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Preface

Why This Book?

There are excellent textbooks on automata theory, ranging from course books for under-
graduates to research monographs for specialists. Why another one?

During the 1960s and 1970s, the main application of automata theory was the develop-
ment of lexicographic analyzers, parsers, and compilers. Analyzers and parsers determine
whether an input string conforms to a given syntax, while compilers transform strings con-
forming to a syntax into equivalent strings conforming to another. With these applications in
mind, it was natural to look at automata as abstract machines that accept, reject, or transform
input strings, and this view deeply influenced the textbook presentation of automata theory.
The expressive power of machines (which languages are recognized by finite automata or
pushdown automata), equivalences between models (are nondeterministic and determinis-
tic automata equivalent?), or closure properties (are context-free languages closed under
intersection?) received much attention, while constructions on automata, like the powerset
or product constructions, often played a subordinate role.

This can already be observed in the article “Finite Automata and Their Decision Prob-
lems” by Rabin and Scott, a foundational paper published in the IBM Journal of Research
and Development in 1959. The paper introduces a large part of the theory of finite automata
taught in current undergraduate courses: deterministic finite automata (DFAs) and nondeter-
ministic finite automata (NFAs), the powerset construction, closure of the regular languages
under boolean operations and others, decision algorithms for emptiness and finiteness of
the language recognized by a given automaton, and uniqueness of the minimal DFA for a
given language. Much of the presentation style of this paper survives in today’s textbooks,
and the style is not algorithmically oriented. For example, the powerset construction is not
introduced as an algorithm that, given an NFA as input, produces an equivalent DFA as
output but as a mathematical definition (definition 11): a DFA whose states are all the sub-
sets of states of the original automaton. The simple but computationally important fact that
only the states of the DFA reachable from the initial state need to be constructed is not
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mentioned. Another example can be found in section 4, which studies the emptiness pro-
blem for DFAs. It contains a corollary (corollary 7.1) stating that, “given an automaton A,
there is an effective procedure whereby in a finite number of steps it can be decided whether
L (A4) is empty.” The effective procedure, which is only sketched, consists of checking for
all words of length up to the number of states of 4 whether they are accepted; this procedure
has exponential complexity, while the problem can be solved in linear time.

We claim that this presentation style, summarized by the slogan automata are abstract
machines, is no longer adequate. In particular, during the second half of the 1980s and in
the 1990s, program verification emerged as a new and exciting application of automata the-
ory. Automata were used to describe the behavior of hardware and software systems, not
their syntax, and this shift from syntax to semantics had important consequences. While
automata for lexical or syntactical analysis typically have at most some thousands of states,
automata for semantic descriptions can easily have tens of millions. In order to handle
automata of this size, it became imperative to pay special attention to efficient construc-
tions and algorithmic issues, and research in this direction made great progress. Moreover,
automata on infinite words, a class of automata models originally introduced in the 1960s
to solve abstract problems in logic, became the model of choice to specify and verify live-
ness properties of software. These automata run over words of infinite length, and so they
can hardly be seen as machines accepting or rejecting an input; they could only do so after
infinite time!

This book intends to reflect this evolution of automata theory. The modern change of
focus, from expressivity to algorithmic questions, is captured by the new slogan automata
as data structures. Hash tables and Fibonacci heaps are adequate data structures for repre-
senting sets when one needs the operations of a dictionary and a priority queue, respectively.
Similarly, automata are the right data structure for representing sets and relations when the
required operations are union, intersection, complement, projections, and joins. From this
point of view, it is the algorithmic implementation of the operations that gets the limelight,
and it constitutes the spine of this book.

The shape of the book is also very influenced by two further design decisions. First,
automata-theoretic constructions are best explained by means of examples, and examples
are best presented with the help of pictures. Automata on words are blessed with a graphical
representation of instantaneous appeal. We have invested much effort into finding illus-
trative, nontrivial examples whose graphical representation still fits in one page. Second,
students learning directly from a book often find solved exercises more illustrative than any
written explanation and essential to self-evaluate their progress. This book contains a large
number of solved exercises, ranging from mechanic applications of algorithms to relatively
involved proofs.



Preface xv

Acknowledgments

First and foremost, we thank Orna Kupferman and Moshe Vardi. This book grew out of a
joint attempt to write a research monograph on the automata-theoretic approach to model
checking and automatic synthesis. The project started in the early 2000s, but, like so many
projects without a deadline, it was postponed multiple times. In 2007, the first author moved
to the Technical University of Munich and started to teach a new master course on automata
theory. The initial version of the course was focused on automata on infinite words, and it
heavily relied on course material by Orna and Moshe. The course notes assumed familiarity
with automata on finite words, as taught in a standard introductory course to theoreti-
cal computer science. However, students had difficulties in refreshing their knowledge on
automata—which usually had not been presented in an algorithmic way—and connecting
it to the new algorithmic approach. Addressing these issues required producing additional
notes on automata on finite words. With a new student cohort demanding better notes year
after year, the notes grew step by step, until they covered pattern matching, applications to
verification, decision procedures for several logics, and binary decision diagrams. The final
result is the book you have in your hands, which would not exist without Orna and Moshe’s
initial push.

Special thanks go to Jorg Kreiker, Jan Kretinsky, Michael Luttenberger, Salomon Sickert,
and Stefan Schwoon for their contributions to several chapters and for many discussions. In
particular, Jan contributed a lot to chapter 4 on pattern matching, and Stefan Schwoon gra-
ciously allowed us to use his unpublished lecture notes in chapter 12 on emptiness checking
of Biichi automata.

We also express our gratitude to many colleagues and students who helped us in vari-
ous ways. Udi Boker patiently answered many questions, and his work strongly influenced
chapter 10 on the relations between different classes of w-automata. Breno Faria helped to
draw many (former) figures; he was funded by a program at the Computer Science Depart-
ment of the Technical University of Munich. Noé Canva, Frangois Ladouceur, and Alex
Sansfagon-Buchanan proofread the book while taking a dedicated master’s course at the
Université de Sherbrooke. Philipp Czerner, Debarghya Ghoshdastidar, Kush Grover, Roland
Guttenberg, Marijana Lazic, Mikhail Raskin, Salomon Sickert, Chana Weil-Kennedy, and
Markus Wenzel proofread chapters at the Technical University of Munich. Hardik Arora,
Joe Bedard, Fabio Bove, Birgit Engelmann, Tabea Frisch, Tobias Forner, Moritz Fuchs,
Matthias Heizmann, Barbara Konig, Stefan Krusche, Siyun Liang, Philipp Miiller, Batikan
Bora Ormanci, Martin Perzl, Marcel Ruegenberg, Franz Saller, Hayk Shoukourian, Ala
Sleimi, Alexander Simon Treml, Radu Vintan, Theresa Wasserer, Yi Wei, and Daniel
WeiBauer spotted mistakes and provided very helpful comments. We also wish to express
our gratitude to all those who have assisted in making this publication possible, notably
Elisabeth Swayze and Matthew Valades from the MIT Press and the production team at
Westchester Publishing Services led by Madhulika Jain.






O Overview

0.1 Introduction

Courses on data structures show how to represent sets of objects in a computer so that
operations like insertion, deletion, lookup, and many others can be efficiently implemented.
Typical representations are hash tables, search trees, or heaps.

This textbook also deals with the problem of representing and manipulating sets of
objects but with respect to a different family of operations: the boolean operations of set
theory (union, intersection, and complement with respect to some universe set), some zests
that check basic properties (whether a set is empty, contains all elements of the universe,
or is contained in another set), and operations on relations between objects, like joins and
projections. Table 0.1 defines the operations we would like to support, where U denotes
some universe of objects, X, ¥ are subsets of U, x is an element of U, and R, S C U x U are
binary relations on U. Note that many other operations, like set difference, can be reduced
to the ones in the table and that operations on n-ary relations for » > 3 can be reduced to
operations on binary relations.

We want a data structure that is able to represent infinite subsets of an infinite universe set,
like infinite sets of natural numbers. For example, the constraint x > 5 is a finite representa-
tion of the infinite set {6, 7, 8, . . .}, and the logical formula 3y 3y = x is a finite representation
of the set of multiples of 3—that is, of the set {0,3,6,9,...}. It is easy to see that no data
structure can finitely represent every infinite set.! Because of this limitation, every good data
structure for infinite sets must find a reasonable compromise between expressivity (which
sets it can finitely represent) and manipulability (which operations can be carried out and
at which cost). This book introduces the compromise offered by finite automata, which, as
shown by more than sixty years of research on the theory of formal languages, is the best

1. An infinite universe, like the set of natural numbers, has uncountably many subsets. However, a data structure
only has a countable number of instances; indeed, an instance of a data structure—say, a tree—can always be
encoded as a string, and there are only a countable number of strings over a finite alphabet. So, loosely speaking,
we do not have enough instances for all sets.
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Table 0.1

Operations and tests for manipulation of sets and relations.
Operation on sets Returns

Complement(X) U\X

Intersection(X, Y) XNy

Union(X, Y) XUY

Test on sets Returns

Member(x, X) true if x € X, false otherwise
Empty(X) true if X = (J, false otherwise
Universal(X) true if X = U, false otherwise
Included(X, Y) true if X C Y, false otherwise
Equal(X,Y) true if X =Y, false otherwise

Operation on relations  Returns

Projection_1(R) 71 (R)={x:3y (x,y) ER}

Projection_2(R) 73 (R)={y:3x (x,y) € R}

Join(R, §) RoS={(x,z):3yeX (x,y) eRA(y,2) €S}
Post(X, R) postp(X)={yeU:IxeX (x,y) eR}
Pre(X, R) preg(X)={yeU:3IxeX (y,x) e R}

one available for many practical purposes. Finite automata, as we will call them through-
out the book, represent and manipulate sets whose elements are encoded as words (i.c., as
sequences of symbols).?

Any kind of object can be represented by a word, at least in principle. Natural numbers,
for instance, are represented as sequences of digits, that is, as words over the alphabet of
digits. Vectors and lists can also be represented as words by concatenating the word repre-
sentations of their elements. As a matter of fact, whenever a computer stores an object in a
file, the computer is representing it as a word over some alphabet, like ASCII or Unicode.
So, automata are a very general data structure. However, while any object can be repre-
sented by a word, not every object can be represented by a finite word, that is, a word of
finite length. Typical examples are real numbers and nonterminating executions of a pro-
gram. When objects cannot be represented by finite words, computers usually only represent
some approximation: a float instead of a real number or a finite prefix instead of a nonter-
minating computation. In the second part of the book, we show how to represent sets of
infinite objects exactly using automata on infinite words. While the theory of automata on
finite words is often considered a “gold standard” of theoretical computer science—a pow-
erful and beautiful theory with lots of important applications in many fields—automata on

2. There are generalizations of word automata in which objects are encoded as trees. The theory of tree automata
is also very well developed but not the subject of this book.
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infinite words are more demanding, and their theory does not achieve the same degree of
“perfection.” The structure of part II reflects this: we follow the same steps as in part I,
always comparing the solutions for infinite words with the “gold standard.”

0.2 Outline and Structure

Part I presents data structures and algorithms for regular languages of finite words.

Chapter 1 introduces the classical data structures for the representation of regular lan-
guages: regular expressions, deterministic finite automata (DFAs), nondeterministic finite
automata (NFAs), and nondeterministic automata with e-transitions. We refer to all of them
as automata. The chapter presents some examples showing how to use automata to finitely
represent sets of words, numbers, or program states and describes conversion algorithms
between the representations. All algorithms are well known (and can also be found in other
textbooks) with the exception of the algorithm for the elimination of e-transitions.

Chapter 2 addresses the issue of finding small representations for a given set. It shows that
there is a unique minimal representation of a language as a DFA and introduces the classical
minimization algorithms. It also presents algorithms to reduce the size of NFAs.

Chapter 3 describes algorithms that implement boolean operations on sets, like union,
intersection, and complement, using automata as data structure. It then presents implemen-
tations of test operations on sets, like testing inclusion or equality between sets.

Chapter 4 presents a first, classical application of the techniques and results of chapter 3:
pattern matching. Even this well-known problem gets a new twist when examined from the
automata-as-data-structures point of view. The chapter presents the Knuth—Morris—Pratt
algorithm as the design of a new data structure, lazy DFAs, for which the membership
operation can be performed very efficiently.

Chapter 5 shows how to implement operations on relations, in particular the join operation
using length-preserving transducers (i.e., automata over an alphabet consisting of pairs of
letters), as data structure. It discusses in detail how to encode relations as words.

Chapter 6 presents specific data structures, that is, automata, for the important special case
in which the universe U of objects is finite. In this case, all objects can be encoded by words
of the same length, and the set and relation operations can be optimized. In particular, one
can then use minimal DFAs as data structure and directly implement algorithms for all
operations, without having to introduce extra minimization operations after each interme-
diate step. The second part of the chapter introduces (ordered) binary decision diagrams
as a class of automata that can represent finite sets even more succinctly than minimal
DFAs.
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Chapter 7 applies nearly all of the constructions and algorithms of previous chapters to
the problem of verifying safety properties of sequential and concurrent programs with
bounded-range variables. In particular, the chapter shows how to model concurrent pro-
grams as networks of automata, how to express safety properties using automata or regular
expressions, and how to automatically verify them using the algorithmic constructions of
previous chapters.

Chapter 8 presents first-order logic (FOL) and monadic-second order logic (MSOL) on
words as languages for the declarative specification of regular languages. Intuitively, logic
formulas are used to specify a language by describing a property that a word may satisfy
or not, and defining the language as the set of words that satisfy the property. The chapter
shows that FOL cannot describe all regular languages and that MSOL does.

Chapter 9 introduces Presburger arithmetic, a language to define sets of (tuples of) natural
numbers. As in the previous chapter, formulas of Presburger arithmetic describe properties
that a tuple of numbers may satisfy or not. The chapter presents an algorithm to compute
an automaton encoding all the tuples satisfying a given formula.

Part II presents data structures and algorithms for regular languages of infinite words, also
called w-regular languages.

Chapter 10 introduces w-regular expressions and several classes of w-automata: determin-
istic and nondeterministic Biichi, co-Biichi, Rabin, Street, parity, and Muller automata. It
explains the advantages and disadvantages of each class, in particular whether the automata
in the class can be determinized, and presents conversion algorithms between the classes.

Chapter 11 presents implementations of the set operations (union, intersection, and com-
plementation) for Biichi and generalized Biichi automata. In particular, it presents in detail
a complementation algorithm for Biichi automata.

Chapter 12 presents different implementations of the emptiness test for Biichi and gen-
eralized Biichi automata (i.e., the problem of deciding whether the automaton recognizes
the empty language). The first part of the chapter presents two linear-time implementations
based on depth-first-search (DFS): the algorithm known as nested-DFS and a modification
of Tarjan’s algorithm for the computation of strongly connected components. The second
part presents further implementations based on breadth-first-search.

Chapter 13 applies the algorithms of previous chapters to the problem of verifying liveness
properties of programs. After an introductory example, the chapter presents linear temporal
logic (LTL) as property specification formalism and shows how to algorithmically translate
a formula into an equivalent generalized Biichi automaton recognizing the language of all
words satisfying the formula. It then uses the operations implemented in chapter 12 to derive
an algorithm for the automatic verification of LTL properties.
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Part 1

Chapter 4

Chapter 6 Chapter 9

Chapter 8

Chapter 7

Chapter 10

Part 11

Chapter 13 Chapter 14

Figure 0.1
Chapter dependencies.

Chapter 14 extends the logic approach to regular languages studied in chapters 8 and 9 to
w-words. The first part of the chapter introduces monadic second-order logic on w-words
and shows how to construct a Biichi automaton recognizing the set of w-words satisfying
a given formula. The second part introduces linear arithmetic, the first-order theory of the
real numbers with addition, and shows how to construct a Biichi automaton recognizing the
encodings of all the real numbers satisfying a given formula.

Dependencies between chapters are depicted graphically in figure 0.1. The “spine” of the
book, containing chapters 1-3, chapter 5, and chapters 10—12, presents the implementations
of the operations on sets and relations. The rest of the chapters contain applications, which,
in the case of chapter 4 and chapter 6, also introduce some special automata classes.

Chapters 1-5 are an introduction to finite automata at bachelor level, similar in content to
the ones found in introductory books to the theory of computation, but with more examples
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and greater emphasis on algorithms. (A few sections, marked with “¥” in the table of con-
tents, require background that bachelor students typically do not yet have, for example, in
computational complexity theory; they can be skipped.) This material can be complemented
with any subset of the applications presented in chapters 6-9.

A master course, like the ones we teach at the Technical University of Munich and the
Université de Sherbrooke, can cover the full spine (presenting chapters 1-5 at higher speed)
and a selection of applications.

0.3 On the Exercises

Each chapter ends with exercises. About a third of the solutions appear only in a version
intended for instructors. The rest (and hence the majority) of the solutions appear in an
appendix at the end of the book. Each exercise is marked by its difficulty, (dominant) type,
and solution availability, with these symbols:

Difficulty Symbol

Standard w
Harder ) k¢
Challenging %

Type Symbol
Construction =)
Algorithm design 4
Algorithm execution 8

Proofs |

Extra material =

Solution Symbol
Available in appendix ol

Not available in appendix a




I AUTOMATA ON FINITE WORDS






1 Automata Classes and Conversions

In section 1.2, we define basic notions, like words and languages, and introduce regu-
lar expressions, a textual notation for the finite representation of languages. Section 1.3
introduces increasingly larger classes of finite automata: deterministic, nondeterministic,
with e-transitions, and with transitions labeled by regular expressions. Section 1.4 presents
conversion algorithms that transform a regular expression into an equivalent automaton,
an automaton into an equivalent regular expression, or an automaton of one kind into an
equivalent automaton of another.

1.1 Alphabets, Letters, Words, and Languages

An alphabet is a finite nonempty set. The elements of an alphabet are called /etters or
symbols. A finite, possibly empty, sequence of letters is a word. A word aja; - - - a, has
length n. The empty word is the only word of length 0 and it is written ¢. The concatenation
oftwowordsu=a; ---a,andv=>b, ...b,, isthe word uv=ay - - - a,b; - - - b;;, sometimes
also denoted by u-v. Observe that ¢ - w=w=w-¢. For every word w, we define w’ =¢

and w1 = wwk for every k > 0.

Remark 1.1 The formal definition of a word differs from the one used in daily life, accord-
ing to which this sentence has twenty-two words. This is so because in (modern) natural
languages, words are defined as sequences of letters with a special symbol on each side,
the blank, except at the beginning or end of a sentence. On the contrary, the mathematical
definition treats all symbols the same. It sees a whole English text, say Hamlet, as one single
word of length (about) 186,400 over a sixty-seven-symbol alphabet containing twenty-six
lower case letters, twenty-six upper case letters, the blank, and fourteen punctuation marks.
This word is a concatenation of the form

WL UWQ U -+ U Wy,

where n =~ 32,000, the word u has length 1 and consists of just a blank, and wy, ..., w, are
English words, possibly with punctuation marks at the end. In particular, we have
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wi =ACT  wy=1 w3 =SCENE  ws=L ws = ELSINORE.
we=A wy =platform  wg = before wg =the  wjo=castle.

Given an alphabet X, we denote by X* the set of all words over . A set L C £* of words
is a language over X. We define three operations on languages over a given alphabet X:

« The complement of a language L is the language X *\ L, which we often denote L. Notice
that the notation Z implicitly assumes that the alphabet X is fixed. For example, consider
the language L = {da" :n > 0}. If £ = {a}, then L =0, but if £ = {a, b}, then L contains all
words over {a, b} with at least one occurrence of b.

« The concatenation of two languages Ly and Ly is L1 Ly = {wwy :wj € L1, wy € L,} also
denoted by L - L,. Observe that @ L =L ) = J, because no word is the concatenation of a
word of ¥ and a word of L, since ¢ contains no words.

o The iteration of a language L is the language L*:UiZOLi, where L% ={g} and
L =11 L for every i > 0.

Example 1.2 Here is an assorted collection of languages, where ¥ = {a, b}.

o {ab, a}{ab, b} = {abab, abb, aab, ab}.

e {a}*={¢,a,aa,aaa,...}.

« {a, b}’ ={a, b}{a, b}{a, b} = {aaa, aab, aba, abb, baa, bab, bba, bbb}.
« {a,b,e}* ={¢,a,b,aa,ab, ba, bb}.

o ({a,b}{a, b})* is the set of all words over X of even length.

« {a, b}{a, b} is the set of all words over T of length different from 2.

o e ={e}.

« #* ={e}. (Indeed, #° = {&} by definition, and @' = @ for every i > 1.)

1.2 Regular Expressions: A Language to Describe Languages

Finite languages can be described by explicit enumeration of the words they contain, but
this no longer works for infinite languages. We introduce regular expressions, a language to
describe languages. They are a suitable notation for the concise description of many infinite
languages.

Definition 1.3 Regular expressions r over an alphabet T are generated by the following
grammar, where a € X.:
re=@lelalrirlr +r|rt

The set of all regular expressions over X is written RE(X).
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Remark 1.4 Definition 1.3 assumes that the reader is familiar with the Backus—Naur
form and some standard conventions concerning parentheses. For a definition from scratch,
let '={0,¢,(,),+,*} and let £ be an alphabet disjoint from I". We denote by RE(X) C
(X UT)* the language over the alphabet X U T" defined inductively as follows:

e f,eceRE(E)and T CRE(T).
o If ri,rp € RE(X), then (r11;p) e RE(X) and (r| + 1) e RE(Z).
o Ifr e RE(Z) then (r)* e RE().

Intuitively, a regular expression can be seen as a “recipe” for generating words. For exam-
ple, the regular expression (ab)*c corresponds to the recipe “concatenate as many copies
of ab as you wish (including zero copies), and then add c at the end.” This recipe produces
words like abc, ababc, or just c. The expression a* + b* corresponds to “choose one of
these two: concatenate as many copies of a as you want (including zero); or, concatenate
as many copies of b as you want (including zero).” It produces words like aa or bbbb but
not ab. Observe the difference with the recipe (a + b)*, “concatenate as many letters as you
want (including zero), where each letter can be an @ or a b.” This recipe can produce ab,
and in fact, it can produce any word.

Let us give a precise definition of the language generated by a regular expression.

Definition 1.5 The language L (r) € X* of a regular expression r € RE(X) is defined
inductively by

L@)=0 L(rir)=L(r1)-L(r2)
L(e)={e} L(r1+r)=L>r1)ULF)
L (a)={a} L (r*) =L

A language L is regular if there is a regular expression r such that L= L (r).

When there is no risk of confusion, we write “the language ” instead of “the language
L () In the same vein, we call {7, the concatenation of r| and r,, r| + r; the union of r|
and r,, and r* the iferation of r. Sometimes, we write r| - r, instead of 77, and 7 instead
ofrr---r.

—_——

k times
Example 1.6 Let £ ={0, 1}. Some languages expressible by regular expressions are:
o The set of all words: (0 + 1)*. We often use X as an abbreviation of (0 + 1) and so £* as
an abbreviation of (0 + 1)*.
« The set of all words of length at most 4: (0 + 1 4 ¢)*.
« The set of all words that begin and end with 0: 0X*0.
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Table 1.1
Some equivalence laws for regular expressions.

Laws for union

r+(s+6)=@F+s)+t (associativity)

rt+s=s+r (commutativity)
N+r=r (left neutrality)
r+9=r (right neutrality)
r+r=r (idempotence)

Laws for concatenation

r(st) = (rs)t (associativity)
er=r (left neutrality)
re=r (right neutrality)
Ir=9 (left annihilation)
M=y (right annihilation)

Laws for iteration

*=gt=g¢
F=e+r* (expansion)
) =r* (idempotence)
Other laws
rs+t)=rs+rt (left distributivity)
(r+s)t=rt+st (right distributivity)

(r+s5)* = (Fs*)*

« The set of all words containing at least one pair of Os exactly five letters apart: Z*0Z40 X *.
« The set of all words containing an even number of 0s: 1* + (1*01*01%)*.

« The set of all words containing an even number of Os and an even number of 1s: (00 +
11+ (01410)(00+ 11)*(01 + 10))*.

Two regular expressions r; and r, are equivalent, denoted ri =rp, if L (r]) =L (r2).
For example, we have a(b+ ¢) =ab + ac because L (a(b+ c)) ={ab,ac} = L (ab+ ac).
Table 1.1 presents a list of useful equivalence laws, valid for arbitrary regular expressions
r,s,and t.

1.3 Automata Classes

We introduce deterministic finite automata, abstract machines that receive a word as
input, and either reject or accept it. Then we present several generalizations of this basic
model: nondeterministic finite automata, nondeterministic automata with e-transitions, and
nondeterministic automata with transitions labeled by regular expressions.
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blaln|aln]a|n|o|n|al| i

Figure 1.1
Tape with reading head.

1.3.1 Deterministic Finite Automata

Intuitively, a deterministic automaton can be seen as the control unit of a machine that reads
an input from a tape divided into cells by means of a reading head (see figure 1.1). Initially,
the automaton is in the initial control state, the tape contains the word to be read, and the
reading head is positioned on the first cell of the tape.

At each step, the machine reads the contents of the cell occupied by the reading head,
updates the current control state according to a transition function, and advances the head
one cell to the right. The machine accepts a word if the state reached after reading it
completely belongs to a set of final states.

Definition 1.7 A deterministic automaton (DA) is a tuple A= (Q, X, 0, qo, F'), where

« Qis a nonempty set of states,

o X is an alphabet,

e 0: O X ¥ — Qis a transition function,
+ qo € Q is the initial state, and

« FCQis the set of final states.

A run of A on input apay - - - ay—1 is a sequence q N q1 a2l qn, such that q; €
O for all 0 <i<n, and 6(qi,a;) =qiy1 for all 0 <i <n. A run is accepting if g, € F. The
automaton A accepts a word w € L* if it has an accepting run on input w. The language
recognized by A is the set L (A) ={w € X* :w is accepted by A}.

A deterministic finite automaton (DFA4) is a DA with a finite set of states.

Notice that a DA has exactly one run on a given word. Given a DA, we often say “the
word w leads from ¢ to ¢,” meaning that the unique run of the DA on the word w ends at
the state ¢, and write g N q.

Graphically, nonfinal states of a DFA are represented by circles and final states by double
circles (see example 1.8). The transition function is represented by labeled directed edges:
if 6(q, a) = ¢/, then we draw an edge from ¢ to ¢’ labeled by a. We also draw an edge into
the initial state to denote that the DFA starts there.
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Figure 1.2
A DFA.

Example 1.8 Figure 1.2 shows the graphical representation of the DFA 4= (Q, X, 4,
q0,F), where O =1{q0,91, 92,93}, £ ={a, b}, F ={qo}, and 6 is given by

d(qo,a) =q1 d(q1,a) =qo 0(q2,a) =q3 0(q3,a) =q2,
d(qo,b) =q3 o(q1,b)=q2 6(q2,b) =q1 6(q3,b) = qo.
The runs of 4 on aabb and abbb are

b b
C]O—a>QI —a>QO—>Q3 — 40,

b b b
QO—a>QI —q2 —> 41 — q2.

The first one is accepting, but the second one is not. It is not difficult to see that the DFA
recognizes the language of all words over alphabet {a, b} that contain an even number of as
and an even number of bs. Indeed, the DFA is in the states on the left if it has read an even
number of as, and in the states on the right if it has read an odd number of as. The same
holds for bottom and top states w.r.t. the number of bs.

Trap states. Consider the DFA depicted in figure 1.3 over alphabet {a, b, c}. It recog-
nizes the language {¢, ab, ba}. The colored state on the right is often called a trap state or
a garbage collector: if a run reaches this state, it gets trapped in it, and so the run cannot
be accepting. DFAs often have a trap state with several ingoing transitions, and this makes
it difficult to find a nice graphical representation. So, when drawing DFAs, we often omit
the trap state. For instance, we only draw the uncolored part of the automaton depicted in
figure 1.3. Note that no information is lost: if a state ¢ has no outgoing transition labeled
by a, then we know that d(g, a) = ¢;, where ¢, is the unique trap state.

1.3.2 Using DFAs as Data Structures

We think of regular expressions as word generators and of DFAs (and the automata classes
we will introduce soon) as word acceptors. These mental images are useful to guide our
intuition, but there is a more general and fruitful view: DFAs are finite representations of
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Figure 1.3
A DFA with a trap state.

Figure 1.4
A DFA for decimal numbers.

possibly infinite languages. In applications, a suitable encoding is used to represent objects
(like numbers, programs, relations, and tuples) as words. Via this encoding, a DFA is a
finite representation of a possibly infinite set of objects. Let us see four examples of DFAs
representing interesting sets, which also illustrate the theory and applications described in
the coming chapters.

Example 1.9 The DFA of figure 1.4 (drawn without the trap state) recognizes the strings
over alphabet {—, -, 0, 1,. .., 9} that encode real numbers with a finite decimal part. We wish
to exclude 002, —0, or 3.10000000 but accept 37, 10.503, or —0.234 as correct encodings.
An English description of the correct encodings is rather long:

« a string encoding a number consists of an integer part, followed by a possibly empty
fractional part;

« the integer part consists of an optional minus sign, followed by a nonempty sequence of
digits;

« if the first digit of the integer part is 0, then it is the only digit of the integer part;
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Figure 1.5
A DFA for the multiples of 3 encoded in binary.

0 1
1 0
O=0=0
1 0
Figure 1.6

Same DFA, after naming the states.

« if the fractional part is nonempty, then it starts with “.””, followed by a nonempty sequence
of digits that does not end with 0; and

« if the integer part is —0, then the fractional part is nonempty.

In chapters 2 and 3, we will see how to obtain this DFA algorithmically, by applying con-
structions to small automata corresponding to each of the items in the above description. In
chapter 4, we will describe how to use a DFA to find occurrences of decimal numbers in a
given text.

Example 1.10 The DFA of figure 1.5 recognizes the binary encodings of the multiples of
3. For instance, it recognizes 11, 110, 1001, and 1100 (which are, respectively, the binary
encodings of 3, 6, 9, and 12) but not, say, 10 or 111 (which, respectively, encode 2 and 7).
Observe that if the DFA accepts a word, say 110, then it also accepts the words
0110,00110, ... which encode the same number. We let ¢ encode 0, and so in particular,
the DFA accepts ¢.

To see why the DFA recognizes this language, let us call the left, middle, and right state
0, 1, and 2, respectively, as depicted in figure 1.6.
Given a word w, let n,, denote the number encoded by w. Further, let r, € {0, 1,2} be the
remainder of dividing n,, by 3, and let r,, € {0, 1, 2} be the corresponding state of the DFA.
For example, if w= 1000, then n,, =38, r, =2, and r,, =2. A word w encodes a multiple
of 3 iff r, = 0 and is accepted by the DFA iff 0 0. So, it suffices to show that 0 —> r,,
holds for every word w. We claim that this is the case. Consider first the particular case
w=1000. We have

05125251 %2

. . w
and so, since r, =2, we indeed get 0 — r,,.
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Figure 1.7
A DFA for the solutions of 2x —y < 2.

To prove the claim for every word w, we proceed by induction on the length of w. For
w=¢, we have r, =0and 0 N 0, and we are done. Assume now that |[w| > 0 and w=w'0
(the case w=w'1 is similar).

Assume further that 0 l/> 2 (again, the cases 0 i) 0 and 0 L 1 are analogous). We
have n,,,o = 2n,,, because adding a 0 to a binary number amounts to doubling it. Thus, 7,/
is the remainder of dividing 2 - r,s by 3. Since r,, =2 by induction hypothesis, we have
rwo = 1. Finally, since 0 L/> 2 N 1, we get 0 Llo) 1, and so 0 W—/0> ry0-

Finding this DFA seems to require some ingenuity, but actually that is not the case. By
definition, the multiples of 3 are the numbers x satisfying the formula 3y 3y = x. In chapter 9,
we present an algorithm that takes a formula like this as input and returns a DFA recognizing
the encodings of the numbers that satisfy it.

Example 1.11 The inequality 2x —y <2 has infinitely many nonnegative integer solu-
tions, like (x,y)=(0,0) or (x,y)=1(7,20). Let us encode solutions as words over the
alphabet {[0,0],[0,1],[1,0],[1, 1]}. We explain the encoding by example. Consider the

L{foffr]jr{fof|o

Oj[1]]0][Of[1]]1
where we have written the letters vertically. The top row 101100 encodes the number
1-2040-2" +1-2241-234+0-2%+0-2% = 13, and the bottom row 010011 the number

21 424 425 =50. That is, each row represents a number in binary, starting with the least
significant bit. Using an algorithm presented in Chapter 9, we can algorithmically construct
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the DFA of Figure 1.7 (drawn without the trap state), which recognizes the set of solutions
of 2x — y <2. In other words, the DFA accepts a word if and only if its corresponding pair
of numbers satisfies the inequality.

Example 1.12 Consider the following program foo with two boolean variables x and y:

1 whilex=1do
2 if y=1 then
3 x<0

4 y<«1l-—x

5 end

A configuration of the program is a triple [£, ny, n,], where € € {1,2, 3,4, 5} is the current
value of the program counter, and ny, n,, € {0, 1} are the current values of x and y. The initial
configurations are

[1,0,01,[1,0,1],[1,1,01,[1, 1,17,

that is, all configurations in which control is at line 1. The DFA of figure 1.8 recognizes all
reachable configurations of the program. For instance, the DFA accepts [5, 0, 1], indicating
that it is possible to reach the last line of the program with values x =0 and y = 1. The DFA
shows, for example, that after termination, the value of x is always 0.

Chapter 7 describes different algorithms that, given such a program, automatically con-
struct a DFA for its reachable configurations. As we will see, this allows for the automatic
detection of bugs.

Figure 1.8
A DFA for the reachable configurations of program foo.
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1.3.3 Nondeterministic Finite Automata

In a deterministic automaton, the next state is completely determined by the current state
and the letter read by the head. In particular, this implies that the automaton has exactly one
run for each word. Nondeterministic automata have the possibility to choose the next state
out of a set of candidates (possibly empty), and so they may have zero, one, or many runs
on the same word. Such an automaton is said to accept a word if at least one of these runs
is accepting.

Definition 1.13 A4 nondeterministic automaton (NA) is a tuple A= (0, £,0, Q, F),
where

« O, X, and F are as for DAs;
« Qo is a nonempty set of initial states, and
¢ 0: O x £ — P(Q) is a transition relation.

A run of A on input apay - - - a, is a sequence pg &pl LN E>p,,, such that p; € Q
Jor every 0 <i<n, po € Qo, and pi+1 € d(pi, a;) for every 0 <i <n. A run is accepting if
pnerF.

A word w e X* is accepted by A if at least one run of A on w is accepting. The language
recognized by A is the set L (A) ={w e X* 1w is accepted by A}.

A nondeterministic finite automaton (NFA) is an NA with a finite set of states.

We often identify the transition function § of a DA with the set of triples (¢, a, ¢") such
that ¢’ = 6(g, a) and the transition relation § of an NFA with the set of triples (g, a, ¢) such
that ¢’ € (g, a). Consequently, we often write (¢, a,q") € §, meaning ¢’ = (g, a) for a DA
or ¢’ € §(q, a) for an NA.

If an NA has several initial states, then, by definition, its language is the union of the sets
of words accepted by runs starting at each initial state.

Example 1.14 Figure 1.9 depicts an NFA 4 = (0, X, 9, Qo, F) where O ={q0,91, 92,93},
> ={a, b}, Qo ={qo}, F ={qg3}, and the transition relation ¢ is given by

d(qo,a) ={q1} d(q1,a) ={q1} o(q2,a) =0 o(g3,a) = {q3},
6(qo,b) =1 6(q1,0) =1{q1,92} 6(q2,b) ={q3} o(g3,b) ={q3}.
a,b a,b
Figure 1.9
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Figure 1.10
An NFA-¢.

Automaton 4 has no run for any word starting with letter b. It has exactly one run for aa
and four runs for abbb, namely,

a b b a b b b

q0 — 41— 41— 41— 41 q0 — q1 —> q1 —> 41 —> q2,
a b b a b b b

q0 — 41— 41 —> 492 —> 43 q0 — 41 —> 42 —> 43 —> 43.

Two of these runs are accepting; the other two are not. Language £ (4) is the set of words
that start with a and contain two consecutive bs.

After a DA reads a word, we know whether it belongs to the language or not. This is
no longer the case for NAs: if a run on the word is not accepting, then we do not know
anything; there might be a different run leading to a final state. Hence, NAs are not very
useful as language acceptors. However, they are very important. From an operational point
of view, it is often easier to find an NFA for a given language than to find a DFA. More-
over, as we will see later in this chapter, NFAs can be aufomatically transformed into DFAs.
From a data structure point of view, there are two further reasons to study NAs. First, many
sets can be represented far more compactly as NFAs than as DFAs. So, using NFAs may
save memory. Second, in chapter 5, we will describe how to implement operations on rela-
tions, and we will see that the implementation of the projection operation (see table 0.1 of
section 0.1) may return an NFA, even if its input is a DFA. Therefore, NFAs are not only
convenient but also necessary to obtain a data structure implementing all operations of
table 0.1.

1.3.4 Nondeterministic Finite Automata with e-Transitions

Recall that the state of an NA can only change by reading a letter. We consider NAs with
e-transitions that may also change their state “spontaneously” by executing an “internal”
transition without reading any input. To emphasize this, we label these transitions with the
empty word ¢ (see figure 1.10).

Definition 1.15 A nondeterministic automaton with e-transitions (NA-¢) is a tuple
A = (Qs 2355 QO’F); Where

« 0 X, Qo, and F are as for NAs, and
e 0: O x (X U{e}) = P(Q) is a transition relation.
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Figure 1.11
An NFA with transitions labeled by regular expressions.

The runs and accepting runs of an NA-¢ are defined as for NAs. We say that A accepts a
word ay - - - ay € X if there exist numbers ko, ki, ..., k, >0 such that A has an accepting
run on the word

eoaehi .. ki, efn e (T U e .

A nondeterministic finite automaton with e-transitions (NFA-¢) is an NA-¢ with a finite
set of states.

Notice that, unlike for NAs, the number of accepting runs of an NA-¢ on a word may
be infinite. This is the case when some cycle of the NA-¢ only contains e-transitions, and
some final state is reachable from the cycle.

NA-¢s are useful as intermediate representations. In particular, later in this chapter, we
will see how to automatically transform a regular expression into an NFA in two steps; first
we convert the expression into an NFA-¢, and then we convert the NFA-¢ into an NFA.

1.3.5 Nondeterministic Finite Automata with Regular Expressions

We generalize the notion of NA-¢ even further. Both letters and the empty word ¢ are
instances of regular expressions. Now we allow arbitrary regular expressions as transition
labels (see figure 1.11). A run leading to a final state accepts all the words of the regular
expression obtained by concatenating all the labels of the transitions of the run into a single
regular expression. For example,
& a* * a* b* & d
90 — 41 — 2 ——> 41— 42 —> 41 —~> 43 —> 44

is a run of the automaton of figure 1.11 leading to an accepting state, and so the automaton
accepts, among others, all words of the regular expression ea*b*a*b*ed = a*b*a*b*d.

We call these automata NA-reg. They are useful to formulate conversion algorithms
between automata and regular expressions, because they generalize both. Indeed, a reg-
ular expression can be seen as a NA-reg with only one transition leading from the initial
state to a final state and labeled by the regular expression.
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Definition 1.16 A nondeterministic automaton with regular expression transitions (NA-
reg) is a tuple A= (Q, £, 9, Qo, F), where

« 0 X, Qo, and F are as for NAs, and

e 0: QX RE(T)— P(Q) is a relation such that 6(q,r) =0 for all but a finite number of
pairs (q,r) € O x RE(X).

Accepting runs are defined as for NAs. Automaton A accepts a word w € X* if A has an
accepting run on ry - - - ri such that we L (r1) - - - L (ry).

A nondeterministic finite automaton with regular expression transitions (NFA-reg) is an
NA-reg with a finite set of states.

1.3.6 A Normal Form for Automata

For any of the automata classes we have introduced, if a state is not reachable from any
initial state, then removing it does not change the language accepted by the automaton. We
say that an automaton is in normal form if each state is reachable from an initial one.

Definition 1.17 Let A= (0, X, 9, Qo, F) be an automaton. A4 state q € Q is reachable from
state ¢ € Q if either =/, or there exists a run ¢ — - - - —2> q on some word aj - - - a, €
X*. Automaton A is in normal form if every state is reachable from some initial state.

Obviously, for every automaton, there is an equivalent automaton of the same kind in normal
form. In this book, we follow this convention:

Unless otherwise stated, we assume that automata are in normal form. In particular, we
assume that if an automaton 4 is an input to an algorithm, then 4 is in normal form. If
the output of an algorithm is an automaton, then the algorithm is expected to produce an
automaton in normal form. This condition is a proof obligation when showing that the
algorithm is correct.

1.4 Conversion Algorithms

We show that all our data structures represent exactly the same class of languages—namely,
the regular languages. The solid edges of figure 1.12 show the relations between the for-
malisms that follow immediately from the definitions: DFAs are a special case of NFAs,
which are a special case of NFA-¢s, which are a special case of NFA-regs; further, regular
expressions can also be seen as a special case of NFA-regs. Indeed, a regular expression r
“is” the NFA-reg 4, having two states, one initial and the other final, and a single transition
labeled 7 leading from the initial to the final state.

In the next sections, we present four conversion algorithms corresponding to the dashed
arrows of figure 1.12. A dashed arrow from a source to a target node indicates that for every
instance of the source, there is an equivalent instance of the target. The algorithms allow us
to convert any representation of a language into any other.
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Figure 1.12

Our data structures for languages.

1.4.1 From NFA to DFA

The powerset construction transforms an NFA 4 into a DFA B recognizing the same lan-
guage. We first give an informal idea of the construction. Recall that an NFA may have many
different runs on a word w, possibly leading to different states, while a DFA has exactly one
run on w. Denote by Q,, the set of states ¢ such that some run of 4 on w leads from some
initial state to ¢. Intuitively, B “keeps track™ of the set O,,: its states are sets of states of A,
with Qy as initial state (4 starts at some initial state), and its transition function is defined
to ensure that the run of B on w leads from Qg to O,, (see below). It is then easy to ensure
that 4 and B recognize the same language: it suffices to choose the final states of B as the
sets of states of 4 containing at least one final state, because for every word w:

B accepts w
iff O, is a final state of B
iff 0, contains at least a final state of 4
iff some run of 4 on w leads to a final state of 4
iff A4 accepts w.

Let us now define the transition function A of B. “Keeping track of the set Q,,” amounts
to satisfying A (Qy, a) = Oy for every word w. Since we have Oy, = ey d(q,a), we
define

AQ ,a)= U 4(q, a) for every Q' C Q.
qeQ’
Note that we may have Q' = ¢J; in this case, ¢ is a state of B, and since A (¥, a) = ¥ for every
a€ A, itisa “trap” state.
Summarizing, given 4 = (Q, X, 9, Qo, F), we define the DFA B=(Q, X, A, qo, F) as
follows:
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« Q=P(),
e A(Q,a)= quQ’ d(g,a) forevery ' CQandeveryac X,
* q0=Qo, and

F={Q €Q:0 NF #0¢}.

Observe, however, that B may not be in normal form: many states may not be reachable
from Qy. For instance, assume A happens to be a DFA with states {qo, . . ., ¢»—1}. Then B has
2" states, but only the singletons {go}, ..., {g,—1} are reachable. The conversion procedure
of algorithm 1 constructs only the reachable states.

The algorithm is written in pseudocode, with abstract sets as data structure. Like nearly all
the algorithms presented in the next chapters, it is a workset algorithm. These maintain a set
of objects, the workset, waiting to be processed. The elements of the workset are unordered,
and the workset contains at most one copy of an element (i.e., if an element already in the
workset is added to it again, the workset does not change). For most algorithms in this book,
the workset can be implemented as a hash table.

In NFAtoDFA, the workset is called WV, in other algorithms just /¥ (we use a calligraphic
font to emphasize that in this case, the objects of the workset are sets). Workset algorithms
repeatedly pick an object from the workset (instruction pick Q from V) and process it.
Picking an object removes it from the workset. Processing an object may generate new
objects that are added to the workset. The algorithm terminates when the workset is empty.
Since objects removed from the list may generate new objects, workset algorithms may
potentially fail to terminate. Even if the set of all objects is finite, the algorithm may not

Algorithm 1 Conversion from NFA to DFA.

NFAtoDFA(A)

Input: NFA 4 = (0, £, 3, 0, F)

Output: DFA B=(Q, X, A, go, F) with £ (B) = £ (4)
1 QA F <« W;q0 < Qo

2 W={0o}

3 while W # @ do

4 pick Q' from W

5 add Q' to Q

6 if O'NF # (¢ then add Q' to F
7 forallae X do

8 Q' « quQ’ d(q,a)

9 if " ¢ O then add Q" to W
0

1 add (Q',a,0") to A




Automata Classes and Conversions 25

Figure 1.13
Conversion of an NFA into a DFA.

terminate because an object is added to and removed from the workset infinitely many times.
Termination is guaranteed by making sure that no object that has been removed from the
workset once is ever added to it again. For this, objects picked from the workset are stored
(in NFAtoDFA, they are stored in Q), and objects are added to the workset only if they have
not been stored yet.

Example 1.18 Consider the NFA 4 at the top of figure 1.13. The rest of the figure depicts
some snapshots of the run of NFAtoDFA on A. The states of the resulting DFA are labeled
with the corresponding sets of states of 4. The algorithm picks states from the workset
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in order {1}, {1,2}, {1,3}, {1,4}, {1,2,4}. Snapshots (a)-(d) are taken right after it picks
the states {1,2}, {1, 3}, {1,4}, and {1, 2,4}, respectively. Snapshot (¢) is taken at the end.
Notice that out of the 2% = 16 subsets of states of 4, only five are constructed, because the
remaining ones are not reachable from {1}.

Complexity. If 4 has n states, then the output of NFAtoDFA(A) can have up to 2" states. To
show that this bound is essentially reachable, consider the family {L,},>1 of languages over
¥ ={a, b} given by L, = (a + b)*a(a + b)"~V. That is, L, contains the words of length at
least n whose nth letter starting from the end is an a. The language L,, is accepted by the NFA
with n + 1 states shown in figure 1.14a: intuitively, the automaton chooses one of the as in
the input word and checks that it is followed by exactly n — 1 letters before the word ends.
Applying the powerset construction, however, yields a DFA with 2” states. The DFA for L3

a,b

(b) DFA for L3 and its interpretation.

Figure 1.14
Top: An NFA for L,,. Bottom: A DFA for L.
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is shown on the left of figure 1.14b. The states of the DFA have a natural interpretation: they
“store” the last n letters read by the automaton. If the DFA is in the state storing ajay - - - a,
and reads letter a,11, then it moves to the state storing a - - - a,41. States are final if the
first letter they store is an a. The interpreted version is shown on the right of figure 1.14b.

We can also easily prove that any DFA recognizing L,, must have at least 2" states. For the
sake of contradiction, suppose there is a DFA 4, = (Q, X, d, qo, F') such that |Q| < 2" and
L (4,) =Ly. Let us extend 0 to words—that is, to the mapping 5 0 x {a,b}* — Q, where
3(5], ¢)=gq and S(q,wa) :5(3(61, w), o) for all we £* and ¢ € . Since |Q| <2", there
must exist two words uav; and ubv, of length n for which 3(5]0, uavy) = S(qo, ubvy). This
means that (g0, uaviu) = 5 (g0, ubvou); that is, either both uaviu and ubvou are accepted by
Ay, or neither is. Since, however, |aviu| = |bvou| = n, this contradicts the assumption that
A, consists of exactly the words with an « at the nth position from the end.

1.4.2 From NFA-¢ to NFA

Let 4 be an NFA-¢ over an alphabet X. In this section, we use a to denote an element of
and a, f to denote elements of X U {¢}.

Loosely speaking, the conversion first adds to 4 new transitions that make all e-transitions
redundant, without changing the language: every word accepted by 4 before adding the new
transitions is accepted after adding them by a run without ¢-transitions. The conversion then
removes all e-transitions, delivering an NFA that recognizes the same language as A.

The new transitions are shortcuts: if A has transitions (g, a, ¢’) and (¢’, B,¢"") such that
a=¢ or B =c¢, then the shortcut (¢,ap,q") is added. (Note that either a8 =a for some
ae€ X, or aff =¢.) Shortcuts may generate further shortcuts: for example, if af =a and
A has a further transition (¢”,¢,¢”’), then a new shortcut (g, a,q”) is added. We call
the process of adding all possible shortcuts saturation. Obviously, saturation does not
change the language of 4. If 4 has a run accepting a nonempty word before saturation, for
example,

c c c b c
90 > g1 2 g2 > 43 5> qa —> 45 > g6,

then after saturation, it has a run accepting the same word, and visiting no e-transitions,

namely,
b

90 = 94— ge.

However, removing e-transitions immediately after saturation may not preserve the
language. The NFA-¢ of figure 1.15a accepts ¢. After saturation, we get the NFA-¢ of
figure 1.15b. Removing all e-transitions yields an NFA that no longer accepts ¢. To solve
this problem, if 4 accepts ¢ from some initial state, then we mark that state as final, which
clearly does not change the language. To decide whether 4 accepts ¢, we check if some state
reachable from some initial state by a sequence of e-transitions is final. Figure 1.15¢ shows
the result. Observe that, in general, after removing e-transitions, the automaton may not be
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0,1,2

(b) After saturation. (c) After marking the initial state final and
removing all e-transitions.

Figure 1.15
Conversion of an NFA-¢ into an NFA by shortcutting e-transitions.

in normal form, because some states may no longer be reachable. So the naive procedure
runs in four phases: saturation, ¢-check, removal of all e-transitions, and normalization.

We show that it is possible to carry all four steps in a single pass. We present a work-
set algorithm NFAetoNFA, in algorithm 2, that carries the e-check while saturating and
generates only the reachable states. Furthermore, the algorithm avoids constructing some
redundant shortcuts. For instance, for the NFA-¢ of figure 1.15a, the algorithm does not
construct the transition leading from the state in the middle to the state on the right
labeled by 2.

The correctness proof is easy, but the different cases require some care, and so we devote
a proposition to it.

Proposition 1.19 Let A be an NFA-¢, and let B= NFActoNFA(A). It is the case that B is
an NFA and L (4) = L (B).

Proof To show that the algorithm terminates, observe first that every transition that leaves
W is never added to W again. Indeed, when a transition (g1, a, q>2) leaves W, it is added
to either &' or §”, and a transition enters W only if it does not belong to either §" or §”.
Further, every execution of the while loop removes a transition from the workset. Thus, the
algorithm eventually exits the loop and terminates.

To show that B is an NFA, we have to prove that it only has non-e-transitions and that it
is in normal form (i.e., that every state of Q’ is reachable from some state of O, = Qp in B).
For the first part, observe that transitions are only added to ¢’ in line 7, and none of them



Automata Classes and Conversions 29

Algorithm 2 Conversion from NFA-¢ to NFA.

NFAetoNFA(A)

Input: NFA-¢ A= (0, 2,0, 00, F)

Output: NFA B=(Q', X, ', Q)), F') with L (B) = L (4)
1 0y <o

2 Q<000 <0, F < FNQo
3 0«0, W<{(q,a,q)ed:q€ 0}
4 while W # 0 do
5 pick (g1, a,q2) from W
6 if o # ¢ then
7 add ¢, to O'; add (¢, a, q2) to &'; if g, € F then add ¢ to F’
8 for all g3 € 0(¢2,¢) do
9 if (91,a,q3) ¢ then add (q1,a,q3) to W
10 forallae X, g3 €0(g2,a) do
11 if (¢2,a,q3) ¢ J' then add (g2, a,q3) to W
12 else /xa=¢x/
13 add (g1, a,q2) to §”; if go € F then add ¢; to F’
14 for all § € X U{e},q3 €(q2, f) do
15 if (91, 8,93) €9 UJ” then add (g1, B,q3) to W

is an e-transition because of the guard in line 6. For the second part, we need the following
invariant, which can be easily proved by inspection: for every transition (g1, @, ¢2) added to
W,if a = ¢, then q1 € Qp, and if a # €, then ¢ is reachable in B (after termination). Since
new states are added to Q' only at line 7, applying the invariant, we get that every state of
Q' is reachable in B from some state in Q.

It remains to prove L (4) = L (B). For the inclusion £ (4) 2 L (B), we have to show
that after the addition of a new transition to &' or a new final state to F’, the recognized
language is the same as before. For transitions, this follows from the fact that every tran-
sition added to &’ is either a transition of 4 or a shortcut, which is shown by inspection.
For final states, observe that the algorithm only adds new final states at line 13. Further,
at that line g only becomes final if there is a transition ¢ N q> for some final state
q2. So every word accepted by a run ending at ¢g; was already accepted before making
q1 final. For the inclusion £ (4) € L (B), we first claim that ¢ € £ (4) implies ¢ € L (B).
Let qo N q1 S5 gn be arun of 4 such that g, € F. If n=0 (i.e., ¢, = qo), then we
are done. If n > 0, then we prove by induction on # that a transition (g, €, ¢,) is eventu-
ally added to W (and so eventually picked from it), which implies that g¢ is eventually
added to F’ at line 13. If n=1, then (qo, ¢, g,) is added to W at line 3. If n > 1, then by
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hypothesis, (qo, &, g,—1) is eventually added to W and picked from it at some later point.
So (qo,¢€,qy,) is added to W at line 15, and the claim is proved. We now show that for
every we 2T, if we L (4), then we L (B). Let w=ajay - - - a, with n> 1. Automaton A4
has a run

& & aj & & an & &
qo—> - —> qm; —> Gy +1 —> > qmy —> Gy 1 —> - —> qm

such that g,, € F. We have just proved that a transition (qo, &, g, ) is eventually added to
W. So, (qo,a1,qm,+1) is eventually added at line 15, (g0, @1,gm+2), - - - (q0, @1, qm,) are
eventually added at line 9, and (g, , @2, ¢m,+1) is eventually added at line 11. Iterating this
argument, the following is a run of B:

aj a ap—1 ay
q0 —>qmy —> - > qmy, > qm-

Moreover, state g, is added to F’ at line 7, and so w € L (B). ]

Complexity. The algorithm processes pairs of transitions (g1, @, ¢2) and (g2, 5, g3), where
(q1,a,q2) comes from W and (q2, f3, ¢3) from o (lines 8, 10, and 14). As every transition is
removed from ¥/ at most once, the algorithm processes at most |Q| - | Z| - |d| pairs. Indeed,
for a fixed transition (g2, f, ¢3) € J, there are |Q| possibilities for g1 and | Z | possibilities
for a.. Thus, the runtime is dominated by the processing of the pairs, and so it belongs to

OxQ1-1Z]-d]).
1.4.3 From NFA-reg to NFA-¢

We present an algorithm that, given an NFA-reg, constructs an equivalent NFA-¢. In a
first step, we preprocess the regular expressions labeling the transitions of the NFA-reg
by exhaustively applying the following rewrite rules:

7~ r+@~r B~ g
D-r~0 D4r~r

Since the left- and right-hand sides of each rule denote the same language, the regular
expressions before and after preprocessing denote the same language. Moreover, if 7 is a
regular expression obtained after preprocessing, then either » =, or » does not contain
any occurrence of the J symbol, since otherwise, one of the above rules can be applied.
A transition of an NFA-reg labeled by ¢ can be removed without changing its language.
Indeed, any regular expression accepted by means of a run containing such a transition is
of the form 1 ¥ r,, whose language is empty. After removing such transitions, we are left
with an NFA-reg whose labels contain no occurrence of the J symbol. This concludes the
first step.
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Concatenation: OL)O ~ 0O il O & Q)

Choice: O e O =0

Kleene star: Or—*)o A O i )9 id )O

Figure 1.16
Three rules for converting an NFA-reg into an NFA-¢.

In the second step, we exhaustively apply the transformation rules of figure 1.16.

It is readily seen that each rule preserves the recognized language (i.e., the NFA-
regs before and after the application of the rule recognize the same language). The two
e-transitions of the rule for Kleene iteration guarantee that the automata before and after
applying the rule are equivalent, even if the source and target states of the transition labeled
by r* have other incoming or outgoing transitions. If the source state has no other outgoing
transitions, then we can omit the first e-transition. If the target state has no other incoming
transitions, then we can omit the second.

Since each rule splits a regular expression into its constituents, we eventually reach an
NFA-reg to which no rule can be applied. Since, due to the preprocessing, the initial regular
expressions do not contain any occurrence of ¥, the transitions of this NFA-reg can only be
labeled with letters from X, or with ¢, and so the NFA-reg is an NFA-¢.

Observe that if we start with an NFA-reg consisting of an initial state g, a final state
qr, different from ¢go, and one transition g N qr, then the final NFA-¢ also has go and
gy as unique initial and final states. Moreover, no transition leads to go, and no transition
leaves gy.

Example 1.20 Consider the regular expression (a*b™ + ¢)*d. Figure 1.17 depicts the re-
sult of applying the transformation rules.

Complexity. Given a regular expression r, define €(r) inductively as follows: £(¥) =
L(e)=€(a)=0, £(r1- 1) =01 +r)=C01)+€07)+ 1, and £(G*) =£(r) + 1. Further,
given an NFA-reg 4= (0, 2,9, 0o, F), define {(4) =3, , ,/)es {(r). The application of
arule transforms 4 into an automaton A such that £(4") = £(A) — 1; moreover, if £(4") =0,
then A’ is an NFA-¢. So we obtain an NFA-¢ after £(4) applications, with at most |Q| + €(4)
states. Further, the conversion runs in linear time.
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(a*b* +c)*d

a*b* +c

—>Qg>%)/8>0 O
C

€ &
a b
NG SELELN gL AL ENG WL N |
c
Figure 1.17

The result of converting (a*b* + ¢)*d into an NFA-¢.

1.4.4 From NFA-¢ to Regular Expressions

Given an NFA-¢ 4, we transform it into an equivalent regular expression. For this, we con-
vert 4 into an equivalent NFA-reg 4, with two states and a single transition labeled by a
regular expression .

As in the previous section, it is convenient to apply some preprocessing to guarantee that
the NFA-¢ has a single initial state with no incoming transitions and a single final state with
no outgoing transitions. We proceed as follows (see figure 1.18):

« If 4 has several initial states, or if an initial state has an incoming transition, then add a
new initial state go, add ¢-transitions leading from ¢ to each initial state, and replace the
set of initial states by {go}.

« If 4 has several final states, or if a final state has an outgoing transition, then add a new
state gy, add e-transitions leading from each final state to gy, and replace the set of final
states by {qr}.

After preprocessing, the algorithm runs in phases. Each phase has two steps. The first step
yields an automaton with at most one transition between any two given states:
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Figure 1.18
Rule 1: Preprocessing.

O== O NOES0

2

Figure 1.19
Rule 2: at most one transition between two states.

Figure 1.20
Rule 3: removing a state.

« Repeat exhaustively: replace a pair of transitions (g,71,¢") and (gq,72,4") by a single
transition (g, 71 +r2,¢’). (See figure 1.19.)

The second step, depicted in figure 1.20, reduces the number of states by 1, until the only
states left are the initial and final ones:

« Pick a nonfinal and noninitial state ¢, and shortcut it: if g has a self-loop (g,s,q),
then replace each pair of transitions (¢/,r,q), (q,t,q"), where ¢' #q # 4", but possibly
g =q", by a shortcut (¢/, rs*t, ¢q""). Otherwise, replace it by (¢/, 7, q"). After shortcutting
all pairs, remove ¢. (Notice that there is at most one self-loop on ¢, as otherwise we would
have two or more transitions leading from ¢ to ¢, contradicting that rule 2 was applied
exhaustively.)

At the end of the last phase, we are left with an NFA-reg having exactly two states, the
unique initial state go and the unique final state gr. Moreover, g¢ has no incoming transitions
and gy has no outgoing transitions, because it was initially so, and the application of the
rules cannot change it. After applying rule 2 exhaustively one last time, the NFA-reg has
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Algorithm 3 Conversion from NFA-¢ to regular expression.

NFA-etoRE(A)

Input: NFA-¢ A= (0, 2,6, 0o, F)

Output: regular expression r with £ (r) = L (4)
apply Rule 1

let go and gy be the initial and final states of 4

while O\ {q0,qr} #¥ do
apply exhaustively Rule 2

pick g from O\ {4, 91}
apply Rule 3 to g

o b w N

7 apply exhaustively Rule 2
g return the label of the (unique) transition

exactly one transition from g to gy, and we are done. The complete procedure is described
in algorithm 3.

Example 1.21 An example of the execution of NFA-etoRE will be given shortly at the
beginning of the forthcoming “Tour of Conversions” in the next section.

Complexity. The running time of the algorithm depends on the data structure used to store
regular expressions. If they are stored as strings or trees (following the syntax tree of the
expression), then the complexity can be exponential. To see this, consider, for n> 1, the
NFA 4, = (0, £, 9, Oy, F), where

0=1{qo0,..-,qn-1}

X ={a;:0=<1j<n},

00=0,
0=1{(gi, aij,q) : 0 <i,j <n},
F=0.

That is, all states are initial and final, there is one transition between each pair of states,
and each transition is labeled by a different letter. By symmetry, the running time of the
algorithm is independent of the order in which states are eliminated. Consider the order
q0,92, - - - »qn—1- It is easy to see that after eliminating state ¢;, the NFA-reg contains some
transitions labeled by regular expressions with 3’ occurrences of letters. This exponential
blowup cannot be avoided: it can be shown that every regular expression recognizing the
same language as 4,, contains at least 2! occurrences of letters.
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Figure 1.21
Compact representation of regular expressions.

Regular expressions can also be stored as acyclic directed graphs by sharing common
subexpressions in the syntax tree. For example, the regular expression ((a + b)(a + b))
((a+b)(a+ b)) can be represented by the syntax tree with fifteen nodes on the left of
figure 1.21 or, more compactly, by the acyclic directed graph with five nodes on the right.
If the algorithm is implemented using acyclic directed graphs, then it works in polynomial
time, because the label of a new transition is obtained by concatenating or starring already
computed labels.

1.5 A Tour of Conversions

We present an example chaining the conversions of this chapter.

(1) We begin with a DFA A that recognizes the language of words over {a, b} with an
even number of as and an even number of bs. We convert it into a regular expression
via NFA-etoRE. In the following drawing, parts (b) to (f) depict snapshots of the run of
NFA-etoRE(A). Snapshot (b) is taken right after applying rule 1. Snapshots (c) to (e) are
taken after each execution of the body of the while loop. Snapshot (f) shows the final
expression r.

(a)
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(e) ®

(aa + bb +

(ab + ba)(aa + bb)* (ba + ab))*
aa+ bb+

(ab + ba)(aa + bb)* (ba + ab)

(2) We convert 7 into an NFA-¢ by repeatedly applying the three rules of figure 1.16. The
following drawing gives four snapshots (a)—(d) of these applications.

(a) (aa +-bb + (b)  (ab+ ba)(aa + bb)*(ab + ba)
(ab + ba)(aa + bb)* (ab + ba))*

—O O —>
aa bb
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(3) We convert the resulting NFA-¢ into an NFA via NFA-etoNFA.

(4) Finally, we transform the resulting NFA back into a DFA by means of the powerset
construction.

Note that we do not end up with the initial four-state DFA but rather with a “more compli-
cated one” recognizing the same language. A last step, allowing us to close the circle, is
presented in the next chapter.
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1.6 Exercises

¢ [&] Exercise 1. Give a regular expression for the language of all words over X = {a, b}

(a) beginning and ending with the same letter.
(b) having two occurrences of « at distance 3.

(c) with no occurrence of the subword aa.
¢ & Exercise 2. Give a regular expression for the language of all words over £ = {a, b}

(a) containing exactly two occurrences of aa (that may “overlap,” e.g., aaa belongs to the
language).
(b) that can be obtained from abaab by deleting letters.

7 B Exercise 3. Show that the language of the regular expression r = (a + &) (b* + ba)*
is the language A of all words over {a, b} that do not contain any occurrence of aa.

¥7 B Exercise 4. Prove or disprove the following claim: the regular expressions (1 4 10)*
and 1*(101%)* represent the same language (namely, the language of words where each
occurrence of 0 is preceded by a 1).

v B Exercise 5.

(a) Prove that for all languages 4 and B, the following holds: 4 € B = A* C B*.

(b) Prove that the regular expressions ((a + ab)* 4+ b*)* and X* represent the same lan-
guage, where X = {a, b} and where X* stands for (a + b)*.

v¢ Il Exercise 6. Prove that every regular expression r is equivalent to a regular expression s
ofthe forms=s1 + ...+ s, forsome n > 1, where sy, . . ., s, do not contain any occurrence
Of ‘G_"_ 2

¥ & Exercise 7. For each of the following properties, provide a syntax that describes the
regular expressions r satisfying the property.

@ L) =0,
(b) L) ={e},
(c) e€L(r),

(d) (L)=L(>r) = (L(N=L0TY).

v [& Exercise 8. Use the solution to exercise 7 to define inductively the predicates
IsEmpty(r), IsEpsilon(r), and HasEpsilon(r) over regular expressions given by

o IsEmpty(r) < (L (r) =),
o IsEpsilon(r) < (L (r) ={¢}),
o HasEpsilon(r) < (¢ € L (r)).
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¥7 B Exercise 9. Let us extend the syntax and semantics of regular expressions as follows.
If  and s are regular expressions over X, then 7 and » N s are also valid expressions, where
L#F =L (r)and £ (rNs)=L (r)N L (s). We say that an extended regular expression is
star-free if it does not contain any occurrence of the Kleene star operation (e.g., expressions
ab and (Bab®) N (Bbal) are star-free, but expression ab™ is not).

A language L C X* is called star-fiee if there exists a star-free extended regular expres-
sion r such that L = £ (r); for example, =* is star-free, because * = £ ().

Show that the languages of the regular expressions (a) (01)* and (b) (01 + 10)* are star-
free.

W I&E Exercise 10. Let L C {a, b}* be the language described by the regular expression
a*b*a*a.

(a) Give an NFA-¢ that accepts L.

(b) Give an NFA that accepts L.

(c) Give a DFA that accepts L.

¥¢ M Exercise 11. Let [w|, denote the number of occurrences of letter o in word w. For
every k> 2, let Ly, ={w e {a,b}* : |w|, mod k=0}.
(a) Give a DFA with £ states that accepts Ly ;.
(b) Show that any NFA accepting L, , N Ly has at least m - n states.
Hint: Consider using the pigeonhole principle.

7 o Exercise 12. For every language L, let Lprer and Lgyr be respectively the lan-
guages of all prefixes and suffixes of words in L. For example, if L = {abc, d}, then Lyer =
{abc,ab,a, e,d} and Lewg = {abc, be, ¢, e, d}.

(a) Givenan NFA 4, construct NFAs Aprer and Asyfr that recognize £ (4) prer and L (A) gy
(b) Let r=(ab+ b)*cd. Give a regular expression rpref such that £ (rpret) = £ (<) pre-

(c) More generally, give an algorithm that takes an arbitrary regular expression 7 as input
and returns a regular expression rpref such that £ (rpref) = £ (7) pref-

77 # Exercise 13. Consider the regular expression r = (a + ab)*.

(a) Convert r into an equivalent NFA-¢ 4.

(b) Convert 4 into an equivalent NFA B.

(c) Convert B into an equivalent DFA C.

(d) By inspection of C, give an equivalent minimal DFA D.
(e) Convert D into an equivalent regular expression .

(f) Prove formally that £ () = L ().
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7 & Exercise 14. The reverse of a word w, denoted by w”, is defined as follows: % = ¢ and

(a1az - an)®=a, - - - aya). The reverse of alanguage L is the language L% = {(wR :we L}.

(a) Give a regular expression for the reverse of the language of ((a + ba)*ba(a + b))*ba.

(b) Give an algorithm that takes as input a regular expression » and returns a regular
expression 78 such that £ (rR) =L R

(c) Give an algorithm that takes an NFA A and returns an NFA A% such that £ (AR) =
L (AR

(d) Does your construction in (¢) work for DFAs? More precisely, does it preserve
determinism?

v¢ l Exercise 15. Prove or disprove: every regular language is recognized by an NFA

(a) having one single initial state,

(b) having one single final state,

(c) whose initial states have no incoming transitions,
(d) whose final states have no outgoing transitions,
(e) all of the above,

(f) whose states are all initial,

(g) whose states are all final.
Which of the above hold for DFAs? Which ones for NFA-¢?

7 IE Exercise 16. Given a regular expression 7, construct an NFA 4 that satisfies £ (4) =
L (r) and the following properties:

« initial states have no incoming transitions,
« accepting states have no outgoing transitions,
« all input transitions of a state (if any) carry the same label,

« all output transitions of a state (if any) carry the same label.
Apply your construction on = (a(b+ ¢))*.

¢ ¥ Exercise 17. Convert this NFA-¢ to an NFA using the algorithm NFEActoNFA:
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vl Exercise 18. Show that every finite language L (i.e., every language containing finitely
many words) is regular. Do so by defining a DFA that recognizes L.

¥¢ I Exercise 19. Let 2, ={1,2,...,n}, and let L, be the set of all words w € X, such
that at least one letter of X, does not appear in w. So, for instance, 1221,32,1111 € L3 and
123,2231 ¢ Ls.

(a) Give an NFA for L, with O(n) states and transitions.
(b) Give a DFA for L, with 2" states.

(c) Show that any DFA for L, has at least 2" states.

(d) Do the bounds of (a), (b), and (c) also hold for L,,?

v [& Exercise 20. Let M, be the language of the following regular expression:
(04 1D*0(0+ D)o+ 1)*.

These are the words containing at least one pair of Os at distance n. For example,
101101,001001,000000 € M3 and 101010,000111,011110 ¢ M.

(a) Give an NFA for M,, with O(n) states and transitions.
(b) Give a DFA for M,, with Q(2") states.
(c) Show that any DFA for M,, has at least 2" states.

97 7= Exercise 21. Recall that an NFA 4 accepts a word w if at least one of the runs of 4 on
w is accepting. This is sometimes called the existential accepting condition. Consider the
variant where 4 accepts word w if all runs of 4 on w are accepting (in particular, if 4 has no
run on w, then it trivially accepts w). This is called the universal accepting condition. Note
that a DFA accepts the same language with both the existential and the universal accepting
conditions.

Intuitively, we can imagine an automaton with universal accepting condition as executing
all runs in parallel. After reading a word w, the automaton is simultaneously in all states
reached by all runs labeled by w and accepts if all those states are accepting.

Consider the language by L, = {ww:w € {0, 1}"}.

(a) Give an automaton of size O(n) with universal accepting condition that recognizes L.
(b) Prove that every NFA (and so in particular every DFA) recognizing L, has at least 2"
states.

(¢) Give an algorithm that transforms an automaton with universal accepting condition into
a DFA recognizing the same language. This shows that automata with universal accepting
condition recognize the regular languages.

% ™ Exercise 22. The existential and universal accepting conditions can be combined,
yielding alternating automata. The states of an alternating automaton are partitioned into
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existential and universal states. An existential state ¢ accepts a word w, denoted w € L (g), if
eitherw=¢ and g € F, orw=aw’ and there exists a transition (¢, a, ¢') such thatw’ € £ (¢').
A universal state ¢ accepts a word w if either w=¢ and g€ F, or w=aw’ and w' € L (q’ )
for every transition (g, a,q’). The language recognized by an alternating automaton is the
set of words accepted by its initial state.

Give an algorithm that transforms an alternating automaton into a DFA recognizing the
same language.

ve I& Exercise 23. In algorithm NFAetoNFA, no transition that has been added to the
workset, processed, and removed from the workset is ever added to the workset again. How-
ever, transitions may be added to the workset more than once. Give an NFA-¢ and a run of
NFAetoNFA where this happens.

¢ %% Exercise 24. Execute algorithm NFAetoNFA on the following NFA-¢ over

¥ ={ay,...,a,} to show that the algorithm may increase the number of transitions quad-
ratically:
ai a an
O=0=O=ds

77 «f Exercise 25. We say that u=aj - - - a, is a scattered subword of we L*, denoted
u < w, if there are words wy, ..., w, € * such that w=wpa;wyay - - - a,w,. The upward
closure and downward closure of a language L are the following languages:

AL={ucT*:w=<uforsomewelL},

JL={uec T*:u<wforsomewelL}.

(a) Give regular expressions for the upward and downward closures of {a"b" : n > 0}.

(b) Give algorithms that take a regular expression 7 as input and return regular expressions
for £ (r) and | L (r).

(c) Give algorithms that take an NFA A4 as input and return NFAs for 1 £ (4) and | L (4).

¥r Bl Exercise 26. An atomic expression over alphabet * is an expression of the form
@, e, (a+e¢), or (a1 +...+ay)*, where a,ay,...,a, € X. A product is a concatenation
erjey - - - e, of atomic expressions. A simple regular expression is a sum pj + ...+ p, of
products.

(a) Prove that the language of a simple regular expression is downward-closed (i.e., it is
equal to its downward closure) (see exercise 25).

(b) Prove that any downward-closed language can be represented by a simple regular
expression.
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Hint: Since every downward-closed language is regular, it can be represented by a regular
expression. Prove that this expression is equivalent to a simple regular expression.

¢ [&] Exercise 27. Let L be a regular language over X. Show that the following languages
are also regular by constructing automata:

(a) VL={we Z*:wwel),
(b) Cyc(L)={vue X*:uvel}.

¥ & Exercise 28. For every n €N, let msbf(n) be the set of most-significant-bit-first
encodings of n, that is, the words that start with an arbitrary number of leading zeros, fol-
lowed by n written in binary. For example, msbf(3) = £ (0*11), msbf(9) = £ (0*1001), and
msbf(0) = £ (0*). Similarly, let LSBF () denote the set of least-significant-bit-first encod-
ings of n, that is, the set containing for each word w € msbf(n) its reverse. For example,
LSBF(6) = £ (0110*) and LSBF(0) = £ (0*).

(a) Construct and compare DFAs recognizing the set of even numbers w.r.t. the unary
encoding (where n is encoded by the word 1”), the msbf-encoding, and the LSBF-encoding.
(b) Do the same for the set of numbers divisible by 3.

(c) Give regular expressions corresponding to the languages of (b).

w B Exercise 29. Consider this DFA over alphabet {[0, 0], [0, 1],[1,01,[1, 11}:

A word w encodes a pair of natural numbers (X (w), Y (w)), where X (w) and Y (w) are
obtained by reading the top and bottom rows in MSBF encoding. For instance, the following

R L C1E  ol8

Show that the above DFA recognizes the set of words w such that X (w) =3 - Y(w), that is,
the solutions of the equation x — 3y =0.

% ™= Exercise 30. Algorithm NFEAtoRE transforms a finite automaton into a regular
expression representing the same language by iteratively eliminating states of the automa-
ton. In this exercise, we present an algebraic reformulation of the algorithm. We represent
an NFA as a system of language equations with as many variables as states and solve the
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system by eliminating variables. A language equation over an alphabet X and a set V' of
variables is an equation of the form | =r;, where r| and r; are regular expressions over
¥ U V. For instance, X =aX + b is a language equation. A solution of a system of equa-
tions is a mapping that assigns to each variable X a regular expression over X, such that the
languages of the left- and right-hand sides of each equation are equal. For instance, a*b is
a solution of X = aX + b because L (a*b) = L (aa*b + b).

(a) Arden’s lemma states that, given two languages 4, B C X*, the smallest language X C
>* satisfying X =AX + B is the language A*B. Moreover, if ¢ € A, then the solution is
unique. Prove Arden’s lemma.

(b) Consider the following system of equations, where variables X and Y represent
languages (regular expressions) over the alphabet X ={a, b, c,d, e, f}:

X=aX+bY+c
Y=dX+eY+f.
Find the unique solution with the help of Arden’s lemma.

Hint: As a first step, consider X not as a variable but as a constant language, and solve the
equation for Y using Arden’s lemma.

(c) We can associate to any NFA 4 = (Q, X, 9, {qo}, F) a system of linear equations as fol-
lows. We take Q as variables, which we call here X, Y, Z, ..., with X as initial state. The
system has the following equation for each state Y:

Z aZ ifY¢F,
(Y,a,Z2)eo
Y=
> az|+e ifYeF.
(Y.a.Z)es

Consider the DFA (1)(a) from the Tour of Conversions on page 35.
Let X, Y, Z, W be the states of the automaton, and read from top to bottom and from left
to right. The associated system of linear equations is

X=aY+bZ+c¢ Y=aX+bW
Z=bX +aW W=>bY +aZ.

Compute the solution of this system by iteratively eliminating variables. Start with Y, then
eliminate Z, and finally /. Compare with the elimination procedure depicted in step (1) of
the Tour of Conversions on page 35.
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¥r & Exercise 31. Consider a deck of cards (with arbitrary many cards) in which black
and colored cards alternate, the top card is black, and the bottom card is colored. The set
of possible decks is given by the regular expression (BR)*. Cut the deck at any point into
two piles, and then perform a perfect riffle shuffie to yield a new deck (where cards strictly
alternate). For example, we can cut a deck with six cards 123456 (with 1 as the top card)
into two piles 12 and 3456, and the riffle yields 345162 (we start the riffle with the first pile).
Give a regular expression over the alphabet {B, R} describing the possible configurations of
the decks after the riffle.

Hint: After the cut, the last card of the first pile can be black or colored. In the first case,
the two piles belong to (BR)*B and R(BR)* and in the second case to (BR)* and (BR)*. Let
Rif(ry, ) be the language of all decks obtained by performing a riffle on decks taken from
L (r1) and L (ry). We are looking for a regular expression for

Rif ((BR)*B,R(BR)*) + Rif ((BR)*, (BR)") .

