,{gm—1}) where for each i in
{0,1,...,m— 1},

gi-a=giy1 ifi#Fm—1and ¢pn-1-a=gn-1,

G -b=qnoifiZm—1and ¢pn_1-b=qm_1,

G C=(qm-oifi#m—2and ¢n_2Cc= Gm_1, and

qi - d = qm—2-

Define a minimal two-state DFA By o = ({0,1},{a,b,¢,d},-,0,{1}) where

0-a=0,and 1-a=1,

0-b=1,and 1-b=1,

O-c=1,and 1-¢c=0,

0-d=0,and 1-d=1.

Construct NFA N; ¢ for L(A1,0)L(B1,0), and let Dq o be the corresponding
subset automaton. Notice that (1), (2), and (4) are satisfied. Next, in D; o we have

a at~?t .
{9} = {n} —{g} fori=0,1,...,m — 2,
b
{Qm72} i) {qulvo} - {qul,oa 1} i) {qm72,07 1}a
d c

{Q’m—lao} - {Q’rn—QaO} - {Q’m—Qa 1}

Thus the subset automaton has m + 4 reachable subsets. Next, notice that
each of these m + 4 subsets goes to some of them by each symbol in {a,b,c, d}.
By Proposition 3, no other set is reachable, so the complexity of L(A1,0)L(B1,0)
is m + 4. Notice that all the possible subsets containing states ¢,,—1 and ¢,,—2
are reachable in D .
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Now we construct appropriate DFAs from automata A; o and B o by adding
transitions on new symbols. Thus we do not change the transitions on symbols
a, b, ¢, d, and therefore the conditions (1) and (4) are always satisfied. Moreover,
for each new symbol, the new transition is defined in such a way that condition
(2) is satisfied as well. Finally, notice that {¢m,—_1,0} is reachable from {q;}
by a™~2 in the subset automaton D1 ,0. In what follows, we always reach new
subsets in the corresponding subset automata for concatenation from the subset
{qm-1,0}. Hence condition (3) is always satisfied.

Next, let o = 2(m — 2) 4+ 6. Construct DFAs Aj ¢, Ba ¢ from DFAs A 9, By o
by adding the transitions on a new symbol ey as follows:

Gm—1-€0 =¢qo and q; - €9 = ¢m—1 for i =0,1,... ,m — 2;

O-epg=0and 1-¢9=0.

Construct the NFA Ny o for L(As)L(B2,). In the subset automaton Dy g,
all the sets that were reachable in the subset automaton D; o are reachable as
well, since the transitions on the old symbols a, b, ¢, d are the same. For the same
reason, the NFA N; ¢ satisfies (4), and therefore the subset automaton Ds ¢ does
not have equivalent states. Next, in Dj o, we have

{gm—1,0} <% {qo,0} %> {g;,0} fori =1,2,...,m — 3.

No other new set is reachable since each set {g;,0} goes either to a set
{g;,0} or to a set containing ¢,,_s or ¢,—1 by each symbol in {a,b,c,d, eo},
and moreover, by eq, each set goes either to {go,0} or to a set containing g,,—1.
Therefore the resulting complexity of the concatenation L(Ag )L(Bz,) is 2(m—
2) + 6.

In a similar way, we construct DFAs A3, Bso from As, Bz by adding
transitions on a new symbol ey; defined as follows:

dm—1-€o1 = qo and g; - €o1 = gm—1 for i =0,1,...,m —2;

0'601 =0 and ].'6()1 =1.

This results in the reachability of m — 2 new subsets {¢;,0,1} in the subset
automaton of N3g. Since no other new set is reachable, the complexity of
L(A370)L(Bg70) is 3(m - 2) + 6.

Finally, construct DFAs A4, B4 from Az, Bso by adding the transitions
on a new symbol e; defined as

Gm-1-€1=¢qo and ¢g; - €1 = ¢m_1 for i =0,1,...,m — 2;

O-eg=1land1-e =1.

This results in the reachability of subsets {¢;, 1} in the subset automaton of Ny o,
and the complexity of L(A4,0)L(By,0) is 4(m — 2) + 6.

Up to now we have defined appropriate automata A; ¢ and B, o for the values
a =ilm—2)+6 for i = 1,2,3,4. Now let us consider an intermediate value
a =im—2)4+6+j where 1 <i < 3and 1 < j < m — 3. Construct DFAs
A; ; and B; ; from automata A; o and B; ¢ by adding the transitions on a new
symbol f; as follows:

qm—1" fl = qm—-2—j and qi fl = gm-1 for i = 0313"'am72;

O-flzlandl~f1:1.
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This results in the reachability of the following j new subsets in the subset
automaton of N; ;:

{g¢m-1,0} A, {gm-2-,1} = {@m-2—j41,1} = -+ 5 {gm—3,1}.

Recall that the subset automaton of N; ¢ has i(m — 2) + 6 reachable states,
and since ¢ < 3, the subsets {g¢;, 1} are unreachable in the subset automaton of
N, 0. Hence the resulting complexity of of L(A; ;)L(B; ;) is i(m —2)+6+j as
desired. Moreover, all the automata satisfy conditions (1)—(4).

Finally notice that if A and B are DFAs over a,b,c shown in Fig.1 then
sc¢(L(A)L(B)) = m + 3. This concludes our proof. O

Now we are ready to prove the main lemma. Recall that the state complexity
of concatenation is f(m,n) = (m — 1)2" + 2"~ if n > 2. Moreover, notice that
we have f(m,n+1) = (m —1)2"1 427 = 2((m — 1)2" + 2"~1) = 2f(m, n).

Lemma 8. Let m > 3 and n > 2. For each a withm+n+1 < a < f(m,n),
there exist a minimal m-state DFA A, and a minimal n-state DFA B, both
defined over an alphabet X with |X| < 2n + 4, such that sc(L(A)L(B)) = a.

Proof. We prove the claim by induction on n. Moreover, in the induction hypoth-
esis, we assume that DFAs A and B, the corresponding NFA N for L(A)L(B)
constructed as in Sect. 3, the subset automaton D of N, and the set R of reach-
able states of D satisfy conditions (1)—(4) on page 5.

The basis, in which we have m > 3, n = 2, and m+3 < a < f(m,2) = 4m—2,
is proved in Lemma 7. Let m > 3, n > 2, and assume that for each [/ with
m+n+1<p8< f(m,n), there exist a minimal m-state DFA A and a minimal
n-state DFA B, both defined over an alphabet X' with |X| < 2n + 4, such that
sc(L(A)L(B)) = (. Moreover, assume that DFAs A and B, the NFA N for
L(A)L(B), the subset automaton D of N, and the set of reachable states R of
D satisfy conditions (1)-(4) on page 5. Let us show that the claim holds for
n + 1. To this aim let « be an integer with m + (n+1)+1 < a < f(m,n+1).

First, let 2m+2n+2 < a < f(m,n+ 1) and « be even. Let 8 = /2. Then
m+n+1 < 3 < f(m,n), and by the induction hypothesis, there exists a minimal
m-state DFA A and a minimal n-state DFA B, both defined over an alphabet
X with | Y| < 2n+4, such that sc(L(A)L(B)) = . Moreover, conditions (1)—(4)
are satisfied for A, B, N, D, R. We use Construction 1, in which we add a new
state to DFA B and the transitions on two new symbols to get a minimal m-state
Ay and a minimal (n+ 1)-state DFA B;. By Lemma 6, all conditions (1)—(4) are
satisfied for Ay, By, N1, D1, and R;. It follows that sc(L(A1)L(B1)) = 206 = a.

Now, let 2m+2n+1 < a < f(m,n+1)—1 and a be odd. Let 8 = (a+1)/2.
Then m+n+1 < 8 < f(m,n), and we use the induction hypothesis and our
Construction 2, to get automata Ay and By over X' U {ay, b, } satisfying (1)—(4)
such that sc(L(A2)L(B2)) =26 —1=«a.

Finally, if m+(n+1)+1 < a < 2m+2n,weset § = a—1. Then m+n+1 <
B < f(m,n) since we have 2m +2n — 1 < m2" — 2"~ if m > 3 and n > 2. We
use the induction hypothesis and Construction 3, get appropriate automata As
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and Bs, satisfying (1)—(4) such that sc(L(A3)L(B3)) = 4+ 1 = a. Our proof is
complete. 0

Now we consider the case of m = 2 and n > 2. In such a case, we only need
to modify conditions (1)—(4). All the proofs are the same as above, except for
the base case, which is a bit more complicated in this case.

Lemma 9. Let m =2, n > 2. For each o withn+3 < a < f(2,n) = 2" 4271,
there exist a minimal 2-state DFA A, and a minimal n-state DFA B, both defined
over an alphabet X with |X| < 2n + 4, and such that sc(L(A)L(B)) = a.

Proof. We modify conditions (1)—(4) as follows.

(1) The transitions on symbols a, b, ¢ in states in {qo,q1} U {0,1} are defined
as in Fig. 1 for m = 2. This means that the subsets {q1,0}, {¢1,0,1}, and
{q0,0,1} are reachable in D, that is, they are in R.

(2’) If (¢ia,qo) is a transition in A, then i =1

(3") Each set in R\ {{go}} is reachable from {g1,0} in the subset automaton
D.

(4’) For each state ¢ of NFA N, there exists a string w, in X* which is accepted
by N only from state q. Moreover, we have

w1, =¢,
Wwo = C,
wq, = be,
Wy, = cbc,
wj = aj for j =2,3,...,n—1.

Now we continue with exactly the same constructions as in the case of m > 3,
and, using induction on n, we get the lemma. O

The case of m =1 and n > 3 is slightly different, although, the main idea is
the same.

Lemma 10. Let m =1 and n > 3. For each o withn+1 < a < f(1,n) =271,
there exist a minimal 1-state DFA A, and a minimal n-state DFA B, both defined
over an alphabet X with |X| =n — 1, and such that sc(L(A)L(B)) = a.

Proof (Proof Idea). Let A be a 1-state DFA accepting X*. We prove the lemma
again by induction on n, where we assume that the following conditions hold for
DFA B, the NFA N for X* B, constructed from B by adding a loop in the initial
state 0 on each input symbol in X, for the subset automaton D of N, and the
set R of reachable subsets in D:

(17) In DFA B, the transitions on a, b, ¢ in states 0,1, 2 are as in Fig. 2.

(27) In DFA B, we have 0- 0 # 0 for each o € X.

(37) Each subset in R, except for the initial subset {0}, can be reached from
the subset {0, 1}.
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Fig. 2. Base case if m = 1.

(47) NFA N satisfies the condition in Proposition 1, that is, for each state j
of N, there exists a string w; in X™* which is accepted by N only from
state j. Moreover, we have wy = ¢ and w; = €.

The basis, in which we have n = 3 and n + 1 = f(1,3) = 4, holds true since
the 3-state DFA B shown in Fig. 2 satisfies (17)—(4”).

For the induction step, we again describe three constructions: We construct
(n 4+ 1)-state DFAs By, B, Bs from DFA B by adding a new state n, and by
adding transitions on new symbol a,, b,, as shown in Table 2 in columns C1, C2,
and C3, respectively.

We can show that all the resulting automata satisfy conditions (17)—(47),
and, moreover, if |[R| = 3, then |R1| = 23, |[Ro| =28 —1, |[R3| = S+ 1. Since N
and N; satisfy (4”), we have sc(L(A)L(B)) = |R| and sc(L(A;)L(B;)) = |Rs|.
This proves the lemma by induction. a

Table 2. The three constructions in the case of m = 1.

C1 c2 C3
ceXn—nn—n n—0
an n—1|{n—2 n—1

j—n|0—1 j—2

1—n
j—0ifj>2
bn — — n—n
J—n
Wn, an anc an

Up to now we have considered the complexities in the range from m +n + 1
to f(m,n). The complexities from 1 to m + n — 1 are covered by the following
result from [8]. Notice that this lemma also covers the case of m = 1 and n = 2,
since then f(1,2) =2 =2=m+n—1.

Lemma 11 ([8, Lemma 5]). Let m,n > 1. For each o with1 < a < m+n-—1,
there exist a minimal m-state DFA A and a minimal n-state DFA B, both defined
over an alphabet of at most two symbols, such that sc(L(A)L(B)) = «.

The next lemma shows that the complexity m + n can be produced. Then
we consider the case of n = 1.
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Fig. 3. The minimal DFAs A and B with sc(L(A)L(B)) =m + n.

Lemma 12. Let m > 2,n > 2. There exist binary regular languages K and L
with sc(K) =m and sc(L) = n such that sc(KL) = m + n.

Proof. Let K and L be the binary languages accepted by minimal DFAs A and B
shown in Fig. 3, where for each 7 in {0,1,...,m — 1} and j in {0,1,...,n — 1},
we have

gira=q1ifi#Em—1,¢n_1-0=¢qn_1 and ¢; -b = gm_1;

jra=j+1lifj#n—-1,(n—1)-a=0,and j-b=n—1.

Construct an NFA N from DFAs A and B by adding transitions (¢,,—2, a,0),
(¢m-1,a,0), and (g;,b,0) for each ¢; the initial state of N is ¢g, and the set of
final states is {n — 1}. In the corresponding subset automaton, the initial subset
is {qo}, and we have

{qo} 5> {g;} fori=1,2,...,m—2,

{qm-2} N {¢m-1,0} a2, {¢m-1,0,1,...,4} for j=1,2,...,n—1, and
b
{meho} - {qula()»n - 1}

It follows that the subset automaton has m + n reachable subsets. Notice that
each of these m + n subsets goes to some of them by a, and each of them goes to
{¢m-1,0} or to {¢m—1,0,n — 1} by b. By Proposition 3, no other set is reachable.

To prove distinguishability, let {¢;} US and {¢;}UT be two distinct reachable
subsets. Since NFA N accepts the string a”~1~! only from state t (0 <t < n—1),
the two subsets are distinguishable if S # T'. Next, if i < j, then we have

am17I am~17I
{g;} ——{@m-1,0} and {¢;} ——— {@m-1-(j—i) }>

where the resulting subsets are distinguishable since they differ in a state of B.
This proves distinguishability and concludes the proof. O

Lemma 13. Let m > 1 and n = 1. For each integer o with 1 < a <
f(m,1) = m, there exist a minimal m-state DFA A and a minimal 1-state
DFA B, both defined over a unary alphabet, such that sc(L(A)L(B)) = «.
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ﬂ@&@_a, i‘&@_a, L
a

Fig. 4. The minimal DFA A with sc(L(A) X*) = a.

Proof. Let A be a minimal m-state DFA shown in Fig. 4 accepting the language
a“~t(a™)*. Let B be the minimal 1-state DFA accepting the unary language a*.
Then L(A)L(B) = a® *(a™)*a* = {a* | k < a — 1}, so sc(L(A)L(B)) =a. O

The next theorem summarizes our results, and shows that the whole range of
complexities for the concatenation operation can be produced using an alphabet
which grows linearly with n. Recall that f(m,n) is the state complexity of the
concatenation operation on languages over an alphabet of size at least two and
we have f(m,1) =m and f(m,n) = (m —1)2" + 2" 1if n > 2.

Theorem 14. Let m,n > 1. For each o with 1 < a < f(m,n), there exist
reqular languages K and L defined over an alphabet X with |X| < 2n + 4 such
that sc(K) = m, sc(L) =n, and sc(KL) = a.

Proof. In each of the following six cases, we refer to the corresponding lemma
dealing with this case:

(1) If n =1, then f(m,n) = m, and the theorem follows by Lemma 13.

(2) fn>2and 1 <a<m+n—1, then the theorem follows by Lemma 11.

(3) If m =1 and n = 2, then f(1,2) =2 = m+n — 1, so this case is covered by
Lemma 11 as well.

(4) fm=1,n>3,andm+n=n+1<a< f(1,n) =2""1 then the theorem
follows by Lemma 10.

(5) The case of m > 2,n > 2, and a = m + n follows by Lemma 12.

(6) Finally, if m > 2,n > 2 and m+n+1 < a < f(m,n), then the theorem
follows by Lemma 9 if m = 2, and by Lemma 8 if m > 3.

This covers all the possible cases, and proves the theorem. a

5 Conclusions

We investigated the state complexity of languages resulting from the concatena-
tion operation. We proved that for all m, n, a withm,n > land 1 < a < f(m,n),
where f(m,n) is the state complexity of the concatenation operation, there exist
regular languages K and L defined over an alphabet of size at most 2n + 4 such
that sc(K) = m, sc(L) = n, and sc(K'L) = «. This improves the result from [§],
where an alphabet of size growing exponentially with n is used to produce the
whole range of complexities for the concatenation operation. Our result comple-
ments similar results from [10,14], where a linear alphabet is used to get the
whole range of complexities for the reversal and Kleene closure operations.

A similar problem for the square operation, defined as L? = LL, remains
open even for an exponential alphabet.
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Abstract. A condition characterizing the class of regular languages
which have several nonisomorphic minimal reversible automata is pre-
sented. The condition concerns the structure of the minimum automa-
ton accepting the language under consideration. It is also observed that
there exist reduced reversible automata which are not minimal, in the
sense that all the automata obtained by merging some of their equiva-
lent states are irreversible. Furthermore, it is proved that if the minimum
deterministic automaton accepting a reversible language contains a loop
in the “irreversible part” then it is always possible to construct infinitely
many reduced reversible automata accepting such a language.

1 Introduction

A device is said to be reversible when each configuration has exactly one pre-
decessor, thus implying that there is no loss of information during the com-
putation. On the other hand, as observed by Landauer, logical irreversibility is
associated with physical irreversibility and implies a certain amount of heat gen-
eration [8]. In order to avoid such a power dissipation and, hence, to reduce the
overall power consumption of computational devices, the possibility of realizing
reversible machines looks appealing.

A lot of work has been done to study reversibility in different computa-
tional devices. Just to give a few examples in the case of general devices as
Turing machines, Bennet proved that each machine can be simulated by a
reversible one [2], while Lange, McKenzie, and Tapp proved that each deter-
ministic machine can be simulated by a reversible machine which uses the same
amount of space [9]. As a corollary, in the case of a constant amount of space,
this implies that each regular language is accepted by a reversible two-way deter-
ministic finite automaton. Actually, this result was already proved by Kondacs
and Watrous [5].

However, in the case of one-way automata, the situation is different. In fact,
as shown by Pin, the regular language a*b* cannot be accepted by any reversible
automaton [11].} So the class of languages accepted by reversible automata is a
proper subclass of the class of regular languages. Actually, there are some dif-
ferent notions of reversible automata in literature. In 1982, Angluin introduced

! From now on, we will consider only one-way automata. Hence we will omit to specify
“one-way” all the times.
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reversible automata in algorithmic learning theory, considering devices having
only one initial and only one final state [1]. On the other hand, the devices
considered in [11], besides a set of final states, can have multiple initial states,
hence they can take a nondeterministic decision at the beginning of the com-
putation. An extension which allows to consider nondeterministic transitions,
without changing the class of accepted languages, has been considered by Lom-
bardy [10], introducing and investigating quasi reversible automata. Classical
automata, namely automata with a single initial state and a set of final states,
have been considered in the works by Holzer, Jakobi, and Kutrib [3,6,7]. In par-
ticular, in [3] the authors gave a characterization of regular languages which are
accepted by reversible automata. This characterization is given in terms of the
structure of the minimum deterministic automaton. Furthermore, they provide
an algorithm that, in the case the language is acceptable by a reversible automa-
ton, allows to transform the minimum automaton into an equivalent reversible
automaton, which in the worst case is exponentially larger than the given min-
imum automaton. In spite of that, the resulting automaton is minimal, namely
there are no reversible automata accepting the same language with a smaller
number of states. However, it is not necessarily unique, in fact there could exist
different reversible automata with the same number of states accepting the same
language.

In this paper we continue the investigation of minimality in reversible
automata. Our first result is a condition that characterizes languages having
several different minimal reversible automata. Even this condition is on the struc-
ture of the transition graph of the minimum automaton accepting the language
under consideration. As a special case, we show that each time the “irreversible
part” of the minimum automaton contains a loop, it is possible to construct at
least two different minimal reversible automata.

We also observe that there exist reversible automata which are not minimal
but they are reduced, in the sense that when we try to merge some of their
equivalent states we always obtain an irreversible automaton. Investigating this
phenomenon more into details, we were able to find a language for which there
exist arbitrarily large, and hence infinitely many, reduced reversible automata.
In the paper, we present a general construction that allows to obtain arbitrarily
large reversible automata for each language accepted by a minimum determinis-
tic automaton satisfying the structural condition given in [3] and such that the
“irreversible part” contains a loop. We know that this is also possible in other
situations, namely that our condition is not necessary. We leave as an open
problem, to find a characterization of the class of the languages having infinitely
many reduced reversible automata.

2 Preliminaries

In this section we recall some basic definitions and results useful in the paper. We
assume the reader is familiar with standard notions from automata and formal
language theory (see, e.g., [4]). Given a set S, let us denote by #5S its cardinality
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and by 2° the family of all its subsets. Given an alphabet X, |w| denotes the
length of a string w € X* and € the empty string.

A deterministic finite automaton (DFA for short) is a tuple A=(Q, X, 0, q1, F),
where () is the finite set of states, X is the input alphabet, q; € Q is the initial
state, F' C @ is the set of accepting states, and § : Q x X' — @ is the partial tran-
sition function. The language accepted by A is L(A) = {w € X* | §(qs,w) € F}.
The reverse transition function of A is a function §% : Q x ¥ — 29, with
% (p,a) = {q € Q| §(q,a) = p}. A state p € Q is useful if p is reachable, i.e.,
there is w € X* such that §(¢;, w) = p, and productive, i.e., if there is w € X*
such that §(p,w) € F. In this paper we only consider automata with all useful
states.

We say that two states p,q € @ are equivalent if and only if for all w € X*,
d(p,w) € F exactly when (g, w) € F. When p # ¢ are equivalent states, we can
reduce the size of the automaton by “merging” p and ¢. This would imply to
merge all the states reachable from p and ¢ by reading a same string, namely
the states §(p, w) and §(q, w), for w € X*.

Let A" = (@', X,0,¢}, F’) be another DFA. A morphism ¢ from A to A',
in symbols ¢ : A — A’ is a function ¢ : @ — Q' such that ¢(qr) = ¢}, for
each g € Q, a € X, p(d(q,a)) = §'(¢(q),a), and g € F if and only if ¢(q) € F’.
Notice that if there exists a morphism ¢ : A — A’ then it is unique and,
for z,y € X*, §(qr,z) = 8(qr,y) implies & (¢}, z) = 8 (¢}, y). We can observe
that since in all automata we are considering all the states are useful, there
exists the morphism ¢ : A — A’ if and only if the automaton A’ can be obtained
from A after merging all pairs of states p, ¢ of A, with ¢(p) = ¢(¢) (and possibly
renaming the states). Hence, the number of states of A’ cannot exceed that
of A. Hence ¢~ '(s) denotes the set of states of A which are merged in the
state s of A’. Two automata A and A’ are said to be equivalent if they accept
the same language, i.e., L(A) = L(A").

Let C be a family of DFAs and A € C. We consider the following notions:

—~ The automaton A is reduced in C if for each morphism ¢ : A — A’ the
automaton A’ does not belong to C, i.e., every automaton obtained from A by
merging some equivalent states does not belong to C.

— The automaton A is minimal in C if and only if each automaton in C has at
least as many states as A.

— The automaton A is the minimum in C if and only if it is the unique (up to
an isomorphism, i.e., a renaming of the states) minimal automaton in C.

Notice that each minimal automaton in a family C is reduced. Furthermore, if C
contains a minimum automaton M, then M is also the only minimal and the
only reduced automaton in C. This happens, for instance, when C is the family
of all DFAs accepting a given regular language L. However, a family C which does
not have a minimum automaton, could contain reduced automata which are not
minimal, as in the cases that will be presented in the paper.

A strongly connected component (scc) C of a DFA A = (Q, X,0d,q;,F) is a
maximal subset of ) such that in the transition graph of A there exists a path
between every pair of states in C. A SCC consisting of a single state ¢, without a
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looping transition, is said to be trivial. Otherwise C' is nontrivial and, for each
state in ¢ € C, there is a string w € X* \ {e} such that 6(q,w) = g¢.

We introduce a partial order < on the set of sccs of M, such that, for two
such components C7 and Co, C7 < C5 when no state in C'; can be reached from
a state in Cy, but a state in C5 is reachable from a state in C;. We write C; £ Cy
when C7 = Cs is false, namely, C # C3 and either Cy < Cy or Cy and C5 are
incomparable.

Given a DFA A = (Q,X,0,q1, F), a state r € @ is said to be irreversible
when #6%(r,a) > 2 for some a € X, i.e., there are at least two transitions on
the same letter entering r, otherwise r is said to be reversible. The DFA A is
said to be irreversible if it contains at least one irreversible state, otherwise A is
reversible (REV-DFA for short). As pointed out in [7], the notion of reversibility
for a language is related to the computational model under consideration. In this
paper we only consider DFAs. Hence, by saying that a language L is reversible,
we refer to this model, namely we mean that there exists a REV-DFA accepting L.

The following result presents a characterization of reversible languages:

Theorem 1. [3] Let L be a regular language and M = (Q,X,0,q1, F) be the
minimum DFA accepting a language L. L is accepted by a REV-DFA if and only
if there do not exist useful states p,q € Q, a letter a € X, and a string w € X*
such that p # q, 6(p,a) = 6(q,a), and 6(q,aw) = q.

According to Theorem 1, a language L is reversible exactly when the minimum
DFA accepting it does not contain the “forbidden pattern” consisting of two tran-
sitions on a same letter a entering in a same state r, with one of these transitions
arriving from a state in the same scc as r. Notice that, since transitions enter-
ing the initial state ¢y can only arrive from states in the same Scc of ¢y, if the
language L is reversible, then the initial state q; of M should be reversible.

An algorithm to convert a minimum DFA M into an equivalent REV-DFA, if
any, was obtained in [3]. Furthermore, the resulting REV-DFA is minimal. We
present an outline of it. The algorithm builds a REV-DFA A in the following way.
At the beginning A is a copy of M. Then, the algorithm considers a minimal
(with respect to <) scc C that contains an irreversible state and replace it with
a number of copies which is equal to the maximum number of transitions on a
same letter incoming in a state of C. This process is iterated until all the states
in A are reversible.

3 Minimal Reversible Automata

In [3] it has been observed that there are reversible languages having several
nonisomorphic minimal REV-DFAs. In this section we deepen that investigation
by presenting a characterization of the languages having a unique minimal REV-
DFA. (Notice that it could be different from the minimum DFA accepting the
language.) To prove it we make use of a series of preliminary results. Hence,
from now on, let us fix a reversible language L and the minimum DFA M =
(Q,X,6,qr1, F) accepting it.
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Lemma 2. Let A'=(Q’, X,0',q}, F') be a REV-DFA and A" =(Q", X, 6", ¢}, F")
be a minimal REV-DFA both accepting L. Given zihe morphisms ¢’ : A — M
and ¢" : A” — M, it holds that #¢' (s) > #¢" (s), for each s € Q.

Proof. By contradiction, suppose #@’71 (q) < #@"71 (¢) for some state q.

Let us partition @ in the set Q@ = {p | Jw € X* §(p,w) = g} of the states
from which ¢ is reachable and the set Q  of remaining states. The sets Q" and Q"
are partitioned in a similar way, by defining Q} = ¢ (Qr), QR = ¢ (Qr),

1=¢"" Q). Qr=¢" Q).

First, let us suppose #(pﬁ1 (p) < #@”71 (p) for each p € Q. We build another
automaton A" = (Q", X,8", ¢, F""), which starts the computation by simu-
lating A’ using the states in Q7 and, at some point, continues by simulating A”
using the states in Q%. In particular:

QT =QLUQk
— The transitions are defined as follows:
o For s € Q%, ae€ X: 0" (s,a) =0"(s,a);
e For s € Q, a € X, such that §'(s,a) € Q: 6" (s,a) = §'(s,a);
e The remaining transitions, i.e., ¢"’(s,a), in the case s € Q7, a € X, and
0'(s,a) € Q', are obtained in the following way:

Let us consider set of states {s1,s2,...,s5} which are equivalent to s
in A’ ie., ¢'(s;) = ¢'(s) for i = 1,...,k (notice that s = s, for some h €
{1,...,k}), and the set of states {ri,rs,...,r;} which are equivalent to s

in A", ie, ¢"(r;) = ¢'(s) for i« = 1,...,j. Since j > k we can safely
define 6" (s;,a) = 6" (r4,a), for i =1,... k.

The resulting automaton A"’ still recognizes the language L, it is reversible
and it has #Q + #Q; states. From #¢ (p) < #¢" ' (p), for each p € Qp,
and #¢' " (q) < #¢" (q), it follows that #Q), < #Q’/, thus implying that the
number of states of A"’ is smaller than the one of A”, which is a contradiction.

In case #4,0’_1 (p) > #go”_l (p) for some p € @y, we can apply the same con-
struction, after switching the role of A’ and A", so producing an equivalent REV-
DFA A’ which is smaller than A’ and still verifies #¢'  (q) < #¢" (q), for the
morphism ¢’ : A’ — M. Then, we iterate the proof on the two REV-DFAs A’
and A”.

Hence, we can conclude that #¢’  (s) > #¢"  (s), for each s € Q. O

Lemma 2 allows to associate with each reversible language L and the mini-
mum DFA M = (Q, X, 0, qr, F) accepting it, the function ¢ : @ — N such that,
for ¢ € Q, c(q) is the number of states equivalent to ¢ in any minimal REV-
DFA A equivalent to M, i.e., c(q) = #¢ 1(q) for the morphism ¢ : A — M.
Notice that ¢(qr) = 1. Furthermore, each REV-DFA accepting L should contain
at least ¢(q) states equivalent to g. These facts are summarized in the following
result, where we also show that ¢(¢q) has the same value for all states belonging
to the same scc of M.



Minimal and Reduced Reversible Automata 173

O © OO

Fig. 1. A minimum DFA accepting the language L = (aa)* + a*ba”, with two minimal
nonisomorphic REV-DFAS

Lemma 3. Let A be a REV-DFA accepting L, with the morphism ¢ : A — M. If
two states p,q of M belong to the same SCC of M then #p~1(p) = #p~1(q) >
c(p). Furthermore, if A is minimal then c(p) = c(q) = #¢~ (p).

Proof. Observe that since p, ¢ belong to the same ScC there exists € X* such
that 8(q,x) = p. Let {q1,q2,...,qx} = ¢~ '(q) and {p1,p2,...,p;} = ¢~ '(p) be
the sets of states in A which are equivalent to ¢ and p, respectively. We are going
to prove that k = j.

For each ¢;, there exists pp, such that §(q;,z) = pp,. Suppose j < k. In
this case there are two indices i’,i" such that p,, = pp,, and then 0(gy,z) =
d(qir,x) = pp,,, implying that the state py, , is irreversible, which is a contradic-
tion. This means that j > k. In the same way, by interchanging the roles of p
and ¢, we can prove that k > j, which leads to the conclusion j = k.

The facts that #¢p~1(p) > c(p) and, for A minimal, #¢~!(p) = c(p), follow
from Lemma 2. ad

In the following, for each scc C of the transition graph of M, we use ¢(C) to
denote the value ¢(q), for ¢ € C. Considering the algorithm outlined at the
end of Sect.2, we can observe that if C’ is another scc, then C < C’ implies
c(C) < ¢(C).

As a consequence of Lemma 3, all the minimal REV-DFAs accepting L have
the same “state structure”, in the sense that they should contain exactly ¢(q)
states equivalent to the state g of M. However, they could differ in the transitions
(see Fig.1 for an example).

Lemma 4. Let A = (Q', X,¢,¢;, F') and A" = (Q", 2,8, 4}, F") be two REV-
DFAs accepting L. If there are no morphisms ¢ : A" — A" then there exists a
state p € Q with #¢"  (p) > 2 such that either p = qr, or

6% (p,a) # 0 and 5% (p,b) # 0

for two symbols a,b € X, with a # b, and the morphism " : A” — M.



174 @G.J. Lavado et al.