Use exercise 30 to set up a system of equations over the variables X = Rif((BR)*B, R(BR)*)
and Y = Rif((BR)*, (BR)*), and solve it.

% B Exercise 32. Let L be an arbitrary language over a one-letter alphabet. Prove that L*
is regular.

% Bl Exercise 33. In contrast to exercise 32, show that there exists a language L over a
two-letter alphabet such that L* is not necessarily regular.

% B Exercise 34. Let K, = (V,,E,) be the complete directed graph of n nodes—
that is, with nodes V,, ={1,...,n} and edges E, ={(i,j): 1 <i,j <n}. A path of K, is a
sequence of nodes, and a circuit is a path that begins and ends in the same node. Let 4, =
(On> Zi, Ons qon, ) be the DFA defined by O, ={1,...,n}U{L}, £, ={a;;: 1 <i,j<n},

qgon =1, F,, ={1}, and
1 ifg=Llorqg#i,
On(q,aij) = . o .
j  otherwise (if ¢ =1i).

The language accepted by 4, consists of all words encoding circuits of K, from node 1 to
itself. For example, the following DFA A3 accepts aj3a32a2,1, which encodes the circuit
1321 of K3.
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The size of a regular expression r, denoted ||, is defined recursively as 1 if r € {&,J} U X,;
|F1| + 2| if r=r; 4+ or r=ryry; and |s| if ¥ =s*. Similarly, we define the length of r,
denoted len(r), as 1 if r € {&, ¥} U X,,; max(len(ry), len(rp)) if r =7 +r2; len(ry) + len(r;)
if =ryrp; and len(s) if » =s*. Note that |r| > len(r).

A path expression r is a regular expression over X, that encodes paths of K,,. We seek
to show that any path expression for £ (4,), and hence any regular expression, must have
length Q(2"). As a consequence, this means that DFAs can be exponentially more succinct
than regular expressions.

(a) Let  be a circuit of K, and let  be a path expression. We say that r covers 7 if L (r)
contains a word uwv such that w encodes 7. Furthermore, we say that r covers ™ if L (r)
covers ¥ for every k > 0. It can be shown that if 7 covers nz'le“(’), then it covers « *.
From this, show that if » covers 7 * and no proper subexpression of » does, then r = s*
for some expression s, and every word of L (s) encodes a circuit starting at a node of 7.

(b) For every | <k <m+1, let [k] denote the permutation of {1,2,...,n+ 1} that cycli-
cally shifts every index k position to the right. More formally, node 7 is renamed to i + &
ifi+k<mn+1 and to i+ k — (n+ 1) otherwise. Let z[k] be the result of applying the
permutation to . For example, if n =4 and =7 =24142, we obtain

w[1]1=35253, n[2]=41314, n[3]=52425, n[4]=13531, n[5]=24142==.

Let z be a circuit of K. Show that z [k] is a circuit of K4 that does not pass through
node k.

(c) Let us define a circuit g, of K, inductively:
gr=11,
g1 =1 (@) @[2D* - (giln+ 1D for every n = 1.
In particular, we have
gr=11,
g2=122 (11)%,
g=12(3 2" G (1> (3)* 3" (1 (22> DA™

Prove, using (a)—(b), that every path expression r covering g, is such that |r| > 2"~
(d) Show that any regular expression 7, such that £ (r,) = L (4, is such that |r,| > 2"~

% B Exercise 35. Let us introduce weakly acyclic DFAs, NFAs, and regular expressions:

« ADFA A4=(0Q, X,9,qo, F) is weakly acyclic if d(q, w) = g implies d(q, a) = g for every
letter @ occurring in w.
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« An NFA 4=(0, X,9, 00, F) is weakly acyclic if q € 6(g,w) implies d(g,a) ={q} for
every letter a occurring in w.

o Weakly acyclic regular expressions over an alphabet X are regular expressions gener-
ated by

ro=@|T" | A*ar|r+r where [,AC X andae X\ A.

Finally, a regular language is weakly acyclic if it is recognized by some weakly acyclic DFA.
Show the following statements:

(a) AnNFA 4= (0, X,9,qo, F) is weakly acyclic iff it satisfies any of the following three
conditions:

(i) the binary relation < C O x Q, given by g < ¢’ iff 6(g, w) = {¢'} for some word w, is a
partial order;

(ii) each strongly connected component of the underlying directed graph of 4 contains a
single state; and

(iii) the underlying directed graph of 4 does not contain any simple cycle beyond self-
loops.

(b) If 4 is a weakly acyclic NFA, then B = NFAtoDFA(A) is a weakly acyclic DFA.

(c) Forevery weakly acyclic regular expression r, there is a weakly acyclic DFA that accepts
L(r).

(d) For every weakly acyclic NFA 4, there is a weakly acyclic regular expression for £ (4).
Since every weakly acyclic DFA is also a weakly acyclic NFA by definition, we conclude that

a language is weakly acyclic iff it is recognized by a weakly acyclic DFA iff it is recognized
by a weakly acyclic NFA iff it is the language of a weakly acyclic regular expression.






2 Minimization and Reduction

In the previous chapter, we showed through a chain of conversions that the two DFAs of
figure 2.1 recognize the same language. Obviously, the automaton on the left is better as a
data structure for this language, since it has smaller size.

A DFA (respectively, NFA) is minimal if no other DFA (respectively, NFA) recognizing
the same language has fewer states. We show that every regular language has a unique min-
imal DFA up to isomorphism (i.e., up to renaming of the states). Moreover, we present an
efficient algorithm that “minimizes” a given DFA (i.e., converts it into the unique minimal
DFA). In particular, the algorithm converts the DFA on the right of figure 2.1 into the one
on the left.

From a data structure point of view, the existence of a unique minimal DFA has two
important consequences. First, as mentioned earlier, the minimal DFA is the one that can
be stored with a minimal amount of memory. Second, the uniqueness of the minimal DFA
makes it a canonical representation of a regular language. Canonicity leads to a fast equality
check: in order to decide if two regular languages are equal, we can construct their minimal
DFAs and check if they are isomorphic.

Figure 2.1
Two DFAs for the same language.
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In the second part of the chapter, we observe that, unfortunately, computing a minimal
NFA is a computationally hard problem, for which no efficient algorithm is likely to exist.
Moreover, the minimal NFA is not necessarily unique. However, we show that a general-
ization of the minimization algorithm for DFAs can be used to at least reduce the size of an
NFA while preserving its language.

2.1 Minimal DFAs

We start with a simple but very useful definition.

Definition 2.1 Given a language L € X* and a word w € X%, the residual of L with respect
to wis the language L = {u € L* :wu € L}. A language L' C * is aresidual of L if L' =L
for at least one w € X*.

The language L" satisfies the following property:
wuel < uel". (2.1)

Moreover, L" is the only language satisfying this property. In other words, if a language L’
satisfies wu € L <= u € L’ for every word u, then L' = L".

Example 2.2 Let X ={a, b} and L ={a, ab, ba, aab}. We compute L" for all words w by
increasing length of w.

o [w|=0: L% ={a,ab, ba, aab}.
o |w|=1: L9 ={e,b,ab} and L® = {a}.
o [w|=2: L9 ={b}, L% = {¢}, L"* = {¢} and L? =¢).
.« =300 = e} ‘fw:f’“b’
#  otherwise.
Observe that residuals with respect to different words can be equal. In fact, even though X*

contains infinitely many words, L has only six residuals, namely, the languages @, {¢}, {a},
{b}, {&, b, ab}, and {a, ab, ba, aab}.

Example 2.3 Languages containing infinitely many words can have finitely many resid-
uals. For example, (¢ 4+ b)* contains infinitely many words, but it has a single residual:
indeed, we have L' = (a + b)* for every w € {a, b}*. Another example is the language of the
two DFAs depicted in figure 2.1. Recall that it is the language of all words over {a, b} with
an even number of as and an even number of bs. Let us call this language EE in the follow-
ing.! The language has four residuals, namely, the languages EE, EO, OE, and OO, where
E stands for “even” and O for “odd.” For example, £O contains the words with an even

1. Here, EE is a two-letter name for a language, not a concatenation of two languages!
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number of as and an odd number of bs. In particular, we have (EE)® =EE, (EE)* = OE,
(EE)® = EO, and (EE)* = 00.

Example 2.4 The languages of examples 2.2 and 2.3 have finitely many residuals, but
this is not the case for every language. In general, proving that the number of residuals of a
language is finite or infinite can be complicated. To show that a language L has an infinite
number of residuals, one can use the following general proof strategy:

« Define an infinite set W = {wg, wi, wa, ...} C X*.

« Prove that L = L holds for every i . For this, show that for every i #, there exists
a word w; ; that belongs to exactly one of the sets L™/ and L"/.

As an example, we apply this strategy to two languages:

« Let L={a"b":n>0}. Let W = {a* : k > 0}. For every two distinct words a’,@ € W, we
have b’ € L% since a'b’ € L, and b’ ¢ L since /b ¢ L. Thus, L has infinitely many residuals.
« LetL={ww:we{0,1}*}.Let W ={0"1 : n > 0}. For every two distinct words u = 0'1,v=
0’1 € W, where without loss of generality (w.1.0.g.) i <j, we have u € L* since uu € L, and
u ¢ LY since vu ¢ L. Thus, L has infinitely many residuals.

There is a close connection between the states of a (not necessarily finite) DA and the
residuals of the language it recognizes. In order to formulate it, we introduce the following
definition:

Definition 2.5 Let A= (0, X,0,qo, F) be a DA and let q € Q. The language recognized by
q, denoted by L4(q) (or just L (q) if there is no risk of confusion), is the language recognized
by A with q as initial state, that is, the language recognized by the DA A, = (Q, Z,9,q,F).

For every transition ¢ N ¢ of an automaton, deterministic or not, if a word w is accepted
from ¢’, then the word aw is accepted from g. For deterministic automata, the converse also
holds: since ¢ N ¢’ is the unique transition leaving ¢ labeled by «, if aw is accepted from ¢,
then w is accepted from ¢'. So, we have aw € L (¢) iff w € £ (¢') and, comparing with (2.1),
we obtain

For every transition ¢ — ¢ of a DA: £ (¢)=L ()" (2.2)

More generally, we can establish the following:
Lemma 2.6 LetA=(0,ZX,d,q0,F) bea DA andlet L= L (4).

(a) Every residual of L is recognized by some state of A. More formally, for every w € L,
there is at least one state q € Q such that L4(q) =L".

(b) Every state of A recognizes a residual of L. More formally, for every q € Q, there is at
least one word w € £* such that L4(q) =L".
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Proof

(a) Letwe X*, and let g be the state reached by the unique run of 4 on w, that is, g N q.
We prove L4(q) =L". By (2.1), it suffices to show that every word u satisfies

wueL < ue Ly (q).

Since A4 is a DFA, for every word wu € X£*, the unique run of 4 on wu is of the form
q0 N q N q'. Hence, A accepts wu iff ¢’ is a final state, which is the case iff u € £4(g).
Thus, L4(q) =L".

(b) Since 4 is in normal form, ¢ can be reached from ¢g by at least a word w. The proof
that £4(g) =L" holds is exactly as above. O

Example 2.7 Figure 2.2 shows the result of labeling the states of the DFAs of figure 2.1
with the languages they recognize. These languages are residuals of EE.

We use the notion of a residual to define the canonical deterministic automaton of a
given language L. The states of the canonical DA are themselves languages. Furthermore,
“each state recognizes itself” (i.e., the language recognized from the state L is the language
L itself). This single property completely determines the initial state, transitions, and final
states of the canonical DA:

« The canonical DA for a language L must recognize L. So, the initial state of the canonical
DA recognizes L. Since each state “recognizes itself,” the initial state is necessarily the
language L itself.

« Since each state K recognizes the language K, by (2.2), all transitions of the canonical
DA are of the form K —% K¢.

« A state g of a DA is final iff it recognizes the empty word. Thus, a state K of the canonical
DA is final iff ¢ € K.

Figure 2.2
Languages of the states from the DFAs of figure 2.1.
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We formalize this construction and prove its correctness.

Definition 2.8 The canonical DA for language LC X* is the DA C;,=(Qyr, X,9;,
qor, F), where

o Qg is the set of residuals of L, that is, Qp ={L" :w e X*},
e 0p(K,a)=K" forevery K€ Qr anda€ X;

e qor =L, and

« F1={KeQr:e€K}.

Example 2.9 Figure 2.3 illustrates the canonical DA A for the language {a, ab, ba, aab}.
As the language has six residuals, 4 has six states. Note that every state “recognizes itself.”
For example, the language recognized from the state {e, b, ab} is {e, b, ab}. The final states
are the residuals containing ¢, that is, the two residuals {e, b, ab} and {e}.

Example 2.10 Let us reconsider the language EE recognized by the two automata
depicted in figure 2.2. Its canonical DA is the one shown on the left of the figure. It has four
states, corresponding to the four residuals of EE. Since, for instance, EEY = OF, the canoni-
cal DA has a transition EE —> OE. The initial state is EE. Since the empty word has an even
number of a and b (namely, zero in both cases), we have ¢ € EE, and ¢ ¢ EO U OE U OO.
Thus, the only final state is FE.

Proposition 2.11  The canonical DA for language L C ¥* recognizes L.

Proof Let Cy, be the canonical DA for L. We show that £ (Cy) =L. Let w e £*. We prove,
by induction on |w|, that w € L iff we L (C). If |[w| =0, then w = ¢, and we have

eel &< LeFy (by definition of Fr)
< qoL€FL (by go =1L)
< e L(Cy) (as gor. is the initial state of Cy).

b

Figure 2.3
Canonical DA for the language {a, ab, ba, aab} C {a, b}*.

Qred——(v)
ab} a
O
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If |w| > 0, then w=aw’ for some a € £ and w' € £*, and we have

aw' €L & w' eL* (by definition of L%)
= w € L (Crq) (by induction hypothesis)
— aw' € L(C}) (by oL (L,a) =L%). O

We now prove that if L is a regular language, then Cy is the unique minimal DFA recog-
nizing L (up to isomorphism). The informal argument goes as follows. Since every DFA for
L has at least one state for each residual, and Cy, has exactly one state for each residual, Cy,
has a minimal number of states. Further, every other minimal DFA for L also has exactly
one state for each residual. It remains to show that all these minimal DFAs are isomorphic.
For this, we observe that, if we know which state recognizes which residual, we can infer the
initial state, the transitions, and the final states. In other words, the transitions, initial states,
and final states of a minimal DFA are completely determined by the residual recognized by
each state. Indeed, if state g recognizes residual R, then the a-transition from ¢ necessarily
leads to the state recognizing R?; further, ¢ is initial iff R=L, and ¢ is final iff e e R. A
more formal proof looks as follows:

Theorem 2.12  Iflanguage L is regular, then the canonical DFA Cy is the unique minimal
DFA up to isomorphism that recognizes L.

Proof Let L be a regular language, and let A = (0, X, J, qo, F) be an arbitrary DFA rec-
ognizing L. By lemma 2.6, the number of states of 4 is greater than or equal to the number
of states of Cz, and so Cy is a minimal automaton for L. It remains to prove uniqueness of
the minimal automaton up to isomorphism. Assume 4 is minimal. Let £4 be the mapping
that assigns to each state g of 4 the language L (g) recognized from ¢. By lemma 2.6(b),
L4 assigns to each state of 4 a residual of L, and so L4: O— Qr. We prove that L4
is an isomorphism between 4 and Cy. First, L4 is bijective because it is surjective by
lemma 2.6(a), and |Q| = |Qy | since 4 is minimal by assumption. Moreover, if (¢, a) = ¢/,
then L4(q¢") = (L4(9))%, and so 6. (L4(q),a) = L4(¢q'). Moreover, L4 maps the initial state
of A to the initial state of Cr: L4(q0) =L = qor. Finally, £, maps final to final states and
nonfinal to nonfinal states: g € F iff ¢ € L4(q) iff L4(gq) € FL. O

The following simple corollary is useful to establish that a DFA is minimal:

Corollary 2.13 A4 DFA is minimal if and only if different states recognize different
languages, that is, L (q) # L (q’ ) holds for every two states q #q'.

Proof =) By theorem 2.12, the number of states of a minimal DFA is equal to the number
of residuals of its language. Since every state recognizes some residual, each state must
recognize a different residual.
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<) If all states of a DFA A4 recognize different languages, then, since every state rec-
ognizes some residual, the number of states of 4 is less than or equal to the number of
residuals. Thus, 4 has at most as many states as Cr ), and so it is minimal. O

2.1.1 The Master Automaton

The master automaton over an alphabet X is a deterministic automaton with an infinite num-
ber of states but no initial state. As in the case of canonical DAs, the states are languages—in
this case, all regular languages.

Definition 2.14 The master automaton over the alphabet ¥ is the tuple M= (Qy, Z,
om, Far), where

o Qyy is the set of all regular languages over X,
e 0: Oy X X — Qyy is given by 6(L,a) =L for every g € Oy and a € X, and
« LeFy lﬁrg el.

Figure 2.4 depicts a small fragment of the master automaton for the alphabet X = {a, b}.

Given two states L and L' of the master automaton, we say that L' is reach-
able from L if there is a word aj---a, € £* and languages Ly,...,L,—1 such that
JALN L EN Ly ---L,_» LN L,—1 Ny 5 By definition of the canonical automaton def-
inition (2.8) and theorem 2.12, for every regular language L, the fragment of the master
automaton containing the states reachable from L and the transitions between them is the
canonical DFA for L. So, in a sense, the master automaton “contains” all minimal DFAs
for all regular languages: in order to find the canonical DFA for L, just search for state L
of the master automaton, and “copy” the fragment reachable from there. For example, the
reader can check that the minimal DFA for the language aX + b(e + % X*) is indeed the
seven-state DFA obtained by taking all the states reachable from this regular expression in
figure 6.1—namely, the language itself; the languages ¢ + X2X*, X £*, and £* (moving
upward); and the languages X, ¢, and ¢ (moving downward).

The master automaton is a beautiful mathematical object, a sort of God’s view of the
universe of regular languages. It enjoys many interesting properties (see exercises 55
and 56), and in chapter 6 we use it to define decision diagrams, a data structure with many
applications.

2.2 Minimizing DFAs

We present an algorithm that converts a given DFA into the unique minimal DFA recog-
nizing the same language. The algorithm first partitions the states of the DFA into blocks,
where a block contains all states recognizing the same residual. We call this partition the
language partition. Then, the algorithm “merges” the states of each block into a single state,
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Figure 2.4
A fragment of the master automaton over X = {a, b}. We use X as an abbreviation of (a + b).

an operation usually called quotienting with respect to the partition. Intuitively, this yields
a DFA where distinct states recognize different residuals. These two steps are described in
sections 2.2.1 and 2.2.2.

For the rest of this section, we fix a DFA 4=(Q, X, 0, qo, F) recognizing a regular
language L.

2.2.1 Computing the Language Partition

We need some basic notions on partitions. A partition of Q is a finite set P={B1, ..., B,}
of nonempty subsets of O, called blocks, such that 0=B1U...UB,, and B;NB; =§ for
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every 1 <i <j <n. The block containing a state ¢ is denoted by [¢]p. A partition P’ refines
or is a refinement of another partition P if every block of P’ is contained in some block of
P.If P’ refines P and P’ # P, then P is coarser than P’.

The language partition, denoted by Py, puts two states in the same block iff they rec-
ognize the same language (i.e, the same residual). To compute P, we iteratively refine an
initial partition Py while maintaining the following

Invariant: States in different blocks recognize different languages.

Partition Py consists of two blocks containing the final and the nonfinal states, respec-
tively (or just one of the two if all states are final or all states are nonfinal). That is, Py =
{F,O\ F}if F and Q\ F are nonempty, Po = {F} if O \ F is empty, and Po = {O\ F} ={0}
if F' is empty. Notice that Py satisfies the invariant, because every state of F accepts the
empty word, but no state of O\ F does.

A partition is refined by splitting a block into two blocks. To find a block to split, we first
observe the following:

Fact 2.15 If L (q1) = L (g2), then £ (6(q1,a)) = L (d(q2,a)) forevery a € X.

By contraposition, if £ (d(q1,a)) # L (6(q2,a)), then L (q1) # L (¢2), or, rephrasing in
terms of blocks: if d(g1,a) and (g2, a) belong to different blocks, but ¢; and ¢, belong
to the same block B, then B can be split, because ¢; and ¢, can be put in different blocks
while respecting the invariant.

Definition 2.16 Let B, B be (not necessarily distinct) blocks of a partition P, and leta € X.
The pair (a, B) splits B if there are q1, q» € B such that 6(q1,a) € B and §(q2,a) ¢ B'. The
result of the split is the partition Refp[B, a, B'1= (P\ {B}) U{By, B1}, where

Bo={qeB:6(q,a)¢ B’y and By ={qeB:6(q,a) e B'}.

A partition is unstable if it contains blocks B, B' such that (a,B') splits B for some a € £
and is stable otherwise.

The partition refinement algorithm LanPar(A4), described in algorithm 4, iteratively
refines the initial partition of A4 until it becomes stable. The algorithm terminates as each
iteration increases the number of blocks by 1, and a partition has at most | Q| blocks.

Observe that if all states of a DFA are nonfinal, then every state recognizes ¥, and if all are
final, then every state recognizes X*. In both cases, all states recognize the same language,
and the language partition is {Q}.

Example 2.17 Figure 2.5 illustrates a run of LanPar on the DFA depicted on the right
of figure 2.1. States that belong to the same block have the same color and pattern. The
initial partition, shown in (a), consists of the solid and hatched states. In (b), the solid block
and the letter a split the hatched block into the crosshatched block (hatched states with
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Algorithm 4 Partition refinement algorithm.

LanPar(A)
Input: DFA A= (0, X, 9, q0, F)
Output: The language partition Py
1 if F=@or O\ F = then return {Q}
2 else P<{F,Q\F}
3 while P is unstable do
4 pick B, B’ € P and a € X such that (a, B) splits B
5 P<Refy[B,a,B]
6 return P

Figure 2.5
Computing the language partition of a DFA in steps (a), (b), and (c).

an g-transition to the solid block) and the rest (hatched states with an a-transition to other
blocks), which stay hatched. In the final step (c), the crosshatched block and the letter b
split the hatched block into the dotted block (hatched states with a b-transition into the
crosshatched block) and the rest, which stay hatched.

We prove the correctness of LanPar in two steps. First, we show that it computes the
coarsest stable refinement of Py, denoted by CSR; in other words, we show that, after
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termination, the partition P is coarser than every other stable refinement of Py. Then, we
prove that CSR is equal to Py.

Lemma 2.18 LanPar(4) computes CSR.

Proof LanPar(A) clearly computes a stable refinement of Py. We prove that, after termi-
nation, P is coarser than any other stable refinement of Py or, equivalently, that every stable
refinement of Py refines P. Actually, we prove that this holds not only after termination but
at any time.

Let P’ be an arbitrary stable refinement of Py. Initially, P = Py, and so P’ refines P. Now,
we show that if P’ refines P, then P’ also refines Refp[B, a, B']. For this, let ¢; and ¢, be two
states belonging to the same block of P’. We show that they belong to the same block of
Refp[B, a, B']. Assume the contrary. Since the only difference between P and Refp[B, a, B']
is the splitting of B into By and Bj, exactly one of ¢; and ¢, say ¢, belongs to By, and
the other belongs to By. Therefore, there exists a transition (¢2,4a,¢5) € 0 such that ¢}, €
B’. Since P’ is stable and g1, g2 belong to the same block of P’, there is also a transition
(91,a,4}) € J such that ¢} € B'. This contradicts ¢| € By. O

Theorem 2.19 CSR is equal to Py.

Proof We show that (a) P, refines Py, (b) Py is stable, and (c) every stable refinement P
of Py refines Py.

(a) Trivial.

(b) By fact 2.15, if two states ¢; and g, belong to the same block of Py, then d(q;, a) and
0(g2,a) also belong to the same block, for every letter a. Hence, no block can be split.

(c) Let g1, g2 be states belonging to the same block B of P. We prove that they belong to
the same block of P;—that is, that £ (g1) = L (¢2). By symmetry, it suffices to prove that,
for every word w, if we L (¢q1), then w € L (g2). We proceed by induction on the length
of w. If w=g¢, then ¢ € F, and since P refines Py, we have ¢» € F, and so we L (g3). If
w=aw/, then there exists (g1, , ¢}) € 6 such thatw’ € £ (¢} ). Let B’ be the block containing
¢}. Since P is stable, B’ does not split B, and so there is (¢2, @, ¢}) € 0 such that ¢, € B'.
By induction hypothesis, w’ € £ (¢) iff w' € L (¢}). Therefore, w’ € L (g3 ), which implies
we L (q). O

2.2.2 Quotienting

It remains to define the quotient of 4 with respect to a partition. It is convenient to define
it not only for DFAs but more generally for NFAs. The states of the quotient are the blocks
of the partition. The quotient has a transition (B, a, B") from block B to block B" if A4 con-
tains some transition (g, a, ¢") for some states ¢ and ¢’ belonging to B and B, respectively.
Formally:
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Definition 2.20 The quotient of an NFA A with respect to a partition P is the NFA A/P =
(Op, 2,0p, Qop, Fp) where

o Op is the set of blocks of P;

e (B,a,B")edpif(q,a,q) €dforsomeqeB, ¢ €B’;

o Qop is the set of blocks of P that contain at least one state from Qy, and
o Fp is the set of blocks of P that contain at least one state of F.

Example 2.21 The right-hand side of figure 2.6 depicts the result of quotienting the DFA
on the left-hand side with respect to its language partition. The quotient has as many states
as colored patterns, and it has a transition between two colored patterns (say, an a-transition
from solid to crosshatched) if the DFA on the left has such a transition.

We show that 4 /Py, the quotient of a DFA A4 with respect to the language partition, is the
minimal DFA for L. The main part of the argument is contained in the forthcoming lemma.
Loosely speaking, it says that any refinement of the language partition (i.e., any partition
in which states of the same block recognize the same language) “is good” for quotienting,
because the quotient recognizes the same language as the original automaton. Moreover,
if the partition not only refines but is equal to the language partition, then the quotient is
a DFA.

Lemma 2.22 Let A be an NFA, and let P be a partition of the states of A. If P refines
Py, then L4(q) = L4,p(B) for every state q of A, where B is the block of P containing q. In
particular, L (A/P) = L (4). Moreover, if A is a DFA and P = Py, then A/P is a DFA.

Proof Let P be a refinement of P,. We prove that for every we £*, it is the case that
we Ly(q) iff we L4/p(B). We proceed by induction on [w|.

Figure 2.6
Quotient of a DFA with respect to its language partition.
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If [w| =0, then w = ¢ and we have

e€Ly(q) < q€F
<= BCF (since P refines P, and so also Py)
<= BeFp
= eceLypB).

If |w| > 0, then w=aw’ for some a € . Therefore, w € L4(q) iff there is a transition
(¢,a,q") € d such that w' € L4(¢’). Let B’ be the block containing ¢’. By definition of 4/P,
we have (B, a, B') € dp, and hence

aw’ € L4(q)
— weLly(q) (by definition of ¢')
< w eLypB) (by induction hypothesis)
— aw' € L/p(B) (by (B,a, B) € 5p).

For the second part, we show that (B, a, B1), (B, a, B2) € op, implies B| = B,. By defini-
tion, there exist (¢, a, q1), (¢, a, q2) € d for some q,¢' € B, q| € B, and ¢» € B;. Since g and
¢’ belong to the same block of the language partition, we have £4(q) = L4(¢q’). Since 4 is a
DFA, we get L£4(q1) = L4(g2). Since P = Py, the states ¢ and g, belong to the same block,
and so B| = B. O]

Proposition 2.23  The quotient A/ Py is the minimal DFA for L.

Proof By lemma 2.22, A/P; is a DFA, and its states recognize residuals of L. Moreover,
two states of 4/ P, recognize different residuals by definition of the language partition. Thus,
A/Py has as many states as residuals. O

2.2.3 Hopcroft’s Algorithm

Algorithm LanPar leaves open the choice of an adequate refinement triple [B, a, B']. While
every exhaustive sequence of refinements leads to the same result, and so the choice does
not affect the correctness of the algorithm, it affects its runtime. Hopcroft’s algorithm is
a modification of LanPar, which carefully selects the next triple. When properly imple-
mented, Hopcroft’s algorithm runs in time O(mnlogn) for a DFA with n states over a
m-letter alphabet. A full analysis of the algorithm is beyond the scope of this book, and
so we limit ourselves to presenting its main ideas.

It is convenient to start by describing an intermediate algorithm, not as efficient as the
final one. The intermediate algorithm maintains a workset of pairs (a, B'), called splitters.
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Initially, the workset contains all pairs (a, B') where a is an arbitrary letter and B’ is a block of
the original partition (i.e., either B = F or B’ = O\ F). At every step, the algorithm chooses
a splitter from the workset and uses it to split every block of the current partition (if possi-
ble). Whenever a block B is split by (a, B) into two new blocks By and By, the algorithm
adds to the workset all pairs (b, By) and (b, By) for every letter b € X.

It is not difficult to see that the intermediate algorithm is correct. The only point requiring
a moment of thought is that it suffices to use each splitter at most once. A priori, a splitter
(a, B) could be required at some point of the execution and then later again. To discard this,
observe that, by the definition of split, if (a, B') splits a block B into By and B, then it does
not split any subset of By or B). So, after (a, B") is used to split all blocks of a partition,
since all future blocks are strict subsets of the current blocks, (a, B") is not useful anymore.

Hopcroft’s algorithm improves on the intermediate algorithm by observing that when a
block B is split into By and By, it is not always necessary to add both (b, By) and (b, By) to
the workset. The fundamental for this is the following:

Proposition 2.24 Let A= (Q, X,0,qo, F), let P be a partition of Q, and let B be a block
of P. Suppose we refine B into By and By. Then, for every a € X, refining all blocks of P
with respect to any two of the splitters (a, B), (a, By), and (a, By) gives the same result as
refining them with respect to all three of them.

Proof Let Cbe ablock of P. Every refinement sequence with respect to two of the splitters
(there are six possible cases) yields the same partition of C—namely, {Cy, C1, C>}, where
Cy, C1, and C; contain the states g € Q that respectively satisfy d(q, a) € By, d(q,a) € By,
and 6(q,a) ¢ B. O

Now, assume that (a, B") splits a block B into By and B;. For every b € X, if (b, B) is in
the workset, then adding both (b, By) and (b, B1) is redundant, because we only need two
of the three. In this case, Hopcroft’s algorithm chooses to replace (b, B) in the workset by
(b, By) and (b, By) (i.c., to remove (b, B) and to add (b, By) and (b, By)). If (b, B) is not in
the workset, then in principle, we could have two possible cases.

« If (b, B) was already removed from the workset and used to refine, then we only need to
add one of (b, By) and (b, By). Hopcroft’s algorithm adds the smaller of the two (i.e., (b, By)
if |[Bg| <|Bj| and (b, B1) otherwise).

« If (b, B) has not been added to the workset yet, then it looks as if we would still have to
add both (b, By) and (b, B1). However, a more detailed analysis shows that this is not the
case, it suffices to add only one of (b, By) and (b, B1). Hopcroft’s algorithm adds again the
smaller of the two.

These considerations lead to algorithm 5, where (b, min{By, B;}) denotes the smaller of
(b, Bo) and (b, B1).
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Algorithm 5 Hopcroft’s algorithm.

Hopcroft(A)
Input: DFA 4= (0, X, 0,90, F)
Output: The language partition P,
if F =0 or Q\ F = then return {Q}
else P < {F,Q\ F}
W <« {(a,min{F,Q\ F}):ae X}
while W £ ) do
pick (a, B') from W
for all B € P split by (a, B') do
replace B by Bp and B; in P
forallbe X do
if (b, B) € W then replace (b, B) by (b, By) and (b, B1) in W
else add (b, min{By, B1}) to W
return P

w N

i

=
= O W 0 J o W

=

We sketch an argument showing that the main while loop is executed at most O (mn log n)
times, where m = | X | and n = |Q)|. Fix a state ¢ € Q and a letter a € X. It is easy to see that
at every moment during the execution of Hopcroft, the workset contains at most one splitter
(a, B) such that ¢ € B (in particular, if (a, B) is in the workset and B is split at line 9, then
q goes to either By or to By). We call this splitter (if present) the a-g-splitter and define
its size as the size of the block B. So, during the execution of the algorithm, there are
alternating phases in which the workset contains one or zero a-g-splitters, respectively. Let
us call them one-phases and zero-phases. It is easy to see that during a one-phase, the
size of the a-g-splitter (defined as the number of states in the block) can only decrease (at
line 9). Moreover, if at the end of a one-phase, the a-g-splitter has size &, then, because of
line 10, at the beginning of the next one-phase, it has size at most k/2. Thus, the number
of a-g-splitters added to the workset throughout the execution of the algorithm is O(log n),
and therefore the total number of splitters added to the workset is O(mn log n). Hence, the
while loop is executed O (mn log n) times. If the algorithm is carefully implemented (which
is nontrivial), then it also runs in time O (mn log n).

2.3 Reducing NFAs

There is no canonical minimal NFA for a given regular language. The simplest witness of
this fact is the language aa™, which is recognized by the two nonisomorphic, minimal NFAs
of figure 2.7. Moreover, computing any of the minimal NFAs equivalent to a given NFA
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Figure 2.7
Two minimal NFAs for aa™.

is computationally hard. Indeed, the problem can be shown to be PSPACE-complete. For
readers not familiar with complexity theory, “PSPACE-complete” informally means that
there is most likely no minimization algorithm that uses less than exponential time and a
polynomial amount of memory. The proof'is deferred to a forthcoming optional subsection.

Despite this intractability, we can reuse part of the theory for the DFA case to obtain an
efficient procedure to possibly reduce the size of a given NFA.

2.3.1 The Reduction Algorithm

For the rest of the section, we fix an NFA 4 = (Q, X, 9, Qy, F) recognizing a language L.
Recall that definition 2.20 and the first part of lemma 2.22 were defined for NFAs. Thus,
L (4) = L (4/P) holds for every refinement P of Py, and so any refinement of P; can be
used to reduce 4. The largest reduction is obtained for P = Py, but P is hard to compute for
NFAs. On the other extreme, the partition that puts each state in a separate block is always
a refinement of Py, but it does not provide any reduction.

To find a reasonable trade-off, we examine again lemma 2.18, which proves that Lan-
Par(A4) computes CSR for deterministic automata. Its proof only uses the following property
of stable partitions: if ¢; and g, belong to the same block of a stable partition and there is
a transition (g2, a, ¢5) € 0 such that ¢, € B’ for some block B', then there is also a transition
(q1,a,4}) € such that ¢} € B'. We extend the definition of stability to NFAs so that stable
partitions still satisfy this property: we just replace condition

d(q1,a) € B"and 6(¢2,a) ¢ B’
of definition 2.16 by
d(q1,a) NB' # W and 6(q2,a) N B =0.

Definition 2.25 [Refinement and stability for NFAs] Let B, B’ be (not necessarily dis-
tinct) blocks of a partition P, and let a € ¥. The pair (a, B") splits B if there are q1,q, € B
such that 5(q1,a) "B #0 and 6(q2,a) NB' =0. The result of the split is the partition
RefY™[B,a, B'1=(P\ {B}) U{Bo, B}, where

Bo={qeB:6(g,a)NB =¥} and By ={qeB:5(q,a) NB #@}.

A partition is unstable if it contains blocks B and B’ such that B’ splits B and is stable
otherwise.
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Using this definition, we generalize LanPar(A4) to NFAs in the obvious way: allow NFAs
as inputs, and replace Refp by Re ,])VF 4 as new notion of refinement. Lemma 2.18 still holds:
the algorithm still computes CSR, but with respect to the new notion of refinement. The
procedure is described in algorithm 6. Notice that in the special case of DFAs, it reduces to

LanPar(A), because Refp and Re }DVFA coincide for DFAs.

Algorithm 6 Coarsest stable refinement for NFAs.

CSR(4)

Input: NFA 4= (0, X,0, Qo, F)

Output: The partition CSR of 4

if F=0 or O\ F = then P < {Q)}

else P < {F,Q\ F}

while P is unstable do

4 pick B, B’ € P and a € X such that (a, B') splits B
5 P<RefY[B,a,B]

6 return P

w N

Observe that line 1 of CSR(4) is different from line 1 of algorithm LanPar. If all states
of an NFA are nonfinal, then every state recognizes , but if all are final, we can no longer
conclude that every state recognizes X*, as was the case for DFAs. In fact, all states might
recognize different languages.

In the case of DFAs, we had theorem 2.19, which states that CSR is equal to P,. The
theorem does not hold anymore for NFAs, as we will see later. However, part (c) of the
proof, which showed that CSR refines Py, still holds, with exactly the same proof. Hence:

Theorem 2.26 The partition CSR refines Py.

Now, lemma 2.22 and theorem 2.26 lead to the final result:

Corollary 2.27 Let A be an NFA. It is the case that L (A/CSR) = L (4).
Example 2.28 Consider the NFA as depicted on the left of figure 2.8.

CSR is the partition indicated by colored patterns. A possible run of CSR(4) is graphically
represented on the right as a tree. Initially, we have the partition with two blocks shown at the
top of the figure: the block {1, ..., 14} of nonfinal states and the block {15} of final states.
The first refinement uses (a, {15}) to split the block of nonfinal states, yielding the blocks
{1,...,8,11,12, 13} (no a-transition to {15}) and {9, 10, 14} (an a-transition to {15}). The
leaves of the tree are the blocks of CSR.
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\
(b,{6,11})
/ N\
{6} {11}
Figure 2.8

An NFA 4 and a run of CSR(4).

Figure 2.9
The quotient of the NFA of Figure 2.8.

In this example, we have CSR # P,. For instance, states 3 and 5 recognize the same lan-
guage, that is, (a + b)*aa(a + b)*, but they belong to different blocks of CSR. The quotient
automaton is shown in figure 2.9.
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Figure 2.10
An NFA 4 such that 4/Py is not minimal.

(d.{7h
/N
{1,2,3,5} {4,6}
(e, {7H (e, {7H
/ N\ / N\
{1,2,3) {5 4 {0}
|
(e, {5
/ N\
{13} {2}
\
(0,{1,3})
/ N\
{1 3
Figure 2.11
An NFA such that CSR # Py.

Remark 2.29 If 4 is an NFA, then 4/P, might not be a minimal NFA for L. The NFA
of figure 2.10 is an example: all states accept different languages, and so A/P; = A4, but the
NFA is not minimal, since, for instance, the state at the bottom can be removed without
changing the language.

It is not difficult to show that if two states ¢ and ¢, belong to the same block of CSR, then
they not only recognize the same language but also satisfy the following far stronger prop-
erty: for every a € ¥ and ¢ € 6(q1, a), there exists g5 € d(g2, a) such that £ (¢) =L (¢})-
This can be used to show that two states belong to different blocks of CSR. For instance,
consider states 2 and 3 of the NFA on the left of figure 2.11. They recognize the same lan-
guage, but state 2 has a c-successor—namely, state 4—that recognizes {d}, while state 3
has no such successor. So, states 2 and 3 belong to different blocks of CSR. A possible run
of the CSR algorithm is shown on the right of the figure. Here, CSR has as many blocks as
states.
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2.3.2 % Minimality Is PSPACE-Complete

We show that NFA minimality is PSPACE-complete and hence computationally hard.
Readers not familiar with complexity theory can directly move to the next section.

In chapter 3, we will show that the universality problem for NFAs is PSPACE-complete:
given an NFA A over an alphabet X, decide whether £ (4) = £*. Using this result, we
can easily prove that deciding the existence of a small NFA equivalent to a given one is
PSPACE-complete.

Theorem 2.30 The following problem is PSPACE-complete: given an NFA A and k> 1,
decide if there exists an NFA equivalent to A with at most k states.

Proof* To prove membership in PSPACE, observe first that if 4 has at most & states, then we
can answer “yes.” So, assume that 4 has more than & states. Since PSPACE = co-PSPACE,
it suffices to give a procedure to decide if no NFA with at most k states is equivalent to
A. For this, we construct all NFAs with at most & states (over the same alphabet as A4),
reusing the same space for each of them, and check that none of them is equivalent to A.
Since NPSPACE = PSPACE, it suffices to exhibit a nondeterministic algorithm that, given
an NFA B with at most & states, checks that B is not equivalent to 4 (and runs in polyno-
mial space). The algorithm nondeterministically guesses a word, one letter at a time, while
maintaining the sets of states in both 4 and B reached from the initial states by the word
guessed so far. The algorithm stops when it observes that the current word is accepted by
exactly one of 4 and B.

PSPACE-hardness is easily proved by a reduction from the universality problem. If an
NFA is universal, then it is equivalent to an NFA with one state, and so, to decide if a given
NFA 4 is universal, we can proceed as follows: check first if 4 accepts all words of length
1. If not, then 4 is not universal. Otherwise, check if some NFA with one state is equivalent
to A. If not, then A4 is not universal. Otherwise, if such an NFA, say B, exists, then, since 4
accepts all words of length 1, B is the NFA with one final state and a loop for each alphabet
letter. Therefore, A is universal. ]

2.4 A Characterization of Regular Languages

In this last section, we present a useful by-product of the results of section 2.1.

Theorem 2.31 A language L is regular iff it has finitely many residuals.
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Proof 1f L is not regular, then no DFA recognizes it. Since, by proposition 2.11, the canon-
ical automaton Cy, recognizes L, then Cr, necessarily has infinitely many states, and so L has
infinitely many residuals. If L is regular, then some DFA A4 recognizes it. By lemma 2.6, the
number of states of 4 is greater than or equal to the number of residuals of L, and so L has
finitely many residuals. O

This theorem provides a technique for proving that a given language L € X* is not regular:
exhibit an infinite set of words W C X * such that L" # L" for every distinct words w,v €
W. In example 2.4, we showed using this technique that the languages {a"0" : n > 0} and
{ww:w e £*} have infinitely many residuals, and so they are not regular. We provide a third
example.

Example 2.32 Let L= {a"2 :n>0}. Let W =L. For every two distinct words aiz, =

W, word a**! belongs to the a -residual of L, because a’ 2 +1 = g*+1D” but not to the
2 . 275001 .
@ -residual, since @ 721 is only a square number for i = .

2.5 Exercises

¢ & Exercise 36. For each language L C {a, b, ¢}* below, say whether L has finitely many
residuals, and, if so, describe the residuals.

(a) (ab+ba)",

(b) (aa)",

(c) {a"b"c":n>0}.

v [E Exercise 37. Consider the most-significant-bit-first (MSBF) encoding of natural
numbers over alphabet £ = {0, 1}. Recall that every number has infinitely many encodings,

because all the words of 0*w encode the same number as w. Construct the minimal DFAs
accepting the following languages, where £* denotes all words of length 4:

(a) {w:MSBF~!(w) mod 3 =0} X*.
(b) {w:MSBF~!(w) is a prime} N £*.

77 l Exercise 38. Prove or disprove the following statements:

(a) A subset of a regular language is regular.

(b) A superset of a regular language is regular.

(c) If L1 and L1L, are regular languages, then L, is regular.
(d) If Lp and L{ L, are regular languages, then L is regular.
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) 77 £ Exercise 39. Consider the following DFA A:

(a) Compute the language partition of 4.
(b) Construct the quotient of 4 with respect to its language partition.

(¢) Give a regular expression for £ (4).

a 77 £ Exercise 40. Consider the following DFA A4:

(a) Compute the language partition of 4.
(b) Construct the quotient of 4 with respect to its language partition.

(c) Give a regular expression for £ (4).
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¥¢ & Exercise 41. Consider the language partition algorithm LanPar. Since every execu- g
tion of its while loop increases the number of blocks by 1, the loop can be executed at most
|O| — 1 times. Show that this bound is tight, that is, give a family of DFAs for which the
loop is executed |Q] — 1 times.
Hint: There exists a family with a one-letter alphabet.

v £ Exercise 42. For each of the two following NFAs: a

(a) Compute the coarsest stable refinement (CSR).
(b) Construct the quotient with respect to the CSR.
(c) Say whether the obtained automaton is minimal.

¥r M Exercise 43. Let 41 and 45 be DFAs with n; and n; states such that £ (41) # £ (42). o
Show that there exists a word w of length at most n; +ny —2 such that we (L (41) \
L (A42)) U (L (A2)\ L (41))-

Hint: Consider the NFA obtained by putting A1 and Ay “side by side” and CSR(A).

% [& Exercise 44. Let = = {a, b}. Let 4; be the minimal DFA such that £ (4;) = {ww: g
we 2k}

(a) Construct A>.

(b) Construct a DFA that accepts L (4y).

(c) How many states does Ay contain for k£ > 2?

¥r M Exercise 45. For every language L C * andword we £*,let"L={ue€ Z*:uwel}. g
A language L' C * is an inverse residual of L if L' ="L for some w € T*.
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(a) Determine the inverse residuals of the first two languages of exercise 36: (ab + ba)*
and (aa)*.

(b) Show that a language is regular iff it has finitely many inverse residuals.

(c) Does a language always have as many residuals as inverse residuals?

¥r of Exercise 46. Design an efficient algorithm Res(r, a), where r is a regular expression
over an alphabet £ and a € X, which returns a regular expression satisfying £ (Res(r, a)) =
L ()4

7 B Exercise 47. A DFA A= (0, X, 7, qo, F) is said reversible if no letter can enter a
nontrap state from two distinct states, that is, for every p,ge Q and 0 € X, if d(p,0) =
d(g,0), thenp=gq.

(a) Give a reversible DFA that accepts L = {ab, ba, bb}.

(b) Show that the minimal DFA that accepts L is not reversible.

(c) Is there a unique minimal reversible DFA that accepts L? Justify.

¥r 7 Exercise 48. A DFA with negative transitions (DFA-n) is a DFA whose transitions
are partitioned into positive and negative transitions. A run of a DFA-n is accepting if

« it ends in a final state and the number of occurrences of negative transitions is even, or

« it ends in a nonfinal state and the number of occurrences of negative transitions is odd.

The intuition is that taking a negative transition “inverts the polarity” of the acceptance
condition.

(a) Show that the language accepted by a DFA-n is regular.
(b) Give a DFA-n for a regular language L that has fewer states than the minimal DFA for L.

(c) Show that the minimal DFA-n for a language is not necessarily unique.

% B Exercise 49. We say that a residual of a regular language L is composite if it is the
union of other residuals of L and that it is prime otherwise. Show that every regular language
L is recognized by an NFA whose number of states is equal to the number of prime residuals
of L.

¥¢ B Exercise 50. Let Ly, be the language of words over {0, 1} that contain the same
number of occurrences of u and v. Say whether L,,,, is regular for the following choices of
uand v.

(@) u=0andv=1. (d) u=001and v=110.

(b) u=01 and v=10. (e) u=001 and v=100.
(¢c) u=00andv=11.
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v [&E Exercise 51. Consider the alphabet X = {up, down, left, right}. A word over X cor-
responds to a line in a grid consisting of concatenated segments drawn in the direction
specified by the letters. In the same way, a language corresponds to a set of lines. For exam-
ple, the set of all staircases can be specified as the set of lines given by the regular language
(up right)*.

(a) Specify the set of all skylines as a regular language (i.e., formalize the intuitive notion
of skyline). The left drawing is a skyline, while the two others are not.

L

(b) Show that the set of all rectangles is not regular.

7 B Exercise 52. An NFA 4= (0, X,6, Qo, F) is reverse-deterministic if (q1,a,q) €
and (q2,a, g) € 0 implies g| = g2, that is, no state has two input transitions labeled by the
same letter. Furthermore, we say that 4 is trimmed if every state accepts at least one word,
that is, if L4(q) # @ for every g € Q. Let A be a reverse-deterministic trimmed NFA with a
single final state gr. Show that NFAtoDFA(A) is minimal.

Hint: States of NFAtoDFA(A) accept different languages; use corollary 2.13.

¥7 l Exercise 53. Let Rev(4) be the algorithm of exercise 14 that, given an NFA 4 as input,
returns a trimmed NFA AR such that £ (4%) = £ (4)®, where L¥ denotes the reverse of L.
Recall that an NFA is trimmed if every state accepts at least one word (see exercise 52).
Prove that, for every NFA 4, the following DFA is the unique minimal DFA that accepts
L (A):

NFAtoDFA(Rev(NFAtoDFA(Rev(A)))).

¢ & Exercise 54.

(a) Let £ ={a,b}. Find a language L C X* that has infinitely many residuals and that
satisfies |[L"| > 0 for all we X*.

(b) Let = ={a}. Find a language L C X£*, such that L =" = w=w' for all words
w,w e XT*
Y7 @ Exercise 55. Recall the master automaton M defined in section 2.1.1. Does M have

(a) other states than ¢ and X* that can only reach themselves?
(b) states that cannot be reached from any other state?

(c) states that can reach all other states?

o
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(d) states with infinitely many immediate predecessors?

(i.e., states L such that L/ 2 L for infinitely many states L'?)

(e) two states having the same successor for every letter of X?

(f) bottom strongly connected components with infinitely many states?

(A bottom strongly connected component is a maximal set of states S such that for every
state s € S, the set of states reachable from S is exactly S.)

(g) bottom strongly connected components with arbitrarily many states?

¢ B Exercise 56. Recall the master automaton M defined in section 2.1.1. A symmetry
is a bijection f on the states of the master automaton such that L Ny ATy (L) N ).
Loosely speaking, after applying /', we still obtain the same graph. Show that the bijection
given by f(L) = L is a symmetry.

% B Exercise 57. Recall that weakly acyclic DFAs were introduced in exercise 35. Show
that weakly acyclic DFAs are closed under minimization, that is, prove that the unique
minimal DFA equivalent to a given weakly acyclic DFA is also weakly acyclic.



3 Operations on Sets: Implementations

Recall that, in this book, we see automata as data structures over some universe of objects U.
In this chapter, we explain how to implement important operations on such data structures.

As a motivating example, let us consider the case where U is the set of natural num-
bers. Let 4 be the automaton, over alphabet X = {0, 1}, depicted on the left of figure 3.1.
The words read by A are seen as numbers encoded in binary with their most significant
bit appearing first, for example, the word 1100 corresponds to number 12. Observe that
A accepts infinitely many numbers. In particular, it accepts words {11,111,1111,...},
which respectively correspond to numbers {3,7,15,...}. Nonetheless, automaton A
does not accept all numbers. For example, it rejects word 100, which corresponds to
number 4.

Suppose we ask ourselves whether a// multiples of 3 are accepted by A. For example, we
see that numbers 0, 3, 6, 9, and 12 are accepted by 4, as they are respectively represented by
words ¢, 11, 110, 1001, and 1100 (with possibly leading zeros). Such a brute-force approach
quickly gets tedious when carried manually. Further, it is not clear how many numbers must
be checked (even if done with a computer). In fact, if 4 accepts all multiples of 3, then there
are infinitely many numbers to check! Thus, we need a better approach.

Let B be the automaton depicted on the right of figure 3.1. This automaton accepts the set
of all multiples of 3 (see example 1.10 if you want to know why). Hence, our question can
be rephrased as does £ (B) C L (B) hold?" or "does L (4) N L (B) = L (B)?. So, in order to
answer our question, it suffices to implement inclusion, or both intersection and equality.

Figure 3.1
Two automata representing sets of numbers, represented in binary with their most significant bit first.
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As we shall see in section 3.1.6, 4 does not accept all multiples of 3. Moreover, a counter-
example can be obtained automatically, that is, an algorithm can produce a word from B
that is not accepted by 4.

Such algorithms have important applications. For example, in chapter 7 we will use
automata to represent the behavior of concurrent programs. In that setting, counterexamples
are bugs, and it is certainly desirable to detect bugs automatically.

In the remainder of this chapter, we provide implementations of inclusion, intersection,
and other operations. More precisely, we show that automata as a data structure support the
following operations, where U is the universe of objects, X, Y C U andx € U:

Operation Returns

Member(x, X) true if x € X, false otherwise
Complement(X) U\X
Intersection(X, Y) XNY

Union(X, Y) XUy

Empty(X) true if X = {J, false otherwise
Universal(X) true if X = U, false otherwise
Included(X, Y) true if X C Y, false otherwise
Equal(X, Y) true if X =Y, false otherwise

Let us fix an alphabet X. We assume that there exists a bijection between U and X *—that
is, we assume that each object of the universe is encoded by a word and that each word is
the encoding of some object. Under this assumption, the operations on sets and elements
become operations on languages and words, as in our motivating example. For instance, the
first two operations become the following:

Operation Returns

Member(w, L) true if w € L, false otherwise

Complement(L) L

The assumption that each word encodes some object may seem too strong. Indeed, the
language E of encodings is usually only a subset of £*. For example, not every word over the
alphabet {0,...,9,.,—} encodes a decimal number. However, once we have implemented
the operations under this strong assumption, we can easily modify them so that they work
under a much weaker assumption that almost always holds: the assumption that the language
E of encodings is regular. For instance, assume that E is a regular subset of X* and that L
is the language of encodings of a set X. We implement Complement(X) so that it returns
not L but rather Intersection(Z, E).

For each operation, we present an implementation that, given automata representations
of the operands, returns an automaton representing the result (or a boolean value, when
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that is the return type). Sections 3.1 and 3.2 respectively consider the cases in which the
representation is a DFA and an NFA.

3.1 Implementation on DFAs

In order to evaluate the complexity of the operations, we must first provide our assump-
tions on the complexity of basic operations on a DFA 4 = (0, X, J, qo, F). We assume that
dictionary operations (lookup, add, remove) on Q and ¢ can be performed in constant time
using hashing. We further assume that, given a state ¢, we can decide in constant time if
q =qo, and if g € F, and that given a state ¢ and a letter a € X, we can find the unique state
d(g, @) in constant time.

3.1.1 Membership

To check membership for a word w, we just execute the run of the DFA on w. It is conve-
nient for future use to have an algorithm MemDFA[A](w, q) that checks whether word w is
accepted from state ¢ in 4, that is, whether w € £4(g). Operation Member(w, L) can then
be implemented by MemDFA[A](w, qo), where A4 is the automaton representing L. Writ-
ing head(aw) =a and tail(aw) =w for a€ £ and w € X*, the procedure is described in
algorithm 7.

Algorithm 7 Membership for DFAs.

MemDFA[A](w, q)
Input: DFA 4= (0, X, 0, q0, F), state ¢ € O, word w € X*
Output: true if w e L(gq), false otherwise

1 ifw=¢ thenreturng e F

2 else return MemDFA[A](tail(w),0(q, head(w)))

The complexity of the algorithm is O(Jw]).
3.1.2 Complementation

Implementing the complement operations on DFAs is easy. Recall that a DFA has exactly
one run for each word, and the run is accepting iff it reaches a final state. Thus, if we swap
final and nonfinal states, the run on a word becomes accepting iff it was nonaccepting, and
so the new DFA accepts the word iff the old one did not accept it. So, we get the linear-time
procedure CompDFA described in algorithm 8.

Observe that complementation of DFAs preserves minimality. By construction, each state
of CompDFA(A) recognizes the complement of the language recognized by the same state
in A. Thus, if the states of 4 recognize pairwise different languages, so do the states of
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Algorithm 8 DFA complementation.

CompDFA(A)

Input: DFA A= (0, X, 9, q0, F)

Output: DFA B=(Q', %, 5, ¢}, F') with L (B) =L (4)
1 0«00 «<dqy<qo; F'=0
2 forallge Qdo
3 if g ¢ F' then add ¢ to F’

CompDFA(A). Apply now corollary 2.13, stating that a DFA is minimal iff their states
recognize different languages.

3.1.3 Binary Boolean Operations

Instead of specific implementations for union and intersection, we give a generic implemen-
tation for all binary boolean operations. Given two DFAs 4| and 4, and a binary boolean
operation like union, intersection, or difference, the implementation returns a DFA recog-
nizing the result of applying the operation to £ (4;) and L (43). The DFAs for different
boolean operations always have the same states and transitions; they differ only in the set
of final states. We call this DFA with a yet unspecified set of final states the pairing of A;
and 4;, denoted by [41, A>]. Formally:

Definition 3.1 Let A1 = (Ql, 2,51,q01,F1) and A2 = (Qz, E,éz,qoz,Fz) be DFAs. The
pairing [41,A2] of A1 and Ay is the tuple (O, X, J, qo) where

« O0={lq1,92]1:91 € 01,92 € 02},
« 0={(q1.921,a. 19}, 95D : (q1,a.4)) €1, (92, a,95) € &},
* q0=1[qo01,902].

The run of [A1,A2] on a word of £* is defined as for DFAs.

It follows immediately from this definition that the run of [A4],A4,] over a word w=
aias - - - ay is also a “pairing” of the runs of 41 and 4, over w. Formally,

ap ap an
qo1 —> 411 —> - —> {qnl
ap ap a
qo2 —>q12 —> - —> 2
are the runs of 41 and 4, on w if and only if
|:(I01:| _y [6111} NN |:in]
q02 q12 qn2

is the run of [41, A2] on w.
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DFAs for different boolean operations are obtained by adding an adequate set of final
states to [41, A>]. For intersection, [41, ;] must accept w iff 41 accepts w and A, accepts
w. This is achieved by declaring a state [¢1, 2] final iff ¢; € F| and g, € F,. For union, we
replace and by or. For difference, [41, A>] must accept w iff A| accepts w and A, does not
accept w, and so we declare [q1, ¢2] final iff ¢| € F| and not q; € F>.

Example 3.2 The top of figure 3.2 depicts two DFAs over alphabet £ = {a}. They recog-
nize the words whose length is a multiple of 2 and 3, respectively. We denote these languages
by Mult(2) and Mult(3). The remainder of the figure illustrates the pairing of the two
DFAs (for clarity, the states carry labels x, y instead of [x, y]) and three DFAs recognizing
Mult(2) N Mult(3), Mult(2) U Mult(3), and Mult(2) \ Mult(3), respectively.

Example 3.3 The tour of conversions of chapter 1 started with a DFA for the language
of all words over {a, b} containing an even number of as and an even number of bs. This
language is the intersection of the language of all words containing an even number of as,
and the language of all words containing an even number of bs. Figure 3.3 shows DFAs for
these two languages and the DFA for their intersection.

We can now formulate a generic algorithm that, given two DFAs recognizing languages
L1, L, and a binary boolean operation, returns a DFA recognizing the result of “applying”

Figure 3.2
Two DFAs, their pairing, and DFAs for the intersection, union, and difference of their languages.
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Figure 3.3
Two DFAs and a DFA for their intersection.

the boolean operation to Lj, L. First, let us formally define what this means. Given an
alphabet X and a binary boolean operator ©: {true, false} x {true, false} — {true, false},
we lift © to a function @: 2=" x 2X" — 2%" on languages as follows:

LiOLy={weX*:(wel)O (we L))

Algorithm 9 Boolean combination of two DFAs.

BinOp[©](41,42)

Input: DFAs 41 = (01, £, 91,901, F1), 42 = (02, £, 02,402, F2)
Output: DFA A= (0, 2,8, g, F) with £ (4) = L (41) O L (4)
0,0,F <0

g0 < [qo01, q02]

W <{qo}

while 17 () do

5 pick [¢1, q2] from W

6  add[qi,q2]t0o O

7 if (g1 € F1) © (q2 € F») then add [¢g1,q2] to
8 forallae X do
9
0
1

w N

S

q) < 01(q1,a); ¢y < 02(q2, )
if [¢},45] ¢ O then add [¢},¢,] to W
add ([q1, 921, a,[q},45]) to &
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That is, to decide whether w belongs to L O L,, we evaluate (w € L) and (w € L,) to true or
false and then apply O to the results. For instance, L; N Ly = L| A Ly. The generic algorithm,
parameterized by ©, is described in algorithm 9.

Popular choices of boolean language operations are summarized in the left column of the
following table, while the right column shows the corresponding boolean operation needed
to instantiate BinOp[Q].

Language operation b1 ©by
Union by Vv by
Intersection by Aby
Set difference (L] \ L) by A—by

Symmetric difference (L1 \ Ly ULy \L1) by < —by

The output of BinOp is a DFA with O(|Q1| - |0>]) states, regardless of the boolean oper-
ation being implemented. To show that the bound is reachable, let £ = {a}, and, for every
n>1, let Mult(n) denote the language of words whose length is a multiple of n. As in
figure 3.3, the minimal DFA recognizing Mult(n) is a cycle of n states, with the initial state
being also the only final state. For any two relatively prime numbers #; and n; (i.e., two
numbers without a common divisor), we have Mult(n1) N Mult(ny) = Mult(n; - ny). There-
fore, any DFA for Mult(n; - ny) has at least nj - ny states. In fact, if we denote the minimal
DFA for Mult(k) by Ay, then BinOp[Al(Ay,, Any) = An, - ny-

Note, however, that in general, minimality is not preserved: the product of two minimal
DFAs may not be minimal. In particular, given any regular language L, the minimal DFA
for LN L has one state, but the result of the product construction is a DFA with the same
number of states as the minimal DFA for L.

3.1.4 Emptiness

A DFA recognizes the empty language iff it has no final states (recall our normal form,
where all states must be reachable). This leads to algorithm 10.

Algorithm 10 DFA emptiness check.

Empty(4)
Input: DFA 4= (0, X, 0,90, F)
Output: true if £ (4) =, false otherwise

1 return F =0

The runtime depends on the implementation. If we keep a boolean indicating whether the
DFA has some final state, then the complexity is O(1). If checking F = ) requires a linear
scan over (, then the complexity is O(|Q)).
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3.1.5 Universality

A DFA in normal form recognizes X* iff all its states are final. This leads to algorithm 11,
which again has complexity O(1) or O(]|Q]), depending on the implementation.

Algorithm 11 DFA universality check.

UnivDFA(A)
Input: DFA A= (0, X, 0, q0, F)
Output: true if £ (4) = ¥, false otherwise

1 return F=Q

3.1.6 Inclusion
The following lemma characterizes the inclusion of regular languages.

Lemma3.4 LetAd| = (Ql, X, 01, Q01,F1) and Ay = (Qz, 2,00, Qoz,Fg) be DFAs. It is the
case that L (Ay) C L (4y) iff every state [q1, q2] of the pairing [41, A2] satisfying q1 € F
also satisfies q; € F».

Proof LetL; =L (A1)and Ly =L (42). We have
L1 Z Ly <= L1\ Ly #0
<> at least one state [g1,g>] of the DFA for L \ L, is final
<= thereexistq; € 01,2 € Qs s.t. q1 €Fy and g3 ¢ F>. O

The condition of the lemma can be checked by slightly modifying BinOp. The resulting
algorithm checks inclusion on the fly, as described in algorithm 12.

Recall the example from the beginning of the chapter. We were interested in determining
whether all multiples of 3 are accepted by automaton A of figure 3.1. Let us show that this is
not the case by algorithmically testing whether £ (B) C L (4). We execute IncIDFA(B, A).
The algorithm internally constructs a fragment of the automaton C depicted in figure 3.4.
Note that the state [gg, p1] of C is such that g is final in B and p; is nonfinal in 4. There-
fore, the algorithm returns false, which means that 4 does not accept all multiples of 3. A
counterexample can be obtained from C by taking any word w that leads to [go,p1]. For
example, w= 11110 corresponds to number 30, which is rejected by A. In fact, this is the
shortest counterexample since 4 accepts 0,3,6,9, 12,15, 18,21, 24,27 (and more multiples
of 3 such as 33, 36, and 39 but not 42).
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Algorithm 12 DFA inclusion check.

IncIDFA(Ay, A>)
Input: DFAs 41 = (01, Z,61, 901, F1), A2 = (02, X, 62,902, F>)
Output: true if £ (41) € L (42), false otherwise

O <0, W <{lq01, 9021}
while W # () do
pick [¢g1,¢g2] from W
add [¢1, 2] to O
if (g1 € F1) and (g ¢ F) then return false
forallae X do
¢ < 91(q1,a); g5 < 62(q2, @)
if [¢],¢5]1 ¢ O then add [¢},¢,] to W
return true

sw NN

o 0 - o U

Figure 3.4

Underlying automaton of IncDFA(B, A), where colors and patterns correspond to those of the final states of
figure 3.1.

3.1.7 Equality

For equality, just observe that £ (41) = L (42) holds iff the symmetric difference of £ (41)
and L (47) is empty. The algorithm is obtained by replacing line 6 of IncDFA(A1,A2) by

if ((q1 € F) and ¢, ¢ F»)) or ((q1 ¢ F'1) and (g3 € F)), then return false.

Let us call this algorithm E¢gDFA. An alternative procedure consists of minimizing 4
and A4, and checking whether the results are isomorphic DFAs. In fact, the isomorphism
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check is not even necessary: one can just apply algorithm CSR (Algorithm 6 of chapter 2)
tothe NFA 41 U4y := (01U Oy, 2,01 U, {qo1,902}, F1 UF>). Itis easy to see that, in this
particular case, CSR still computes the language partition, and so we have £ (41) = L (42)
iff after termination, the initial states of 4| and A, belong to the same block.

If Hopcroft’s algorithm is used for computing CSR, then the equality check can be per-
formed in time O(nlogn), where n is the sum of the number of states of 4] and A4>. This
complexity is lower than that of E¢DFA. However, EgDFA4 has two important advantages:

« It works on-the-fly. That is, £ (41) = L (43) can be tested while constructing 4| and 4.
This allows to stop early if a difference in the languages is detected. On the contrary, mini-
mization algorithms cannot minimize a DFA while constructing it. All states and transitions
must be known before the algorithm can start.

« It is easy to modify EgDFA so that it returns a witness whenever £ (41) # L (A4>), that is,
a word in the symmetric difference of £ (41) and L (4;). This is more difficult to achieve
with the minimization algorithm. Moreover, to the best of our knowledge, it cancels the
complexity advantage. This may seem surprising, since, as shown in exercise 43, the short-
est word in the symmetric difference of £ (41) and £ (4>) has length n| 4+ ny — 2, where
n1 and ny are the numbers of states of 41 and A,, respectively. However, this word is com-
puted by tracking for each pair of states the shortest word in the symmetric difference of
their languages. Since there are O(n] - ny) pairs, this takes time O(n| - ny). There could be
a more efficient way to compute the witness, but we do not know any.

3.2 Implementation on NFAs

For NFAs, we make the same assumptions on the complexity of basic operations as for
DFAs. For DFAs, however, we had the assumption that, given a state ¢ and a letter a € X,
we can find in constant time the unique state d(g, @). This assumption no longer makes sense
for NFA, since (g, a) is a set.

3.2.1 Membership

Membership testing is slightly more involved for NFAs than for DFAs. An NFA may have
many runs on the same word, and examining all of them one after the other in order to see if
at least one is accepting is a bad idea: the number of runs may be exponential in the length of
the word. The algorithm described in algorithm 13 does better. For each prefix of the word,
it computes the set of states in which the automaton may be after having read the prefix.

Example 3.5 Consider the NFA depicted on the left of figure 3.5. Let w=aaabba. The
successive values of W/—that is, the sets of states A4 can reach after reading the prefixes of
w—are shown on the right of the figure. Since the final set contains final states, the algorithm
returns true.



Operations on Sets: Implementations 85

Algorithm 13 Membership for NFAs.

MemNFA[A](w)
Input: NFA A= (0, X£,0,0, F), wordwe L*
Output: true if w € £(A4), false otherwise

1 W0
while w # ¢ do
U<
for allge W do
add J(q, head(w)) to U
W<«U
w <« tail(w)
g return (WNF #0)

o 0w N

~J

For the complexity, observe first that the while loop is executed |w| times. The for
loop is executed at most |Q| times. Each execution takes at most time O(|Q|), because
(g, head(w)) contains at most | Q| states. So the overall running time is O(|w| - |Q]?).

3.2.2 Complementation

Recall that an NFA 4 may have multiple runs on a word w. Moreover, it accepts w if at least
one is accepting. In particular, an NFA can accept w because of an accepting run p; but
have another nonaccepting run p, on w. It follows that the complement operation for DFAs
cannot be extended to NFAs: after exchanging final and nonfinal states, the run p; becomes

Prefixread W

Oy ©
g n
a 2
a b aa (2.3}
aaa {1,2,3}
CF——©

aaab {2,3,4}
aaabb {2,3,4}
P aaabba {1,2,3,4}
Figure 3.5

An NFA 4 and the run of MemNFA[A](aaabba).
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nonaccepting, but p, becomes accepting. So, the resulting NFA still accepts w (because p;
accepts), and so it does not recognize the complement of £ (4).

For this reason, complementation for NFAs is carried out by converting to a DFA and
complementing the result, as described in algorithm 14.

Algorithm 14 NFA complementation.

CompNFA(A)
Input: NFA 4
Output: DFA 4 with £ (4) = L (4)

1 A < CompDFA (NFAtoDFA(A))

Since determinizing an NFA may cause an exponential blowup in the number of states,
the number of states of 4 is O(2191).

3.2.3 Union and Intersection

Let us see that, on NFAs, it is no longer possible to uniformly implement all binary boolean
operations. The pairing operation can be defined exactly as in definition 3.1. Observe that
if for some letter a states ¢; and ¢, have n] and n, successors, then the state [¢1, g2] of the
pairing has n1 x ny successors. The runs of a pairing [41, A>] of NFAs on a given word are
defined as for DFAs. The difference with respect to the DFA case is that the pairing may
have multiple runs or no run at all on a word. But we still have that

ay a) an

q01 —> 411 —> - —> (qnl
al ap ay

qo2 —> q12 —> - —> {n2

are runs of 41 and 4, on w if and only if
[%1} N [6111} [ A [in]
q02 q12 qn2
isarun of [4],4>] on w.

Let us now discuss the cases of intersection, union, and set difference.

Intersection. Let [¢1,¢2] be a final state of [4, 4] if ¢; is a final state of 41 and g3 is
a final state of 4;. It is still the case that [4], A>] has an accepting run on w iff 4| has an
accepting run on w and A» has an accepting run on w. Thus, with this choice of final states,
automaton [4, A>] recognizes L (41) N L (42). So, we obtain algorithm 15.

Notice that we overload the symbol and denote the output by 41 N 4;. Automaton A N 4>
is often called the product of A1 and A4,. It is readily seen that, as operation on NFAs, N is
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Algorithm 15 NFA intersection.

IntersNFA(A1, A3)

Input: NFA 41 = (01, Z,61, Qo1,F1), A2 = (02, Z, 2, Oz, F2)
Output: NFA 41 NA, =(0, X,0,Q0, F) with L (A1 NA2) =L (41)N L (42)

1 Q,é,F(—@; Q() <—Q01 X Q()2

2 W <Qp

3 while W # 0 do

4 pick [q1, ¢2] from W

5 add[gi,q2]te Q

6 if (g1 € F1) and (¢, € F») then add [¢1, 2] to F

7 forallae X do

8 for all ¢, € 61(q1,a), ) € 92(q2,a) do
9 if [¢],4,]1 ¢ O then add [¢},q,] to W
10 add ([q1,92],a,[4},45]) to &

associative and commutative in the following sense:
L((A41NA2)NA3) =LA NL(A2) N L(A3) =L (41N (42N A3))
LAINAy)) =L(A1)NL(A4r) =L(AyNA4y).

For the complexity, observe that in the worst case, the algorithm must examine all pairs
(q1,a,9}) €91, (q2,a,4,) € 6 of transitions, but every pair is examined at most once. So,
the running time is O(|01|]d2]).

Example 3.6 Consider the two NFAs of figure 3.6 over alphabet {a, b}. The top one rec-
ognizes the words containing at least two non-overlapping occurrences of aa. The bottom
one recognizes the words containing at least one occurrence of aa. The result of applying
IntersNFA is the NFA of figure 2.8. Observe that the NFA has fifteen states (i.e., all pairs of
states are reachable).

Note that in this example, the intersection of the two languages is equal to the language
of the first NFA. So, there is an NFA with five states that recognizes the intersection, which
means that the output of InfersNFA is far from optimal in this case. Even after applying the
reduction algorithm for NFAs, we only obtain the ten-state automaton of figure 2.9.

Union. It could seem that the argumentation for intersection still holds if we replace and
by or, and so that the algorithm obtained from /ntersNFA by substituting and for or correctly
computes an NFA for £ (41) U L (42). It could seem that the algorithm obtained by sub-
stituting or for and in line 6 of IntersNFA correctly computes an NFA for £ (41) U L (42).
However, this is not true! Assume that 4; accepts a word but 4> has no run on it at all.
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a,b a,b a,b
‘)& a >O a >6 a N a
a,b a,b
( ) a ( ) a ( >
Figure 3.6
Two NFAs.

In this case, the pairing [41, 4] also has no run on the word, and so the NFA returned by
the algorithm does not accept it. If both 4; and 4, have at least one run for each word,
then the algorithm is indeed correct. However, there is a much simpler algorithm. It suffices
to put A1 and A4, “side by side”: take the union of its states, transitions, initial states, and
final states (where we assume these to be disjoint). The resulting procedure is described in
algorithm 16.

Algorithm 16 NFA union.

UnionNFA(41, A>)

Input: NFA 41 = (01, 2,61, Qo1,F1), A2 = (02, X, 62, Q02, F2)
Output: NFA 41 UA, =(0, Z,0, 0o, F) with L (41 UAr) =L (41)U L (42)

1 0<-01UD

2 0<01UM

3 Qo< Qo1 UQm
4 F<«—F1UF,

Set difference. The generalization of the procedure for DFAs fails. Let [¢1, ¢2] be a final
state of [41,4>] if g1 is a final state of 4] and ¢ is not a final state of 4. Then, [41, 43]
has an accepting run on w if and only if 4; has an accepting run on w and A, has a nonac-
cepting run on w. But “4, has a nonaccepting run on w” is not equivalent to “4, has no
accepting run on w”: this only holds in the DFA case. An algorithm producing an NFA
A1 \ 4 recognizing L (A1) \ L (42) can be obtained from the algorithms for complement
and intersection through the equality £ (41) \ £ (42) =L (41) N L (4>).

3.2.4 Emptiness and Universality

Emptiness for NFAs is decided using the same algorithm as for DFAs: just check if the NFA
has at least one final state.
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Universality requires a new algorithm. An NFA whose states are all final is not universal
if it has no run at all on some word. Moreover, an NFA may be universal even if some states
are nonfinal: for every word having a run that leads to a nonfinal state, there may be another
run leading to a final state. An example is the NFA of figure 3.5, which, as we shall show
in this section, is universal.

A language L is universal if and only if L is empty, and so universality of an NFA 4
can be checked by applying the emptiness test to 4. However, complementation requires to
compute an equivalent DFA by means of the powerset construction, which involves a worst-
case exponential blow-up in the number of states. So the algorithm runs in exponential time
and space in the worst case.

Since the universality problem is PSPACE-complete, it is unlikely that a superpolynomial
blowup can be avoided. The forthcoming optional section 3.2.6 provides a proof for readers
familiar with complexity theory. But one can still improve on the powerset construction. Let
us see how.

A subsumption test. We show that it is not necessary to completely construct the automa-
ton 4. First, the universality check of a DFA only examines the states of the DFA, not the
transitions. So, instead of NFAtoDFA(A), we can use a modified version that only stores the
states of the DFA but not its transitions. Second, let us see that it is not necessary to store
all states.

Definition 3.7 Let A be an NFA, and let B= NFAtoDFA(A). A state Q' of B is minimal if
no state Q" satisfies Q" C Q.

Proposition 3.8 Let A be an NFA and let B= NFAtoDFA(A). Automaton A is universal iff
every minimal state of B is final.

Proof Since A and B recognize the same language, 4 is universal iff B is universal. So,
A is universal iff every state of B is final. But a state of B is final iff it contains some final
state of 4, and so every state of B is final iff every minimal state of B is final. O

Example 3.9 Figure 3.7 depicts an NFA on the left and the equivalent DFA obtained
through the application of NFAtoDFA on the right. Since all states of the DFA are final, the
NFA is universal. Only the colored states {1}, {2}, and {3, 4} are minimal.

Proposition 3.8 establishes that it suffices to construct and store the minimal states of
B. Procedure UnivNFA(A), described in algorithm 17, constructs the states of B as in
NFAtoDFA(A) but introduces at line 8 a subsumption test: it checks if some state Q" C
d(Q', a) has already been constructed. If so, either 6(Q’, a) has already been constructed
(case Q" =6(Q',a)) or is nonminimal (case Q" C 5(Q', a)). In both cases, the state is not
added to the workset.

The next proposition shows that UnivNFA(A) constructs a// minimal states of B. If
UnivNFA(A) would first generate all states of 4 and then would remove all nonminimal
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Figure 3.7
An NFA (left) and the result of converting it into a DFA (right). The minimal states of the latter are colored.

Algorithm 17 NFA universality check.

UnivNFA(A)
Input: NFA A= (0, X,0, 0o, F)
Output: true if £ (4) = X*, false otherwise
1 Q<
> W (0o
3 while W # 0 do
4 pick O’ from W
5 if ' N F = then return false
6 add Q' to Q
7 forallaec X do
Q" « quQ/ (g, a)
9 if WU Q contains no Q" C Q" then add Q" to W
10 return true

states, the proof would be trivial. But the algorithm removes nonminimal states whenever
they appear, and we must show that this does not prevent the future generation of other
minimal states.

Proposition 3.10 Let A= (0, X,9,Q0, F) be an NFA, and let B= NFAtoDFA(A). After
termination of UnivNFA(A), the set Q contains all minimal states of B.