Proof. Since there are no morphisms ¢ : A — A" there exist x,y € X* such
that §'(¢},z) = 0'(¢},y) and 0" (¢}, x) # ¢"(¢},y). Among all couples of strings
with this property we choose one with |zy| minimal. Furthermore, we observe
that it cannot be possible that x =y = ¢.

When z = ¢, we have §'(q},¢) = §'(¢},y) = ¢; and, since M is minimum,
d(ar,y) = q. Hence, ¢"(8"(q7,y)) = ¢"(a]) = @ From &"(q},y) # ¢f =
8" (g7, €), we conclude that #(p'ﬁl (qr) > 2. The case y = ¢ is similar.

We now consider x # ¢ and y # ¢, i.e., x = ua, y = vb for some u,v € X* and
a,b € X. Let & (¢}, u) = ¢, §(q},v) =71/, 8(q,a) =6 (r',b) = p, §"(q},u) =
q’, 8" (qf,v) =", 0"(¢",a) = s, and §"(r",b) = t, for states ¢',7,p € @,
q",r", s, t € Q", with s # t.

Suppose a = b. Since A’ is reversible from §'(¢',a) = §'(r',a) = p we get
q' = r'. Furthermore ¢" # r”, otherwise A” would be nondeterministic. Hence,
on the strings u,v the automaton A’ reaches the same state, while A” reaches
two different states, against the minimality of |zy|. Thus a # b.

Given the morphism ¢’ : A’ — M, let p = ¢/(p). Since M is minimum,
it turns out that ¢”(s) = ¢"(t) = ¢'(p) = p. From s # t, we conclude
that #¢" 71(p) > 2. Furthermore, from the previous discussion, the reader can
observe that there are transitions on symbols a and b entering in p. O

We are now able to prove the following:

Theorem 5. Let M = (Q,X,0,q1,F) be the minimum DFA accepting a
reversible language L. The following statements are equivalent:

1. There exists a state p € Q such that c(p) > 2, 6f%(p,a) # 0, 6%(p,b) # 0, for
two symbols a,b € X, with a # b.
2. There exist at least two minimal nonisomorphic REV-DFAs accepting L.

Proof. (2) implies (1): By Lemma 4, given two minimal nonisomorphic REV-
DFAs A" and A” accepting L, there is a state p such that ¢(p) = #4,0”71(p) > 2.
Furthermore, since c¢(qr) = 1, p # q;. Hence, 6%(p,a) # 0, 67%(p,b) # 0, for two
symbols a,b € X, with a # b.

(1) implies (2): Let w € X* be a string of minimal length such that §(g;, w) =
p, a € X be its last symbol, i.e., w = xa, with x € X*. Let b € X be a symbol
with b # a and 6%(p,b) # 0. Given a minimal REV-DFA A’ = (Q', 2,8, ¢}, F')
accepting L and the morphism ¢ : A" — M, we consider the state p = §' (¢}, w).
Then ¢'(5) = p.

We show how to build a minimal REV-DFA A" nonisomorphic to A’. The idea
is to use the set of states Q" as in A’ and to modify only the transitions which
simulates the transitions that in M enter the state p with the letter b. There are
different cases.

When 6% (p, b) = (), it should exist € cp'_l (p) such that p # p and §(G,b) =
D, for some ¢ € Q'. The automaton A” is defined as A’, with the only difference
that the transition 6’(¢,b) = p is replaced by 6”(¢,b) = p. To prove that it
is nonisomorphic to A’, we consider a string y € X* of minimal length such
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that &'(q7,y) = ¢. Then §'(q7,yb) = p # &' (qf. w) = p, while " (¢}, yb) = p =
5" (a5, w).
When 6'(p,b) # () we can use one of the following possibilities:

— If there exists p # p such that 8% (j, b) # 0, then it should also exist §,§ € Q’
with ¢ # ¢ such that §'(¢,b) = p and §'(G, b) = p. The automaton A” is defined
by switching the destinations of these two transitions, namely by replacing
them by ¢”(g,b) = p and 6”(§,b) = p. The proof that A" and A” are non
isomorphic is exactly the same as in the previous case.

— If there exists p # p such that 6'(p,b) = (), then we can consider ¢ such that
4'(¢,b) = p, and define A” by replacing this transition by ¢6”(g,b) = p. Let
y € X* be a string of minimal length such that &' (¢, y) = ¢. Then (¢}, ydb) =
p = ¢ (¢}, w). On the other hand 6”(¢},yb) = p # p = 6”(¢}, w). Hence, A’
and A” are nonisomorphic.

Finally, we observe that in all cases, the automaton A” has the same number of
states as A’. Furthermore, the construction preserves reversibility. a

As a consequence of Theorem 5 we obtain the following characterization of
reversible languages having a unique minimal (hence a minimum) REV-DFA:

Corollary 6. Let L be a reversible language and M = (Q, X, d,q1, F) be the
minimum DFA accepting it. There exists a unique (up to isomorphism) minimal
REV-DFA accepting L if and only if for each state p € Q with c¢(p) > 2, all the
transitions entering in p are on the same symbol.

When the minimum DFA accepting a reversible language contains a loop in
the irreversible part, i.e., in the part “after” an irreversible state, the condition in
Corollary 6 is always false, hence there exist at least two minimal nonisomorphic
REV-DFAs. This is proved in the following result:

Theorem 7. Let M = (Q,X,0,q1,F) be the minimum DFA accepting a
reversible language L. If there exists an irreversible state q € Q such that the
language accepted by computations starting in q is infinite, then there exists a
state p € Q such that c(p) > 2, §%(p,a) # 0 and §%(p,b) # 0, for two symbols
a,b e X, with a #b.

Proof. Let p € @ be a state reachable from ¢ which belongs to a nontrivial
scc C. Hence ¢(p) > 2. Among all possibilities, we choose p in such a way that
all the other states on a fixed path from g to p does not belong to C'. Since C'
is nontrivial, it should exist a transition from a state of C, which enters in p.
Let a € X be the symbol of such transition. Furthermore, it should exist another
transition which enters in p from a state which does not belong to C. (If p # ¢
then we can take the last transition on the fixed path. Otherwise, since the initial
state is always reversible, we have ¢ # ¢y, and so we can take the last transition
entering in ¢ on a path from ¢;.) Let b the symbol of such transition. If a = b
the automaton M would contain the forbidden pattern (cfr. Theorem 1), thus
implying that L is not reversible. Hence, we conclude a # b. O
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As a consequence of Theorem 7, considering Corollary 6 we can observe that
when a reversible language has a unique minimal REV-DFA, all the loops in the
minimum DFA accepting it should be in the reversible part. However, the converse
does not hold, namely there are languages whose minimum DFA does not contain
any loop in the irreversible part, which does not have a unique minimal REV-DFA.
Indeed, in [3] an example with a finite language is presented.

4 Reduced Reversible Automata

In the section we show that there exist REV-DFAs which are reduced but not
minimal, namely they have more states than equivalent minimal REV-DFAs, but
merging some of their equivalent states would produce an irreversible automaton.
Furthermore, we will prove that there exist reversible languages having arbitrarily
large reduced REV-DFAs and, hence, infinitely many reduced REV-DFAs.

In Fig.2 a reduced REV-DFA equivalent to the DFAs in Fig. 1 is depicted. If
we try to merge two states in the loop, then the loop collapses to unique state,
so producing the minimum DFA, which is irreversible. Actually, this example can
be modified by using a loop of N states: if (and only if) N is prime, we get a
reduced automaton. This is a special case of the construction which we are now

going to present:
a
~(J
a
b b
()=

a

a

Fig. 2. A reduced REV-DFA

Theorem 8. Let M = (Q,X,0,q1,F) be the minimum DFA accepting a
reversible language L. If M contains a state q such that c¢(q) > 2 and the lan-
guage accepted by computations starting in q is infinite, then there exist infinitely
many nonisomorphic reduced REV-DFAs accepting L.
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Proof. Without loss of generality, we assume that the scc C, containing ¢ is
nontrivial. In fact, if this is not the case, we can find a state g which is reachable
from ¢, and so ¢(g) > ¢(q) > 2, and which belongs to a nontrivial scc. Then, we
can give the proof replacing ¢ by ¢.

Let A be a minimal REV-DFA A accepting L, obtained applying the algorithm
outlined in Sect. 2, and N > ¢(g) an integer. The idea is to modify A by replacing
the part corresponding to the scc Cy, with N copies of each state in C; and
arranging the transitions in such a way that all the states in these N copies form
one SCC, without changing the accepted language. Furthermore, all the scc that
follow C, will be replicated a certain number of times. More precisely, we build
a DFA Ay = (Qn, ¥,0n, 91N, Fn) using the following steps:

(i) We put in Ay all the states of A which correspond to sccs C of M with C,; £
C and all the transitions between these states.

(ii) We add N copies of the states in Cy to the set of states of Ay. Given a
state r € Cy, let us denote its copies as 79,71, ...,"N—1.

(ili) We fix a transition d(q, a) = ¢’ of M, with ¢,¢' € Cy. Fori =0,...,N—1, we
define on(g;,a) = quH) mod - and for the remaining transitions, namely
o(r,b) = r’ with (r,b) # (¢,a), we define dn(r;,b) = 7}. In this way in Ay
we have N copies of the scc €, modified in such a way that the transition
from s; on a in copy i leads to the state qu+1) mod n i copy (i+1) mod N.

(iv) We add to An each transition that in A leads from a state added in (i)
to one state in the first ¢(q) copies of Cy added in (iii). (We remind the
reader that A should contain c(g) copies of the scc Cy. Hence, in Ay we
keep exactly the same connections as in A from the states at point (i) to
the states in these copies.)

(v) We complete the construction of Ay by adding a suitable number of copies of
the remaining sccs of M and suitable transitions, in order to derive a REV-
DFA. This can be done just following the steps of the algorithm described
in Sect. 2.

By construction, the automaton Ay so obtained is reversible and it accepts L.
We are going to show that when IV is a prime number then Ay is reduced. To
this aim we shall prove that if we try to merge two equivalent states p’, p” of Ay
then we obtain an irreversible automaton. The proof is divided in three cases:

- p/,p” are equivalent to a state p of M with Cy, A Cp, where C, denotes the
SCC containing p.

These states have been added at step (i), copying them from the minimal
REV-DFA A. By Lemma 3, A contains exactly c¢(p) states equivalent to p. Hence,
merging p’ and p”’, the resulting automaton would contain less than ¢(p) states
equivalent to p and, hence, it cannot be reversible.

— p/,p” are equivalent to a state p of M belonging to C,,.

First, suppose p’ = ¢o and p” = ¢;, 0 < j < n. Considering step (iii),
we observe that there is a string z such that 6(¢’,2) = ¢, then §(q,w) = ¢
and On(¢i,w) = q(4+1)moa N, Where w = az. Thus, for each & > 0,
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d(qo, wk(N_j)) = 4k(N—j) mod N and 5(ijwk(N_j)) = 4j+k(N—j)mod N =
q(k—1)(N—j) mod ~- Hence, merging go and ¢; would imply merging all the
states whose indices are in the set {k(N —j) mod N | k > 0}, which, being N
prime, coincides with {0, ..., N—1}. As a consequence, all the states ¢;, should
collapse in a unique state. However, since ¢(g) > 2, by Lemma 3 this implies
that the resulting automaton is not reversible.

If p' # qo, then we can always find a string y such that dn(p',y) = qo-
Using the transitions introduced at step (iii), we get that én(p”,y) = g;, for
some 0 < j < N. Hence, merging p’ and p” would imply merging ¢ and g,
so reducing to the previous case.

— p/,p” are equivalent to a state p of M, such that C, # C, and C, < C,,.

Let w € X* be such that §(¢,w) = p and p’ = on(¢',w), p”" = dn(¢", w).
From p’ # p”, using the fact that Ay is reversible, we obtain ¢’ # ¢". So, to
keep reversibility, merging p’ and p” would imply merging ¢’ and ¢, which
are equivalent to ¢, so reducing to the previous case.

In summary, for each prime number N > ¢(gq) we obtained a reduced REV-
DFA Ay with more than N states accepting the language L. Hence, we can
conclude that there exist infinitely many nonisomorphic reduced REV-DFAs
accepting L. a

In Theorem 8 we gave a sufficient condition for the existence of infinitely
many reduced REV-DFAs accepting a given language. This condition is not nec-
essary. In fact, even if the minimum DFA does not contain any loop in the irre-
versible part, it could be possible to construct infinitely many reduced REV-DFAs.
For instance, by modifying the construction given to prove Theorem 8, we can
show that if the minimum DFA for a language L has a state p in the irreversible
part, which is entered by transitions on at least two different letters (cfr. Theo-
rem 7) and those transitions are used to recognize infinitely many strings, then
there are infinitely many reduced REV-DFAs accepting L.

a a
~(J ()
a
b b b
b
Fig. 3. The minimum DFA and the minimum REV-DFA accepting the language L =
(aa)” +a*b

a
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5 Conclusion

In this paper we studied the existence of minimal and reduced REV-DFAs. In some
cases the minimum DFA accepting a language is already reversible, so assuring
that the language is reversible. However, in general a minimum DFA does not
need to be reversible, although the accepted language could be reversible. Using
Theorem 1 and the construction from [3] outlined in Sect.2, in the case the
language is reversible, from a given minimum DFA we can obtain a minimal REV-
DFA. Minimal REV-DFAs are not necessarily unique (see Fig. 1 for an example,
while Fig. 3 shows a case with a unique minimal, and hence minimum, REV-DFA).
In Sect. 3 we gave a characterization of the languages having a unique minimum
REV-DFA, in terms of the structure of the minimum DFA.

Here we wanted to go beyond the investigation of minimal REV-DFAs studying
reduced REV-DFAs. We observed the existence of reduced REV-DFAs which are
not minimal and we gave a sufficient condition for the existence of infinitely
many reduced REV-DFAs accepting a same reversible language.

References

1. Angluin, D.: Inference of reversible languages. J. ACM 29(3), 741-765 (1982)

2. Bennett, C.: Logical reversibility of computation. IBM J. Res. Dev. 17(6), 525-532
(1973)

3. Holzer, M., Jakobi, S., Kutrib, M.: Minimal reversible deterministic finite
automata. In: Potapov, I. (ed.) DLT 2015. LNCS, vol. 9168, pp. 276-287. Springer,
Heidelberg (2015)

4. Hopcroft, J.E., Ullman, J.D.: Introduction to Automata Theory, Languages and
Computation. Addison-Wesley, Reading (1979)

5. Kondacs, A., Watrous, J.: On the power of quantum finite state automata. In:
FOCS, pp. 66-75. IEEE Computer Society (1997)

6. Kutrib, M.: Aspects of reversibility for classical automata. In: Calude, C.S.,
Freivalds, R., Kazuo, I. (eds.) Computing with New Resources. LNCS, vol. 8808,
pp. 83-98. Springer, Heidelberg (2014)

7. Kutrib, M.: Reversible and irreversible computations of deterministic finite-state
devices. In: Italiano, G.F., Pighizzini, G., Sannella, D.T. (eds.) MFCS 2015, Part L.
LNCS, vol. 9234, pp. 38-52. Springer, Heidelberg (2015)

8. Landauer, R.: Irreversibility and heat generation in the computing process. IBM
J. Res. Dev. 5(3), 183-191 (1961)

9. Lange, K., McKenzie, P., Tapp, A.: Reversible space equals deterministic space.
J. Comput. Syst. Sci. 60(2), 354-367 (2000)

10. Lombardy, S.: On the construction of reversible automata for reversible lan-
guages. In: Widmayer, P., Triguero, F., Morales, R., Hennessy, M., Eidenbenz, S.,
Conejo, R. (eds.) ICALP 2002. LNCS, vol. 2380, pp. 170-182. Springer, Heidelberg
(2002)

11. Pin, J.-E.: On reversible automata. In: Simon, I. (ed.) LATIN 1992. LNCS, vol. 583,
pp. 401-416. Springer, Heidelberg (1992)



Unary Self-verifying Symmetric
Difference Automata

Laurette Marais'? and Lynette van Zijl' (=)

! Department of Computer Science, Stellenbosch University,
Stellenbosch, South Africa
lvzijl@sun.ac.za
2 Meraka Institute, CSIR, Pretoria, South Africa
laurette.p@gmail.com

Abstract. We investigate self-verifying nondeterministic finite auto-
mata, in the case of unary symmetric difference nondeterministic finite
automata (SV-XNFA). We show that there is a family of languages L,,>2
which can always be represented non-trivially by unary SV-XNFA. We also
consider the descriptional complexity of unary SV-XNFA, giving an upper
and lower bound for state complexity.