Proof Let Q, be the value of Q after termination of UnivNFA(A). We show that no path of
B leads from a state of Q, to a minimal state of B not in Q,. Since {go} € O, and all states
of B are reachable from {go}, it follows that each minimal state of B belongs to Q,.
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Suppose there is a path 7 = Q BN 0 LN 0, of Bsuchthat Q1 € Q;, O, & Qs,
and Q, are minimal. Assume further that 7 is as short as possible. This implies O, ¢ O,
(otherwise Q> NN O, is a shorter path satisfying the same properties), and so 0>
is never added to the workset. On the other hand, since Q1 € Q, the state Q) is eventu-
ally added to and picked from the workset. When QO is processed at line 7, the algorithm
considers Q> = (01, a;) but does not add it to the workset in line 8. Thus, at that moment,
either the workset or Q contains a state 9, C 0. This state is eventually added to Q (if it is

not already there), and so Q) € Q;. So, Bhasapath 7’ = Q) N 0, BN O, for some
states 0, ..., Q. Since O, C Oz, we have 0, C 02,0, S 03,..., 0, € Oy (note that we
may have O} = 03). By minimality of Q,, we get ), = Q,,, and so 7' leads from 0, which
belongs to Q;, to Oy, which is minimal and not in Q;. This contradicts the assumption that
7 is as short as possible. O

Observe that the complexity of the subsumption test may be considerable, because the
new set d(Q', a) must be compared with every set in WU Q. Good use of data structures
(hash tables or radix trees) is advisable.

3.2.5 Inclusion and Equality

Recall lemma 3.4: given two DFAs A1, A3, the inclusion £ (41) € £ (4,) holds if and only
if every state [g1,q2] of [41,43] having g1 € F also has ¢, € F;. This lemma no longer
holds for NFAs. To see why, let 4 be any NFA having two runs for some word w, one of
them leading to a final state ¢, the other to a nonfinal state ¢,. We have L (4) C L (4), but
the pairing [4, A] has a run on w leading to [¢1, ¢2].

To obtain an algorithm for checking inclusion, we observe that L; € L, holds if and only
if Ly N L, = . This condition can be checked using the constructions for intersection and
for the emptiness check. However, as in the case of universality, we can apply a subsumption
check.

Definition 3.11 Let 41,42 be NFAs, and let By = NFAtoDFA(A43). A state [q1, 02] of
[41, B2] is minimal if no other state g/, Q}] satisfies ¢ = q1 and Q), € QO».

Proposition 3.12 Let 41 = (0, X,01,Q01,F1) and A> =(03, X, 0, Qo2, F2) be NFAs,
and let By = NFAtoDFA(Ay). It is the case that L (A1) C L (A2) iff every minimal state
[q1, 021 of [41, B2] having q1 € Fy also has Q2 N Fy # 0.

Proof Since 4, and B, recognize the same language, we have
L (A1) S L(42)
< LANNL(A)=0

= LA)NL(B)=0
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<= [41,B>] has no state [q1, O2] st. g1 € Frand Qo NFr, =0

<= [41, B>] has no minimal state [q1, 02] s.t. g1 € F1 and O, N Fr =0. O]

This leads to algorithm 18 for checking inlcusion.

Algorithm 18 NFA inclusion check.

IncINFA(A,, A2)
Input: NFAs 4, = (01, £, 1, Qo1, F1), 42 = (02, X, 62, O02, F2)
Output: true if £ (41) € L (42), false otherwise
1 Q<0
2 W <{lq01, Q021 q01 € Qo1}
3 while W #0 do
4 pick [g1, 0,] from W
5 if (91 € F1) and (Q) N F, =) then return false
6 add[q,0,]to Q
7 forallaec X do
¢ O Upeg 2@2.a)

9 for all ¢} € 91(¢1,a) do
10 if W U Q contains no [¢, 0)'] s.t. ¢] = ¢} and Q) C O] then
11 add [¢}, Q7] to W

12 return true

Observe that, in unfavorable cases, the overhead of the subsumption test may not be
compensated by a reduction in the number of states. Without the test, the number of pairs
that can be added to the workset is at most |Q | - 2/92!. For each of them, we have to execute
the for loop O(|Q1|) times, each of them taking time O(]Q>|?). So, the algorithm runs in
time and space |0, |% - 20220

As was the case for universality, the inclusion problem is PSPACE-complete, and so it is
unlikely that the exponential factor can be avoided (see the optional section 3.2.6). There
is, however, an important case with polynomial complexity. When 45 is a DFA, the number
of pairs that can be added to the workset is at most |Q| - |Q2]. The for loop is still executed
O(|Q1]) times, but each iteration takes constant time. Thus, the algorithm runs in time and

space O(|01* - 1021).

Equality. Equality of two languages is decided by checking that each of them is included
in the other. The equality problem is also PSPACE-complete. The only point worth observ-
ing is that, unlike the inclusion case, we do not get a polynomial algorithm when 4, is a DFA.
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3.2.6 W Universality and Inclusion Are PSPACE-Complete

In this subsection, we show that the universality and inclusion problems for NFAs are
PSPACE-complete.

Theorem 3.13  The universality problem for NFAs is PSPACE-complete.

Proof We only sketch the proof. To prove that the problem is in PSPACE, we show that it
belongs to NPSPACE and apply Savitch’s theorem. The polynomial-space nondeterministic
algorithm for universality looks as follows. Given an NFA 4 = (0, £, J, Qo, F), it guesses
arun of B = NFAtoDFA(A) leading from {go} to a nonfinal set of states—that is, to a set of
states of 4 containing no final state (if such a run exists). The algorithm does not store the
whole run, only the current state of B, and so it only needs linear space in the size of 4.

We prove PSPACE-hardness with a reduction from the acceptance problem for linearly
bounded automata. A linearly bounded automaton is a deterministic Turing machine that
always halts and only uses the part of the tape containing the input. A configuration of the
Turing machine on an input of length & is encoded as a word of length k. The run of the
machine on an input can be encoded as a word co#c; - - - #¢,, where the ¢;s are the encodings
of the configurations.

Let X be the alphabet used to encode the run of the machine. Given an input x, the
machine accepts if there exists a word w of (X U {#})* (we assume # ¢ X) satisfying the
following properties:

(a) w has the form co#c; . .. #c,, where the ¢;s are configurations;

(b) co is the initial configuration;

(¢) ¢y is an accepting configuration; and

(d) for every 0 <i < n: configuration c; 1 is the successor of ¢; according to the transition
relation of the machine.

The reduction shows how to construct in polynomial time, given a linearly bounded
automaton M and an input x, an NFA 4,/ accepting all the words of X* that do not satisfy
at least one of the conditions (a)—(d) above. Thus:

o If M accepts x, then there is a word wy , encoding the accepting run of M on x, and so
L (AM,x) =x* \ {WM,x}-

« If M rejects x, then no word encodes an accepting run of M on x, and so £ (A M ,x) =X*

Therefore, M rejects x iff £ (AM’X) = X* and we are done. ]

Proposition 3.14  The inclusion problem for NFAs is PSPACE-complete.

Proof We first prove membership in PSPACE. Since PSPACE = co-PSPACE = NPSPACE,
it suffices to give a polynomial space nondeterministic algorithm that decides noninclusion.
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Given NFAs 4| and A, the algorithm guesses we L (A1) \ L (4y) letter by letter,
maintaining the sets O} and Q) of states that 41 and 4 reached by the word guessed so far.
When the guessing ends, the algorithm checks that O contains some final state of 41, but
0, does not.

Hardness follows from the fact that 4 is universal iff X* C £ (4), and so the universality
problem, which is PSPACE-complete by Theorem 3.13, is a subproblem of the inclusion
problem. O

3.3 Exercises

77 & Exercise 58. Consider the following languages over alphabet = {a, b}:

« Ly is the set of all words where between any two occurrences of bs, there is at least one a;
« L is the set of all words where every maximal sequence of consecutive as has odd length;
« L3 is the set of all words where a occurs only at even positions;

« L4 is the set of all words where a occurs only at odd positions;

« Ls is the set of all words of odd length; and

o Lg is the set of all words with an even number of as.

Construct an NFA for the language

(Li\ L) U (L3 ALy) N Ls N Le,

where L A L denotes the symmetric difference of L and L', while sticking to the following
rules:

« Start from NFAs for Ly, ..., Ls.

o Any further automaton must be constructed from already existing automata via an
algorithm introduced in the chapter (e.g., Comp, BinOp, UnionNFA, NFAtoDFA4, etc.).

77 M Exercise 59. Prove or disprove: the minimal DFAs recognizing a language L and its
complement Z have the same number of states.

¢ & Exercise 60. Give a regular expression for the words over {0, 1} that do not contain
010 as a subword.

¥r &% Exercise 61. In example 1.9, we presented an automaton that recognizes words
over alphabet X ={—,-,0,1,...,9} that encode real numbers with a finite decimal part, for
example, 37, 10.503, and —0.234 are accepted, but 002, —0, and 3.10000000 are not. This
language is described by these four properties:

(a) a word encoding a number consists of an integer part, followed by a possibly empty
fractional part; the integer part consists of an optional minus sign, followed by a nonempty
sequence of digits;
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(b) if the first digit of the integer part is 0, then it is the only digit of the integer part;

(c) if the fractional part is nonempty, then it starts with “.)” followed by a nonempty
sequence of digits that does not end with 0; and

(d) if the integer part is —0, then the fractional part is nonempty.

We seek to obtain the automaton presented in example 1.9 in a more modular and algorith-
mic way. More precisely, give an automaton for each of the above properties, construct the
pairing of these automata, and minimize the resulting automaton.

Y ¥ Exercise 62. The following automaton 4 accepts a set of numbers encoded in binary g
with their most significant bit appearing first (as in the example from the beginning of

the chapter). Say whether 4 accepts a// odd numbers. This can be answered by inspection.
Instead, answer the question algorithmically.

% [ Exercise 63. Find a family of NFAs {4,},> with O(n) states such that every NFA o
recognizing the complement of £ (4,,) has at least 2" states. Hint: See exercise 21.

¢ £ Exercise 64. Consider again the regular expressions (14 10)* and 1*(101%)* of g
exercise 4.

« Construct NFAs for these expressions and use /ncINFA to check if their languages are
equal.

« Construct DFAs for the expressions and use /nc/DFA to check if their languages are equal.
« Construct minimal DFAs for the expressions and check whether they are isomorphic.

¢ B Exercise 65. Consider the variant of IntersNFA in which line 7 o)
if (91 € F1) and (¢ € F») then add [¢1, ¢2] to F/

is replaced by
if (91 €F1) or (gy €F,) then add [q1, 2] to F

Let A1 ® A, be the result of applying this variant to two NFAs 4; and 4. An NFA 4 = (0,
%, 0,00, F) is complete if (q,a) #¥ forallge Qand alla € X.

« Prove the following: if 41 and A, are complete NFAs, then £ (41 ® A2) =L (A1) U L (L2).
« Give NFAs A and A, that are not complete and such that £ (4] @ A2) =L (A1) U L (L»).
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¥ & Exercise 66. The even part of a word w=aja; - - - a, over alphabet X is the word
aras - -+ as.|n/2). Given an NFA 4, construct an NFA 4 such that £ (4') is the even parts of
the words of L (4).

¢ & Exercise 67. Let L; = {w € {a}* : the length of w is divisible by i}.

(a) Construct an NFA for L := L4 U Lg with a single initial state and at most eleven states.
(b) Construct the minimal DFA for L.

7 «f Exercise 68. Modify algorithm Empty so it returns a witness when the automaton is
nonempty, that is, a word accepted by the automaton. Explain how could you further return
a shortest witness. What is the complexity of your procedure?

e £ Exercise 69. Use the algorithm UnivNFA to test whether the following NFA is
universal.

¢ & Exercise 70. Let T be an alphabet. We define the shuffle operator |||: L* x L* —
P(Z*) inductively as follows, where a,b € X and w,ve L *:

wllle ={w}
elllw ={wh,
aw ||| bv={au:uew|||bv}U{bu:uecawl||v}.
For example, we have
blll d=1{bd,db},
ab ||| d={abd,adb,dab},
ab ||| cd ={cabd,acbd, abcd, cadb, acdb, cdab}.

Given DFAs recognizing languages L1, Ly C X*, construct an NFA recognizing their shuffle

Lilllla= ] ulllv.

ueli,vely
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¥ & Exercise 71. The perfect shuffle of two languages L, L’ € X* is a variant of the shuffle
introduced in exercise 70, defined as

LI ={weX*:3ay,...,an,by,...,b,eXst.a;--a,ecLand
b1---b,el and
w=ayby ---a,b,}.

Give an algorithm that returns a DFA accepting £ (4) |T| L (B) from two given DFAs A
and B.

% [& Exercise 72. Let 21, 5 be two alphabets. A homomorphism is a map h: ZT —
X7 such that h(e) =& and A(uv) =h(u)h(v) for every u,ve X7. Observe that if X =
{ai,...,an}, then h is completely determined by the values %(ay), ..., h(a,). Let h: ET —
X7 be a homomorphism.

(a) Construct an NFA for the language /(L (4)) = {h(w) :w € L (4)} where A is an NFA
over Xj.

(b) Constructan NFA for 2~ ' (£ (4)) ={we X :h(w) € L (A4)} where 4 is an NFA over X.

(c) Recall that the language {0”1” : n € N} is not regular. Use the preceding results to show
that {(01¥2)"3" : k, n € N} is also not regular.

% & Exercise 73. Let L; and L, be regular languages over alphabet X. The left quotient
of L1 by L, is the language

LNLi={veX*:3uecl)st.uvel}.
Note that L\ L is different from the set difference L, \ L.

(a) Given NFAs 4| and A,, construct an NFA 4 s.t. £ (4) =L (41) \ L (42).
(b) Do the same for the right quotient, defined as L1 /Ly ={ue X*:3Ive Ly st.uve L}
(¢) Determine the inclusions between L1, (L1, Ly)L;, and (L1Ly),/L,.

v «f Exercise 74. Given alphabets ¥ and A, a substitutionisamap f: £ — 22" assigning
to each letter a € X a language L, C A*. A substitution f can be canonically extended to
amap 2% — 22" by defining f(¢) = ¢, f(wa) =f (W)f (a), and f(L) =, ,.f (w). Note
that a homomorphism can be seen as the special case of a substitution in which all L,s are
singletons.

Let X ={Name, Tel, :, #}, let A={4,...,7Z,0,1,...,9,:,#}, and let f be the sub-
stitution:

fMName)=U+---+2)*
SO ={
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f(Tel)=0049(1+...+9)O+1+...+90+
00420(1+... 49O+ 1+...49)°
S#) ={#}

(a) Draw a DFA recognizing L = Name:Tel(#Tel)*.
(b) Sketch an NFA recognizing f'(L).

(c) Give an algorithm that takes as input an NFA A4, a substitution f, and for every a € X
an NFA recognizing f(«) and returns an NFA recognizing /(L (4)).

¥ M Exercise 75. Let A and 4, be two NFAs with n; and n, states. Let
B = NFAtoDFA(IntersNFA(A1, A3)),
C = IntersDFA(NFAtoDFA(A,), NEAtoDFA(A>)).

A superficial analysis shows that B and C have O(2"172) and O(2""11"2) states, respectively,
wrongly suggesting that C might be more compact than B. Show that, in fact, B and C are
isomorphic and hence have the same number of states.

% 7= Exercise 76. Let A= (Q, ¥,, qo, F) be a DFA. A word w e X* is a synchronizing
word of A if reading w from any state of 4 leads to a common state, that is, if there exists
q € O such that for every p€ O, p = q. A DFA is synchronizing if it has a synchronizing
word.

(a) Show that the following DFA is synchronizing:

(b) Give a DFA that is not synchronizing.
(c) Give an exponential time algorithm to decide whether a DFA is synchronizing.
Hint: Use the powerset construction.

(d) Show thata DFA A= (Q, X, 4, qo, F) is synchronizing iff for every p, ¢ € O, there exist
wex* andreruchthatp—>randq—>r
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(e) Give a polynomial time algorithm to test whether a DFA is synchronizing.
Hint: Use (d).
(f) Show that (d) implies that every synchronizing DFA with n states has a synchronizing
word of length at most (n*> — 1)(n — 1).
Hint: You might need to reason in terms of pairing.
(g) Show that the upper bound obtained in (f) is not tight by finding a synchronizing word
of length (4 — 1)? for the following DFA:

% 7= Exercise 77.
(a) Prove that the following problem is PSPACE-complete:

Given: DFAs Ay, . .., A, over the same alphabet X;
Decide: whether (i_; L (4;) = 1.

Hint: Reduce from the acceptance problem for deterministic linearly bounded automata.

(b) Prove that if the DFAs are acyclic, but the alphabet is arbitrary, then the problem is
coNP-complete. Here, acyclic means that the graph induced by transitions has no cycle,
apart from a self-loop on a trap state. Hint: Reduce from 3-SAT.

(c) Prove that if X is a one-letter alphabet, then the problem is coNP-complete.

ve l Exercise 78. Let A=(0, X,d, 0o, F) be an NFA. Show that, with the univer-
sal accepting condition of exercise 21, automaton 4" = (Q, X, 4, qo, O \ F) recognizes the
complement of L (4).

¥r 7 Exercise 79. Recall the model of alternating automata introduced in exercise 22.

(a) Show that alternating automata can be complemented by exchanging existential
and universal states, as well as final and nonfinal states. More precisely, let 4=
(01,02, 2,0, q0,F) be an alternating automaton, where Q| and Q, are respectively the
sets of existential and universal states and where 0: (Q1 UQ») x £ — P(Q1 U Q3). Show
that the alternating automaton A = (Q3, 01, X, J, 90, Q \ F) recognizes the complement of
the language recognized by A4.
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(b) Give linear time algorithms that take two alternating automata recognizing languages
L1 and L; and that deliver a third alternating automaton recognizing L{ U L, and L N L.
Hint: The algorithms are very similar to UnionNFA.

(c) Show that testing emptiness for alternating automata is PSPACE-complete.
Hint: Use exercise 77.

v¢ M Exercise 80. Recall that weakly acyclic DFAs were introduced in exercise 35.
Show that if 4 is a weakly acyclic DFA, then CompDFA(A) is also weakly acyclic, and,
that for every binary boolean operator ©, if 41 and 4, are weakly acyclic DFAs, then
BinOp[®](41, Ay) is also weakly acyclic.



4 Application I: Pattern Matching

As a first example of a practical application of automata, we consider the pattern matching
problem. Given w,w' € £*, we say that w' is a factor of w if there are words wy, w, € £*
such that w = wyw/'wy. If w; and wyw' have lengths i and j, respectively, we say that w’ is the
[i,j1-factor of w. The pattern matching problem is as follows: given a word t € 7 (called
the fext) and a regular expression p over X (called the pattern), determine the smallest j > 0
such that a [7, j]-factor of ¢ belongs to L (p). We call j the first occurrence of p in t.

Example 4.1 Let t =aabab and p = a(aba)*b. The [1,3]-, [3,5]-, and [0, 5]-factors of ¢
are ab, ab, and aabab, respectively. All of these factors belong to £ (p). The first occurrence
of pintis3.

Usually, one is interested in finding not only the ending position j of the [i, j]-factor but
also the starting position i. Adapting the algorithms to also provide this information is left
as an exercise.

4.1 The General Case

We present two different solutions to the pattern matching problem, using nondeterministic
and deterministic automata, respectively.

Solution 1. Some word of £ (p) occurs in ¢ iff some prefix of # belongs to £ (X*p). Thus,
we construct an NFA 4, for the regular expression X *p by first using the rules of figure 1.16
and then removing all e-transitions by means of NFActoNFA. Let us call the resulting algo-
rithm RegtoNFA. Once A4, is constructed, we simulate it on ¢ as in MemNFA[A](qo,t). Recall
that the simulation algorithm reads the text letter by letter, maintaining the set of states
reachable from the initial state by the prefix read so far. So the simulation reaches a set of
states containing a final state iff the prefix read so far belongs to £ (X*p). The pseudocode
is described in algorithm 19.

Let us estimate the complexity of PatternMatchingNFA for a text of length n over a k-
letter alphabet X, where k& <n, and a pattern of length m. RegtoNFA is the concatenation
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Algorithm 19 NFA-based pattern matching.

PatternMatchingNFA(t, p)

Input: text f=ay - --a, € T, pattern p

Output: the first occurrence of p in £, or L if no such occurrence exists
1 A < RegtoNFA(X*p)
2 S« QO

3 forallk=0ton—1do

4 if SN F # () then return &k

5 S < d(S,ar+1)

6 return L

of RegtoNFA¢ and NFActoNFA. Since X*p has size O(k+m), RegtoNFAe takes time
O(k + m) and outputs an NFA-¢ with O(k + m) states and O(k 4+ m) transitions. When
applied to this output, NFAetoNFA takes time O (k(k 4 m)?) and outputs an NFA with O ()
states and O (km?) transitions. The for all loop is executed at most » times, and for an
automaton with O(m) states, each line of the loop’s body takes a time of at most O (m?).
So the loop runs in time O(k(k + m)? + nm?).

If k£ can be considered a constant—for example, when searching in standard English
books, where the alphabet always consists of twenty-six letters, fourteen punctuation marks,
and the blank symbol—then this reduces to O(nm?) time. If the alphabet is implicitly de-
fined by the text and can be of similar size, then, since k < n, we obtain O (n(n + m)* + nm?)
time, which for the typical case n > m reduces to O(n%).

Solution 2. We proceed as in the previous case, but constructing a DFA for X*p instead
of an NFA, as described in algorithm 20.

Algorithm 20 DFA-based pattern matching.

PatternMatchingDFA(t, p)

Input: text f=ay - --a, € T, pattern p,

Output: the first occurrence of p in ¢, or L if no such occurrence exists.
1 A < NFAtoDFA(RegtoNFA(X*p))

2 490

3 forallk=0ton—1do

4 if ¢ € F then return &
5

6

q < 6(q,ar+1)
return L
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Note that there is a trade-off: while the conversion to a DFA can take (much) longer than
the conversion to an NFA, the membership check for a DFA is faster. The complexity of Pat-
ternMatchingDFA for a word of length n and a pattern of length m can be easily estimated:
RegtoNFA(p) runs in time O(k(k + m)? +nm?), but it outputs an NFA with only O(m)
states. The equivalent DFA produced by NFAtoDFA has 2°™ states and k - 2 transi-
tions. However, transitions for letters that do not appear in p necessarily go to a trap state
and do not need to be explicitly constructed. Since p has at most m different letters, the DFA
can be constructed in time m - 29 =29 _Since the loop is executed at most » times,
and each line of the body takes constant time, the overall runtime is O (n) 4+ 29X+ For
a fixed alphabet, this reduces to O (n) 429

4.2 The Word Case

We study the special but very common case of the pattern matching problem in which we
wish to know if a given word appears in a text. In this case, the pattern p is the word itself. For
the rest of the section, we consider an arbitrary but fixed text f =aj - - - a, and an arbitrary
but fixed word pattern p = by - - - b,,. We do not assume that the alphabet has fixed size but
only that it has size O(n + m).

It is easy to find a faster algorithm for this special case, without any use of automata
theory: just move a “window” of length m over the text ¢, one letter at a time, and check
after each move whether the content of the window is p. The number of movesisn —m + 1,
and a check requires O(m) letter comparisons, giving a runtime of O(nm), independently
of the size of the alphabet. In the rest of the section, we present a faster algorithm with time
complexity O(m + n). Notice that in many applications 7 is very large, and so, even for a
relatively small m, the difference between nm and m + n can be significant.

Example 4.2 Figure 4.1a depicts an NFA 4,,, recognizing X*p for the case p = nano.

In general, the obvious NFA recognizing X*p is 4,=(0, X,9,{qo},F), where Q=
{0,1,...,m},q0o=0, F={m}, and

S=1{(i,bis1,i+1):0<i<m}U{(0,a,0):aeX}.

Clearly, 4, can reach state k¥ whenever the word read so far ends with by - - - b;. We define
the hit and miss letters for each state of 4,,. Intuitively, the hit letter makes 4,, “progress”
toward reading p, while the miss letters “throw it back.”

Definition 4.3 A letter a € X is a hit for state i of Ay if 0(i, a) = {i + 1}, otherwise, it is a
miss for i.

Example 4.4 Figure 4.1b depicts the DFA B, obtained by applying NFAtoDFA on 4,. It
has as many states as 4,,, and there is a natural correspondence between the states of 4, and
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other

Figure 4.1
NFA A4, and DFA B), for p = nano.

B, each state of 4, is the largest element of exactly one state of B,,. For example, 3 is the
largest element of {3, 1,0}, and 4 is the largest element of {4, 0}.

Definition 4.5  The head of a state S C {0, ..., m} of By, denoted by h(S), is the largest
element of S. The tail of S, denoted by t(S), is the set t(S) =S\ {h(S)}. The hit for a state S
of By, is defined as the hit of the state h(S) in A,.

If we label a state with head k by the word by - - - by, as shown in figure 4.1c, then we see
that the states of B, keep track of how close the automaton is to finding nano. For instance:

« if B, is in state 7 and reads an a (a hit for this state), then it “makes progress” and moves
to state na;

« if B, is in state nan and reads an a (a miss for this state), then it is “thrown back” to state
na. Not to state ¢, because if the next two letters are 7 and o, then B, should accept!

Automaton B, has another property that will be very important later on: for each state
S # {0} of B, the tail of S is again a state of B,,. For instance, the tail of {3,1,0} is {1,0},
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Algorithm 21 Conversion from NFA to DFA.

NFAtoDFA(A)
Input: NFA A= (0, X,0, 0o, F)
Output: DFA B=(Q, X, A, Oy, F) with L (B) = L (4)

1 QAN F<«0

2 W={0o}

3 while W # @ do

4 pick S from W

5 add S to O

6 if SN F # () then add S to F
7 forallae X do

S < 4(S,a)

9 if S’ ¢ O then add S’ to WV
10 add (S,a,5) to A

which is also a state of B,,. We show that this property and the ones above hold in general and
not only in the special case p = nano. Formally, we prove the following invariant of NFA-
toDFA when applied to a word pattern p. Algorithm NFAtoDFA is recalled in algorithm 21
for convenience.

Proposition 4.6 Let p be a pattern of length m. For every k > 0, let Sy, be the kth set picked
Sfrom the workset during the execution of NFAtoDFA(A,). We have:

(a) h(Sy) =k (which implies k <m), and
(b) either k=0 and t(Sy) =0, or k> 0 and t(Sy) € Q.

Proof  We first prove by induction on k& that (a), (b), and the following fact (c) hold for
every 0 <k <m: before the kth iteration of the while loop, the workset only contains Sj.
Then, we prove that S, is the last state added to the workset and hence that the mth iteration
is the last one.

For k=0, we have Sy = {0}, which implies (a) and (b); further, (c) follows because of
line 2. Assume now & > 0. By induction hypothesis, we have 4(S;) = k by (a) and ¢(S;) = S;
for some / < k by (b); further, by (c), at the start of the kth iteration the, workset only contains
Sk. At the start of the kth iteration the algorithm picks Sy from the workset, which becomes
empty, and examines the sets d(Sg, @) for every action a. We consider two cases:

o Letter a is a miss for S. By definition, it is also a miss for its head /4(Sx) = k. So we have
o(k,a) =@, and hence 6(Sk, a) = 0(t(Sk), a) = 6(S;, @). So 5(Sk, a) was already explored by
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the algorithm during the /th iteration of the loop, and §(S, @) is not added to the workset at
line 9.

o Letter @ is a hit for S;. We have d(k,a)={k+ 1}. Since (S, a)=05(h(Sy),a)U
o(t(Sk),a), we get 0(Sk,a) ={k+ 1} Ud(S;,a). Since state k+ 1 has not been explored
before, the set {k + 1} U d(S;, a) becomes the (k + 1)th state added to the workset, that is,
Si+1=1{k+ 1} U (S}, a). Therefore, h(Sx+1) =k + 1, which yields (a). Further, #(Si41) =
(87, a), and so #(S;1) € Q, which gives (b).

Let us now prove (c). For every 0 <k < m, exactly one letter is a hit for S;. Therefore, at
the end of the kth iteration, Si.; is the only state added to the workset, and so the workset
only contains k + 1. Thus, (c) follows from the fact that the end of the kth iteration, is also
the beginning of the (k + 1)th iteration.

It still remains to prove that S, is the last state added to the workset. For this, observe
that there is no hit letter for S,,. Therefore, during the mth iteration, no state is added to
the workset. So, at the end of the mth iteration, the workset is empty, and the algorithm
terminates. O]

By proposition 4.6, the DFA B, has m + 1 states for a pattern of length m. So, NfAtoDFA
does not incur in any exponential blowup for word patterns. Even more: since, for any two
distinct prefixes p; and p, of p, the residuals (X *p)?! and (X*p)P? are also distinct, any
DFA for £*p has at least m + 1 states. Thus:

Corollary 4.7 Automaton B,, is the minimal DFA recognizing X*p.

Since B, is a DFA with m + 1 states, it has (m + 1) - |Z| transitions. Transitions of B,
labeled by letters that do not appear in p always lead to state 0, and so they do not need to
be explicitly stored. The remaining O (m) transitions for each state can easily be constructed
and stored using space and time of O (m?), leading to a O(n + m?) algorithm. To achieve
a time of O(n + m), we introduce an even more compact data structure: the lazy DFA for
¥ *p, which, as we shall see, can be constructed in space and time O (m).

4.2.1 Lazy DFAs

Recall that a DFA can be seen as the control unit of a machine that reads an input from
a tape divided into cells by means of a reading head. At each step, the machine reads the
contents of the cell occupied by the reading head, updates the current state according to the
transition function, and moves the head one cell to the right. It accepts a word if the state
reached after reading it is final.

In lazy DFAs, the machine advances the head one cell to the right or keeps it on the same
cell (see figure 4.2). Which of the two takes place is a function of the current state and
the current letter read by the head. Formally, a lazy DFA only differs from a DFA in the
transition function, which has the form 6: O x £ — O x {R, N}, where R stands for “move
Right” and N stands for “No move.” A transition of a lazy DFA is a quadruple of the form
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blaln|aln]a|n|o|n|al| i

Figure 4.2
Tape with reading head.

(g,a,q',d), where d € {R, N} is the move of the head. Intuitively, a transition (¢, a,q’, N)
means that state g delegates processing the letter a to state ¢'.

Alazy DFA C, for X*p. Recall that each state Sy of B),, except the last one, has a hit letter
and all other letters are misses. In particular, if letter a is a miss, then dg(Sk, @) = 6(¢(Sy), @),
and so:

When B, is in state S and reads a miss, it moves to the same state it would move to if it were in
state 7(Sy).

Using this fact, we construct a lazy DFA C,, with the same states as B, and with transition
function ¢ (S, a) given by:

+ If a is a hit for Sy, then C,, behaves as B),, that is:

0c(Sk, @) = (Sk+1, R).

o If a is a miss for Sy and & > 0, then Sy “delegates” to #(Sy), that is:

0c(Sk,a) = (¢(Sk), N).

« If a is a miss for Sy and k=0, then #(S;) is not a state, and so S; cannot “delegate”;
instead, C,, behaves as B):
dc(So,a) = (So, R).

Note that, in the case of a miss, C,, always delegates fo the same state, independently of
the letter being read. So, we can “summarize” the transitions for all misses into a single
transition d¢ (Sk, miss) = (¢(Sy), N).

Example 4.8 Figure 4.3 depicts the DFA and the lazy DFA for p = nano, where we write
k instead of Sy in the states of the lazy DFA. Consider the behavior of B, and C,, from state
S5 if they read the letter n. While B, moves to Sy (what it would do if it were in state Sy ),
C, delegates to Sy, which delegates to Sp, which moves to ;. That is, the move of B), is
simulated in C, by a chain of delegations, followed by a move of the head to the right (in
the worst case, the chain of delegations reaches Sp, who cannot delegate to anybody). The
final destination is the same in both cases.
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miss, N

Figure 4.3
DFA and lazy DFA for p = nano.

Observe that C,, may require more steps than B, to read the text. However, we can easily
show that the number of steps is at most 2n. For every letter, the automaton C, does a
number of N-steps, followed by one R-step. Call this step sequence a macrostep, and let S,
be the state reached after the ith macrostep, with jp = 0. Since the ith macrostep leads from
Sj,_, to S;;, and N-steps never move forward along the spine, the number of steps of the ith
macrostep is bounded by j;—; — j; + 2. Hence, the total number of steps is bounded by

n

> Uit —ji+2)=jo—ju+2n=0—jy+2n <2n.

i=1
Computing C, in time O (m): The Knuth-Morris—Pratt algorithm. Let Miss(i) be the
head of the state reached from S; by the miss transition of the lazy DFA. For instance, for
p =nano, we have Miss(3) =1 and Miss(i) =0 otherwise (see figure 4.3). Clearly, if we
can compute Miss(0), ..., Miss(m) together in time O(m), then we can construct C, in
time O(m).

Consider the auxiliary function miss(S;) which returns the target state of the miss transi-
tion, instead of its head, that is, Miss(i) = h(miss(S;)). We obtain some equations for miss
and then transform them into equations for Miss. By definition, for every i > 0, in the case
of a miss, the state S; delegates to 7(S;), that is, miss(S;) = ¢(S;). Since #(S1) = {0} = S, this
already gives miss(S1) =Sp. Fori > 1, using S;_1 = {i — 1} U #(S;—1), we get
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1(S;) =1(0p(Si—1,b;)) =t(6(i — 1,b;) U (t(Sj-1, b;))) =
t({i} Uo(t(Si=1), b;)) = 0p(t(Si-1), bi),

yielding
miss(S;) = op(miss(Si—1), b;). 4.1)
Moreover, we have
Sjt1 if b=bj41 (hit),
08(S;,b) =1 So if b # bj41 (miss) and j =0, 4.2)

og(t(S;),b) if b#bjy (miss)andj#O0.

Combining (4.1) and (4.2), and recalling that miss(Sp) = So, we obtain

. So ifi=0ori=1,
miss(S;) = ) (4.3)
op(miss(S;—1),b;) ifi>1,
Sjt1 if b=bj4 (hit),
d8(Sj,b) =1 So if b # bj41 (miss) and j =0, 4.4

op(miss(S;),b)  if b#bjy (miss)and j #0.

Let Miss(i) = h(miss(S;)) and Ap(i, b) = h(dp(S;, b)). Equations (4.3) and (4.4) on sets of
states become equations on numbers:

L 0 ifi=0o0ri=1,
Miss(i) = ) (4.5)
Ap(Miss(i —1),b;) ifi>1,
j+1 ith=bj1,
Ag(j,b)=140 if b#bj1 andj=0, (4.6)

Ap(Miss(j),b) if b#bjy; andj#0.

Equations (4.5) and (4.6) lead to the procedures described in algorithm 22. Given a word
p of length m, CompMiss(p) computes Miss(i) for every index i € {0, . . ., m}. CompMiss(p)
calls DeltaB(j, b), which in turn calls Miss(j).

It remains to prove that CompMiss(p) runs in time O(m). This amounts to showing that
all calls to DeltaB together take time O (m). During the execution of CompMiss(p), function
DeltaB(j, b) is called with j = Miss(1),b=by;j = Miss(2),b=bs3;...;j =Miss(m — 1),b=
by,. Let n; be the number of iterations of the while loop, at line 1 of DeltaB, executed during
the call with arguments j = Miss(i — 1) and b = b;. We show that ;" , n; < m. To this end,
we claim that n; < Miss(i — 1) — (Miss(i) — 1) holds. Indeed, since each iteration of the loop
decreases j by at least 1 (line 1 of DeltaB), the number of iterations is at most equal to the
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Algorithm 22 Algorithm CompMiss(p).

CompMiss(p)
Input: pattern p=by - - - by,
1 Miss(0) < 0; Miss(1) <0
2 fori<2,...,mdo
3 Miss(i) < DeltaB(Miss(i — 1), b;)

DeltaB(j, b)

Input: head j € {0, ..., m}, letter b

Output: head of the state dz(S;, b)
1 while b#bj; 1 and j #0 do j < Miss(j)
2 ifb=bj; then return;+1
3 else return 0

value of j before the loop minus its value after the loop. The value of j before the loop is
Miss(i — 1), and so it suffices to show that the final value is at least Miss(i) — 1. This follows
from the fact that the call to DeltaB returns either j + 1 or 0 (lines 2 and 3 of DeltaB), and
the returned value is assigned to Miss(i) (line 3 of CompMiss). This concludes the proof of
the claim, and we get

m m
Z n; < Z(Miss(i — 1) — Miss(i) + 1) = Miss(1) — Miss(m) +m — 1 <m.
i=2 i=2

4.3 Exercises

¥r of Exercise 81. Use ideas from the main text to design an algorithm for the pattern
matching problem that identifies a matched [, j]-factor of the text, where position j is min-
imal and where position i is as close to j as possible, that is, maximal w.r.t. j. Run your
algorithm on text ¢ = caabac and pattern p =a™ (b + c)a™ + bac. What is the complexity
of your algorithm?

77 M Exercise 82. The pattern matching problem deals with finding the first [i, j]-factor of
t that belongs to £ (p). Show that the first such [, j]-factor w.r.t. j is not necessarily the first
one w.r.t. to i.

¥ &/ Exercise 83. Suppose we have an algorithm that solves the pattern matching pro-
blem—that is, one that finds the first [7, j]-factor (w.r.t. j) of a text ¢ that matches a pattern
p- How can we use it as a black box to find the /ast [, j]-factor w.r.t. i?
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e of Exercise 84. Use the ideas of exercises 81 and 83 to obtain an algorithm that solves
the pattern matching problem, but this time by finding the first [/, j]-factor w.r.t. i (instead
of'j).

v £ Exercise 85.

(a) Build the automata B, and C,, for the word pattern p = mammamia.
(b) How many transitions are taken when reading t = mami in B, and C,?

¥r M Exercise 86. We have shown that lazy DFAs for a word pattern may need more than
n steps to read a text of length » but not more than 2n 4 m, where m is the length of the
pattern. Find a text # and a word pattern p such that the run of B, on 7 takes at most n steps
and the run of C,, takes at least 2n — 1 steps.

Hint: A simple pattern of the form a* is sufficient.

7 & Exercise 87. Give an algorithm that, given a text ¢ and a word pattern p, counts the
number of occurrences of p in ¢. Try to obtain a complexity of O(|¢] + |p]).

¢ 7= Exercise 88. Two-way DFAs are an extension of lazy automata where the read-
ing head is also allowed to move left. Formally, a two-way DFA (2DFA) is a tuple A =
(0, X,0,q0,F),where 6: O x (XU {F,H}) - O x {L, N, R}. Given a word w € X*, 4 starts
in go with its reading tape initialized with - w - and its reading head pointing on . When
reading a letter, 4 moves the head according to J (Left, No move, Right). Moving left on -
or right on - does not move the reading head. 4 accepts w if, and only if, it reaches - in a
state of F'.

(a) Let n e N. Give a 2DFA that accepts (a + b)*a(a + b)".

(b) Give a 2DFA that does not terminate on any input.

(c) Describe an algorithm to test whether a given 2DFA 4 accepts a given word w.
(d) LetAy,A4»,...,A4, be DFAs over a common alphabet. Give a 2DFA B such that

LB)Y=LA)NNLA)N---NL(Ay).

¥ I3 Exercise 89. In order to make pattern matching robust to typos, we further wish to
include “similar words” in our results. For this, we consider as “similar” words with a small
Levenshtein distance (also known as the edit distance). We may transform a word w into a
new word w’ using the following operations, where a;,b € X:

(R) Replace: w=ay---ai_1a;ai+1---aj—>w =ay---ai—1 bajr---a,
(D) Delete: w=ay---ai_1ajaiy1---a—>w =ay---a_| € aiy1 -+ -ay,

(D) Insert: w=aj---a_|aai 1 ---a—>w=ay---ai_1a; bajy - -ay.
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The Levenshtein distance of w and w/, denoted A (w,w’), is the minimal number of oper-
ations (R), (D), and (I) needed to transform w into w'. We write Ay;={we X*:3w €
L s.t. A(w,w') <i} to denote the language of all words with Levenshtein distance at most i
to some word of L.

(a) Compute A (abcde, accd).
(b) Prove the following statement: If L is aregular language, then A , is aregular language.

(c) Let p be the pattern abba. Construct an NFA-¢ locating the pattern or variations of it
with Levenshtein distance 1.



5 Operations on Relations: Implementations

In this chapter, we show how to implement operations on relations over a (possibly infinite)
universe U. Even though we will encode elements from U as words, when implementing
relations, it is convenient to think of U as an abstract universe and not as the set of all words
over an alphabet. The reason is that for some operations we will encode an object not by
a single word but by (infinitely) many words. In the case of operations on sets, this is not
necessary, and one can safely identify the object and its encoding as a word.

We are interested in several operations. A first group contains the operations we already
studied for sets but lifted to relations. For instance, given objects x,y and a relation R,
we consider the operation Membership((x, y), R) that returns true if (x,y) € R, and false
otherwise, or Complement(R), which returns R = (U x U) \ R. Their implementations will
be very similar to those of the language case. A second group contains three fundamental
operations proper to relations. Given relations R, R1,R, C U x U:

Operation Returns

Projection_1(R) 7;(R)={x:3Jys.t (x,y)€R}
Projection_2(R) mp(R)={y:3xs.t. (x,y) R}
Join(Ry, Ry) RioRy ={(x,z):ys.t. (x,y) €ER| A (¥,2) €ERy}

Finally, given X C U, we are interested in two derived operations:

Operation  Returns

Post(X,R) postp(X)={y:3IxeX s.t. (x,y) ER}
Pre(X,R) preg(X)={y:IrxreX st (y,x)eR}

Example 5.1 Let R={(a,a), (b,a), (ab,ba)}, S ={(ba, b)} and X = {a, b, ab}. We have
71(R)={a,b,ab}, wy(R) ={a,ba} and Ro S = {(ab, b)}.

Furthermore, postp(X) = {a, ba} and prep(X) = {a, b}.
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5.1 Encodings

We encode elements of U as words over an alphabet X. It is convenient to assume that X
contains a padding letter # and that an element x € U is encoded not only by a word s, € £*
but by all the words of the language {s\ #":n > 0}. That is, an element x has a shortest
encoding sy, and other encodings are obtained by appending to s, an arbitrary number of
padding letters. We assume that the shortest encodings of two distinct elements are also
distinct and that, for every x € U, the last letter of s, differs from #. It follows that the sets
of encodings of two distinct elements are disjoint.

The advantage of this assumption is that for any two elements x and y, there exists a
number 7z (and in fact infinitely many) such that both x and y have encodings of length ».
We say that a pair of words (wy, w)) encodes the pair (x,y) if w, encodes x, w,, encodes y,
and |wy|=|w,|. Note that if (w,,w,) encodes (x,y), then so does (wx#k,wy#k) for every
k>0.1If s, and s, are the shortest encodings of x and y, and |sy| <|s,|, then the shortest
encoding of (x,y) is (sx#|"'y|’|sx|,sy).

Example 5.2 We encode the number 6 not only by its small end binary representation
011 but by any word of £ (0110*). In this case, we have X = {0, 1} with 0 as a padding
letter. Note, however, that taking 0 as a padding letter requires to take the empty word as
the shortest encoding of the number 0 (otherwise, the last letter of the encoding of 0 is the
padding letter).

In the rest of this chapter, we use this particular encoding of natural numbers without fur-
ther notice. We call it the least-significant-bit-first (LSBF) encoding and write, for example,
LSBF(6) to denote the language £ (0110*).

If we encode an element of U by more than one word, then we have to define when is an
element accepted or rejected by an automaton. Does it suffice that the automaton accepts
(rejects) some encoding, or does it have to accept (reject) all of them? Several definitions are
possible, leading to different implementations of the operations. We choose the following
option:

Definition 5.3 Suppose an encoding of the universe U over L* has been fixed. Let A be
an NFA. We say that

o A accepts x € U if'it accepts all encodings of x,
o Arejects x € U ifit accepts no encoding of x, and

« A recognizes a set X C U if
L (4) ={we Z*:w encodes some element of X}.

A set is regular (with respect to the fixed encoding) if it is recognized by some NFA.



Operations on Relations: Implementations 115

Observe that if 4 recognizes X C U, then, as one would expect, 4 accepts every x € X
and rejects every x ¢ X. Furthermore, with this definition, an NFA may neither accept nor
reject a given x. An NFA is well formed if it recognizes some set of objects and ill-formed
otherwise.

5.2 Transducers and Regular Relations

Assume an encoding of the universe U over alphabet X has been fixed.
Definition 5.4 A transducer over X is an NFA over the alphabet ¥ x X.

Transducers are also called Mealy machines. According to this definition, a transducer
accepts sequences of pairs of letters, but it is convenient to look at it as a machine accepting
pairs of words:

Definition 5.5 Let T be a transducer over X. Given words u=ajay---a, and v=
b1by - - - by, we say that T accepts the pair (u, v) if it accepts the word (a1, by) - - - (an, by) €
(T x X)*

In other words, we identify the set

JE % £) with (£ x £)* = J(Z x )"
i>0 i=0
We now define when a transducer accepts a pair (x, y) € U x U, which allows us to define
the relation recognized by a transducer. The definition is analogous to definition 5.3.

Definition 5.6 Let T be a transducer. We say that

« T accepts a pair (x,y) € U x U if'it accepts all encodings of (x,y),
« T rejects a pair (x,y) € U x U if it accepts no encoding of (x,y), and
« T recognizes a relation RC U x U if
L (T) ={(wx, wy) € (X x X)*: (wy,w)) encodes some pair of R}.
A relation is regular if it is recognized by some transducer.

It is important to emphasize that not every transducer recognizes a relation, because it
may recognize only some, but not all, of the encodings of a pair (x, y). As for NFAs, we say
a transducer is well formed if it recognizes some relation and ill-formed otherwise.

Example 5.7 The Collatz function is the function /' : N — N defined as follows:

3n+1 ifnisodd,
=1

/2 if n is even.
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1 LY.
1
Figure 5.1
A transducer for Collatz’s function.

Figure 5.1 depicts a transducer that recognizes {(n, f(n)) : n € N} using the LSBF encoding
and X =1{0, 1}.

The elements of X x X are drawn as column vectors with two components. The trans-
ducer accepts, for instance, the pair (7, 22) because it accepts all pairs of words of the form
(111000%,011010%), that is, it accepts

SIEIEIRIEIT ereems=o

Moreover, we have LSBF(7) = £ (1110*) and LSBF(22) = £ (011010%).

Why “transducer”? In engineering, a transducer is a device that converts signals in one
form of energy into signals of a different form. Two examples of transducers are micro-
phones and loudspeakers. We can look at a transducer 7" over an alphabet X as a device that
transforms an input word into an output word. If we choose X as the union of an input and
an output alphabet, and ensure that in every transition
(ab)
q—4q
the letters a and b are an input and an output letter, respectively, then the transducer trans-
forms a word over the input alphabet into a word over the output alphabet. Observe that the
same word can be transformed into different ones.
When looking at transducers from this point of view, it is customary to write a pair
(a,b) € £ x X as a/b and read it as “the transducer reads an « and writes a b.” In some
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exercises, we use this notation. However, in section 5.4 we extend the definition of a
transducer and consider transducers that recognize relations of arbitrary arity. For such
transducers, the metaphor of a converter is less appealing: while in a binary relation, it
is natural and canonical to interpret the first and second components of a pair as “input”
and “output,” there is no such canonical interpretation for a relation of arity 3 or more. In
particular, there is no canonical extension of the a/b notation. For this reason, while we
keep the name “transducer” for historical reasons, we use the notation

(al ,---,an) /
—

q

for transitions, or the column notation, as in example 5.7.

Determinism. A transducer is deterministic if it is a DFA. In particular, a state of a
deterministic transducer over alphabet X x X has exactly | Z|? outgoing transitions. The
transducer of figure 5.1 is deterministic in this sense, when an appropriate trap state is
added.

There is another possibility to define determinism of transducers, which corresponds to
the converter interpretation (a, b) — a/b described in the previous paragraph. If the letter
a/b is interpreted as “the transducer receives the input a and produces the output b,” then
it is natural to call a transducer deterministic if for every state g and every letter a, there is
exactly one transition of the form (g, a/b, q'). Note that these two definitions of determinism
are not equivalent.

We do not give separate implementations of the operations for deterministic and nonde-
terministic transducers. The new operations (projection and join) can only be reasonably
implemented on nondeterministic transducers, and so the deterministic case does not add
anything new to the discussion of chapter 3.

5.3 Implementing Operations on Relations

In chapter 3, we made two assumptions on the encoding of objects from the universe U as
words:

« every word is the encoding of some object, and

- every object is encoded by exactly one word.

We have relaxed the second assumption and allowed for multiple (and, in fact, infinitely
many) encodings of an object. Fortunately, as long as the first assumption still holds, the
implementations of the boolean operations remain correct, in the following sense: if the
input automata are well formed, then the output automaton is also well formed. Consider, for
instance, the complementation operation on DFAs. Since every word encodes some object,
the set of all words can be partitioned in equivalence classes, each of them containing all
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the encodings of an object. If the input automaton 4 is well formed, then for every object
from the universe, A either accepts all words in an equivalence class or none of them. The
complement automaton then satisfies the same property but accepts a class iff the original
automaton does not accept it.

Note that membership of an object x in a set represented by a well-formed automaton
can be checked by taking any encoding w, of x and checking if the automaton accepts wy.

5.3.1 Projection

Given a transducer 7 recognizing a relation R € X x X, we construct an automaton over X
recognizing the set 71 (R). The initial idea is very simple: loosely speaking, we go through
all transitions and replace their labels (a, b) by a. This transformation yields an NFA that
has an accepting run on a word w iff 7" has an accepting run on some pair (w, w’). Formally,
this step is carried out in lines 1-4 of algorithm 23 (line 5 is explained below).

However, this initial idea is not fully correct. Consider R = {(1,4)} over N. A transducer
T recognizing relation R recognizes the language

{(10"+2,0010") : n > 0},

and hence the NFA constructed after lines 1-4 recognizes {10"2 : n > 0}. However, it does
not recognize the number 1, because it does not accept all of its encodings: the encodings
1 and 10 are rejected.

Algorithm 23 Projection onto the first component of a binary relation.

Proj_I(T)
Input: transducer 7= (Q, X x X, 0, Qo, F)
Output: NFA A= (0, £, 8, 0), F') with £ (4) =1 (L (T))
Q0 < 0;0) < Qo " < F
0 <0
for all (¢, (a,b),q’) € d do
add (¢,a,q') to &
F' < PadClosure((Q', X,0', 0, F"), #)

g os W N

This problem can be easily repaired. We introduce an auxiliary construction that “com-
pletes” a given NFA: the padding closure of an NFA is another NFA that accepts a word
w if and only if the first NFA accepts w#" for some n > 0. Formally, the padding closure
augments the set of final states and returns a new such set. The procedure constructing the
padding closure is described in algorithm 24.

Projection onto the second component is implemented in the same fashion. The com-
plexity of Proj_i is clearly O(|d| 4 |Q]), since every transition is examined at most twice,
once in line 3 and possibly a second time at line 5 of PadClosure.
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Algorithm 24 Closure with respect to a padding symbol #.

PadClosure(A, #)
Input: NFA 4= (%, 0, 0,90, F)
Output: new set I of final states

1 W<F,F <0

2 while W # 0 do

3 pick ¢ from W

add g to F’

5 for all (¢, #,q) €6 do
6 if ¢ ¢ F' then add ¢’ to W
7 return F’

i

Observe that projections do not preserve determinism, because two transitions leav-
ing a state and labeled by two different (pairs of) letters (a,b) and (a,c) become after
projection two transitions labeled with the same letter a. In practice, the projection of a
transducer is hardly ever deterministic. Since, typically, a sequence of operations manip-
ulating transitions contains at least one projection, deterministic transducers are relatively
uninteresting.

Example 5.8 Figure 5.2 depicts the NFAs obtained by projecting the transducer for the
Collatz function onto the first and second components. States 4 and 5 of the NFA on the
left are made final by PadClosure, because they can both reach the final state 6 through a
chain of Os (recall that 0 is the padding symbol). The same happens to state 3 for the NFA
on the right, which can reach the final state 2 with 0.

Figure 5.2
Projection of the transducer for the Collatz function onto the first component (left) and second component (right).
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Recall that the original transducer recognizes R = {(n, f (n)) : n € N}, where f denotes the
Collatz function. Therefore, we have 71 (R) ={n:n €N} =N and 7r(R) ={f(n) : n € N},
and a moment of thought shows that 75 (R) = N as well. So, both NFAs should be universal,
and the reader can easily check that this is indeed the case. Observe that both projections
are nondeterministic, although the transducer is deterministic.

5.3.2 Join, Post and Pre

We give an implementation of the Join operation and then show how to modify it to obtain
implementations of Pre and Post.

Given transducers 77 and 7> recognizing relations R and R,, we construct a transducer
T1 o T, recognizing R1 o Ry. We first construct a transducer 7' with the following property:
T accepts (w, w') iff there is a word w” such that T} accepts (w, w”) and T; accepts (w”, w').
The intuitive idea is to slightly modify the pairing operation. Recall that the pairing [41, A>]
of two NFAs 41 and 4; has a transition [g, 7] N ¢, 7] iff

" a " a
Ay has a transition ¢ — ¢’ and 4> has a transition r — 7.

.. .. b . .
Similarly, 7 has a transition [g, 7] & ¢, 7] if there is a letter ¢ such that

o - . b
T has a transition ¢ &9, ¢ and 4; has a transition _eb), s

So, loosely speaking, the transducer 7" can output b on input a if there is a letter ¢ such that
T can output ¢ on input a, and 7, can output b on input c. It follows that 7 has a run

(a1,b1) (az,b2) (an,bn)
[q01,902] ——=[q11. q12] e [gn1, gn2]
iff 7 and T, respectively have runs
(ar,c1) (a2,¢2) (an,cn)
401 q11 T qnl,
(c1,b1) (c2,b2) (¢nsbn)
q02 q12 s qn2-

Formally, if T1 = (Ql, 2 X 2,51, QOl,Fl) and T2 = (Qz, 2 X 2,52, Qoz,Fz), then 7' =
(0,2 x X,6,00,F') is the transducer generated by lines 1-9 of algorithm 25. However,
transducer 7 does not necessarily recognize R o Ry yet. The issue is similar to the one of
the projection operation. Consider the relations on numbers R} = {(2,4)} and Ry = {(4,2)}.
Transducers 7 and 75 recognize

{(010"*1,0010") : > 0} and {(0010",010"+1) : n > 0}.

Therefore, T recognizes {(010"*1,010"+1y : n > 0}. According to our definition, 7" does not
accept the pair (2,2) € N x N, because it does not accept all of its encodings: the encoding
(01,01) is missing. To fix this, we add a padding closure again at line 10, this time using
(#, #) as a padding symbol.
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Algorithm 25 Join operation.

Join(T1, T3)
Input: transducers 77 = (01, £ X X, 1, Qo1,F1), T2 = (02, £ X X,62, 002, F2)
Output: transducer 7)o 7> = (Q, £ x X,0, 0o, F)

1 Q,é,F’(—@; Qo (—Q()l X Q()2

2 W <0

3 while W #0 do

4 pick [q1, q2] from W

5 add[gi,q2]te Q

6 if g1 € Fy and g, € F, then add [¢;, g2] to F’

7 for all (¢1, (a,¢),q}) €01, (g2, (¢, D), q,) € 5> do
8 add ([q1, 921, (a,b),[q},45]) to &

9 if [}, ] ¢ O then add [¢},¢}] to W

10 F < PadClosure((Q, X x X,6, Qo, F'), #,#))

The transducer 71 o 75 has O(|Q1| - |02]) states.

Example 5.9 Recall that the transducer 7' of figure figure 5.1 recognizes the relation
{(n,f(n)) : n e N}, where /" is the Collatz function. Figure 5.3 depicts the transducer 7o T
as computed by Join(T, T). For example, the transition leading from [2, 3] to [3, 2], labeled
by (0, 0), is the result of “pairing” the transition from 2 to 3 labeled by (0, 1) and the one
from 3 to 2 labeled by (1,0). Observe that 7 o T is not deterministic since, for instance,
[1, 1] is the source of two transitions labeled by (0, 0), even though T is deterministic.
This transducer recognizes the relation {(n,f(f(n))) : n € N}. A little calculation gives

n/4 if n=0 (mod 4)
f(F((m)=13n/2+1  ifn=2 (mod 4)
3n/2+1/2 ifn=1 (mod4) or n=3 (mod 4).

The three (shaded) components of the transducer reachable from state [1, 1] correspond to
these three cases.

Post and Pre. Note that Post(X, R) = Projection_2(Join(/dyx, R)) and Pre(X, R) = Pro-
jection_1(Join(R, Idy)), where Idy = {(x,x) : x € X}. Thus, operations Post and Pre can be
applied by chaining the previous implementations. However, it is possible to implement
them directly.
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Figure 5.3
A transducer for f(f(n)).

Givenan NFA 41 = (01, X, 01, Qo1, F1) recognizing a regular set X C U and a transducer
Th=(02, T x X,00,qmn, F») recognizing a regular relation R C U x U, we construct an
NFA B recognizing the set post(X). It suffices to slightly modify the join operation. The
algorithm Post(A1, T>) is the result of replacing lines 7-8 of Join by

7 for all (q1,¢,q)) €01, (q2,(c,b),q5) € 6, do
8 add ([q1,921,b,[4},45]) to &

As for the join operation, the resulting NFA has to be postprocessed, closing it with respect
to the padding symbol.
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In order to construct an NFA recognizing prep (X), we replace lines 7-8 by

7 forall (q1,(a,¢),q)) €91, (g2, ¢, 45) €62 do
8 add ([¢1,92].a,[4}.¢5]) to &

Observe that both post and pre are computed with the same complexity as the pairing
construction—namely, the product of the number of states of transducer and NFA.

Example 5.10 Let us construct an NFA recognizing the image of multiples of 3 under
the Collatz function—that is, the set {f'(3n) : n € N}. For this, we first need an automaton
recognizing the set ¥ of all LSBF encodings of the multiples of 3. Such a DFA is depicted in
figure 5.4a. For instance, this DFA recognizes 0011 (encoding of 12) and 01001 (encoding
of 18) but not 0101 (encoding of 10). We now compute postp(Y), where, as usual, R =
{(n,f(n)) : n € N}. The result is the NFA shown in figure 5.4c.

For instance, [1, 1] —1>[1,3] is generated by 1 —0> 1 of the DFA and 1 & 3 of the
transducer for the Collatz function. State [2, 3] becomes final due to the closure with respect
to the padding symbol 0.

@ 1

Figure 5.4
Left: (a) DFA for multiples of 3, (b) transducer for the Collatz function /. Right: (¢) NFA computing /" for multi-
ples of 3.
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The NFA of figure 5.4c is not difficult to interpret. The multiples of 3 are the union of
the sets {6k : k € N}, all whose elements are even, and the set {6k + 3 : k € N}, all whose
elements are odd. Applying f to them yields the sets {3k:k €N} and {18k + 10:k € N}.
The first of them is again the set of all multiples of 3, and it is recognized by the upper part
of the NFA. In fact, this upper part is a DFA, and if we minimize it, we obtain exactly the
DFA described above. The lower part of the NFA recognizes the second set. The lower part
is minimal; it is easy to find for each state a word recognized by it but not by the others.

It is interesting to observe that an explicit computation of the set {f(3k) : k € N}) in which
we apply f to each multiple of 3 does not terminate, because the set is infinite. In a sense,
our solution “speeds up” the computation by an infinite factor!

5.4 Relations of Higher Arity

The implementations described in the previous sections can be easily extended to rela-
tions of higher arity over the universe U. We briefly describe the generalization. Let us fix
an encoding of U over the alphabet ¥ with padding symbol #. A tuple (wy,...,wy) of
words over X encodes the tuple (xi,...,x;) € U* if w; encodes x; for every 1 <i<k, and
[wil=---=|wg|. A k-transducer over X is an NFA over alphabet Tk, Acceptance of a
k-transducer is defined as for standard transducers.

Boolean operations are defined as for NFAs. The projection operation can be general-
ized to projection over an arbitrary subset of components. For this, given an index set

I={i,...,i,} C{1,...,k}, let x; denote the projection of a tuple x = (x1,...,x;) € Uk
over /, defined as the tuple (x;,...,x;,) € U". Given a relation R C U x U, we define:
Operation Returns

Projection_I(R): x;(R)={x;:x€R}

The operation is implemented analogously to the case of a binary relation. Given a k-
transducer 7 recognizing R, the n-transducer recognizing Projection_I(R) is computed as
follows:

« Replace every transition (g, (a1, . . ., ax),q") of T by (¢, (@i, . .-, a;,),q)-
« Compute the padding closure: for every transition (g, (#, ...,#),q), if ¢’ is a final state,
then add ¢ to the set of final states.

The join operation can also be generalized. Given tuples x= (xg,...,x,) and y=
W1,-..,ym) respectively of arities n and m, we write x-py to denote the tuple
X1, »Xn, V15 - - - ,ym) ofarity n 4+ m. Givenrelations Ry C Uk andR, C UR respectively of
arities k1 and k>, and index sets 1 C {1, ..., k1}andp C{l1,..., kr} of the same cardinality €,
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we define:

Operation Returns

Join_I(R{, Ry) {xﬂ VL xR, yeR) s.t.xp, :.VIZ}

The arity of Join_I(R;, Ry) is k; + k» — €. The operation is implemented similarly to
the case of binary relations. We proceed in two steps. The first step constructs a transducer
according to the following rule:

If the transducer for R; has a transition (¢, a, ¢), the transducer for R, has a transition (», b,7’), and
if @, =by,, then add a transition ([¢, 7], a7 - b7, [¢’,#']) to the transducer for Join_I(R, R»).

In the second step, we compute the padding closure of the result. The generalization of the
Pre and Post operations is analogous.

5.5 Exercises

¥ «f Exercise 90. In phone dials, letters are mapped into digits as follows:

ABC+—2 DEF—3 GHI— 4 JKL — 5
MNO+— 6 PQRS+—7 TUV—8 WXYZH— 9

This map can be used to assign a telephone number to a given word. For instance, the
number for AUTOMATON is 288662866.

Consider the problem of, given a telephone number (for simplicity, we assume that it
contains neither 1 nor 0), finding the set of English words that are mapped into it. For
instance, the set of words mapping to 233 contains at least ADD, BED, and BEE. Let N be
a given DFA over alphabet {4, . . ., Z} that recognizes the set of all English words. Given a
number 7, explain how to construct an NFA recognizing the set of all words mapped to n.

77 «f Exercise 91. As we have seen, the application of the Post and Pre operations to
transducers requires to compute the padding closure in order to guarantee that the resulting
automaton accepts either all or none of the encodings of an object. The padding closure
has been defined for encodings where padding occurs on the right—that is, w belongs to
the padding closure of an NFA A iff w#* € £ (4) for some k € N. However, in some natural
encodings, like the most-significant-bit-first encoding of natural numbers, padding occurs
on the left. Give an algorithm for computing the padding closure of an NFA when padding
occurs on the left (i.e., where we consider #w).

¥r o Exercise 92. Let val: {0, 1}* — N be the function such that val(w) is the number
represented by w € {0, 1}* with the “least-significant bit-first” encoding.
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(a) Give a transducer that doubles numbers, that is, a transducer accepting)
L= {[x,y] € ({0, 1} x {0, 1)* : val(y) =2-Val(x)} .

(b) Give an algorithm that takes k € N as input and that produces a transducer 4; accepting
L= [[x,y] € ({0,1} x {0, 1})* : val(y) = 2¥ -Val(x)} .

Hint: Use (a) and consider operations seen in the chapter.

(c) Give a transducer for the addition of two numbers, that is, a transducer accepting
{[x,y,21€ ({0, 1} x {0, 1} x {0, 1})* : val(z) = val(x) + val(y) } .
(d) Forevery keN.o, let
X = {[x,y] € ({0,1} x {0, 1})* :val(y) =k - Val(x)} )

Suppose you are given transducers 4 and B accepting respectively X, and X, for some
a,b e N. . Sketch an algorithm that builds a transducer C accepting X, 4.

Hint: Use (b) and (c).
(e) Let ke N. (. Using (b) and (d), how can you build a transducer accepting X;?

(f) Show that the following language has infinitely many residuals and hence is not regular:
{[x,y]€ ({0,1} x {0, 1})* : val(y) = val(x)?}.

¥¢ & Exercise 93. Let U =N be the universe of natural numbers, and consider MSBF
encodings. Give transducers for the sets of pairs (n, m) € N? such that

(@) m=n+1,
(b) m=1n/2],
(c) n<2m.

vl Exercise 94. Let U be some universe of objects, and let us fix an encoding of U over
¥*. Prove or disprove: if a relation R C U x U is regular, then the following language is
regular:

Lg = {wyw), : (wy, w,) encodes a pair (x,y) € R}.

¢ & Exercise 95. Let 4 be an NFA over alphabet X.

(a) Show how to construct a transducer 7" over alphabet £ x X such that (w,v) € £ (T) iff
wv e L (A4) and [w| = |v].

(b) Give an algorithm that takes an NFA 4 as input and returns an NFA 4., such that
LAp)={weX*:TveXl*st.wve Ll (4) and |w|=|v|}.
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¥ «f Exercise 96. We have defined transducers as NFAs whose transitions are labeled by
pairs of symbols (a,b) € £ x X. With this definition, transducers can only accept pairs of
words (aj - - - ay, by - - - by) of the same length, which is not suitable for many applications.

An e-transducer is an NFA whose transitions are labeled by elements of (X U {&}) x
(X U{e}). An e-transducer accepts a pair (w, w') of words if it has a run

(a1,b1) (a2,b2) (an,bn)
0 ql ...

qn With a;, b; € L U {&}

such that w=a; ---a, and w =b ---b,. Note that |w| <n and |w'| <n. The relation
accepted by the e-transducer 7" is denoted by £ (7). The following figure depicts an &-
transducer over alphabet {a, b} that, intuitively, duplicates the letters of a word, for example,
on input aba, it outputs aabbaa.

Give an algorithm Post (4, T) that, given an NFA 4 and an e-transducer 7', both over a
common alphabet X, returns an NFA recognizing the language

posty (A)={w:3w € L (4) such that (W', w) € L(T)}.
Hint: View ¢ as an additional letter.

% Bl Exercise 97. In exercise 96, we have shown how to compute preimages and postim-
ages of relations described by ¢-transducers. In this exercise, we show that, unfortunately,
and unlike standard transducers, ¢-transducers are not closed under intersection.

(a) Construct e-transducers 77 and 7, recognizing the relations
Ry ={(d"b™, ) :n,m >0} and Ry = {(a"b"™,*™) :n,m > 0}.
(b) Show that no ¢-transducer recognizes Ry N R;.

7 @ Exercise 98. Consider transducers whose transitions are labeled by elements of
(X U{e}) x T*. Intuitively, at each transition, these transducers read one letter or no letter,
and write a string of arbitrary length. These transducers can be used to perform operations
on strings like, for instance, capitalizing all the words in the string: if the transducer reads,

o
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say, “singing in the rain,” it writes “Singing In The Rain.” Sketch e-transducers for the fol-
lowing operations, each of which is informally defined by means of two or three examples.
In each example, when the transducer reads the string on the left, it writes the string on the

right.

Company\Code\index.html
Company\Docs\Spec\specs.doc

International Business Machines
Principles Of Programming Languages

Oege De Moor

Kathleen Fisher AT&T Labs

Eran Yahav
Bill Gates

004989273452
(00)4989273452
273452

Company\Code
Company\Docs\Spec

IBM
POPL

Oege De Moor
Kathleen Fisher AT&T Labs

Yahav, E.
Gates, B.

+49 89 273452
+49 89 273452
+49 89 273452

¥¢ & Exercise 99. This exercise deals with transducers “normalizing” representations of
numbers.

(a) Give a transducer that removes left-trailing zeros from a fractional number. For exam-
ple, the number 00123.45 should be written as 123.45. More precisely, the transducer should
“remove” these zeros by replacing them by the delete symbol “X,” for example,

00123.450 —~ xx123.450
00.000 — x0.000
98701.2304 — 98701.2304
(b) Give a transducer that now handles trailing zeros from both sides, for example,
00123.450 — xx123.45x
00.000 — x0.0xx
98701.2304 — 98701.2304

(c) Give a transducer that achieves the task of (b) but that further handles negative and
integral numbers, for example,

—00123.450 —~ —xx123.45x

—00.000 > XO0XXXXX
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98701.2304 — 98701.2304
00042.0 — XXX42XX
9000 — 9000

¢ 7= Exercise 100. Transducers can be used to capture the behavior of simple programs.
For example, consider this program P and its control-flow diagram:

2
bool x, y init 0 Twrite x
x <? 3
write x readyg)y;ﬁx/\y

while true do
read y until y=xAy

if x =y then write y end u
x<x—1lory<x+y y %ﬁtey

if x #y then write x end O7
ﬁyex +y

Program P communicates with the environment through its two boolean variables, both
initialized to 0. The instruction end finishes the execution of P. The 7/O-relation of P is the
set of pairs (w7, wo) € {0, 1}* x {0, 1}* such that there is an execution of P during which P
reads the sequence wy of values and writes the sequence wop.

Let [7,x,y] denote the configuration of P in which P is at node i of the control-flow
diagram, and the values of its two boolean variables are x and y, respectively. The initial
configuration of P is [1, 0, 0]. By executing the first instruction, P moves nondeterministi-
cally to one of the configurations [2, 0, 0] and [2, 1, 0]; no input symbol is read and no output
symbol is written. Similarly, by executing its second instruction, the program P moves from
[2,1,0] to [3, 1, 0] while reading nothing and writing 1.

(a) Give an e-transducer recognizing the //O-relation of P.

(b) Can an overflow error occur? That is, can a configuration be reached in which the value
of x or yisnot 0 or 1?

(c) Can node 10 of the control-flow graph be reached?
(d) What are the possible values of x upon termination, that is, upon reaching end?

o
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(e) Is there an execution during which P reads 101 and writes 01?

(f) Let 7 and O be regular sets of inputs and outputs, respectively. Think of O as a set of
dangerous outputs that we want to avoid. We wish to prove that the inputs from / are safe,
that is, when P is fed inputs from 7, none of the dangerous outputs can occur. Describe
an algorithm that decides, given 7 and O, whether there are i € [ and o € O such that (i, 0)
belongs to the //O-relation of P.



6 Finite Universes and Decision Diagrams

In chapter 2, we proved that every regular language has a unique minimal DFA. A natural
question is whether the operations on languages and relations, described in chapters 3 and
5, can be implemented using minimal DFAs and minimal deterministic transducers as data
structure.

The implementations described in the first part of chapter 3 accept and return DFAs but
do not preserve minimality: even if the arguments are minimal DFAs, the result may be
nonminimal (the only exception was complementation). So, in order to return the minimal
DFA, an extra minimization operation must be applied. The situation is worse for the pro-
jection and join operations of chapter 5, because they do not even preserve determinism: the
result of projecting a deterministic transducer or joining two of them may be nondetermin-
istic. In order to return a minimal DFA, it is necessary to first determinize, at exponential
cost in the worst case, and then minimize.

In this chapter, we present implementations that directly yield the minimal DFA, with no
need for an extra minimization step, for the special case in which the universe of objects is
finite. The fundamental feature of this case is that all objects can be encoded by words over
a suitable alphabet X of a fixed length. For instance, if the universe consists of sixty-four-bit
unsigned integers, that is, natural numbers in the range {0, . . ., 204 _ 1}, then its objects can
be encoded by words over £ = {0, 1} of length 64. Number 0 is encoded by the word 0%4,
number 1 by 0931, number 2 by 0°210, and so on until number 2% — 1, encoded by 1°4. A
first consequence is that, since all encodings have the same length, we can represent a tuple
of n objects by a word of the same length over alphabet X”, without having to pad shorter
words up to the length of the longest one, as we did in chapter 5.

In the first part of this chapter, we give a first implementation of the operations on lan-
guages and relations using minimal DFAs as data structure. But we can even do better. We
introduce a very restricted class of automata with transitions labeled by regular expres-
sions. This class still has a unique minimal automaton for each fixed-length language,
which can have fewer states than the minimal DFA. We reimplement the operations using
these new minimal automata. The resulting data structure, called decision diagrams, is a
slight generalization of binary decision diagrams, or BDDs, a fundamental data structure
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introduced by R. E. Bryant in 1986. Bryant introduced binary decision diagrams as a com-
pact representation of boolean functions and have been extensively used in many areas of
computer science, particularly in the synthesis and verification of logical circuits. We will
provide an example of such an application in section 6.4.1.

6.1 Fixed-Length Languages and the Master Automaton

Let us introduce fixed-length languages.

Definition 6.1 A language L C X* has length n > 0 if every word of L has length n. If L
has length n for some n> 0, then we say that L is a fixed-length language, or that it has
fixed-length.

Some remarks are in order:

« According to this definition, the empty language has length » for all n > 0 (the assertion
“every word of L has length n” is vacuously true).

« There are exactly two languages of length 0: the empty language @ and the language {e}
containing only the empty word.

« Every fixed-length language contains only finitely many words, and so it is regular.

In chapter 2, we introduced the master automaton, an object “encompassing” all minimal
DFAs of all regular languages (definition 2.14). We now consider the fragment of the master
automaton obtained by retaining the states corresponding to fixed-length languages and the
transitions between them. Given a language L and a letter a € X, recall that L, the residual
of L with respect to a, is the set of all words w such that aw € L (definition 2.1). The fixed-
length master automaton is defined exactly as the master automaton but replacing the set of
all regular languages by the smaller set of all fixed-length languages:

Definition 6.2 The fixed-length master automaton over the alphabet X is the tuple M =
(Owm, Z,0Mm, Furr), where

o Qyy is the set of all fixed-length languages over X,
o 0: Oy X X — Qyy is given by 6(L,a) = L? for every g € Qyy and a € X, and
« LeFyiffeel.

Example 6.3 Figure 6.1 depicts a small part of the fixed-length master automaton for the
alphabet £ = {a, b}.

We make some observations:

« The set of transitions of M is well defined, because if L is a fixed-length language, then
sois LY.
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{aaa, aab, aba, baa, bab, bba, bbb} {aab, abb, baa, bab, bbb}

Figure 6.1
A fragment of the fixed-length master automaton over X = {a, b}.

« M has a single final state—namely, {¢}. Indeed, by definition 6.2, the final states of M are
the fixed languages containing ¢, and the only such language is {¢}.

« For every k > 1, every transition of M starting at a language of length & leads to a state of
length &£ — 1. This allows us to organize the states of M in layers, according to their lengths.
(Recall that @ has all lengths, and so it could be in any layer, but we assign it to layer 0.)

« M is almost acyclic. More precisely, the only cycles of M are the self-loops leading from
¢ to itself for every letter a € X.

We proved in chapter 2 that the minimal DFA for a regular language L is the fragment
of the master automaton with the state L as the initial state. In particular, the language rec-
ognized from the state L is L. The fixed-length master automaton inherits this property; for
example, the reader can check that the language recognized from state {ab, bb} of figure 6.1
is indeed {ab, bb}.

6.2 A Data Structure for Fixed-Length Languages

The previous observations allow us to define a data structure for representing finite sets
of fixed-length languages, all of them of the same length. Loosely speaking, the struc-
ture representing the languages £ ={L1, ..., L} is the fragment of the fixed-length master
automaton containing the states recognizing L1, . .., L, and their descendants. It is a DFA
with multiple initial states, and, for this reason, we call it the multi-DFA for L. Formally:

Definition 6.4 Let L={Li,...,L,} be a set of languages of the same length over a
common alphabet ¥. The multi-DFA A is the tuple Ar = (Or, 2,02, Qor, Fr), where
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Figure 6.2
The multi-DFA for set £L={L{,L,, L3}, where L| = {aa, ba}, Ly ={aa, ba, bb}, and L3 = {ab, bb}.

o QOr is the set of states of the fixed-length master automaton reachable from at least one
of the states L1, ..., Ly,

° QOL::{Lla . ‘7Ln};
o Or is the projection of oy onto Qr, and
e Fr=FynNQr.

Example 6.5 Figure 6.2 depicts the multi-DFA for £ ={L1, L», L3}, where L| = {aa, ba},
Ly ={aa, ba,bb}, and L3 = {ab, bb}. For clarity, the state for the empty language has been
omitted, as well as the transitions leading to it.

In order to manipulate multi-DFAs, we represent them as a table of nodes. Let
Y ={ay,...,an}. A node is a pair (g, s), where ¢ is a state identifier and s = (q1, .. .,qm)
is the successor tuple of the node. Along the chapter, we denote the state identifiers of the
states for ¥} and {¢} by gy and g., respectively.

A multi-DFA is represented by a table containing a node for each state, with the exception
of the nodes gy and ¢... The table for the multi-DFA of figure 6.2, where state identifiers are
numbers, is as follows:

Ident. ‘ a-succ  b-succ

[ TNC NV TR
BN O — —
B WN = —=O
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The procedure make. The algorithms on multi-DFAs use a procedure make(s) that
returns the identifier of the state of 7 having s as successor tuple, if such a state exists,
and that, otherwise, adds a new node (g, s) to T, where ¢ is a fresh state identifier, different
from all other state identifiers in 7', and returns ¢. If s is the tuple whose components all
equal gy, then make(s) returns gy. The procedure assumes that all the states of the tuple s
(with the exception of ¢g and ¢,) appear in 7. For instance, if 7 is the table above, then
make(2,2) returns 5, and make(3,2) adds a new row, say (8, (3,2)), and returns 8.

6.3 Operations on Fixed-Length Languages

All operations assume that input fixed-length languages are given as multi-DFAs repre-
sented as a table of nodes. Nodes are pairs of state identifier and successor tuple. The key to
all implementations is the fact that if L is a language of length » > 1, then L¢ is a language
of length n — 1. This allows to design recursive algorithms that directly compute the result
when the inputs are languages of length 0 and reduce the problem of computing the result
for languages of length n > 1 to the same problem for languages of smaller length.