1 Introduction

Any nondeterministic finite automaton (NFA) has an equivalent deterministic
finite automaton (DFA) which can by found by applying the subset construc-
tion [1]. This subset construction uses the union set operation. Symmetric differ-
ence NFA (XNFA), on the other hand, employ the symmetric difference set oper-
ation [2] during the determinisation process with the subset construction. XNFA
may also be considered as a special case of weighted automata over GF(2) [3].
XNFA, even in the unary case, are interesting because of the different descrip-
tional complexity when compared to traditional NFA. For example, an n-state
unary XNFA may have an equivalent minimal DFA with 2™ — 1 states, whereas
the bound is e®VY™ "™ in the case of NFA [2]. In this work, we consider self-
verification for XNFA.

Self-verifying NFA (SV-NFA) [4-6] are automata with two kinds of final
states, namely, accept states and reject states. Each path in the automaton may
reach either an “Accept”, “Reject” or “I do not know” state. Once a path has
been found that either accepts or rejects, it is guaranteed that no other path
with the same label will reach the opposite answer. Furthermore, every word is
guaranteed one path that reaches either an accept or a reject state. Consequently,
unlike with NFA, rejection is the result of reaching a reject state, and not the
result of a failure to reach an accept state.

Assent and Seibert [4] showed that any n-state SV-NFA has an equivalent
DFA with O(2"/\/n) states. Jirdskovd and Pighizzini [6] improved their result,
and showed a tight upper bound h(n), where h(n) grows like 35, for an SV-NFA
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with a binary alphabet. In the unary case, it was shown that the upper bound
of e®Vn Inm s not, tight for unary SV-NFA.

In this article, we define self-verifying XNFA (SV-XNFA), and consider the
case of unary SV-XNFA. We show the existence of a family of languages accepted
by unary SV-XNFA, and point out some conditions for the existence of n-state
unary SV-XNFA. We also give an upper bound and lower bound for the state
complexity.

2 Preliminaries

An NFA N is a five-tuple N = (Q, ¥, 6, Qo, F'), where @ is a finite set of states,
X is a finite alphabet, § : Q x ¥ — 29 is a transition function (here, 2% indicates
the power set of @), Qo C @ is a set of initial states, and F C @ is the set of
final (acceptance) states. The transition function § can be extended to strings
in the Kleene closure X* of the alphabet:

8 (g, wowy ... wg) = 6(8(. .. 5(q,wo),w1), ..., wk).

For convenience, we write d(g,w) to mean ¢’ (g, w).

An NFA N is said to accept a string w € X* if ¢y € Qo and §(qo,w) € F,
and the set of all strings (also called words) accepted by N is the language
L(N) accepted by N. Any NFA has an equivalent DFA which accepts the same
language. The DFA equivalent to a given NFA can be found by the subset con-
struction [1]. In essence, the subset construction keeps track of all the states that
the NFA may be in at the same time, and forms the states of the equivalent DFA
by grouping of the states of the DFA. In short,

5(A,0) = | 6(g.0)

qeEA

for any A C @ and o € X.

An XNFA M = (Q,X,0,Qo, F) is defined similarly to an NFA, with the
difference that the XNFA accepts a string w € X* if ¢g € Qo, and |6(qo, w) N F|
is odd. This acceptance condition reflects the parity nature of the XNFA, so
that a string is accepted when there is an odd number of paths which lead to
final states [7]. This definition of acceptance ensures that an XNFA can be seen
as a special case of a weighted automaton [3]. When the subset construction is
applied to find the DFA equivalent to the XNFA, the symmetric difference (in
the set theoretic sense) is used to reflect the parity of the paths. That is,

5(A,0) = @ d(g.0)

qeEA

forany A C Q and 0 € X.
For clarity, the DFA equivalent to an XNFA N is termed an XDFA and
denoted with Np (with corresponding Qp, ép etc.).
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It was shown (amongst others) in [2,7] that XNFA can be investigated by
considering them as linear machines over the Galois field GF(2). We also use
that approach in this work. Consider the transition table of a unary XNFA
N = (Q,X,0,Qo, F), where each row represents a mapping from a state ¢ € @
to a set of states P € 2%. Then P can be written as a vector with a one in
position i if g; € P, and a zero in position ¢ if ¢; ¢ P. Hence, the transition
table can be represented as a matrix of zeroes and ones (see Example 1). This
is known as the characteristic or transition matrix of the XNFA.

Initial and final states can be represented by vectors, and appropriate vector
and matrix multiplications over GF(2) represent the behaviour of the XNFA!.
For more detail, see for example [3]. For the purposes of this work, we consider
only unary XNFA with one alphabet symbol. In general, for larger alphabets,
there is a matrix associated with each alphabet symbol.

Let M be the characteristic matrix of N. The characteristic polynomial ¢(X)
of M is given by det(M — IX), and ¢(X) is said to be the characteristic poly-
nomial of N.

Note that the characteristic matrix of an XNFA does not contain information
about the choice of initial and final states, so in fact any such matrix represents
a set of XNFA sharing a transition graph but differing in choice of initial and
final states. A characteristic polynomial is associated with the matrix, but many
matrices may share the same polynomial, so a polynomial over GF(2) represents
a set of characteristic matrices. A useful result from linear field theory [8] states
that any monic polynomial ¢(X) = X™ + "1 X" 4+ o X? + 1 X + ¢ over
GF(2) has a so-called companion matrix (also called a normal form matrix) M
of the form

00...0 Co
10...0 &
M = 01...0 Co
00...1071,1

Thus, given a polynomial over GF(2), it is possible to construct its companion
matrix directly, and then construct an XNFA from the companion matrix. Such
an XNFA will have the transition function 6(g;,a) = ¢;4+1 for 0 < i <n—1, and
¢; € 0(gn—1,a) for all j such that ¢; # 0.

Finally, each ¢(X) over GF(2) is associated with a certain cycle structure.
Specifically, given a unary XNFA N, the properties of its characteristic polyno-
mial ¢(X) allow conclusions about the possible length of the cycle of states of
the equivalent XDFA Np (see for example [2,8,9]).

Theorem 1. [8] Let ¢(X) be a polynomial of degree n over GF(2) that does
not have X as a factor.

— If ¢(X) is a primitive irreducible polynomial over GF(2), then ¢(X) has a
single cycle of length 2™ — 1.

'In GF(2),14+1=0.
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— If ¢(X) is an irreducible but not primitive polynomial over GF(2), then ¢(X)
has (2™ — 1)/b cycles of length b, where b is a factor of 2™ — 1.

— If ¢(X) is a reducible polynomial over GF(2), consider its factors. For each
cycle of length k; induced by factor ¢,(X) and for each cycle of length k;
induced by factor ¢;(X), c(X) has gcd(ki, kj) cycles of length lem(k;, kj).

The choice of initial states for N determines which cycle in the cycle structure
of ¢(X) represents the equivalent XDFA Np. We give an example of an XNFA
to illustrate the discussion above.

Ezample 1. Let N be an XNFA where Q = {qo,¢1,92,93}, X = {a}, Qo = {q0},
F = {q1,q3} and ¢ is defined in Table1 (start states are indicated by —, and
final states by «). This corresponds to the matrix M below and characteristic
polynomial ¢(X) = X* + X3 + X + 1.

0001
1001
M =
0100
0011
Table 1. Transition function Table 2. Transition function of Np
of N
S oD a
9 |a — [qo] [q1]
— qo | q1 — |q1 q2
— 41]Qq2 q2 q3
a2 | 93 — [q3} [q07QI7Q3]
“— (g3|4o,91,43 q0, 491, 43 q07q27q3]
— [g0, 92, 3] | [q0]

The transition function dp of the equivalent XDFA Np is shown in Table 2
and Np is shown in Fig. 1. Note that [go,q1,q3] ¢ Fp, since it contains an even
number of states from F.

@ —>[ q2 '—» IER S— qo(’]gl’

a N
q0, 92,

start —=| 4o p

Fig. 1. Example 1: Np
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We now recap the definition of SV-NFA:

Definition 1. [4,6] A self-verifying nondeterministic finite automaton (SV-
NFA) is a 6-tuple N = (Q, X,0,Qo, F®* F"), where Q, X, and Qo are defined
as for standard NFA. Here, F* C @ and F" C @Q are the sets of accept and
reject states, respectively. The remaining states, that is, the states belonging to
Q\ (F*U F"), are called neutral states. For each input string w in X*, it is
required that there exists at least one path ending in either an accept or a reject
state; that is, §(qo, w)N(F*UF") # 0 for any qo € Qo, and there are no strings w
such that both 6(qo, w) NF® and §(q1,w) NF" for any qo,q1 € Qo are nonempty.

Unlike an NFA, an SV-NFA leads to an explicit answer state for any string
w € X*. Hence, its equivalent DFA must do so too. The path for each w in a
DFA is unique, so each state in the DFA is an accept or reject state. Hence, for
any DFA state d, there is some SV-NFA state ¢, € d such that ¢, € F'* so that
d € Fjy or g, € F" so that d € F[,. Since each state in the DFA is a subset of
states of the SV-NFA, accept and reject states cannot occur together in a DFA
state. That is, if d is a DFA state, then for any p,q € d, if p € F* then q ¢ F"
and vice versa.

Combining the notions of SV-NFA and XNFA, we now define SV-XNFA.

Definition 2. A self-verifying symmetric difference finite automaton (SV-
XNFA) is a 6-tuple N = (Q, X,0,Qo, F*, F"), where Q, X, 6 and Qo are defined
as for XNFA, and F* and F" are defined as for SV-XNFA. That is, each state
in the SV-XDFA equivalent to N must contain an odd number of states from
either F'* or F", but not both.

Note that the acceptance condition for SV-XNFA (or the SV condition)
implies that if a state in the SV-XDFA of an SV-XNFA N contains an odd
number of states from F'%, it may also contain an even number of states from
F7", and so belongs to Fj, and vice versa. Parity is not applied to neutral states,
so that any state in the XDFA may contain any number of neutral states from V.

The choice of F* and F" for a given SV-XNFA N is called an SV-assignment
of N. An SV-assignment where either F'* or F" is empty, is called a trivial SV-
assignment. Otherwise, if both F'* and F" are nonempty, the SV-assignment is
non-trivial.

Definition 3. Let N be an XNFA. A non-trivial SV-assignment for N such
that L(N) # O and L(N) # X*, is called an interesting SV-assignment. An
SV-XNFA with an interesting SV-assignment is called an interesting SV-XNFA.

Ezample 2. Let N be an XNFA where Q = {qo,41,92,93,q1}, X = {a}, Qo =
{90, ¢1} and ¢ is defined in Table 3.

The transition function ép of the equivalent XDFA is shown in Table 4. Then
F* = {qg2,q4} and F" = {qo} is an interesting SV-assignment. The resulting SV-
XDFA Np is shown in Fig. 2. We see that Ff, = {[q1, ¢2], [42, 43, [¢3, @4], [q1, qa] }
since these states each contain one state from F¢. Similarly, it holds that
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Table 3. Transition function Table 4. Transition function of Np
of N
(5[) a

0 |a r= [907(11} [qth]
r 2 qo|q o — |q1,q2] l92, g3]
- @@ o — lg2,4q3] g3, q4]
a " 92|43 a < [q37q4} [q07q17q27q4]

43 | g4 r — lg0,q1,92,q4] [ (90, g3]
a " 44]90,q1,G2 r < [0, s3] lg1, q4]

o — [qu,qa] g0, q1]
q1, 42 42,43 q3,44

f ) 0,1,
q1,44 4—[610,(13 ]4—[ 42, 1 ]

Fig. 2. Example 2: Np

FL = {lqo,a1]; g0, 15925 4], [q0, g3]}, since each state contains go. Note that
[90, g1, @2, q4] contains an even number of states from F. O

We now investigate when interesting SV-assignments are possible for unary
XNFA.

3 Unary SV-XNFA

Consider any unary XNFA N and its corresponding transition matrix M over
GF(2). Then M can be either singular, or non-singular. If M is singular, it
is known [8] that the XDFA Np equivalent to N forms a state graph with a
transient head followed by a cycle. If M is non-singular, then Np forms a cycle.
In the rest of this article, we only consider unary XNFA whose transition matrices
are non-singular. By Lemma 1 below, this means we only consider polynomials
over GF(2) that do not have X as a factor.

Noting the correspondence between a given XNFA | its matrix representation
over GF(2) and the corresponding characteristic polynomial ¢(X), we investi-
gate whether there are properties of polynomials that guarantee the existence or
non-existence of SV-assignments for XNFA with certain characteristic polyno-
mials. We are specifically interested in finding properties that will guarantee the
existence of SV-XNFA with n states that accept languages that require np > n
states in the equivalent SV-XDFA. This implies that we focus on interesting
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SV-assignments when determining the existence of SV-XNFA for certain poly-
nomials.

Lemma 1. The companion matriz of a polynomial over GF(2) is singular if
and only if X is a factor of the polynomial.

Proof. Let ¢(X) be some polynomial over GF(2) of degree n. If and only if X
is a factor of ¢(X), then the coefficient of X is zero, and so in the companion
matrix, Mo n,—1 = 0. Then det(M) = 0, which implies that M is singular [9]. O

Theorem 2. There is no n-state SV-XNFA such that its characteristic polyno-
maial is primitive and irreducible.

Proof. Let N = (Q, X, §,Qqo, F) be an n-state unary XNFA with characteristic
polynomial ¢(X). If ¢(X) is primitive and irreducible, then the XDFA Np forms
a cycle of length 2" — 1. Each state in the cycle is a non-empty subset of Q.
If there are 2™ — 1 states, then every non-empty subset of ) is a state in the
XDFA, including the state consisting of all the states in Q.

Since each ¢ € Q appears as a state in the cycle, each ¢ must either be an
accept or reject state. There are two cases to consider. If n is even, then the
state consisting of all the states in () contains either an even number of accept
states and an even number of reject states, or an odd number of accept states
and an odd number of reject states. In either case the SV condition is violated,
since each SV-XDFA state must contain an odd number of either F'® or F", but
not both.

On the other hand, if n is odd, then — in order for the state consisting of all
the states in @ to be either accepting or rejecting — some A C @) where | A| is odd
must contain, say, the accepting states, while @ \ A contains the rejecting states
and |@ \ A] is even. But the XDFA also contains a state consisting of @ \ A4,
that is a state consisting entirely of an even number of reject states. Hence if
n is odd, this necessarily results in a neutral state in the XDFA, which again
violates the SV condition. Therefore, no SV-XNFA is possible. O

Note that Theorem 2 excludes all SV-assignments for primitive polynomials,
including trivial or uninteresting SV-assignments. On the other hand, we now
prove that for a certain family of polynomials, interesting SV-assignments are
always possible.

Theorem 3. Let ¢(X) = X" + X" ! + X + 1, with companion matriz M, and
let N be an XNFA with transition matric M and Qo = {qo}. Then N has an
interesting SV-assignment, and the equivalent XDFA Np forms a cycle of length
2n — 2.

Proof.  The transition function of N is given in Table5. Since §(g;,a) =
¢i+1 for all ¢ < m — 1, the XDFA Np contains the states [qo], [¢q1], ---s [¢n—1]
in its cycle. Also, (5(qn,1, a) = {q0,q1,9n-1}. Now, (5({q0,qz,qn,1}7 a) =
{90, Giv1,qn-1} for 1 < i < n — 3, since 6({qo, ¢i, gn-1},0) = {q1} © {qis1} ©
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Table 5. Transition function of N with ¢(X) = X" + X"~ ! + X +1

1) a

qo q1
q1 q2

dn—2 | n—1
qn—1 140,41, qn—1

{90, 91,01} = {90, Gi+1,qn-1}, @8 giy1 # qn—1 for 1 < i < n — 3. However,
6({90: gn-2,qn-1},a) ={a1} & {qn—2+1} ® {00, q1,qn—1} = {qo}. Therefore, Np
contains [qol, [¢1], ---, [gn—1] and [qo, @i, gn—1] for 1 < i < n — 2, and hence has
n+n—2=2n — 2 states.

Now, since every state in Np has odd size, any choice of F* and F" so that
FCUF"=Q and F*NF" = () with F'* and F" non-empty will guarantee that
each state in the XDFA contains an odd number of states from either F'® or
F" and zero or an even number of states from the other, and hence will be a
non-trivial SV-assignment. Since [qo], [¢1]; --, [gn—1] € @b, it will also necessarily
be an interesting SV-assignment. O

3.1 Languages for Unary SV-XNFA

Given the existence of SV-XNFA for certain ¢(X) as shown above, we may now
consider whether there is a family of languages £,,>2 such that each £; may be
represented by an SV-XNFA in a non-trivial way. That is, we consider whether
there are languages that may be represented by SV-XNFA with n states that
require np > n states in their equivalent SV-XDFA. The next theorem presents
such a language family.

Theorem 4. For any integer n > 2, let £,, = > =2 fori >0 and 0 < j <
n—1, and L = a®r=243 fori >0 andn—1<j < 2n—2. Then there exists
a pair of SV-XNFA with n states and the same transition graph that accept L,
and LS respectively. Moreover, these languages each require an SV-XDFA with
2n — 2 states.

Proof. Using the construction given in the proof of Theorem 3, we construct N
with n states so that Np has 2n—2 states. The states in the SV-XDFA are given
in Fig. 3.

Then F* = {¢;|0 < ¢ < n—2} and F" = {g,—1} is an interesting SV-
assignment. Consequently, do,d, ...,dy—2 € Fp and dy—1,dy, ...,d2,—3 € F[), so
the language accepted by N is £, = a®*=2)*J for i > 0and 0 < j < n — 1.
Since this pattern of n — 1 accept states followed by n — 1 reject states requires
2n — 2 states, Np is the minimal SV-XDFA that accepts L,,.
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do = [qo]

di = [q1]
dn—2 = [Qn—Q]
dn-1 = [Q7L71]

dn = [q07q17Qn71]
dny1 = [qo, g2, gn—1]

d2n—3 = [q07 qn—2, Qn—l]

Fig. 3. Theorem 4: states in the SV-XDFA

Also, F" = {¢;|0 < i < n —2} and F* = {¢,—1} is an interesting SV-
assignment that would cause dy,d1,...,dp—2 € F[, and dyp—1,dy, ...,d2n—3 € Fj
so that N accepts £& = a®*=2)+7 for i > 0 and n — 1 < j < 2n — 2. Similarly
as for L, 2n — 2 states are required to accept L.

This leads to a pair of SV-XNFA with n states and the same transition
graphs that accept £,, and L¢ respectively, while in the deterministic case, an
SV-XDFA with at least 2n — 2 states is required. O

The ability of self-verifying automata to represent complementary pairs of
languages using the same transition graph is discussed in [10].

3.2 Descriptional Complexity of Unary SV-XNFA

We now turn to the question of state complexity for SV-XNFA. By Theorem 1,
the maximum cycle length for any ¢(X) of degree n is 2™ — 1, and therefore this
is an upper bound for the number of states in the equivalent XDFA of any XNFA
with n states. However, it is not a tight upper bound for SV-XNFA, because this
cycle length is only achieved if ¢(X) is primitive and from Theorem 2 it is clear
such XDFA cannot have SV-assignments. Instead, we show in this section that
for certain ¢(X) of degree n, there exist SV-XNFA with characteristic polynomial
¢(X) for which the equivalent SV-XDFA have at least 27! — 1 states, and that
for any n > 2, there is a language L, that can be represented by an n-state
SV-XNFA while requiring an (2"~ — 1)-state SV-XDFA.

Lemma 2. Let ¢(X) = (X 4+ 1)¢p(X) be a polynomial of degree n with non-
singular companion matriz M, and let N be an XNFA with transition matriz M
and Qo = {qo}. Then the equivalent XDFA Np has the following properties:

1. |@Qp| >n
2. |d| is odd for d € Qp
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3. lao) [n); s lan—] € Qp

Proof. Since X + 1 is a factor, 1 is a root of the polynomial, and so ¢(X) must
have an even number of terms, including X°. The companion matrix M of ¢(X)
is

000 ---00 ¢
100 ---00 ¢
010 ---00 e

000 ---10¢n 2
(000 ---01¢p ]

The last column contains an odd number of 1’s, representing an odd number
of transitions from state g,—;. That is, d(gn—1,a) = {g.|c € C} = Q. where |C|
is odd.

Since 6(¢;,a) = ¢+1 for all i < n — 1, Np contains the states
[90], [q1]s -5 [gn—1], as well as [Q.], and therefore forms a cycle with at least
n + 1 states. These states all have odd size, so it only remains to show that all
other states in the cycle must have odd size as well.

Let P = {qiy,Giy,---+4i, } © @ where k is even and so |P| is odd. Then if
ij < mn—1 for all 0 < ] < k, then 6(P,CL) = {Qi0+17Qi1+17"'7Qik+1}7 and so
|0(P, a)| must be odd as well. However, suppose ¢,—1 € P. We may assume that
Gn—1 = ¢i,,- Let P' = {qig+1,%i, 415 - ¢y, |, 80 |P'| = |P| — 1 and therefore even.
Then 6(P,a) = P’ @ Q.. Let m = |P' N Q¢|. Then [§(P,a)| = |P'| + |Qc| — 2m.
Since |P’| is even, |Q.| is odd and 2m is even, it follows that |6(P,a)| is odd.

Therefore, any state with odd size in Np transitions to a state with odd size,
and so all the states in the XDFA cycle have odd size. a

Theorem 5. Let ¢(X) = (X 4+ 1)¢(X) be a polynomial of degree n with non-
singular companion matriz M. Then there is an XNFA N with transition matrix
M and Q = {qo} for which there is an interesting SV-assignment.

Proof. From Lemma 2 it follows that the XNFA N whose transition matrix is
the companion matrix of ¢(X) has a cycle with length greater than n in which
each state has odd size. Furthermore, [qo], [¢1], ..., [¢n—1] are all states in Qp, so
qo,q1,---, Gn—1 must all be in either F'* or F".

Therefore, any choice of F'* and F" so that FCUF"™ = Q and FC°NF" = ()
with F'® and F" non-empty will guarantee that each state in the XDFA contains
an odd number of states from either F'* or F" and zero or an even number of
states from the other, and hence will be an interesting SV-assignment. O

Lemma 3. Let ¢(X) = (X + 1)¢(X) be a polynomial of degree n with non-
singular companion matric M and where ¢(X) is a primitive polynomial. Let N
be an XNFA with transition matriz M and Qo = {qv}, then Np forms a cycle
of length 21 — 1.
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Proof. We calculate the number and lengths of all cycles for ¢(X). By Theorem 1,
factors X + 1 and ¢(X) each induce a single cycle of length 2™ — 1 with m =1
and m = n — 1 respectively, as well as a single cycle each of length 1, which is
the so-called empty cycle €. Therefore ¢(X) has the following cycles:

— ex41 and X + 1: ged(1,1) cycle(s) of length lem(1,1)
— gg(x) and X + 1: ged(1, 1) cycle(s) of length lem(1,1)
— ex41 and ¢(X): ged(1,2"1 — 1) cycle(s) of length lem(1,2771 — 1)

— g4(x) and ¢(X): ged(1,2"71 — 1) cycle(s) of length lem(1,2"~ — 1)

Therefore, ¢(X) has two cycles of length 1, one of which is e.(x), and two
cycles of length 2! — 1. By Lemma 2, Np must be a cycle with length greater
than n, so it must have length 27~ — 1. O

Theorem 6. For any n > 2, there is an interesting SV-XNFA N whose equiv-
alent Np has 2"~1 — 1 states.

Proof. Let ¢(X) = (X + 1)¢(X) be a polynomial of degree n, where ¢(X) is a
primitive polynomial, and let M be its non-singular companion matrix. Let N
be an XNFA with transition matrix M and let Qo = {qo}. By Theorem 5, N has
an interesting SV-assignment, and by Lemma 3, the equivalent Np has 277! —1
states. a

The following theorem shows that, for any n > 2, there exists an n-state SV-
XNFA that accepts a language requiring at least 27! —1 states in an equivalent
SV-XDFA.

Theorem 7. For any n > 2, there is a language L, so that some n-state SV-
XNFA accepts L, and the minimal SV-XDFA that accepts L, has 2" ! — 1
states.

Proof. Let ¢(X) = (X +1)¢(X) where ¢(X) is a primitive polynomial and let
¢(X) have degree n. We construct an SV-XNFA N with n states whose equivalent
Np has 2"~! — 1 states as in Theorem 6, and let F* = {qo} and F" = Q \ F°.
Then £ = a®" =D+ for i > 0 and j € .J, where J is some set of integers. Now,
from the transition matrix of N it follows that 0,n € J, while 1,2,...n—1 ¢ J,
since qo € d(qo,a™) and go ¢ d(go,a™) for m < n.

If there is an N}, with fewer than 2"~! — 1 states that accepts £, then there
must be some d; # {qo} € Qp such that gy € dj, go € 6(d;,a™) and there is no
m < n so that go € §(d;,a™).

Let dj, be any state in Np such that di # {qo}. Let max(dy) be the largest
subscript of any SV-XNFA state in di. Then max(dy) > 0. Let m = n—maz(dy),
so m < n, then from the transition matrix of N it follows that gy € d(dg,a™).
That is, for any dj, there is an m < n so that ¢g € §(dg,a™).

Therefore, there is no N, with fewer than 2"~! — 1 states that accepts £.0

This gives a lower bound of 27~ — 1 for the state complexity of unary SV-
XNFA.
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4 Conclusion

We introduced the notion of unary self-verifying symmetric difference automata,
and showed that for certain polynomials, interesting SV-XNFA exist. We also
showed that for primitive polynomials, no SV-assignments for unary XNFA are
possible. This provides an upper bound of 2 — 1 on the state complexity of
unary SV-XNFA that is known not to be tight. Furthermore, we demonstrated
that 27~! — 1 is a lower bound for unary SV-XNFA.

Directions for future work include determining a tight bound, as well as
providing a more detailed exposition of the properties of polynomials over GF(2)
that lead to SV-assignments, and especially interesting SV-assignments. Also,
further consideration may be given to the question of which languages can be
represented succinctly by SV-XNFA.

References

1. Hopcroft, J.E., Ullman, J.D.: Introduction to Automata Theory, Languages, and
Computation, 1st edn. Addison-Wesley Longman Publishing Co., Inc., Boston
(1990)

2. Van Zijl, L.: Generalized nondeterminism and the succinct representation of regular
languages. Ph.D. thesis, University of Stellenbosch (1997). http://www.cs.sun.ac.
za/~1vzijl/publications/boek.ps.gz

3. Van der Merwe, B., Tamm, H., Van Zijl, L.: Minimal DFA for symmetric difference
NFA. In: Kutrib, M., Moreira, N., Reis, R. (eds.) DCFS 2012. LNCS, vol. 7386,
pp. 307-318. Springer, Heidelberg (2012)

4. Assent, I., Seibert, S.: An upper bound for transforming self-verifying automata
into deterministic ones. RAIRO-Theoretical Informatics and Applications-
Informatique Théorique et Applications 41(3), 261-265 (2007)

5. Hromkovi¢, J., Schnitger, G.: On the power of Las Vegas II. Two-way finite
automata. In: Wiedermann, J., Van Emde Boas, P., Nielsen, M. (eds.) ICALP
1999. LNCS, vol. 1644, pp. 433-442. Springer, Heidelberg (1999)

6. Jiraskova, G., Pighizzini, G.: Optimal simulation of self-verifying automata by
deterministic automata. Inf. Comput. 209(3), 528-535 (2011). Special Issue: 3rd
International Conference on Language and Automata Theory and Applications
(LATA 2009)

7. Vuillemin, J., Gama, N.: Compact normal form for regular languages as Xor
automata. In: Maneth, S. (ed.) CIAA 2009. LNCS, vol. 5642, pp. 24-33. Springer,
Heidelberg (2009)

8. Stone, H.S.: Discrete Mathematical Structures and their Applications. Science
Research Associates, Chicago (1973)

9. Dornhoff, L.L., Hohn, F.E.: Applied Modern Algebra. Macmillan Publishing Co.,
Inc., Collier Macmillan Publishers, New York, London (1978)

10. Geffert, V., Pighizzini, G.: Pairs of complementary unary languages with “bal-
anced” nondeterministic automata. Algorithmica 63(3), 571-587 (2010)


http://www.cs.sun.ac.za/~lvzijl/publications/boek.ps.gz
http://www.cs.sun.ac.za/~lvzijl/publications/boek.ps.gz

State Complexity of Prefix Distance
of Subregular Languages

Timothy Ng, David Rappaport, and Kai Salomaa(*)

School of Computing, Queen’s University, Kingston, ON K7L 3N6, Canada
{ng,daver,ksalomaa}@cs.queensu.ca

Abstract. The neighbourhood of a regular language of constant radius
with respect to the prefix distance is always regular. We give upper
bounds and matching lower bounds for the size of the minimal deter-
ministic finite automaton (DFA) needed for the radius k prefix distance
neighbourhood of an n state DFA that recognizes, respectively, a finite,
a prefix-closed and a prefix-free language. For prefix-closed languages
the lower bound automata are defined over a binary alphabet. For finite
and prefix-free regular languages the lower bound constructions use an
alphabet that depends on the size of the DFA and it is shown that the
size of the alphabet is optimal.

1 Introduction

The neighbourhood of radius r of a language L consists of all strings that are
within distance at most r from some string of L. A distance measure d is said
to be regularity preserving if the neighbourhood of any regular language with
respect to d is regular. Calude et al. [2] have shown that additive distances are
regularity preserving. Additivity requires, roughly speaking, that the distance
is compatible with concatenation of words in a certain sense and best known
examples of additive distances include the Levenshtein distance and the Ham-
ming distance [2,5].

The prefix distance of two words u and v is the sum of the lengths of the
suffixes of v and v that begin after the longest common prefix of u and v.
The suffix distance and the factor distance are defined analogously in terms
of the longest common suffix (respectively, factor) of two words. It is known
that the prefix, suffix and factor distance preserve regularity [4].

By the state complexity of a regularity preserving distance we mean the
worst-case size of the minimal deterministic finite automaton (DFA) needed to
recognize radius r neighbourhood of an n state DFA language (as a function of
n and 7). Tight bounds for the state complexity of prefix distance were recently
obtained by the authors [14].

Worst-case state complexity bounds for general regular languages typically
cannot be matched by finite languages, as first observed by Campeanu et al. [3],
and the same holds for other proper sub-families of the regular languages.
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Relations between different sub-regular language families have been investigated
recently by Holzer and Truthe [11]. Bordihn et al. [1] have studied the state
complexity of determinization of automata for the different sub-regular language
families and further recent work on the state complexity of sub-regular language
families has been done by Holzer et al. [8,10].

Here we study the state complexity of prefix distance for finite languages.
Additionally, we concentrate on the classes of prefix-closed and prefix-free regular
languages because their corresponding restricting properties can be viewed to
be related to the definition of the prefix distance measure. We give tight state
complexity bounds for the prefix distance of finite, prefix-closed and prefix-free
regular languages. In the case of finite languages and prefix-free languages the
lower bound construction uses an alphabet that depends linearly on the size
of the DFA. We establish that the general upper bound cannot be matched by
languages defined over an alphabet of smaller size.

2 Preliminaries

We briefly recall some definitions and notation used in the paper. For all unex-
plained notions on finite automata and regular languages the reader may consult
the textbook by Shallit [15] or the survey by Yu [16]. A survey of distances is
given by Deza and Deza [5]. Recent surveys on descriptional complexity of reg-
ular languages include [6,9,13].

In the following X is always a finite alphabet, the set of strings over X' is
X* and ¢ is the empty string. The reversal of a string z € X* is ', The set of
nonnegative integers is No. The cardinality of a finite set S is denoted |S| and
the powerset of S is 2°. A string w € X* is a substring or factor of z if there
exist strings u,v € X* such that z = vwv. If u = ¢, then w is a prefiz of z. If
v =g, then w is a suffiz of x.