Fixed-length membership. The operation is implemented as for DFAs, and the complex-
ity is linear in the size of the input.

Fixed-length union and intersection. Implementing a boolean operation on multi-DFAs
corresponds to possibly extending the multi-DFA and returning the state corresponding to
the result of the operation. This is best explained by means of an example. Consider again
the multi-DFA of figure 6.2. An operation like Union(L1, L;) gets the initial states 5 and 6
as input and returns the state recognizing L1 U L;. Since L U Ly = L,, the operation returns
state 6. However, if we take Intersection(L,, L3), then the multi-DFA does not contain any
state recognizing it. In this case, the operation extends the multi-DFA for {L;, L, L3} to
the multi-DFA for {L1, L, L3, L, N L3}, depicted in figure 6.3, and returns state 8. Thus,
Intersection(L;, L3) not only returns a state but also has a side effect on the multi-DFA
underlying the operations.

Given two fixed-length languages L1, L of the same length, we present an algorithm that
returns the state of the fixed-length master automaton recognizing L N L; (the algorithm for
Ly U Ly is analogous). The following properties lead to the recursive algorithm inter(q1, g2)
shown in algorithm 26:

e if Liy=0orlLy=@,then Ly N Ly =0,
o if Ly ={e¢}and Lp ={¢}, then L| N Ly ={¢e}; and
« if L1, Ly ¢ (¥, {e}}, then (L N Ly)* =L{ N LS foreveryae X.

1. Note that the procedure makes use of the fact that no two states have the same successor tuple.
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L Ly Lj LyNLs

Figure 6.3
The multi-DFA for {Ly,Ly,L3,L1 ULy, Ly NL3}.

Assume that the states g1 and ¢, recognize languages L; and L, of the same length.
We say that g; and ¢, have the same length. The algorithm returns the state identifier
qr,nL,- If g1 =qyp, then L1 =¥, which implies L1 N Ly =¢. So, the algorithm returns the
state identifier qg. If g2 = gy, then the algorithm also returns gy. If g1 = g, = g2, then the
algorithm returns ¢.. This deals with all the cases in which g1, ¢2 € {gg, 9.} (and some
more, which does no harm). If g1, ¢> ¢ {gg, g}, then the algorithm computes the state
identifiers ry, ..., r, recognizing the languages (L1 NLy),..., (L1 NLy)% and returns
make(ry,...,ry), creating a new node if no node of T has (rq, ..., ry) as successor tuple.
But how does the algorithm compute the state identifier of (L; NLy)%? By the above
identity, we have (L1 N Ly)% =L[1"' ﬂLg" , so the algorithm computes the state identifier of
L{' N LY by arecursive call inter(q{', q3").

The only remaining point is the role of table G. The algorithm uses memoization to avoid
recomputing the same object. Table G is initially empty. When inter(q1, q2) is computed for
the first time, the result is memoized in G(g1, ¢2). In any subsequent call, the result is not
recomputed but just read from G. For the complexity, let #; and 7, be the number of states
of T reachable from states g and ¢». It is easy to see that every call to infer receives as
arguments states reachable from ¢ and ¢, respectively. Thus, inter is called with at most
ny - np possible arguments, and hence the complexity is O(ny - np).

Algorithm infer is generic: in order to obtain an algorithm for another binary operator,
it suffices to change lines 2 and 3. For example, the symmetric difference of L and L; is
implemented by changing lines 2 and 3 to

2 if (g1 =qp and g2 =¢q.) or (q1 =g, and g2 = gy) then return g,
3 elseif (91 =¢. and g2 =¢q.) or (q1 =gy and ¢» = qy) then return gy
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Algorithm 26 Algorithm inter.

inter(q1,42)
Input: states g1, go of the same length

Output: state recognizing L (q1) N L (q2)
1 if G(g1,q2) is not empty then return G(qi, q2)
2 if g1 = qy or g2 = gy then return gy
3 elseif g1 =¢. and g2 = g, then return ¢,
4 else /*q1,92 ¢ {qp,q:1*/
5
6
7

foralli=1,...,mdo ri<—inter(q[1"

.45)
G(q1,q2) < make(ry,...,ry)

return G(q1,q2)

For intersection, we can easily obtain a more efficient version. For instance, we know
that inter(q1, g2) and inter(qa, q1) return the same state, and so we can improve line 1 by
checking not only if G(g1,¢2) is nonempty but also if G(g2,¢1) is. Moreover, inter(q, q)
always returns ¢, so there is no need to compute anything either.

Example 6.6 Consider the multi-DFA at the top of figure 6.4 but without the colored
states. State 0 for J is again not shown. The tree at the bottom of the figure graphically
describes the run of inter(12, 13), that is, we compute the node for the intersection of the
languages recognized from states 12 and 13. A node ¢, ¢ > ¢ of the tree stands for a
recursive call to infer with arguments ¢ and ¢’ that returns ¢”. For instance, the node 2, 4 — 2
indicates that infer is called with arguments 2 and 4 and that the call returns state 2. Let
us see why the result is 2. The call inter(2, 4) produces two recursive calls, first inter(1, 1)
(the a-successors of 2 and 4) and then inter(0, 1). The first call returns 1 and the second
0. Therefore, inter(2,4) returns a state with 1 as a-successor and 0 as b-successor. Since
this state already exists (it is state 2), inter(2,4) returns 2. On the other hand, inter(9, 10)
creates and returns a new state: its two “children calls” return 5 and 6, and so a new state
with states 5 and 6 as a- and b-successors must be created.

Solid colored nodes of the tree correspond to calls that have already been computed and
for which inter just looks up the result in G. Hatched colored nodes correspond to calls
that are not computed by the more efficient version. For instance, this version immediately
returns 4 as result of inter(4,4).

Fixed-length complement. Observe that if a set X € U is encoded by a language L of
length n, then the set U \ X is encoded by the fixed-length complement " \ L, which we
denote by L". In particular, since the empty language has all lengths, we have, for example,

62 = 22,53 =33, and@oz 20 ={(e}.
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[1.1—>1] [o.1~0] [0.1=0] [11—1] [L1>1] [Lo—o] [Lim1] [1L11]

Figure 6.4
An execution of inter.

Given the state of the fixed-length master automaton recognizing L, we compute the state
recognizing L" with the help of these properties:
« if L has length 0 and L =, then ZO ={e};
« if L has length 0 and L = {¢}, then L = ; and
+ if L has length n > 1, then (Z) =17""" (observe that w e (L)" iff aw ¢ L iff w ¢ L9
iff we L9).
We obtain the procedure described in algorithm 27. If the fixed-length master automaton

has n states reachable from ¢, then the operation has complexity O(n).

Example 6.7 Consider the multi-DFA at the top of figure 6.5 without the colored states.
The tree of recursive calls at the bottom of the figure graphically describes the run of
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3:81> 15 3:9 16
[2: 5 14] [2:0~7] [2:5- 14] 2:7650
[:23] [1:352] [1o—4] [1i0—4]
[o:1—~0] [o:0—1] [o:0=1] [o:0-1]
Figure 6.5

An execution of comp.

comp(4, 12)—that is, we compute the node for the complement of the language recog-
nized from state 12, which has length 4. For instance, comp(1,2) generates two recursive
calls, first comp(0, 1) (the a-successor of 2) and then comp(0, 0). The calls return 0 and 1,
respectively, and so comp(1,2) returns 3. Observe how the call comp(2, 0) returns 7, the
state accepting {a, b}>.

Solid colored nodes correspond again to calls for which comp just looks up the result
in G. Hatched colored nodes correspond to calls whose result is directly computed by a
more efficient version of comp that applies the following rule: if comp(i,j) returns £, then
comp(i, k) returns j.

Fixed-length emptiness. A fixed-language language L is empty iff the node representing
L has gy as state identifier. Hence, emptiness can be checked in constant time.
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Algorithm 27 Algorithm comp.

comp(n,q)
Input: length n, state g of length n

Output: state recognizing L (g) !

if G(n, q) is not empty then return G(n, q)
if n=0 and ¢ = gy then return ¢,
else if =0 and ¢ = g, then return gy

foralli=1,...,mdor; < comp(n—1,q")

1

2

3

4 else /xn>1=x/
5

6 G(n,q) < make(ry,...,rpy)
7

return G(n, q)

Algorithm 28 Algorithm univ.

univ(q)
Input: state g

Output: true if £ (¢) is fixed-length universal,
false otherwise
if G(g) is not empty then return G(q)
if ¢ = gy then return false

else /xq#qgand g #q.*/

1
2

3 else if ¢ =g, then return true

4

5 G(q) < and(univ(g™), ..., univ(g*"))
6

return G(g)

Fixed-length universality. A language L of length n is fixed-length universal if L= X",
The universality of a language of length n recognized by a state ¢ can be checked in time
O(n). It suffices to check for all states reachable from ¢, with the exception of gy, that
no transition leads to ¢g. More systematically, we use the following properties that lead to
algorithm 28:

« if L=, then L is not universal,
« if L ={¢}, then L is universal; and

« if ) # L # {e}, then L is universal iff L? is universal for every a € X.

For a better algorithm, see exercise 103.
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Algorithm 29 Algorithm eg?2.

eq2(q1,92)
Input: states g1, g2 of different tables, of the same length

Output: true if £ (q1) = L (¢2), false otherwise
1 if G(q1,¢>) is not empty then return G(q1,q2)
if g1 = qy1 and q2 = gy then G(q1,q2) < true
else if g1 =gy and g2 # gy then G(q1, q2) < false

else /xq1 #qy1 and g2 #qp * /
G(q1,92) < and(eq2(q{". 45"), . . ., eq2(q}" . 45™))

2
3
4 else if g1 # qp1 and ¢» = gy then G(q1, q2) < false
5
6
7 return G(q1,q2)

Fixed-length equality. Since minimal DFAs are unique, two languages are equal iff
the nodes representing them have the same state identifier. This leads to a constant time
algorithm. This solution, however, assumes that the two input nodes come from the same
table. If they come from two different tables 77 and 7>, then, since state identifiers can
be assigned in both tables in different ways, it is necessary to check if the DFAs rooted at
the states g1 and ¢, are isomorphic. This is done by eq2 described in algorithm 29, which
assumes that g; belongs to a table 7; and that both tables assign state identifiers ggp; and
qp2 to .

Fixed-length inclusion. Given Li,L; C X", in order to check L; C L, we compute
Li N Ly and check whether it is equal to L; using the equality check. The complexity is
dominated by the complexity of computing the intersection.

6.4 Determinization and Minimization

Let L be a fixed-length language, and let 4 = (Q, X, 6, Qp, F) be an NFA recognizing L. The
forthcoming procedure det&min(A) returns the state of the fixed-length master automaton
recognizing L. In other words, det&min(4) simultaneously determinizes and minimizes A.

The algorithm actually solves a more general problem. Given a set S € Q of states, all
recognizing languages of the same length, the language L (S) =UyesL (g) has also this
common length. The heart of the algorithm is a procedure state(S) that returns the state
recognizing L (S). Since L = L ({go}), the algorithm det&Min(A) just calls state({go}).

We make the assumption that for every state g of 4, there is a path leading from ¢ to some
final state. This assumption can be enforced by suitable preprocessing, but usually it is not
necessary; in applications, NFAs for fixed-length languages usually satisfy the property by
construction. With this assumption, £ (S) satisfies the following properties:
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Algorithm 30 Algorithm det&min.

det&min(A4)

Input: NFA A= (0, X,6, 0y, F)

Output: master state recognizing £ (4)
1 return state(Qp)

state(S)
Input: set S C O recognizing languages of the same length
Output: state recognizing L (S)
1 if G(S) is not empty then return G(S)
2 else if S = () then return gy
3 else if SN F #~ () then return g,
else /xS#Vand SNF=0x/
foralli=1,...,mdo S; < d(S,a;)
G(S) < make(state(Sy), . . ., state(Sy,))
return G(S)

S

~ o U

if =0, then £ (S)=9;

« if SNF # 0, then L (S) = {¢} (since the states of S recognize fixed-length languages, the
states of F' recognize {e}; since all the states of S recognize languages of the same length
and SN F # @, we have L (S) = {¢}); and

« ifS#PandSNF =@, then £ (S) =J_, a;i - L (S;), where S; = (S, a;) := qus d(q, aj;).

These properties lead to the recursive procedure of algorithm 30. The procedure state(S)
uses a table G of results, initially empty. When state(S) is computed for the first time, the
result is memoized in G(S), and any subsequent call directly reads the result from G.

The algorithm has exponential complexity, as, in the worst case, it may call state(S) for
every set S C Q. To show that an exponential blowup is unavoidable, consider the family
{Ly}n>0, where L, = {ww' :w,w' € {0, 1}", w £ w'}. While L, can be recognized by an NFA
of size O(n?), its minimal DFA has O(2") states: for all u,v e X" if u # v, then Li#Ly, as
velibutvel).

Example 6.8 Figure 6.6 shows an NFA (top left) and the result of applying det&min to
it (top right). The run of det&min is shown at the bottom of the figure, where, for the sake
of readability, sets of states are written without curly brackets (e.g., £, y instead of {£, 7 }).
Observe, for instance, that the algorithm assigns to {y } the same node as to {3, y }, because
both have the states 2 and 3 as a-successor and b-successor, respectively.
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|Mn—>0| |17|—>1| |;1|—>1| |17,€|—>1| |(/)|—>0| |i7r—>1|

Figure 6.6
Run of det&min on an NFA for a fixed-length language.

6.4.1 An Application: Equivalence of Digital Circuits

A carry-ripple adder is a digital circuit that adds two n-bits binary numbers x,, - - - x; and
Yn -+ Y1, producing a (n + 1)-bit number s,415, - - - 1. The circuit implements the simple
algorithm that repeatedly adds the bits x; and y;, together with a carry-bit cé’i 1> producing
the sum-bit s; and the carry-bit c?’” (where ¢ := 0 and s,,1 :=c,). So, the adder consists
of a cascade of one-bit full adders, each of which implements one step of the algorithm.

A full adder has three inputs x, y, ¢; two outputs s, ¢®*/; and the following specification:
s must be set to 1 iff exactly one or exactly three of the inputs are 1, and c°*’ must be set
to 1 iff at least two of the inputs are 1.

When asked to implement a full adder, some students produce the circuit depicted on the
left of figure 6.7. It corresponds to the logical formulas

s=c"®xDy,
= (" AX)V (AP V(X AY),

where @ denotes the exclusive-or operator. It is a natural seven-gate implementation, which
deals with the three possible cases for the carry-bit separately: ¢ and x are 1, ¢ and y are 1,
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cin Xy Cin X y
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U (carry) S (sum)
% (carry) S (sum)
Figure 6.7

Two implementations of a full adder.

andx and y are 1. However, there is a more economic and efficient five-gate implementation,
depicted on the right of figure 6.7. It corresponds to the formulas

s=c"®xdy,
=AYV (A DY)

Verifying that the two circuits indeed compute the same boolean function reduces to
checking the logical equivalence of the two boolean formulas

P1:=("AX)V("AY)V(xAY) and  gr:=EAY) V(A (xDY)).

In this simple example, equivalence can be checked by computing the truth tables of ¢
and ¢»; since they have three variables, there are only eight truth assignments. However, a
formula with » variables has 2" truth assignments, and so this approach does not scale to
circuits with hundreds of input signals. A much better algorithm encodes assignments as
words and constructs a multi-DFA for the languages of satisfying assignments of ¢ and ¢,.

Let us encode an assignment ¢ :=by, x:=by and y:=b3 as the word b1byb3 € 23,
where £ ={0, 1}. Figure 6.8 depicts the multi-DFA produced to construct nodes for ¢;
and ¢». It has been constructed by starting with the smallest subformulas of ¢, iteratively
constructing nodes for increasingly large subformulas, ending with a node for ¢ itself, and
then proceeding in the same way for ;. More precisely, we first construct nodes for the
smallest subformulas of ¢;—namely, ¢, x, and y. Their languages of satisfying assign-
ments are | XX, X1X, and X X1, respectively, corresponding to nodes 4, 6, and 9. Then,
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Figure 6.8
Multi-DFA produced when computing the sets of satisfying assignments of the formulas ¢ and ¢;.

we repeatedly apply the algorithms for union, intersection, and symmetric difference to
construct nodes for increasingly larger subformulas; for example, node 10 is obtained by
applying the intersection algorithm to nodes 4 and 6. We compute in this way nodes 10,
11, 13, 15, and, finally, node 16 for ¢;. We proceed in the same way for ¢;. For example,
node 19 is the result of applying the algorithm for symmetric difference to nodes 6 and 9. In
this way, we compute nodes 19, 20, and finally node 16. Since ¢ and ¢, point to the same
node, they have the same satisfying assignments, and hence they are equivalent.

6.5 Operations on Fixed-Length Relations

Fixed-length relations can be manipulated very similarly to fixed-length languages. Boolean
operations are as for fixed-length languages. Nonetheless, the projection, join, pre, and post
operations can be implemented more efficiently than in chapter 5.

We start with an observation on encodings. In chapter 5, we assumed that if an element
of X is encoded by word w € X*, then it is also encoded by w#, where # is the padding
symbol. This ensures that every pair (x,y) € X x X has an encoding (wy, w)) such that w,
and w), have the same length. Since, in the fixed-length case, all shortest encodings have
the same length, the padding symbol is no longer necessary. So, in this section, we assume
that each word or pair has exactly one encoding.

The basic definitions on fixed-length languages extend easily to fixed-length relations. A
word relation R C X£* x X* has length n > 0 if for all pairs (w;, w;) € R, the words w; and
wy have length n. If R has length n for some n > 0, then we say that R has fixed length.

Recall that a transducer 7 accepts a pair (u,v) € L* x L* ifu=a;---a,, v=>by--- by,
and T accepts the word (ay,by) - - - (ay, by) € (£ x L)*. A fixed-length transducer accepts
arelation R C U x U if it recognizes the word relation {(wy, w)) : (x,y) € R}.
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Given a relation RC X* x * and a,b € X, we define RI%P1 = {(wy,wy) € T* x T*:
(aw1, bwy) € R}. Note that, in particular, @le:-b] — ¢ and that if R has fixed length, then so does
R1%P1 The fixed-length master transducer over alphabet T is the tuple MT= (Qy, £ x X,
om, Fir), where

« Qyy is the set of all fixed-length relations,
« Fyy={(e,¢)}, and
« Ot O x (2 x £)— Oy is given by oy (R, [a, b]) =R%P) forall g € Opr and a,b € 3.

As in the language case, the minimal deterministic transducer recognizing a fixed-length
relation R is the fragment of the fixed-length master transducer containing the states
reachable from R.

Like minimal DFAs, minimal deterministic transducers are represented as tables of
nodes. However, a remark is in order: since a state of a deterministic transducer has | Z|?
successors, one for each letter of £ x X, a row of the table has | Z|? entries, too large when
the table is only sparsely filled. Sparse transducers over X x X are better encoded as NFAs
over X by introducing auxiliary states:

. bl N . b
a transition ¢ LGN q' is “simulated” by two transitions ¢ L q,
where 7 is an auxiliary state with exactly one input and one output transition.

Fixed-length projection. The implementation of the projection operation of chapter 5
may yield a nondeterministic transducer, even if the initial transducer is deterministic. So
we need a different implementation. We observe that projection can be reduced to pre or
post: the projection of a binary relation R onto its first component is equal to prep(Z*)
and the projection onto the second component to postz(X*). Thus, we defer dealing with
projection until the implementation of pre and post has been discussed.

Fixed-length join. We give a recursive definition of the join Rj o R of two fixed-length
relations Ry, Ry. Given a fixed-length relation R, let [a, b]R = {(awy, bwy) : (w1, wy) € R}.
We have the following properties:

. @ o R = R [e] (/) = ﬂ,
« {le.;el} o {[e,el} = {le, €]}, and
« RjoRy= U la,b] - (R[Ia,c] oRlzc’b]).

a,b,ceX
This leads to algorithm 31, where union is defined similarly to inter. The complexity is
exponential in the worst case: if #(n) denotes the worst-case complexity for two states of
length n, then we have #(n) € O(t(n — 1)?), since union has quadratic worst-case complexity.
This exponential blowup is unavoidable. We prove it later for projections (see example 6.9),
which is a special case of pre and post, which in turn can be seen as variants of join.
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Algorithm 31 Algorithm join.

Jjoin(ry,r2)
Input: states 71, 7, of a transducer table, of the same length
Output: state recognizing L (r1) o L (1)

1 if G(r1,r7) is not empty then return G(ry, ;)

2 if 71 = gy or r, = gy then return gy

3 else if r1 = ¢, and r, = g, then return ¢,

4 else /xqp#ri#qz and gy #rr Fqe %/

5 for all (a;,a;) € £ x X do

6 rij < union (join (rgai’all, rgal’aj]> ,...,join (rlla"“mj, rgam’aj])>
7 G(”la”2)=make(”1,1w~~a’"m,m)

8 return G(ry,r)

Fixed-length pre and post. Recall that in the fixed-length case, we do not need any
padding symbol. Given a fixed-length language L and a fixed-length relation R, prep(L)
admits an inductive definition that we now derive. We have the following:

« if R=0 or L =10, then prep(L) =¥;

« if R={[e, e]} and L = {¢}, then preg(L) ={¢}; and

o if ¥ #R# {[e, ]} and @ # L 5 {&}, then preg(L) =, pes @ pregian (L”), where RI4P1 =
{fwe (X x £)*:[a,blweR}.

The first two properties are obvious. For the last one, observe that all pairs of R have length

at least 1, and so every word of prep(L) also has length at least 1. Now, given a € ¥ and
wi € X, we have

aw) € preg(L) <= Ibw, € L s.t. [awy, bwy] €R

= Ipe X, Iw e Ll st [wy, ws] € RI4

= 3be X s.t. wy € pregias (Lb)

& aw| € U a- pregian (Lb).
beXx
These properties lead to the recursive procedure of algorithm 32, which accepts as inputs
a state of the transducer table for a fixed-length relation R and a state of the automaton table
for a language L, and returns the state of the automaton table recognizing prep(L). The
transducer table is not changed by the algorithm.
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Algorithm 32 Algorithm pre.

pre(r,q)
Input: state » of a transducer table and state g of an automaton table, of the same length
Output: state recognizing pre, (L ()

if G(r, q) is not empty then return G(r, q)

if =ry or ¢ = gy then return gy

else if =7, and ¢ = ¢, then return ¢,

for alla; € £ do
g < union (pre (41l ga) ... pre (rlasan] gin))
G(q,r) < make(q,, . ...,q,,)

1
2
3
4 else
5
6
7
8 return G(q,r)

Algorithm 33 Algorithm pro;.

proy(r)
Input: state  of a transducer table
Output: state recognizing proj, (L (7))
if G(r) is not empty then return G(r)
if r =ry then return gy
else if » =7, then return g,
else

q; < union (proy (-1} ..., pro, (#lanl))

1

2

3

4

5 for allg; € £ do
6

7 G(r) < make(q,, .. .,q),)
8

return G(r)

As promised, we can now implement the operation that projects a fixed-length relation
R onto its first component. We provide a dedicated procedure for prep(X*), described in
algorithm 33.

Algorithm pro; has exponential worst-case complexity. As for join, the reason is the
quadratic blowup introduced by wunion when the recursion depth increases by 1. The
next example shows that projection is inherently exponential. Slight modifications of this
example show that join, pre, and post are inherently exponential as well.

Example 6.9 Consider the relation R € £%" x X2 given by

R= H(wlxwzyW3,0‘W‘|10|W2‘10|W3‘) X #Ey, wol=n, [wiws|=n —2} )
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That is, R contains all pairs of words of length 2# whose first word has a position i <# such
that the letters at positions i and i + n are distinct and whose second word contains only 0s
except for two 1s at the same two positions. It is easy to see that the minimal deterministic
transducer for R has O(n?) states (intuitively, it memorizes the letter x above the first 1,
reads n — 1 letters of the form [z, 0], and then reads [z, 1], where y # x). On the other hand,
we have

proj; (R) = {ww :w,w' € " and w #w'},

whose minimal DFA, as shown when discussing det&min, has O(2") states. Thus, any
algorithm for projection has complexity Q (2ﬁ).

6.6 Decision Diagrams

Binary decision diagrams, BDDs for short, are a very popular data structure for the repre-
sentation and manipulation of boolean functions. In this section, we show that they can be
seen as minimal automata of a certain kind.

Given a boolean function f(xy, ..., x,): {0,1}" — {0, 1}, let Ly denote the set of strings
biby - - - b, €{0,1}" such that f(by, ..., b,) = 1. The minimal DFA recognizing Ly is very
similar to the BDD representing / but not completely equal. We modify the constructions
of the last section to obtain an exact match.

Consider the DFA depicted in figure 6.9. It is a minimal DFA for some language of length
4 that can be described as follows: after reading an a, accept any word of length 3; after
reading ba, accept any word of length 2; and after reading bb, accept any two-letter word
whose last letter is a b. Following this description, the language can also be more compactly
described by the automaton of figure 6.10 with regular expressions as transitions.

We call such an automaton a decision diagram (DD). The intuition behind this name is
that, if we view states as points at which a decision is made—namely, which should be the
next state—then states ¢q1, ¢3, ¢4, and g5 do not correspond to any real decision; whatever
the next letter, the next state is the same. As we shall see, the states of a minimal DD will
always correspond to “real” decisions.

Figure 6.9
A minimal DFA for some language of length 4.
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Figure 6.10
Compact presentation of the DFA from figure 6.9.

Figure 6.11
Decision diagram reduction rule.

The forthcoming section 6.6.1 shows that the minimal DD for a fixed-length language is
unique and can be obtained by repeatedly applying to the minimal DFA the reduction rule
of figure 6.11.

The converse direction also works: the minimal DFA can be recovered from the minimal
DD by “reversing” the rule. This already allows us to use DDs as a data structure for fixed-
length languages but only through conversion to minimal DFAs: to compute an operation
using minimal DDs, expand them to minimal DFAs, conduct the operation, and convert the
result back. The forthcoming section 6.6.2 shows how to do better by directly defining the
operations on minimal DDs, bypassing the minimal DFAs.

6.6.1 Decision Diagrams and Kernels

A decision diagram (DD) is an automaton 4 = (Q, X, J, Qp, F') whose transitions are labeled
by regular expressions of the form

a¥X'=aX¥¥.-- XX
n
and that satisfies the following determinacy condition: for all g € O and a € X, there is
exactly one k€N such that d(q,aX¥) #¢, and for this k, there is a state ¢’ such that
5(gq,aZ*) = {¢'}. Observe that DFAs are DDs in which k = 0 for every state and every letter.
We introduce the notion of kernel, as well as kernel of a fixed-length language.
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Definition 6.10 4 fixed-length language L C X* is a kernel if L=, L = {¢}, or L* # L?
Jfor some a,b e X. The kernel of a fixed-length language L, denoted by (L), is the unique
kernel satisfying L= S*(L) for some k> 0.

Observe that the number £ is also unique for every language but ). Indeed, for the empty
language, we have () =¥ and so J = T 5(@) for every k> 0.

Example 6.11 Let X ={a,b,c}. The language L| = {aab,abb,bab,cab} is a kernel
because L{ = {ab, bb} # {ab} :Lll’. The language L, = {aa, ba} is also a kernel since LS =
{a} #¥ = LS. However, if we change the alphabet to 3" ={a, b}, then L, is no longer a
kernel, and we have (L,) = {a}.

For the language L3 = {aa, ab, ba, bb} over X', we have L3 = (Z/)z, and so k=2 and
(L3) ={e}.

The mapping that assigns to every nonempty fixed-length language L the pair (k, (L)) is
a bijection. In other words, L is completely determined by & and (L). Thus, a representation
of kernels can be extended to a representation of all fixed-length languages. Let us now see
how to represent kernels.

The master decision diagram has the set of all kernels as states, the kernel {¢} as a unique
final state, and a transition (K, a ok, (K%)) for every kernel K and a € X, where k is equal to
the length of K¢ minus the length of (K“). For K =, which has all lengths, we take k£ = 0.

Example 6.12 Figure 6.12 shows a fragment of the master decision diagram over alpha-
bet {a, b}. In comparison to the fixed-length master automaton of figure 2.4, the languages
{a, b}, {ab, bb}, and {aa, ab, ba, bb} are not states of the master since they are not kernels.

The DD Ak for a kernel K is the fragment of the master decision diagram containing
the states reachable from K. It is readily seen that A recognizes K. A DD is minimal if no
other DD for the same language has fewer states. Observe that, since every DFA is also a
DD, the minimal DD for a language has at most as many states as its minimal DFA.

The following proposition shows that the minimal DD of a kernel has very similar prop-
erties to the minimal DFAs of a regular language. In particular, Ak is always a minimal DD
for the kernel K. However, because of a technical detail, it is not the unique minimal DD: the
label of the transitions of the master leading to ¥ can be changed from a to a 2% forany k > 0,
and from b to b ¥ for any k > 0, without changing the language. To recover unicity, we rede-
fine minimality: a DD is minimal if no other DD for the same language has fewer states,
and every transition leading to a state from which no word is accepted is labeled by a or b.

Proposition 6.13  The following statements hold.

(a) Let A be a DD such that L (A) is a kernel. It is the case that A is minimal if and only
if (i) every state of A recognizes a kernel, and (ii) distinct states of A recognize distinct
kernels.
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{aaa, aab, aba, baa, bab, bba, bbb} {aab, abb, baa, bab, bbb}

a
<

Figure 6.12
A fragment of the master decision diagram.

bx2

(b) For every K # ), Ak is the unique minimal DD recognizing K.

(¢) The result of exhaustively applying the reduction rule to the minimal DFA recognizing
a fixed-length language L is the minimal DD recognizing (L).

Proof

(a) =) For (i), assume 4 contains a state ¢ such that £ (g) is not a kernel. We prove that
A is not minimal. Since £ (4) is a kernel, ¢ is neither initial nor final. Let k£ be the smallest
number such that 4 contains a transition (¢, aZ*, ¢’) for some letter @ and some state ¢’. We
have £ (¢)* = £X£ (¢'), and since £ (¢) is notakernel, £ (¢) = £ () forevery b € <. So,
we have £ () = ,ex aZ¥L (¢') = ¥+ L (¢). Now we perform the following two oper-
ations: first, we replace every transition (¢”, b/, ¢) of 4 by a transition (¢”, bZ 1 ¢');
then, we remove g and any other state no longer reachable from the initial state (recall that
q is neither initial nor final). The resulting DD recognizes the same language as 4 and has
at least one state less. Therefore, 4 is not minimal.

For (ii), observe that the quotienting operation can be defined for DDs as for DFAs, and
so we can merge states that recognize the same kernel without changing the language. If
two distinct states of 4 recognize the same kernel, then the quotient has fewer states than
A, and so A4 is not minimal.

<) We show that two DDs 4 and A’ that satisfy (i) and (ii) and recognize the same language
are isomorphic, which, together with =), proves that they are minimal. It suffices to prove
that if two states g and ¢’ of 4 and A’ satisfy £ (q) = L (¢'), then for every a € £, the (unique)
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transitions (¢, aX¥,r) and (¢/,a=¥ ) satisfy k=k" and £ (r) =L (). Let L(9)=K =
L (q/ ) By (i), both £ (r) and L (r/ ) are kernels. Thus, we necessarily have L (r) = (K9) =
L (q/ ), because the only solution to the equation K = aX‘K’, where £ and K’ are unknowns
and K’ must be a kernel, is K’ = (K9).

(b) Automaton Ag recognizes K, and it satisfies conditions (i) and (ii) of (a) by definition.
So, it is a minimal DD. Uniqueness follows from the proof of direction <) of (a).

(c) Let B be a DD obtained by exhaustively applying the reduction rule to 4. By (a), it
suffices to prove that B satisfies (i) and (ii). For (ii), observe that, since every state of
A recognizes a different language, so does every state of B (the reduction rule preserves
the recognized languages). For (i), assume that some state ¢ does not recognize a kernel.
Without loss of generality, we can choose £ (¢) of minimal length, and therefore the target
states of all outgoing transitions of ¢ recognize kernels. It follows that all of them necessarily
recognize (L (g)). Since B contains at most one state recognizing (L (¢)), all outgoing tran-
sitions of g have the same target, and so the reduction rule can be applied to ¢, contradicting
the hypothesis that it has been applied exhaustively. O

6.6.2 Operations on Kernels

We use multi-DDs to represent sets of fixed-length languages of the same length. A set
L={Ly,...,Ly} is represented by the states of the master decision diagram recognizing
(L1),...,{Ln) and by the common length of Ly,...,L,. Observe that the states and the
length completely determine L.

Example 6.14 Figure 6.13 shows the multi-DD for the set £={L1, L, L3} previously
depicted in figure 6.2. Recall that we have L| ={aa,ba}, L, ={aa,ba,bb}, and L3 =
{ab, bb}. The multi-DD is the result of applying the reduction rule to the multi-DFA of
figure 6.2. Observe that, while L, L,, and L3 have the same length, (L,) has a different
length than (L) and (L3).

Figure 6.13
The multi-DD for {L, Ly, L3}, where L| ={aa, ba}, Ly = {aa, ba, bb}, and L3 = {ab, bb}.
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Multi-DDs are represented as a table of kernodes. A kernode is a triple (g, ¢, s), where ¢
is a state identifier, { is a length, and s = (q1, . . . , @) 18 the successor tuple of the kernode.
The table for the multi-DD of figure 6.13 is the following:

Ident. ‘ Length a-succ  b-succ

2 1 1 0
4 1 0 1
6 2 2 1

This example explains the role of the new length field. If we only know that the a- and
b-successors of, say, state 6 are states 2 and 1, we cannot infer which expressions label the
transitions from 6 to 2 and from 6 to 1: they could be @ and bX, aX and bX? oraX” and
bx"*1 for any n > 0. However, once we know that state 6 accepts a language of length 2,
we can deduce the correct labels: since states 2 and 1 accept languages of length 1 and 0,
respectively, the labels are @ and hX.

The procedure kmake(?,s). All algorithms call a procedure kmake(C, s) with the follow-
ing specification. Let K; be the kernel recognized by the ith component of s. A call to
kmake(€, s) returns the kernode for (L), where L is the unique language of length ¢ such
that (L%) = K; for every a; € X.

If K; #K; for some i and j, then kmake(€,s) behaves like make(s): if the current table
already contains a kernode (g, ¢, s), then kmake(?, s) returns g, and if no such kernode exists,
then kmake(C, s) creates a new kernode (g, £, s) with a fresh identifier ¢ and returns g.

IfKj,...,K, are all equal to some kernel K, then we have L =J_, a; 2¥K for some £,
and hence (L) = (X{*t'K) =K. So, kmake(, s) returns the kernode for K. For instance, if
T is the table above, then kmake(3, (2,2)) returns 3, while make(2,2) creates a new node
having 2 as a-successor and b-successor.

Algorithms. The algorithms for operations on kernels are modifications of the algorithms
of the previous section. We show how to modify the algorithms for intersection, comple-
ment, and simultaneous determinization and minimization. In the previous section, the state
of the fixed-length master automaton for a language L was the language L itself and was
obtained by recursively computing the states for L%!, . .., L% and then applying make. Now,
the state of the master for L is (L) and can be obtained by recursively computing states for
(L), ..., (L% and applying kmake.

Fixed-length intersection. Given kernels K and K, of languages L and L,, we compute
the state recognizing K| M K> = (L1 N Ly).> We have the following obvious property: if K| =
# or K» =0, then K| MKy = . Assume K| # 0 # K. If the lengths of K and K, are ¢1 and

2. Operation M is well defined as (L1) = (L) and (Ly) = (L)) implies (L; N Ly) = (L] NL}).
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{5, then since (Z¥L) = (L) holds for every k and L, we have

(zh-hgnNKy) ife) <t
Kinky={ (K NZh—2K) i) > 6y,
(K1 NK3) it =10,

which allows us to obtain the state for K| 1K, by computing states for
(E172K N K, (KN Z271K)?) or (K1 NK2)Y)

for every a € ¥ and applying kmake.
These states can be computed recursively by means of the following rules, which lead to
the procedure of algorithm 34:

if €1 < €3, then (270K NKy)Y) = (227071K N KY) = Ky n(KY);
if £1 > €5, then (K N 2172K)%) = (K{ N =70271Ky) = (K§) M Ky; and
if £, =5, then (K| NK)%) = (K NKY) = (K N (K%).

Example 6.15 Figure 6.14 shows a run of kinter on the two languages represented by the
multi-DFA at the top of figure 6.4. The multi-DD for the same languages is shown at the

Algorithm 34 Algorithm kinter.

kinter(q1, q2)
Input: states ¢1, g2 recognizing (L1), (L3)
Output: state recognizing (L1 N Ly)

1 if G(q1,q2) is not empty then return G(qi, q2)

2 if g1 =qy or q» = gy then return gy
3 if g1 # gy and g2 # gy then
4 if {1 <€, /* lengths of the kernodes for ¢1,¢> */ then
5 foralli=1,...,mdo r; < kinter(q1,q5')
6 G(q1,q2) < kmake(Ca,r1,. .., 1rm)
7 else if /| > {, then
8 foralli=1,...,mdo r; < kinter(q{', q2)
9 G(q1,q2) < kmake(Cy,r1,...,7rm)
10 else /* {1 =4, */
11 foralli=1,...,m do r; < kinter(q{', 45
12 G(q1,q2) < kmake(€y,r1,...,rm)

13 return G(q1,42)
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[5.1~5] [0.1>0] [5.155] [1;676]
2,12 3,103 1,22 111
[Li1] [o.r-0] [o.1—0] [L1sT1] [L1=1] [1o~0]
Figure 6.14

An execution of kinter.

top of figure 6.14, and the rest of the figure describes the run of kinter on it. Recall that
solid colored nodes correspond to calls whose result has already been memoized and need
not be executed. The meaning of the hatched colored nodes is explained below.

The algorithm can be improved by noting that two further properties hold:
If Ky ={e}, then Ly N Ly =Ly, and so K1 MK, =K5.
If Ky ={¢}, then Ly N Ly, =Ly, and so K1 MK, =K.

These properties imply that kinter(q., q) = g = kinter(q, q.) for every state g. Thus, we can
improve kinter by explicitly checking if one of the arguments is ¢.. The hatched colored
nodes in figure 6.14 correspond to calls whose result is immediately returned with the help
of this check. Observe how this improvement has a substantial effect, reducing the number
of calls from nineteen to only five.
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Algorithm 35 Algorithm kcomp.

kcomp(q)
Input: state g recognizing a kernel K
Output: state recognizing K
1 if G(g) is not empty then return G(g)
2 if g =gy then return g,
3 else if g =g, then return gy
4 else
5 foralli=1,...,mdo r; < kcomp(q™)
6 G(q) < kmake(ry,...,ry)
7 return G(q)

Fixed-length complement. Given the kernel K of a fixed-language L of length n, we
wish to compute the state of the master decision diagram recognizing (L"), where n is the
length of L. The superscript n is only necessary because ¢ has all possible lengths, and
sop =xn #£ X" =L" for n # m. But now we have (6") ={e} for all >0, and so the
superscript is not needed anymore. We define the operator — on kernels by K= (L) We
obtain the state for K by recursively computing states for (I?") by means of the following
properties, which lead to algorithm 35:

« IfK=0, then K = {¢}, and if K = {¢}, then K =¥
. If 0 £K # {e}, then (K%) =K@,

6.6.3 Determinization and Minimization

The algorithm kdet&min that converts an NFA recognizing a fixed-language L into the mini-
mal DD recognizing (L) differs from det&min essentially in one letter: it uses kmake instead
of make. It is described in algorithm 36.

Example 6.16 Figure 6.15 shows again the NFA of figure 6.6 and the minimal DD for
the kernel of its language. The run of kdet&min(A) is at the bottom of the figure. For
the difference with det&min(A4), consider the call kstate({e, }). Since the two recursive
calls kstate({n}) and kstate({n,0}) return both state 1 with length 1, kmake(1, 1) does not
create a new state, as make(1,1) would return state 1. The same occurs at the top call
kstate({a}).

3. The operator is well defined because (L) = (L') implies (L) = (L').
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Algorithm 36 Algorithm kdet&min.

kdet&min(A)
Input: NFA 4= (0, X,6, 0y, F)
Output: state of a multi-DFA recognizing £ (4)

1 return kstate(Qo)
kstate(S)

Input: set S of states of length ¢

Output: state recognizing L (R)

if G(S) is not empty then return G(S)

else if S = then return gy

else if SN F # () then return g,

else /xS#Vand SNF=0x/
foralli=1,...,mdo S; < J(S,q;)
G(S) < kmake(¢, kstate(Sy), . . ., kstate(Sp));
return G(S)

~N o s W N

[0=0]  [n=1] [no1] [no=1] [950] |1

Figure 6.15
Run of kdet&min on an NFA for a fixed-length language.
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6.7 Exercises

7 B Exercise 101. Prove that the minimal DFA for a language of length 4 over a two-
letter alphabet has at most twelve states, and give a language for which the minimal DFA
has twelve states.

¥ «f Exercise 102. Give an efficient algorithm that receives as input the minimal DFA of
a fixed-length language and returns the number of words it contains.

7w &f Exercise 103. The algorithm for fixed-length universality given in table 28 has a
best-case runtime equal to the length of the input state g. Give an improved algorithm that
only needs O(| X|) time for inputs ¢ such that £ (¢) is not fixed-size universal.

¥r B Exercise 104. Let £ ={0,1}. Let f: X%— X be the boolean function defined by

S(x1,x2,...,x6) = (X1 AX2) V (X3 Axg) V (X5 A Xg).

(a) Construct the minimal DFA recognizing {x| - - - x¢ € LR f(x1,...,x¢) =1}. For exam-
ple, the DFA accepts 111000 because f(1,1,1,0,0,0) =1 but not 101010.

(b) Show that the minimal DFA recognizing {xx3xs5x2x4x¢ :f (x1,...,X¢) = 1} has at least

fifteen states. Variables are ordered differently, for example, the DFA accepts neither 111000
nor 101010.

(c) More generally, consider function f(x1, .. .,x2,) = \/15 k<n*¥2k—1 A x21) and languages
Ly ={x1x2 - - Xop—1%20 . f (X1, . . ., X20) = 1},
Ky ={x1x3 - - x0p_1x2X4 - - X2 1 f (X1, ..., x20) = 1}.

Show that the size of the minimal DFA grows linearly for L, and exponentially for K.
¢ &% Exercise 105. Let L; = {abb, bba, bbb} and L, = {aba, bbb}.

(a) Suppose you are given a fixed-length language L described explicitly by a set instead
of an automaton. Give an algorithm that outputs the state ¢ of the fixed-length master
automaton for L.

(b) Use the previous algorithm to build the states of the fixed-length master automaton for
L1 and Lz.

(c) Compute the state of the fixed-length master automaton representing L; U L;.

(d) Identify the kernels (L), (L), and (L1 U L).

¥r of Exercise 106.

(a) Give an algorithm to compute L (p) - £ (¢) given states p and ¢ of the fixed-length
master automaton.

(b) Give an algorithm to compute both the length and size of £ (¢) given a state g of the
fixed-length master automaton.

o

o
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(¢) The length and size of L (g) could be obtained in constant time if they were simply
stored in the fixed-length master automaton table. Give a new implementation of make for
this representation.

¥ & Exercise 107. Let k € N-¢. Let flip: {0, 1}¥ — {0, 1}¥ be the function that inverts the
bits of its input, for example, flip(010) = 101. Let val: {0, 1}¥ — N be such that val(w) is
the number represented by w with the “least significant bit first” encoding.

(a) Describe the minimal transducer that accepts
Li= {[x, vl € ({0, 1} x {0, 1)F : val(y) = val(flip(x)) + 1 mod 2 } .

(b) Build the state r of the fixed-length master transducer for L3 and the state ¢ of the
fixed-length master automaton for {010, 110}.

(c) Adapt the algorithm pre seen in the chapter to compute post(r, q).

77 «f Exercise 108. We define the language of a boolean formula ¢ over variables
X1y ..,Xp as

L(p)={a; - a,€{0,1}": assignment x| — ay,...,x, — a, satisfies ¢}.

(a) Give a polynomial-time algorithm that takes as input a DFA 4 recognizing a language
of length n and returns a boolean formula ¢ such that £ (¢) = L (4).

(b) Give an exponential-time algorithm that takes a boolean formula ¢ as input and returns
a DFA A recognizing L (¢).

¢ of Exercise 109. Given X € {0, 1, ... , 2k — 1}, where k > 1, let Ay be the minimal DFA
recognizing the “least-significant-bit-first” encodings of length & of the elements of X.

(a) LetX 4+ 1 = {x+ 1 mod 2* : x € X}. Give an algorithm that on input Ax produces Ay 1.

(b) Let Ay = (0, {0, 1}, 6, go, F). What is the set of numbers recognized by the automaton
A" =(0,{0,1},8, g0, F), where & (q,b) = (g, 1 — b)?

¢ Bl Exercise 110. Recall that weakly acyclic languages and DFAs have been introduced
in exercise 35. Recall that the relation < on the states of a weakly acyclic DFA, defined by
q < ¢ iff 6(q, w) = ¢ for some word w, is a partial order. Show that:

(a) Every fixed-length language is weakly acyclic.
(b) If L is weakly acyclic, then L" is also weakly acyclic for every w e X*.

Given weakly acyclic languages L and L', let L <, L’ denote that L = (L')" for some word
w. Show that:

(c) < isapartial order on the set of all weakly acyclic languages.
(d) =< has no infinite descending chains.

(e) The only two minimal languages w.r.t. <, are J and X*.
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Recall that, by exercise 57, the minimal DFA recognizing a given weakly acyclic language
is weakly acyclic. We define the weakly acyclic master automaton over alphabet X as
M= (QM, 2, 5M9FM)9 where

« Oy is the set of all weakly acyclic languages over X;
o 0: Op x T — Q) is given by 0(L,a) = L for every g € Q) and a € X ; and
e LeFyiffeel.

Prove the following result, which generalizes the corresponding one for fixed-length
languages:

(f) For every weakly acyclic language L, the language recognized from the state L of the
weakly acyclic master automaton M is L.

¥r o/ Exercise 111. Recall that exercise 110 establishes that weakly acyclic languages can
be represented by a weakly acyclic master automaton. A state g of the weakly acyclic master
automaton can be represented by a table as follows. A node is a triple (g, s, b), where

« ¢ is a state identifier;

o« s=(ay,...,0y) is the successor tuple of the node, where for every 1 <i<m, the
component «; is either a state identifier or the special symbol SELF; and

« be{0, 1} indicates whether the state is accepting (b= 1) or not (b =0).

For example, if ¥ = {a, b} and g is an accepting state satisfying 5(g, @) = ¢’ and d(q, b) =
¢, then ¢ is represented by the triple (g, s, b), where s = (¢, SELF) and b= 1. The state
identifiers of the states for the languages @ and X * are denoted respectively by gy and gx+.

Given a table 7 that represents a fragment of the weakly acyclic master automaton, the
procedure make(s, b) returns the state identifier of the unique state of 7 having s as successor
tuple and b as boolean flag, if such a state exists; otherwise, it adds a new node (g, s, b) to
T, where ¢ is a fresh identifier, and it returns g.

(a) Give an algorithm to compute £ (q1) N L (g2) given states g; and ¢, of the weakly
acyclic master automaton.

(b) Give an algorithm to compute £ (g1) U L (¢2) given states ¢; and ¢, of the weakly
acyclic master automaton.

(c) Give an algorithm to compute £ (q) given a state g of the weakly acyclic master
automaton.

¢ 7 Exercise 112. Recall that we can associate a language to a boolean formula as done
in exercise 108. Show that the following problem is NP-hard:

Given: a boolean formula ¢.

Decide: whether the minimal DFA for £ (p) has more than one state.






7 Application II: Verification

A significant part of the development of computer systems consists of finding and fixing
bugs. For many systems, code inspection and testing are not enough to catch every bug. In
particular, this is the case for concurrent systems. A concurrent system consists of multiple
computing units communicating by some means, like shared memory or message-passing.
The order in which different units of a concurrent system execute instructions depends on
many factors, like the particular hardware on which the system is running, the specific state
of the memory, the relative speed of communication channels, and others. These factors are
not under the control of the designer, and so a concurrent system that is repeatedly started
in the same initial configuration can potentially execute in many different ways. A bug that
is only revealed in a few of these executions is very hard to find and to reproduce.

One of the main applications of automata theory is the algorithmic verification or fal-
sification of correctness properties of hardware and software systems, in particular of
concurrent ones. Given a system (such as a digital circuit, a program, or a communica-
tion protocol) and a property (such as “after termination, the values of variables x and y
are equal” or “every sent message is eventually received”), we wish to automatically deter-
mine whether the system satisfies the property or not. We apply the theory developed in the
previous chapters to this question.

7.1 The Automata-Theoretic Approach to Verification

We consider discrete systems for which a notion of configuration is definable.! At every
time moment, the system is in a configuration. Moves from one configuration to the next
take place instantaneously and are determined by the system dynamics. If the semantics
allows a move from a configuration ¢ to another one ¢/, then ¢ is a legal successor of
c. A configuration may have several successors, in which case the system is said to be

1. We speak of the “configurations” of a system and not of its “states,” as it is sometimes done in the literature,
in order to avoid confusion with the states of automata.
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nondeterministic. There is a distinguished set of initial configurations. An execution is a
finite or an infinite sequence of configurations starting at some initial configuration and in
which every other configuration is a legal successor of its predecessor in the sequence. A
full execution is either an infinite execution or an execution whose last configuration has no
SUCCESSOTs.

In this chapter, we are only interested in finite executions (see chapter 13 for an extension
to infinite executions). The set of executions can then be seen as a language £ C C*, where
the alphabet C is the set of possible configurations of the system. We call C* the set of
potential executions of the system.

Example 7.1 Consider program 1, which has two boolean variables x and y. A configura-
tion of the program is a triple [£, ny, n)], where € € {1,2,3,4, 5} is the current value of the
program counter, and 7y, n, € {0, 1} are the current values of x and y. The set C of all pos-
sible configurations contains 5 - 2 - 2 =20 elements. The initial configurations are [1, 0, 0],
[1,0,1],[1,1,0], [1, 1, I]—that is, all configurations in which control is at line 1.

The sequence

[L,1,1]1[2,1,11(3,1,1] [4,0,1] [1,0,1] [5,0,1]
is a full execution, while
[1,1,0][2,1,0] [4,1,0] [1,1,0]
is also an execution but not a full one. All words of
([1,1,01[2,1,0] [4, 1,0])*
are executions, and hence the language E of all executions is infinite.

1 whilex=1 do
2 if y=1 then
3 x<0

4 y<«1—x

s end

Program 1 A simple boolean program.

Assume we wish to determine whether the system has an execution satisfying some prop-
erty of interest. If we can construct automata for the language £ C C* of executions and the
language P C C* of potential executions satisfying the property, then we can solve the pro-
blem by checking whether the language £ N P is empty, which can be decided using the
algorithms of chapter 3. This is the main insight behind the automata-theoretic approach to
verification.
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The requirement that the language E of executions is regular is satisfied by all systems
with finitely many reachable configurations (i.e., finitely many configurations ¢ such that
some execution leads from some initial configuration to ¢). A system automaton recognizing
the executions of the system can be easily obtained from the configuration graph: the
graph having the reachable configurations as nodes and arcs from each configuration to
its successors. There are two possible constructions, both very simple.

- In the first construction, the states are the reachable configurations of the program plus
a new state i, which is also the initial state. All states are final. For every transition ¢ — ¢’

J
of the graph, there is a transition ¢ —> ¢’ in the system automaton. Moreover, there is a
transition i —> ¢ for every initial configuration.
It is easy to see that this construction produces a deterministic automaton. Since the

.. . . . ¢ I
label of a transition is also its target state, for any two transitions ¢ — ¢ and ¢ — ¢ we
necessarily have ¢| = ¢’ = ¢, and so the automaton is deterministic.

« In the second construction, the states are the reachable configurations of the program plus
a new state /. The initial states are all the initial configurations, and all states are final.
For every transition ¢ — ¢’ of the graph, there is a transition ¢S ¢ in the system
automaton. Moreover, there is a transition ¢ — f for every configuration ¢ having no
Successor.

Example 7.2 Figure 7.1 depicts the configuration graph of program 1, together with the
system automata produced by the two constructions above. Let us algorithmically decide
whether the system has a full execution such that initially y =1, finally y =0, and y never
increases. Let [£,x, 0] and [£, x, 1] stand for the sets of configurations where y=0and y =1,
respectively, and the values of ¢ and x are arbitrary. Similarly, let [5,x, 0] stand for the
set of configurations where £ =5, y =0, and x is arbitrary. The set of potential executions
satisfying the property is given by the regular expression

[€,x, 11 [€,x,171% [£,x,01" [5,x,0],

which is recognized by the property automaton at the top of figure 7.2. Its intersection with
the system automaton in the middle of figure 7.1 (we could also use the other one) is shown
at the bottom of figure 7.2. A solid colored state of the pairing labeled by [£, x, y] is the result
of pairing the solid colored state of the property NFA and the state [, x, y] of the system
DFA. Since labels of the transitions of the pairing are always equal to the target state, they
are omitted for the sake of readability.

Since the intersection has no hatched colored state, the intersection is empty, and so the
program has no execution satisfying the property.
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Figure 7.1

1,1,0 5(2.1,0) 3(4,1,0

[5,0,0]

DD

[4,1,0]

[5.0,1]
[4,0,1]

[1,1,1] [2,1,1] [3.1,1]

Chapter 7

Top: the configuration graph of program 1. Middle and bottom: two system automata arising from the configuration

graph.
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[¢,x,1] [£,x,0]

Figure 7.2
Top: property automaton. Bottom: product automaton.

Example 7.3 Letus determine whether the assignment “y <— 1 —x” on line 4 of program 1
is redundant and can be safely removed. This is the case if the assignment never changes
the value of y. The potential executions of the program in which the assignment changes
the value of y at some point correspond to the regular expression

(¢, x,y1* ([4,x,0] [1,x, 1]+ [4,x, 11[1,x,0]) [£,x,y]".

A property automaton for this expression can be easily constructed, and its intersection with
the system automaton is again empty. So, the property holds, and the assignment is indeed
redundant.

7.2 Programs as Networks of Automata

We can also model program 1 as a network of communicating automata. The key idea is
to model the two variables x and y and the control flow of the program as three indepen-
dent processes. The processes for x and y maintain their current values, and the control
flow process maintains the current value of the program counter. The execution of, say, the
assignment “x <— 0" in line 3 of the program is modeled as the execution of a joint action
between the control flow process and the process for variable x: the control flow process
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x=0=>y<«1,
x <0, x=1=y<«0,
x;ﬁl xX=

° x<0 0

x=1=y<«0, x=0=y<1,
y#1 y=
x=0=>y<«1

x=1=y<«0

Figure 7.3
A network of three automata modeling program 1. All states are final, so the double circles are drawn as simple
circles for clarity.

updates the current control position to 4, and simultaneously, the process for x updates the
current value of x to 0.

The processes for the variables and the control flow are represented by finite automata
whose states are all final. The three automata for program 1 are shown in figure 7.3. Since all
states are final, we do not use the graphical representation with a double circle. The automata
for x and y have two states, one for each possible value of the variables. The control-flow
automaton has five states, one for each control location. The alphabet of the automaton
for x contains the assignments and the boolean conditions of the program involving x and
similarly for y. So, for example, the alphabet for x contains x <— 0 but not y = 1. However, a
single assignment may produce several alphabet letters. For instance, the assignment “y <—
1 —x” at line 4 produces two alphabet letters, corresponding to two possible actions: if the
automaton for x is currently at state 0 (i.e., if x currently has value 0), then the automaton
for y must move to state 1, otherwise to state 0. We let “x=0=y <« 1” and “‘x=1=
»y <07 denote these two alphabet letters. Observe also that the execution of “y «<— 1 —x" is
modeled as a joint action of all three automata: intuitively, the action “x=0=y «— 1” can
be executed only if the automaton for x is currently at state 0 and the control-flow automaton
is currently at state 4.

Let us give a formal definition of networks of automata. In the definition, we do not
require all states to be final, because, as we shall see later, a more general definition proves
to be useful.

Definition 7.4 A network of automata is a tuple A= (41, ...,Ay) of NFAs, not necessar-
ily over a common alphabet. Let A; = (Q;, Xi, i, Qoi, Fi) for every i€{l,...,n}, and let
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YX=3%XU---UZ,. 4 letter of X is called an action. A configuration of A is a tuple
[q1,...,qa] of states such that q; € Q; for every i€ {l,...,n}. A configuration is initial if
qi € Qoi for everyie{l,...,n} and final if g; € F; for everyie{l,...,n}.

Observe that each NFA of a network has its own alphabet X;. The alphabets X1,..., %,
are not necessarily disjoint; in fact, usually they are not. We define when is an action enabled
at a configuration and what happens when it occurs.

Definition 7.5 Let A=(A41,...,A4,) be a network of automata, where A; = (Q;, X;, 9,
Qoi, Fi). Given an action a € X, we say that A; participates in a if a € X;. An action a is
enabled at a configuration [qy, . . ., q,] if 9i(qi,a) # O for every i € {1,...,n} such that A;
participates in a. If a is enabled, then it can occur, and its occurrence leads to any element
of Q) x -+ x Q,, where

. |9(qi,a) if A4; participates in a,

Q.
! {qi} otherwise.
We call Q) x --- x Q, the set of successor configurations of [q1, . .., qx] with respect to
action a. We write [q1,. . .,qxn] —a>[q’l, ..., q,] to denote that [q1,...,qn] enables a and

g}, ..q,]€Q) x---x Q.
The language accepted by a network is defined in the standard way:
Definition 7.6 A run of A on input apay - - - a,—1 € L* is a sequence
ao ai Aap—1
c)o—> C| —> - ——> Cp,

where cy, . . ., ¢y are configurations of A, the configuration c is initial, and ciy1 is a succes-
sor of c; with respect to a; for every 0 <i < n. A run is accepting if ¢, is a final configuration.
Network A accepts w € * if it has an accepting run on input w. The language recognized
by A, denoted by L (A), is the set of words accepted by A.

Example 7.7 Let Ay, 4, and Ap be the three automata of figure 7.3 for the variables x
and y and the control flow, respectively. We have

YSr=fx=Lx#Lx<«<0x=0=y<« l;x=1=y <0},
ZPZZXUEy'

The automata participating in the action x <— 0 are 4p and Ay, and all three automata
participate in “x=1=y < 0.” Observe that 4p participates in all actions. If we define
A=(A4p,Ay,A,), then the configurations of A are the configurations of program 1. The

configuration [3, 1, 1] enables the action x <— 0, and we have [3, 1, 1] X—H)> [4,0,1]. One of
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the runs of A is

— =1 <« =0=y<«1
(L1155 02, 1,11 255 3,1, 11 255 14,0, 11 =22 (5,0, 1]

and so the word (x=1)(y = 1)(x <~ 0)(x =0=y < 1) belongs to L (A).
7.2.1 Parallel Composition of Languages

We introduce a useful characterization of the language of a network of automata. Given L1 C
XY, ..., Ly C X, the parallel composition of Ly, . .., L, is the language Ly || Ly || - - - || L, S
(Z1U---UZX,)* defined as follows: we Ly || - - - || Ly, iff projs (w) € L; for every 1 <i<n,
where projy (w) is the word obtained from w by only keeping letters from ;.

Example 7.8 Let L; ={aa,bc} be a language over alphabet X ={a,b,c} and L) =
{ada, dc} a language over alphabet £, = {a, ¢,d}. We have L1 || L, = {ada, bdc, dbc}.

Notice that, strictly speaking, parallel composition is an operation that depends not only
on the languages L1, ..., L,, but also on their alphabets. Take, for example, L| = {a} and
Ly ={ab}. If we look at them as languages over the alphabet {a, b}, then L{ || L, =@, but if
we look at L as a language over {a} and L, as a language over {a, b}, then L || Ly = {ab}.
Thus, the correct notation would be L1 ||z, s, L2, but we abuse language and assume that
when a language is defined, its alphabet is clear from the context.

Proposition 7.9  The parallel composition of languages satisfies the following:

(a) Parallel composition is associative, commutative, and idempotent, that is, (Ly || L2) ||
Ly =1Ly || (Ly || L3) (associativity), Ly || Ly = Ly || L1 (commutativity), and L || L =L (idem-
potence).

(b) If Ly and Ly are over a common alphabet ¥1 = X, then L || Ly =L NL,.

(c) If A= (Ay,...,A,) is a network of automata, then L (A) =L (A1) || --- || £ (4,).
Proof See exercise 115. O]

By property (b), two automata 4; and 4, over a common alphabet satisfy £ (4 || 42) =
L (A1) N L (42). Intuitively, in this case, every action must be jointly executed by 41 and 4>,
or, in other words, the automata move in lockstep. At the other extreme, if the input alpha-
bets of 41 and 4, are pairwise disjoint, then, intuitively, the automata do not communicate
at all and move independently of each other.

7.2.2 Asynchronous Product

Given a network of automata A = (4y,...4,), we can compute an NFA recognizing the
same language. This NFA, called the asynchronous product of A and denoted by 4] ®
-+ ® A,, is the output of algorithm 37.
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Algorithm 37 Asynchronous product.

AsyncProduct(Ay, . .., Ay)

Input: a network of automata A= (41, ...,4,), where
Ai=(Qi, Zi, 0;, Qoi, Fi) forevery ie {l1,...,n}

Output: NFA 4, ® ---® 4, = (0, X, J, Oy, F') recognizing L (A)

0,0,F <0

Qo < Qo1 X -+ X Qon

)

while W # () do

w N

o

5 pick [gq1, ..., q,] from W

6 add [¢1,...,g,] to O

7 if \/_, gi € F; then add [q1,...,q,] to F

8 forallae 2, U...UZ, do

9 for allie[1..n] do

10 if a € X; then O < 0,(g;, a) else O; ={q;}

11 forall [¢|,...,q,]€ Q| x...x 0, do

12 if[¢],...,q,]¢Othenadd [¢},...,q,]to W
13 add ([q1,....qx).a,[q},....q,]) tod

14 return O, X1 U---UZX,. 6,00,F

The algorithm follows closely definitions 7.5 and 7.6. Starting at the initial configurations,
AsyncProduct repeatedly picks a configuration from the workset, stores it, constructs its suc-
cessors, and adds them (if not yet stored) to the workset. Line 10 is the crucial one. Assume
we are in the middle of the execution of AsyncProduct(41,A>), currently processing a
configuration [¢1, ¢2] and an action « at line 8. There are three cases.

o Assume that a belongs to X; N X;, and the a-transitions leaving ¢; and ¢, are
q1 LN 9. q1 N q] and ¢» N 75,41 A ¢5. Then, we obtain Q| ={q},q]} and Q)=
{45, 45}, and the loop at lines 11-13 adds the transitions

lq1,92] = 14}, 5),  [91,92] > 14,51,
lq1.92] = 141,450, [g1,92] > 14,451,

corresponding to the four possible “joint a-moves” that 41 and 4> can execute from [g1, ¢2].
« Assume that @ only belongs to X1, the a-transitions leaving ¢ are as before, and, since
a ¢ X, there are no a-transitions leaving ¢>. Then, O ={q}, ¢/}, Q5 = {42}, and the loop
adds transitions [¢1, ¢2] N [q’l ,q2]and [q1,q2] =N [q’l’ ,¢2], which correspond to 41 making
a move while 4, stays put.
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Figure 7.4
Asynchronous product of the automata of figure 7.3.

« Assume that a belongs to | N Z,, the a-transitions leaving ¢; are as before, and there
are no a-transitions leaving ¢» (which is possible even if a € X;, because 4, is an NFA).
Then, Q' ={q}. 4]}, O, =1, and the loop adds no transitions. This corresponds to the fact
that, since a-moves must be jointly executed by 4 and 4;, and A, is not currently able to
do any a-move, no joint a-move can happen.

Example 7.10 The asynchronous product Ap ® 4y ® 4,, where Ap, Ay, A, are the three
automata of figure 7.3, is shown in figure 7.4. Its states are the reachable configurations of
the program. Since all states are final, we draw all states as simple instead of double circles.

Finally, while we have defined the asynchronous product of 41 ® - - - ® 4, as an automa-
ton over alphabet X =X U---U X,, the algorithm can be easily modified to return a
system automaton recognizing the set of executions of the program. We provide a procedure
SysAut(Ay, . ..,Ay) in algorithm 38 for the first of the two constructions on page 165 (the
one in which the automaton has an extra initial state 7). Giving an algorithm for the sec-
ond construction is left as an exercise (see exercise 114). To obtain SysAut, we first modify
line 13 of AsyncProduct so that, instead of transition [q1, . . . , ¢x] N (4}, - - . q,], it adds

q1,...,qn] —— [41,n] —51q, - - -»q,] (see line 14 of SysAdur).

It only remains to add the initial state and its outgoing transitions, which happens in lines
1 to 4.

7.2.3 State- and Action-Based Properties

We have defined executions as sequences of configurations of the program and modeled
properties as sets of potential executions. This is called the state-based approach. One
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Algorithm 38 Generation of the system automaton with an extra initial state.

SysAut(Ay, . ..,A4y,)
Input: anetwork of automata (41, ... 4,), where
A1 =(01, 1,061,001, 01); - - - » An = (Ons Zins On, Qon, On)

Output: a system automaton S=(Q, X, 9, Qo, F)

1 0,0,00,F <«
add i to Q; add i to Qp; add i to F
for all [q1,...,¢g,]1€ Qo1 X -+ X Qo, do

add (i, [q1,...,qx).[q1,...,qu]) t0 0

W < Qo1 x -+ x Qon
while W # () do
7 pick [g1, . ..,q,] from IV
8 add [gq1,...,q,] to O; add [g1,...,q,] to F
9 forallae 2, U...UZ, do

o 0w N

10 for allie[1..n] do

11 if a € Z; then O] < di(¢;, a) else Q) ={q;}

12 for all [¢},...,q,]€ 0] x...x 0, do

13 if[¢},...,q,]¢ Othenadd [¢,...,q,] to W
14 add ([q1,...,94), 14}, -, q,), 14}, ..q,]) tod

15 return (Q, X,6,00, F)

can also define executions as sequences of instructions. The set of executions of a net-
work (A1,...,A4y) is then defined directly as the language of AsyncProduct(A4y,...,A4y).
For example, the execution of our running example is the language of the NFA shown in
figure 7.4. The property “no terminating execution of the program contains an occurrence
of the action (x =0 = y < 1)” holds iff this language and the regular language

Sp(x=0=y< 1) Zp(x#1)

have an empty intersection, which is not the case. In this context, program instructions are
called actions, and we speak of action-based verification.

7.3 Concurrent Programs

Networks of automata can also elegantly model concurrent programs—that is, programs
consisting of several sequential programs, usually called processes, communicating in some
way. A popular communication mechanism includes shared variables, where processes
communicate by writing a value to a variable, which can then be read by other processes.
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As an example, we consider (a simplified version of) Lamport-Burns’ mutual exclusion
algorithm for two processes, called process 0 and process 1, whose code is described in
algorithm 39.

Algorithm 39 Lamport-Burns’ mutual exclusion algorithm.

Process 0 Process 1
repeat repeat
neo : by <1 nep : by <1
to while b} =1 do skip o if bo =1 then
cy - by <0 q1 by <0
forever q) - while by = 1 do skip
goto ncy
cl o by <0
forever

The processes communicate through the shared boolean variables by and b1, which ini-
tially hold the value 0. Process i reads and writes variable b; and reads variable b{_;. The
algorithm should guarantee that the processes are never simultaneously at control points
co and ¢ (their critical sections) and that they will not reach a deadlock. Other properties
the algorithm should satisfy will be discussed later. Initially, process 0 is in its noncritical
section (local state ncy); it can also be trying to enter its critical section (¢y) or be already
in its critical section (cg). The process can move from ncy to ¢y at any time by setting bg to
1, it can move from £y to ¢q only if the current value of b; is 0, and it can move from ¢ to
nco at any time by setting bg to 0.

Process 1 is a bit more complicated. The local states ncy, t1, and ¢ play the same role
as in process 0. The local states g1 and ¢} model a “polite” behavior: intuitively, if pro-
cess 1 sees that process 0 is trying to enter or in the critical section, it moves to an “after
you” local state ¢ and sets by to O to signal that it is no longer trying to enter its crit-
ical section (local state ¢}). It can then return to its noncritical section if the value of
b() is 0.

A configuration of this program is a tuple [np,, np,, €0, €11, where np,, np, €{0,1}, £ €
{nco, ty,co}, and € € {ncl,tl,ql,q/l,cl}. We define executions of the program by infer-
leaving. We assume that, if at the current configuration both processes can do an action,
then one of the two will occur before the other, but which one occurs before is decided
nondeterministically. So, loosely speaking, if two processes can execute two sequences of
actions independently of each other (because, say, they involve disjoint sets of variables),
then the sequences of actions of the two processes running in parallel are the interleaving
of the sequences of the processes.
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Figure 7.5

A network of four automata modeling the Lamport—Burns mutex algorithm for two processes. The automata on
the left model the control flow of the processes and the automata on the right the two shared variables. All states
are final.

For example, at the initial configuration [0, 0, ncg, nci], both processes can set their
variables to 1. Hence, there are two possible transitions:

[0,0, nco, nei] — [1,0, 19, ne1 ] and [0, 0, neo, ner] — [0, 1, neo, 1]
Since the other process can still set its variable, we also have transitions
[1,0,7,nc1]1—[1,1,%,#1] and [1,0, 7, nc1]— [1, 1,10, 21 ].

In order to model a shared-variable program as a network of automata, we model each
process and variable by an automaton. The network of automata modeling Lamport-Burns’
algorithm is shown in figure 7.5 and its asynchronous product in figure 7.6.

7.3.1 Expressing and Checking Properties

We use Lamport-Burns’ algorithm to present some more examples of properties and how
to check them automatically.

The mutual exclusion property can be easily formalized: it holds if the asynchronous
product does not contain any configuration of the form [vy, vy, ¢, 1], where vg, v € {0, 1}.
The property can be easily checked on-the-fly while constructing the asynchronous product,
and an inspection of figure 7.6 shows that it holds. Notice that in order to check mutual
exclusion, we do not need to construct the NFA for the executions of the program. This
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Figure 7.6
Asynchronous product of the network of figure 7.5. Solid (respectively, dotted) transitions correspond to moves
by process 0 (respectively, process 1).

is always the case if we only wish to check the reachability of a configuration or set of
configurations.
Other properties of interest for the algorithm are as follows:

- Deadlock freedom. The algorithm is deadlock-free if every configuration of the asyn-
chronous product has at least one successor. Again, the property can be checked on-the-fly,
and it holds.

« Bounded overtaking. The property states that after process 0 signals its interest in access-
ing the critical section by moving to 7y, process 1 can enter the critical section at most once
before process 0 enters the critical section.”? Bounded overtaking can be checked using the
NFA recognizing the executions of the network. The NFA can be easily obtained from the
asynchronous product by renaming the transitions as shown in example 7.2. Let NC;, T}, C;

2. More precisely, this is the bounded overtaking property for process 0. We would like it to hold for both process
0 and process 1.
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be the sets of configurations in which process i is in its noncritical section, is trying to access
its critical section, and is in its critical section, respectively. Let X stand for the set of all
configurations. The regular expression

r=X"To (Z\Co)* C (2 \ Co)* NC, (2 \ Cp)* C =¥

represents potential executions of the algorithm that violate the property.

7.4 Coping with the State-Explosion Problem

Recall that the automata-theoretic approach to the verification of networks of automata
reduces the verification problem to the question of deciding whether given an automaton
Af and a regular expression 7y, the language £ (4g) N L (ry) is empty or not. Automaton
AE recognizes the language E of executions of the system, and ry is a regular expression
for the set V' of potential executions that violate the property.

When the system is modeled as a network of automata, Ag is essentially the asynchronous
product of the network (after the minor modifications mentioned at the end of section 7.2.2;
see also exercise 114). The main problem of the approach is the number of states of 4.
If the network has n components, each of them with at most k states, then Ax can have as
many as k" states. Thus, in the worst case, the number of states of 4z grows exponentially
in the size of the network. This is called the state-explosion problem.

The existence of a polynomial-time algorithm for the verification problem is very
unlikely. Indeed, the problem is PSPACE-complete. For readers not familiar with complex-
ity theory, “PSPACE-complete” informally means that there is most likely no verification
algorithm that uses less than exponential time and a polynomial amount of memory. The
proof is deferred to a forthcoming optional subsection, which may be skipped.

Despite this result, the automata-theoretic approach is successfully applied to many hard-
ware and software systems. This is possible thanks to numerous clever ideas that improve
its performance in practice. We introduce three of them in the rest of the section.

7.4.1 YW Verification Is PSPACE-Complete

Theorem 7.11 The following problem is PSPACE-complete.

Given: a network of automata A= (A1, ...,A,) over alphabets Xi,...,%,, a regular
expression ry over the set of configurations of A.

Decide: whether L (A1 ®--- Q@ Ay) N L (ry) 0.

Proof To prove that the problem is in PSPACE, we show that it lies in NPSPACE and
apply Savitch’s theorem. Let B = IntersNFA(A] ® - - - ® Ap, Ay). The states of B are tuples
[q1,--.,qn,q], where g; is a state of A; for every 1 <i<mn, and ¢ is a state of V. The
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polynomial-space nondeterministic algorithm guesses a run of B, one state at a time, leading
to a final state. Notice that storing a state of B only requires linear space.

To prove PSPACE-hardness, consider the special case of the problem in which all
the alphabets X1,..., ¥, are equal. By proposition 7.9(b) and (¢), in this case, we have
LA ® - QAy)=()i_; £ (4;), and the problem reduces to checking whether the inter-
section ()i, £ (4;) is empty. This problem was shown to be PSPACE-hard in exercise 77 by
a reduction from the acceptance problem for deterministic linearly bounded automata. [

7.4.2 On-the-Fly Verification

Given a program with a set £ of executions and a regular expression describing the set " of
potential executions violating a property, we can check if £ N V' = ¢ holds in four steps:

(a) model the program as a network of automata (41,...,4,), and construct Ag =
SysAut(Ay, . ..,A,) with L (Ag) =F;

(b) transform the regular expression into an NFA A4y using the algorithm of section 1.4.3;
(c) construct an NFA Agny recognizing £ N V'; and

(d) check the emptiness of Agnyp.

Observe that Ag may have more states than Agny . Indeed, if a state of Ag is not reachable
by any word of ¥, then it does not appear in Agny. The difference in size between Ax and
Agny can be large, and so it is better to directly construct Agny, bypassing the construction
of Ag. Further, it is inefficient to first construct Agny and then check if its language is
empty. It is better to check for emptiness on-the-fly, while constructing Azny. This is done
by CheckViol as described in algorithm 40.

Algorithm CheckViol is designed for state-based properties. For action-based properties,
the algorithm is even simpler. Recall that, in the action-based approach, the potential execu-
tions of a network (41, ..., 4,) violating the property are specified by a regular expression
ry over the alphabet ¥ = X U---U X, of actions. Therefore, both the asynchronous prod-
uct4; ® - - - ® 4, and the NFA Ay computed from - have X as an alphabet. Furthermore,
recall that if two NFAs A and 4, have the same alphabet, then £ (4] ® 42) =L (41) N
L (43) (by proposition 7.9b and ¢). So, we have L(A)NLAy) =L (A1 Q- @A, @ Ay).
Thus, we can test the emptiness of £ (A) N L (V) by constructing the asynchronous product
A1 Q- ®A4, ® Ay, checking on-the-fly if its language is empty. If we rename Ay as 4,41,
then it suffices to change line 7 of AsyncProduct to

n+1
if /\ gi € F; then return true.
i=1
Intuitively, in the construction above, we consider Ay as another component of the
asynchronous product. This has another small advantage. Let us consider again the language
Spx=0=y<«1) 25 (x#1).
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Algorithm 40 Algorithm to check violation of a property.

CheckViol(4y, ..., An,ry)
Input: anetwork A= (4y,...4,), where 4; = (Q;, X}, i, Qoi, F;)
a regular expression rp over the configurations of A
Output: true if L (4] ® - - - @ 4,) N L (ry) is nonempty, false otherwise
(Qv. Zy, oy, Qov, Fr) < REtoNFA(ry)
O «¥; Qo < Qo1 X -+ x Qon X Qor
W <« Qyp
while W # () do
pick [g1, .. .,qn,q] from W
add [q1,...,qn,q] to O
7 forallae 2, U...UZ, do

o b w N

8 for allie[1..n] do
9 if a € ; then O} < d;(¢;, a) else 0; = {g;}
10 for all [¢},...,q,]€ 0] x...x 0, do
11 Q < dy(q.l4}s- - q,D
12 for all ¢’ € O’ do
13 if \/_, ¢} € Fi and ¢’ € Fy then return true
14 if[g},....q,,4'1¢Othenadd [q,....q,.41to W

15 return false

In order to check whether some execution of the program belongs to it, we are only inter-
ested in the actions “x=0=y <— 1” and “x # 1.” Thus, we can replace 4 by an automaton
A', with only these two actions as an alphabet and recognizing only the word (x=0=y <
1) (x # 1). Note that 47, only participates in these two actions. Intuitively, 4, is an observer
of'the network (41, .. ., A,) that only monitors occurrences of “x=0=y <« 1”and “x # 1.”

7.4.3 Compositional Verification

Consider the asynchronous product 41 ® A, of two NFAs over alphabets X and X;. Intu-
itively, 45 does not see the actions of X1 \ X,; they are “internal” actions of 4. Therefore,
Ay can be replaced by any other automaton 4} satisfying £ (4}) = projy, (L (41)) without
A3 “noticing,” meaning that the sequences of actions that 4, can execute with 41 and 4] as
partners are the same. Formally,

projs, (41 ® 42) = projs, (4} ® 42).

In particular, we have £ (4 ® 42) # 0 iff £ (4] ® A2) #¥, and so instead of checking
emptiness of A1 ® 4, one can also check the emptiness of A/1 R As.
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It is easy to construct an automaton recognizing projy, (L (41)): it suffices to replace all
transitions of A4 labeled with letters of X1\ X, by e-transitions. This automaton has the
same size as A1, and so substituting it for 4; has no immediate advantage. However, after
removing the e-transitions and reducing the resulting NFA, we may obtain an automaton
A’ smaller than 4.

This idea can be extended to the problem of checking emptiness of a product
A1 ® -+ ®A, with an arbitrary number of components. Exploiting the associativity of
®, we rewrite the product as 4] ® (42 ® - - - ® 4,,) and replace A by a hopefully smaller
automaton 4 over the alphabet X, U - -- U X,,.. In a second step, we rewrite 4| ® 4> ® 43 ®
- ®Ap as (4] ®A42) ® (43 ® - - - ® 4,) and, applying again the same procedure, replace
A ® 43 by a new automaton 4, over the alphabet X3 U---U X,. The procedure contin-
ues until we are left with a single automaton 4/, over X,, whose emptiness can be checked
directly on-the-fly. We call this approach compositional verification because it exploits the
structure of the system as a network of components.

To see this idea in action, consider the network of automata depicted on the left of
figure 7.7. It models a 3-bit counter consisting of an array of three 1-bit counters, where
each counter communicates with its neighbors. We call the components of the network
(4o, A1, A>) instead of (41, A2, A3) to better reflect that A; stands for the ith bit. Each NFA
but the last one has three states, two of which are marked with 0 and 1 (“a” stands for
“auxiliary”). The alphabets are

2o ={inc,inc,0,...,7},
X1 ={incy,inc,,0,...,7},
Xy ={incy,0,...,7}.
Intuitively, the system interacts with its environment by means of the “visible” actions Vis =
{inc,0,1,...,7}. More precisely, inc models a request of the environment to increase the
counter by 1, and i € {0, . .., 7} models a query of the environment asking whether i is the
current value of the counter. A configuration of the form [b5, b1, bg] € {0, 1}3 indicates that
the current value of the counter is 4b, 4 2b1 + bg (configurations are represented as triples
of states of 45, A1, Ay, in that order).
Here is a run of the network starting and ending at configuration [0, 0, 0]:
[0,0,0] " 10,0, 1]
5 10,0,a1 % 10,1,0]
25 10,1,1]

10, 1,a] 25 10,4, 0] 25 [1,0,0]

2 11,0, 1]
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2 11,0,a] 25 (1, 1,0
2 11, 1,1]
inc

e L1 a2 1,4, 01 25 10,0,0] - -

The right-hand side of figure 7.7 illustrates the asynchronous product of the network (all
states are final, but we have drawn them as simple instead of double ellipses for simplicity).
The asynchronous product has eighteen states.

incy

Figure 7.7
A network modeling a 3-bit counter and its asynchronous product.
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Assume we wish to check some property whose violations are given by the language of
an automaton Ay over the alphabet Vis of visible actions. For this, we construct an automa-
ton Afy such that £ (4}) = projy; (L (42 ® A1 ® Ap)) and check emptiness of Ay ® Ay If we
compute A, by first constructing the asynchronous product 4> ® A1 ® Ao, replacing invis-
ible actions by ¢, and removing ¢-transitions, then the maximum size of all intermediate
automata involved is at least 18, because that is the number of states of 4o ® A1 ® Ag. Let
us instead apply the procedure above, starting with 4,. We first construct an automaton
A’y over the alphabet £ U o U Vis such that £ (4}) = projz, ,s,uris (£ (42)). Since £, €
(21N Xy), we take 4}, = A,. In the next step, we compute the product 4}, ® 41, shown on the
left of figure 7.8, and replace it by an automaton 4/ such that £ (A/l) =projs,uris(£ (41)).
Since incy ¢ XU Vis, we can replace incy by ¢ and remove ¢-transitions, leading to the
automaton A shown on the right of figure 7.8.

In the next step, we construct 4 ® 4o, shown on the left of figure 7.9, and replace it by
an automaton A, such that £ (4) = projy;;(L (o). Since inc ¢ Vis, we replace incy by &
and eliminate e-transitions. The result is shown on the left of the figure. The important fact
is that we have never had to construct an automaton with more than twelve states, saving
six states with respect to the method that directly computes 4> ® 41 ® Ag. While saving six
states is, of course, irrelevant in practice, in larger examples, the savings can be significant.
In particular, it can be the case that an asynchronous product 49 ® - - - ® 4,, is too large to be
stored in memory, but each of the intermediate automata constructed by the compositional
approach fits in it.

0,1

2,3 incy

incy

4,5

6,7

Figure 7.8
Asynchronous product 4y ® 41 and reduced automaton A’l .
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inc

Figure 7.9
The asynchronous product A/1 ® A( and the reduced automaton 4 6

7.4.4 Symbolic State-Space Exploration

Recall that many program properties, like deadlock-freedom or mutual exclusion, can be
checked by computing the set of reachable configurations of the program. In breadth-first
search, this is done by iteratively computing the set of configurations reachable in at most
0,1,2,... steps from the set / of initial configurations until a fixed point is reached. Let C
denote the set of all possible configurations of the program, and let S C C x C be the step
relation, defined by (c, ¢’) € S iff the program can reach ¢’ from ¢ in one step. Note that ¢
may or may not be a reachable configuration. For example, [4,0,0] — [1,0, 1] is a step of
program 1, even though [4, 0, 0] is not reachable. Algorithm 41 computes the configurations
reachable from /.

The algorithm can be implemented using different data structures, which can be explicit
or symbolic. Explicit data structures store separately each configuration of / and each pair
of configurations of S; typical examples are lists and hash tables. Their distinctive feature is
that the memory needed to store a set is proportional to the number of its elements. Symbolic
data structures, on the contrary, do not store a set by storing each of its elements; they
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Algorithm 41 Computation of configurations reachable from /.

Reach(l,R)
Input: set / of initial configurations; step relation S
Output: set of configurations reachable from /

1 OldP <0, P<1

2 while P #£ OIldP do

3 OldP < P

4 P < Union(P, Post(P, S))
5 return P

store a representation of the set itself. A prominent example of a symbolic data structure
are finite automata and transducers: given an encoding of configurations as words over
some alphabet X, the set / and the step relation S are represented by an automaton and a
transducer, respectively, recognizing the encodings of its elements. Their sizes can be much
smaller than the sizes of [ or S. For instance, if / is the set of all possible configurations, then
its encoding is often X*, which is represented by a very small automaton. Symbolic data
structures are only useful if all the operations required by the algorithm can be implemented
without having to switch to an explicit data structure. This is the case of automata and
transducers: Union, Post, and the equality check in the condition of the while loop operation
are implemented by the algorithms of chapters 3 and 5 or, if they are of fixed length, by the
algorithms of chapter 6.

Symbolic data structures are interesting when the set of reachable configurations can
be very large or even infinite. When the set is small, the overhead of symbolic data struc-
tures usually offsets the advantage of a compact representation. Despite this, and in order
to illustrate the method, we apply it to the five-line program 1, shown with its flow graph in
figure 7.10.

An edge of the flow graph leading from node ¢ to node ¢’ can be associated a step relation
S¢ ¢ containing all pairs of configurations ([5 ,X0,0], [€/, x6, y6]) such that if at control point
¢, the current values of the variables are x( and yy, then the program can take a step after
which the new control point is £, and the new values are x;), ;,. For instance, for the edge
leading from node 4 to node 1, we have

Sa1 = {([4,x0,30, [1,x0,¥,]1) : x5 =x0,5p=1—x0},
and, for the edge leading from 1 to 2, we have

S12={(11,x0, 301, [2,x,351) :x0 =1 =x(, 3, =m0} -
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while x =1 do
if y=1 then
x<0
y<«—1—x
end

Figure 7.10
Flow graph of program 1.

Figure 7.11
Transducer for the program of figure 7.10.

185
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Figure 7.12
Minimal DFAs for the reachable configurations of the program of figure 7.10.

It is convenient to assign a relation to every pair of nodes of the control graph, even to
those not connected by any edge. If no edge leads from a to b, then we define S, =¥. The
complete step relation of the program is then described by

S= U Seers

(el
where L is the set of control points.
The fixed-length transducer for the step relation S is shown in figure 7.11; a configuration
[£,x0,y0] is encoded by the word £xgy of length 3.
Consider, forinstance, the transition labeled by [4, 1]. Using it, the transducer can recognize
four pairs of configurations describing the action of the instruction “y <— 1 — x”, namely,

(L] G- o] [l

Figure 7.12 depicts minimal DFAs for the set 7 and for the sets obtained after each iteration
of the while loop.
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7.4.4.1 Variable Orders

We have defined a configuration of program 1 as a triple [£, ny, ny], and we have encoded
it as the word £n.n,. We could also have encoded it as the word n{n,, n,{n,, or any other
permutation, since in all cases, the information contents is the same. Of course, when encod-
ing a set of configurations, all elements of the set must be encoded using the same variable
order. While the information contents is independent of the variable order, the size of the
automaton encoding a set is not. The following example gives an extreme case.

Example 7.12 Consider the set of tuples Xz = {[x1,x2,...,x%] :x1,...,x21 €{0, 1}} and
the subset Y; C Xj of tuples satisfying x| =xj41,X2 =Xg42,. .., X =x2k. Consider two
possible encodings of a tuple [xq,x2,...,x2x]: by the word x1x7 - - - xpx and by the word
X1Xk41X2Xk42 - - - XpX2k- In the first case, the encoding of Y for £ =3 is the language

L1 ={000000,001001,010010,011011, 100100, 101101,110110, 111111},
and, in the second case, the language
L, ={000000,000011,001100,001111, 110000, 110011, 111100, 111111}.

Figure 7.13 depicts the minimal DFAs for the languages L; and L,. It is readily seen that the
minimal DFA for L; has at least 2% states: since for every word w € {0, l}k , the residual L‘l”

Figure 7.13
Minimal DFAs for the languages L| and L,. For the sake of readability, 0 and 1 are respectively represented by
solid and dotted arcs.
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Figure 7.14
Minimal DFAs for the reachable configurations of Lamport—Burns’s algorithm. On the left, a configuration
(50,51, Vo, v1) is encoded by the word sgsvgvy, on the right, by vis1sgvg-

is equal to {w}, the language L has a different residual for each word of length %, and so the
minimal DFA has at least 2% states (the exact number is 261 4 2% — 2). On the other hand,
it is easy to see that the minimal DFA for L, has only 3k 4 1 states. So, a good variable
order can lead to an exponentially more compact representation.

We can also appreciate the effect of the variable order in Lamport—Burns’ algorithm. The
set of reachable configurations, where a configuration is described by the control point of
the first process, the control point of the second process, the variable of first process, and
finally the variable of the second process, is

(nco,ncy,0,0) (to,ncy, 1,0) (co,ncy, 1,0)
(nco, t1,0,1) (to, 11,1, 1) (co, 11,1, 1)
(nco,c1,0,1) (to,c1,1,1)

(nco, 41,0, 1) (to,q1,1,1) (co,q1,1,1)
(nco,q1,0,0) (to,q7,1,0) (c0,4,1,0)

If we encode a tuple (s, s1, vo, v1) as the word vgsgsivi, then the set of reachable config-
urations is recognized by the minimal DFA on the left of figure 7.14. However, if we encode
it as the word vys1s9vg, then we get the minimal DFA illustrated on the right.



Application II: Verification 189

ney, g, t,¢1,491

to, o

Figure 7.15
Minimal DFAs for the reachable configurations of Lamport’s algorithm plus (cq, c1, 1, 1).

The same example can be used to visualize how, by adding configurations to a set, the
size of its minimal DFA can decrease. If we add the “missing” configuration (co, ¢y, 1, 1)
to the set of reachable configurations (filling the “hole” in the list above), two states of the
DFAs of figure 7.14 can be merged, yielding the minimal DFAs of figure 7.15. Further note
that the set of all configurations, reachable or not, contains 120 elements but is recognized
by a five-state DFA.

7.5 Safety and Liveness Properties

Apart from the state-explosion problem, the automata-theoretic approach to automatic veri-
fication as described in this chapter has a second limitation: it assumes that the violations of
the property can be witnessed by finite executions. In other words, if an execution violates
the property, then we can detect the violation after finite time. Not all properties satisfy this
assumption. A typical example is the property “if a process requests access to the critical
section, then it eventually enters the critical section” (without specifying how long it may
take). After a finite time, we can only tell that the process has not entered the critical sec-
tion yet, but we cannot say that the property has been violated: the process might still enter
the critical section in the future. A violation of the property can only be witnessed by an
infinite execution, in which we observe that the process requests access, but the access is
never granted.

Properties that are violated by finite executions are called safety properties. Intuitively,
they correspond to properties of the form “nothing bad ever happens.” Typical examples
are “the system never deadlocks” or, more generally, “the system never enters a set of bad
states.” Clearly, every interesting system must also satisfy properties of the form “something
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good eventually happens” because otherwise, the system that does nothing would already
satisfy all properties. Properties of this kind are called liveness properties and can only
be witnessed by infinite executions. Fortunately, the automata-theoretic approach can be
extended to liveness properties. This requires to develop a theory of automata on infinite
words, which is the subject of the second part of this book. The application of this theory
to the verification of liveness properties is presented in chapter 13. As an appetizer, some
exercises of this chapter already start to discuss them.

7.6 Exercises

v & Exercise 113. Exhibit a family {P,},> of sequential programs (like program 1)
satisfying the following conditions:

« P, has O(n) boolean variables, O(n) lines, and exactly one initial configuration; and

« P, has at least 2" reachable configurations.

¥ «f Exercise 114. When applied to program 1, algorithm SysAut outputs the system
automaton shown in the middle of figure 7.1. Give an algorithm SysAut’ that outputs the
automaton depicted at the bottom.

¥7 B Exercise 115. Prove the following statements:

(a) Parallel composition is

« associative: (L || L2) [| L3 =Ly || (L2 || L3),
o commutative: Ly || Ly =L, || L1, and

« idempotent: L || L=L.

(b) If L1, Ly C X%, then L || Ly, =L; NL,.
(c) It is the case that L(A)=L(41) |- || £ (4,) for any network of automata A=
(Ar,....4n).

¢ T Exercise 116. Let = = {request, answer, working, idle}.

(a) Build a regular expression and an automaton recognizing all words with the property
Py: “for every occurrence of request, there is a later occurrence of answer.”

(b) Property Py does not imply that every occurrence of request has “its own” answer: for
instance, the sequence request request answer satisfies Py, but both requests must neces-
sarily be mapped to the same answer. If words were infinite and there were infinitely many
requests, would P guarantee that every request has its own answer?

More precisely, let w=wjw;, --- satisfy P; and contain infinitely many occurrences
of request, and let f: N— N be such that wy; is the ith request of w. Is there
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always an injective function g: N — N satisfying wg(; = answer and f'(i) < g(i) for all
ie{l,... k}?

(c) Build an automaton recognizing all words with the property P: “there is an occurrence
of answer before which only working and request occur.”

(d) Using automata-theoretic constructions, prove that all words accepted by the following
automaton A satisfy Py, and give a regular expression for all words accepted by 4 that
violate P;.

z

@ —

% & Exercise 117. Consider two processes (process 0 and process 1) being executed
through the following generic mutual exclusion algorithm:

1 while true do
2 enter(process_id)
3 critical section

I

leave(process_id)
for arbitrarily many iterations do
noncritical section

~ o wm

end
(a) Consider the following implementations of enter and leave:

x<0
proc enter(i)
while x=1—i do

=Sow NN

pass

o

proc leave(i)

6 x<1—i

(i) Design a network of automata capturing the executions of the two processes.
(i1) Build the asynchronous product of the network.

(iii) Show that both processes cannot reach their critical sections at the same time.

(iv) Ifaprocess wants to enter its critical section, is it always the case that it can eventually
enter it? Hint: Reason in terms of infinite executions.

(b) Consider the following alternative implementations of enter and leave:
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1 xo < false

2 x1 < false

3 proc enter(i)

4 X; < true

5 while x;_; do
6 pass

7 proc leave(i)
8 x; < false

(i) Design a network of automata capturing the executions of the two processes.

(i) Say whether a deadlock can occur, that is, can both processes get stuck trying to enter
their critical sections?

¥ & Exercise 118. Consider a circular railway divided into eight tracks: 0 — 1 — ... —
7 — 0. Three trains, modeled by three automata 77, 7>, and 73, circulate on the railway.
Each automaton 7; is defined as follows:

- states: {gi0,...,4i7};

« alphabet: {enteri,j]: 0 <j <7}, where enter[i,j] models that train i enters track j;

» transition relation: {(g;;,enter|i,j®1],q;;e1):0=<j<7}, where @ denotes addition
mod 8;

- initial state: g; »; (i.e., initially the trains occupy tracks 2, 4, and 6).

Describe automata Cy, ..., C7, called local controllers, that ensure that two trains can
never be on the same track or adjacent tracks, that is, there must always be at least one empty
track between two trains. Each controller C; can only have knowledge of the state of tracks
j©e1,j,andj @ 1; there must be no deadlocks; and every train must eventually visit every
track. More formally, the network of automata A = (Cy, . .., C7, T}, T», T3) must satisfy the
following specification:

(a) C;only knows the state of local tracks: C; has alphabet {enter(i,j © 1], enter|i, j], enter
[i,jl1]:1<i<3};

(b) no deadlock and each train eventually visits every segment: £ (A)|x,= (enter[i, 2i] enter
[(,2i D 1] - - - enter[i,2i ® 7])* for each i € {1,2,3}; and

(c) no two trains on the same or adjacent tracks: for every word w € £ (A), it is the case
that w=u enterl[i,j] enter[i’,j'] v and i’ # i implies |j —j'| ¢ {0, 1, 7}.
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A regular expression can be seen as a set of instructions (a “recipe”) for generating the
words of a language. For instance, the expression aa(a + b)*b can be interpreted as the
recipe “write two as, repeatedly choose one a or b and write it, an arbitrary number of
times, and then write a b.” We say that regular expressions are an operational formalism.

Languages can also be described in declarative style, as the set of words that satisfy a
property. For instance, “the words over {a, b} containing an even number of as and an even
number of bs” is a declarative description. It describes the property but does not give a
recipe to construct the words that satisfy it.

For some languages, declarative descriptions can be simpler than operational ones. For
instance, the regular expression

(aa + bb + (ab + ba)(aa + bb)* (ba + ab))*

is an operational description of the language “even number of as and even number of bs,”
and most people will agree that it is far less intuitive than the declarative description. In
particular, the expression does not consist of the conjunction of two smaller regular expres-
sions, one for “even number of as” and the other for “even number of s.” Another example
in which a declarative description is arguably simpler is “the words over {a, b} that do not
contain any occurrence of aba.” This description is immediately understood by a human,
who also has no problem to formulate it as the negation of the simpler property “the words
over {a, b} that contain some occurrence of aba.” However, the operational description

(b+ aa*bb)* (e +aa™ (b +¢))

is substantially harder to understand and produce.

In this chapter, we first present a logical formalism for the declarative description of
regular languages. We use logical formulas to describe properties of words and logical
operators to construct complex properties out of simpler ones. In particular, the formalism
allows us to combine properties using conjunction, disjunction, and negation. We then show
how to automatically translate a formula describing a property of words into an automaton
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recognizing the words satisfying the property. As a consequence, we obtain an algorithm to
convert declarative into operational descriptions and vice versa.

8.1 Predicate Logic on Words: An Informal Introduction

In declarative style, a language is defined indirectly as the set of words satisfying a given
property, called the membership predicate. A word belongs to the language if and only
if it satisfies the membership predicate. For example, the membership predicates of the
languages discussed in the previous section are “to have an even number of as and an even
number of bs,” and “to not contain any occurrence of aba.”

The standard mathematical framework for expressing membership predicates is pred-
icate logic, also called—for reasons explained in section 8.5—first-order logic. Starting
from very few natural “atomic formulas,” predicate logic allows one to build more complex
formulas through boolean combinations and quantification. Formulas of predicate logic
represent predicates in the same sense that regular expressions represent languages. We
consider a version of predicate logic usually called “predicate logic on words,” because its
atomic formulas represent predicates on words.!

Before introducing predicate logic on words, let us become familiar with it at an intuitive
level. (Readers acquainted with predicate logic can move directly to section 8.5.) For the
time being, it suffices to know that the symbols A, Vv, =, —, 3x, and Vx roughly correspond
to the English expressions “and,” “or,” “not,” “implies,” “there exists an x such that,” and
“every x satisfies.”

We start by fixing an alphabet, for example, £ = {a, b}. Predicate logic on words has two
types of atomic formulas:

« Formulas of the form Q,(x) or Op(x), where x is a variable ranging over the positions of
the word.

The intended meaning of Q,(x) is “the letter at position x is an a,” and the meaning of
Oy (x) is analogous. For instance, the predicate “all letters of the word are as” is expressed
by the formula Vx Q,(x). The language of all words satisfying the formula, called just the
language of the formula, is £ (a*).

« Formulas of the form x < y, where x and y range over the positions of the word.

The intended meaning is “position x is smaller than (lies to the left of) position y.” For
example, the predicate “if some letter is an «a, then all subsequent letters are also as” is
expressed by the formula

Vx Vy ((Qux) Ax <y) — 0.()).

1. Chapter 9 presents a different predicate logic expressing properties of tuples of numbers.
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The language of the formula is £ (b*a*). Notice, however, that this is so because X = {a, b}.
If X ={a, b, c}, then the language of the formula is £ ((b + ¢)*a*).

Example 8.1 Other examples of formulas are

£ Vx 04 (X) V Vx Op ().

The formula expresses the predicate “either all letters are as or all letters are bs.” The
same predicate is also expressed by —3x Iy (Q,(x) A Op()). The language of both formulas
is L (a* + b*).

e VxVy (Qu(x) Ax <y ANQu(y)) = Az (x <zAz <y AQOp(2)).

The formula expresses the predicate “between every two as, there is at least one b,”
which corresponds to the language £ ((b + ab)*(€ 4+ a)). For X = {a, b}, this predicate is
equivalent to “after every a there is a b, unless that a is the last letter,” which corresponds
to the formula Vx Yy (Qa(x) AX<YyA—ITz (x<zAz <y)) — Op(»).

While our intuitive understanding of the meaning of “and,” “implies,” and so on can bring
us a long way, it is not precise enough for formal reasoning. For example, faced with the
question whether the empty word ¢ satisfies Vx Q,(x), some people answer “yes,” others
“no.” Some people argue that the question whether the empty word satisfies the formula
Ax O, (x) = Vx O, (x) does not make sense. Some formulas truly seem to make no sense,
for example Ix Vx Q,(x) or Ix O, (), which raises the problem of defining which formulas
make sense. Such problems can only be solved by formally specifying which sequences
of symbols are formulas and, for every formula, which are the words that satisfy it. These
specifications are called the syntax and the semantics of predicate logic on words.

8.2 Syntax and Semantics

We introduce the syntax and semantics of predicate logic on words over a given alphabet
Y. Readers familiar with logic only need to look at the forthcoming definition 8.2 (syntax)
and definitions 8.3 and 8.5 (semantics).

8.2.1 Syntax

The following definition determines which sequences of symbols are formulas of predicate
logic on words.

Definition 8.2 Let V ={x,y,z,...} be an infinite set of variables, and let £ ={a, b, c, ...}
be a finite alphabet. The formulas of predicate logic on words over X, also called the first-
order formulas over X and denoted FO(X), are the expressions generated by the grammar

=0, [x<y|—p|(@pVe)|Ixg
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\Y dx -
Jx g \y <X ‘ ‘
‘ Jy Ix
v | |
/N p \% N -
Qa (x) z<y Qa (x) _ ‘
| |
Vv
/N 4
X<y  Op(») 7N
| |
H‘X Op(x)
Oq(x)
Figure 8.1

Syntax trees of (8.1), (8.2), and (8.3).

where a€ X and x,y € V. Expressions of the form Q,(x) and x <y are called atomic
formulas.

In the rest of the section, we introduce or recall several notions, using the following three
formulas as running examples.

p1:=3x (Qux) Vz<y)Vy <x) (8.1
@2 =3y (Qu(x) vV =(x <yV Op(»)) (8.2)
@3 :=—3x ==(=3x Qu(x) V =0p(x)) (8.3)

Syntax tree of a formula. We assume that the reader is familiar with the notion and just
show the syntax trees of (8.1), (8.2), and (8.3) in figure 8.1.

Free and bound variables. The occurrences of a variable x in a formula are the leaves
of the syntax tree containing x. For example, x occurs twice in all of (8.1), (8.2), and (8.3),
while y occurs two, two, and zero times, respectively. An occurrence of a variable x is bound
if it is in the scope of some x, that is, if the unique path of the syntax tree leading from the
root to the occurrence of x traverses a node labeled by Jx; otherwise, the occurrence of x is
free. Observe that the same variable can occur bound and free in a formula; for example, x
occurs bound and free in (8.1). A variable is free in ¢ if it has at least one free occurrence in
@ and bound otherwise. The set of free variables of ¢, denoted free(p), can also be defined
inductively as follows:

free(Qa(x)) = {x}, free(x <y) ={x,y},
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free(—gp) = free(p), free(p1 V ¢2) =free(p1) Ufree(p2), (8.4)
Jree@x p) =free(p) \ {x}.

For the formulas (8.1), (8.2), and (8.3), we get free(p1) = {x, v, z} and free(p2) = fiee(ps) =
¢. A formula without free variables is called a sentence, and so (8.2) and (8.3) are sentences,
but (8.1) is not.

We use the following abbreviations:

(@1 Ap2):==(=p1V =p2), (91— 92):=(=p1Ve2), Vxg:=-Ix—g.
For example, (8.3) can be rewritten as Vx (3x Q. (x) A Op(x)).
8.2.2 Semantics

The semantics of FO(X) is the definition that determines whether a given word over X
satisfies a given sentence or not. In logical jargon, this definition allows us to inferpret
the sentence on the word. The definition is inductive, that is, the set of words satisfying a
sentence is defined as a function of the sets of words satisfying its subformulas. However,
we have to overcome the fact that the subformulas of a sentence may not be sentences
themselves. So, we give a semantics not only for sentences but also for formulas with free
variables.

Interpretations. While a sentence can be interpreted on just a word (e.g., we intuitively
see that aaa satisfies Vx Q,(x) and aba does not), formulas with free variables usually
cannot. For example, whether aba satisfies O, (x) or not depends on the position x is refer-
ring to. If x+— 1 or x> 3, then aba satisfies the formula, but if x+ 2, then it does not.
Generally, we interpret a formula, with or without free variables, over a pair (w, V), where
w is a word and V is a mapping that assigns to every free variable of the formula, and per-
haps to others, a position in the word, that is, a value in the range {1,..., |w|}. We call V
a valuation. Formally, we define valuations as partial mappings /' — N, that is, mappings
that may be defined only for a subset of V. In particular, the totally undefined valuation
L: ¥V — Nis the partial map that is undefined for every variable of V.2

Definition 8.3 An interpretation of a formula ¢ of FO(X) is a pair (w, V), where w € L*
and V: V — N is a partial mapping such that V(x) is defined and satisfies 1 <V (x) < |w|
for every x € free(p). We call V a valuation.

We often write the map V extensionally, that is, enumerating the value assigned to each
variable for which the map is defined. For example, if )V is the valuation that is defined only
for the variables x and y and satisfies V(x) =5 and V(y) = 3, then we write (w, {x+— 5,y

2. A partial mapping f: ¥ — N is just a set of pairs of /' x N, containing one pair for each x € V' such that f'(x)
is defined; the totally undefined map corresponds to the empty set of pairs.
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3}) instead of (w, V). With this convention, (ab, {x — 1}) is an interpretation of formulas
like Q4 (x), Ix Oy4(x), or Ax Ay (Q4(x) A Op(y)) but not of x <y or Q,(»). In particular, the
definition of interpretation requires that all free variables are assigned values but does not
forbid that other variables are assigned values as well.

Remark 8.4
« Since ¢ has no positions, it is not possible to assign values to them. Thus, a formula with
at least one free variable has no interpretation of the form (g, V).

« If ¢ is a sentence and w # ¢, then (w,))) is an interpretation of ¢ for every valuation
V:V—{l,...,|w|}, including the totally undefined valuation L. However, if w = ¢, then
(w, V) is an interpretation if and only if V= L. Indeed, if V(x) is defined, then by the
definition of an interpretation we have 1 < V(x) < |e| =0, which is not possible.

Models. The pairs (ab, {x+> 1}) and (ab, {x — 2}) are interpretations of O, (x). Intuitively,
the first interpretation satisfies O, (x), but the second does not. In logical jargon, the inter-
pretations of a formula that satisfy it are called the models of the formula. We formally
define which interpretations (w, V) of a formula ¢ are models of ¢.

Given a word w and a number 1 <i < |w/|, let w[i] denote the letter of w at position i, and
let V[i/x] denote the partial mapping that assigns i to x and coincides with V on all other
variables (in particular, V[i/x](x) is always defined and satisfies V[i/x](x) =i, even if V(x)
is undefined).

Definition 8.5 Let ¢ be a formula of FO(Y), and let (w, V) be an interpretation of ¢. We
say that (w, V) satisfies ¢, or is a model of ¢, if one of the following conditions holds:

« 9 =04(x) and wV(x)] =a,

s p=x<yandV(x) <V(y),

c p=—¢" and W,V) ¢,

« 9 =(p1V ) and W, V) =1 or W, V) =92, and

o 9 =3x @, w#e and (w,V[i/x]) = @ holds for some i such that 1 <i<|wl|.

Two formulas @1, py are equivalent, denoted p| = @3, if they have the same interpretations
and the same models.

Example 8.6 Let X ={a, b}. We show that, unsurprisingly, (@b, L) = 3Ix =0, (x). We use
definition 8.5 to deduce that (ab, L) satisfies Ix —=Q, (x) iff b # a, which is true:

(ab, 1) =3 =0, (x)
> (ab, x> 1)) =—04(x) or (ab, {x+-> 2}) = =0, (x)
> (ab, x> 1)) I Qu(x) or (ab, (x> 2}) F Oa(x)
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< (ab)[1] #a or (ab)[2] #a

&<a#aorb#a
< true.

Remark 8.7

« Only interpretations can be models. For example, the question of whether (¢, 1) is a
model Q,(x) is ill-posed, as (&, L) is not an interpretation of Q,(x).

o If free(p) C free(y), then every interpretation of i is also an interpretation of ¢. Indeed,
every interpretation of y assigns values to all free variables of y, and so it also assigns
values to all free variables of ¢.

« Definition 8.5 silently uses three facts:

1. An interpretation of —¢’ is also an interpretation of ¢’, because fiee(—¢") = free(p’).
2. An interpretation of (@] V @) is also an interpretation of ¢ and ¢,, because free(p; V
p2) =free(p1) Ufiee(p2).

3. If w#¢ and (w,))) is an interpretation of x ¢, then (w, V[i/x]) is an interpretation of
¢ foreveryie{l,...,|w|}.

Since w#¢, the set i € {1,...,|w|} is nonempty, and so it is possible to assign to x at
least one value. For w = ¢, the pair (w, L) is an interpretation of 3xQ,(x), but there are no
interpretations (w, V[i/x]) such that 1 <i <0.

For the previously introduced abbreviations, it follows from definition 8.5 that

W, V) = (91 A p2) iff (w,V) = @1 and (W, V) =2, and
W, V) = (91 — ¢2) iff (W, V) = g1 or W, V) =02 .
Let us now consider the abbreviation Yx ¢ = —3x —¢. We have
(w, V) =Vx g
— W, V) E—Ix g
— W, V) EIx —p
< w=¢or (w,V[i/x]) =g foreveryie{l,...,|w|}.
Remark 8.8 Recall that if (¢,)) is an interpretation of a formula, then the formula is
a sentence and V is the totally undefined valuation (i.e., V = L). By definition 8.5, (¢, L)
satisfies no sentences of the form 3x ¢ and every sentence of the form Vx ¢. For exam-
ple, (g, L) satisfies neither Ix Q,(x) nor Ix Vz Q,(z), but it satisfies both Vx Q,(x) and
Vx 3z Q,(z). Intuitively, “there exists a position x in the word such that ¢ is always false

for £, because the empty word has no positions at all, while “for every position in the word
@ holds” is vacuously true for ¢.
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Using definition 8.5, it is possible to prove many standard equivalence rules, like =—¢ =
¢ for every ¢; (91 V (92 V 93)) = ((91 V 92) V @3) for every @1, 92,03, Ix Iy p =Ty Ix ¢
for every ¢; or Ix (¢1 V ¢2) = (Ix @1 v Ix @y) for every @1, p2. We implicitly use them to
lighten notation. For example, instead of (@1 V (¢2 V ¢3)) or ((¢1 V ¢2) V ¢3), as we would
have to write according to the syntax, we simply write (¢1 V @2 V @3) oreven @1 V 92 V 3.

The following lemma is easy to prove by induction on the structure of formulas. It cor-
responds to our intuition that bound variables are “internal” variables of a formula that are
“invisible outside of it.”

Lemma8.9 Letwbeaword, and let (w, V) and (w, V') be two interpretations of a formula
@. If V and V' assign the same values to all free variables of ¢, then either (w,V) = ¢
and W,V =@ or W, V) =@ and (W, V') & ¢. In particular, for every word w and every
sentence @, either all interpretations (w, V) of ¢ are models, or none of them is a model.

Example 8.10 Let w be a word of length at least 2. It is the case that (w, {x+> 1}) and
(w, {x — 2}) are interpretations of Ix O, (x) that assign the same values to all free variables,
because Ix O, (x) is a sentence. We have

w, fxi= 1)) =3 Qu(x)

— W, x> 1}[1/x]) = Qu(x) or (w, {x+— 1}[2/x]) = Qa(x)
(by def. of (w, V) =3x @)

= (w, {x > 2}[1/x]) = Qu(x) or (w, {x > 2}[2/x]) = Qu(x)

(since {x +— 1}[i/x] = {x i} = {x— 2}[i/x])

= W, {x—=2}) F3x 0u(x).

The second part of lemma 8.9 justifies the following definition, which takes us to our final
destination: a precise definition of when a given word over X satisfies a given sentence of
FO(Y).

Definition 8.11 Let ¢ be a sentence of FO(X). A word w € X* satisfies ¢ or is a model
of ¢, denoted w = g, if every interpretation (w,V) of ¢ satisfies ¢ or, equivalently (by
lemma 8.9), if some interpretation (w, V) of ¢ satisfies .

Example 8.12 Consider the two sentences Ix O, (x) and Vx Ix O, (x). Are they equivalent?
This is the kind of question that challenges our intuition. If you accept definition 8.5, then
there is only one right answer. By remark 8.8, we have ¢ = 3x Q,(x) and ¢ =Vx 3x O, (x),
and so the two formulas are not equivalent. However, they are “almost” equivalent: every
word w # ¢ satisfies Ix Q,(x) iff it satisfies Vx Ix Q,(x). This is an easy consequence of
lemma 8.9. Indeed,
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w =V 3x 0y (x)
— (w, 1) EVx 3x Qu(x)
(by lemma 8.9 and as Vx 3r Q,(x) is a sentence)
< (w, L[1/x]) E3x Qu(x) and - - - and (w, L[Iwl|/x]) = 3x Qa(x)
(by w # ¢ and def. of (w, V) = Vx ¢)
< (W, {xr—> 1}) E3x Qu(x) and - -- and (w, {x > [wl}) = 3x Oa(x)
— wE3x 04(x)

(by lemma 8.9 and as 3x Q,(x) is a sentence).

8.3 Macros and Examples

Expressing predicates in first-order logic on words is akin to writing programs in a low-level
language. The language has a very small syntax and is therefore easy to learn, but expressing
even simple predicates may be tedious, is error prone, and requires writing long formulas.
All these problems are palliated by the use of macros. Formally, a macro is an expression of
the form m(xy,...,x,) =@, where ¢ is a formula with free variables xi, . . ., x,,. Intuitively,
macros play the same role as procedures in programming: they are defined once and can
be used multiple times in other formulas, where they stand for the formula ¢. Here are two
examples:

« “x is the first position.”
first(x) :=—Fy y <x

Observe that x is the only free variable of first(x).

« “x is the last position.”
last(x) :=—Jyx <y

Sometimes we use infix notation for macros and write “x; m x;” instead of m(xy, x2).
The following examples illustrate this.

« “x and y are the same position.”
Xx=y:=—(x<yvy<x)

We could also call this macro equal(x, y).

“y is the successor position of x,” or ““y is the position to the right of x.”

y=x+1l:=@x<yA-Tz(x<zAz<Yy))
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Recall that here the expression y=x+4 1 is just a name; we could also call the macro
succ(x, y). We prefer y=x + 1 because the name can be generalized, as shown by the next
example.

« “y is two positions to the right of x.”
y=x+2:=Fzz=x+1Ay=z+1)

The macros y =x+ 3, y=x+4, and so on are defined similarly.

« “yis at most k positions to the right of x.”
y<x+k:=3z(z=x+kAy<z)

Observe that & is a constant, that is, y <x + k stands for the infinite family of macros y <
x+1,y<x+2,y <x+3, and so on. Further, remember that y <x + £ is just the name of
a formula. For example, unravelling all macros, we have

Y<x+2)=Fz(z=x4+2Ay<2)=BzFu u=x+1Arz=u+1)Ay<z).

In particular, one should not confuse the atomic formula x < y and the macro x <y + 2. The
latter is only an abbreviation, for which we could have chosen any other name.

« “x s to the left of the kth position.”
x<k:=—Fyx=y+k—-1
« “The length of the word is smaller than £.”
last < k:=Vx (last(x) — x < k)

Example 8.13 Using the macros above, we can express some predicates on words by
rather short sentences:

« “The last letter is a b and before it, there are only as.”

(3x Op(x) AVx (last(x) = Op(x) A —last(x) = O, (x)))

« “Every a is immediately followed by a b.”

Vx (Qa(x) = Iy (v=x+ 1A 0s(y)))

« “Every a is immediately followed by a b, unless it is the last letter.”

Vx (Qa(x) = Vy (y=x+1—0p(»)))

Observe the difference: The previous sentence states that if the letter at position x is an «,
then the word has a successor position y, and the letter at y is a b. This sentence only states
that for every position y, if y happens to be the successor of x, then the letter at that position
is a b. It does not state that the successor position of x exists.
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« “Between every « and every later b there is a ¢.”

Vx ¥y (Qu) AOp(y) Ax <y) > 3z (x <z Az <y A Qc(2)))

- Finally, we formalize the second predicate from the introduction to the chapter: “no
occurrence of aba.”

~ Iy G=x+1Az=y+ 1A 0u) A Os(0) A 0ul2)
8.4 Expressive Power of FO(X)

Now that we have defined which words satisfy which sentences, we can associate to a sen-
tence the language of all words that satisfy it. Intuitively, this language is the “meaning” of
the sentence.

Definition 8.14  The language of a sentence ¢ € FO(X) is the set L (p) :={we X* |wk
@}. We also say that ¢ expresses L (¢). A language L C £* is FO-definable if L = L (¢) for
some formula ¢ of FO(X).

The languages of the predicates from example 8.13 are FO-definable by definition. Which
languages are F'O-definable? Are all FO-definable languages regular? Are all regular lan-
guages FO-definable? These are questions concerning the expressive power of first-order
logic on words.

We study which languages are FO-definable when the alphabet X contains exactly one
letter. We show that in this case, a language is FO-definable iff it is finite or co-finite. A
language is co-finite if its complement is finite. It follows from this result that all FO-
definable languages over a one-letter alphabet are regular. Indeed, we know that all finite
languages are regular and, since the regular languages are closed under complement, so are
all co-finite languages. However, it also follows that even very simple regular languages,
like {a" : n is even}, are not FO-definable. Thus, first-order logic on words is not expressive
enough as a declarative language.

Let ¥ = {a}. The proof that a language is FO-definable iff it is finite or co-finite proceeds
in three steps (readers not interested in the proof can move directly to section 8.5):

1. We define a fragment of FO({a}), called QF, standing for quantifier-free. Formulas of
QF contain no quantifiers, existential or universal, and no occurrences of O, (x).

2. We show that languages over {a} are QF-definable iff they are finite or co-finite.

3. We prove that languages over {a} are FO-definable iff they are QF-definable. That is,
we show that for every formula of FO({a}), there exists an equivalent formula of OF.

The fragment QF. Formulas of QF are boolean combinations of some of the macros
introduced in section 8.3:
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Definition 8.15 The formulas of QF are the formulas of FO({a}) generated by the
grammar

fro=x<k|x<y+4k|last<k|—=f| VO FAS),
where k € N.

Observe that the sentences of QF are especially simple. They cannot contain any occur-
rence of x <k or x <y+ k because, loosely speaking, OF does not have quantification,
and so it cannot bind free occurrences of variables. So, sentences of QF are boolean
combinations of expressions of the form last < k. For example,

¢ :=((last <3 A= last <2) Vv — last <)

is a sentence of QF. Its language is £ (aa +a7a*), whose complement is the finite set

{e,a, a.a%d, aé}. So the language of ¢ is co-finite.

One-letter languages are QF-definable iff they are finite or co-finite. We prove the
following proposition:

Proposition 8.16 A language over a one-letter alphabet is QF-definable iff it is finite or
co-finite.

Proof =) We show that, for every sentence f* of OF, the language L (f) is finite or co-
finite. Let / be a sentence of QF, that is, a boolean combination of formulas of the form
last < k. We proceed by induction on the structure of /. If /' = last < k, then L (f) is finite.
If f = —f, then by induction hypothesis, £ (f') is finite or co-finite, and so £ (f) = L (f")
is co-finite or finite, respectively. If /' = (f; Vv f2), then by induction hypothesis, £ (f;) and
L (f2) are finite or co-finite; if £ (f1) and L (f2) are finite, then so is £ (f'), and otherwise,
L (f) is co-finite. The case of f = (fi Af2) is similar.

<) Let X = {a}. The empty language is expressed by /ast < 1. A nonempty finite language
{d“, ... a"} is expressed by the formula

((Rlast <ky —1ANlast <k +1)v .- Vv (=last <k, — 1 Nlast <k, +1)).

A co-finite language L is expressed by —f, where f is the formula for the finite language L
(i.e., where £ (f) =1L). O

One-letter languages are FO-definable iff they are QF-definable. We show that when
X contains only one letter, every first-order formula over X has an equivalent formula in the
QOF-fragment. The main difficulty is that first-order formulas are closed under quantification
(i.e., if ¢ is a formula so is Ix @), but formulas of OF are not.
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Theorem 8.17  Every formula of FO({a}) is equivalent to a formula of QF.

Proof sketch  Let ¢ be a formula of FO({a}). Observe that, since the alphabet only contains
one letter, every formula of FO({a}) is equivalent to a formula without occurrences of
0,(x). So, we can assume that ¢ has no occurrence of Q,(x). We proceed by induction
on the structure of ¢. If p(x,y) =x <y, then p =x <y + 0. If p ==y, then by induction
hypothesis, there is a formula f* of OF equivalent to y, and so ¢ =—f. The cases ¢ =
(p1V ¢2) and ¢ = (p1 A @2) are similar.

Consider now the case ¢ =3x . By induction hypothesis, y is equivalent to a formula
f of OF. Further, we can assume that /' is in disjunctive normal form, that is, f = (f; vV - - - V
fn), where each f; is a conjunction of atomic formulas of OF or their negations. Repeatedly
applying the equivalence 3x (¢; V ¢2) = (Ix ¢ Vv Ix ¢7), we obtain

p=Ix(iV---Vi)=@xfivIxHL V- v ).

Thus, it suffices to find a formula g; of OF equivalent to 3x f; for every 1 <i <n, since then

p=(g1V--Vgn).
We sketch how to construct g; with the help of this representative example:

fi=((x<y+I)A-x<z+DAE<y+2)A<x+1)).
We start by classifying the conjuncts of f; with some occurrence of x into

o lower bounds of the form —(x < k), =(x <y+k), or y <x+ k; and
« upper bounds of the formx <k, x <y+k, or =(y <x+k).

In our example, the lower bounds are —(x <z +4) and y <x + 1, and the only upper bound
is x <y + 3. The remaining conjunct, z <y + 2, has no occurrence of x.

Assume that the lower bounds of f; are /1, . . ., £, the upper bounds are 1, . . ., u4, and the
conjuncts with no occurrence of x are ey, ..., e,. Applying standard logical equivalences,
we have

r

P q r
Ifi= | NGA Nun e |=
=1 (=1 4

k=1

P 4
e AN x /\/\(fj/\uk)
1 i=1 k=1

In our example, this yields
I fi= z<y+2/\Elx((—-x<z—|—4/\x <y+IIA(p<x+1Ax <y—|—3)).

Observe that /\}_, e/ is already a formula of OF. So it remains to find a formula of
QOF equivalent to Ix /\5;1 /\Z=1 (¢; A uy). Intuitively, each conjunct £; A uy expresses that x
must lie in an interval determined by £; and u;. The key insight is that, since we consider
all combinations of upper and lower bounds, there exists an x that simultaneously lies in
all intervals iff each interval is nonempty. Let us see how this works in our example. Since
there is one upper bound and two lower bounds, we have to consider two conjuncts:
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e t(x<z+MH A <y+3).

This expresses that x must lie in the interval [z 4+ 4, y 4 3) (closed on the left, open on the
right). The interval is nonempty iff z + 2 <y or, equivalently, if =(y <z + 2).

s <x+ AKX <y+3).

This expresses that x must lie in the interval (y — 1,y + 3) (open on both sides). The
interval is always nonempty.

So, in our example, we finally obtain

Ifi=Ix (x<y+3I)A-(x<z+HDAEz<y+2)A(<x+1))
=(z<y+2)A—(y<z+2))
=g O

As the set of words of even length is neither finite nor co-finite, we have

Corollary 8.18 The language Even = {a*" : n > 0} is not FO-definable.

8.5 Monadic Second-Order Logic on Words

In a nutshell, monadic second-order logic on words extends first-order logic on words with
variables X, Y, Z, . . . ranging over sets of positions, and with a new kind of atomic formulas
of the form x € X, with intended meaning “position x belongs to the set X of positions.” The
logic allows to quantify over both kinds of variables.

Variables x, y, z, . . . ranging over positions are called first-order variables, and variables
X,Y,Z,... ranging over sets of positions are called second-order variables. One could
further introduce variables ranging over sets of sets of positions, called third-order vari-
ables, and so on. Further, sets can be seen as unary relations, and one could have variables
for unary, binary, and ternary relations, and so forth, called monadic, dyadic, and triadic
second-order variables, respectively. Thus, monadic second-order logic is the extension of
first-order logic that allows variables ranging over sets of positions, and no variables ranging
over binary relations, or relations of higher arity.

Before introducing the syntax and semantics of the logic, let us informally argue that
monadic second-order logic can express the language Even of words of even length. The
formula expressing Even states that the set containing exactly all even positions also con-
tains the last position (if there is one, observe that the empty word has even length but no
positions):

EvenLength :=VX Vx ((Even(X) Alast(x)) > x€X).

It remains to define the macro Even(X). To express that X contains exactly the even posi-
tions, we state that a position belongs to X iff it is the second position or if it is the second
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successor of another position in X:
second(x) :=3y (first(y) Ax=y+ 1),

Even(X):=Vx (xeX < (second(x) VIy (x=y+2AyeX))).

8.6 Syntax and Semantics

We introduce the syntax and semantics of monadic second-order logic on words. They
extend those of first-order logic presented in section 8.2.

8.6.1 Syntax

We add the new atomic formula x € X to the syntax of first-order logic, as well as
quantification over second-order variables.

Definition 8.19 Let Vi ={x,y,z,...} and Vo, ={X,Y,Z,...} be two infinite sets of first-
order and second-order variables. Let X ={a, b, c, . . .} be a finite alphabet. The set MSO(X)
of monadic second-order formulas over X is the set of expressions generated by the
following grammar:

=0, |x<y|xeX|—p|loVe|Ixp|IX .

The abbreviations ¢ A @2, @1 — @2, and Vx ¢ are defined as for FO(X). Furthermore,
we introduce

x¢X:=—xeX

VX ¢ :=-3X —¢ “p holds for every set X
IreXp=Ix(xeX Ap) “some position x in X satisfies ¢”
VxeX g :=Vx(xeX —p) “every position x in X satisfies ¢.”

To define the free variables of a formula, we extend the definition of the first-order case
(see [8.4]), with

free(xe X)={x,X} and free(AX @) =free(p) \ {X}.

A formula ¢ of MSO(X) is a sentence if free(p) =, that is, if it has neither first-order nor
second-order free variables.

8.6.2 Semantics

Interpretations of monadic second-order formulas assign positions to first-order variables
and sets of positions to second-order variables.
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Definition 8.20 An interpretation of a formula ¢ of MSO(X) is a triple (w, V1, V) where
we X* and

o V1: Vi — Nis a partial mapping such that V1 (x) is defined and satisfies 1 <V (x) < |w|
Jor every x € free(p) N V1, and

« Vo: Va— 2N is a partial mapping such that V2(X) is defined and satisfies V5 (X) C
{1,...,|w|} for every X € free(p) N V>.

We call V| and V), valuations.

As in the first-order case, we often write the mappings V| and V), extensionally. For
example, the triple (aba, {x— 1}, {X +— {1,3}, Y 0}) is an interpretation of Q,(X), of
xeX,andof (xeX vxeY).

Remark 8.21 Recall that the only interpretation of a sentence (w, V) of FO(X) with
w=¢ is (g, L). The interpretations of a sentence of MSO(ZX) over the empty word are the
triples (&, L, V») such that for every second-order variable X, either V%, (X) is undefined or
WV (X)=0.

Let us formally define when an interpretation (w,Vy,),) of a formula ¢ satisfies ¢.

We use the same notations as in definition 8.5. Additionally, given S C {1,..., |w|}, we let
W>[S/X] denote the valuation of ¥, that assigns S to X and the same value as V), to every
other second-order variable (with the convention that {1, ..., |w|} =0 forw=¢).

Definition 8.22 Let ¢ be a formula of MSO(X), and let (w,V1,V>) be an interpretation
of . We say that (w, V1, V,) satisfies ¢, or is a model of ¢, if one of the following conditions
holds:

« 9 =04(x) and wV1(x)] =a;

e p=x<yand Vi(x) <V1(y),

e p=x€X and V(x) e V2(X);

« o =—¢"and (W, V1,V2) ¢,

« p=(p1V@2) and (W, V1,V2) E @1 or (W, V1,V2) =92/

o o =3x @, w#e, and (W, V1[i/x], V1) =@ holds for some i€ {1,...,|wl|},

o 9 =3X ¢ and (w, V1, V2[S/X]) = ¢ holds for some S C{1,...,|w|}.

We say that two formulas @1, @2 are equivalent, denoted ¢ = @7, if they have the same
models.

Remark 8.23

« Note that the set S from definition 8.22 may be empty. Therefore, for instance, any
interpretation (w, L, V,) of 3X Vx —=(x € X) such that V> (X) = is a model.
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« Recall that every interpretation (¢, )) of a formula Vx ¢ of FO(X) is a model, and no
interpretation (g, )) of 3x ¢ is a model (remark 8.8). Does this also hold for all formulas
VX ¢ and 3X ¢? The answer is no. For example, let us show that ¢ = VX 3x x € X. From
definition 8.22, we get

eEVX IxxeX

(e, L, L) EVX IxxeX (by lemma 8.9)
— (e, LLIX—>0H)EIrxeX (by lemma 8.9)
<~ true

Analogously, we have ¢ =VX Vx x € X. Further, e =3X Vxx¢ X and ¢ £3X Ixx e X.

It is easy to see that lemma 8.9 extends to monadic second-order logic: if two inter-
pretations (w, V1, V5) and (w, V’,Vé) of a formula assign the same values to all free
variables, then either both satisfy ¢ or none satisfy the formula. Thus, we can define the
following:

Definition 8.24 Let ¢ be a sentence of MSO(X). A word w € X* satisfies ¢, denoted w =
@, if every interpretation (w, V) of ¢ satisfies ¢ or, equivalently, if some interpretation (w, V)

of ¢ satisfies ¢.
The language L (¢) of a sentence ¢ of MSO(X) is the set L (p)={we X* :wko¢p}. 4
language L C X* is MSO-definable if L = L (p) for some formula ¢ of MSO(X).

8.7 Macros and Examples

As for first-order logic, macros are essential to turn monadic second-order logic into a
flexible language. Here are a few macros expressing standard properties of sets:

X=0:=Vxx¢X
X=YUZ:=Vx xeX < (xeYvVvxeZ))
X=YNZ:=Vx xeX <+ (xeYAxeZ))
X=YWZ:=X=YUZAIW (W=YNZAW=0))
X|=1:==VyeXy=x
X|=k+1:=3Y3Z (X =YWZA|Y|=kA|Z]=1)

Example 8.25 We use the macros to give sentences of MSO(X) for two predicates.
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Even number of as and even number of bs. This is the first predicate discussed in the
introduction of the chapter. We give a formalization valid for every X such that a,b € X.
We first define formulas expressing that x is the first (last) position in X, and that x and y
are neighbor positions in X:

Is_first_in(x,X) :=xe X AVy (y <x—>y ¢ X))
Is_last_in(x,X):=xe X AVy (x <y—>y¢X))
Neighbors(x,y, X) :=x € X AyeXAVz (x <zAzAYy)—>z¢X).

Now we express that X can be partitioned into two disjoint sets of positions X, and X, such
that the set X,, contains the first, third, fifth, ... position of X, the set X, contains the second,
fourth, sixth, ... position of X, and the rightmost position of X belongs to X,. This holds iff
X has even size.

EvenSize(X) :=3X, 3X,
X=X,wX,
AVx (Is_first_in(x, X) = x € X,)
AVx Yy (Neighbors(x,y,X) = (xe X, <> yeX,))
AVx (Is_last_in(x, X) = x € X,)
Given a letter o € X, we define
Even_number_of_o :=3X ((x € X <> O, (x)) A EvenSize(X))
The formula we are looking for is
Even_number_of a A Even_number_of _b.

The formula is longer than the regular expression at the beginning of the chapter, but it
is easier to find for a human. Moreover, it is now trivial to find another formula for “even
number of as, bs and cs,” while finding another regular expression is not.

A formula for c¢*(ab)*d*. Let X ={a,b,c,d}. We construct a formula with language
L (c*(ab)*d*). The membership predicate for this language can be informally formulated
as follows:

There is a block of consecutive positions X such that (1) before X, there are only cs; (2) after X, there
are only ds; (3) in X, bs and as alternate; (4) the first letter in X is an a; and (5) the last letter in X'
isab.

This predicate is a conjunction of five smaller predicates. We give formulas expressing each
of the conjuncts.
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« “X is a block of consecutive positions.”

Intuitively, X is a block of consecutive positions if it does not contain a “hole” or,
equivalently, if all positions between two positions of X also belong to X.

Block(X):=Vxe X VyeX
x<y—=>Vz((x<zAz<y)—zeX))
« “Before X, there are only ¢s.”
Before(x, X) :=VyeXx<y
Before_only_c(X) :=Vx (Before(x,X) — Q.(x))
o “After X, there are only ds.”
After(x,X):=VyeXy<x
After_only_d(X) :=Vx (After(x,X) — Q;(x))
+ “as and bs alternate in X.”
Alternate(X) :=Vxe X Vye X
(r=x+1= ((Qu() = 0 (") A (Op(x) = Qu(»))))
+ “The first letter in X is an a.”
Is_first_in(x,X):=xe X AVy (y <x—>y¢X)
First_is_a(X) :=Vx (Is_first_in(x, X) — Q,(x))
+ “The last letter in X isa b.”
Is_last_in(x,X):=xeXAVy (x<y—y¢X)
Last_is_b(X) :=Vx (Is_last_in(x, X) — Qp(x))
Putting everything together, we get the formula
EIX(Block(X )ABefore_only_c(X) A After_only_d(X) A
Alternate(X) A First_is_a(X) A Last_is_b(X )).

Note that the empty word is a model of the formula, because the empty set of positions
satisfies all conjuncts.
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8.8 All Regular Languages Are Expressible in MSO(X)

We show that, contrary to first-order logic, monadic second-order logic on words can
express all regular languages.

Proposition 8.26 [f L C X* is regular, then L is expressible in MSO(X).

For the proof, we present a generic procedure that, given a regular language over X,
represented by a DFA A4, constructs a formula ¢4 of MSO(ZX) such that £ (¢p4) = L (4).

Imagine we are given 4. There is an obvious way to express the membership predicate of
L (A): aword belongs to £ (4) iff the last state of its run on 4 is accepting. Thus, it suffices
to find a formula of MSO(X) expressing “the last state of the run of 4 is accepting.” For
this, we introduce the visit record of a word. The visit record of a word w is a mapping
that assigns to each state g the set of positions of w after which the run reaches ¢. It is the
inverse of the mapping that assigns to each letter of w the state reached by A4 after reading
it. Formally:

Definition 8.27 Let A=(0, X,9,qo,F) be a DFA, and let w=a - - - a,, be a nonempty
word over . The visit record of w is the mapping R,,: Q — 21" that assigns to each
state q € Q the set of positions defined as follows:

Rw(q)=[ie{l,...,m}:g(qo,al-~-a,-)=q].

Example 8.28 Figure 8.2 shows a DFA, its run on the word w = aabbb, and the visit record
R,,. Observe that each position belongs to the visit record of exactly one state. In other
words, R,,(q0), Ryw(q1), and R,,(¢q2) form a partition of the set of positions {1,2,...,5}.

For every nonempty word, “the run of 4 on the word is accepting” is equivalent to the
predicate “the last position of the word belongs to the visit record of an accepting state.” Let
us examine this predicate. Assume the states of 4 are {q9, g1, . .,qn}, and imagine we are

a a b b b
Run: go —> 41— 41 —> 42 —> 4o — 42
Position: 1 2 3 4 5
R\(q0) = {4}

Ry(q1) ={1,2}
Ry(q2) = {3, 5}

Figure 8.2
Example of a run and a visit record.
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able to define a macro expressing the visit record—that is, a macro VisitRecord (X, . . . X;)
such that an interpretation (w, L, %) is a model if and only if V), assigns to Xy, ..., X, the
visit record Ry, (qo), . . . , Rw(qn). The predicate is then expressed by the sentence

ya=VXp VX, Vx | (VisitRecord(Xo, ..., X,) Alast(x)) > \/ x€X;
qi€l

and hence, for every nonempty word w, we have w € L (w4) iff w € £ (4). It remains to take
care of the empty word, which has no visit record. Since the only first-order quantifier of w4
is universal, we have ¢ |= w4 for every DFA A4, independently of whether ¢ € £ (4) holds
or not, and so we cannot define ¢4 := w4. This is easy to fix by defining ¢4 as follows: if
& € L (A4), then ¢4 := w4, and otherwise, ¢4 := w4 A ¢, where ¢ is any sentence satisfied
by every word but & (e.g., ¢ = 3x —(x < x)). After this adjustment, we have L (p4) = L (4).
For example 8.28, we get

Py = VX()VXlVXQ Vx
(((VisitRecord(Xp, X1, X2) A last(x)) — x € X2) A Jx —(x <x)).

It remains to construct the macro VisitRecord(Xy, . ..,X,). For this, note that the visit
record R, can also be defined inductively: we first define which component R,,(g) of the
record contains position 1, and then, assuming we know which component contains position
i, we define which component contains position i + 1.

Lemma8.29 LetA=(0,X,0,q0,F)beaDFA, andletw=ay -- - ay be a nonempty word
over 3. The visit record R,, is the unique mapping Q — 2" satisfying the following
properties for every q,q' € Q and every | <i <m:
(@) 1€Ry(q) iff g=9(q0,a1), and
(b) ifi€Ry(q) theni+1€Ry(q) iff ¢ =0(q, a).
The proof of the lemma follows immediately from definition 8.27. For example 8.28,

we get

1€ Ry(q) iff g=3d(q0,a) =q1

2€Ry(q) iff g=0(q1,a) =g

3eRy(q) iff g=6(q1,0) =q2

Intuitively, conditions (a) and (b) of lemma 8.29 state that the initial position belongs to
the right component of the visit record and that the visit record “respects” the transition
relation of 4. We give macros Init(Xp, ..., X)) and Respect(Xp, ..., X,) expressing these
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predicates, where we assume the states of 4 to be {go,q1,...,qn}. Given 0 <i<mn, let us
define the following auxiliary macro expressing that position x belongs to .X; iff j =i:

InX;(x):= | xeX;n \x¢X;
J#i

For condition (a), we take

Init(Xo, . . .,X,) :=Vx /\ ((first(x) A Qa(x)) = InXs00.0)(¥)) ,

aex

where we abuse language, and write 6(0, a) for the index of the state d(go,a). In words,
Init(Xo, . .., X)) expresses that if the letter at position 1 is an a, then position 1 belongs to
X5(0,4) and to no other set.

Example 8.30 For the DFA of figure 8.2 with states {qo, q1,q2}, we get
Init(Xp, X1, X2) =Vx ((first(x) A Qu(x)) = InX (x))
A ((first(x) A Op(x)) = InX3 (x)).

For condition (b), we define

Respect(Xp, ..., X)) :=VxVy | y=x+1— /\(Qa(x) AxeX;) = InXsi.q) ()
acx,
i€{0,...,n}

The formula expresses that if a position x belongs to X;, and the letter at this position is an
a, then its successor position x + 1 belongs to X 4), and to no other set.

Example 8.31 For the DFA of figure 8.2, this yields:

Respect(Xp, X1,X2) =Vx Vy

(Qux) AxeXy) — InXi(y)

ANOp) AxeXy) — InXa(y)

_ ANQax) AxeX) —  InXi(y)
Y= s axeX) - InXa()
ANQa(x) AxeXy) — InXi(y)

A(Qb (x) ANX GXz) — InXo(y)

Finally, we are done by setting

VisitRecord(Xy, . . . X;;) :=Init(Xy, . .., X;) A Respect(X, . .., Xp,).
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8.9 All Languages Expressible in MSO(X) Are Regular

It remains to prove that MSO-definable languages are regular—that is, for every sentence
@ € MSO(ZY), the language L (¢) is regular. The proof is by induction on the structure of ¢.
Since definition 8.11 only defines £ (¢) for sentences, we must overcome the obstacle that
the subformulas of a sentence are not necessarily sentences.

For this, we define the language of a formula for every formula, sentence or not, in an
appropriate way. Recall that the interpretations of a formula ¢ are triples (w, V1, V) where
V) assigns positions to the free first-order variables of ¢ and possibly to others, and V),
assigns sets of positions to the free second-order variables of ¢ and possibly to others. For
example, if £ ={a, b} and free(p) = {x, y, X, Y}, then two possible interpretations are

xH— 1 X = {2,3} X2 X0
(““b’{ws}’{m{l,z}}) and (l"”{w 1}’{YH{1}})‘

Given an interpretation (w, V1, V,), we encode each assignment of the form x> k or
X+ {ki,...,ke} as abitstring of the same length as w: the string for x — k contains exactly
a | at position k and Os everywhere else; the string for X + {k1,...,k¢} contains Is at
positions k1, . . ., k¢, and Os everywhere else. After fixing an order on the variables, an inter-
pretation (w, V|, V») can then be encoded as a tuple (w, vy, ..., v,), where n is the number
of variables, we X*, and vy - - - v, € {0, 1}*. In particular, for the two interpretations above,
we respectively get the encodings

w: a a b w: b a
X: 1 0 0 X: 0 1
y: 0 0 1 and y: 1 0
X: 0 1 1 X: 0 0
Y: 1 1 0 Y: 1 0
As all of w, vy, ..., v, have the same length, we can encode the tuple (w,vy,...,v,) as a

word over the alphabet £ x {0, 1}". The encodings above yield the words

allall|b bl|a
1 0 0 0 1
0l]0]]1 and 1{[0]| overthe alphabet X x {0, 1}*.
0 1 1 0 0
1 1 0 1 0

We can define the language of ¢ as the set of encodings of the models of ¢. However, since
an interpretation must assign values to all free variables of a formula but can assign values
to others, a formula may have models encoded over alphabets = x {0, 1}* for arbitrarily
large values of k. For example, both (ab, L, 1) and (a, {y+— 1}, {Y — {1,2}) are models
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of the formula 3x Q,(x), but the first is encoded as a word over {a, b}, while the second is
encoded as a word over {a, b} x {0, 1}2.

This problem has a simple solution: consider only the minimal interpretations of the for-
mula that assign values to exactly the free variables of the formula and to no others. Since,
by lemma 8.9, the values assigned to bound variables do not influence whether an interpre-
tation is a model or not, we do not lose any information, and all minimal interpretations are
encoded as words over the same alphabet.

We still need to fix the encoding of the interpretations (w, V1, V») such that w = ¢. Recall
that, since we cannot assign values to first-order variables, only formulas without free
first-order variables can have such interpretations, and they are of the form (e, L, {X] —
@, ..., Xr+— @}). We encode all these interpretations by the empty word.

Definition 8.32 Let ¢ be a formula with sets {xi,...,xy} and {X1,...,X;,} of free
first-order and second-order variables, respectively, where ki, ky > 0. Let (w,V1,V,) be a
minimal interpretation of ¢. The encoding enc(w, V1, V1) of (w, V1, Vs) is the word over
alphabet ¥ x {0, 1Y% defined as follows:

o ifw=g, then enc(w,V|,V1) =¢;

o ifw#e, then enc(w, V1,V2) = (W, v1,..., Vg, Ul,. .., UL,), where
o forevery 1 <i<kjand 1 <j<|w|: vi[jl=1iff Vi(x;) =j,; and
o forevery 1 <i<khy, 1<j<|w|: wljl=1iffjeV2(X)).

The language of ¢, denoted L (¢), is the set of encodings of all minimal models of ¢.

We have thus associated to every formula ¢ a language £ (¢) over alphabet X x {0, 1}",
where n > 0 is the number of free variables of ¢. We prove by induction on the structure
of ¢ that £ (¢) is regular. We do so by exhibiting an NFA accepting £ (¢). For simplic-
ity, in the rest of the section, we assume X = {a, b}. The extension to larger alphabets is
straightforward. Recall that free(¢) denotes the set of free variables of ¢.

Case ¢ =Q,(x). We have free(p) = {x}, and hence the minimal models of ¢ are encoded
as words over X x {0, 1}. By definition 8.22, the language £ (¢) is given by

k>1;
coy=1{a] - ], ar...ape Xk ... pref0,1}; and
v= Bl - |Br|l Pi=1forasingleindexie{l,..., k}

such that g¢; = a.

Observe that k£ > 1 because, by definition, no triple (g, V1, V») is an interpretation of O, (x).
The language L (¢) is recognized by this automaton:
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iR
B

Case 9 =x <y. We have fiee(p) = {x,y}, and hence the minimal models of ¢ are encoded
as words over X x {0, 1}%. By definition Definition 8.22, the language £ (¢) is given by

k>1;
ar| o [a] ar...are 5B Bryr. oy (0,135
L(@)=1|b]| - |Pr|: Pi=1{forasingleindexie{l,..., k};
il oo Lk y; =1 for a single index j e {1, ..., k}; and
1<]j.

It is recognized by this automaton:

Case g =xe€X. We havefiee(p)={x, X}, and hence the minimal interpretations of ¢ are
encoded as words over T x {0, 1}2. By definition 8.22, the language £ (¢) is given by

a a k=1
(o) = ﬁl ﬁ" Car € T B Byr .. v e {0, 1)
v yl yk " Bi=1 for asingle index i € {1, ..., k}; and
o i

pi=1implies y; =1 forallie{l,...,k}.

It is recognized by
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Case ¢ ==y. We have fiee(p) =free(y), and by induction hypothesis, there exists an
automaton 4, such that £ (A ./,) =L (y).

By definition 8.22, L () is the set of encodings of the minimal interpretations of  that
do not satisfy . Observe that, in general, £ (p) is not equal to £ (), as one might first
think. Consider, for example, the instance ¢ = =y = —=Q,(x). The word

Bl

belongs neither to £ (w) nor L (¢), because it is not the encoding of any interpretation:
the bitstring for x contains more than one 1. What holds is £ (¢) = £ (w) N Enc(y), where
Enc(y) is the language of the encodings of all minimal interpretations of y, whether they
are models of y or not. We construct a DFA A‘;j’c recognizing Enc(y), after which we can
take 4, =4, ﬂAf;fc.

Assume y has k| and k&, free first-order and second-order variables, respectively. By
definition 8.20, which defines the interpretations of a formula y, and definition 8.32, which
defines their encodings, we have that a word w over = x {0, 1}¥11%2 belongs to Enc(y) if

e« w=¢and k; =0, or
« w#e¢, and each of the bitstrings obtained by projecting w onto the second, third, ...,
(k1 4+ 1)th component of the alphabet contains exactly one occurrence of the letter 1.

We define a DFA Af;’c recognizing Enc(y). For clarity, it is convenient to separate the
definition into the cases k1 > 0, that is, y has at least one free first-order variable, and k1 = 0.
Recall that if k1 > 0, then y has no interpretations on the empty word, but if & =0, then
the triple (e, L, {X1 —0,..., Xk, — ©) is a minimal interpretation. If k; > 0, then A;”C is
defined as follows:

« The states are all the strings of {0, 1}¥1, plus a trap state.

The intended meaning of a state, say state 101 for the case k| = 3, is “the automaton has
already read the 1s in the first and the third bitstrings, but not yet read the 1 of the second.”

« The initial state is 0F1.
Initially, the automaton has not read any 1 for any first-order variable.
« Transitions are defined according to the intended meaning of the states.

For example, if the automaton is in state 100 and reads the letter [a, 0,0, 1], then the
automaton moves to state 101, indicating that it has now also read the 1 in the third bitstring.
However, if the automaton reads the letter [a, 1, 1, 0], then it moves to the nonaccepting trap
state, because the first bitstring contains at least two 1s, and so the word does not encode
an interpretation. All transitions leaving the trap state lead to the trap state.

« The only final state is 141,
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At this point, the 1s in all bitstrings have been read.
If k; =0, then Af//"" has a single state, which is both initial and final, and, for every letter

of T x {0, 1}%2, the corresponding transition leads from this state to itself.

Example 8.33  The formula x <y has two free first-order variables. The states of 47'%), are
{00,01, 10, 11}. The automaton is depicted in figure 8.3.

Since an interpretation can assign the same position to x and y, we have two transitions
leading from 00 to 11. While such interpretations are not models of x < y, their encodings
must be recognized by A“;/”C.

Remark 8.34

. Af;,"c only depends on free(y). For example, Ag;(x) = Ag;cx <

« The number of states of Af;f” grows exponentially in the number of free variables of .
This makes negations expensive, even when the automaton 4,, is deterministic.

Case ¢ = (91 V ¢3). We have free(p) = fiee(p1) U free(ps), and by induction hypothesis,
there are automata A, A, such that £ (4,,) =L (p1) and £ (4,,) = L (p2).

If free(p1) = free(p2), then we can take A, = A, UA,,. But, this needs not be the case.
If free(p1) # free(pa), then L (p1) and L (p2) are languages over different alphabets X
and X;, or over the same alphabet but with different intended meanings. Thus, we cannot
just compute their union. For example, if 91 = Q,(x) and g2 = O (y), then both L (¢;) and

Figure 8.3

Automaton A7),
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L (¢y) are languages over X x {0, 1}, but in (aba, 100) € L (¢), the bitstring 100 encodes
the position of x, whereas in (aba, 010) € L (¢2), the bitstring 010 encodes the position of y.

This problem is solved by extending £ (¢1) and L (p2) to languages L; and Ly over
¥ x {0,1}%. In our example, L contains the encodings of all interpretations (w, {x
ny,y > ny}) such that the projection (w, {x — n1}) belongs to £ (Q,(x)), and similarly, L,
contains the encodings of all interpretations such that (w, {y +> ny}) belongs to £ (Qp(»)).

Let us transform the two-state automaton Ag,(x) recognizing L (Q,(x)), that is, the

98 B
9

into an automaton 4 recognizing L. For this, it suffices to “split” every transition of 4g, (x)
labeled by [a, f] € £ x {0, 1} into two transitions, labeled by [a, #,0] and [a, f, 1]. This

HeRe , , BOE
i

After constructing 4> in a similar manner, we take 4, =4 U A>.
We can use the same procedure to construct an automaton for the case p = ¢ A py. We
only need to modify the very last step and set 4, =41 NA4>.

Case ¢ =3x Y. We have free(p) = free(y) \ {x}, and by induction hypothesis, there is an
automaton 4, such that £ (AW) =L (y). We define 43, ,, as the result of the projection
operation, where we project onto all variables but x. The operation simply corresponds to
removing in each letter of each transition of 4,, the component for variable x. For example,
the automaton A3y g, (x) is obtained by removing the second component in all labels of the
automaton for Ag, (x):

HE AR

|
% ] & & a &

A, (x) Azx 0, ()
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Observe that the automaton for 3x Q,(x) is nondeterministic even though Ag, () is a
DFA, because the projection maps [a, 0] and [a, 1] to the same letter.

Case ¢ =3X ¢. We proceed exactly as in the previous case.

Size of A4,. The procedure for constructing 4, proceeds bottom-up on the syntax tree of
@. It first constructs automata for the atomic formulas in the leaves of the tree and then
proceeds upward: given automata for the children of a node in the tree, it constructs an
automaton for the node itself.

The automaton for a node labeled by a negation can be exponentially larger than the
automaton for its only child. This yields an upper bound for the size of 4, equal to a tower
of exponentials, where the height of the tower is the largest number of negations in any path
from the root of the tree to one of its leaves. It can be shown that this very large upper bound
is essentially tight: there are formulas ¢ for which the smallest automaton recognizing £ (¢)
reaches the upper bound. In other words, monadic second-order logic on words allows us
to express some regular languages in an extremely succinct form.

We conclude the section with an example illustrating all of the parts of the inductive
procedure.

Example 8.35 Consider the language a*b C £* over X = {a, b}, recognized by this NFA:

a

We derive the NFA by giving a formula ¢ such that £ (¢) = £ (¢*b) and then transform-
ing ¢ into an automaton. (We shall see that the procedure is quite laborious.) The formula
states that the last letter is a » and all other letters are as:

@ = 3x (last(x) A Op(x)) A Vx (—last(x) = Q,(x)).
We first replace the abbreviations in ¢ by their definitions, yielding
w = 3x (last(x) A Op(x)) A —3x (—last(x) A —=Q,(x)).

We transform y into an NFA by constructing automata for larger and larger subformulas
of y, starting with the atomic formulas. For readability, we let '] denote the automaton
for a subformula y’, instead of 4.

An automaton for last(x). We first compute an automaton for last(x) :=—3y (x <y).
Recall that the automaton [x < y] forx <y is
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Pophany .

Applying the projection operation, we get an automaton for 3y (x <y):
oo oo pid
0]’10 0]°10 0|10

@ [ >& ]-[o] @ B (<)

It remains to compute the automaton for —3y (x < y). Recall that computing the automa-
ton for the negation of a formula requires more than complementing the automaton. First,
we need an automaton recognizing the set Enc(3y (x <y)) of encodings of the minimal
interpretations of Iy (x <y). Since x is a free variable of the formula, we get

fid oid
gig o

B (x<p)

(=R

Second, we determinize and complement the automaton for Iy (x < y):
o] (o
010 T x {0, 1}

@ 0] o il &

Finally, we compute the intersection of the last two automata, which yields

B8 e

The last state is useless and can be removed, finally yielding the following NFA for last(x):
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)13

[ﬂ ’ [ﬂ [last(x)]

An automaton for Ix (last(x) A @p(x)). Next, we compute an automaton for Ix (last(x) A
0Op(x)), the first conjunct of y. We start with an NFA for Qp(x):

pid fid

m [0 (x)]

The automaton for 3x (last(x) A Op(x)) is the result of intersecting [Qp (x)] and [last(x)] and
projecting onto the first component. This yields

8
>
>

[3x (last(x) A Op(x))]

An automaton for —3x (—last(x) A =Q,(x)). Now we compute an automaton for
—3x (—last(x) A —=Q,(x)), the second conjunct of y. We first obtain an automaton for
—Q,(x) by intersecting the complement of [Q,(x)] and the automaton for Enc(Q,(x)). The

automaton for Q,(x) is
Bl
H [Qa(x)]

After determinization and complementation, we get

o) 1o

2 x{0,1}
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For the automaton recognizing Enc(Q,(x)), note that

Enc(Qq(x)) =Enc@y (x <)),

because both formulas have the same free variables and so the same interpretations. But we
have already computed an automaton recognizing Enc(y (x <y)), and so

pid pid
gid o

Oa(x)

The intersection of the last two automata yields a three-state automaton for —Q,(x), but
after eliminating a useless state, we get

fid

,( ) m ,( > [=0Qa(0)]

Note that this is the same automaton we obtained for Oy (x), which is fine, because over
alphabet {a, b}, the formulas Oy (x) and =0, (x) are equivalent.