A nondeterministic finite automaton (NFA) is a 5-tuple A = (Q, X, 9, Qo, F)
where @ is a finite set of states, Y is an alphabet, § is a multi-valued transition
function 6 : Q x ¥ — 29, Qo C Q is a set of initial states, and F C Q is a set of
final states. We extend the transition function d to a function @ x ¥* — 2@ in the
usual way. A string w € X* is accepted by A if, for some qy € Qq, (g0, w)NF # ()
and the language recognized by A consists of all strings accepted by A. An e-NFA
is an extension of an NFA where transitions can be labeled by the empty string
£ [15,16], i.e., § is a function @ x (X U{e}) — 2%. It is known that every e-NFA
A has an equivalent NFA without e-transitions and with the same number of
states as A. An NFA A = (Q,X,4,Qq, F) is a deterministic finite automaton
(DFA) if |Qo] = 1 and, for all ¢ € Q and a € ¥, §(q,a) either consists of one
state or is undefined. Two states p and ¢ of a DFA A are equivalent if §(p, w) € F
if and only if 6(q,w) € F for every string w € X*. A DFA A is minimal if each
state ¢ € @ is reachable from the initial state, a final state is reachable from
each state ¢, and no two states are equivalent.

Note that our definition of a DFA allows some transitions to be undefined,
that is, by a DFA we mean an incomplete DFA. Tt is well known that, for a regular
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language L, the sizes of the minimal incomplete and complete DFAs differ by at
most one. The constructions used in this paper are more convenient to formulate
using incomplete DFAs but our results would not change in any significant way
if we were to require that all DFAs are complete. The (incomplete deterministic)
state complexity of a regular language L, sc(L), is the size of the minimal DFA
recognizing L.

We define pref(L) to be the language of all prefixes of words belonging to L,

pref(L) ={u e X* | (3v e X*)uwvw € L}.

A language L is prefiz-closed if L = pref(L). A language L is prefiz-free if no
word u € L is a proper prefix of any other word in L. A DFA A is non-exiting if
a final state of A has no outgoing transitions. The minimal DFAs recognizing a
prefix-free language have always the following property.

Lemma 1 ([7]). If A is minimal and L(A) is prefiz-free, then A is non-exiting.

To conclude this section, we recall definitions of the distance measures used
in the following. Generally, a function d : X* x X* — [0,00) is a distance if
it satisfies for all x,y,z € X*, the conditions d(z,y) = 0 if and only if x = y,
d(z,y) = d(y,x), and d(z, z) < d(x,y)+d(y, z). The neighbourhood of a language
L of radius k with respect to a distance d is the set

E(L,d, k) ={we X" | (3r € L) dw,z) < k}.

Let xz,y € X*. The prefiz distance of x and y counts the number of symbols
which do not belong to the longest common prefix of « and y [4]. Formally, it is
defined by

dp(z,y) = o] + |yl = 2 max{|z| | 2,y € 227}

The state complexity of prefix distance was established in [14].
Theorem 1 ([14]). Forn >k >0, if sc(L) = n then

k(k + 1)

sc(E(L,dy, k) <n-(k+1)— 5

and this bound can be reached in the worst case.

To conclude this section we recall from [14] the construction of a DFA that
recognizes the prefix-distance neighbourhood of a regular language.
Let A= (Q,X,6,q0, F) be a DFA and v4 : Q — Ny be a function defined by

¢alq) = min {Jw]| (g, w) € F}

The function @ (g) gives the length of the shortest path from a state ¢ to the
closest reachable final state. Note that if ¢ € F', then ¢4(q) = 0.

We construct a DFA A" = (Q',X,¢,q,, F') for the neighbourhood
E(L(A),dp, k), k € N, as follows. We define the state set

Q=(Q—F)x{l,....k+1)UFU{ps,....pr}. (1)
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The initial state ¢(, is defined by

o, if go € F}

!

a = < (q0,04(q0)) ifgo & F and pa(qo) < k;
(go, k+1) if go € F and v 4(qo) > k.

The set of final states is given by
F'=(Q—-F)x{l,....k}))UFU{p1,...,pk}-

Let gi.q = 0(4,a) for i € Q and a € X, if §(4,a) is defined. Then for all a € X,
the transition function ¢’ is defined for states ¢« € F by

(i,0,1), if gia € Q — F;
6/(i7a) = qi,aa if Gia € Fa
p1, if 6(4,a) is undefined.

For states (i,5) € Q — F x {1,...,k+ 1}, ¢ is defined

Qi,aa 1f qi,a S }77
5/((2 ]) a) _ (Qi,aamin{j + 1780,4((]1',(1)}); if QOA(q@',a) or j+1<k;
o (Giar k + 1), if pa(gie) and j+1> k;
Pj+1, if (7, a) is undefined.

Finally, we define ¢’ for states py for £ =1,...,k —1 by §'(pe,a) = pes1.

The following Proposition 1 follows from the proof of Proposition 2 of [14].
Note that Proposition 2 of [14] establishes a stronger claim and the statement of
the below proposition includes only the parts that we need in the later sections.

Proposition 1 ([14]). (a) The DFA A’ recognizes the neighbourhood
E(L(A)adpak)

(b) The elements of the set Syr = {(¢,7) | ¢ € Q—-F,1<j<k+1,7>0a(q)}
are all unreachable as states of the DFA A’.

3 Neighbourhoods of Finite Languages

We first consider the state complexity of neighbourhoods of finite languages with
respect to the prefix distance.

Proposition 2. Let L be a finite language recognized by a minimal DFA A =
(Q, 2,6, q0, F) with n states. Then

sc(E(L,dp, k) < (n—2)-(k+1)—k* +2.
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Proof. We know that the neighbourhood of L of radius k with respect to the
prefix distance is recognized by a DFA A’ = (Q’, X, ', ¢().F") obtained from A as
in Proposition 1 where, furthermore, all elements of the set Sy, are unreachable.
We show that there are more unreachable states in the case of finite languages.

Since A is acyclic, the number and length of words that reach each state
g € @ is bounded. For ¢ € Q, let w, denote the longest word that reaches ¢ from
the initial state gy without passing through a final state. Then for all states ¢
with |wg| < k, the states (g, ) € @' with j > |w,| are unreachable as states of
A’ (where the set of states of A’ is as in (1). That is, all states in the set

Ru={(q,)) | g€ Q—F,1<j<k+1,j> |w}

are unreachable in A’. By Proposition 1 (b) all elements of the set Sy, = {(g,J) |
geQ—-F1<j<Ek+1,57>pa(q)} are also unreachable in A’. We note that
increasing the number of final states of A by one decreases the cardinality of @Q’
by k and decreases the cardinality of S,, and R, by at most k. However, we
observe that A must have at least two final states to reach the bound. The last
state of A, with no outgoing transitions, must be a final state since, otherwise,
there are useless states. But this cannot be the only final state, since otherwise,
for every state ¢ € @ with wa(q) > k, only (q,k + 1) is reachable. Thus, the
initial state go must also be a final state.

As in [14], we note that the cardinality of S, is minimized when exactly
one non-final state has a shortest path of length 7 that reaches gy. From the
above it then follows that reaching the upper bound requires exactly two final
states, one of which must be the initial state and the other which must have
no outgoing transitions. Since A is acyclic, the initial state cannot have any
incoming transitions, so the states in Sy, consist of those that can reach the non-
initial final state, giving @ unreachable states. Similarly, the cardinality of
R, is minimized when exactly one non-final state has a longest word of length
1 which reaches it from ¢q, giving k(k; D unreachable states.

Thus, the number of states of the minimal DFA for E(L,dp, k) is upper

bounded by

k(k+1)

(n=2)(k+1)+2+k-2 =

=(n—-2)(k+1)—k*+2.

O
Next we give a lower bound construction that matches the upper bound of
Proposition 2.

Lemma 2. There exists a finite language recognized by a DFA with n states
such that E(L(A),dp, k) requires at least (n — 2)(k + 1) — k? + 2 states.

Proof. Let A, = (Qn,Xn,0n,q0,Fn) where Q, = {0,...,n — 1}, X, =
{a1,...,an—3}, go =0, F, = {0,n— 1}, and the transition function is defined by
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ay ay
n—3

Fig. 1. The DFA A,.

— 0,(0,a;) =i for 1 <j<n-3,
— 0p(i,ai41) =1+ 1for0<i<n-—3,
~ 6p(i,a1) =i+ 1fori=n—3n—2.

The DFA A, is depicted in Fig. 1.

Let A, = (Q),, Xn, 0., q,, F),) be the DFA constructed from A,, as in Propo-
sition 1. First, we show that (n — 2)(k + 1) — k? + 2 states are reachable. States
of the form p; with 1 < ¢ < k are reachable from states 0 < ¢ < k on symbols
a; with j # ¢ 4+ 1. For states of the form (i,7) € (Qn — F) x {1,...,k + 1},
with ¢4, (¢) > k and j < ¢, each (4, 5) is reachable on the word a;_;a;—j4+1 - - - a;.
However, states (4,j) with j > ¢4, (i) are unreachable by definition of A} and
states (i,j) with ¢ < j < k are unreachable. Thus the number of unreachable
states in (Q, — Fy,) x {1,...,k+ 1} is

n—1

k
> |{i}><{<pA"(i)+1,...,k:+1}|+Z|{i+1,...,k—|—1}\

i=n—k

k k
k(k+1
ZQ'ZI{i=1,...,k+1}|:2.§:izg.%.
=1 i=1

Thus the number of reachable states is

k(k +1)

(n=2)(k+1) =2+ k-2 =

=(n—-2)(k+1) -k +2.

Now, we show that all reachable states are pairwise inequivalent.

— For states of the form p; and p;, i < j, the word a’f_i takes the machine from
state p; to pi and is accepted. However, from state p;, the word alf_i reaches
state pg on the prefix alf_j with no further transitions to read a{_i and thus,
the word is not accepted.

— For states of the form (4, j) and p, with £ < k, we consider the word z = w;ak
with

Wi = Qp—i+10p—i42 *** AGp-30101.

The prefix w; takes the machine from state (i, j) to state n— 1 and on the rest
of the word ak, the machine moves from n — 1 to p;, and is accepted. However,
from state py, the computation on z reaches p; before all of z is read, since
|z| =n—i+k>k—{and it is rejected.
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— For states of the form (¢,7) and (', ;') with ¢ < ¢’ the states can be distin-
guished by z = w;ak as above. For i =i’ and j < j, let z = aia]ffj. From
(i,), the machine reads a; and is taken to p;, while from (¢, "), the machine

is taken to p;. From above, p; and p; are distinguishable by alfﬂ.

Thus, we have shown that there are (n — 2)(k + 1) — k2 + 2 reachable states and
that all reachable states are pairwise inequivalent.

O
Proposition 2 and Lemma 2 now yield a tight state complexity bound for the
prefix distance neighbourhoods of regular languages.

Theorem 2. Let L be a finite language. For n > 2k >0, if sc(L) = n, then
se(E(L, dy, k) < (n—2) - (k+1) = k* +2,
and this bound can be reached in the worst case.

The lower bound construction of Lemma 2 uses, for a DFA with n states,
an alphabet of cardinality n — 3. To conclude this section we show that the
construction is optimal in the sense that the upper bound of Theorem 2 cannot
be reached with an alphabet of cardinality less than n — 3.

Proposition 3. Let A be a DFA recognizing a finite language with n states. If
the state complexity of E(L(A),dy, k) equals (n — 2)(k + 1) — k? + 2, then the
alphabet of A needs at least n — 3 letters.

Proof. Let A = (Q, X, 4, q0, F) with |Q| = n. Let A" = (Q', X,8,¢(F’) be the
DFA recognizing E(L(A),d,, k) constructed in Proposition 1. Recall from the
proof of Proposition 2 that in order for A’ to have the maximal number of states
(n—2)(k+1) — k? +2, a necessary condition is that F' = {qo, ¢s} and that there
can be only one state ¢; with pa(q;) = 1.

Now for all ¢ € @ — {qo0, 97,1}, va(g) > 2. By definition of the transition
function &', if w4 (q) > 2, the state (g, 1) can only be reached by a direct transition
from a final state. Since gy does not have any outgoing transitions, go must have
n — 3 outgoing transitions—one for each state q.

Furthermore, since A contains a final state ¢ with no outgoing transitions,
no additional symbols are required to reach pi, as it can be reached from gy via
a direct transition on any symbol.

Since A is a DFA and ¢y has at least n—3 outgoing transitions, the cardinality
of the alphabet must be at least n — 3. a

4 Neighbourhoods of Prefix-Closed and Prefix-Free
Languages

Next, we consider the state complexity of neighbourhoods of prefix-closed and
prefix-free regular languages with respect to the prefix distance.



State Complexity of Prefix Distance of Subregular Languages 199

Theorem 3. Let L be a prefiz-closed regular language recognized by an n-state
DFA A. Then there is a DFA A’ that recognizes the neighbourhood E(L,d,, k)
with at most n + k states and this bound is reachable.

Proof. Since L is prefix-closed, every state of A must be an accepting state [12].
If A has n states, this means that the DFA A’ constructed in Proposition 1 for
the radius k neighbourhood has n + k states.

We now define a prefix-closed regular language L,, such that a DFA recogniz-
ing E(Ly,dp, k) requires at least n + k states. Let L, = {a’ | 0 <i < n}. Then
we define A,, = (Qn, {a,b},0n,qo, Fy) where @, = F,, ={0,...,n—1}, go =0,
and the transition function d,, is defined by d,(i,a) =i+ 1 for 0 <i<n —1.

Then we define the DFA recognizing E(Ly,d,, k) by A’ = (Q),,{a,b},d,,,
qo, F!) where Q!, = F! = Q,U{p1, ..., pr} and the transition function defined by

n(t,
(n—l a) = pi,
fé’g, b) = p1f0r0<z<n—1

Di ) (pl7b) Dit+1 for 1 S 1< k.

Every state i, 0 < ¢ < n — 1, is reachable on the word a’ and every state p;,
1 < 4 < kis reachable on the word b*. The states 0 < i,i’ < n—1 are distinguished
by the word b*~% and the states p;, p}, 1 < i, < k are also distinguished by the
word b*~%. The states 7,0 < i < n—1 and pj, 1 < j < k are distinguished by the
word @™ 7b*. Thus, there are n + k reachable states and they are all pairwise
distinguishable. a

Proposition 4. Let L be a prefix-free regular language recognized by a minimal
n-state DFA A = (Q, X, 4, qo, F'). Then there is a DFA B with at most (n — 1)

kE+2— @ states that recognizes the neighbourhood E(L,dy, k).

Proof. Let A" = (Q’, X, 6, q(), F') be the DFA constructed for the neighbourhood
E(L,dp, k) as in Proposition 1. Since L is prefix-free, A must be non-exiting.
That is, A has a single final state with no outgoing transitions. This property
creates additional unreachable states in the DFA A’ for E(L,d,, k).

For all non-final states ¢ € Q — F, the state (g, 1) is reachable only if either
pa(q) = 1 or there is a transition from a final state to ¢q. However, since A
is non-exiting, no final states may have any outgoing transitions, so the only
states ¢ where (g, 1) is reachable are those with ¢ 4(¢) = 1. However, for all such
states ¢, the states (q,4) with 2 <+ < k + 1 are unreachable. Thus, to reach the
upper bound on the number of states, the number of states ¢ with p4(q) =1
must be minimized if k& > 2. If & = 1, then for each state ¢ € Q — F, either (¢, 1)
is reachable or (q,k + 1) is reachable, so the number of states with ¢ 4(q) =1
need not be minimized.

By Proposition 1 (b) elements of the set S, = {(¢,j) | ¢ € @ — F,2 < j <
k+1,7 > ¢a(q)} are unreachable as states of A’ (even without assuming that
L(A) is prefix-free. Let ¢; be the sole final state of A. The set S, is minimized
when exactly one non-final state ¢; in the DFA A for each 1 < ¢ < k has a

shortest path of length ¢ that reaches ¢y. In this case, we have |S,,| = M
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Thus, in order to maximize the number of reachable states of A’, the DFA
A has a single final state and a single state ¢; with p4(¢1) = 1 if k > 2, giving
us at most (n—2)k+k+2—@ = (n—l)k+2—@ states of A’ which
are reachable. O

Next we present a lower bound construction that matches the bound of
Proposition 4.