To compute an automaton for —last(x), we observe that —last(x) is equivalent to
Jy (x <), for which we have already computed an NFA, and so

o) Lo o) Lo o) Lo

@ pid )& pid @ s

Intersecting the automata for —last(x) and —Q,(x), and subsequently projecting onto the
first component, we obtain an automaton for the sentence Jx (—last(x) A =0, (x)):

a,b a,b a,b

‘)& b \/g a,b @ [Fx (—last(x) A =Q4(x))]
/

Determinizing, complementing, and removing a useless state yields the following NFA for
—3x (—last(x) A =0, (x)):
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a

[—3x (—last(x) A =04 (x))]

Summarizing, the automata for the two conjuncts of y are

whose intersection yields a three-state automaton, which after removal of a useless state
becomes

a

m [Fx (last(x) A Op(x)) A —~Fx (last(x) A =0a(x))]

This ends the derivation.

8.10 Exercises

v & Exercise 119. Give formulations in plain English of the languages described by the
following formulas of FO({a, b}), and give a corresponding regular expression:

(a) Ix first(x)

(b) Vx false

(©) [=3IxFy (x <y A Qa(x) A QNI ATYX (Op(x) = Iy x <y A Qa(W)TA[Bx =3Iy x <]
¥¢ & Exercise 120. Let = = {a, b}.

(a) Give a formula ¢, (x,y) from FO(X), of size O(n), that holds iff y =x+ 2". Note that
the abbreviation y = x + k of page 202 has length O(k) and hence cannot be directly used.
(b) Give a sentence from FO(X), of size O(n), for the language L,={ww:we
~*and |w| =2"}.
(c) Show that the minimal DFA accepting L, has at least 22" states.

Hint: Consider residuals.

% B Exercise 121. The nesting depth d(¢) of a formula ¢ of FO({a}) is defined inductively
as follows:

o d(Qy(x)=dx<y)=0,
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« d(=y)=d(y),
« d(p1 Vv 92) =max{d(p1),d(p2)}, and
«d@x y)=1+d(y).

Prove that every formula ¢ from FO({a}) of nesting depth n is equivalent to a formula
f of OF having the same free variables as ¢, and such that every constant k appearing in
f satisfies k < 2", Hint: Modify suitably the proof of theorem 8.17.

¢ [&E Exercise 122. Considerthe extension of FO(X ) where addition of variables is allowed.
Give a sentence of this logic for palindromes, that is, for language {w € T* : w=wf}.

¢ 7 Exercise 123. Let X be a finite alphabet. A language L C X* is star-free if it can be
expressed by a star-free regular expression, that is, a regular expression where the Kleene
star operation is forbidden, but complementation is allowed. For example, X* is star-free
since £* =, but (aa)* is not. In this exercise we show that every star-free language can
be expressed by a sentence of FO(X).

(a) Give star-free regular expressions and FO(X) sentences for the following star-free
languages:

i 7,

(i) Z*4X* forsome A C X,

(iii) A4* for some 4 C X,

(iv) {we Z*:w does not contain aa}, and

(V) (ab)*.

(b) Show that finite and co-finite languages are star-free.

(c) Show that for every sentence ¢ € FO(X), there exists a formula ¢+ (x, ), with two free
variables x and y, such that for every we X and for every 1 <i<j<w,
wEeTG,)) iff wiwirr - wiEo.

(d) Give a polynomial-time algorithm that decides whether ¢ satisfies a given sentence of
FO(Y).
(e) Show that any star-free language can be expressed by an FO(X) sentence.

Hint: Use (c).

v [E Exercise 124. Give a formula Odd_card(X) from MSO(X) expressing that the set
of positions X has odd cardinality. Hint: Follow the pattern of Even(X).

Y I& Exercise 125. Give formulas of MSO({a, b}) that define the following languages:

(a) aa*b*,

(b) the set of words with an odd number of occurrences of a, and
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(c) the set of words such that every two bs with no other b in between are separated by a
block of as of odd length.

¥ & Exercise 126. Given a formula ¢ from MSO(X) and a second-order variable X not
occurring in ¢, show how to construct a formula ¢ with X as an additional free variable
expressing “the projection of the word onto the positions of X satisfies ¢.” Formally, ¢
must satisfy the following property: for every interpretation V' of o, we have (w, V) |= ¢
iff (Wlyn), V) =@, where wly(xy denotes the result of deleting from w the letters at all
positions that do not belong to V(X).

¥r of Exercise 127.

(a) Given two sentences @1, 2 € MSO(X), construct a sentence Conc(p1,¢y) satisfying
L (Conc(p1,92)) =L (p1) - L (92).
(b) Given a sentence ¢ of MSO(X), construct a sentence Star(p) satisfying

L (Star(p)) =L (p)*.

(c) Give an algorithm RegtoMSO that takes a regular expression r as input and constructs
a sentence ¢ of MSO(X) such that £ (¢) = L (r), without first constructing an automaton.
Hint: Use exercise 126.

vl Exercise 128. Consider the logic PureMSO(X) with syntax
P =XCO, | X<Y|XCY|—p|loVe]|IXe.

Note that formulas of PureMSO(X) do not contain first-order variables. The satisfaction
relation of PureMSO(X) is given by

wYV) E XcQ, iff wlpl=aforevery peV(X),
w,V) = X<Y iff p<p foreverypeVX),p cV(Y),
wV) E XCY iff VX)CVQ),

with the rest as for MSO(X).

Prove that MSO(X) and PureMSO(X) have the same expressive power for sentences—
that is, show that for every sentence ¢ of MSO(X), there is an equivalent sentence y of
PureMSO(X) and vice versa.

7 B Exercise 129. Recall the syntax of MSO(Z):
=040 |x<y|xeX|=plopVe|Ixe|IXg.
We have introduced y =x 4+ 1 (“y is the successor position of x’) as an abbreviation:

=x+1)=Cx<y)A-Tz(x<zAz<Y).
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Consider now the variant MSO'(Z) in which, instead of an abbreviation, y =x + 1 is part
of the syntax and replaces x < y. In other words, the syntax of MSO'(X) is

9:=0ax) |y=x+1|xeX|=plpVe|[Ire|IX .
Prove that MSO'(Z) has the same expressive power as MSO(ZX).
ve & Exercise 130.

(a) Give a macro Block_between(X, i, /) of MSO(X) expressing “X contains the positions
between i and j (inclusively).”

(b) Let 0 <m <n. Give a formula Mod™" of MSO(X) such that Mod™"(i,j) holds
whenever [w;w;y1 - - - wj| = m (mod n)—that is, whenever j — i + 1 =m (mod 7).

(¢) Let 0 <m < n. Give a sentence of MSO(X) that defines a™ (a")*.

(d) Give a sentence of MSO({a, b}) that defines the language of words such that every two
bs with no other b in between are separated by a block of as of odd length.

¢ & Exercise 131. Consider a formula ¢ (X) of MSO(X) that does not contain any occur-
rence of predicates of the form Q,(x). Given two interpretations that assign the same set of
positions to X, we have that either both interpretations satisfy ¢ (X), or none of them does.
Thus, we can speak of the sets of natural numbers satisfying ¢ (X).

This observation can be used to automatically prove some (very) simple properties of
the natural numbers. Consider, for instance, the following “conjecture”: every finite set of
natural numbers has a minimal element.? The conjecture holds iff the formula

Has_min(X):=IxeX VyeX (x<y)

is satisfied by every interpretation in which X is nonempty. Construct an automaton for
Has_min(X), and check that it recognizes all nonempty sets.

¥ [ Exercise 132. The encoding of a set is a word that can be seen as the encoding of
a number. We can use this observation to express addition in monadic second-order logic.
More precisely, give a formula Sum(X, Y, Z) that holds iffny + ny = nz, where ny, ny, and
nz are respectively the numbers encoded by the sets X, Y, and Z using the LSBF-encoding.
For instance, the words

X [0][1]]0 1 1 1 1 rjfojfrojfo
Y |1 1{]0] and |1 1 1 L1{O0f[]0][Of]0O
Z | 1] 0] [! 0] L1 1 1] [0 L] [O0] O

should satisfy the formula since the first encodes 2+3 =5, and the second encodes
314 15=46.

3. Of course, it also holds for all infinite set, but we cannot prove it using MSO over finite words.



9 Application III: Presburger Arithmetic

Presburger arithmetic is a logical language for expressing properties of numbers by means
of addition and comparison. A typical example of such a property is “x+ 2y > 2z and
2x — 3z =4y The property is satisfied by some triples (7, n,, n;) of natural numbers, like
(4,2,0) and (8, 1,4), but not by others, like (6,0,4) or (2,2,4). Valuations satisfying the
property are called solutions or models.

We show how to construct, for a given formula ¢ of Presburger arithmetic, an NFA 4,,
recognizing the solutions of ¢. We proceed as follows. In section 9.1, we introduce the syn-
tax and semantics of Presburger arithmetic; in section 9.2, we construct an NFA recognizing
all solutions over the natural numbers; and in section 9.3, we construct an NFA recogniz-
ing all solutions over the integers.

9.1 Syntax and Semantics

Formulas of Presburger arithmetic are constructed out of an infinite set of variables V =
{x,»,z,...} and the constants 0 and 1. The syntax of formulas is defined in three steps. First,
the set of ferms is inductively defined as follows:

« the symbols 0 and 1 are terms,
« every variable is a term, and

« if t and u are terms, then ¢ + u is a term.

An atomic formula is an expression ¢ < u, where ¢ and u are terms. The set of Presburger
formulas is inductively defined as follows:

« every atomic formula is a formula, and

. if ¢ and ¢, are formulas, then so are =@y, @1 V @2, and 3x @;.

As usual, variables within the scope of an existential quantifier are bounded and otherwise
free. Besides standard abbreviations like V, A, —, we also introduce
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n times n times
—— ——
ni=1+14...4+1, nx:i=x-+x-+...+x,
t>1 =1 <t t<t:=t<t A=(t="1),
t=t =t<t At>7, t>1 =1 <t

An interpretation is a function V: V' — N. An interpretation V is extended to terms in
the natural way: V(0) =0, V(1) =1, and V(¢ + u) = V(¢) + V(u). The satisfaction relation
V =@ for an interpretation V' and a formula ¢ is inductively defined as follows, where
V[n/x] denotes the interpretation that assigns the number 7 to the variable x and the same
numbers as V to all other variables:

ViEt<u iff V(@) <V(u),

VE-p1 iff Ve,

VEe Ve iff ViEe orVEge,

VE3Ixe iff there exists n > 0 such that V[n/x] = ¢.

It is easy to see that whether V satisfies ¢ or not depends only on the values ) assigns to
the free variables of ¢ (i.e., if two interpretations assign the same values to the free variables,
then either both satisfy the formula, or none does). The solutions of ¢ are the projection
onto the free variables of ¢ of the interpretations that satisfy ¢. If we fix a total order on
the set V' of variables and if a formula ¢ has k free variables, then its set of solutions can
be represented as a subset of N¥ or as a relation of arity & over the universe N. We call this
subset the solution space of ¢ and denote it by Sol(p).

Example 9.1 The solution space of the formula x — 2 > 0 is the set {2, 3,4, ...}. The free
variables of the formula 3x (2x = y A 2y =z) are y and z. The solutions of the formula are the
pairs {(2n,4n) : n > 0}, where we assume that the first and second components correspond
to the values of y and z, respectively.

Automata encoding natural numbers. We use transducers to represent, compute, and
manipulate solution spaces of formulas. As in section 5.1 of chapter 5, we encode natural
numbers as strings over {0, 1} using the least-significant-bit-first encoding LSBF. If a for-
mula has free variables x1, . . ., xx, then its solutions are encoded as words over {0, 1}¥. For
instance, the word

X1 1 0 1 0

X2 0Oj11]10]]|1

X3 0][0]]0][O

encodes the solution (5, 10, 0). The language of a formula ¢ is defined as

L(p)= LJIﬁBH@,

seSol(p)
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where LSBF(s) denotes the set of all encodings of the tuple s of natural numbers. In other
words, L (¢) is the encoding of the relation Sol(p).

9.2 An NFA for the Solutions over the Naturals

Given a Presburger formula ¢, we construct a transducer 4, such that £ (A,/,) =L(p).
Recall that Sol(¢) is a relation over N whose arity is given by the number of free variables
of ¢. The last section of chapter 5 implements operations on relations of arbitrary arity.
These operations can be used to compute the solution space of the negation of a formula,
the disjunction of two formulas, and the existential quantification of two formulas:

« The solution space of the negation of a formula with & free variables is the complement
of its solution space with respect to the universe U*. In general, when computing the com-
plement of a relation, we have to worry about ensuring that the NFAs we obtain only accept
words that encode some tuple of elements (i.e., some cleanup may be necessary to ensure
that automata do not accept words encoding nothing). For Presburger arithmetic, this is not
necessary, because in the LSBF encoding, every word encodes some tuple of numbers.

« The solution space of a disjunction @iV @2, where ¢; and ¢, have the same
free variables, is clearly the union of their solution spaces and can be computed as
Union(Sol(¢1),Sol(p2)). If ¢ and ¢, have different sets V; and V; of free variables, then
some preprocessing is necessary. Define Soly,ur, (¢;) as the set of valuations of V; U V>
whose projection onto V; belongs to Sol(p;). Transducers recognizing Soly,uy,(¢;) for
i €{1,2} are easy to compute from transducers recognizing So/(¢;), and the solution space
is Union(Soly,ur, (1), Soly,ur, (¢2)).

« The solution space of a formula 3Jxp, where x is a free variable of ¢, is
Projection_I(So/(¢)), where I contains the indices of all variables with the exception of
the index of x.

It only remains to construct automata recognizing the solution space of atomic formulas.
Consider an expression of the form

p=aix;+...+ayx, <b,

where ay, . ..,a,, b € Z (not N!). Since we allow negative integers as coefficients, for every
atomic formula, there is an equivalent expression in this form (i.e., an expression with
the same solution space). For example, x >y +4 is equivalent to —x+y < —4. Letting
a=(ay,...,an), x=(x1,...,x,), and denoting the scalar product of a and x by a - x, we
write p =a-x <b.

We construct a DFA for So/(¢). The states of the DFA are integers. We choose transitions
and final states of the DFA so that the following property holds:

State g € Z recognizes the encodings of the tuples ¢ € N” such that a - ¢ <g. 9.1
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Given a state g € Z and a letter ¢ € {0, 1}", let us determine the target state ¢’ of the transition
d(g, ) of the DFA. A word w € ({0, 1}")* is accepted from ¢’ iff the word ¢'w is accepted
from ¢. Since we use the LSBF encoding, if ¢ € N” is the tuple of natural numbers encoded
by w, then the tuple encoded by {w is 2¢ 4 ¢. So ¢ € N” is accepted from ¢ iff 2¢ + ¢ is
accepted from g. Therefore, in order to satisfy property (9.1), we must choose ¢’ so that
a-c<q iffa-2c+ ) <q. Alittle arithmetic yields

’r_ qg—a-{
q_ 2 s

and hence we define the transition function of the DFA by

sa0=| 5|,

For the final states, we observe that a state is final iff it accepts the empty word iff it
accepts the tuple (0, ...,0) € N". So, in order to satisfy (9.1), we must make state ¢ final iff
q > 0. As initial state, we choose the integer b. This leads to the algorithm AFtoDFA(p) of
algorithm 42, where for clarity, the state corresponding to an integer & € Z is denoted by sy.

Algorithm 42 Conversion of an atomic formula into a DFA recognizing the LSBF
encoding of its solutions.

AFtoDFA(p)
Input: Atomic formulagp =a-x<b
Output: DFA 4, = (0, X, 9, q¢, IF) such that £ (A,/,) =L (p)
0,0, F < 0; qo < sp
W <« {sp}
while W # () do
pick s; from W
add s; to O
if £ > 0 then add s; to F'
for all - € {0, 1}" do
. | k=a-¢
=]
9 if s; ¢ O then add s; to IV
10 add (s¢, ¢, s)) to o

~ o b W N

[ee]

Example 9.2 Consider the atomic formula 2x —y <2. The DFA obtained by applying
AFtoDFA to it is shown in figure 9.1. The initial state is 2. Transitions leaving state 2 are
given by
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) L] ol 1

pid

Figure 9.1
DFA for the formula 2x —y <2.

2—2,—-1)- (& 2-2
s,0=| 2@ 6o || 222640 |
2 2
and hence we have 2 10.01 1,2 (011 1,2 [1.0] 0, and 2 —[ll 0. States 2, 1, and 0 are

final. The DFA accepts, for example, the word

]G0l 1

which encodes x =12 and y =50 and, indeed, 24 — 50 < 2. If we remove the last letter,
then the word encodes x = 12 and y = 18 and is not accepted, which indeed corresponds to
24— 18 £2.

Now, consider the formula x +y > 4. We rewrite it as —x —y < —4 and apply the algo-
rithm. The resulting DFA is shown in figure 9.2. The initial state is —4. Transitions leaving
—4 are given by

6(_4,C)= L_4_(_]s_l)(gxaiy)J — \‘_4+CX+CJ’J ,

2 2
and hence we have
ERLLLN SR LU N YL R P R L R

Note that the DFA is not minimal, since states 0 and 1 can be merged.

Partial correctness of AFtoDFA is easily proved by showing that for every ¢ € Z and every
word w € ({0, 1}")*, the state g accepts w iff w encodes ¢ € N” satisfying a - ¢ < q. The proof
proceeds by induction of |w|.
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Figure 9.2
DFA for the formula x +y > 4.

For |w| =0, the result follows immediately from the definition of the final states and, for
|w| > 0, from the fact that ¢ satisfies (9.1) and from the induction hypothesis. Details are
left to the reader. Termination of AFfoDFA also requires a proof: in principle, the algorithm
could keep generating new states forever. We show that this is not the case.

Lemma 9.3 Let p=a-x<b and let s= Z{'{:l |a;|. All states s; added to the workset
during the execution of AFtoDFA(¢) satisfy — |b] —s <j <|b| +s.

Proof The property holds for sp, the first state added to the workset. We show that, at any
point in time, if all the states added to the workset so far satisfy the property, then so does
the next one. Let s; be this next state. There exists a state s; added to the workset in the past,
and ¢ € {0, 1}" such that j = L%(k —a-{)]. Since, by assumption, s satisfies the property,
we have

— bl —s<k=<I|bl+s

L_|b|_8_a.§J5J5L|b|+s_a[J- 92)

and hence

2 2
Now, we manipulate the right and left sides of (9.2). A little arithmetic yields

bl s< —|b|—2s< —|bl—s—a-¢
— 2 2 9

<1b| +s,

bl +s—a-¢ _ |b| +2s
2 2

which together with (9.2) leads to

— bl —s=j=<Ibl+s. O
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Example 9.4 We compute all natural solutions of the system of linear inequations
2x—y <2
x+y >4,

such that both x and y are multiples of 4. This corresponds to computing a DFA for the
Presburger formula

Iz (x=42) ATw (Y =4W) A Qx—y <2) A (x +y > 4).

The minimal DFA for the first two conjuncts can be computed using projections and
intersections, but the result is also easy to guess: it is the DFA of figure 9.3 (where a trap
state has been omitted). The solutions are then represented by the intersection of the DFAs
depicted in figure 9.1, figure 9.2 (after merging states 0 and 1), and figure 9.3. The result is
shown in figure 9.4. (Some states from which no final state can be reached are omitted.)

9.2.1 Equations

A slight modification of AFfoDFA directly constructs a DFA for the solutions of a-x =25,
without having to intersect DFAs for @ - x < b and —a - x < —b. The states of the DFA are a

Figure 9.3
DFA for the formula 3z (x =4z) A 3w (y =4w).

Figure 9.4
Intersection of the DFAs of figures 9.1-9.3. States from which no final state is reachable have been omitted.
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trap state ¢g; accepting the empty language, plus integers satisfying:
State g € Z recognizes the encodings of the tuples ¢ € N” such that a - c =gq. 9.3)

For the trap state ¢;, we take d(gs, ) = q; for every ¢ € {0, 1}". For a state ¢ € Z and a let-
ter ¢ € {0, 1}", we determine the target state ¢’ of transition (g, ¢). Given a tuple ¢ € N”,
property (9.3) requires ¢ € £ (q’ ) iff a-c=¢q’. As in the case of inequations, we have

ce[ﬂ(q’) < 2c+e€L(q)
< a - Q2c+¢)=q (by property [9.3] for q)
q—a-{
—
If ¢ —a- ¢ is odd, then, since a - ¢ is an integer, the equation a-c= (¢ —a - )/2 has no
solution. So, in order to satisfy property (9.3), we must choose ¢’ satisfying £ (q’ ) ={, and

so we take ¢’ = ¢,. If ¢ — a - ¢ is even, then we must choose ¢’ satisfying a - ¢ = ¢/, and hence
we take ¢’ = (¢ — a - {)/2. Therefore, the transition function of the DFA is given by

<~ a-c=

q ifg=gq;orqg—a- isodd,
5@.0=1" o
(gq—a-¢)/2 ifg—a-{iseven.
For the final states, recall that a state is final iff it accepts the tuple (0, ...,0). So ¢ is
nonfinal and, by property (9.3), ¢ € Z is final iffa - (0. .., 0) = q. Hence, the only final state
is ¢ =0. The result is algorithm 43. The algorithm does not construct the trap state.

Example 9.5 Consider the formulas x4y <4 and x+y=4. The result of applying
AFtoDFA to x +y <4 is depicted at the top of figure 9.5. Observe the similarities and dif-
ferences with the DFA for x 4 y > 4 illustrated in figure 9.2. The bottom of figure 9.5 shows
the result of applying EqtoDFA to x +y=4. Note that the transitions are a subset of the
transitions of the DFA for x + y <4. This example shows that the DFA is not necessarily
minimal, since state —1 can be deleted.

Partial correctness and termination of EqtoDFA are easily proved following similar steps
to the case of inequations.

9.3 An NFA for the Solutions over the Integers

We construct an NFA recognizing the encodings of the integer solutions (positive or neg-
ative) of a formula. In order to deal with negative numbers, we use two’s complements. A
two’s complement encoding of an integer x € Z is any word apaj - - - a, over the alphabet
{0, 1}, where n > 1, satisfying
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Algorithm 43 Conversion of an equation into a DFA recognizing the LSBF encodings of
its solutions.

EqtoDFA(p)

Input: Equation ¢ = (a-x =)

Output: DFA A=(Q, £,9,qo,F) such that £ (4) = L (p)
(without trap state)

=

0,0,F < 0; qo < sp
W <« {sp}
while 7 # () do
pick s; from W
add s; to O
if k=0 then add s; to I/
for all - € {0, 1}" do
if (k—a- ) is even then
j<(k—a-$)/2
if s; ¢ O then add s; to W/
add (s, ¢,s5) to o

O W W g o U W N

=
=

n—1
x:Zai~2i—an~2". (94)
i=0

We call a,, the sign bit. For example, 110 encodes 1 +2 —0=3,and 111 encodes 1 +2 —
4 = —1. If the word has length 1, then its only bit is the sign bit; in particular, the word 0
encodes the number 0, and the word 1 encodes the number — 1. The empty word encodes no
number. Observe that all of 110, 1100, 11000, . .. encode 3, and allof 1, 11,111, ... encode
—1. In general, it is easy to see that all words of the regular expression ag .. .a,—1a,a;
encode the same number: for a,, = 0, this is obvious, and for @, =1, both aq . ..a,_11 and
ap . ..a,—111™ encode the same number because

—amtr ety ol =,

This property allows us to encode tuples of numbers using padding. Instead of padding with
0, we pad with the sign bit.

Example 9.6 The triple (12,—3,—14) is encoded by all the words of the regular

expression
3

ofj0|]1 11{0]1]0
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Figure 9.5
DFAs for the formulas x +y < 4 (top) and x +y =4 (bottom).

The words
010 1 0 010 1 1 o]f[o7] o
1 0 1 1 1| and |1 0 1 1 1 1 1
0 1 0/]0 1 0 1 0[]0 1 1 1

encode the triples (x,y,z) and (x',)/,Z’) given by
x=0+0+4+8-0 = 12,
y=1+04+44+8—16 = —3,
z=04+24+04+0—-16 =—14,

X=0+04+4+84+04+0-0 = 12,
Y=14+0+4+8+16+32—-64= -3,
Z=0+4+24+0+04+16+32—64=—14.
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We construct an NFA (no longer a DFA!) recognizing the integer solutions of an atomic
formula a - x < b. As usual, we take integers for the states, and the NFA should satisfy:

State g € Z recognizes the encodings of the tuples ¢ € Z" such thata - ¢ < g. 9.5)

However, integer states are no longer enough, because no state g € Z can be final: in the
two’s complement encoding, the empty word encodes no number, and so, since ¢ cannot
accept the empty word by property (9.5), ¢ must be nonfinal. But we need at least one final
state, and so we add to the NFA a unique final state gs without any outgoing transitions,
accepting only the empty word.

Given a state ¢ € Z and a letter ¢ € {0, 1}", we determine the targets ¢’ of the transitions
of the NFA of the form ¢’ € d(g, {), where ¢ € {0, 1}". (There will be either one or two such
transitions.) A word w € ({0, 1}"")* is accepted from some target state ¢ iff ¢w is accepted
from ¢. In the two’s complement encoding, there are two cases:

(1) If w#e¢, then ¢w encodes the tuple 2c¢ + ¢ € Z", where c is the tuple encoded by w.
(This follows easily from the definition of two’s complements.)

(2) If w=¢, then ¢'w encodes the tuple —¢ € Z", because in this case, ¢ is the sign bit.
¢ C ¢

In case (1), property (9.5) requires a target state ¢’ such thata- ¢ < g iffa- 2c+¢) <¢'.

Thus, we take
q/ — q—a- C
> .

In case (2), property (9.5) only requires a target state ¢’ if a- (—¢) <g, and if so, then it
requires ¢’ to be a final state. So, if ¢+ a - ¢ > 0, then we add

¢
q—49r

to the set of transitions; in this case, the automaton has two transitions leaving state ¢ and
labeled by ¢. Summarizing, we define the transition relation by

{llg—a-0)/2].qr} ifg+a-c>0,

{llg—a-0)/21} otherwise.

Observe that the NFA contains all the states and transitions of the DFA for the natural
solutions of a - x < b, plus possibly other transitions. All integer states are now nonfinal; the
only final state is g;.

Example 9.7 Figure 9.6 shows the NFA recognizing all integer solutions of 2x —y <2. It
has all states and transitions of the DFA for the natural solutions, plus some more (compare
with figure 9.1). The final state g and the transitions leading to it are colored. Consider,
for instance, state —1. In order to determine the letters ¢ € {0, 1}2 for which qred(=1,0),
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Figure 9.6
NFA for the integer solutions of 2x —y <2.

we compute g +a - ¢ = —1+2¢ — ¢, foreach (¢, ) € {0, 1}? and compare the result to 0.
We obtain that the letters leading to gy are (1,0) and (1, 1).

9.3.1 Equations

In order to construct an NFA for the integer solutions of an equation a - x = b, we can pro-
ceed as for inequations. The result is again an NFA containing all states and transitions of
the DFA for the natural solutions computed in section 9.2.1, plus possibly some more. The
automaton has an additional final state g, and a transition

q—(>qf iffg+a-¢c=0.

Graphically, we can also obtain the NFA by starting with the NFA for a-x <b and then
removing all transitions

q N g suchthatq #(qg—a-)/2,

q—(>qf such thatg+a-¢ #0.
Example 9.8 The NFA for the integer solutions of 2x — y =2 is depicted in figure 9.7. Its
transitions are a subset of those of the NFA for 2x —y <2.

The NFA for the integer solutions of an equation has an interesting property. Since ¢ +
a-¢=0holds iff (g4 a-¢)/2=2q/2 =q, the NFA has a transition

q N qr iff it also has a self-loop ¢ N q.
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Figure 9.7
NFA for the integer solutions of 2x —y =2.

Figure 9.8
Minimal DFA for the integer solutions of 2x —y =2.

For instance, state 1 of the NFA of figure 9.7 has a colored transition labeled by (0, 1)
and a self-loop labeled by (0, 1). Using this property, it is easy to see that the powerset
construction does not cause a blowup in the number of states: it only adds one extra state
for each predecessor of the final state.

Example 9.9 The DFA obtained by applying the powerset construction to the NFA for
2x —y =2 is shown in figure 9.8 (the trap state has been omitted). Each of the three
predecessors of gy gets “duplicated.”

Moreover, the DFA obtained by means of the powerset construction is minimal. This can
be proved by showing that any two states recognize different languages. If exactly one of



242 Chapter 9

the states is final, we are done. If both states are nonfinal, say, k and &/, then they recognize
the solutions of @ -x =k and a - x = k’, and so their languages are not only distinct but even
disjoint. If both states are final, then they are the “duplicates” of two nonfinal states k and
k', and their languages are those of k and &, plus the empty word. So, again, their languages
are distinct.

9.3.2 Algorithms

The procedures for the construction of the NFAs are described in algorithm 44. Additions
to the previous algorithms are shown in gray.

Algorithm 44 Converting equations and inequations into NFAs accepting the two’s
complement encoding of the solution space.

IneqZtoNFA(p) EqZtoNFA(p)
Input: ¢ = (a-x <b) over Z Input: 9 = (a-x=0>) over Z
Output: NFA A= (0, X£,9, 00, F) Output: NFA A= (0, %£,0,0,F)
such that £ (4) = L (p) such that £ (4) = L (p)
1 Q,0,F «@; Oy < {sp} 1 0,0,F < 0; Qo < {sp}
2 W< {sp} 2 W <—{sp}
3 while W #0 do 3 while W #0 do
4 pick s; from W 4 pick s; from W
5 add s; to O 5 add s; to QO
6 for all € {0, 1}" do 6 for all ¢ € {0, 1}" do
7 j<—ltk—a-2)/2] 7 ifk—a-¢ iseven then
8 if s5; ¢ O then add s; to W/ 8 if k+a- =0 then
9 add (s, ¢,s) to 0 9 add sy to
10 if k+a-7 >0 then 10 j—(k—a-)/2
11 add gr to Q and F 11 if s; ¢ O then add s; to V/
12 add (s¢, ¢, qr) to o 12 add (s¢,¢,s/) to o
13 ifk+a-¢>0then
14 add gy to Q and I
15 add (s, ¢, qr) to &

9.4 Exercises

¢ & Exercise 133. Express the following expressions in Presburger arithmetic:

(@) x=0and y=1 (if 0 and 1 were not part of the syntax),
(b) z=max(x,y) and z=min(x, y).
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ve of Exercise 134. How can one determine algorithmically whether two formulas from
Presburger arithmetic have the same solutions?

Y7 [& Exercise 135. Let >0 and n > 1. Give a Presburger formula ¢ such that 7 = ¢ iff
Jx) > T ) and J (x) — J (y) =r (mod n). Give an automaton that accepts the solutions
of g forr=0and n=2.

Y7 &% Exercise 136. Construct an automaton for the Presburger formula 3y (x = 3y) using
the algorithms of the chapter.

% ¢ Exercise 137. Algorithm AFtoDFA yields a DFA that recognizes solutions of a linear
inequation encoded using the LSBF encoding. We may also use the most-significant-bit-first

encoding, for example,
2 01" 1770
wsor ([3])=[o] L[]

(a) Construct a DFA for 2x —y < 2, w.r.t. MSBF encodings, by considering the reversal of
the DFA given in figure 9.1 for LSBF encodings.
(b) Rename the states of the DFA obtained in (a) by their minimal state number, and explic-
itly introduce a trap state named 3. Compare values 2x — y and ¢ for tuples [x, y] that lead
to a state g. What do you observe?
(c) Adapt algorithm AFtoDFA to the MSBF encoding.

Hint: Design an infinite automaton obtained from a - ¢ = q and make it finite based on (b).

% o/ Exercise 138. Suppose it is late and you are craving for chicken nuggets. Since
you are stuck in the subway, you have no idea how hungry you will be when reaching the
restaurant. Since nuggets are only sold in boxes of 6, 9, and 20, you wonder if it will be
possible to buy exactly the amount of nuggets you will be craving for when arriving. You
also wonder whether it is always possible to buy an exact number of nuggets if one is hungry
enough. Luckily, you can answer these questions since you are quite knowledgeable about
Presburger arithmetic and automata theory.

For every finite set.S C N, we say that number n € N is an S-number if n can be obtained as
a linear combination of elements of S. For example, if S = {6, 9, 20}, then 67 is an S-number
since 67=3-6+1-9+2-20, but 25 is not. For some sets S, there are only finitely many
numbers that are not S-numbers. When this is the case, we say that the largest number that
is not an S-number is the Frobenius number of S. For example, 7 is the Frobenius number
of {3, 5}, and § = {2, 4} has no Frobenius number.

To answer your questions, it suffices to come up with algorithms for Frobenius numbers
and to instantiate them with S = {6, 9, 20}.

(a) Give an algorithm that decides, on input » € N and a finite set S Cpite N, whether 7 is
an S-number.
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(b) Give an algorithm that decides, on input S Cgpite N, whether S has a Frobenius number.
(c) Give an algorithm that computes, on input S Cgpite N, the Frobenius number of S
(assuming it exists).

(d) Show that S={6,9,20} has a Frobenius number, and identify it.

w [E Exercise 139. Automata are more expressive than Presburger arithmetic. They can
represent

p(x,y) =“x is the largest power of 2 that divides ;" and

v (x,y) = “x is the largest power of 2 smaller or equal to y,”

while Presburger arithmetic can express neither ¢ nor y, since, informally, addition is not
powerful enough to achieve exponentiation. Give automata representing ¢ and y, where
numbers are over N and given by LSBF encodings.

¢ 7= Exercise 140. Converting a Presburger formula over k variables into a DFA yields
an alphabet of 2% letters. In order to mitigate this combinatorial explosion, one can instead
label transitions with boolean expressions. For example, [0, 1] can be written as —x A y, and
the set {[1,0], [, 1]} can be written as x. Such expressions can internally be represented,
for example, as binary decision diagrams.

(a) Give DFAs for formulas x < y and y < z, using boolean expressions rather than letters.
(b) Construct a DFA forx <y <z.



II AUTOMATA ON INFINITE WORDS






1 O Classes of w-Automata and Conversions

Automata on infinite words, called w-automata in this book, were introduced in the 1960s
as an auxiliary tool for proving the decidability of some problems in mathematical logic. As
the name suggests, they are automata whose input is a word of infinite length. Therefore,
the run of an automaton on a word does not terminate.

An w-automaton makes little sense as a language acceptor that decides whether a word
satisfies a property or not: not many people are willing to wait infinitely long to get an
answer to a question! However, w-automata still make perfect sense as a data structure, that
is, as a finite representation of a (possibly infinite) set of infinite words.

There are objects that must be represented as infinite words. The example that first
comes to mind are the real numbers. A second example, more relevant for applications,
are program executions. Programs may have nonterminating executions, either because of
programming errors or because they are designed this way. Indeed, many programs whose
purpose is to keep a system running, like routines of operating systems, network infras-
tructures, communication protocols, and so on, are designed to be in constant operation.
Automata on infinite words can be used to finitely represent the set of executions of such
programs. They are an important tool for the theory and practice of program verification.

In the second part of this book, starting now, we develop the theory of w-automata as
a data structure for languages of infinite words. This first chapter introduces w-regular
expressions, a textual notation for defining languages of infinite words, and then proceeds
to present different classes of automata on infinite words, most of them with the same
expressive power as w-regular expressions, and conversion algorithms between them.

10.1 w-Languages and w-Regular Expressions

Let X be an alphabet. An infinite word, also called an w-word, is an infinite sequence

apaiay - - - of letters from X. A set L C X“ of w-words is an infinitary language or
w-language over X. We denote by X the set of all w-words over .
The concatenation of a finite word u =aq - - - a,, and an w-word v=>byb; - - - is the w-

word uv=ay - - - ayboby - - -, sometimes also denoted u - v. (Observe that the concatenation
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of two w-words is not defined.) We extend this definition to languages. The concatenation of
a language L and an w-language L is the w-language L1, ={wiwy € 2w €L|,wr €
Ly}, also denoted L - L.

The w-iteration of a language L C X* is the w-language obtained by concatenating
infinitely many nonempty words of L. In other words, L® ={wjw, - - - :w; € L'\ {¢}}.

Remark 10.1 Note that {¢}* = @ = @. Intuitively, it is impossible to construct an w-word
by concatenating words of length 0 or words taken out of the empty set.

We extend regular expressions to w-regular expressions, a formalism to define w-
languages.

Definition 10.2 The w-regular expressions over an alphabet X are defined by the follow-
ing grammar, where r € RE(X) is an arbitrary regular expression:

su=r"|rs1|s1+ 2.

Sometimes we write r- sy instead of rsy. The set of all w-regular expressions over ¥ is
denoted by RE,(X).

The language L, (s) C X? of an w-regular expression s € RE ,(X) is defined inductively
as follows:

o Lo (r?)=(L ()",
o Loy (rs1))=L(r)- Ly (s1), and
o Loy (s14+52)=Lgy (s1)U Ly (52).

A language L is w-regular if L= L, (s) for some w-regular expression s.

As for regular expressions, we often write s instead of L, (s) if there is no risk of
confusion.

Example 10.3 Here are some examples of w-regular expressions and their languages.

o (a+ b)? denotes the language of all w-words over {a, b}.

o (a+Db)*b” denotes the language of all w-words over {a, b} containing only finitely
many a’s.

o (a*ab + b*ba)® denotes the language of all w-words over {a, b} containing infinitely many
as and infinitely many bs; an even shorter expression for this language is ((a + b)*ab)®.

o (b+c)*ala+ c)*b(b+ a)*c)” denotes the language of all w-words over {a, b, c} con-
taining infinitely many as, infinitely many bs, and infinitely many cs. Indeed, this is the set
of all w-words w satisfying: w contains at least one a; after every occurrence of a, there is
a later occurrence of b; after every occurrence of b, there is a later occurrence of ¢; and,
after every occurrence of ¢, there is a later occurrence of a. This is precisely the language
denoted by the w-regular expression.



Classes of w-Automata and Conversions 249

Remark 10.4

« Since any word w € X* is also a regular expression, w® is an w-regular expression. We
have L, () =0. If w #£ ¢, then L, (W?®) ={www- .-}, and so L, (W) is a language con-
taining a single w-word. Abusing notation, this word is also denoted w®. Compare with
L (a*), which is a language containing not one but infinitely many words.

« Recall that the symbol ¢ is part of the syntax of regular expressions and denotes the
language of finite words containing no elements. The symbol is necessary, because a regular
expression 7 that does not contain any occurrence of ¥ satisfies £ (r) # ), and so without
the symbol ¢, no regular expression would denote the empty language. This is no longer
the case for w-regular expressions. The symbol ¢ is not needed, because L, (¢) = 0.

10.2 w-Automata and the Quest for an w-Trinity

In chapter 1, we introduced NFAs and DFAs, plus auxiliary automata classes. In the realm
of w-words, we need to introduce different types of w-automata, each of which contains
nondeterministic and deterministic automata. Let us introduce a precise definition of w-
automaton and the idea of an automata type.

Semi-automata and runs. A (nondeterministic) semi-automaton is a tuple S=(Q, X,
0,00), where O, X, 0, and Qp are defined as for NFAs. A semi-automaton S is deter-
ministic if Qg is a singleton set, and J(q, a) is also a singleton set for every g € O and
a € X. Abusing language, we denote a deterministic semi-automaton by S = (Q, X, J, qo)
and write d(q, a) = ¢’ instead of §(¢, a) = {¢'}. A run of a semi-automaton S on an w-word
. . . ao aj

apaiar - - - € L is an infinite sequence p = go —> g1 —> - - - such that go € Oy, ¢; € O and
qi+1 € 0(qi,a;) forevery i e N.

Acceptance conditions. Intuitively, runs on w-words never terminate, and so we cannot

define whether a run is accepting in terms of the state it leads to. Instead, we define accep-

tance in terms of the states visited by the run infinitely often. An acceptance condition

divides the subsets of O into accepting and nonaccepting, and a run is accepting if the set of
. . . . . . . . apn a)

states it visits infinitely often is accepting. Formally, givenarun p =qo — g1 —> -+ -, let

inf(p) ={q € O ¢g; = q for infinitely many i € N}.

An acceptance condition is a mapping a : 2¢ — {0, 1}. A run p is accepting or satisfies the
acceptance condition if o (inf(p)) = 1.

w-automata. A (nondeterministic) w-automaton is a pair 4 = (S, ), where S is a semi-
automaton, and « is an acceptance condition. We say that 4 is deterministic if S is
deterministic. An w-automaton accepts an w-word w € X if it has an accepting run on w.
The language recognized by an w-automaton 4 is the set £, (4) ={w e X :w is accepted
by A}. We sometimes write 4 = (0, £, J, Qp, &) instead of 4 = (S, a).
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b a
()
b

Figure 10.1

Example of a semi-automaton.

Example 10.5 Consider the deterministic semi-automaton S of figure 10.1 and the accep-
tance condition a defined by a(Q') =1 iff ¢; € Q'. With this acceptance condition, a run p
is accepting iff ¢; € inf(p). In words, p is accepting iff it visits ¢ infinitely often. (Observe
that there is no condition on gg. If p visits ¢ infinitely often, then it is accepting, regardless
of whether it visits go finitely or infinitely often.)

The language recognized by the w-automaton 4 = (S, ) is the set of all words over {a, b}
containing infinitely many occurrences of a. Indeed, since all transitions labeled by « lead
to g1, the run of 4 on an w-word containing infinitely many as visits ¢ infinitely often, and
so the word is accepted. Further, since every transition leading to ¢ is labeled by a, every
accepting run reads infinitely many as.

Types of w-automata. Types of w-automata differ on the #ypes of their acceptance condi-
tions. For example, in the next sections, we will examine Biichi conditions. An acceptance
condition « is a Biichi condition if there exists a set F' C Q of states such that a (Q") = 1 iff
O'NF #@. In words, a run is accepting if it visits at least one state of F infinitely often.

Example 10.6 Consider again the semi-automaton of example 10.5. The acceptance con-
dition a defined by a (Q") = 1 iff ¢; € O’ is a Biichi condition with F' = {q }. The acceptance
condition B given by B(Q') =1 iff Q' ={q1} is not a Biichi condition (i.e., there is no
F C{q0,q1} such that 8(Q") =1 iff O’ N F # (). In particular, the language of (S, ) con-
sists of all words containing finitely many bs, but no Biichi condition recognizes the same
language.

Representing acceptance conditions. Observe that a Biichi condition is completely
determined by the set /. Abusing language, we speak of “the Biichi condition F” as an
abbreviation of “the Biichi condition induced by F.” We also call a tuple 4 = (0, X, 9, Qo,
F) a Biichi automaton, meaning that A4 is the automaton (S, a) where S = (0, X, J, Qp), and
a is the Biichi condition induced by F'. We proceed in the same way for the forthcoming
automata types.

10.2.1 The Quest for an w-Trinity

In chapter 1, we introduced a #rinity of formalisms: regular expressions, DFAs, and NFAs.
As depicted in figure 10.2, we proved that all three express exactly the regular languages,
and we described conversion algorithms between them.
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Regular
languages

Figure 10.2
Trinity of regular languages. An arrow from X to ¥ means “for every X there is an equivalent Y.”

In this section, we search for a corresponding w-trinity for w-regular languages. Sec-
tions 10.2.2 and 10.2.3 examine two simple types of w-automata, called Biichi and co-Biichi
automata, and show that they do not form an w-trinity. Section 10.2.4 introduces a more
sophisticated automata type, Rabin automata, which does.

10.2.2 Biichi Automata
Biichi automata were introduced by J. R. Biichi in the 1960s.

Definition 10.7 Let S=(0, £,9, Q) be a semi-automaton. An acceptance condition
a: 292 — (0,1} is a Biichi condition if there exists a set F C Q of accepting states such
that o(Q)=1iff Q' NF # .

A nondeterministic Biichi automaton (NBA) is a pair A = (S, F), where F C Q is a Biichi
condition. We refer to a deterministic NBA as a DBA.

Observe that we maintain the symbol F to denote the set of accepting states. We also
maintain the same graphical representation: accepting states are drawn as double circles.
Looking only at the graphical representation, one cannot tell whether an automaton is an
NFA or an NBA, but the context will make it clear.

Example 10.8 The automaton of example 10.5 is a Biichi automaton with {g;} as set of
accepting states. Figure 10.3 depicts four other Biichi automata over the alphabet {a, b, c}.

The top-left automaton, which is nondeterministic, recognizes the w-words containing
a finite number of as. Intuitively, the automaton can always stay in the initial state until it
reads the last @, guess (correctly) that it is the last one, and move to the state on the right
immediately after.

The top-right automaton recognizes the w-words in which, for each occurrence of a,
there is a later occurrence of b. So, for instance, it accepts (ab)®, ¢, or (bc)® but not ac®
or ab(ac)®.
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a,b,c b,c b,c a,c

Figure 10.3
Four Biichi automata.

The bottom-left automaton recognizes the w-words that contain finitely many occur-
rences of a (possibly zero) or infinitely many occurrences of a and infinitely many
occurrences of b.

Finally, the bottom-right automaton recognizes the w-words in which, between each
occurrence of a and the next occurrence of ¢, there is at most one occurrence of b; more
precisely, for any two numbers i <, if the letter at position 7 is an a and the first occurrence
of ¢ after i is at position j, then there is at most one number i < k < such that the letter at
position k is b.

10.2.2.1 Equivalence of NBAs and w-Regular Expressions

We show that w-regular expressions and nondeterministic Biichi automata have the same
expressive power. We present algorithms for converting an w-regular expression into an
equivalent NBA and vice versa.

From w-regular expressions to NBAs. We give a procedure that transforms an w-regular
expression s into an equivalent NBA. Using the results of chapter 1, we can transform a
regular expression 7 into an NFA in three steps:

1. Transform r into an equivalent regular expression 7° such that either 7=¢ or 7 does
not contain any occurrence of the symbol ). (See the first part of section 1.4.3.) If
7=, then output a one-state NFA with no final states and no transitions. Otherwise, move
to the next step.

2. Transform7 into an equivalent NFA-¢. The resulting NFA-¢ has a unique initial state; a
unique final state, different from the initial state; no transition leading to the initial state; and
no transition leaving the final state. (See the second part of section 1.4.3.)



Classes of w-Automata and Conversions 253

3. Transform the NFA-¢ into an equivalent NFA. (See algorithm 2 of section 1.4.2.)
The procedure for translating an w-regular expression s into an NBA is very similar.

1. Transform s into an equivalent w-regular expression s that does not contain any
occurrence of the symbol @.

2. Transforms into an equivalent NBA-¢. An NBA-¢ is a tuple 4 = (Q, X, 6, Qo, F), where
0: Ox (2U{e}) = P(Q).Arun p =q N q1 A ofdis accepting ifinf(p) N F # ()
and a; € ¥ for infinitely many i€ N (this ensures that accepting runs only accept w-
words). In particular, any NBA-¢ containing only e-transitions recognizes the empty
language.

3. Transform the NBA-¢ into an equivalent NBA, using the same algorithm as for NFA-¢.
We describe steps 1 and 2.

Step 1. Given a regular expression 7, let 7 denote the equivalent expression mentioned
above, satisfying that either 7= or 7 does not contain any occurrence of @#. We define
s inductively as follows:

« Case s =r?. If 7=, thens = ¢?; otherwise, s = (7)*.
« Case s=rs;. If 7=, thens = ¢®; otherwise, s=75].

« Case s=s1 +57. We take =731 +755.

Step 2. We translate s into an equivalent NBA-¢ 45 with a single initial state and no tran-
sitions leading to it. Since s contains no occurrence of ¢, the algorithm of section 1.4.3
transforms every regular expression r appearing ins into an equivalent NFA-¢ 4, with a
unique initial state go; a unique final state gy, different from go; no transition leading to go;
and no transition leaving gy. We proceed by induction on the structure of s.

« If §=r®, then let 45 be the result of adding to 4, a transition (¢, a, ¢) for every transition
of the form (go, a, ¢) with a € £ U {¢}. (See the diagram at the top of figure 10.4.)

o If S=rs, then let 45 be the result of merging the unique final state of 4, and the initial
state of 4y (which is unique by induction hypothesis) and making ¢, non-accepting. (See
the diagram in the middle of figure 10.4.)

o If S=s1 + 52, then let 45 be the result of “putting 4 s; and 4, side by side”—that is, taking
the union of their states, transitions, and initial and accepting states, assuming without loss
of generality that they are disjoint, and merging their initial states—which, by induction
hypothesis, have no incoming transitions. (See the diagram at the bottom of figure 10.4.)

The complexity is the same as for regular expressions. Indeed, the number of states of
the NBA-¢ is linear in the length of the original w-regular expression, and then the same
algorithm as for NFAs is applied.



254 Chapter 10

W8 gm0

NFA-¢ for r NBA-¢ for r*
‘)O<\g[i[ : O

Qo O

NFA-¢ for r ~ o =0 A ©

©)

© NBA-¢ forr-s

NBA-¢ for s

O
oo

NBA-¢ for s >

@) O
(@) (@)

NBA-¢ for s; NBA-¢ for s; + 57

Figure 10.4
From w-regular expressions to Biichi automata.

From NBAs to w-regular expressions. LetA = (0, X, 9, Qo, F) be an NBA. We construct
an w-regular expression s4 such that L, (s4) = L, (4).

Given states ¢,q’' € O, we are interested in a regular expression 7, for the finite
words read by finite runs that start at state ¢ and, after leaving g, visit ¢’ exactly once;
more precisely, a finite word w=agaj ...ar—1 belongs to L (rq,q/) if there is a run

qO&)CII i>qz~-~qk,1 ﬂ)qk such that o =¢, gx =¢', and g; # ¢ forevery 1 <i <
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k — 1. We can easily compute r,, as follows: first, redirect all transitions of 4 leading to
state ¢’ to a new state ¢’; second, make ¢ the unique initial state and ¢” the unique final
state; and third, apply NFA-etoRE (algorithm 3 of chapter 1) to the resulting automaton,
interpreting it as an NFA.

We use the regular expressions r,, to compute the w-regular expression s,4. For each
initial state go € Qg and each accepting state g € ', let Ly, 4, € L,, (4) be the set of w-
words accepted by runs of A that start at ¢¢ and visit ¢ infinitely often. We have L, (4) =
Uygoc0o.qer Lao.g- Every o-word w € Ly, 4 can be split into an infinite sequence wowiwy - - -
of finite nonempty words, where wy is the word read by A until it visits ¢ for the first time
after leaving qg, and, for every i > 0, w; is the word read by the automaton between the ith
and the (i + 1)th visits to ¢. It follows that wo € £ (rg,,4), and w; € L (rq,4) for every i > 0.
Thus, we have Ly, g = Lo, (rg0.q (7.4)”), and hence we can take

S4= Z ”qo,q(”q,q)w

q0€Q0,9€F

Example 10.9 Consider the NBA of figure 10.5.
We compute s, :=70,1(r1,1)“ +70,2(r2,2)”. Let us abbreviate (a+b+c) to £. Applying
NFAtoRE and simplifying, we get

ro1=X*b rop=(Z +bb*(a+c)) (b+oc)
ria=b+(a+c)Z*b rma2=(b+c)
Substitution in the expression for s4 and simplification yields
s4=Z*b(b+ (@+c)X*b)” + (= +bb*(a+0c)) (b +c)(b+c)”
=(Z*D)”+ Z*(b+0)”.

10.2.2.2 Nonequivalence of NBAs and DBAs
Unfortunately, deterministic Biichi automata do not recognize all w-regular languages, and
so they do not have the same expressive power as NBAs. We show that the language of

Figure 10.5
A Biichi automaton.
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w-words over {a, b} containing finitely many occurrences of a, which is recognized by a
two-state NBA that “guesses” the last occurrence of a, is not recognized by any DBA.

Proposition 10.10  The language L, ((a + b)*b®) is not recognized by any DBA.

Proof LetL =L, ((a+ b)*b*). Weprove thatevery DBA accepting all words of L mustalso
acceptwords thatdonotbelongto L. Let4 = (0, {a, b}, q0, 6, F') be an arbitrary DBA such that
L C L, (4). Define §: O x {a, b})* — O by 8(¢, &) = g and (g, wa) = 5(5(¢, w), a). That is,
5 (¢, w) denotes the unique state reached in 4 by reading w from state ¢. Consider the w-word
wo =b®.Sincewy € Land L C L, (4), therunof 4 onwy isaccepting, and so 3(510, ug) € F for
some finite prefix ug ofwy. Letw; = ugab®. Wehavew; € L,andsoby L C L, (4),therunof4
onwj isaccepting, whichimplies P (qo0, upau ) € F forsome finite prefix upau; ofwy.Inasimi-
lar fashion, we continue constructing finite words #; such that 5 (g0, upauya- - - au;) € F.Since
Q is finite, there are indices 0 <i < such that 3((]0, upa - - - uj) = 3((]0, uopa - - -wa - - - uy). It
follows that 4 has an accepting run on the w-word

uoa - - - ui(auiy - - - auy)”.

Since a occurs infinitely often in this w-word, it does not belong to L. Thus, L # L, (4),
and we are done. O

Since DBA are strictly less expressive than NBA, Biichi automata do not form an w-
trinity. Indeed, as depicted in figure 10.6, all arrows leading to DBA are missing. So, the
quest for an w-trinity goes on.

10.2.3 Co-Biichi automata

Recall that a run of a Biichi automaton is accepting if it visits a distinguished set F* of states
infinitely often. Intuitively, visiting a state of F is a good thing for you, like, say, going for
a jog, and to be accepted you have to go for a jog again and again. We introduce co-Biichi

w-Regular
languages

Figure 10.6
Relations between w-regular expressions, NBAs, and DBAs. An arrow from X to ¥ means “for every X there is
an equivalent Y.”
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automata, where a run is accepting if it visits the set F only finitely often. The intuition is
now the opposite; visiting a state of F' is a bad thing for you, like smoking a cigarette, and
to be accepted, you must eventually quit.

Definition 10.11 Let S=(Q, £,9, Qo) be a semi-automaton. An acceptance condition
a: 29 — {0, 1} is a co-Biichi condition if there exists a set F C Q of states such that o(Q') =
L iff Q' NF =@. Abusing language, we speak of the co-Biichi condition F.

A nondeterministic co-Biichi automaton (NCA) is a pair A= (S, F), where F C Q is a
co-Biichi acceptance condition. We refer to a deterministic NCA as a DCA.

Observe that a run of an NCA is accepting iff it is not accepting as run of an NBA with
the same set F. (This is the reason for the name “co-Biichi.”) Intuitively, if new research
would prove that jogging is actually bad for you, then the runs that were accepting before
would become nonaccepting and vice versa. In particular, the language recognized by a
DCA A= (S,F) is the complement of the language recognized by the DBA A = (S, F).
(Notice that this holds only for deterministic automatal!)

Example 10.12 Consider the automata on the top of figure 10.3, but this time as co-Biichi
automata. A run of the NCA on the top left is accepting iff it stays in the left state forever.
So, the NCA recognizes all w-words.

A run of the DCA on the top right is accepting iff it eventually stays in the right state
forever. So, the automaton recognizes the set of all w-words in which there is an occurrence
of a with no later occurrence of b. This is indeed the complement of its language as a
DBA—as should be the case, because the automaton is deterministic.

10.2.3.1 Equivalence of NCAs and DCAs

We show that co-Biichi automata can be determinized, i.e., that for every NCA, there is an
equivalent DCA. Recall that for NFAs, this is achieved by means of the powerset construc-
tion (i.e., algorithm 1 of chapter 1). The following example shows that this approach no
longer works.

Example 10.13 Consider the NCA depicted on the left of figure 10.7. It recognizes the
set of all words containing finitely many occurrences of a.

The powerset construction yields the deterministic semi-automaton shown on the right
of figure 10.7. We claim that no accepting condition on this semi-automaton, of any type,

a,b b b a,b
OO (i) ——Caos)

Figure 10.7
An NCA (left) and the DCA arising from the powerset construction (right).
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(=)

b

Figure 10.8
Running example for the determinization procedure.

recognizes the same language. Consider the w-words w=a® and w' = ab®, and let p, p’ be
the runs on w and w', respectively. Since inf(p) and inf(p’) are equal (both are the singleton
set containing only the state {q¢, ¢1}), no acceptance condition can make p accepting and
p’ nonaccepting.

In the rest of the section, we show how to “enhance” the powerset construction. We fix an
NCA A= (0, £,9, Qo, F) with n states and construct an equivalent DCA B in three steps:

(a) We define a mapping dag that assigns to each w € £ a directed acyclic graph (dag for
short), which we denote dag(w).

(b) We define the breakpoints of a dag and prove that an w-word w is accepted by A iff
dag(w) contains only finitely many breakpoints.

(c) We construct a DCA B that accepts w iff dag(w) contains finitely many breakpoints.
We use the NCA of figure 10.8 as running example.

The mapping dag. Intuitively, dag(w) is the result of “bundling together” all runs of 4
on the w-word w. Figure 10.9 shows the initial parts of dag(aba®) and dag((ab)®).

Formally, the directed acyclic graph dag(w) for the w-word w=agpaj - - - is a labeled
directed graph whose nodes are elements of O x N and whose edges are labeled by letters
of X. The graph is inductively defined as follows:

« dag(w) contains a node (g, 0) for every initial state g € Qo;

« if dag(w) contains a node (g,i) and ¢’ € d(q, a;), then dag(w) also contains a node
ai .

(¢',i+ 1) and an edge (q,i) — (¢’,i+1); and

« dag(w) contains no other nodes or edges.

Clearly, qo BN q1 2, ... isarunof 4 iff (g0, 0) N (g1, 1) -2, ... is an infinite path
of dag(w). So A accepts w iff some infinite path of dag(w) visits states of F' only finitely
often.

We partition the nodes of dag(w) into levels, with the ith level containing all nodes of
dag(w) of the form (g, i). One could be tempted to think that the acceptance condition
“some infinite path of dag(w) visits states of F' only finitely often” is equivalent to “only
finitely many levels of dag(w) contain states of F',” but dag(aba®) shows this is false: even
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Figure 10.9
Fragments of dag(aba®) and dag((ab)®). For clarity, we write g, i instead of (g, 7).

though all paths of dag(aba®) visit states of F' only finitely often, infinitely many levels (in
fact, all levels i > 3) contain states of F. For this reason, we introduce the set of breakpoint
levels of the graph dag(w), inductively defined as follows:

« The Oth level of dag(w) is a breakpoint.

. Iflevel ¢ is a breakpoint, then the next nonempty level £ > € such that every path between
nodes of £ and ¢’ visits a state of F' at level £ + 1, or atlevel £ +2, ..., or at level ¢’ is also
a breakpoint.

We claim that “some infinite path of dag(w) visits states of /' only finitely often” is
equivalent to “the set of breakpoint levels of dag(w) is finite.” The argument uses a simple
version of Konig’s lemma:

Lemma 10.14 Let v be a node of a dag G, and let Reach(vy) be the set of nodes of G
reachable from vy. If Reach(v) is infinite but every node of Reach(vy) has only finitely many
successors, then G has an infinite path starting at vy.

Proof For every i > 1, let v; be a successor of v, such that Reach(v;) is infinite. The

conditions of the lemma guarantee that v; exists. Therefore, voviv; - - - is an infinite path.
O

Let us now prove the claim. If the set of breakpoints is infinite, then in particular, dag(w)
has infinitely many nodes and, by lemma 10.14, contains at least an infinite path. Moreover,
by the definition of a breakpoint, this path visits states of F infinitely often. If the set of
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breakpoint levels is finite, let 7 be the last breakpoint. If dag(w) is finite, then there are no
infinite paths, and we are done. If dag(w) is infinite, then for every j > i, there is a path z;
from level i to level j that does not visit any state of /. The paths {z;};- ;, put together, form
an acyclic subgraph of dag(w), in which every node has only finitely many successors. By
lemma 10.14, this subgraph contains an infinite path that never visits any state of F, and
the claim is proved.

If we were able to tell that a level is a breakpoint by just examining it, without inspecting
the previous levels, we could construct a DCA as follows: take the set of all possible levels as
states, the possible transitions between levels as transitions, and the breakpoints as accepting
states. The run of this DCA on an w-word w would be an encoding of dag(w), and it would
be accepting iff dag(w) contains only finitely many breakpoints, as required by the co-
Biichi acceptance condition. However, since levels are just sets of states, this corresponds
to applying the powerset construction used in chapter 1 to determinize NFAs, just with a
different acceptance condition, and we have already seen in example 10.13 that such an
approach cannot work. Intuitively, whether a level is a breakpoint or not cannot be decided
with only the information contained in the level.

The solution is to put additional information in the states. We take for the states of the
DCA pairs [P, O], where O C P C Q, with the following intended meaning: P is the set of
states of a level, and ¢ € O iff ¢ is the endpoint of some path starting at the last breakpoint
that has not yet visited any state of . We call O the set of owing states—states for which
some path “owes” a visit to F. The breakpoints correspond to the state [P, O] such that
O = (. To ensure that O has this intended meaning, we define the DCA B = (Q, x,9, q0, F)
as follows:

« The initial state gg is the pair [Qp, ¥]. (Intuitively, there is no breakpoint before level 0,
and so no paths from that breakpoint to level 0.)
« The transition relation is given by d([P, O], a) =[P, O'], where P’ = §(P, a), and
« if O#(@, then O' =6(0,a) \ F, and
« if O =1 (i.e., if the current level is a breakpoint, and the automaton must start searching
for the next one), then O’ = §(P, a) \ F; in other words, all states of the next level that do
not belong to ' become owing.
« The states of F are those at which a breakpoint is reached because there are no owing
states, that is, [P, O] € F iff O = @.

With this definition, a run is accepting iff it contains finitely many breakpoints. The
procedure for the construction is formalized in algorithm 45.

Figure 10.10 shows our running example at the top and the result of applying NCAtoDCA
on the bottom left. The DCA on the bottom right is the result of applying the powerset
construction, which is not equivalent to the NCA at the top. In particular, it accepts b,
which is rejected by the NCA, because it has no run on it, and it rejects a®, which is accepted
by the NCA.
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Algorithm 45 Algorithm to convert an NCA into a DCA.

NCAtoDCA(A)
Input: NCA A= (0, X£,0,0, F)
Output: DCA B= (0, 2,6, §o, F) with L, (4) = L, (B)
1 0,6,F < ; §o <[00, 9]
2 W <{qo}
3 while W # 0 do
2 pick [P, O] from W; add [P, O] to O
5 if O={ then add [P, O] to F
6 forallae X do

7 P =06(P,a)
if O£ then O <—6(0,a) \ F else O' < P'\ F
9 add ([P, 0],a,[P,0']) to
10 if [P’,0'] ¢ O then add [P, Q'] to W

Figure 10.10
NCA of figure 10.8 (top), output of NCAtoDCA (bottom left), and result of applying the powerset construction
(bottom right).
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Figure 10.11
Relations between w-regular expressions, NCAs, and DCAs. An arrow from X to ¥ means “for every X there is
an equivalent Y.”

For the complexity, observe that the number of states of the DCA is bounded by the
number of pairs [P, O] such that O € P C Q. For every state ¢ € 0, there are three mutually
exclusive possibilities: g € O, g € P\ O, and g € O\ P. Thus, if 4 has n states, then B has at
most 3" states.

10.2.3.2 Nonequivalence of NCAs and w-Regular Expressions
The following proposition shows that, unfortunately, co-Biichi automata do not recognize
all w-regular languages. !

Proposition 10.15  The language denoted by (b*a)® is not recognized by any NCA.

Proof  Assume some NCA recognizes L = L, ((b*a)®). Since every NCA can be deter-
minized, some DCA 4 recognizes L. Look at 4 as a DBA. The DBA A recognizes the
complement of L: indeed, a word w is recognized by the DBA A iff the run of 4 on w visits
states of /' infinitely often iff w is not recognized by the DCA 4. But the complement of L
is Ly, ((a + b)*b®), and so by proposition 10.10, it is not recognized by any DBA. We have
reached a contradiction, which proves the claim. O

So, the trinity diagram for co-Biichi automata, depicted in figure 10.11, is missing the
arrows from the w-regular expressions and the w-regular languages to NCAs and DCAs.
The quest for an w-trinity goes on.

10.2.4 Rabin Automata

The Biichi and co-Biichi conditions require that a distinguished set of states is visited
infinitely and only finitely often, respectively. Rabin conditions generalize both.

1. Every language recognized by a co-Biichi automaton is w-regular, a fact that will be proved in the next section
for a more general type of w-automata. Together with proposition 10.15, we obtain that NCAs are strictly less
expressive than NBAs, a counterintuitive fact.
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Definition 10.16 Let S= (0, X, 9, Qo) be a semi-automaton. A Rabin pair is a pair (F, G)
of sets of states (i.e., F, G C Q). An acceptance condition a.: 22 — {0, 1} is a Rabin condi-
tion if there exists a set R of Rabin pairs such that o.(Q) =1 iff O NF#Wand O’ NG =0
Jfor some (F, G) € R. Abusing language, we speak of the Rabin condition R.

A nondeterministic Rabin automaton (NRA) is a pair A = (S, R), where R C 29 x 29 is
a Rabin acceptance condition.

In words, a run of a Rabin automaton with acceptance condition R is accepting if it
visits F' infinitely often and G finitely often for some Rabin pair (F, G) € R. Given a semi-
automaton with Q as set of states, the following holds:

« A Biichi condition F is equivalent to the Rabin acceptance condition R = {(F, #)}. Indeed,
the condition requiring that states of the empty set are visited finitely often is vacuously true.

+ A co-Biichi acceptance condition G is equivalent to the Rabin acceptance condition R =
{{0, G)}. Indeed, the condition that Q is visited infinitely often is vacuously true, since runs
are infinite sequences of states of Q.

10.2.4.1 Equivalence of NRAs and w-Regular Expressions

We show that for every NBA, there is an equivalent NRA and vice versa. Since NBAs are as
expressive as w-regular expressions, it follows that NRAs and w-regular expressions have
the same expressive power.

NBA — NRA. As argued above, given an NBA 4= (0, X, 9, Qo, F), then the NRA
B=(0, X,9, 00, {(F,0)}) satisfies L, (4) = L, (B).

NRA — NBA. LetA = (S, R)bean NRA. We consider first the case in which R contains
a single Rabin pair (F, G) and construct an equivalent NBA B. Since an accepting run p of
A satisfies inf(p) N G =, from some point on, p only visits states of O\ G. So, p consists
of an initial finite part, say p°, that may visit all states, and an infinite part, say p!, that only
visits states of O \ G. Further, since p visits F infinitely often, we can assume that the last
state of pg belongs to (O \ G) N F. Thus, we construct the NBA B as follows:

« Put two copies S? and ! of S “side by side.” The first copy S is a full copy, containing
all states and transitions of 4, and S! is a partial copy, containing only the states of O\ G
and the transitions between them (see figure 10.12). Let ¢° denote the copy of state g € Q
in S° and ¢! the copy of state g€ O\ G in S.

. Add transitions that “jump” from S° to S'. For every transition ¢° = 10 0f SY such that qe
(Q\G)NF and r€ O\ G, add a transition ¢° = #! that “jumps” to 7!, the “twin state” of
0 in S! (dashed colored transitions in figure 10.12). Intuitively, B simulates p by executing
the finite prefix p° in 4%, then jumping to S!, and executing p! there.

« Choose the Biichi condition of B as Fz={¢q': ¢ € (Q\ G) N F} (recall that F is the first
component of the Rabin pair of 4). This choice guarantees that an accepting run of B
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S AR St

Figure 10.12
Sketch of the conversion NRA — NBA, where the given NRA has only one Rabin pair (F, G). Observe that ¢°
and 0 belong to F, but they are not accepting states of the resulting NBA.

Figure 10.13
Semi-automaton of a Rabin automaton.

eventually “jumps” to S', leaving S° forever, and thus ensuring that states of G are visited
only finitely often and that the run visits F infinitely often after the jump.

Now, consider the general case in which R = {(F, G1), ..., {(Fu, Gy)}. We put m+ 1
copies of S side by side. The first copy S is a full copy, containing all states and transitions
of 4, and S for 1 <i<m is a partial copy, containing only the states of O\ G; and the
transitions between them. The set of accepting states is Fz = {¢': ¢ € F;}. Foreach S,
we define jump transitions from S° to S7 as before. Since the copies S', . .., S are disjoint,
a run of B is accepting iff it eventually jumps from S° to S’ for some 1 <i<m and then
visits the states of F; infinitely often. It follows that L, (4) = L, (B).

Example 10.17 Consider the Rabin automaton 4 = (S, R), where the semi-automaton S
is depicted in figure 10.13, and R = {(a, b), (b, a)}, with a :={q,} and b := {g3}.

The accepting runs are those visiting @ infinitely often and b finitely often or vice versa.
The procedure above converts 4 into the NBA of figure 10.14.
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Figure 10.14
Conversion of 4 into an NBA.

The NBA consists of a full copy S° of S, plus two partial copies S' and S?, having (copies
of) O\ b={qa,q.} and O\ a={qp, q.} as sets of states, respectively. The “jumps,” dashed
and colored in figure 10.14, connect S to S! and S2. Jumps into S! must leave S° from a,
the set of states that must be visited infinitely often in the first Rabin pair, so only the jump
from ¢, to ¢! is possible. Similarly, the only jump to S? goes from ¢ to ¢2.

Complexity. GivenanNRA 4 = (S, F), with n states and m Rabin pairs, each of the copies
SO, S, ..., S™ has at most # states, and so the NBA B has at most n(m + 1) states.

10.2.4.2 Equivalence of NRAs and DRAs

Rabin automata can be determinized, and so deterministic Rabin automata recognize all
w-regular languages. The proof of this result goes beyond the scope of this book and is
omitted (see the bibliographical remarks).

Theorem 10.18 An NRA with n states can be effectively transformed into a DRA with
nP® states. Moreover, there exists a family {Ln}n>2 of languages recognizable by NRAs
with O(n) states such that every equivalent DRA has at least n! states.

In particular, the DRA with the semi-automaton shown in figure 10.15 and a Rabin con-
dition with a single Rabin pair ({r}, {¢}) recognizes the language L = (a + b)*b®, which, as
shown in proposition 10.10, is not recognized by any DBA.

Theorem 10.18 also shows that determinization of NRAs is strictly more expensive
than determinization of NFAs but only by a logn-factor in the exponent. Indeed, in the
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Figure 10.15
A semi-automaton.

conversion NFA — DFA, the number of states goes from » to O(2") and, in the conversion
NRA — DRA, from n to n@® =20 (nlogn)

10.3 Beyond w-Trinities

The results of section 10.2.4 show that w-regular expressions, NRAs, and DRAs constitute
an w-trinity, as depicted in figure 10.16.

Moreover, the blowup induced by the conversions is in all cases comparable to the blowup
for NFAs: the conversions from regular expressions to NFAs and from w-regular expres-
sions to NRA are polynomial, and the conversion from NRA to DRA has single exponential
blowup, albeit with exponent O(n log n) instead of n.

However, the finite word trinity also has further properties. In section 3.1 of chapter 3,
we showed that all boolean operations can be easily implemented on DFAs. In particular:

« DFAs can be complemented in linear time without changing the semi-automaton; it suf-
fices to take another acceptance condition of the same type (change the set of final states
from F to O\ F, maintaining that a run is accepting if its last state is final).

« Union and intersection can be implemented uniformly for DFAs using the pairing oper-
ation. More precisely, given two DFAs 41, 43, there exist two DFAs recognizing £ (4;) U
L (43) and L (A1) N L (42) whose semi-automata are identical and equal to the pairing
[41,A>] (see definition 3.1 in chapter 3). The DFAs only differ on their sets of final states.

Is there an w-trinity that also satisfies these properties? We examine this question. In
section 10.3.1, we show that Rabin automata satisfy the property for union but not for inter-
section or complement. In sections 10.3.2 and 10.3.3, we introduce two further automata
types, Streett and parity automata, that “restore the symmetry”: Streett automata satisfy the
property for intersection, but not for union or complement, and parity automata satisfy the
property for complementation, but not for union or intersection. Finally, in section 10.3.4,
we conclude our tour of automata types by introducing Muller automata; they satisfy all
three properties but, as we shall see, at a high price.

Remark 10.19 In the rest of this section, we describe several constructions that do not
necessarily produce automata in normal form, that is, automata such that every state is
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Figure 10.16
Trinity of w-regular languages through Rabin automata. An arrow from X to Y means “for every X there is an
equivalent Y.”

reachable from some initial state. In all cases, this can be remedied by starting from the
initial states, constructing iteratively only the successors of the states constructed so far.

10.3.1 Rabin Automata, Again

We analyze the complexity of union, intersection, and complementation for DRAs. We
show that union can be implemented using pairing, but intersection cannot. Further,
complementation cannot be implemented without changing the semi-automaton.

Union. Given two DRAs 4; = (S, F1) and A, = (S», F>), we construct a DRA 4| UA,
such that £, (41 UAy) =Ly, (A1) U Ly (42). The DRA has the pairing [S1,5>] as semi-
automaton (see definition 3.1 from chapter 3) and the following set of F of Rabin pairs as
acceptance condition:

F ={{(F1 x02,G1 x Q) (F1,G) e Fi} U
{(Q1 x 2,01 x Ga): (F2,Ga) € Fr).

To see why L, (41 UAr) =Ly (A1) U Ly, (42) holds, consider the case in which F| =
{{F1,G1)}and F = {(F2, G2)}, and so F = {(F| x 02, Gy x 02), (01 X [2,01 x G2)} (the
general case is analogous). Recall that if the runs of S and S; on an w-word w=aya; - - - are

ay a aj Ait1
P1L=4q01 —> 411 —> - —> (il —> "
Ajt1

aj ay aj
pP2=q2—>qi12—> - ——>qp——> "

then the run of [S],S>] on w is

p=|:6101}1>[q“}£>mi)|:%1} ditl
q02 q12 qi2
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and vice versa. Let inf(p) be the set of states of [S}, S>] that appear infinitely often in p.
We get:

Wwe Ly (A1) ULy, (42)

iff inf(p;) NFy #% and inf(p1) N Gy =9
or
inf(p2) N Fa # ¥ and inf(p2) N Gy =0

iff inf(p) N (F1 x O2) A0 and inf(p) N (Gy x Or) =0
or
inf(p) N (Q1 x F2) #P and inf(p) N (Q1 x G2) =)

iff p satisfies the Rabin acceptance condition
{{F1 x 02,G1 X 02), (01 X F2,01 x G2)}
iff wel, (A41UAy).

Observe that this last argument fails if we replace “or” by “and.” Indeed, a run satisfies
a Rabin condition {(F, G), (F’, G} iff it satisfies {(F, G)} or {{(F’, G')}, not {{F, G)} and
{(F', @)}

Intersection and complement. It is not difficult to find a DRA 4 = (S, R) such that no
Rabin condition over the semi-automaton S recognizes L, (4). For example, let S be the
semi-automaton of figure 10.20 from example 10.26. It is easy to give a Rabin condition
such that the resulting DRA recognizes the words containing finitely many as or finitely
many bs, but, as shown in the example, no Rabin condition makes S recognize the words
containing infinitely many as and infinitely many bs. Similarly, one can exhibit DRAs 41 =
(S1,R1) and A = (S, Ry) such that no Rabin condition on the semi-automaton [S},S]
recognizes Ly, (A1) N Ly, (4). It is even the case that the smallest semi-automata for these
languages may be exponentially larger than the original ones. We state these results without
proof (see the bibliographical remarks).?

Proposition 10.20 There exists a family {4,, By}y>1 of pairs of DRAs with O(n) states
and O(n) Rabin pairs such that every DRA recognizing L, (4,) N Ly, (By) has © (27) states.

Proposition 10.21 There exists a family {A,},>1 of DRAs with O(n) states and O(n)
Rabin pairs such that every DRA recognizing L, (4,) has at least n! states.

Thus, DRAs behave “asymmetrically”” with respect to union and intersection. We intro-
duce Streett automata, which also behave “asymmetrically” but exchanging the roles of
union and intersection.

2. Actually, the interested reader can find a proof of proposition 10.21 as proposition 11.10 of chapter 11.
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10.3.2 Streett Automata

As for Rabin automata, the acceptance condition of Streett automata (NSA) consists of a
collection F = {(F', G1), ..., {(Fm, Gn)} of Streett pairs.

Definition 10.22 LetS= (0, X, 9, Qo) be a semi-automaton. A Streett pair is a pair (F, G)
of sets of states, that is, F,G C Q. An acceptance condition a: 22 — {0, 1} is a Streett
condition if there exists a set St of Streett pairs such a(Q)=1iff O NF=Bor O NG # ¥
holds for every (F,G) € St.

A nondeterministic Streett automaton (NSA) is a pair A = (S, St), where St € 29 x 29 is
a Streett acceptance condition.

In words, a run of an NSA is accepting if it visits F finitely often or G infinitely often for
every Streett pair (F, G) € St.

Streett automata could also be called co-Rabin automata. Let us see why. Recall that a
run of a DBA 4 is accepting if it is a rejecting run of the DCA 4 (i.e., of the same automa-
ton, but with a co-Biichi instead of a Biichi condition) and vice versa. The same holds for
Rabin and Streett automata. Indeed, let F be a set of pairs of the form (F, G) for F, G C Q.
We have:

p is a rejecting run of the DSA 4 = (S, F)
iff =V(F,G)eF: inf(p)NF=0Por inf(p)NG#Y
iff  F,G)eF: inf(p)NF#@and inf(p)NG=0
iff  p is an accepting run of the DRA 4 = (S, F).
In other words, if we let £X (4) and £5 (4) be the languages of a deterministic automaton

A when F is interpreted as a Rabin and as a Streett condition, respectively, then Ef) 4=

LR ().

10.3.2.1 Equivalence of NSAs and w-Regular Expressions
We show that for every NBA, there is an equivalent NSA and vice versa, which shows that
NSAs are equivalent to w-regular expressions.

NBA — NSA. Given an NBA 4 = (S, F), the NSA B= (S, {{(Q, F)}), where Q is the set
of states of S, satisfies L, (4) = L, (B). Indeed, a run of B is accepting iff inf(p) N Q=0
or inf(p) N F # . Since every run visits at least one state infinitely often, this is the case
iff inf(p) NF #£ 0.

NSA — NBA. This conversion requires some more work and involves an exponential
blowup. Let 4 = (S, St) be an NSA. For every  C St, define [ =St \ / and F; = U, yer F-
Applying the definition of the Streett condition and standard rules of propositional logic,
we obtain the following for every run p of 4:
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p 1s accepting

= /\ (inf(p)NF=0Vinf(p)NG#0)
(F,G)CSt

= \/ /\ inf(p))nF=#|r| /\ inf(p)NG#Y

1SSt (F,G)el (F,G)el

= \/ |inf)n| |J F|]=0r| N inf(p)NG#0

ICSt (F,G)el (F,G)el
— \/ |inf)nF=0A| /\ inf(p)NG#0 (10.1)
ICSt (F,G)el

We consider first the case in which the disjunction over the subsets of St consists of a
single disjunct. (More precisely, the case in which all disjuncts, but the one for a certain
subset /, are vacuously false, and so they can be removed from the condition.) We then
consider the general case.

We assume that 7 = {(Fy, Go), . . ., (F, Gx)} for some k > 0; in particular,  is nonempty.
(This can be done without loss of generality: if 7 = ), we can equivalently set 7 = {(#, )},
because every run p satisfies inf(p) NI =0 Ainf(p) N Q #A.) Let L; be the language of
all words for which there is a run p of 4 satisfying (10.1) for /. We construct an NBA B
recognizing L; in two steps.

Construction of B, first step. The first step repeats a construction we already presented
in the conversion NRA — NBA. Let us recall it. Every run p satisfying inf(p) N F; =@ and
inf(p) N G # @ for every (F, G) €I reaches a point after which the run only visits states of
O\ F. So, p consists of an initial finite part, say p°, that may visit all states, followed by an
infinite part, say p!, that only visits states of Q \ F;. Further, if T # ¢, then we can assume
that the last state visited by p? belongs to Gy. We construct a semi-automaton S; as follows:

« Put two copies S° and S! of S “side by side” (figure 10.17 illustrates a case in which
T contains three Streett pairs with second components Gg, G1, and G5). The copy S° is a
full copy, containing all states and transitions of S, and S' is a partial copy, containing only
the states of Q \ F and the transitions between them. Let ¢° denote the copy of state g € O
in S° and ¢! the copy of state g € O\ Fyin S'.

« Add transitions that “jump” from S° to S!. For every transition ¢ % r of §Y such that
g € Goand r€ O\ Fy, add a transition ¢° — 7! Intuitively, B simulates p by executing the
finite prefix p* in S, then jumping to S', and executing p! there.



Classes of w-Automata and Conversions 271

Figure 10.17
First step of the conversion NSA — NBA. The figure illustrates a special case in which Gy, G, and G, are
pairwise disjoint and included in O\ F.

Construction of B, second step. By definition of the semi-automaton Sy, the language
L; contains exactly the words on which S; has a run p%p!, where p° stays in S° and
plis a run of S! satisfying inf(p') NG # @ for every (F,G) el. Thus, p! visits all of
Gy, . . ., Gy infinitely often. The problem is that this condition is not of Biichi type. To solve
this problem, we replace S' by another semi-automaton. Observe that a run p! visits each
of Gy, ..., Gy infinitely often iff the following two conditions hold:

(a) p! eventually visits Go, and

(b) for all 0 <i < m, every visit of p! to G, is eventually followed by a later visit to Gig1,
where @ denotes addition modulo k. (Between the visits to G; and Gig, there can be
arbitrarily many visits to other sets.)

This suggests replicating S! into k “copies” S&, e ,S,l_l, but with a modification: the
NBA “jumps” from the ith to the (i@ 1)th copy whenever it visits a state of G; (see
figure 10.18). More precisely, the transitions of the ith copy that leave a state of G; are redi-
rected to the (i @ 1)th copy. This way, visiting the accepting states of each copy infinitely
often is equivalent to visiting the accepting states of the first copy infinitely often. The jumps
from S to S' are adapted: instead of a jump ¢° = !, we now have ¢° < ). We take B as
the NBA with this structure and G(1) as Biichi condition.

Formal definition of B. Formally, let A = (Q, X, , Qp, St) be an NSA, let I C St, and let
Fr= U<F’ aer F- Further, assume 7 = {(F, Go), . .., (Fi—1, Gx—1)}. The NBA B is defined
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Figure 10.18
Second step of the conversion NSA — NBA, illustrating the replication of S1.

as follows:
« States: {q°: ge Q}U {q(l), . ,q,l{_l qeQ\Fr}.
o Transitions: The set of transitions contains

« (¢°% a, ) forall (¢,a,r) €0,

e ¢°a, r(l)) forall (¢,a,r)edst.qe Goandre Q\ Fy,

. (q},a,r}) forall (¢g,a,r)€ds.t.qe (Q\F1)\ G;and re O\ Fy, and

. (¢}.a,rly)) forall (¢,a,r) €dst.ge (Q\F))NG;and r€ O\ Fy.

« Initial states: {q°: q € Qo).

o Accepting states: {q(l) 1 q € Go).
This concludes the description of the construction when the disjunction (10.1) over the

subsets of St only contains one disjunct. Now, consider the general case, with & such dis-
., I € St. We proceed again in two steps. In the first step, we take a full
., Ir, constructed as in the

juncts for sets /1, . .
copy S° of S and partial copies S', ..., S¥, one for each of I,
previous case. For each /;, we add jumps from 59 to §, also as before. In the second step,

each of the / is replicated, also as before. The forthcoming example 10.23 describes a case

with two disjuncts.
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Complexity. If 4 has n states and m Streett pairs, then the number of states of By is
bounded by n(m + 1). Since there exist 2™ sets I C F, the number of states of B is O (2" nm).

Example 10.23 Consider again the automaton of example 10.17 with acceptance condi-
tion St = {{a, b), (b, a)}, where a ={q,} and b ={q,}, but this time interpreted as a Streett
condition. The automaton accepts the w-words containing finitely many as or infinitely
many bs, and finitely many bs or infinitely many as, with no constraint on the number of
cs. We construct an equivalent NBA. We have

p is accepting
iff (inf(p) Na=0 Vv inf(p) Nb#D) A (inf(p) Nb=9 Vvinf(p) Na #0)
iff (inf(p) Na=0 Ainf(p)Nb=0)V (inf(p) NbF£PVinf(p) Na#0).

Note that we have removed “(inf(p) Na=0@ Ainf(p) Na#¥)” and “(inf(p) Nb=0 A
inf(p) Nb # )” because they are equivalent to false.

Let S be the semi-automaton of the NSA. Intuitively, a run of the NBA stays in the full copy
59 of S until it “decides” which of the two disjuncts it wants to satisfy, after which it “jumps”
to another copy. Without loss of generality, we request that the run leaves S° from the set of
states it must visit infinitely often according to the chosen disjunct; if there is more than one
set, then we request it to leave from the first one. This yields the NBA of figure 10.19.

Consider the first disjunct: (inf(p) Na=@ Ainf(p) Nb=0). A run satisfying it must
eventually only visit g.. So the copy S! of S only contains state ¢.. Without loss of generality,
we request that the run leaves S° from ¢, and so the only (colored dashed) jump leads from

g2 togql.

Figure 10.19
Biichi automaton obtained from a Streett automaton.
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Consider now the second disjunct: (inf(p) Nb # ¥ Ainf(p) Na # ¥). The disjunct does
not require any state to be visited only finitely often, and so the NBA contains two full
copies Sg and S% of S. Intuitively, a run jumps from S° to S(l) when it “decides” to satisfy
this disjunct and then stays in Sg until it visits b and in Sf until it visits . Jumps from S°
to Sg leave from b; there are two of them, leading from qg to ‘130 and qgo (colored dashed
transitions). Transitions of S(2) leaving from b “land” in S%, and transitions of S% leaving
from a “land” in Sg (colored dotted transitions).

Intersection. As mentioned at the beginning of the section, a run of a DRA is accept-
ing iff it is a rejecting run of the DSA with the same semi-automaton and acceptance
condition, but of Streett type. It follows immediately that the construction shown in the
previous section for union of DRAs is also a construction for intersection of DSAs. Let
us see why. Given an automaton A = (S, F), let £R(4) and £5(4) be its language as a
Rabin and Streett automaton, respectively (i.e., interpreting the pairs of F as Rabin pairs,
or as Streett pairs, respectively). Further, given two automata Ay, 4, let 41 U4, be the
automaton defined in the previous section using the pairing construction. There, we proved
LR(A41 UAr) =LR(41) U LR(4,). Now, we prove L5(4; UAy) = L5(41) N L5 (47):

s (A1UAdy) = m (as 41 and A, are deterministic)
= m (by the previous section)
= WA]) N m (by De Morgan’s law)
=15 I s (42) (as 41 and A, are deterministic).

Union and complement. In the previous section, we saw that given two DRAs with O(n)
states, the smallest DRA for the union of their languages can have ®(2") states, and that
given a DRA with O(n) states, the smallest DRA recognizing its complement language
can have n! states (proposition 10.20 and proposition 10.21). Using that a run of a DRA is
accepting iff it is a rejecting run of the DSA with the same semi-automaton and acceptance
condition, we obtain the same bounds for union and complementation of Streett automata.

10.3.3 Parity Automata

We now present an automata type for which complementation can be implemented without
changing the semi-automaton, at the price of an exponential blowup for both union and
intersection.

The acceptance condition of parity automata is a chain of sets of states.

Definition 10.24 Let S=(Q, X,0, Qo) be a semi-automaton. An acceptance condition
a: 29— {0, 1} is a parity condition if there exists a sequence P = (F1,F>,...,Foy) of
sets of states, where Fy CFy C --- C Fa,, = Q, such that a(Q") =1 iff the smallest index i
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satisfying Q' NF; # 0 is even. (Observe that i exists because F»,, = Q.) Abusing language,
we speak of the parity condition P.

A nondeterministic parity automaton (NPA) is a pair A= (S, P), where P C 29)* is a
parity acceptance condition.

At first sight, the parity condition looks very different from the Rabin or Streett condi-
tions. We show that this is not the case. Note first that we can reformulate a parity condition
(F1,F2, ..., Fyy) as follows: a run p is accepting iff

inf(p)NF1 =0 and inf(p)NF, #£0,
or inf(p)N(FLUF>, UF3) =0 and inf(p)NF4#£0,
or .

or inf(p)NFLU---UFy,—1)=0 and inf(p)NFy, #0.

1

Since F| C Fp C - - - Fop, the condition is equivalent to the following: a run p is accepting iff

inf(p)NF1=@ and inf(p)NF, £,
or inf(p)NF3=0 and inf(p)NFs#0,
or
or inf(p)NFyy—1 =0 and inf(p)NFy, #0,

and so the parity condition (£, F, . .., Fay,) is equivalent to the Rabin condition

{(FzmaFZWI71>9' o <F39F2>3 <F29F1>}

Therefore, the parity condition is a special case of the Rabin condition in which the
sets appearing in the Rabin pairs form a nonincreasing chain with respect to set inclu-
sion, starting at the set . Interestingly, the parity condition is also a special case of the
Streett condition. It is not difficult to prove (see exercise 154) that the parity condition
(F1,F,- - ,Fap) is also equivalent to the Streett condition

(D, F1), (F2,F3), ..., (Fam—2, Fam—1)}.

10.3.3.1 Equivalence of NPAs and w-Regular Expressions
It is very easy to give conversions NBA — NPA — NRA, which prove the equivalence of
NPAs and w-regular expressions.

NBA — NPA. An NBA with states Q and accepting states F recognizes the same language
as the same semi-automaton with parity condition (¢, F, O, Q). Indeed, for every run p of
a semi-automaton:
p satisfies the parity condition (4, ', O, Q)
< (inf(p) NP =D AInf(p)NF £@) Vv (inf(p) N Q=0 Ainf(p) N QO # V)
< inf(p)NF#£0
<= p satisfies the Biichi condition F'.
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NPA — NRA. By the observation above on the relation between parity and Rabin condi-

tions, an NPA with acceptance condition (Fy, F, ..., Fa,) recognizes the same language
as the same automaton with Rabin condition {{(F2,,, Fom_1), ..., (F3,F>), (F2,F1)}, and we
are done.

Together, the two conversions NBA — NPA and NPA — NRA show that the languages
recognizable by NPAs are exactly the w-regular languages and that w-regular expressions
can be translated into NPAs and vice versa with polynomial blowup.

10.3.3.2 Equivalence of NPAs and DPAs
It is possible to modify the determinization of the theorem 10.18 procedure so that it yields
a DPA instead of a DRA. Again, the proof is beyond the scope of the book.

Theorem 10.25  An NP4 with n states can be effectively transformed into a DPA with n©®
states and an acceptance condition with O(n) sets.

10.3.3.3 Boolean Operations for DPAs

It can be shown that union and intersection of DPAs both involve an exponential blowup,
that is, the smallest DPA for the union or the intersection of two DPAS with O(n) states may
have Q(2") states. However, complementation can be very elegantly implemented without
changing the semi-automaton as follows. Let A(S, P) be a DPA with P = (F, Fa, . .., Fap).
Consider the DPA 4 = (S, P), where

7_D= (Gla G2, B G2m+2) = (QaFlana e 9F2maF2m)'
(That is, G| :=0, G, :=F, and so on.) Let p be a run of 4. We have

p 1s a rejecting run of 4
iff the minimal index i such that inf(p) N F; # @ is not even
iff the minimal index i such that inf(p) N F; # @ is odd
iff the minimal index j such that inf(p) N G; # ¥ is even
iff p is an accepting run of 4.

Therefore, L, @ =L, (4).

Example 10.26 Consider the semi-automaton S depicted in figure 10.20. We examine
several languages over ¥ and determine for each of them if there exist Rabin, Streett,
or parity conditions that, added to S, yield Rabin, Streett, or parity automata recogniz-
ing the language. We use the following notation: Q ={q4, 95,9}, a ={q4}, b={qp}, and
ab={qa,q»}.

Words containing infinitely many as. Semi-automaton S recognizes this language
with the Rabin condition {(a, )}, the Streett condition {(Q, @)}, and the parity condition

#,a,0,0).



Classes of w-Automata and Conversions 277

Figure 10.20
Example of a semi-automaton.

Words containing infinitely many as or infinitely many bs. Semi-automaton S recog-
nizes this language with the Rabin condition {(ab, )}, the Streett condition {(Q, ab)}, and
the parity condition (4, ab, O, Q).

Words containing infinitely many as and infinitely many bs. Semi-automaton S recog-
nizes this language with the Streett condition {(Q, a), (O, b)}. However, no Rabin condition
allows S to recognize it. To see why, assume the contrary, and let p be an accepting run for
(ab)®. We have inf(p) = ab. Since p is accepting, the Rabin condition contains at least one
Rabin pair (F, G) such that F Nab # ¥ and G Nab={. But then S accepts no word at all
(case F'={)) or it accepts a® (case g, € F') or it accepts b” (case g, € F'), which in all cases
leads to a contradiction. Finally, since the parity condition is a special case of the Rabin
condition, no parity condition allows S to recognize the language.

Words containing finitely many as or finitely many bs. This language is the complement
of the previous one. Since S is deterministic, it recognizes a language with a Rabin (Streett)
condition if it recognizes its complement with a Streett (Rabin) condition. So, S recognizes
this language with the Rabin condition {(Q, a), (0, b)}, and there is no Streett condition
recognizing it. Further, since the parity condition is a special case of the Streett condition,
no parity condition allows S to recognize the language.

10.3.4 Muller Automata

We have found three different w-trinities: the Rabin, Streett, and parity trinities. In each of
them, one of the three fundamental boolean operations (union, intersection, and comple-
ment) can be implemented essentially as for DFAs, but the other two cannot and involve
exponential blowups in the number of states. Is there an w-automaton type in which all
three boolean operations can be implemented as for DFAs, with polynomial blowups in the
number of states?
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The answer is “yes, but.” Muller automata, the automata type presented below, allow us
to implement complementation without changing the semi-automaton and to implement
both union and intersection by means of pairing. However, this comes at the price of an
exponential blowup, not in the number of states but in the size of the acceptance condition.
Let us explain this.

In a DFA, the size of an automaton (i.c., the number of bits required to encode it) is
determined by the cardinalities of the set of states and the alphabet. Indeed, a DFA with n
states over an alphabet with m letters has exactly nm transitions and at most # final states.
Therefore, the size of the DFA is ® (nm). This is no longer the case for DRAs, DSAs, or
DPAs. Indeed, the acceptance condition of a DRA with 7 states can contain up to 4" Rabin
pairs, and hence the size of the automaton can be dominated by the size of the acceptance
condition. So, the question of whether all three boolean operations can be implemented “as
for DFAs” can be given both a positive and a negative answer: yes, if we are only interested
in the semi-automaton and the number of states of the resulting automata; no, if we also
take into account the size of the acceptance condition.

To introduce Muller automata, consider again example 10.26. We showed there that no
Rabin automaton with the semi-automaton of figure 10.20 recognizes the language of the
words containing infinitely many as and infinitely many bs. The reason is that the condition
“both g, and gy, are visited infinitely often” cannot be expressed using Rabin pairs, although
it can be expressed using Streett pairs. Muller automata solve this problem in a radical way,
by allowing a/l possible acceptance conditions.

Definition 10.27 Let S=(0, X, 9, Qo) be a semi-automaton. A nondeterministic Muller
automaton (NMA) is a pair A= (S, a), where a : 22 — {0, 1} is an acceptance condition.

We represent an acceptance condition o by its associated Muller set, defined as the
set M:={Q' CQ: a(Q)=1}. Abusing language, we speak of the Muller acceptance
condition M and of the NMA A = (S, M).

Example 10.28 Consider the semi-automaton S of example 10.26 depicted in
figure 10.20. Let us give Muller conditions recognizing all four languages of the example.

Words containing infinitely many as. Semi-automaton S recognizes this language with
the Muller condition

({44} {qas 9p}. {qa> 9c3:{qas qp, g} }-

(All sets containing ¢g,.)

Words containing infinitely many as or infinitely many bs. Semi-automaton S recog-
nizes this language with the Muller condition

{{qa}: (), {9as qc}> {ap, et {qar by qc) )

(All sets containing g, or qp.)
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Words containing infinitely many as and infinitely many bs. Semi-automaton S recog-
nizes this language with the Muller condition

{{qa- 95} 190> 90, 9c} }.

(All sets containing g, and gp.)

Words containing finitely many as or finitely many bs. Semi-automaton S recognizes
this language with the Muller condition

{{qa}: {an). {ach {qas ac3 {ans e} )

(All sets not containing g, or not containing ¢.)

10.3.4.1 Equivalence of NMAs and w-Regular Expressions
We give translations NBA — NMA — NBA, which shows that NMAs are as expressive as
w-regular expressions.

NBA — NMA. Given an NBA 4 = (S, F) where S= (0, X,0,0p) and a set of states
R C Q,let B= (S, M) be the NMA such that R € M iff RN F # J—that is, M contains all
subsets of Q that intersect 7. We show that, for every word w € £, we have w € L, (4) iff
we Ly, (B):

we Ly, (A4)
iff inf(p) N F # @ for some run p of 4 on w

iff inf(p) € M for some run p of Bonw (by definition of M)
we L, (B).

While B has the same number of states and transitions as 4, the cardinality of M is
2191 _2I0\FI "\yhich in the worst case is exponential in the number of states of A and B.
For example, a Biichi automaton with states O = {qo, . . ., g5} and Biichi condition {g,} is
transformed into an NMA with a Muller set {F' € Q: g, € F} of cardinality 2".

NMA — NBA. We present a translation NMA — NSA — NBA. Since we already have
a translation NSA — NBA, it suffices to present a translation NMA — NSA.

Let A = (S, M) be an NMA with M ={Fy,...,F,}. We construct an equivalent NSA
B. By definition of the Muller condition, we have L, (4) =U!, L, (4;), where 4; is the
NMA 4; = (S, {F;}). So it suffices to translate each A; into an equivalent NSA B; and then
define B as the result of putting all these NSAs “side by side.” To construct B;, it suffices to
convert the Muller condition {F;} into an equivalent Streett condition St as follows:

p is an accepting run of 4; = (S, {F;}), where S =(Q, X, J, Qo)

— inf(p) =F;
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> inf(p)NQ\Fi=0A /\ inf(p)N{g}#0
q€rki

< (inf(p) NQ\ Fi =0V inf(p) NG £ ¥) A

N\ (inf(p) N Q=0 inf(p) N {g} # )

qeri
<= p is an accepting run of the NSA B; = (S, St), where

St={(O\Fi,#)}U{(Q.{q}): g Fi}.

Complexity. Letn=|Q| and m =|M)|. Each of the NSAs By, ..., B,, has n states and an
acceptance condition containing at most n + 1 Streett pairs. Each of the equivalent NBAs
has O(2"nm) states, and after putting them side by side, we finally obtain an NBA with
O(2"nm?) states.

10.3.4.2 Equivalence of NMAs and DMAs

We can show that NMAs can be determinized by proving that for every DRA there is an
equivalent DMA. Indeed, we can then combine the translations NMA — NBA — NRA
— DRA — DMA, where NRA — DRA follows from theorem 10.18. There exist direct
algorithms, but they are beyond the scope of this book.

DRA — DMA. The conversion is very similar to NBA — NMA. Given a DRA 4=
(S, R), we construct the DMA B = (S, M), where a set R C O belongs to M iff there exists
(F,G) € Rsuchthat RNF # @ and RN G = . We have

p is an accepting run of 4
iff inf(p) NF #@ and inf(p) N G =0 for some (F,G) e R
iff inf(p) e M
iff p is an accepting run of B.
10.3.4.3 Boolean Operations on DMAs
Complement. We can easily complement a DMA A = (S, M) while preserving the type
and the semi-automaton. Indeed, the DMA 4 = (S, 29 \ M) satisfies L, (4) = L, (4): for

every word w, we have w € L, (4) iff the run p of 4 on w is accepting iff inf(p) € M iff
inf(p) ¢ 29 \ M iff p is not an accepting run of 4 iff w ¢ L, (Z)

Union and intersection. Let 4] = (S1, M) and 4> = (S,, M3) be DMAs with sets of
states Q1 and O», respectively. Given R C Q1 x Q», let

Rl1={q1€01: 392 € 02 (q1,92) €R},
Ro={q2€Q2: 391 € 01 (91,92) €R},
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be the projections of R onto Q1 and Q», respectively. Let us see that the DMAs 41 U A, and
A1 N A, having the pairing [S1, S2] as semi-automaton and Muller conditions

Myu={RCQO1 xQr: R|; e M or R|; € My},
MA={RCO1 x> R|; e M and R|; € M},

recognize Ly, (A1) U Ly, (42) and L, (A1) N Ly, (43), respectively.
Let w be an arbitrary word, and let p1, p2, and p be the runs of S, S>, and [S1, S>] on w,
respectively. We have inf(p)|; = inf(p;) for both i € {1, 2}. So, we obtain for 4| U 4;:

we Ly (A1) U Ly, (42)
<= inf(p;) € M or inf(py) € M, (by def. of the Muller condition)
= inf(p)l; € M or inf(p)|z € My (by inf(p)]; =inf(p;))
= inf(p) e My (by def. of M)
< weLl,(41UA4) (by def. of 41 U A4»).

The result for 41 N A5 is analogous.

10.3.4.4 Size of the Acceptance Condition

Recall that the conversion NBA — NMA described in section 10.3.4.1 causes an exponen-
tial blowup in the size of the acceptance condition. A Biichi automaton with (by definition)
one set of accepting states may be translated into a Muller automaton with exponentially
many sets of accepting states.

We show that the exponential blowup is not a feature of the specific conversion we have
presented; any other conversion will have the same problem. In fact, we prove this for
any conversion from w-regular expression to NMAs. (Observe that, since the conversion
w-regular expression — NBA only causes a polynomial blowup in size, any conversion
NBA — NMA must then cause an exponential one.)

Consider, for every n > 1, the w-regular expression s, = ((a(bb)*)"#)® over the alphabet
{a, b, #}. Words of L, (s,) are of the form w#w#wr#ws# - - -, where every w; contains
exactly n occurrences of a separated by possibly different but even numbers of bs. The w-
language L, (s,) is recognized by the DMA shown in figure 10.21. It only has 2n + 1 states

but a very large acceptance condition, containing all 2" sets of the form {qo,...,q,} U
R, where RC {q1,...,¢,}. The next proposition shows that every NMA recognizing this

language has an acceptance condition of at least this size.

Proposition 10.29 Let X ={a, b,#}. For all n > 1, the acceptance condition of any NMA
recognizing the language of the w-regular expression s, = ((a(bb)*)"#)w contains at least
2" sets of states.
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Figure 10.21
A DMA recognizing the language of the w-regular expression ((a (bb)*)”#)w. The acceptance condition consists
of all subsets of {g(,q1, - - .,qn} that contain gg.

Proof Fix an arbitrary n> 1, and let 4 be the DMA of figure 10.21, with set of states
Q. It is easy to see that A recognizes L (s,), and so it suffices to show that the acceptance
condition of any NMA equivalent to 4, contains at least 2" sets of states. Before proceeding,
we make the following claim:

Claim 1. Let £, (¢) denote the language recognized by 4 with ¢ € Q as initial state. For
every two distinct states g, ¢’ of 4, we have Lo, (¢) N Ly, (¢') = 9.

Proof Letue L, (q) and v’ € L, (¢'). We prove u # /. Since every accepting run visits
qgo infinitely often, # and «’ contain infinitely many occurrences of #. Consider three cases:

. g=qo and ¢’ # qo. Then u contains exactly n occurrences of a before the first occurrence
of #, but «// contains fewer.

« q€{qi,qi} and ¢’ € {g;,q;} for i #j. Then u contains exactly n — i occurrences of a before
the first occurrence of #, and «’ contains n — .

- {q,4'}=1{q:,q;} for some i. Let k, be the number of occurrences of b in u before the first
occurrence of #. Define &,/ analogously. Then k,, and k,, have different parity. O

Let B be an NMA equivalent to 4 with set of states R; further, let £, (r) denote the lan-
guage recognized by B with r € R as initial state. Without loss of generality, we assume that
L, (r) £ for every r € R (if L,, (r) =0, then r can be removed). We make two claims:

Claim 2. For every r € R, there is a unique state ¢ € O such that £, (r) = L, (q).

Proof Letr € R. Since 4 and B are equivalent, we have L, (r) € 7€0 Ly (g). So, by claim
1, it suffices to show that some state g € Q satisfies L, (r) € L, (¢). Let w be any finite
word leading from some initial state 7y of B to r, and let g be the unique state of 4 such that
g0 —> ¢. We prove L, (r) € Lo, (q).

ue Ly, (r)
. u
= B has an accepting run p, =r —> from r
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B has an accepting run p =ry —> r —> from rg (because inf(p) = inf(p,))
wu € L, (B) (because ry is an initial state)

wu € L, (A) (because 4 and B are equivalent)

A has an accepting run p’ = go N q LA

A has an accepting p, =¢ ~ ... from ¢ (because inf (p,) =inf(p"))
ueLy(q).

S R R

Before stating the third claim, we need a definition. For every 1 <i<mn, let R;={re
R: L, (r) =L, (g)}. Observe that, by claim 2, R; # @ for every 1 <i <n, and by claim 1,
R;NR; # ) for every i #j.

Claim 3. Letgg = q . andrg—>r—>--- be accepting runs of 4 and B on a word
uv. For every 1 <i <n, we have g=1; iff r € R;.

Proof Since the suffixes ¢ —5 ... and r—> - - - visit the same states infinitely often as the
runs themselves, we have v € L, (¢) N L, (r). Claim 1 and claim 2 yield L, () = L, (7).
If ¢ =7;, then r € R; by the definition of R;. If r € R;, then ¢ =7; by the definition of R; and
claim 2. O

Proof of the proposition. For every H C {1,...,n}, consider the word
Wi = (a(bb)k‘ a(bb)a- .- (bb)k"#)w

where k; = 1 if i € H, and k; = 0 otherwise. For example, if n =4 and H = {1, 3}, then wy =
(abbaabba#)®. Let p,‘_’, and pg be accepting runs of 4 and B on wy. We haveg; € inf (pﬁ,) iff
i€ H. By claim 3, pfl visits R; infinitely often iff i € H, and so inf(pg) NR; =W iffieH.
It follows inf(p4) #inf(p4’) for every two distinct subsets H, H' C {1,...,n}, and thus
M| >2". O

10.4 Summary

In chapter 1 and chapter 3, we have shown that automata on finite words and regular expres-
sions form a trinity and that all boolean operations can be implemented in linear or quadratic
time with deferministic automata as data structure. The fact that a single type of automata
simultaneously enjoys all of these properties is often taken for granted. It should not be.
It is a remarkable fact, which, as we have seen in this chapter, does not hold anymore for
automata on infinite words.

Table 10.1 summarizes the contents of the chapter. The first column lists automata types.
The next two columns indicate which of the properties of an w-trinity hold, and the last
three columns indicate which of the properties concerning boolean operations hold. More
precisely, the meaning of each column is as follows:
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Table 10.1

Summary of the results of this chapter. The first column lists automata types, and the other columns
indicate which types satisfy each property. An underlined Y indicates that the type enjoys the prop-
erty, and moreover, the underlying conversion or algorithm only requires polynomial time.

Automaton Type Expr. Det. Union Inters. Comp.
NFA/DFA Y Y Y Y Y
NBA/DBA (Biichi) Y N Y N N
NCA/DCA (Co-Biichi) N Y N Y N
NRA/DRA (Rabin) Y Y Y N N
NSA/DSA (Streett) Y Y N Y N
NPA/DPA (Parity) Y Y N N Y
NMA/DMA (Muller) Y Y Y Y Y

« Expr. Every w-regular expression (for the row NFA/DFA, every regular expression) can
be converted into an automaton of this type.

« Det. For every nondeterministic automaton of this type, there is an equivalent determin-
istic automaton of the same type.

« Union. Union of deterministic automata of this type can be implemented using the pairing
construction.

« Inters. Intersection of deterministic automata of this type can be implemented using the
pairing construction.

« Comp. Complementation of deterministic automata of this type can be implemented
without changing the semi-automaton or the type of the acceptance condition.

The entries of the table are as follows: N (the property does not hold), Y (the prop-
erty holds, but the underlying conversion or algorithm requires exponential time), and
Y (the property holds and the underlying conversion or algorithm only requires polyno-
mial time). In particular, Y indicates that the resulting automaton has polynomial size in
the input.

The consequence of these results is that for each application, one must choose the ade-
quate type of w-automaton. Our main application in this book is automatic verification,
and for this purpose, in the next chapter, we choose generalized Biichi automata, a type of
w-automata whose acceptance condition lies between the Biichi and Streett conditions.

10.5 Exercises

¢ & Exercise 141. Construct Biichi automata and w-regular expressions, as small as pos-
sible, recognizing the following w-languages over the alphabet {a, b, c}. Recall that inf(w)
is the set of letters of {a, b, ¢} that occur infinitely often in w.

(@) fwela,b,c}?:{a, b} 2 infw)},
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(b) {wefa,b,c}”:{a, b} =inf(w)},
(c) {wela,b,c}? :{a,b} Cinf(w)}.

¢ & Exercise 142. Construct Biichi automata and w-regular expressions, as small as pos-
sible, recognizing the following w-languages over the alphabet {a, b, c}. Recall that inf(w)
is the set of letters of {a, b, ¢} that occur infinitely often in w.

(a) {wela,b,c}?:{a,b,c}=inf(w)},
(b) {wefa,b,c}?:if a €inf(w) then {b, c} C inf (w)}.

v¢ & Exercise 143. Give deterministic Biichi automata for the following w-languages over
Y ={a,b,c}:

(a) {we X :w contains at least one c},

(b) {we X :every a in w is immediately followed by a b},

(c) {we X?:between two successive as in w there are at least two bs}.
Y7 l Exercise 144. Prove or disprove the following statements:

(a) For every Biichi automaton 4, there exists an NBA B with a single initial state and such
that £, (4) = L, (B).

(b) For every Biichi automaton 4, there exists an NBA B with a single accepting state and
such that £, (4) = L, (B).

¥7 B Exercise 145. Recall that every finite set of finite words is a regular language. Prove
that this does not hold for infinite words. More precisely:

(a) Prove that every nonempty w-regular language contains an ultimately periodic w-word
(i.e., an w-word of the form uv® for some finite words u € £* and ve ).

(b) Give an w-word w such that {w} is not an w-regular language. Hint: Use (a).

7 M Exercise 146. Consider the class of nondeterministic automata over w-words with the
following acceptance condition: an infinite run is accepting iff it visits an accepting state
at least once. Show that no such automaton accepts the language of all words over {a, b}
containing infinitely many a and infinitely many b.

¢ & Exercise 147. The /imit of a language L C £ * is the w-language lim(L), defined as
follows: w € lim(L) iff infinitely many prefixes of w are words of L (e.g., the limit of (ab)*

is {(ab)®}).

(a) Determine the limit of the following regular languages over {a, b}:
(i) (a+b)a,

(i1) the set of words containing an even number of a,

(iii) a*b.
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(b) Prove the following: An w-language is recognizable by a deterministic Biichi automaton
iff it is the limit of a regular language.

(c) Exhibit a nonregular language whose limit is w-regular.

(d) Exhibit a nonregular language whose limit is not w-regular.

vl Exercise 148. Let L| = (ab)® and let L, be the w-language of all w-words over {a, b}
containing infinitely many « and infinitely many b.

(a) Exhibit three different DBAs with three states recognizing L.
(b) Exhibit six different DBAs with three states recognizing L;.
(c) Show that no DBA with at most two states recognizes L or L.

¢ & Exercise 149. Find w-regular expressions for the following languages:

(a) {we{a,b}?”:kis even for each subword ba*b of w},

(b) {we{a,b}”:w has no occurrence of bab}.

¢ B Exercise 150. In definition 2.20, we introduced the quotient 4/P of an NFA 4 with
respect to a partition P of its states. In lemma 2.22, we proved L (4) = L (4/P;) for the
language partition P, that puts two states g1, g2 in same the block iff £4(q1) = L4(g2). Let
B=(0, X,6, 0o, F) be an NBA. Given a partition P of O, define the quotient B/P of B with
respect to P as for an NFA.

(a) Let P, be the partition of Q that puts two states q1, g2 of B in same block iff L, p(q1) =
L, 5(g2), where L, p(q) denotes the w-language containing the words accepted by B with
q has initial state. Does L, (B) = L, (B/P¢) always hold?

(b) Let CSR be the coarsest stable refinement of the equivalence relation with equivalence
classes {F, O\ F}. Does L, (4) = L, (4/CSR) always hold?

¥r B Exercise 151. Let L be an o-language over alphabet X, and let we *. The w-
residual of L is the w-language L = {w' € £ :ww’ € L}. An w-language L’ is a residual
of L if L’ =L" for some word w € *. We show that the theorem stating that a language
of finite words is regular iff it has finitely many residuals does not extend to w-regular
languages.

(a) Prove this statement: If L is an w-regular language, then it has finitely many residuals.

(b) Disprove this statement: Every w-language with finitely many residuals is w-regular.
Hint: Consider a nonultimately periodic w-word w and its language Tail,, of infinite tails.
¥ &f Exercise 152. The solution to exercise 150(2) shows that the reduction algorithm for

NFAs that computes the partition CSR of a given NFA A4 and constructs the quotient A/ CSR
can also be applied to NBAs. Generalize the algorithm so that it works for NGAs.
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¢ & Exercise 153. Let L = {w € {a, b} : w contains finitely many a}.

(a) Give a deterministic Rabin automaton for L.

(b) Give an NBA for L and try to “determinize” it by using the NFA to DFA powerset
construction. What is the language accepted by the resulting DBA?

(c) What w-language is accepted by the following Muller automaton with acceptance
condition {{qo}, {¢1}, {¢2}}? And with acceptance condition {{qo, q1}, {91,492}, {q2,90}}?

a b

(d) Show that any Biichi automaton that accepts the w-language of (c), under the first
acceptance condition, has more than three states.

(e) Forevery m,neN.y, let L, , be the w-language over alphabet {a, b} described by the
w-regular expression (a + b)*((a"bb)?® + (a"bb)®).

(i) Describe a family of Bilichi automata accepting the family of w-languages
{Lm,n}m,n€N>0-

(i1) Show that there exists ¢ € N such that for all m, n € N, the language L,, , is accepted
by a Rabin automaton with at most max(m, n) + c states.

(ii1) Modify your construction in (ii) to obtain Muller automata instead of Rabin automata.

(iv) Convert the Rabin automaton for L,, , obtained in (ii) into a Biichi automaton.

ve M Exercise 154. Show that a parity condition (F1, F»,...,Fy,) is equivalent to the
Streett condition {(#, F'1), (F2,F3),...,{(Fom—2, Fom—1)}.






1 1 Boolean Operations: Implementations

In chapters 3 and 5 of part I of the book, we implemented the list of operations on sets of
objects and relations between objects shown in table 0.1 of chapter 0. The implementation
assumes that objects are encoded as finite words and uses automata on finite words as data
structure. In this chapter and in chapter 12, we undertake the same task, but assuming that
objects are encoded as w-words and using automata on infinite words as data structure.

The list of table 0.1 is split into three parts: operations on sets, tests on sets, and operations
on relations. In this chapter, we deal with the operations on sets: union, intersection, and
complement. Chapter 12 will deal with the tests on sets. There is no chapter devoted to the
operations on relations, because their implementation, at least in a first approximation, does
not require new ideas beyond those of chapter 5.

In chapter 10, we have already implemented union, intersection, and complement using
deterministic Muller automata (DMA) as data structure. However, all three operations have
worst-case exponential blow up (see table 10.1). The conversions of the chapter also allow
us to use deterministic Rabin, Streett, or parity automata as data structure, but in each case,
two out of the three operations still have exponential blow up.

We can do better by going from deterministic to nondeterministic automata. We present
an implementation based on nondeterministic generalized Biichi automata (NGA), an
automata type whose acceptance condition can be seen as a generalization of the Biichi
condition—hence the name—or as a special case of the Streett condition. In particular, the
implementation directly constructs a complement NGA without determinizing the original
NGA first.

The chapter is divided into four sections. In section 11.1, we introduce NGAs and give a
simple NGA — NBA conversion. In section 11.2, we show that union and intersection can
be elegantly implemented on NGAs, as in the case of finite words. More precisely, given two
NGAs with ] and n; states, we can construct union and intersection NGAs with O(n| + ny)
and O(niny) states, respectively. In section 11.3, we undertake the much harder task of
implementing complementation. The complementation procedure is indirect, in the sense
that we present a direct complementation procedure for NBAs and use the NGA — NBA
conversion to lift it to a procedure for NGAs.
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11.1 Generalized Biichi Automata

Recall that Biichi automata have one set of accepting states, which accepting runs must visit
infinitely often. Generalized Biichi automata have a collection of sets of accepting states,
and accepting runs must visit each set in the collection infinitely often.

Definition 11.1 Let S=(Q, X, 9, Qo) be a semi-automaton. An acceptance condition on
S is a generalized Biichi condition if there exists a set G C 29 of sets of states such that a
run p is accepting iff it visits every set of G infinitely often (i.e., iff inf (p) N F £ @ for every
Feg).

A nondeterministic generalized Biichi automaton (NGA) is a tuple A = (Q, £, 9, Oy, F),
where F C Q is a generalized Biichi condition.

Example 11.2 Consider the structure S from example 10.26, which is recalled in
figure 11.1.

With the generalized Biichi condition {{q,}, {g»}}, the language of S is the set of words
containing infinitely many as and infinitely many bs. With the generalized Biichi condition
{{g4, g»}}, which is also a standard Biichi condition, S recognizes the set of words containing
infinitely many as or infinitely many bs.

Observe that Biichi automata correspond to generalized Biichi automata whose accep-
tance condition contains a single set of accepting states. However, we can also see NGAs as a
special class of nondeterministic Streett automata. Recall that a Streett acceptance condition
isaset S of Streett pairs (F, G) such that a run p is accepting iff for every (F, G) € S, the run
visits F finitely often or G infinitely often, that is, if inf(p) N F =@ or inf (p) N G # @ holds
for every (F, G) € S. It follows that a generalized Biichi condition G ={Fy, ..., F,_1} is
equivalent to the Streett condition S = {(Q, Fy), ..., (O, Fiu—1)}. Indeed, since no run can
visit Q finitely often, because runs are infinite by definition, the condition that a run visits

Figure 11.1
Example of a semi-automaton.
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Q finitely often or F; infinitely often, corresponding to the Streett pair (Q, F;), is equivalent
to requiring only that the run visits F; infinitely often.

In section 10.3.2.1, we described a conversion NSA — NBA. Since NGAs are a spe-
cial case of Streett automata, the conversion can also be applied to them. However, in
this special case, the conversion becomes much simpler. Let A = (S,G) be a NGA with
G={Fo,...,Fu—1}. As observed in section 10.3.2.1, a run p of § visits each set of G
infinitely often iff it eventually visits Fy, and for every 0 <i <m — 1, every visit of p to
F; is eventually followed by a later visit to Fjg|, where & denotes addition modulo m. So,
the NBA contains replicas Sy, ..., S,—1 of S, with the modification that transitions of S;
leaving the replica ¢’ of a state ¢ € F; are redirected to S;q. The Biichi acceptance condi-
tion is {¢": ¢ € Fy}, that is, a state is accepting if it is the replica in Sy of one of the states
of Fy. Algorithm 46 describes the procedure in detail.

Algorithm 46 Conversion from NGA to NBA.

NGAtoNBA(A)
Input: NGA 4=(0Q, X, 00,0,G), where G ={Fy, ..., Fpu_1}
Output: NBA 4'= (0, X0, 0, F')

1 0,8, F <00y« {q":qg€ Qo)

2 W0,

3 while W #0 do

4 pick ¢’ from W

s addg'to Q'

6 if g € Fy and i =0 then add ¢° to F’

7 forallae X,r€d(q,a) do

8 if g ¢ F; then
9 if 7 ¢ O’ then add 7' to W
10 add (¢',a,7") to &
11 else /* ge F; */
12 if 71 ¢ O/ then add +®! to
13 add (¢', a,7®") to &

14 return (Q', X,5,0), F')

11.2 Union and Intersection

Let 41 =(51,G1) and 42 =(52,G2) be two NGAs, where S1= (01, Z,61,001), S2=
(02, 2,6,,00), Gi={F|,...,F{"}, and Go={F},...,F,?}. Assume without loss of
generality that Q1 and O, are disjoint sets.
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Union. Let S| US); be the result of putting Sy and S, side by side, that is, S1 US>, = (Q1 U
07,Z,01 U, Qo1 UQQn2). Let m=max{m,my}, and assume without loss of generality
that m =m. For every 1 <i<m, let
l_ FIUF, ifi<mo,
F'=
FlUQ, otherwise,

and define G={F',...,F"}. We show that the NGA A; U4, =(S;US,,G) satisfies
Ly (A1 UA2) =Ly, (A1) U Ly, (A2).

Note that, since Q1 and Q> are disjoint, a run of 1 US> is either a run of S7 or a run of
S». If p is a run of Sy, then it never visits any state of 0>, and so

p is an accepting run of 41 U A,

m
— J\inf(p) NF'#0 (by def. of G)
i=1
m )
= /\ inf(p)NF} #0 (as p does not visit 0»)
i=1
— p is an accepting run of 4; (by def. of Gy).

Similarly, if p is a run of 45, then it never visits any state of O, and so p is an accepting run
of A1 U A, iff it is an accepting run of 4;. It follows that p is an accepting run of 41 U A4,
iff it is an accepting run of A or an accepting run of A», and we are done.

Intersection. Let [S7,S>] be the pairing of S; and S>—that is, the semi-automaton
[S1,821= (01 x 02, Z,6, Qo1 x Qn2), where d([q1,q2],a) =6(q1,a) x 6(q2, a). Define
G={F] x Qs,....,F" x 02} U{Q1 x F3,...,01 x Fy}.
Note that G contains m| + mj sets. We show that the NGA 41 N4, = ([S1,5,], G) satisfies
Ea} (Al mAZ) :‘Ca) (Al) N Ea) (AZ)
If p is a run of [Sy, S2], then its projections p; and p; onto O and O, are runs of S7 and

Sy satisfying inf(p)|; =inf(p;) and inf(p)|, = inf(p;), where inf(p)|; is the projection of
inf(p) onto Q;. Thus, we have

p is an accepting run of 41 N 4>

my

= /\inf(p)ﬂ(F’iXQz)#@and /\inf(p)ﬁ(glXFE)?HZj

i=1 i=1
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(by definition of G)
mi my
— N\ inf(p)[i NFi#Pand ) inf(p)ls N Fy#0

i=1 i=1

(by definition of projection)

mi mp
— N\ inf(p)NFj #Band /\ inf(py) N F} 0

i=1 i=1
(since inf(p)]1 = inf(p1) and inf(p)|> = inf(p2))

— p1 is an accepting run of 4 and p; is an accepting run of 4;.

Algorithm 47 describes the algorithmic implementation that only constructs the states of
the pairing reachable from the initial states.

Algorithm 47 NGA intersection.

IntersNGA(A41,A42)

Input: NGAs 41 = (01, Z,01, 001, G1), 42 = (02, Z, 2, 002, G2), where
G ={F],....F"}, Ga={F},...,F}?}

Output: NGA 41 N4, = (0, £,6,00,G), where G={F!, ... Fmitm},
satisfying L, (41 NA2) =Ly, (A1) N Ly (42)

1 0,0,F < 0; Qo < Qo1 x Qo2
2 W <Qop

3 while W # 0 do

4 pick [q1, q2] from W

5 add[gi,q2]te Q

6 for alli=1 to m; do

7 if g € F| then add [g1, g2] to F"

8 for all i =1 to my do

9 if g> € F), then add [¢1, ¢2] to F™
10 forallae X do
11 for all ¢} € 61(q1,a),q, € 62(q2,a) do
12 if [¢],45] ¢ O then add [¢/,q,] to W

13 add ([q1,921,a,[q},95]) to &
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a b,c b
b a
() ()
C a

Figure 11.2
Two NGAs.

Figure 11.3
Intersection of the two NGAs from figure 11.2.

Example 11.3 Consider again the first two Biichi automata of example 10.8 as depicted
in figure 11.2, but this time as NGAs with one set of accepting states: F 11 ={q1} for the
automaton on the left and F. 21 = {r} for the one on the right.

For union, the construction yields an NGA whose semi-automaton is the result of
putting the two semi-automata above “side by side,” with acceptance condition {F' 11 UF 21 =
{{g1,71}}. For intersection, we obtain the NGA of figure 11.3, with acceptance condition
{F',F?}, where F! =F| x 0y ={lq1, 0], [q1,71]} and F? = Q1 x F} ={[q0,711,[q1,71]}.
The result is no longer an NBA.

Since accepting runs must visit both F! and F? infinitely often, they are the runs that
travel back an forth infinitely between [qo,71] and [g1,70] (no infinite run ever visits
[g1,71]). In particular, state [¢1, 7] can be removed without changing the language. Com-
pare with the result we would obtain if the two automata were NFAs. In that case, the
resulting NFA would have the same semi-automaton, but the only accepting state would

be [g1,71].

A special case. Note that 41 N A, is not necessarily an NBA, even when 41 and 4, are
NBAs. We do obtain an NBA if, additionally, G; = {F 11} ={Q1}—that is, when 4, is an
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NBA in which every state is accepting. Indeed, according to the definition above, in this
case, we get

G=1{F| x 02} U{01 x F3} ={01 x 02,01 x F3},

and since every run of A N A, visits states of Q1 x O, infinitely often, we can replace G
by the Biichi condition Q; x F21. Observe that this is exactly the result we obtain when
we consider A; and 4, as NFAs. In other words, in this special case, we can compute an
automaton for the intersection by means of the same algorithm we used for automata on
finite words. While this case seems to be very special, it will be relevant in the application
to verification in chapter 13.

11.3 Complement

Recall that an NFA is complemented by first converting it into an equivalent DFA and then
exchanging the final and nonfinal states of the DFA. For NGAs, this approach cannot work,
because not every NGA has an equivalent DGA. To see why, observe that the conversion
NGA — NBA shown in section 11.1 preserves determinism—that is, it is also a conver-
sion DGA — DBA. Therefore, if for every NGA there is an equivalent DGA, then we can
produce the chain of conversions NBA — NGA — DGA — DBA, contradicting the fact
that not every NBA has an equivalent DBA (proposition 10.10).

We can complement NGAs using the results of chapter 10 for Muller automata. Indeed,
we can use a chain of conversions NGA — NMA — DMA to transform an NGA 4 into an
equivalent DMA B, which can be converted into a DMA B recognizing L, (4), which can
be converted into an equivalent NGA A using the conversion DMA — NBA. However, this
requires to use determinization procedures for w-automata, like those announced, but not
presented, in theorem 10.18 or theorem 10.25. These constructions are more involved than
the ones presented so far in this book. More important, they are difficult to handle algorith-
mically; in particular they often produce many redundant states that can be removed without
changing the language. Naive implementations spend much time exploring and construct-
ing such states, which makes them very inefficient. Therefore, efficient implementations
must design heuristics to detect and remove redundant states as early as possible, and this
is difficult to do.

In this chapter, we follow a different approach. We describe a construction for the direct
complementation of NBAs, bypassing the determinization step.! In order to complement
an NGA, we first transform it into an NBA using the conversion of section 11.1 and then
apply the complementation procedure for NBAs.

The complementation procedure for NBAs builds upon section 10.2.3, in which we pre-
sented a determinization procedure for NCAs. We assume that the reader is familiar with

1. Which, since not every NBA has an equivalent DBA, does not even exist!
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it. Given an NCA 4, the procedure introduced a mapping dag that assigns to each word w
a directed acyclic graph dag(w) “bundling” all runs of 4 on w, in the sense that the runs
of A on w correspond to the paths of the dag. The procedure then constructed a DCA B
satisfying for every word w

A accepts w
iff some path of dag(w) visits accepting states of 4 finitely often
iff the run of w in B visits accepting states of B finitely often
iff B accepts w.

We present the complementation procedure for NBA in a similar way. Fix an NBA
A= (S,F), where S= (0, X, 9, Qo) is a semi-automaton with » states. Our goal is to build
another NBA A4 such that for every word w

A rejects w
iff no path of dag(w) visits accepting states of 4 infinitely often
iff some run of w in 4 visits accepting states of 4 infinitely often
iff A accepts w.

In a first step, we introduce the notion of odd ranking of an w-word. For the moment,
it suffices to say that a ranking of w is the result of decorating the nodes of dag(w) with
numbers, that w may have multiple rankings, and that an odd ranking is a ranking in which
certain nodes have odd rank. The definition of ranking will ensure that

A rejects w
iff no path of dag(w) visits accepting states of 4 infinitely often
iff dag(w) has an odd ranking.

In the second step, we reuse the construction we applied to determinize NCAs, but this
time to construct an NBA 4. Intuitively, the runs of 4 on a word w correspond to the rankings
of dag(w), and the odd rankings correspond to the accepting runs. This yields

dag(w) has an odd ranking
iff A has an accepting run on w
iff A accepts w.

11.3.1 Rankings and Level Rankings

In the rest of the chapter, we use the NBA of figure 11.4 as running example.

Recall that the directly acyclic graph dag(w) of w € ¢ is the result of bundling together
the runs of 4 on w (see section 10.2.3). Figure 11.5 depicts the initial fragments of
dag(aba®) and dag((ab)®) (ignore the numbers on top of the states for the moment).

A ranking of dag(w) is a mapping R,, that associates to each node of dag(w) a natural
number in the range [0, 2n], called a rank, satisfying two properties:
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Figure 11.4
Running example for the complementation procedure.

Figure 11.5
Two rankings of the running example.

(a) the rank of a node is greater than or equal to the rank of its children, and

(b) the ranks of accepting nodes are even.

By (a), the ranks of the nodes along an infinite path form a nonincreasing sequence, and
so there is a node such that all its infinitely many successors in the path have the same rank;
we call this number the stable rank of the path.

Example 11.4 Figure 11.5 shows two possible rankings for the dags dag(aba®) and
dag((ab)®) of our running example. For each node (g, i), the rank R,,({g, 7)) is the number
on top of the node. Both dags have a single infinite path, with stable ranks 1 and 0,
respectively.

Recall that the ith level of dag(w) is the set of nodes of the form (g, i). A ranking R,, of
dag(w) can be decomposed into an infinite sequence Iy, Iry, . . . of level rankings, where the
level ranking /r; is defined as follows: Ir;(q) = Ry,({g,i)) if (g,i) is a node of dag(w), and
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Iri(q) = L otherwise. Further, for two level rankings /r and I’ and a letter a € X, we write
Ir+> It to denote, intuitively, that /i’ can be the a-successor of /r- in a ranking. Formally, we
have Ir+> I’ if the following holds for every state ¢':

« I (¢') # L iff Ir(q) # L for some ¢ such that g — ¢/.
(Informally: the states of /' are the a-successors of the states of /r.)

« Ir(q) = I (¢') for every g such that Ir(¢) # L and g —> ¢/
(Informally: the rank of a state of /r- is at least as large as the rank of its a-successors in I”.)

Example 11.5 If we represent a level ranking /r of our running example by the vector

[ Ir(qo) |
Ir(q1) |°

CIGICED
HEBEIEN)
Llefelef =[]y

We prove the following fundamental property of rankings, which requires to introduce
odd rankings.

and we have

Definition 11.6  For every word w, a ranking of dag(w) is odd if’

1. every infinite path of dag(w) visits nodes of odd rank infinitely often, and
2. the initial nodes (qq, 0) for qo € Qo have rank 2n.

For example, the top ranking of figure 11.5 is an odd ranking, because its only infinite
path visits infinitely often nodes of rank 1. The ranking at the bottom is not odd, because
only the first node of its unique infinite path has an odd ranking, and the rank of the initial
node is not 4. The following proposition characterizes the words rejected by 4 as those
whose dag admits an odd ranking.
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Proposition 11.7  Let n be the number of states of A. For every word w € ¢, w is rejected
by A iff dag(w) has an odd ranking.

Proof <) Assume that dag(w) has an odd ranking. Then every infinite path of dag(w)
has odd stable rank, and so it only contains finitely many nodes with even rank. Since all
accepting nodes have even ranks, no path of dag(w) visits accepting nodes infinitely often.
So w is rejected by A.

=) Assume that w is rejected by 4. We construct a ranking that is almost odd, defined as
a ranking that satisfies property 1 of definition 11.6, and such that every initial node (go, 0)
has rank at most 2xn. This suffices, because we can then increase the ranks of the initial
nodes to 2n, if necessary, since this change preserves all properties of a ranking.

Given two directed acyclic graphs (dags) D and D', let D' € D denote that D’ can be
obtained from D through deletion of some nodes and all their adjacent edges. We proceed
in two steps. First we assign ranks to nodes, and then we prove that the assignment satisfies
all properties of an odd ranking.

Assigning ranks to nodes. We define a function f* that assigns to each node (g, /) of dag(w)

a natural number f'(g, /). We first inductively define an infinite chain Dy 2Dy 2Dy 2 - --

of dags and define f'(g, /) as the number i such that (g, /) belongs to D; but not to D;1.
We say that a node of a (possibly finite) dag D C dag(w) is

o crosshatched iff it has only finitely many descendants;

o hatched iff it has infinitely many descendants, but none of them (including the node itself)

is accepting; and

« solid otherwise.

In particular, hatched nodes are not accepting. Observe also that the children of a

crosshatched node are crosshatched, and the children of a hatched node are crosshatched

or hatched. Now we define the following (see figure 11.6 for an example):

« Dy =dag(w),

o D»;4 is the result of deleting all the crosshatched nodes of D,;, and

o D»i1 o is the result of deleting all the hatched nodes of Dy; 4.

Proving that f is an odd ranking. As mentioned above, it suffices to prove that /" is almost
an odd ranking. The proof is divided into four parts:

(1) f assigns all nodes a number in the range [0, 2n].
(2) If {(¢/,I') is a child of (g, ), then (¢, I') <f(q,]).
(3) If (g, ) is an accepting node, then (g, ) is even.
(4) Every infinite path of dag(w) visits nodes (g, /) such that (g, ) is odd infinitely often.
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Figure 11.6

Initial fragments of the dags Dy, D1, and D, for dag(aba®). The map f assigns to dag(aba®) the ranking shown
at the top of example 11.4, with the exception that /" assigns rank 2 to (g, 0). However, increasing the rank of
(q0,2) to 4 preserves all properties of an odd ranking.

Part1 f assigns all nodes a number in the range [0, 27].

We prove that the dag D, is empty, which implies that /" assigns all nodes of dag(w) a
number in the range [0, 27] by the definition of /. By the definition of Dy, 1, it suffices to
show that D, is finite. For this we proceed as follows: we prove by induction on i that for
every i > 0, the levels of Dy; eventually have at most (n — i) nodes; formally, there exists
€; > 0 such that for every £ > ¢;, the £th level of Dy; contains at most (n — i) nodes. Taking
i = n, we obtain that the levels of D, eventually contain 0 nodes, and so that D, is finite.
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Base case i = 0. Since for every state g, a level contains at most one node of the form (g, £),
every level of dag(w) = Dy contains at most z nodes.

Induction step i > 0. Assume now that the hypothesis holds for i; we prove it for i+ 1.
Consider the dag Dy;. If Dy; is finite, then Dy, is empty. Thus, Dy 45 is empty as well,
and we are done. So, assume that Dj; is infinite. We make the following claim:

Claim 1: D;1 contains some hatched node.

Proof of claim 1: Assume that no node in Dy; is hatched. We show that dag(w) contains a
path that visits accepting nodes infinitely often, contradicting the assumption that 4 rejects
w. It suffices to prove that every node of Dy, has a descendant, different from itself, that
is accepting. Let (g, ¢) be an arbitrary node of D»;41. Since Dy; 4| is obtained by removing
all crosshatched nodes from Dj;, the node has at least one child. Since, by assumption, the
child is not hatched, the child has an accepting descendant, and we are done.

Let (g, €) be a hatched node in D»;4 1, which exists by claim 1. We prove that the levels of
Dyt eventually contain at most # — (i + 1) nodes. By induction hypothesis, we know that
the levels of Dy; eventually contain at most n — i nodes. Therefore, it suffices to show that
the levels of Dy;1, eventually contain at least one node less than the same level of Dy;. We
do this. Since (g, £) is anode of Dy; 1, it is not crosshatched in D5;. Thus, (g, /) has infinitely
many descendants in D,;. By Konig’s lemma (lemma 10.14), D,; contains an infinite path
T ={q,0){q1,{+ 1){g2,{+2).... We claim the following:

Claim 2: No node of 7 is in Dy .

Proof of claim 2: Since all nodes of 7z have infinitely many descendants, none of them is
crosshatched in D5;, and so z also exists in Dy, 1. Since (g, £) is hatched and, by definition,
the children of a hatched node are crosshatched or hatched, # is a hatched path. So every
node of 7 is deleted from D»;4 to obtain Dy;;, and the claim is proved.

By the claim, every level after the {th level has at least one node less in Dj;4> than in
D;y;, and we are done.
Part2 If(q/,l') is achild of (g,/), thenf(q',1') <f(q,]).
This follows from the definition of / and from the fact that the children of a crosshatched
node in Dy; are crosshatched, and the children of a hatched node in Dy; 4 are hatched.
Part 3 If (g,/) is an accepting node, then f (g, /) is even.
Iff(q,1) is odd, then (g, /) is hatched at D»;; for some i, and so g is not accepting.

Part 4 Every infinite path of dag(w) visits nodes (g, /) such that f(g,/) is odd infinitely
often.
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It suffices to prove that the stable rank of every infinite path of dag(w) is odd. Since w is
rejected by 4, every infinite path of 4 visits the accepting states of 4 finitely often. Take an
arbitrary infinite path of dag(w), and let (g, /) be the first node of the path that is assigned
the stable rank. Since (g, /) has infinitely many descendants (it belongs to an infinite path),
it cannot have received its rank because it was a crosshatched node of a dag D»;. So, it
received its rank because it was a hatched node of a dag D»; 1. Thus, (g, /) is assigned rank
2i+ 1, which is odd. O

11.3.2 The Complement NBA A
Given an NBA 4 = (0, X, 9, Qo, F), we construct an NBA A such that for every word w:

(a) A runof 4 on w is a ranking of dag(w) with ranks in the range [0, 21] and vice versa.

(b) An accepting run of 4 on w is an odd ranking of dag(w) and vice versa.
Such an automaton satisfies for every word w:
A rejects w
<= dag(w) has an odd ranking (by proposition 11.7)
<= 4 has an accepting run on w
<= A accepts w.

Thus, it recognizes the complement of the language of 4.
Using the representation of a ranking as an infinite sequence of level rankings, it is easy
to construct a semi-automaton satisfying (a):

« The states are the level rankings with ranks in the range [0, 2#], that is, the mappings
Ir: Q—[0,2n] U {_L} such that /r(g) is even for every accepting state q.

« The (unique) initial state is the level ranking Iry given by Iro(q) =2nifg € Qp, and Ir(q) =
L otherwise.

« The transitions are the triples (I, a, Ir’), where Ir and I’ are level rankings, a € X, and
Ir > I’ holds.

If we could define a Biichi acceptance condition on this semi-automaton such that the
resulting NBA also satisfies condition (b), we would be done. However, we cannot decide
if a ranking is odd or not if the only information we have is which level rankings are visited
infinitely often. Fortunately, we already solved a very similar problem in section 10.2.3.1 of
chapter 10, when we used the breakpoint construction to determinize NCAs. Let us briefly
recall what we did.

Breakpoint construction. In section 10.2.3.1, we introduced the set of breakpoint
levels—or just breakpoints—of a dag dag(w):
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« The 0th level of dag(w) is a breakpoint.

« Iflevel £ of dag(w) is a breakpoint, then the next level ¢’ > ¢ such that every path between
nodes of € and ¢’ (excluding nodes of ¢ and including nodes of ¢’) visits an accepting state
is also a breakpoint.

We then proved the following:

some path of dag(w) visits accepting states finitely often

iff  the set of breakpoints of dag(w) is finite,
which is logically equivalent to

every path of dag(w) visits accepting states infinitely often

iff the set of breakpoints of dag(w) is infinite.

Finally, we defined the states of the DCA as the pairs [P, O], where P is the set of states
of a level, and O contains the states of P that owe a visit to the accepting states (see sec-
tion 10.2.3.1 for the formal definition); further, the accepting states are the breakpoints,
defined as the pairs where O = .

Adapting the breakpoint construction for NCA — DCA. We redefine the set of
breakpoints of dag(w):

« The Oth level of dag(w) is a breakpoint.

« Iflevel ¢ is a breakpoint, then the next level ¢/ > £ such that every path between nodes of
¢ and ¢’ (excluding nodes of ¢ and including nodes of ¢’) visits a node of odd rank is also
a breakpoint.

That is, we replace the visits to accepting nodes in the previous definition by visits
to the nodes of odd rank. The same proof as in section 10.2.3.1 now yields the
following:

every path of dag(w) visits nodes of odd rank infinitely often
iff the set of breakpoints of dag(w) is infinite.

Finally, we define the states of A as the pairs [/r, O], where Ir is a level ranking, and O is
the set of nodes of the ranking that owe a visit to a node of odd rank. The accepting states
are the breakpoints (i.e., the pairs [/r, O] with O =0). Let us give a precise definition and
summarize the correctness proof.

Formal definition of 4. Let A= (0, X,0,00,F) be an NBA. The NBA A is defined as
follows:
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States: The states are pairs [/r, O], where Ir is a level ranking with ranks in the range [0;
2n], and O C Q is a set of owing states.

Transitions. The transitions are triples [Ir, O] ¥, 0] such that Ir > Iy’ and

O - {q€6(0,a):1lr(q) is even} if O+,
"~ |ige0:1¥(g) is even} ifoO=4.

Initial states: The only initial state is the pair [lr, @].

Accepting states: A state [Ir, O] is accepting if O =(.

The proof that 4 recognizes L,, (4) follows from chaining these three facts:

« A run of 4 on w is accepting iff the ranking of dag(w) encoded by the run contains
infinitely many breakpoints.

This follows immediately from the fact that the accepting states of A are the breakpoints.
« A ranking of dag(w) contains infinitely many breakpoints iff it is odd.

In section 10.2.3, we proved that the set of breakpoints of dag(w) is infinite iff every
path of dag(w) visits accepting states infinitely often. Exactly the same proof yields now:
the set of breakpoints of a ranking of dag(w) is infinite iff every path of the ranking visits
accepting states of A infinitely often (i.e., iff the ranking is odd).

« dag(w) has an odd ranking iff 4 rejects w.

This is the fundamental property of rankings.

The pseudocode for the complementation algorithm, constructing only the reachable
states, is described in algorithm 48. In the pseudocode, we let Iry denote the level ranking
given by Ir(q) =2|0| if g € Qp and Ir(q) = L otherwise. Further, Ir +> Ir’ denotes that for
every ¢’ € 0, (1) I (¢) # L iffIr(q) # L for some ¢ such that g — ¢, and (2) if I (¢') # L,
then Ir(q) > I’ (¢) for every ¢ such that /r(q) # L and g — ¢'.

Complexity. Let n be the number of states of 4. Recall that level rankings are mappings
Ir: Q— {L}U[0,2n]. So there at most (2n+2)" level rankings, and so A has at most
2n+2)"-2" € n®® states. In order to compare this with the complexity of complemen-
tation for NFAs, observe that n©® = 20@logn) and that, given an NFA with # states, the
complementation algorithm yields an automaton with at most 2" states. Thus, for NBAs,
we get an extra log n factor in the exponent.

Example 11.8 We construct the complements A; and A, of the only two NBAs over
alphabet {a} having one state and one transition (depicted in figure 11.7).

We have L, (41)={a”} and L, (42) =@. The construction yields the automata of
figure 11.8.
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Algorithm 48 Algorithm to complement an NBA.

CompNBA(A)
Input: NBA A=(0Q, X£,0,00, F)
Output: NBA 4 = (0, X, 6,4, F) with L,, (4) = L., (4)

1 0,0,F <0
2 qo < llro, 9]
3 W< {llro, 91}
4 while W #0 do
s pick [Ir,O] from W; add [Ir, O] to O
6 if O = then add [Ir, O] to F
7 forallae X,0r s.t. lr+> Ir' do
8 if O£ @ then O’ < {q€6(0,a):1lr'(q) is even}
9 else O' < {qeQ:1¥(q) is even }
10 add ([Ir, 0], a,[Ir,0']) to &
11 if [[/,0'] ¢ O then add [/, 0'] to W

12 return (0, X,9,4,,F)

We explain why, beginning with 4;. A state of 4| is a pair (Ir, O), where Ir is the rank
of the state ¢ (since there is only one state, we can identify /r and /r(q)). The initial state
is (2,0). Let us compute the successors of (2, #) under the letter a. Let {(///, O') be a suc-
cessor. Since d(g,a) = {q}, we have I/ # 1, and since ¢ is accepting, we have [/ # 1. So,
either /' =0 or I/ =2. In both cases, the visit to a node of odd rank is still “owed,” which
implies O' = {g}. So, the successors of (2,%) are (2,{q}) and (0, {¢}). Let us now com-
pute the successors of (0, {g}). Let (I, O’) be a successor. We have I’ = | and I/ #1 as
before, but now, since ranks cannot increase along a path, we also have Ir’ # 2. Thus, /7' =0,
and since the visit to the node of odd rank is still “owed,” the only successor of (0, {¢}) is
(0, {g}). Similarly, the successors of (2, {g}) are (2, {¢}) and (0, {¢}). Since (2, J) is the only
accepting state, A1 recognizes the empty w-language.

Let us now construct 4. The difference with 4 is that, since ¢ is no longer accepting, it
can also have odd rank 1. So, (2, @) has three successors: (2, {q}), (1,¥), and (0, {g}). The

Ay Ay

O e

Figure 11.7
Two NBAs with a single state and transition.
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Figure 11.8
Complement of the NBAs from figure 11.7.

successors of (1, ) are (1, %) and (0, {¢}). The accepting states are (2, #) and (1, ), and A,
recognizes a®.

11.3.3 A Lower Bound on the Size of A

We exhibit a family {L,},>1 of w-languages such that L, is accepted by a Biichi automaton
A, with n 4+ 1 states and any Biichi automaton accepting the complement of L, has at least
n! € 200logn) gtates,

Let X, ={1,...,n,#}. We associate to a word w € X a directed graph G,,. The nodes
of G,, are the numbers {1,...,n}, and there is an edge from node i to node j iff the finite
word ij occurs infinitely often in w.

Example 11.9 Consider the words w = (12#1#2)® and v = (12#)® over X, ={1,2,#}.

« G, contains two nodes, 1 and 2, and two edges, | -2 and 2 — 1.
« G, has the same nodes but only one edge, 1 — 2.

Let L, be the language of words w € X such that G,, has at least one cycle. For example,
for the words of example 11.9, we have we L, and v ¢ L,. Let L, denote the complement

of L, (i.e., the set of words w such that G,, is acyclic).
In the rest of the section, we prove the following proposition:

Proposition 11.10 For all n> 1, the language L, is recognized by an NBA with n+ 1
states, and every NBA recognizing L, has at least n! states.

An NBA for L,. Let A4, be the NBA with states {1,2,...,n,ch}, initial states {1,...,n},
accepting state ch, and the following transitions:

« O . .
« i—iforevery 1l <i<mandeveryo € X,, and

«i->chand ch > j for every 1 <i,j <n. (Intuitively, ch is an “interchange station” that
allows one to move from i to j by reading i/.)
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Figure 11.9
The Biichi automaton A5.

Figure 11.9 depicts A5. We prove that 4, recognizes L, in two steps.
(1) If w € Ly, then 4,, accepts w.

Choose a cycle ipis - - - ix—1i9 of Gy,. We construct an accepting run of 4, by picking iy as
the initial state and iteratively applying the following rule, where j @ 1 is an abbreviation
for (j + 1) mod k:

If the current state is ij, stay in ij until the next occurrence of jj ;g in w, and then take

L el .
ij — ch — ijg1
to move from ij to ijgp1-

By definition of G, state ch is visited infinitely often, and so w is accepted.

Example 11.11 Consider again the word w = (12#1#2)® of example 11.9. The graph G,,
has the cycle 1 — 2 — 1. The accepting run of 4, on w is

15eh>252 5252551 emS2
(2) If 4,, accepts w, then w € L,,.
We show that every node i of G,, has at least one outgoing edge i — j, which proves that
G,, contains a cycle. Let p be an accepting run of 4,, on w. Since p is accepting, it cannot

stay in any of the states 1, ..., n forever, and hence for each i € inf(p), there is j € inf(p)
such that the sequence i ch j of states occurs infinitely often in p. Since the only path of 4,
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matching this sequence of states is
i—>chL iR
the finite word ij occurs infinitely often in w, and so i — j is an edge of G,,. O

Every NBA recognizing L, has at least n! states. We need some preliminaries. Let 7 =
(t1,...,Ty) denote a permutation of (1,...,n). We make two observations:

(@) (t#)® e L, for every permutation 7.

Indeed, the graph G((z #)®) is just the path 1| — 7 — - - - — 1, which is acyclic.

(b) If a word w contains infinitely many occurrences of two different permutations 7 and
' of (1,...,n),thenweL,.

Since 7 and 7’ are different, there are i,j € {1,...,n} such that i precedes j in 7 and j
precedes i in 7’. Since w contains infinitely many occurrences of 7, the graph G,, has a path
from i to j. Since it also contains infinitely many occurrences of 7', the graph also has a
path from j to i. Hence, G,, contains a cycle, which implies w € L,,.

Now, let 4 be a Biichi automaton recognizing L,, and let 7, 7’ be two arbitrary permu-
tations of 1,...,n. By (a), there exist runs p and p’ of 4 accepting (r #)® and (z/ #)?,
respectively. We prove that the intersection of inf(p) and inf(p”) is empty. This implies that
A has at least as many accepting states as there are permutations of 1, ..., n, which proves
the proposition. We proceed by contradiction. Assume ¢ € inf(p) Ninf(p’). We construct
an accepting run p” by concatenating finite paths p and p’ as follows:

(0) Starting from the initial state of p, follow p until it reaches g.

(1) Starting from ¢, follow p’ until it returns to g for the first time, after having visited some
accepting state and having read the word 7’ at least once in between.

(2) Starting from ¢, follow p until it returns to ¢ for the first time, after having visited some
accepting state and having read the word 7 at least once in between.

(3) Goto(1).

The word accepted by p” contains infinitely many occurrences of both 7 and z’. By (b),

this word belongs to L,, contradicting £, (4) =L,,. O

11.4 Exercises

Y7 & Exercise 155. Consider the two Biichi automata (NBAs) below. Interpret them as
generalized Biichi automata (NGAS), construct their intersection, and convert the resulting
NGA into an NBA.
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b c a

O OO

¢ ¥ Exercise 156. Let L, = {w € {a, b, ¢} : w contains infinitely many ¢ ’s}. Give deter-
ministic Biichi automata for languages L,, L, and L.; construct the intersection of these
automata interpreted as NGAs; and convert the resulting NGA as a Biichi automaton.

¢ # Exercise 157. Give Biichi automata for the following w-languages:

(1) L1 ={w € {a, b}* :w contains infinitely many as},
(i) Ly ={w € {a, b}* : w contains finitely many bs}, and

(ii1) L3 ={w € {a, b}“ : each occurrence of a in w is followed by a b}.

Construct the intersection of these automata interpreted as NGAs, and convert the resulting
NGA as a Biichi automaton.

v [E Exercise 158. An w-automaton has acceptance on transitions if the acceptance
condition specifies which transitions must appear infinitely often in a run. All classes of
w-automata (Biichi, Rabin, etc.) can be defined with acceptance on transitions rather than
states.

Give minimal deterministic automata, for the language of words over {a, b} containing
infinitely many a and infinitely many b, of the following kinds: (a) Biichi (with state-based
accepting condition), (b) generalized Biichi (with state-based accepting condition), (c¢) Biichi
with acceptance on transitions, and (d) generalized Biichi with acceptance on transitions.

¥ £ Exercise 159. Consider the following Biichi automaton over X = {a, b}:

(a) Sketch dag(abab®) and dag((ab)®).
(b) Let ry, be the ranking of dag(w) defined by
1 ifg=gqo and (qo, i) appears in dag(w),
ml(q,0)=10 ifg=q and {q1,i) appears in dag(w),

1 otherwise.

Are 7pgpe and r(gp)e odd rankings?
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(c) Show that r, is an odd ranking if and only if w & L, (B).

(d) Build a Biichi automaton accepting L, (B) using the construction seen in the chapter.
Hint: By (c), it is sufficient to use {0, 1} as ranks.

¢ «f Exercise 160. Design algorithms for the following decision problems:

(a) Given finite words u, v,x,y € £*, decide whether the w-words uv® and x)® are equal.

(b) Given a Biichi automaton 4 and finite words u,v, decide whether 4 accepts the
w-word uv®.

Assume that you can algorithmically test whether the language of a given Biichi automaton
is empty or not (we will cover such procedures in chapter 12).

¢ B Exercise 161. Show that, for every DBA A with n states, there is an NBA B
with 2n states such that £, (B) = L, (4). Explain why your construction does not work
for NBAs.

W 7= Exercise 162. A Biichi automaton 4 = (0, £,0, 00, F) is weak if no strongly con-
nected component (SCC) of 4 contains both accepting and nonaccepting states—that is,
every SCC C C Q satisfies either CC For CCQ\ F.

(a) Prove that a Biichi automaton A4 is weak iff for every run p either inf(p) C F or inf(p) C
O\F.

(b) Prove that the algorithms for union, intersection, and complementation of DFAs are
correct for weak DBAs. More precisely, show that the algorithms return weak DBAs recog-
nizing respectively the union, intersection, and complement of the languages of the input
automata.

7 & Exercise 163. Give algorithms that directly complement deterministic Muller and
parity automata, without going through Biichi automata.

¢ B Exercise 164. Let A= (0, X, 0,9, {(F0,Go), ..., (Fm_1,Gm_1)}) be a determin-
istic automaton. What is the relation between the languages recognized by 4 seen as a
deterministic Rabin automaton and seen as a deterministic Streett automaton?

% = Exercise 165. Consider Biichi automata with universal accepting condition (UBA):
an w-word w is accepted if every run of the automaton on w is accepting, that is, if every
run of the automaton on w visits accepting states infinitely often.

Recall that automata on finite words with existential and universal accepting conditions
recognize the same languages (see exercise 21). Prove that this does not hold for automata
on w-words by showing that, for every UBA, there is a DBA that recognizes the same
language. This implies that the w-languages recognized by UBAs are a proper subset of
w-regular languages.
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Hint: On input w, the DBA checks that every path of dag(w) visits some final state infinitely
often. The states of the DBA are pairs (Q', O) of sets of the UBA where O C Q' is a set of
“owing” states. Loosely speaking, the transition relation is defined to satisfy the following
property: after reading a prefix w' of w, the DBA is at the state (Q', O) given by

o O is the set of states reached by the runs of the UBA on w';

« O is the subset of states of Q' that “owe” a visit to a final state of the UBA (see the
construction for the complement of a Biichi automaton).