Lemma 3. There exists a DFA A with n states recognizing a prefix-free regular
language such that a DFA recognizing the neighbourhood E(L(A),dy, k) requires

at least (n — 1)k +2 — @ states.
Proof. We define a DFA A,, = (Qn, Xy, 0n, o, F'), shown in Fig. 2, by choosing
Qn,={0,....,n—1} %, ={a1,...,an_3,b},

qgo =0, F = {n — 1}, and the transition function §,, is given by

— 6p(0,a;) =ifori=1,...,n—3,
= Opliya;) =difori=1,...,n—3,
*(5n(l,al+1)—l+lf0r2—1 .,n—4,
G —3,0) =n—2, 6n(n—2,b) =0, 6,(0,b) = n — 1.

We transform A4,, into the DFA A, = (Q.,, X, 9., g4, F') via the construction
from Proposition 1. To determine the reachable states of @/,, we first note that
the state (0,1) is reachable as it is the initial state. Note that the initial state

al az

a2

as

start —

an—2

An—3

Fig. 2. The DFA A,.
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is (0,1) since ¢4, (0) = 1. The final state n — 1 is reachable on the word b. Now
consider states pi,...,pr. The state p, is reachable on the word b‘*! by first
reading b to reach the final state and b’ to reach the state p,.

Now consider states of the form (¢,5) € (Qn, — {0,n — 1}) x {2,...,k + 1}.
Recall that states (i,1) are unreachable for any state i € @, with ¢4, > 1.
Then for states i € @, with ¢4, > k and each 2 < j < k+1, we can reach state
(i,4) from (0,1) via the word o} ". For states i € Q, with p4, < k, we can
reach state (i,) via the word a! " for j = 2,...,pa, (i) and states (i,7) with
J > wa, (i) are unreachable by definition of A/,.

Finally, we can reach state (n — 2,2) via the word a,,_3b and states (n — 2, 7)
are unreachable for j > 2 since ¢4, (n —2) = 2. Thus the number of unreachable
states in (@, — {0,n —1}) x {2,...,k+ 1} is

n—2

. , A b k(k—1)
Z |{z}><{<pAn(z)+1,...,k:+1}|:;|{z+1,...,k+1}|:;z27.

i=n—=k
Thus, the number of reachable states is

k(k — 1)
2

k(k—1)

n—2)-k+2- 5

+k=Mn-1)-k+2—

Now, we show that all reachable states are pairwise inequivalent. First, note
that as a final state of A, n—1 is not equivalent to a state of the form (4, j) in A’.
Next, we distinguish states of the form (i, j) from states of the form py. For each
1 <i < n — 3, reading the word af from state (i, j) takes the machine to state
(i,min{p (%), k+1}). Then subsequently reading a;y1a;12 - - - a,,_3bbb takes the
machine to the final state n — 1. However, for every state p,, reading a¥ forces
the machine beyond state py, after which there are no transitions defined. The
state (n — 2,2) is distinguished from all p, by the word b***, (0,1) by b'**, and
n —1 by b*.

Next, without loss of generality, let £ < ¢ and consider states p, and py .
Choose z = bF~t. The string z takes state p, to the state pi, where it is
accepted. However, the computation on string z from state py is undefined since
U+k—10>k.

Finally, we consider states of the form (4, 7). Let ¢ < ¢’ and consider states
(i,5) and (i',7"). Let z = a;11a;42 - - - an_3bbbb*. From state (i,j), the word z
goes to state n — 1 on a;41 - - - a,—3bbb. Then by reading b from state n — 1, we
reach state pg, an accepting state. However, when reading z from state (i, j),
we immediately reach state p; ;1 on a;41, since the transition on a;; is defined
only for states (0,1) and (¢, 7). Since the rest of the word z is of length greater
than k, reading it takes us to state pi with no further defined transitions for the
rest of the word.

Next, consider the state (¢,7) and (i,5’), where j < j'. First, consider the
case when 4, (i) > k. Then let z = af_j. Reading z from (4, j) takes us to state
(i, k), which is a final state. However, from (i, j'), reading z brings us to state
(i,k + 1) and so the computation is rejected.
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Now, consider the case when 4, (i) < k. Let z = bb*~7~1. From state (i, j),
reading b takes the machine to state p;;1 and reading b*~9~1 puts the machine
in the accepting state px. However, reading z from (4, j’) takes us to state py with
b7 still unread since i +k—j—1>k and thus, with no further transitions
available, the computation is rejected.

Thus, we have shown that there are (n — 1) -k +2 — reachable states
and that all reachable states are pairwise inequivalent. O

k(k—1)
2

Combining Proposition 4 and Lemma 3 we have:

Theorem 4. Let L be a prefix-free regular language. For n > k > 0, if
sc(L) = n, then

sc(E(L,dp,k)) < (n—1) k+2— @

and this bound can be reached in the worst case.

The construction of Lemma 3 that establishes the lower bound for Theorem
4 uses an alphabet of size n — 2, where n is the number of states of the DFA.
The below result establishes that the size of the alphabet cannot be reduced.

Proposition 5. Let A be a DFA recognizing a prefiz-free reqular language with
n states. If the state complexity of E(L(A),dp, k) equals (n — 1)k + 2 — @,
then the alphabet of A needs at least n — 2 letters.

Proof. Let A = (Q, X, 9, qo, F) with |Q| = n. Let A’ = (Q', X,0’,¢\F’) be the
DFA recognizing E(L(A),d,,k) constructed in Proposition 1. Recall that as
an automaton recognizing a prefix-free regular language A must be non-exiting.
That is, A has a single final state ¢; and it cannot have any outgoing transitions.
Recall also from the proof of Proposition 4 that in order for A’ to have the
maximal number of states (n — 1)k + 2 — @, a necessary condition is that
there can be only one state ¢; with ¢ 4(¢1) = 1 and one state ga with © 4(g2) = 2.

Now for all ¢ € Q —{q¢r,q1,62}, pa(q) > 3. Recall that since the sole final
state ¢¢ has no outgoing transitions, states (g, 1) are reachable only if ¢ 4(q) = 1.
Then by definition of the transition function ¢’, if ¢ 4(¢) > 3, the state (¢,2) can
only be reached by a direct transition from a state ¢ with p4(q) = 1. Thus, ¢
must have n — 2 outgoing transitions—one for each state ¢ with ¢ 4(¢) > 3 and
one additional transition to the final state qy. Note that g2 requires no direct
transition from ¢; since p4(g2) = 2 and thus (go,2) is the only reachable state
of the form (g2, 7).

Furthermore, since A contains a final state ¢y with no outgoing transitions,
no additional symbols are required to reach pi, as it can be reached from gy via
a direct transition on any symbol.

Since A is a DFA and ¢; has at least n—2 outgoing transitions, the cardinality
of the alphabet must be at least n — 2. a
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5 Conclusion

We have given tight state complexity bounds for the prefix-distance neighbour-
hood of, respectively, finite, prefix-closed, and prefix-free languages. As can, per-
haps, be expected the bound for prefix-closed languages is relatively easier to
obtain and the matching lower bound construction uses a binary alphabet. The
upper bound constructions for the finite and the prefix-free languages are more
involved and the lower bound constructions use a variable size alphabet. Fur-
thermore, we have shown that, in both cases, the alphabet size is optimal.

Since the reversal of a DFA is not, in general, deterministic, the state com-
plexity bounds for suffix-distance (or factor-distance) neighbourhoods differ sig-
nificantly from the corresponding bounds for prefix-distance neighbourhoods.
Tight lower bounds are not known for suffix-distance neighbourhoods of gen-
eral regular languages [14] or for various sub-regular language families. Such
questions can be a topic for further research.
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Abstract. First, we show that universality and other properties of gen-
eral jumping finite automata are undecidable, which answers questions
asked by Meduna and Zemek in 2012 [12]. Second, we close a study
started by Cerno and Mréz in 2010 [3] by proving that a clearing restart-
ing automaton using contexts of length two can accept a binary non-
context-free language.

1 Introduction

In 2012, Meduna and Zemek [12,13] introduced general jumping finite automata
as a model of discontinuous information processing in modern software. A gen-
eral jumping finite automaton (GJFA) is described by a finite set @ of states, a
finite alphabet X, a finite set R of rules from @ x X* x (J, an initial state ¢y € @,
and a set F' C () of final states. In a step of computation, the automaton switches
from a state r to a state s using a rule (r,v, s) € R and deletes a factor equal to v
from any part of the input word. A rule (r,v, s) and an occurrence of the factor v
are chosen nondeterministically (in other words, the read head can jump to any
position). A word w € X* is accepted if the GJFA can reduce w to the empty
word while passing from the initial state to an accepting state. The boldface
term GJFA refers to the class of languages accepted by GJFA. The initial work
[12,13] deals mainly with closure properties of GJFA and its relations to clas-
sical language classes (the publications [12,13] contain flaws, see [17]). It turns
out that the class GJFA is not closed under operations related to continuous
processing (concatenation, Kleene star, homomorphism, inverse homomorphism,
shuffle) nor some Boolean closure operations (complementation, intersection).
The class is incomparable with both regular and context-free languages. It is a
proper subclass of both context-sensitive languages and of the class NP, while
there exist NP-complete GIJFAlanguages (see [5], which is an extended version
of [6]).

On the other hand, the concept of restarting automata [10,14] is motivated by
reduction analysis and grammar checking of natural language sentences. In 2010,
Cerno and Mréz [3] introduced a subclass named clearing restarting automata

Research supported by the Czech Science Foundation grant GA14-10799S and the
GAUK grant No. 52215.

© IFIP International Federation for Information Processing 2016

Published by Springer International Publishing Switzerland 2016. All Rights Reserved
C. Campeanu et al. (Eds.): DCFS 2016, LNCS 9777, pp. 205-216, 2016.

DOI: 10.1007/978-3-319-41114-9_16



206 V. Vorel

(cl-RA) in order to describe systems that use only very basic types of reduction
rules (see also [2]). Clearing restarting automata may delete factors according
to contexts and endmarks, but, unlike GJFA and classical restarting automata,
they are not controlled by states and rules. A key property of a cl-RA is the
maximum length k of context used. For k > 0, a k-clearing restarting automaton
(k-cl-RA) is described by a finite alphabet X and a finite set I of instructions of
the form (ur, v, ur), where v € *, uy, € Z*UeX =1 and ug € X*UX*~1$. The
words ur,, ur specify the left and right context for consuming a factor v, while ¢
and $ stand for the left and right end of input, respectively. A word is accepted
by a cl-RA if it may be completely consumed using a series of instructions.
The class of languages accepted by cl-RA is not closed under complementation,
intersection, or union [3]. It forms a superset of regular languages, a subset of
context-sensitive languages, and is incomparable with context-free languages [3].

Tough both the formalisms are defined as acceptors, they may be equiva-
lently treated as generative systems. Moreover, they share important properties
with insertion systems [16] (possibly graph-controlled [1]) and semi-contextual
grammars [15] (possibly using regular control without appearance checking [11]),
as we briefly discuss in the conclusion. The present paper consists of two main
parts:

In Sect. 3 we show that, given a GJFA M with an alphabet X, it is undecid-
able whether M accepts the universal language 2*. In other words, universality
of GJFA is undecidable. As a direct consequence, the more general problems
of equivalence and inclusion are undecidable for GJFA as well. Decidability of
these tasks was listed as an open problem in [12,13].

In Sect.4 we deal with expressive power of cl-RA with short contexts and
small alphabets, as it was addressed in [3]. The authors showed that a language
accepted by a 2-cl-RA may not be context-free, but the example automata
required at least six-letter alphabets, so they asked what is the least sufficient
alphabet size. We provide a binary example, which forms a tight bound.

2 Preliminaries
We use the notion of insertion as it was defined, e.g., in [4,7,9]:
Definition 1. Let K, L C X* be languages. The insertion of K to L is
L — K ={ujvus | uyug € Lyv € K}.
More generally, for each k > 1 we denote
Le*K=(L-"1K) K,

L—K=JL-K,
i>0

where L <9 K stands for L. In expressions with < and «*, a singleton set {w}
may be replaced by w.
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A chain Ly « Ly <« --- « Ly of insertions is evaluated from the left, e.g.,
Ly « Ly « L3 means (Ly < L) < L3. The empty word is denoted by e.

As described above, a GJFA is a quintuple M = (Q, X, R, qo, F'). For a rule
(r,v,s) € R with r;s € @, the word v € X* is called the label of the rule.
A sequence

(ri,v1,81), (r2,v2,82) ..., (i, Vg, Sk)

of rules from R is a path if kK > 1 and s; = 701 for 1 < ¢ < k — 1. The
sequence vy, Vs, . .., U is the labeling of the path. The path is accepting if r1 = qo
and s, € F. The original definition [12,13] of the language L(M) accepted
by M is based on configurations that specify positions of the read head (i.e.,
starting positions of the factor to be erased in the next step). For our proofs, this
type of configurations is useless, whence we directly use the following generative
characterization [17, Corollary 1] of L(M) as a definition:

Definition 2. Let M = (Q, X, R, s, F) be a GJFA andw € X*. Then w € L(M)
if and only if w=¢ and s € F, or

WE € Vg 6 Vg1 ¢ -+ < Vg < V1, (1)

where d > 1 and v1,vs,...,vq is a labeling of an accepting path in M.

If a GJFA M = (Q, X, R, s, F) is clear, we write (r,w) ~ (s,u) for r,s € @ and
u,v € X* if w € u « v for some (r,v,s) € R.

In the case of clearing restarting automata we include the original definition,
which builds on context rewriting systems [3]:

Definition 3. Fork > 0, a k-context rewriting system is a tuple M = (X, I, 1),
where X' is an input alphabet, I' O X is a working alphabet not containing the
special symbols ¢ and $, called sentinels, and I is a finite set of instructions of
the form

(ur,v — t,uR),

where uy, is a left context, uy, € I'* U ¢TI~ 1 ug is a right context, ug €
T ur*=1$, and v — t is a rule, v,t € I'*. A word w = ujvuy can be rewritten
into urtug (denoted by uyvus —pr urtus) if and only if there exists an instruction
(up,v — t,ur) € I such that uy, is a suffiz of ¢uy and ur is a prefiz of us$.

We use the star in ~*, —*, +* and other symbols to denote reflexive-transitive
closures of binary relations.

Definition 4. For k > 0, a k-clearing restarting automaton (k-cl-RA) is a
system M = (X, 1), where M' = (X, X, 1) is a k-context rewriting system such
that for each i = (ur,v — t,ur) € I it holds that v € X" and t = €. Since t
is always the empty word, the notation i = (uy,v,ur) s used. A k-c-RA M
accepts the language
L(M)={we X" |whky €},

where by denotes the rewriting relation —pp of M'. The term L(k-cl-RA)
denotes the class of languages accepted by k-cl-RA.

The generative approach is formalized by writing we 4 w; instead of wy - ws.
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3 Undecidability in General Jumping Finite Automata

Theorem 5. Given a« GJFA M = (Q,X,R,s,F), it is undecidable whether
L(M)=X*.

Let us prove the theorem. Given a context-free grammar G with terminal alpha-
bet X, it is undecidable whether L(G) = X% [8]. We present a reduction from
this problem to the universality of GJFA. Assume that the given grammar G

— has non-terminal alphabet Yy and a start symbol Ag € Xy,

— accepts the empty word €, and

— is given in Greibach normal form [8], i.e., the rules are Ag — € and 4; — u,,
where A; € Xy and u; € Xp XY fori e {1,...,m}, m > 0.

Note that any context-free grammar that accepts e can be algorithmically con-
verted to the form above. Next, we construct a GJFA Mg = (Q, IR, s, F) as
follows, denoting X5 = {b1,..., b }:

Q = {QO7Q1,Q2aQ37Q4}7
I'=XprUXyUMg,

s =qo, F ={q2,q4}. The set R of rules is defined in Fig. 1. In this figure, each
arrow labeled with a finite set S C I'* stands for |S| rules, each labeled with a
word v € S. The following finite sets are used:

PBU:{biui\izl,...,m}, PC:{ZZ?A1|$€ET}

Pag = {Aibi | i=1,...,m}, U{Aibs |i=1,...,m}
U{biAi+1|i:1,...,m—1}
UA{bpz |z € Xr}.

YnUXpUu {6}

YrIn U ET

Fig. 1. The GJFA M¢ corresponding to a context-free grammar G
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For a word w € I'* we denote with wt and wn,g the projections of w to
subalphabets Y and Xy U Xp respectively! Let us show that L(G) = X% if and
only if L(Mg) = I'*.

First, suppose that L(G) = X% and take an arbitrary w € I'*. Describe a

derivation of wt by G using vg, v1,...,vq € (X1 U XN)", d > 1, where
Vo = A87
Vg = W,

U = Up kAi, Us k,

Vk+1 = Up, kUi, Us k

foreach k € {0,...,d —1}. For k € {0,...,d}, we define inductively a word wy, €
I'* and a mapping o, from each occurrence of x € XN in v to an occurrence
of the same x in wy. First, wg = Ag and oq is trivial. Next, take 0 < k <d —1
and write wy = wp A;, ws i such that the A;, right after wp j is the op-image
of the A;, right after vp ; in vy. Then define

Wht1 = Wp kAi, biy Uiy, Ws ko

and let o511 extend o with mapping the occurrences of z € X'y within the factor
U4, in vg4q to the corresponding occurrences within the same factor in wyy;.
Informally, the words wyo,...,wy describe the derivation of wr with keeping
all the used nonterminals, i.e., A;, is rewritten with A;, b; u;, instead of u;,.
Observe that (g1, wq) ~* (g1, Ag) using the rules labeled with words from Ppy.
Also observe that, due to Greibach normal form, wy € (21U X1Xn2B)", ie.,
the factors from XX are always separated with letters from Y.
Distinguish the following cases:

— If w does not have a factor from I'?\ Pg, all two-letter factors of w belong to
Pc, which implies that w is a factor of a word from (Xrt)", where

t = A1byAsby -+ Apbp. (2)

o If w starts with a letter from XU XN and ends with a letter from YU Xg,
then (q1,w) ~* (g1, wq) using the rules labeled with words from Pyg.
Because (g1, wq) ~* (g1, As), we conclude that w € L(Mg).

e Otherwise, w starts with a letter from Xy or ends with a letter from Xy.
Then

WN,B € 2B (ZNEB)* U (ZNZB)* INUXE (ENEB)* N

and we observe that (go,w) ~ (g3,w) ~* (g3, wnB) ™ (g3,u) for some
ue InUXpU{e}. As (g3,u) ~ (qa,€), we get w € L(Mg).
— If w has a factor u € I'*\ P, write w = wpuws and observe

(QQ,’IUPUUJS) N (qQawpr) " (q2a 6) 3
implying w € L(Mg).

L' A projection to I'" C I' is given by the homomorphism that maps = € I to z if
x € I'" or to € otherwise.
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Second, suppose that L(M¢g) = I'* and take an arbitrary v = z122 -+ -z, € X%
with 21, ..., 2, € . Let w = (21t) (x2t) - - - (Tp—1t) (x4t), with ¢ defined in (2).
We have w € L(M¢). Observe that:

— The word w does not contain a factor from 1'%\ Pg.
— By deleting factors from Xg XN U X7, the word w cannot become a word from
INUXRU {6}

Thus, w is accepted by M using a path through the state ¢; ending in the state
q4. In other words, w can be obtained by inserting words from Pgy U Pxp to
Ag. During that process, once an occurrence of b; fails to be preceded by A;,
this situation lasts to the very end, which is a contradiction. It follows that
b;u; € Pgy can be inserted only to the right of an occurrence of A; that is not
followed by b;. This corresponds to rewriting A; with w;, so we can observe that
the whole looping on ¢; (viewed backwards) corresponds to generating wr = v
from Ag using the rules of G. O

Because it is easy to construct a GJFA accepting X*, universality is a special
case of both equivalence and inclusion. Thus, the following claim is trivial:

Corollary 6. Given GJFA My and Ms, it is undecidable both whether L(M;) =
L(Ms) and whether L(M;) C L(Ms).

4 Clearing Restarting Automata with Small Contexts

Recall that the following facts were formulated and proved in [3]:

1. For each k > 3, the class L(k-cl-RA) contains a binary language that is not
context-free.

2. The class £(2-cl-RA) contains a language L C X* with |X| = 6 that is not
context-free.

3. The class £(1-cl-RA) contains only context-free languages.

Moreover, for each k > 1, all the unary languages lying in L(k-cl-RA) are
regular [3]. The present section is devoted to proving the following theorem,
which completes the results listed above.

Theorem 7. The class L£(2-cl-RA) contains a binary language that is not
context-free.

In order to prove Theorem 7, we define two particular rewriting systems:

1. A 1l-context rewriting system R,v = ({u,V},{u,V},Iyv). The set I,y is
listed in Table 1.

2. A 2-clearing restarting automaton Rg; = ({0,1}, Ip1). The set Iy is listed in
Table 2.

Note that headings of the tables provide identifiers of rules. We write — v for
the rewriting relation of R,y and —y; for the “generative” relation of Ry;.
The key feature of the system R,y is:
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Table 1. The rules I,v Table 2. The rules Ip1
a b ¢ d
0](¢e—uu,$) 0/(¢,00,9) - - -
1| (¢, u— uuV,e) 1/ (¢,10,00) |(¢,00,10) |- -
2 | (¢, Vu — uuuV,e) 2(01,10,00) | (00,11,01) | (11,00,10) | (10,01,11)
3| (e, Vu — uuuy, $) 3(01,10,08) | (00,11,08) |- -

Lemma 8. Let w € L(R,v) N{u}". Then |w| =2-3" for somen > 0.
The proof is postponed to Sect. 4.1. Next, we define:

1. A length-preserving mapping ¢ : {0,1}" — {u,V}" as ¢(z1...2,) =
T1...T,, Where

T = .
u otherwise

_ {V ifl<k<nand zp_1 = x4
for each k € {1,...,n}.
2. A regular language K C {0,1}":

K= {w € {0,1}" | w has none of the factors 000,010, 101, 111} .

The following is a trivial property of ¢ and K. Informally, p(u) marks by V the
positions where a defect occurs in u € {0,1}". A defect is a position that violates
the form ...00110011..., i.e., a position whose neighbours are equal:

Lemma 9. Let u € {0,1}". Then u € K if and only if p(u) € {u}".

We index the rules from I,,v and Iy; by the rows of Tables 1 and 2, i.e., by types 0
to 3. For astring w = x122 ... 24, where x1, 22 ..., x4 are letters, and for integers
i,j with 1 <4 < j <d, we denote w[i, j] = z;z;41 ...x; and w[i,...] = wli,d].

The next lemma describes how the systems Rg; and R,y are related. Infor-
mally, a rule of the type 2 from Iy; can be applied only right after a defect in
u € {0,1}". This creates another defect on the right, i.e., a factor x;x2y1y2 of
u with defect on x5 is replaced with xqx22122y1y2 with defect on y;. This cor-
responds to applying the rule Vu — uuuV to the defect markers. A rule of the
type 1 from Iy; can introduce a new defect near the beginning of u € {0,1}",
while a rule of type 3 from Iy; can remove a defect near to the end:

Lemma 10. Let u,v € {0,1}". If u Ho1 v, then o(u) —uv @(v).

Proof. For u = v the claim is trivial, so we suppose u # v. Denote m = |u|. As
u can be rewritten to v using a single rule of Rp;, we can distinguish which of
the rule types is used:
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(0) If the rule 0 is used, we have u = € and v = 00. Thus ¢(u) = € and ¢(v) = uu.

(1) If a rule (¢, 2122,y1y2) of the type 1 is used, we see that v has some of the
prefixes 1000,0010 and so ¢(v) starts with uuV. Trivially, ¢(u) starts with
u. Because u[l,...] = v[3,...], we have p(u)[2,...] = ©(v)[4,...] and we
conclude that applying the rule (¢, u — uuV,€) rewrites p(u) to ¢(v).

(2) If a rule (x122, 2122, y1y2) of the type 2 is used, we have

ulk, k + 3] = x1229192,
vk, k 4 5] = x12221 22y1Y2

for some k € {1,...,m — 3}. As z122y1y2 equals some of the factors 0100,
0001, 1110, 1011, we have

o(u)[k+ 1,k + 2] = Vu.

As x1x292129Y1Y2 equals some of the factors 011000, 001101, 110010, 100111,

we have
o)k + 1,k + 4] = uuuV.
Because u[l,k + 1] = v[l,k+ 1] and ulk + 2,...] = v[k + 4, ...], we have
p(u)[L, k] = ¢(v)[1, k],
ew)k+3,...]=p@k+5,...].

Now it is clear that the rule (e, Vu — uuuV, €) rewrites ¢(u) to ¢(v).
(3) If a rule (zq1x2, 2122,y%) of the type 3 is used, we have

ulm — 2, m] = x122y,

v[m —2,m + 2] = 212921 229.

As x1x9y equals some of the factors 010, 000, we have
p(w)m — 1,m] = Vi,

As x17921 20y equals some of the factors 01100, 00110, we have

o(v)[m —1,m + 2] = uuuu.
Because u[l,m — 1] = v[1, m — 1], we have

p(w)[l,m —2] = ¢(v)[1,m - 2],
Now it is clear that the rule (e, Vu — uuuu, $) rewrites o(u) to ¢(v). O
Corollary 11. Ifu € L(Ry1), then € =}y ¢(u).

Proof. Follows from the fact that ¢(e) = € and a trivial inductive use of
Lemma 10. O
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Note that L(Rp1) contains, e.g., 00 and 100110. Informally, the claims above
imply that L(Rp;1) contains only words without defects and that each word from
L(Ryp1) is obtained from 00 by adding defects to the beginning and pushing them
to the end, while the length of the word is tripled for each processed defect. It
remains to show that a defect can be always avoided. It turns out to be convenient
to describe simultaneous processing of two defects that are close to each other.

The last part of the proof of Theorem 7 relies on the following lemma, whose
proof is postponed to Sect. 4.2:

Lemma 12. For each o > 0 and 3 > 1 it holds that
a B * a+9 B—1
00 (1100)™ 10 (0011)” 00 -, 00 (1100) 10 (0011) 00.
Corollary 13. For each v > 0 it holds that
0010 (0011)” 00 ¢, 00 (1100)97 1000.

Proof. As the left-hand side equals 00 (1100)° 10 (0011)” 00 and the right-hand
side equals 00 (1100)”7 10 (0011)° 00, the claim follows from Lemma 12 applied ~
times. O

Corollary 14. The language L(Ro1) N K is infinite.

Proof. We show that for each k > 0,

2.9k _2

00(1100) 7 € L(Ro1).

In the case of k = 0 we just check that 00 € L(Rp1). Next, we suppose that the
claim holds for a fixed k¥ > 0 and show that

2.9k 2 2.9k+1_o

00(1100) -, 00(1100) =

Using the rules 1a and 1b we get

ok o 2.9k _2 ok —

00 (1100) T o1 1000 (1100)° 7 o, 001000 (1100)° 7,

while Corollary 13 continues with

2.9k _2 2.9k+1

0010 (0011) "7 00 %, 00 (1100)~ 7 1000.

2.0k+1 3

Finally, denoting p = 00 (1100) ¢ 8, using rules 3b, 2a, 2b, 2d, 2¢, and 3a
respectively, we get

1000 o p100110 o1 p11000110 Ho; p (1100) 110110 oy p (1100) 11001110 oy
2.9k+1_o

o1 p (1100) (1100) 110010 —o; p (1100) (1100) (1100) 1100 = 00 (1100) =




214 V. Vorel

We conclude the proof of Theorem 7 by pointing out that Lemmas8, 9, and 10
say that for each w € {0,1}" we have
w€ L(Rn)NK = ¢(w) € L(Ry)N{u}’ = 3n>0) |w =2-3"

This, together with the pumping lemma for context-free languages and the
infiniteness of L(Rp1)NK, implies that L(Rg1)NK is not a context-free language.
As the class of context-free languages is closed under intersections with regular
languages, L(Rp1) is not context-free either.

4.1 Proof of Lemma8
We should show that w € L(Ry,v) N {u}" implies |w| = 2 - 3" for some n > 0.
Let @ : {u,V}" — N be defined inductively as follows:
P(e) =0,
@(ukw) =k+P(w),
P(Vw) =1+ 3 P(w)
for each & > 1 and w € {u, V}". Observe that we have assigned a unique value

of @ to each word from {u, V}*. Next, we describe effects of the rules of R,y to
the value of @.

(0) The rule 0 can only rewrite w; = € to wy = uu. We have &(w;) = 0 and
(1) The rule 1 rewrites w; = uw to wy = uuVw for some w € {u, V}*. We have
S(wy) =1+ P(w) and P(w2) = 3+ 3 - P(w). Thus, P(wy) = 3 - P(wy).

(2) The rule 2 rewrites w; = wWVuw to we = wuuuVw for some w,w € {u, V}".

We have
S(Vuw) = d(uuuVw) =4+ 3 - d(w) .

It follows that &(w;1) = P(wa).
(3) The rule 3 rewrites w; = wVu to wy = wuuuu for some w € {u, V}". We
have &(Vu) = ¢(uuuu) = 4 and thus $(w;) = P(ws).

Together, each w € L(R,v) has &(w) = 2-3"™ for some n > 0. As ¢(w) = |w| for
each w € {u}”, the proof is complete. O

4.2 Proof of Lemma 12
We should prove that
00 (1100)* 10 (0011)[3 00 -5, 00 (1100)a+9 10 (0011)6_1 00

for a > 0,8 > 1. Let p = 00(1100)*, ¢ = (0011)°7 00, and derive the claim as

follows:
p10(0011) ¢ -, p10011011q g

p1100011011g , p(1100)11011011¢ 4
p(1100)1100111011¢ g p(1100)*11100111q
p(1100)® 1100100111 I, p(1100)* 11000111g

p(1100)*110111¢ -, p(1100)* 11011001g g



Two Results on Discontinuous Input Processing 215

p(1100)* 1100111001¢ . p(1100)® 11001001 .

p(1100)°110001¢ H, p(1100)” 0110q =,
p(1100)7110110¢ -4 p(1100)7 11001110g .
p(1100)° 110010¢,
where uses of particular rules of the type 2 are indicated by typing —., b, Jc, Ja
instead of —p1. a

5 Conclusions and Remarks

We made a progress in studying basic properties of two recently introduced
formalisms. Even if these particular models do not find application in practice,
our results may be of key importance for designing suitable modifications.

The maximum length of labels is a key property of a GJFA. It remains open
whether our undecidability results hold if restricted to GJFA with labels of a
fixed maximum length. In jumping finite automata, i.e., GJFA with labels of
length one, the problems become decidable (see [5] for a thorough survey).

Note that there is a group of older models that can be, in fact, put to a
common framework with GJFA and cl-RA, immediately sharing some properties
following from our new results:

— Insertion systems [16] were introduced in the scope of DNA computing. They
generate sequences by inserting factors according to contexts of restricted
lengths. Their generalization to graph-controlled [1] insertion systems together
with contexts of zero length corresponds to the expressive power of GJFA.
Using the notation of [1], we have LStP, (ins??) = GJFA. Another (historical)
work introduces regular control semi-contextual grammars without appearance
checking [11]. Again, the variant with forbidden contexts (with a language
class denoted by Cy) is equivalent to GJFA. Our results imply that universality,
inclusion, and equivalence are undecidable for these models as well.

— Up to explicit endmarking, insertion systems and the basic variant of semi-
contextual grammars [15], both with contexts bounded by some k > 1, are
equivalent to k-cl-RA. More precisely, each language from the class denoted by
INS’: or Ji is accepted by a k-cl-RA, while for each k-cl-RA M, the language
¢L(M)$ lies in INS]j = Jk. Thus, we can conclude that the class INSi =D

contains non-context-free binary languages.

The remarks above are hard to present in more depth because the original defi-
nitions of insertions systems and semi-contextual grammars use non-compatible
notational paradigms. Once these definitions are understood, the claims are very
easy to check (see [17]).
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