1 2 Emptiness Check: Implementations

After implementing boolean operations on NGAs in chapter 11, we present an implemen-
tation of the tests on sets of objects shown in table 0.1 of chapter 0. The list contains four
sets: membership, emptiness, containment, and equivalence. We only consider emptiness,
as all other tests can be reduced to it:

« The membership test Member(x, X) takes as input an object x and a set of objects X,
encoded, respectively, as an w-word and an w-regular language over some alphabet ~. How-
ever, the test is only well defined after we fix a finite representation for w-words, which for
cardinality reasons only can represent a countable subset of £“. We can limit the test to
w-words w for which there exists an w-regular expression s such that £, (s) = {w}. In this
case, the membership test can be reduced to the emptiness set by converting s into an w-
automaton, computing its intersection with the w-automaton for the w-regular language
encoding X, and conducting an emptiness test on the result.

« As seen in chapter 3, testing the inclusion L C L; reduces to testing the emptiness of
L1 N Ly, and testing the equivalence L = L, reduces to testing the inclusions L; € L, and
L, L.

We present efficient algorithms for checking whether a given NGA 4= (0, £, J, Qo,
G) recognizes the empty language. Since transition labels are irrelevant for checking
emptiness, in this chapter, we redefine J as a set of pairs of states:

6:={(q.4)€0OxQ:(q,a,q") €6 for some a € X}

We assume that initially, the algorithms only know the set Qg of initial states of A. Further,
the algorithms can query J—that is, they can submit a state ¢ to an oracle that returns
0(q) and the collection of sets F' € G such that g € F. So, the algorithms must determine
if 4 recognizes the empty language while exploring it, and only “forward” exploration is
possible. In particular, the algorithms can contain loops of the form “for ¢’ € 6(¢) do - - -
but no loops of the form “for ¢’ € 5~'(¢) do - - - ”; computing the predecessors of a state is
not a primitive operation. We say that these algorithms operate on-the-fly.

2
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Example 12.1 To illustrate the notion of an on-the-fly algorithm, consider the problem of
deciding whether an NFA, not necessarily in normal form, recognizes the empty language.
An NFA recognizes a nonempty language iff some final state is reachable from some initial
state. In principle, this can be checked by means of a forward search that explores the NFA
from the initial states, looking for final states, or by a backward search that explores the
NFA backward from the final states, looking for initial states. The first algorithm works
on-the-fly: it can be implemented even if initially only Qg is known and J can be queried.
The second one does not work on-the-fly.

To understand the advantage of on-the-fly algorithms, consider the problem of deciding
whether the intersection of the languages of two NGAs, say 41 and 4;, is empty. We can
first use /ntersNGA (algorithm 47) to construct an NGA A recognizing L, (A1) N Ly, (42)
and then apply the emptiness algorithm to it, but this requires to construct the complete
automaton 4. We can do better by observing that IntersNGA constructs 4 in a “forward
manner” too, starting at the initial states and iteratively constructing the successors of the
states g1, g2] constructed so far. This allows us to link the intersection and emptiness algo-
rithms: a query d([g1,¢2]) to the oracle of the on-the-fly emptiness algorithm is answered
by the intersection algorithm, which computes the successors of [g1,¢2] in A according
to IntersNGA. The composite algorithm may be able to determine that 4 has a nonempty
language after having constructed only a small part of it.

On-the-fly emptiness algorithms are needed for the on-the-fly approach to automatic ver-
ification described in section 7.4.2 of chapter 7, where the reader can find a more detailed
discussion.

We need a few graph-theoretical notions. If (g, 7) € J, then r is a successor of g and ¢ is a
predecessor of r. A path is a sequence qo, q1, - - - , ¢, Of states such that g; 1| is a successor
of g; for every i € {0, ...,n — 1}; we say that the path /eads from ¢qq to ¢,. Note that a path
may consist of only one state; in this case, the path is empty and leads from a state to itself.
A cycle is a nonempty path that leads from a state to itself. We write ¢ ~~ 7 to denote that
there is a path from ¢ to r.

Clearly, 4 is nonempty iff it has an accepting lasso—that is, a path qoq1 . . . gn—19» such
that g, =¢q; for some i €{0,...,n— 1} and {g;, ¢i+1,...,gun—1} NF £ @ for every F €g.
The lasso consists of a path qq ... g;, followed by a cycle ¢;iqi+1 .. .gn—1¢i. We are inter-
ested in emptiness checks that on input 4 report EMPTY or NONEMPTY (sometimes
abbreviated to EMP and NEMP) and in the latter case return an accepting lasso as a witness
of nonemptiness.

The chapter is divided into two sections, which present algorithms based on depth-first
search (DFS) and breadth-first search (BFS) of the NGA, respectively. In all algorithms, we
first consider the special case in which the automaton is an NBA. Emptiness of GAs can
then be checked by applying the conversion NGA — NBA, but for all algorithms except
one, we present a more efficient alternative that sidesteps the conversion.
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12.1 Emptiness Algorithms Based on Depth-First Search

We present two emptiness algorithms that explore A using depth-first search (DFS). We
start with a brief description of DFS and some of its properties.

A DFS of 4 is the result of conducting DFSs from each initial state of 4. Assume one of
these DFSs starts at an initial state g¢. If the current state ¢ still has unexplored outgoing
transitions, then one of them is selected. If the transition leads to a not yet discovered state
r, then r becomes the current state. If all of ¢’s outgoing transitions have been explored, then
the search “backtracks” to the state from which g was discovered (i.e., this state becomes the
current state). The process continues until gg becomes the current state again and all its out-
going transitions have been explored. Algorithm 49 provides a pseudocode implementation
(ignore algorithm DFS_Tree for the moment).

Observe that DFS is nondeterministic, since we do not fix the order in which the states
of d(q) are examined by the for loop. Since, by hypothesis, every state of an automaton
is reachable from the initial state, we always have S = Q after termination. Moreover, after
termination, every state g # go has a distinguished input transition—the one that led to the
discovery of ¢ during the search. It is well known that the graph with states as nodes and
these distinguished transitions as edges is a tree with root gg, called a DFS-tree. If some
path of the DFS-tree leads from ¢ to r, then we say that ¢ is an ascendant of r, and r is a
descendant of ¢ (in the tree).

It is easy to modify DFS so that it returns a DFS-tree, together with timestamps for the
states. The algorithm, which we call DFS_Tree, is shown below, on the right of DFS. While

Algorithm 49 Depth-first search algorithm.

DFS(A) DFS_Tree(A)
Input: NGA 4= (0, £,9, 0y, F) Input: NGA 4= (0, £,9, 0, F)
Output: Time-stamped tree (S, T, d, f)

1 S<0 1 S« 0
2 for all go € Qg do dfs(qo) 2 T<«Wt<0
3 proc dfs(q) 3 dfs(qo)
4 addgto S 4 proc dfs(q)
5 for all € 5(¢) do 5 t<—t+1;dlg] <t
6 if 7 ¢ S then dfs(r) 6 addgto S
7 return 7 for all r € 5(g) do
8 if » ¢ S then
9 add (q,r) to T; dfs(r)
10 t<—t+1;flg]l <1t

11 return (S, 7,d,f)
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timestamps are not necessary for conducting a search, many algorithms based on depth-first
search use them for other purposes.! Each state g is assigned two timestamps. The first one,
d|q], records the time at which ¢ is first discovered, and the second, f[g], the time at which
the search finishes examining the outgoing transitions of ¢. Since we are only interested in
the relative order in which states are discovered and finished, we assume that the timestamps
are integers ranging between 1 and 2|Q], that is, we assume that the clock only ticks when
a state is discovered or when the search from a state finishes.

In our analyses, we also assume that at every time point, a state is white, gray, or black.
A state ¢ is white during the interval [0, d[q]), gray during the interval [d[q],f[q]), and
black during the interval [fg],2|Q|]. So, loosely speaking, ¢ is white if it has not been yet
discovered, gray if it has already been discovered but still has unexplored outgoing edges,
and black if all its outgoing edges have been explored. Timestamp 0 refers to the initial
moment where the whole graph is white, that is, no state has been discovered yet. It is easy
to see that at all times, the gray states form a path (the gray path) starting at g and ending
at the state being currently explored, that is, at the state ¢ such that dfs(g) is being currently
executed; moreover, this path is always part of the DFS-tree.

Example 12.2 The following picture shows the DFS-tree and the discovery and finishing
times of two possible runs of DF'S_Tree on a NBA. Thick colored transitions belong to the
DFS-tree. The interval [d, /) on top of a state gives the discovery time d and finishing time
f. The interval corresponds to the time during which the state is gray. At time 0, all states
are white, and at time 2|Q| = 12, they are all black.

[1, 12)

[4,9) [5,8) [6,7)

[2,11)
[3, 10)

(1, 12) [2,11) 13, 8) [4,7) [5, 6)
[9, 10)

1. Inthe rest of the chapter, and in order to present the algorithms in a more compact form, we omit the instructions
for computing the timestamps and just assume they are there.
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Observe that in the first run, the DFS-tree is just a path. Notice also that the discovery and
finishing times do not completely determine a run. For example, in the first run, we do not
know whether the DFS explored the transition gs — go before g5 — g5 orthe other way round.
In the second run, the gray path is gg at time 1, goq192¢3 at time 4, and goq1¢5 at time 9.

We recall without proof two important properties of depth-first searches. Both follow
easily from the fact that a procedure call suspends the execution of the caller, which is only
resumed after the execution of the callee terminates.

Theorem 12.3: parenthesis theorem. Let I(q) denote the interval [d[q],f[q]], and let
1(q) < I(r) denote that fq] < d[r] holds. In a DFS-tree, for any two states q and r, one of
the following four conditions holds:

» 1(q) C€1(r) and q is a descendant of r;
« I(r) C1(q) and r is a descendant of q;
« 1(q) < I(r), and neither q is a descendant of r, nor r is a descendant of q; and

o I(r) <1(q), and neither r is a descendant of q, nor q is a descendant of r.

Theorem 12.4: white-path theorem. [n a DFS-tree, r is a descendant of q (and so I(r) C
1(q)) if and only if, at time d[q] — 1, state r can be reached from q along a path of white
states.

Example 12.5 In the first run of example 12.2 for every two states ¢g; and g;, we have
1(g;) € 1(g;) or I(g;) € 1(g;). By the parenthesis theorem, either ¢; is a descendant of g; or
vice versa, which implies that the DFS-tree is a path, as is indeed the case.

Now, compare the discovery times of ¢, and g5 in the first and second runs. In the first
run, we have d[g>] =4 and d[¢s5] = 3. So at time 2, the path g5 — g5 is white. By the white-
path theorem, ¢, is a descendant of ¢5 in the DFS-tree, and so, by the parenthesis theorem,
1(g2) € 1(gs). In the second run, we have d[g;] =3 and d[g5] = 9. So at time 8 no path from
qs to q» is white. By the white-path theorem and the parenthesis theorem, 7(g2) < 1(gs).

12.1.1 The Nested-DFS Algorithm

Let A be an NBA. To determine if 4 is empty, we can search for the accepting states of 4 and
check if at least one of them belongs to a cycle. A naive implementation proceeds in two
phases, searching for accepting states in the first and for cycles in the second. The runtime
is quadratic: since an automaton with » states and m transitions has O(n) accepting states,
and since searching for a cycle containing a given state takes time O(n 4 m), we obtain a
bound of O(n? + nm).

We introduce the nested-DFS algorithm, which runs in time O(n + m). It uses the first
phase not only to discover the reachable accepting states but also to sorf them. The searches
of the second phase are conducted according to the order determined by the sorting. As we
shall see, conducting the search in this order avoids repeated visits to the same state.
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The first phase is carried out by a DFS, and the accepting states are sorted by increasing
finishing (not discovery!) time. This is known as the postorder induced by the DFS. Assume
that in the second phase, we have already performed a search starting from the state ¢ and
the search has failed (i.e., no cycle of 4 contains g). Suppose we proceed with a search
from another state 7 (which implies f[¢] <f[r]), and this search discovers some state s that
had already been discovered by the search starting at g. We claim that it is not necessary to
explore the successors of s again. More precisely, we claim that s -+~ r, and so it is useless
to explore the successors of s, because the exploration cannot return any cycle containing
r. The proof of the claim is based on the following lemma:

Lemma 12.6 [fq~-rand f[q] <f[r] in some DFS-tree, then some cycle of A contains q.

Proof Letr be apath leading from ¢ to 7, and let s be the first node of # that is discovered
by the DFS. By definition, we have d[s] < d[q]. We prove that ¢ # s, ¢ ~> s and s ~~ ¢ hold,
which implies that some cycle of 4 contains q.

o g #s. If s =g, then at time d[g] — 1, the path 7 is white, and so /(r) C I(g) by the white-
path theorem. This contradicts f[g] <f[r].

« g ~>s. Obvious, because s belongs to 7.

o s~ q. Since d[s] <d[q] and s # g, we have d[s] < d[q]. By the parenthesis theorem, we
either have 7(g) C I(s) or I(s) < I(g). We show that the latter is impossible. By minimality
of's, at time d[s] — 1, the subpath of 7 leading from s to r is white. Hence, by the white-path
theorem, we have /(r) C I(s). But /() C I(s) and /(s) < /(g) contradict f[q] < f[r], and so
1(s) < I(g) does not hold. It follows /(g) C I(s), and hence g is a descendant of s, by the
parenthesis theorem. This implies s ~~ g. O

Example 12.7 The NBA of example 12.2 contains a path from ¢; to go9. Moreover, the
depicted DFS-trees satisfy f[g;]=11 < 12=f[qo]. As guaranteed by lemma 12.6, some
cycle contains g1, namely, the cycle ¢1¢590.

To prove our previous claim, we assume that s ~> 7 holds, and derive a contradiction.
Since s was previously discovered by the search starting at ¢, we have ¢ ~~ s, and so g ~~ r.
Since f[¢q] <f[r], by lemma 12.6, some cycle of 4 contains ¢, contradicting the assumption
that the search from ¢ failed.

Hence, during the second phase, we only need to explore a transition at most once—
namely, when its source state is discovered for the first time. This guarantees the correctness
of this algorithm:

« Perform a DFS from each initial state of 4, and output the accepting states in postorder.
Let g1, ..., qx be the output of the search, that is, f[g1] <- -+ <flgk].

2. Notice that this does not require to apply any sorting algorithm; it suffices to output an accepting state
immediately after blackening it.
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« Fori=1 to k, perform a DFS from the state ¢;, with the following changes:
- if the search visits a state g that was already discovered by any of the searches starting
atqi,...,qi—1, then the search backtracks;

« if the search visits ¢;, it stops and returns NONEMPTY.
« If none of the searches from ¢, . .., g returns NONEMPTY, return EMPTY.

Example 12.8 We apply the algorithm to the NBA of example 12.1. Assume that the first
DFS proceeds as depicted in the first run. The search outputs the accepting states in pos-
torder, that is, in the order g2, q1, go. Figure 12.1 shows the transitions explored during the
searches of the second phase. Transitions explored during the search starting at accepting
state ¢; have a label of the form “i.j.”

The search from ¢, explores the transitions labeled by 2.1, 2.2, and 2.3. The search from
q1 explores the transitions 1.1, .. ., 1.5. Notice that the search backtracks after exploring 1.1,
because the state ¢, was already visited by the previous search. Moreover, this search is suc-
cessful, because transition 1.5 reaches state ¢, and so a cycle containing ¢ has been found.

The running time of the algorithm can be easily determined. The first DFS runs in
O(|Q| + |4]) time. During the searches of the second phase, each transition is explored
at most once, and so they can be executed together in time O(|Q| + |J]).

12.1.1.1 Nesting the two searches
Recall that we are looking for algorithms that return an accepting lasso when A4 is nonempty.
The algorithm we have described is not good for this purpose. Define the DFS-path of a
state as the unique path of the DFS-tree leading from the initial state to it. When the second
phase answers NONEMPTY, the DFS-path of the state being currently explored, say ¢, is an
accepting cycle but usually not an accepting lasso. For an accepting lasso, we can prefix this
path with the DFS-path of ¢ obtained during the first phase. However, since the first phase
cannot foresee the future, it does not know which accepting state, if any, will be identified
by the second phase as belonging to an accepting lasso. So either the first search must store
the DFS-paths of @/l the accepting states it discovers, or a third phase is necessary, in which
a new DFS-path is recomputed.

This problem can be solved by nesting the first and the second phases: whenever the
first DFS blackens an accepting state ¢, we immediately launch a second DFS to check if ¢

Figure 12.1
An execution of the nested-DFS algorithm.



320 Chapter 12

is reachable from itself. We obtain the nested-DFS algorithm, due to Courcoubetis, Vardi,
Wolper, and Yannakakis:

« Perform a DFS from each initial state.

« Whenever the search blackens an accepting state ¢, launch a new DFS from g¢. If
this second DFS visits ¢ again (i.e., if it explores some transition leading to g), stop
with NONEMPTY. Otherwise, when the second DFS terminates, continue with the first
DFS.

« If the first DFS terminates for every initial state, output EMPTY.

An implementation is shown in algorithm 50. For clarity, the program on the left does
not include the instructions for returning an accepting lasso. A variable seed is used to store

Algorithm 50 Nested depth-first search algorithm.

NestedDFS(A) NestedDFSwithWitness(A)
Input: NBA 4= (0, X,4,0, F) Input: NBA 4= (0, X,4,0,F)
Output: EMPif L, (4)=9 Output: EMPif L, (4) =0
NEMP otherwise NEMP otherwise
1 S<¢ 1 S <« @; succ < false
2 for all gg € Qp do dfsi(qo) 2 for all gg € Qp do dfsi(qo)
3 report EMP 3 report EMP
4 proc dfsi(q) 4 proc dfsl(q)
5 add [¢,1]to S 5 add [¢,1]to S
6 for all » € 6(g) do 6 for all » € 6(g) do
7 if [,1] ¢ S then dfsi(r) 7 if [, 1] ¢ S then dfs1(r)
if g € F then seed < q; dfs2(q) 8 if succ then return [g, 1]
9 return 9 if g € F then
10 seed < q; dfs2(q)

10 proc dfs2(q)

- add [¢,2] to S 11 if succ then return [g, 1]
12 for all » € 6(g) do b return
13 if » = seed then report NEMP 13 proc dfs2(q)
14 if [,2] ¢ S then dfs2(r) 14 add [¢,2] to S
15 return 15 for all » € 6(g) do
16 if [,2] ¢ S then dfs2(r)
17 if » = seed then
18 succ < true
19 if succ then return [g, 2]

20 return
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the state from which the second DFS is launched. The instruction report X produces the
output X and stops the execution. The set S is usually implemented by means of a hash
table. Notice that it is not necessary to store states [¢, 1] and [g, 2] separately. Instead, when
a state ¢ is discovered, either during the first or the second search, it is stored at the hash
address, and two extra bits are used to store which of the following three possibilities hold:
only [g, 1] has been discovered so far, only [g, 2], or both. So, if a state is encoded by a
bitstring of length ¢, then the algorithm needs ¢ + 2 bits of memory per state.

The algorithm on the right is a modification of Nested DFS that returns either EMP or an
accepting lasso. It uses a global boolean variable succ (for success), initially set to false.
If dfs2(q) observes that r = seed holds, it sets succ to true. This causes procedure calls in
dfs1(q) and dfs2(q) to be replaced by return [¢, 1] and return [g, 2], respectively. The lasso
is produced in reverse order (i.e., with the initial state at the end).

12.1.1.2 A small improvement

We show that dfs2 can already return NONEMPTY if it discovers a state that belongs to
the DFS-path of dfsl. Let g be an accepting state. Assume that dfs/ discovers g; and
that the DFS-path of g in dfs! is qoq1 - - - gk—19%- Assume further that dfs2(qy) discov-
ers g; for some 0 <i <k — 1 and that the DFS-path of dfs2 is gxqr+1 - - - qx+1¢9i- The path
q0q1 - - - 9k—19% - - - k+19i 1s a lasso, and, since gy is accepting, it is an accepting lasso. So,
stopping with NONEMPTY is correct. Implementing this modification requires to keep
track during dfs/ of the states that belong to the DFS-path of the state being currently
explored. Notice, however, that we do not need information about their order. So we can
use a set P to store the states of the path and implement P as, for example, a hash table. We
do not need the variable seed anymore, because the case » = seed is subsumed by the more
general r € P. A pseudocode implementation is given in algorithm 51.

Algorithm 51 Improved nested depth-first search algorithm.

ImprovedNestedDFS(A)

Input: NBA A=(0Q, X£,0,00, F)

Output: EMP if £, (4) =@, NEMP otherwise
1 S< @, P<0
2 for all gg € O do dfsi(qo)
3 report EMP

4 proc dfsl(q) 11 proc dfs2(q)

5 add [¢, 1] to S; add ¢ to P 12 add [¢,2] to S

6 for all € 5(¢) do 13 for all » € 5(gq) do

7 if [, 1] ¢ S then dfsi(r) 14 if » € P then report NEMP
if g € F' then dfs2(q) 15 if [,2] ¢ S then dfs2(r)

9 remove g from P 16 return

10 return
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12.1.1.3 Extension to NGAs

Contrary to the other algorithms studied in the coming sections, the nested-DFS algo-
rithm cannot be generalized to emptiness of NGAs by conducting some minor changes
in the pseudocode. The simplest way to extend it to NGAs is by applying the conversion
NGA — NBA. Given an NGA with accepting condition {Fy, ..., F,—1}, the conversion
“replicates” each state m times. Since the nested-DFS algorithm visits each state at most
twice, this gives at most 2m calls to dfs for each state ¢ of the NGA. Let us now (informally)
argue that any generalization of the nested-DFS algorithm requires at least m calls in the
worst case. For this, observe that, while any NBA accepting a nonempty language has an
accepting 1asso qq . . . ¢iqi+1 - - - ¢n = ¢; such that the states qo, q1 . . ., g,—1 are distinct, this
is no longer true for NGAs. For example, every lasso of the NGA having the same semi-
automaton as the NBA of figure 11.9 and accepting condition {{1},. .., {S}} visits the state
ch at least five times. If we assume that a generalization of the nested-DFS algorithm starts
a new DFS-search whenever the current search hits a state of a set F; of accepting states
that has not been visited before, then, when applied to this NGA, the algorithm will call
dfs(ch) at least five times.

12.1.1.4 Evaluation

The strong point of the nested-DFS algorithm is its very modest space requirements. Apart
from the space needed to store the stack of calls to the recursive procedures, the algo-
rithm just needs two extra bits for each state of the automaton. However, in many practical
applications, the automaton can easily have millions or tens of millions of states, and each
state may require many bytes of storage. In these cases, the two extra bits per state are
negligible.

The algorithm has two weak points. First, as explained above, it cannot be easily gen-
eralized to NGAs. Moreover, it is not optimal, in the following sense. A search-based
algorithm explores an NBA A starting from the initial states. At each point ¢ in time,
the algorithm has explored a subset of the states and the transitions of the algorithm, which
form a sub-NBA 4, = (0, X, J;, Qor, F;) of A. Clearly, a search-based algorithm can only
report NONEMPTY at time ¢ if 4; contains an accepting lasso. A search-based algorithm is
optimal if the converse holds, that is, if it reports NONEMPTY at the earliest time ¢ such that
A, contains an accepting lasso. It is easy to see that NestedDF'S is not optimal. Consider the
automaton on the left of figure 12.2. Initially, the algorithm chooses between the transitions
(90,4q1) and (g9, q2). Assume it chooses (qo, ¢1) (the algorithm does not know that there
is a long tail behind ¢5). The algorithm explores (g, ¢1) and then (g1, go) at some time .
The automaton A4, already contains an accepting lasso, but since go has not been blackened
yet, dfsl continues its execution with (o, g2) and explores all transitions of A before dfs2
is called for the first time and reports NONEMPTY. So the time elapsed between the first
moment at which the algorithm has enough information to report NONEMPTY and the
moment at which the report occurs can be arbitrarily long.
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Figure 12.2
Two bad examples for NestedDFS.

The automaton on the right of figure 12.2 shows another problem of algorithm
NestedDFS related to nonoptimality. If it selects (qo,q) first, then, since ¢, pre-
cedes go in postorder, dfs2(q,) is executed before dfs2(qo), and it succeeds, reporting
q092 - * - gnqgn+19n, instead of the much shorter lasso goq19o.

In the next section, we describe an algorithm that, while also based on DFS, calls dfs(q)
at most once for every state ¢, can be easily extended to NGAs, and is optimal.

12.1.2 An Algorithm Based on Strongly Connected Components

Recall that the nested-DFS algorithm searches for accepting states of 4 and then checks if
they belong to some cycle. We design another algorithm that, loosely speaking, proceeds
the other way round: it searches for states that belong to some cycle of 4 and checks if they
are accepting.

12.1.2.1 Strongly connected components, roots, and the active graph
A strongly connected component (SCC) of A is a maximal set of states S C Q such that
g~ r for every ¢q,r € S.> Observe that every state belongs to exactly one SCC. The first
state of an SCC that is discovered by a DFS is called the root of the SCC (with respect to
this DFS).

Let us fix a time ¢, and let 4; be the subgraph of 4 containing the states and transitions of
A explored by the DFS up to time ¢. We call 4, the explored graph. An SCC of 4; (not of A!)
is active if it is currently visited by the gray path (i.e., if at least one of its states appears in
the gray path), and inactive otherwise. A state is active if its SCC in A4 is active. (Observe
that an active state may not belong to the gray path, as long as some other state of the SCC
does.) The active graph at time ¢ is the subgraph of A, containing the active states and the
discovered transitions between them.

Example 12.9 Figure 12.3 shows a DFS on a graph with six states A, B, ..., F. Each state
is labeled with the interval given by its discovery and finishing times. At state D, the search
explores the curved edge first and, at states E and F, the straight edge first. The right part
of the picture shows three snapshots of the DFS, taken at three different times. Unexplored

3. Note that a path consisting of just a state ¢ and no transitions is a path leading from ¢ to g.



324 Chapter 12

[1,12) [2,5) [3.4)

OnO=0
O0=0=0

[6,11) [8,9) [7,10)

Figure 12.3
A DEFS (left) and the explored and active graphs at three different snapshots (right). Bold solid colored nodes and
edges are active; hatched colored nodes are inactive.

states and edges are dotted. The explored graph contains all solid states and edges. The
active graph contains the bold colored states and edges.

« First snapshot: Before backtracking from B. The gray path is A, B. The active SCCs are
{A} and {B, C}, with roots A and B, respectively. The explored graph and the active graph
coincide.

« Second snapshot: After exploring the edge E — F. The gray path is A, D, F, E. The active
SCCs are {A}, {D}, and {E, F}. States B and C are now explored but inactive.

« Third snapshot: Before backtracking from D. The gray path is A, D. The active SCCs are
{A} and {D, E, F}.

We analyze the structure of the active graph with the help of several observations:
(1) Ifristhe root of an SCC, then d[r] < d[q] for every state g of the SCC; in other words,
the root is the first state of an SCC discovered by the DFS.

This follows from the definition of a root.

(2) Ifristhe root of an SCC, then f[r] > f[g] for every state ¢ of the SCC; in other words,
the root is also the last state of the SCC blackened by the DFS.
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At time d[r] — 1, there are white paths from 7 to all states of the SCC. By the white-path
theorem, all states of the SCC are discovered before backtracking from . By the parenthesis
theorem, the DFS backtracks from all states of the SCC before it backtracks from r.

(3) An SCC becomes inactive when the DFS backtracks from its root (i.e., when it is
blackened).

This follows immediately from (2).
(4) An inactive SCC of 4; is also an SCC of A4.
This follows from (2) and (3).
(5) At every moment, the roots of all currently active SCCs occur in the gray path.
This follows from (3) and the fact that the root of an active SCC must be on the gray path.

(6) Let g be an active state of 4;, and let » be the root of its SCC. No state s such that
d[r] <d[s] <d[q] is an active root.

Assume s is an active root such that d[r] < d[s] < d[q]. We show that » and s belong to
the same SCC, contradicting that s is a root. It suffices to show that both 7 ~~s and s~ r
hold. For r ~~ s, observe that, by (5), both » and s are on the gray path, and » precedes s in
the path because d[r] < d[s]. For s ~> r, observe that, since s is active and d[s] < d[q], state
q is discovered during the execution of dfs(s), and so s ~~ g; moreover, since r is the root of
the SCC of ¢, we have g ~~r, and so s~ r.

(7) If g and r are active states of 4; and d[gq] < d[r], then g ~> r.

Let ¢’ and # be the roots of the SCCs of ¢ and . Then, g ~~ ¢’ and ' ~~ r, and so it suffices
to prove ¢’ ~ 7. Since ¢’ and // are roots, they belong to the gray path by (5), and so at least
one of ¢’ ~» " and r ~ ¢’ holds. By (6), we have d[q'] <d[r'], and so ¢’ ~ #’ holds.

From (1) to (7), we get that the active graph has a necklace structure sketched in
figure 12.4. The chain of the necklace is the gray path, and the beads of the necklace
are the active SCCs. All roots of the active SCCs belong to the gray path, but the gray
path may also contain other nodes. Given two consecutive roots g and 7 in the gray path
such that d[g] < d[r], the SCC of ¢ contains exactly the active nodes s discovered between
q (inclusive) and r (exclusive). Formally, the SCC of ¢ contains all nodes s such that
dlg] <dls] <dlr].

12.1.2.2 The Algorithm
The algorithm maintains the explored graph and the necklace structure of the active graph
while the DFS is conducted. More precisely, the algorithm maintains the following data:

« The set S of states visited by the DFS so far.

« The mapping rank : S — N that assigns to each state a number in the order they are discov-
ered, called the discovery rank of the state. Formally, the discovery rank of ¢ is the number
of states of § immediately after ¢ is visited.
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Figure 12.4
Structure of the active graph.

« The mapping act: S — {true, false} that assigns true to a state iff it is currently active.

o The necklace stack N. The elements of N are of the form (7, C), where C is the set of
states of an active SCC, and r is its root. We call the pair (r, C) a bead. The oldest bead
(i.e., the one with the oldest root) is at the bottom of the stack, and the newest is at the top.

After the initialization step, the DFS is always either exploring a new edge (which may lead
to a new state or to a state already visited) or backtracking along an edge explored earlier. We
show how to update S, rank, act, and N after an initialization, exploration, or backtracking
step, so that, assuming they satisfy their definitions before the step, they continue to satisfy
them after it. Further, we show how to check after each step whether the explored graph
contains an accepting lasso.

Initialization. Initially, both the explored and active graphs consist only of the initial state
qo and no edges. The necklace has only one bead—namely, (g, {go}). Thus, we initialize
S to qo; set rank(qo) and act(qo) to 1 and true, respectively; and push (qo, {go}) onto N.

Exploration of new edges. Assume the algorithm explores a new edge from state ¢ to state
r. Assume further that S, rank, act, and N match the current explored and active graphs and
that the explored graph does not contain an accepting lasso. We distinguish six cases.

(1) ris anew state (i.e., 7 ¢ .5).

Then the explored graph is extended with state , which is active. So, we add  to S, and
set rank(r) and act(r) to |S| and true, respectively. Since r forms a trivial SCC, we push a
new bead (r, {r}) to N. Finally, we recursively call dfs(r).

The following figure shows the explored and active graphs before and after the DFS
explores the edge B — C, discovering C. The value of N is updated from (A, {A})(B, {B})
(with the bottom of the stack on the left) to (A, {A})(B, {B})(C, {C}).
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(i1) 7 has been visited by the DFS before and is inactive. Formally, » € S and act(r) = false.

Since 7 is inactive, its SCC has already been completely explored by the DFS (by (2)
and (3)). So, g and r belong to different SCCs, and in particular, » ~ g. It follows that the
new edge from ¢ to » cannot create an accepting lasso, if there was none before. So in this
case, no data structure needs to be updated, and no recursive DFS call is started.

The following figure shows the explored and active graphs before and after the DFS
explores the edge F — C, which is currently inactive.

(ii1) 7 has been visited by the DFS before, is active, and was discovered strictly after g.
Formally, r € S, act(r) = true, and rank(r) > rank(q).

In this case, both ¢ and r are active and already belong to the necklace. Since rank(r) >
rank(q), either ¢ and r belong to the same SCC, or the SCC of ¢ is before the SCC of r
in the necklace. In both cases, the new edge does not change the structure of the necklace.
It cannot create an accepting lasso either, if no accepting lasso existed before. No state
changes its active/nonactive status. So, again, there is nothing to do, and no recursive DFS
call is started.

The following figure shows the explored and active graphs before and after the DFS
explores the edge D — E. Observe that E was discovered after D.

(iv) r has been visited by the DFS before, is active, and was not discovered strictly after g.
Formally, r € S, act(r) = true, and rank(r) < rank(q).

Observe that rank(r) < rank(q) implies d[r] < d[q] and so, because of (7), we have r ~ g.
So, ¢ and r belong to the same SCC of the automaton. Let /' be the root of the SCC of r
in the necklace. Since the DFS explores an edge from ¢ to r, state ¢ is the last state of the
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gray path, that is, the end of the necklace. So, all SCCs of the necklace from »' upward must
be merged into one SCC. For example, if in figure 12.4, the search would now discover an
edge leading from the last gray state to the state labeled by 7, then the last four SCCs would
have to be merged. The merge is achieved as follows. We pop beads (s, C) from N and
keep merging the sets C, stopping when the bead satisfies rank(s) < rank(r), which implies
¥ =s. Then, we push a new bead (s, D), where D is the result of the merge.

The edge from ¢ to r can create a first accepting lasso only if one of the merged SCCs
was hitherto consisting of just an accepting state and no edges. Therefore, while popping
beads from N, we simply check whether any of the roots is an accepting state.

The following figure shows the explored and active graphs before and after the DFS
explores the edge E — D. Before exploring the edge the value of N is (A, {A}), (D, {D}),
(F,{E, F}). We pop the last two beads, merging the SCCs {D} and {E, F}, and push the new
bead (D, {D, E,F}). If D is a final state, the algorithm returns NEMP.

The following figure gives another example where rank(r) = rank(g) and hence r = gq. It
shows the explored and active graphs before and after the DFS explores the edge C — C.
We pop (C, {C}) and push it back. If C is a final state, then the algorithm reports NEMP.

Backtracking. Assume that the algorithm has already explored all the edges leaving a
state ¢ and now proceeds to backtrack from ¢. Notice that ¢ is active. We consider two
cases:

(v) g is aroot of the active graph.

Then, before backtracking from ¢, the top element of N is of the form (g, C). After
backtracking, ¢ and its entire SCC become inactive by (3), and they do not belong to the
active graph anymore. So we pop (g, C) from N and set act(r) to false for every r € C.

The following figure shows the explored and active graphs before and after the DFS back-
tracks from D. The SCC {D, E, F} becomes inactive, and the bead (D, {D, E, F}) is popped
from N.
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(vi) g is not a root of the active graph.

Then, by (2) and (3), the root of the SCC of ¢ is active and remains active after
backtracking. The active graph does not change, and there is nothing to do.

The following figure shows the explored and active graphs before and after the DFS
backtracks from E. At that moment, the SCC of E is {D, E, F}, with root D. Neither the
explored nor the active graph change.

The pseudocode for the algorithm, which we call SCCsearch, is described in algo-
rithm 52. The initialization is carried out in lines 1-2. Case (i) corresponds to 7 ¢S in
line 8. Case (ii) does not require to do anything, which is indeed what happens when the
conditions at lines § and 9 do not hold. Cases (iii) and (iv) are dealt with uniformly in the
repeat-until loop. Indeed, if d[r] > d[q] (case (iii)), then the loop is executed exactly once,
with the result that the top stack element is popped from the stack in line 12 and pushed
again in line 15. If d[r] < d[q] (case (iv)), then the loop performs the necessary merge of
SCCs. Finally, the two backtracking cases correspond to lines 16—18.

12.1.2.3 Runtime

We show that SCCsearch(A) runs in time O (n + m), where n and m are the numbers of states
and transitions of 4, respectively. For the sake of simplicity, we consider set unions to be
atomic. A finer implementation and analysis, left as an exercise, yields the same complexity
if such unions are not atomic. The total number of steps of type (i) to (vi) is 2m, because
the DFS traverses each transition twice, once in the direction of the transition and once in
the opposite direction, when it backtracks from the destination state. Steps of types (i) to
(iii) and (vi) only require to perform a constant number of operations on the data structures
and take time O(m) together. Now, consider the steps of type (iv) and (v).

« Type (iv). The beads that enter the necklace N during a run of SCCsearch(A) are either
beads of the form (g, {¢}) pushed into N at line 6 or beads obtained by removing two or
more beads from N, merging them, and adding the result back to N in line 15. Since there
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Algorithm 52 SCC-based search algorithm.

SCCsearch(A)

Input: NBA 4= (0, X,4,00, F)

Output: EMP if £, (4) =, NEMP otherwise
1 SN<@;n<0

2 dfs(qo)
3 report EMP
proc dfs(q)

4
5 n<—n+1;rank(q) <n

6 add ¢ to S; act(q) < true; push (g, {¢}) onto N
7 for all » € 6(g) do
8

9

0

if » ¢ S then dfs(r)
else if act(r) then
1 D«
11 repeat
12 pop (s, C) from N; if s € F then report NEMP
13 D<~DUC
14 until rank(s) < rank(r)
15 push (s, D) onto N
16 if ¢ is the top root in N then
17 pop (¢, C) from N
18 for all € C do act(r) < false

are n of the former, and each merge decreases the number of beads by 1 or more, at most n
of the latter are pushed onto N. So line 13 is executed O(n) times.

« Type (v). Steps of type (v) pop a bead (¢, C) from N at line 17 and then set the active bits
of all states of C to false at line 18; for this, they traverse the list representing C. Since all
transitions from ¢ have already been explored, ¢ is black. By (2), all states of C are also
black, and so none of them is ever active again. So every state is deactivated exactly once
at line 18, and the algorithm spends time O(n) executing it.

12.1.2.4 Extension to NGAs

We show that SCCsearch can be easily extended to an emptiness check for NGAs,
without using the conversion NGA — NBA. We have the following characterization of
nonemptiness:
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Fact 12.10 Let 4 be an NGA with accepting condition G. It is the case that L, (4) # ¢
iff some SCC S of 4 satisfies SN F # () for every F € G.

Assume G ={Fy, Fy,...,Fu—1}. Let [m] ={0,...,m — 1}. Let us label each state ¢ with
the indices I, C [m] of the acceptance sets it belongs to. For example, /, = {1, 3} if g belongs
to F1 and F3. We extend beads with a third component; a bead is now a triple (¢, C, 1),
where ¢ is a state, C is a set of states, and / is an index set. We modify SCCsearch so
that / =U,ccly holds for every bead (¢, C,[) that enters the necklace, and let it report
nonemptiness if / = [m]. It suffices to adjust the pseudocode as follows:

line  SCCsearch for NBA SCCsearch for NGA

6 push(q, {¢}) push(q, {4}, 19)

10 D<@ D<@, J <0

12 pop(s,C);if se F... pop(s,C,I)

13 D« DUC D« DUC;J<«JUI

15 push(s, D) push(s, D,J); if J = [m] then report NEMP
17 pop(g,C) pop(q, C.1)

12.1.2.5 Evaluation

Recall that the weak points of the nested-DFS algorithm were that it cannot be directly
extended to NGAs, and it is not optimal. In comparison, the SCC-based algorithm extends
to NGAs and is optimal. Indeed, an accepting lasso can only appear after a step of type (iv),
and if it appears then the algorithm returns NEMP before exploring any other transition.

The strong point of the nested-DFS algorithm was its very modest space requirements:
just two extra bits for each state of 4. Let us examine the space needed by the SCC-based
algorithm. It is convenient to compute it for automata recognizing the empty language,
because in this case, both the nested-DFS and the SCC-based algorithms must visit all states.

Because of the check rank[s] <rank|[r], the algorithm needs to store the rank of each
state. This is done by extending the hash table S. In principle, we need log  bits to store a
rank; however, in practice, a rank is stored using a word of memory, because if the number
of states of 4 exceeds 2", where w is the number of bits of a word, then 4 cannot be stored
in main memory anyway. So the hash table S requires ¢ + w4 1 bits per state, where c¢ is
the number of bits required to store a state (the extra bit is the active bit).

The stack N does not need to store the states themselves but the memory addresses at
which they are stored. Ignoring hashing collisions, this requires w additional bits per state.
For generalized Biichi automata, we must also add the & bits needed to store the set of
indices. So the algorithm uses a total of ¢+ 3w+ 1 bits per state (c+3w+ k41 in the
version for NGA), compared to the ¢ + 2 bits required by the nested-DFS algorithm. In most
cases, w is much smaller than ¢, and so the influence of the additional memory requirements
on the performance is small.
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12.2  Algorithms Based on Breadth-First Search

In this section, we describe algorithms for checking emptiness based on breadth-first search
(BFS). As in the previous section, we first present an algorithm for NBAs and then extend
it to one for NGAs.

No linear-time BFS-based emptiness check is known, so this section may appear super-
fluous at first. However, BFS-based algorithms can be suitably described using operations
and checks on sets of states, which allows us to implement them using automata as data
structures. In many cases, the gain obtained by the use of the data structure more than
compensates for the quadratic worst-case behavior, making the algorithms competitive.

Breadth-first search maintains the set of states that have been discovered but not yet
explored, often called the frontier or boundary. A BFS from a set O’ of states (in this section,
we consider searches from an arbitrary set of states of A) initializes both the set of discov-
ered states and its frontier to Q' and then proceeds in rounds. In a forward search, a round
explores the outgoing transitions of the states in the current frontier; the new states found
during the round are added to the set of discovered states, and they become the next frontier.
A backward BFS proceeds similarly but explores incoming transitions rather than outgo-
ing ones. The pseudocode implementations of both BES variants, shown in algorithm 53,
use two variables S and B to store the set of discovered states and the boundary, respec-
tively. We assume the existence of oracles that, given the current boundary B, return either
S(B) = Uyend(q) or 67" (B) = Uyepd ™ ().

Algorithm 53 Forward and backward BFS algorithms.

ForwardBFS(4, Q') BackwardBFS(4, Q')
Input: NBA 4=(Q, 2,9, 0o, F), Input: NBA 4=(Q, X,9, 0o, F),
0co 0co
1 S,B<«(Q 1 S,B<«(Q
2 repeat 2 repeat
3 B<—dB)\S 3 B« o '(B)\S
4 S<«SUB 4 S« SUB
5 until B=10 5 until B=0

Both BFS variants compute the successors or predecessors of a state exactly once, that
is, if in the course of the algorithm, the oracle is called twice with arguments B; and Bj,
respectively, then B; N B; = . To prove this in the forward case (the backward case is anal-
ogous), observe that B C § is an invariant of the repeat loop and that the value of S never
decreases. Now, let By, S1, B2, 52, ... be the sequence of values of the variables B and §
right before the ith execution of line 3. We have B; C S; by the invariant, S; C S; for every
j>1i,and Bjy1 NS; =0 by line 3. So B; N B; = for every j > i.
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As data structures for the sets S and B, we can use a hash table and a queue, respectively.
But we can also take the set Q of states of 4 as a finite universe and use automata for
fixed-length languages to represent both S and B. Moreover, we can represent 6 C Q x Q by
a finite transducer 75 and reduce the computation of 6(B) and 6~ ! (B) in line 3 to computing
Post(B, 0) and Pre(B, J), respectively.

12.2.1 Emerson-Lei’s Algorithm

Let 4 be an NBA. A state g of 4 is live if some infinite path starting at ¢ visits accepting
states infinitely often. Clearly, 4 is nonempty if and only if at least one initial state is live.
We describe an algorithm due to Emerson and Lei for computing the set of live states. For
every n > 0, the n-live states of 4 are inductively defined as follows:

- every state is 0-live, and

- astate ¢ is (n+ 1)-live if some path containing at least one transition leads from ¢ to an
accepting n-live state.

Loosely speaking, a state g is n-live if starting from ¢, it is possible to visit accepting
states n times. Let L[n] denote the set of n-live states of 4. We have the following:

Lemma 12.11  The following holds:

(a) L[n] 2 L[n+ 1] for every n> 0.
(b) The sequence L[0] D L[1] D L[2] D - - - reaches a fixpoint L[i] (i.e., there is a least index
i >0 such that L[i + 1] = L[i]), and Ll[i] is the set of live states.

Proof We prove (a) by induction on n. The case where n =0 is trivial. Assume n > 0, and
let ¢ € L[n + 1]. There is a path containing at least one transition that leads from ¢ to an
accepting state » € L[n]. By induction hypothesis, » € L[n — 1], and so g € L[n].

To prove (b), first notice that, since Q is finite, the fixpoint L[] exists. Let L be the set of
live states. Clearly, L C L[{] for every i > 0. Moreover, since L[i] = L[i+ 1], every state of
L[i] has a proper descendant that is accepting and belongs to L[i]. So L[i] C L. O

Emerson—Lei’s algorithm computes the fixpoint L[i] of the sequence L[0]DL[1]D
L[2] D --. To compute L[n + 1] given L[n], we observe that a state is (n + 1)-live if some
nonempty path leads from it to an n-live accepting state, and so

L[n+ 1]1= BackwardBFS(Pre(L[n] N F,0)).

The pseudocode for the algorithm is shown on the left-hand side of algorithm 54; the
variable L is used to store the elements of the sequence L[0], L[1], L[2],.. ..

The repeat loop is executed at most |Q| + 1-times, because each iteration but the last one
removes at least one state from L. Since each iteration takes time O(|Q| + |d|), the algorithm
runs in time O(|Q| - (0] + |9])).
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Algorithm 54 Emerson—Lei’s algorithm.

EmersonLei(A) EmersonLei2(A)
Input: NBA A= (0, X,6, 00, F) Input: NBA A=(0, X,6, 0o, F)
Output: EMP if £, (4) =0, Output: EMP if £, (4) =0,
NEMP otherwise NEMP otherwise
1 L<Q 1 L<Q
2 repeat 2 repeat
3 OldL < L 3 OldL < L
4 L <« Pre(LNF,0) 4 L <« Pre(LNF,0)
5 L < BackwardBFS(L) 5 L < BackwardBFS(L \ (OIdLNF))
6 until L=0IdL 6 until L=0IdL
7 if Qg N L # () then report NEMP 7 if Qg N L # ) then report NEMP
s else report NEMP s else report NEMP

The algorithm may compute the predecessors of a state twice. For instance, if ¢ € F and
there is a transition (g, ¢), then after line 4 is executed, the state still belongs to L. The
version on the right of algorithm 54 avoids this.

12.2.1.1 Generalization to NGAs
Emerson—Lei’s algorithm can be easily generalized to NGAs. The generalization of the first
version is described in algorithm 55.

Proposition 12.12  GenEmersonLei(A) reports NEMP iff L, (4) # 0.

Proof  For every k > 0, redefine the n-live states of 4 as follows: every state is 0-live, and
q is (n+ 1)-live if some path having at least one transition leads from ¢ to a n-live state of
F(y mod m)- Let L[n] denote the set of n-live states. Proceeding as in lemma 12.11, we can
easily show that L[(n 4 1) - m] 2 L[n - m] holds for every n > 0.

We claim that the sequence L[0] D L[m] D L[2-m] D - - - reaches a fixpoint L[i - m] (i.e.,
there is a least index i > 0 such that L[(i 4 1) - m] = L[i - m]), and L[i - m] is the set of live
states. Since Q is finite, the fixpoint L[i - m] exists. Let ¢ be a live state. There is a path
starting at ¢ that visits F; infinitely often for every j € {0,...,m — 1}. In this path, every
occurrence of a state of F; is always followed by some later occurrence of a state of
F(j 1) mod m» for every je{0,...,m—1}. So, g € L[i - m]. We now show that every state
of L[i-m] is live. For every state ¢ € L[(i+ 1) - m], there is a path 7 =7w,,—17p—2 -+ - 70
such that for every j € {0,...,m — 1}, the segment z; contains at least one transition and
leads to a state of L[i-m+/j]NF;. In particular, = visits states of Fp,...,F, 1, and
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Algorithm 55 Generalized Emerson—Lei’s algorithm.

GenEmersonLei(A)
InplIt: NGAA = (Q> 2559 CIO, {F()a s 9Fm—1})
Output: EMP if £, (4) =@, NEMP otherwise

1 L<Q

2 repeat

3 OldL < L

4 fori=0tom—1

5 L < Pre(LNF;,0)

6 L < BackwardBFS(L)

7 until L= 0IldL
if Qg N L # () then report NEMP
9 else report NEMP

since L[(i+1)-m]=L[i-m], it leads from a state of L[(i+ 1)-m] to another state of

L[(i+1)-m]. So every state of L[(i + 1) - m] = L[i - m] is live, which proves the claim.
Since GenEmersonLei(A) computes the sequence L[0]D L[m]DL[2-m]2D---, after

termination, L contains the set of live states. O]

12.2.2 A Modified Emerson—Lei’s Algorithm

There exist many variants of Emerson—Lei’s algorithm that have the same worst-case com-
plexity but try to improve the efficiency, at least in some cases, by means of heuristics. We
present here one of these variants, which we call the modified Emerson—Lei’s algorithm
(MEL). We only present a version for checking emptiness of NBAs.

Given a set S C Q of states, let inf(S) denote the states ¢ €S such that some infinite
path starting at g contains only states of S. Instead of computing Pre(OIdL N F, J) at each
iteration step, MEL computes Pre(inf(OldL) N F, d).

In the following, we show that MEL, shown in algorithm 56, is correct and then compare
it with Emerson—Lei’s algorithm. As we shall see, while MEL introduces the overhead of
repeatedly computing inf-operations, it still makes sense in many cases because it reduces
the number of executions of the repeat loop.

To prove correctness, we claim that, after termination, L contains the set of live
states. Recall that the set of live states is the fixpoint L[7] of the sequence L[0] D L[1] D
L[2] D ---. By definition of liveness, we have inf(L[i]) = L[i]. Let us define L'[0] = O,
and L'[n+ 1]=Pre" (inf(L'[n]) N F,d). Clearly, MEL computes the sequence L'[0]D
L'[112L'[2]2---. Since L[n] D2 L'[n] 2 L[i] for every n> 0, we have that L[i] is also
the fixpoint of the sequence L'[0]DL'[1]2L'[2]2---, and so MEL computes L[i].
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Algorithm 56 Modified Emerson—Lei’s algorithm.

MEL(A)
Input: NBA A= (0, X,6,q0,F)
Output: EMP if £, (4) =@, NEMP otherwise

1 L<Q
2 repeat
3 OldL < L
L < inf(OIldL)
L < Pre(LNF,0)
L < BackwardBFS(L)
7 until L= 0OIldL
g if Qg N L # ¢ then report NEMP
9 else report NEMP

[©) W © 2 BT

10 function inf(S)

11 repeat

12 oldS < S

13 S < SNPre(S,9)
14 until S = O0ldS

15 return S

Since inf(S) can be computed in time O(|Q|+ |d|) for any set S, MEL runs in time
010l - (101 + 131)).-

Interestingly, we have already met Emerson—Lei’s algorithm in chapter 11. In the proof
of proposition 11.7, we defined a sequence Dy 2 D1 2 D, 2 - - - of infinite acyclic graphs.
In the terminology of this chapter, D»;+; was obtained from D,; by removing all nodes
having only finitely many descendants, and D,;» was obtained from D»;1 by removing
all nodes having only nonaccepting descendants. This corresponds to Dy, = inf(Dy;) and
Driip =Pret (D, NF, ). So, in fact, we can look at this procedure as the computation
of the live states of Dy using MEL.

12.2.3 Comparing the Algorithms

We give two families of examples showing that MEL may outperform Emerson-Lei’s
algorithm but not always.

A case where MEL is better. Consider the automaton of figure 12.5. The ith iteration of
Emerson—Lei’s algorithm removes ¢, —;+1. The number of calls to BackwardBFS is (n + 1),
although a simple modification allowing the algorithm to stop if L = @ spares the (n + 1)th
operation. On the other hand, the first inf-operation of MEL already sets the variable L to
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Figure 12.5
An example in which the MEL-algorithm outperforms the Emerson—Lei algorithm.

Figure 12.6
An example in which Emerson—Lei’s algorithm outperforms the MEL-algorithm.

the empty set of states, and so, with the same simple modification, the algorithm stops after
one iteration.

A case where MEL is not better. Consider the automaton from figure 12.6. The ith iter-
ation of Emerson—Lei’s algorithm removes g(,—;+1),1 and g(,—;+1)2, and so the algorithm
calls BackwardBFS (n + 1) times. The ith iteration of the MEL-algorithm removes no state
as a result of the inf~operation, and states q(,—;+1),1 and g(,—i+1),2 as a result of the call to
BackwardBFS. So, in this case all inf operations are redundant.

12.3 Exercises

7 £ Exercise 166. Let B be the following Biichi automaton:

(a) Execute the emptiness algorithm NestedDFS on B. Assume that states are picked in
ascending order with respect to their indices.

(b) Recall that NestedDFS is a nondeterministic algorithm, and different choices of runs
may return different lassos. Which lassos of B can be found by NestedDFS?




338 Chapter 12

(c) Show that NestedDF'S is not optimal by exhibiting some search sequence on B.

(d) Execute the SCC-based emptiness algorithm on B. Assume that states are picked in
ascending order with respect to their indices.

(e) Execute the SCC-based emptiness algorithm on B. Assume that transitions labeled by
a are picked before those labeled by b.

(f) Which lassos of B can be found by the SCC-based algorithm?

¥7 I Exercise 167. Let 4 be an NBA, and let 4, be the sub-NBA of 4 containing the states
and transitions discovered by a DFS up to (and including) time ¢. Show that if a state ¢
belongs to some cycle of 4, then it already belongs to some cycle of A7y,.

7w &f Exercise 168. Recall from exercise 162 that a Biichi automaton is weak if
none of its strongly connected components contains both accepting and nonaccepting
states. Give an emptiness algorithm for weak Biichi automata. What is the complexity of
your algorithm?

¢ & Exercise 169. Execute SCCsearch on the Biichi automaton below. When a state has
many outgoing transitions, pick letters in this order: a < b < c.

¥r o Exercise 170. Recall that SCCsearch runs in time O(|Q| + |d|) if we consider set
unions as atomic. However, set unions are generally not constant-time operations. Explain
how beads can be implemented so that SCCsearch truly runs in linear time.

Hint: Can two beads share a state?

% o/ Exercise 171. Recall that exercise 170 gives an implementation of SCCsearch that
truly works in linear time. Let us now take the memory usage into account. Let a, and b,
denote, respectively, the number of active states and the number of beads at time 7. Let
f(¢) be the number of bits used at time ¢ to store the current beads. Let w be the size of an
address.

The solution of exercise 170 satisfies /() =2(a; + b;)w. Indeed, it uses two addresses
per active state (one pointing to the state itself and one to its successor), plus two extra
addresses per bead (for the head and tail). Give an implementation of SCCsearch that halves
the memory usage—namely, one that runs in linear time and satisfies () = (a; + b;)w.

Hint: Use two stacks, one for roots and one for active states.
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% o/ Exercise 172. Consider Muller automata with accepting condition {F}, thatis, p g
is accepting iff inf(p) = F. Give an efficient algorithm for checking emptiness of these
automata. Hint: Adapt SCCsearch.

¢ & Exercise 173. Execute Emerson—Lei’s algorithm and MEL on this NBA: )

N NN VN )

4

A

(A

Y¢ £ Exercise 174. Execute GenEmersonLei on the following generalized Biichi automata, g
with accepting condition F = {{q1, g3}, {2, 96}, {94, g9}}:

¥r ¢/ Exercise 175. This exercise deals with a variation of Emerson—Lei’s algorithm. ol

(a) For every R,S C Q, let pret (R, S) be the set of states ¢ such that there is a nonempty
path = from ¢ to some state of R where 7 only contains states from S. Give an algorithm to
compute pret (R, S).

(b) Execute the algorithm from (a) on the following automaton, where states from R and S
are respectively solid and hatched:

(c) Show that the following modification of Emerson—Lei’s algorithm is correct:
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MEL2(A)
Input: NBA 4= (0, £,9, 0o, F)
Output: EMP if £, (4) =@, NEMP otherwise
1 L<Q
2 repeat
3 OldL < L
4 L<pre™(LNF,L)
5 until L=0ldL
6 if go € L then report NEMP
7 else report NEMP

(d) What is the difference between the sequences of sets computed by MEL and MEL2?
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Recall that, intuitively, liveness properties are those stating that the system will eventually
do something good. More formally, they are properties that are only violated by infinite
executions of the system. In other words, by examining only a finite prefix of an infinite
execution, it is not possible to determine whether the infinite execution satisfies the property.
In this chapter, we apply the theory of w-automata to the problem of automatically verifying
liveness properties.

13.1 Automata-Based Verification of Liveness Properties

In chapter 7, we introduced some basic concepts about systems: configurations, possible
executions, and executions. We extend these notions to the infinite case. An w-execution
of a system is an infinite sequence cocjc; ... of configurations where c( is some initial
configuration, and for every i > 1, configuration ¢; is a legal successor—according to the
semantics of the system—of configuration ¢;_;. Note that according to this definition, if
a configuration has no legal successors, then it does not belong to any w-execution. Usu-
ally, this is undesirable, and it is more convenient to assume that such a configuration ¢
has exactly one legal successor—namely, c itself. In this way, every reachable configura-
tion of the system belongs to some w-execution. The terminating executions are then the
w-executions of the form ¢ - - - ¢,—1¢; for some terminating configuration c,. The set of
terminating configurations can usually be identified syntactically. For instance, in a pro-
gram, the terminating configurations are usually those in which control is at some particular
program line.

In chapter 7, we showed how to construct a system NFA recognizing all the executions
of a given system. The same construction can be used to define a system NBA recognizing
all the w-executions.
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[2,1,1] [3,1,1] [4,0,1]

Figure 13.1
System NBA of the simple program.

Example 13.1 Let us reconsider the simple program of chapter 7:

1 whilex=1do
2 if y=1 then
3 x<0

4 y<«1l—x

5 end

Its system NFA is depicted in the middle of figure 7.1. The system NBA is the result of
adding self-loops to the states [5,0, 0] and [5, 0, 1] as depicted in figure 13.1.

13.1.1 Checking Liveness Properties

In section 7.5 of chapter 7, we introduced safety and liveness properties. Intuitively, safety
properties state that “nothing bad ever happens” and liveness properties that “something
good eventually happens.” In order to check if a system satisfies a safety property, we
construct a system NFA recognizing the set £ of executions of the system and a regular
expression for the set V' of potential executions of the system that violate a given safety prop-
erty. Checking that the safety property holds amounts to checking that £ N V' = holds. This
can be done automatically by converting the regular expression into a property NFA, com-
puting its intersection with the system NFA, and checking that the resulting NFA recognizes
the empty language.

We explained in section 7.5 that extending this approach to liveness properties required to
develop a theory of automata on w-words. Indeed, consider a liveness property like “even-
tually every execution of the program terminates” (in example 13.1, this is the property
“eventually every execution of the program reaches a configuration of the form [5, x, y]”).
No finite execution of the program witnesses that the property is violated, because the
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execution might be extended to a longer one ending at such a configuration. The viola-
tions are w-words that do not contain any configuration of the form [5, x, y], and expressing
and manipulating sets of w-words require a theory of w-automata.

We now have such a theory in place. We can replace regular expressions with w-regular
expressions and NFAs with NGAs (which include NBAs as special case). In section 10.2.2.1
of chapter 10, we have seen how to convert w-regular expressions into NBAs. In section 11.2
of chapter 11, we have given an algorithm to intersect NGAs. Finally, in chapter 12, we have
presented algorithms to check emptiness of NGAs. Let us apply these constructions to an
example.

Example 13.2 We check two liveness properties of the program from example 13.1.

First property. We wish to know whether all full executions of the program starting at
configurations satisfying x =y terminate. Let X be the set of all configurations, and let Ats
be the set of all configurations [£, x, y] such that £ = 5. An w-regular expression for the set
of violations is

([1,0,0]+[1, 1, 1]) (2 \ 4t5)”.

Indeed, the language of this expression is the set of potential executions that start at a
configuration satisfying x =y and never terminate.

Translating the expression into a property NBA yields the automaton of figure 13.2,
where we use colors as identifiers of the states.

We now apply IntersNGA to the system NBA of figure 13.1 and the NBA of figure 13.2.
Note that we are in the special case discussed at the end of section 11.2: in one of the NBAs,
all states are accepting.

In this case, IntersNGA and IntersNFA coincide, and we obtain the NBA of figure 13.3,
whose states are graphically represented by coloring a state of the system NBA with the
color of a state of the property NBA. Since this NBA does not contain any accepting lasso,
it recognizes the empty language, and so the system satisfies the property.

Second property. We wish to know whether all full executions that visit line 4 terminate.
Let X be the set of all configurations, and let A#4 and Ats be the sets of configurations where
the program is at line 4 and at line 5, respectively. An w-regular expression for the set of

T\ Afs
[1,0,0]

[1,1,1]

Figure 13.2
NBA for the first property.
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[1,0,0]

Figure 13.3
NBA obtained from IntersNGA (first property).

) X\ Ats

Aty

Figure 13.4
NBA for the second property.

(2. 1.1) N
21,11 31,117

L ATYRY (1,0, 1]
Figure 13.5

NBA obtained from /ntersNGA (second property).

violations is
SR At (X \ Ats)”.

The translation of this property into an NBA is depicted in figure 13.4. Applying IntersNGA,
we obtain the automaton depicted in figure 13.5. The emptiness algorithm returns that this
NBA accepts the word

([1,1,0][2,1,0] [4, 1,0D)*

which corresponds to a full execution that violates the property.
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13.1.2 Networks of Automata and Fairness

In chapter 7, we used Lamport-Burns’ mutual exclusion algorithm to illustrate how to
check safety properties of concurrent programs modeled using networks of automata. The
program text and the network of automata are shown in algorithm 39 and figure 7.5 of chap-
ter 7. We apply the theory of w-automata to check the most important liveness property of
a mutual exclusion algorithm: if a process tries to access its critical section, it eventually
will. We call it the finite waiting property.

Figure 13.6 shows the asynchronous product arising from the network of automata mod-
eling the algorithm. From the asynchronous product, we easily obtain a system NBA: as
in example 13.1, it suffices to add the initial state i, connecting it to the initial state of the
asynchronous product; relabel every transition with its target configuration; and make all
stats accepting. Observe that in this case, every configuration has at least a successor, and
so no self-loops need to be added.

Recall that a configuration of the system is a fourtuple [bg, b1, {0, €1], where by, by €
{0, 1}, €o € {nco, to, co}, and ¢y € {nc1,t1,q1, ‘1/1 ,c1}. The set of all configurations, which we

Figure 13.6
Asynchronous product of the Lamport—Burns algorithm. Solid (respectively, dotted) transitions correspond to
moves by process 0 (respectively, process 1).



346 Chapter 13

denote by X, contains sixty elements, of which, as shown in figure 13.6, only fourteen are
reachable.

For i €{0, 1}, let NC;, T;, C; be the sets of configurations in which process i is in the
noncritical section, is trying to access the critical section, and is in the critical section,
respectively. The possible w-executions that violate the finite waiting property for process
i are represented by the w-regular expression

si=Z T (Z\C)”.

We can check this property using the same procedure as in example 13.2. The property
NBA has again two states. The result of the check for process 0 yields that the property
fails. One of the possible counterexamples is the w-execution

[0, 0, nco, ner][1,0, 10, ner1 [1, 1,19, 1117

In this execution, both processes request access to the critical section, but, from then
on, process 1 never makes any further step. Only process 0 continues operating, but
all it does is repeatedly check that the current value of by is 1. Intuitively, this corre-
sponds to process 1 crashing after requesting access. But we do not expect the finite
waiting property to hold even if processes may crash while waiting. So, in fact, our
definition of the finite waiting property was wrong. We can repair the definition by refor-
mulating the property as follows: in any w-execution in which both processes execute
infinitely many steps, if process 0 tries to access its critical section, then it eventually
will. The condition that both processes must move infinitely often is called a fairness ass-
umption.

The task now is to give an w-regular expression formalizing the property. We face the
problem that the label of a transition of the system NBA does not currently contain infor-
mation about which process is making a move. We solve this problem by enriching the
alphabet of the system NBA. Instead of labeling a transition only with the name of the tar-
get configuration, we also label it with the number of the process responsible for the move
leading to that configuration: 0 if the transition is solid and 1 if it is dotted. For instance,

the transition

1,04,
[Oa 03 nco, ncl] M)[la 09 t()a nC]]

becomes

(11,0,49,n¢11,0)
5

[0,0,nco, neq] [1,0,2,nc1]

to reflect the fact that [1, 0, 79, ncy] is reached by a move of process 0. The new alphabet of
the NBA is £ x {0, 1}. If we let My := X x {0} and M| := X x {1} denote the “moves” of
process 0 and process 1, respectively, then the w-regular expression

inf=((Mo +My)*MoMy)”
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represents all w-executions in which both processes move infinitely often. Further, £, (s;) N
L, (inf) (where s; is suitably rewritten to account for the larger alphabet) is the set of
violations of the reformulated finite waiting property.

To check if some w-execution is a violation, we can construct NGAs for s; and inf and
compute their intersection with the system NBA. For process 0, the check yields that the
property indeed holds. For process 1, the property still fails because of, for instance, the
full execution

([0,0,nco, nci] [0, 1,nco, 1] [1,1, 10,111 [1, 1,20, q1]
[1,0, 0,411 (1,0, co,4}110,0,nco, 411)”

in which process 1 repeatedly tries to access its critical section but always lets process 0
access first.

13.2 Linear Temporal Logic

In the previous section, we have formalized properties of systems using w-regular expres-
sions or NGAs. This becomes rather difficult for all but the easiest properties. For instance,
the NGA or the w-regular expression for the modified finite waiting property is already
quite involved, and it is difficult to be convinced that they have the intended meaning. In this
section, we introduce a new language for specifying safety and liveness properties, called
linear temporal logic (LTL). LTL is closer to natural language than w-regular expressions
but still has a formal semantics.

Formulas of LTL are constructed from a set AP of atomic propositions. Intuitively, atomic
propositions are abstract names for basic properties of configurations, whose meaning is
fixed only after a concrete system is considered. Formally, given a system with a set C
of configurations, the meaning of the atomic propositions is fixed by a valuation function
V: AP — 2C that assigns to each abstract name the set of configurations at which it holds.

Example 13.3 Consider the program of example 13.1. Let C be the set of configurations
of the program. We choose

AP={at_1,at_2,...,at_5,x=0,x=1,y=0,y=1}
and define the valuation function V: AP — 2€ as follows:

« V(at_i)={l{,x,y]eC:t =i} foreveryie{l,..., 5},
« V(x=0)={[{,x,y] € C:x=0}, and similarly for the other cases.

Under this valuation, at__i expresses that the program is at line 7, and x=j expresses that
the current value of x is j.
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Atomic propositions are combined by means of the usual boolean operators and the tem-
poral operators X (“next”) and U (“until”). Intuitively, as a first approximation, X ¢ means
“p holds at the next configuration” (the configuration reached after one step of the pro-
gram), and ¢ U y means “¢ holds until a configuration is reached satisfying .” The set of
LTL formulas over AP is defined as follows.

Definition 13.4 Let AP be a finite set of atomic propositions. The set LTL(AP) of LTL
formulas over AP is the set of expressions generated by the grammar

pu=true|p|—pi o1 A2 | Xp1 o1 Upy .

Formulas are interpreted on infinite sequences o = ggo03 - - -, where a; C AP for every
i > 0. We call these sequences computations. The executable computations of a system are
the computations o for which there exists an w-execution cocicy - - - such that for every
i > 0, the set of atomic propositions satisfied by ¢; is exactly g;. We formally define when a
computation satisfies a formula.

Definition 13.5  For every computation ¢ over AP, let 6/ denote the suffix 0jojy1-- 0f 0
in particular, 0° = . The satisfaction relation o |= ¢ (read “o satisfies ¢ ”) is inductively
defined by

. 0 E=true,

« o Epiffpeoo,

coEpiffo iy,

coEpApifo =g ando =g,

o =Xg iffo! =¢, and

col=o U iff3k>0st o" =9y and o' =) forall 0<i <k.

Observe that, in the last line above, if k = 0, then the condition ¢’ = ¢ forall 0 <i <0
is true for every ¢, because the set of indices i satisfying 0 <i < 0 is empty. Intuitively, if
@7 already holds initially, then it is not necessary for ¢ to hold at any position. We use the
following abbreviations:

« false,\/,— and <>, defined in the usual way.

o Fp =true U ¢ (“eventually ¢,” or “now or sometime in the future ¢”). According to the
semantics above, o = Fg holds iff there exists k > 0 such that 6% |= ¢. Observe that if o =
¢, then 6° =, and so o =Fo.

o« Gp =—F—¢ (“always ¢” or “globally ¢”). According to the semantics above, o = Gg
holds iff ¢ |= ¢ for every k > 0.

The set of computations that satisfy a formula ¢ is denoted by L, (¢). A system satisfies
@ if all its executable computations satisfy ¢.
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Example 13.6 The system NBA of example 13.1 has exactly four w-executions:
e1 =[1,0,0][5,0,01”,
er=([1,1,0][2,1,0] [4,1,0D)®,
e3=[1,0,1][5,0,1]17,
es=[1,1,11[2,1,11[3,1,1][4,0,1][1,0,1] [5,0, 1]*.
The corresponding executable computations for the set AP of example 13.3 are
o1 ={at_1,x=0,y=0} {at_5,x=0,y=0}",
oy = ({at_1,x=1,y=0} {at_2,x=1,y=0} {at_4,x=1,y=0})“,
o3={at_1,x=0,y=1} {at_5,x=0,y=1}",
oys={at_1,x=1,y=1}{at_2,x=1,y=1}{at_3,x=1,y=1}{at_4,x=0,y=1}
{at_1,x=0,y=1}{at_5,x=0,y=1}“.
We give some examples of LTL properties:

e po=x=1 A Xy=0 A XX at_4. Innatural language: the value of x in the first configu-
ration of the execution is 1, the value of y in the second configuration is 0, and in the third
configuration, the program is at location 4. We have o, = ¢g, and o1, 03, 04 = ¢9.

« 91 =Fat_5. In natural language: the execution eventually reaches a configuration in
which the program is at line 5. Since this is the line corresponding to the termination
of the execution, program satisfies this property if all its executions terminate. We have
o1,03,04 = @1, but o2 = @1, and so the program does not satisfy the property. Observe that
01,02,03,04 =Fat_1, because crlo, 0'20, 030, O'A? Eat_1.

o 9» =x=0Uat_5. In natural language: x stays equal to 0 until the execution reaches
location 5. However, this description is ambiguous: Do executions that never reach location
5 satisfy the property? Do executions that set x to 1 immediately before reaching location 5
satisfy the property? The formal definition removes the ambiguities: the answer to the first
question is “no”; to the second, “yes.” We have a1, 03 = ¢> and 02, 04 = ¢2.

« 93 =at_5Ux=0. In natural language: the execution stays at location 5 until x takes the
value 0. But, again, the description is ambiguous. We certainly have o7, 64 = @3, but do g
and a3, for which x is initially 0, satisfy the property? The formal definition says “yes.” As
mentioned before, if 6° = ¢, then o =y U ¢ for any .

e« p4=y=1AF(y=0Aat_5)A—(F(y=0 A Xy=1)). In natural language: the initial con-
figuration satisfies y = 1, the execution terminates in a configuration with y = 0, and y never
increases during the execution. This is one of the properties we analyzed in chapter 7, and
it is not satisfied by any w-execution.
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Example 13.7 We express properties of Lamport-Burns’ algorithm (see chapter 7) using
LTL formulas. As system NBA, we use the one in which transitions are labeled with the
name of the target configuration and with the number of the process responsible for the
move leading to that configuration. We take AP = {NCy, Ty, Cy, NC1, Ty, C1, My, M1}, with
the obvious valuation.

« The mutual exclusion property is expressed by the formula
G(—'Co v =C 1).

The algorithm satisfies the formula.

« The property that process i cannot access the critical section without having requested it
first is expressed by
—(=T;UC)).

Both processes satisfy this property.

« The naive finite waiting property for process i is expressed by
G(T; — FC)).

The modified version in which both processes must execute infinitely many moves is
expressed by
(GFMy A GFM) — G(T; — FC)).

Observe how fairness assumptions can be very elegantly expressed in LTL. The assumption
itself'is expressed as a formula y, and the property that w-executions satisfying the fairness
assumption also satisfy ¢ is expressed by v — ¢.

None of the processes satisfies the naive version of the finite waiting property. Process 0
satisfies the modified version but not process 1.

« The bounded overtaking property for process 0 is expressed by
G(To — (=C1 U (C1 U (=C1 U Cp)))).

The formula states that whenever 7; holds, the computation continues with a (possibly
empty) interval at which —C holds, followed by a (possibly empty) interval at which C;
holds, followed by a (possibly empty) interval at which —C holds, followed by a point at
which Cj holds. The property holds.

Example 13.8 Formally speaking, it is not correct to say “p U y means that some future
configuration satisfies ¢, and until then, all configurations satisfy w.” The reason is that
formulas do not hold at configurations but at computations. The correct phrasing is: “the
suffix of the computation starting at the next configuration satisfies ¢, and some suffix of
the computation satisfies y.”
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To illustrate this point, let AP = {p, ¢}, and consider the formula ¢ = (Fp) Ugq and the
computation t =0 ¢ {q} ¥ {p} ¥*. One might think that z does not satisfy ¢, because
no configuration before the one satisfying ¢ satisfies p. But that is not the case; we have
7 = 9. Indeed, the suffix 72 = {q} @ {p} ¥ satisfies ¢, and the suffixes =7 and 7' =
@ {q} @ {p} 0° satisty Fp; the fact that p only holds after g holds is irrelevant.

13.3 From LTL Formulas to Generalized Biichi Automata

We present an algorithm that, given a formula ¢ € LTL(AP), returns an NGA 4, over the
alphabet 247 recognizing L, (¢). Then we derive a fully automatic procedure that, given
a system and an LTL formula, decides whether all executable computations of the system
satisfy the formula.

13.3.1 Satisfaction Sequences and Hintikka Sequences

We define the satisfaction sequence and the Hintikka sequence of a computation ¢ and a
formula ¢. We first need to introduce the notions of closure of a formula and atom of the
closure.

Definition 13.9  Given a formula ¢, the negation of ¢ is the formula v if 9 = —w and the
Jormula —¢ otherwise. The closure cl(¢) of a formula ¢ is the set containing all subformulas
of @ and their negations. A nonempty set o. C cl(p) is an atom of cl(p) if it satisfies the
following properties:

(a0) Iftrue € cl(p), then true € a.
(al) Forevery o1 Ap2 €cl(p): 91 Aoz € a if and only if 91 € a and ¢; € a.
(a2) Forevery =g € cl(p): —¢1 € a if and only if 91 & a.

The set of all atoms of cl(p) is denoted by at(p).

Observe that if a is the set of all formulas of c¢/(¢) satisfied by a computation, then a
is necessarily an atom. Indeed, every computation satisfies true; if a computation satisfies
the conjunction of two formulas, then it satisfies each of the conjuncts; and finally, if a
computation satisfies a formula, then it does not satisfy its negation and vice versa. Notice
as well that, because of (a2), if c/(¢) contains k formulas, then every atom of c/(¢) contains
exactly k/2 formulas.

Example 13.10 The closure of the formulap A (p U g) is
P, =, ¢ =4, pUq, ~(pUq), pA(pUg), =(pA(pUg)}.
We claim that the only two atoms containing p A (p U g) are

p, . pUq, pA(PUqg)}and {p, ~q, pUq, pA(pUq)}.
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Let us see why. By (a2), an atom always contains either a subformula or its negation but
not both. So in principle, there are sixteen possibilities for atoms, since we have to choose
exactly one of p and —p, g and ~g, pUgand =(pUg),andp A (p Ug) and = (p A (p U q)).
Since we look for atoms containing p A (p U g), we are left with eight possibilities. But,
by (al), every atom a containing p A (p U ¢) must contain both p and p U ¢. Thus, the only
freedom left is the possibility to choose g or —g. None of these choices violates any of the
conditions, and so exactly two atoms contain p A (p U q).

Definition 13.11 The satisfaction sequence for a computation ¢ and a formula ¢ is the
infinite sequence of atoms

sats(o, @) =sats(o,p,0) sats(o,p, 1) sats(o,p,2) ---
where sats(c , ¢, i) is the atom containing the formulas of cl(¢) satisfied by o'

Intuitively, the satisfaction sequence of a computation o is obtained by “completing” the
computation: while ¢ only indicates which atomic propositions hold at each point in time,
the satisfaction sequence also indicates which atoms hold.

Example 13.12 Let ¢ =p Ug, and consider o1 = {p}® and o3 = ({p} {¢})®. We have
sats(o1,9) =1{p, ¢, =(pUq)}",
sats(o2,9) = ({p, ¢, pUq} {=p, ¢, pUg}".

Observe that ¢ satisfies ¢ if and only if ¢ € sats(o, ¢, 0) (i.e., if and only if ¢ belongs to
the first atom of o).

Satisfaction sequences have a semantic definition: in order to know which atom holds
at a point, one must know the semantics of LTL. Hintikka sequences provide a syntactic
characterization of satisfaction sequences. The definition of a Hintikka sequence does not
involve the semantics of LTL, that is, someone who ignores the semantics can still determine
whether a given sequence is a Hintikka sequence or not. We prove that a sequence is a
satisfaction sequence if and only if it is a Hintikka sequence.

Definition 13.13 A pre-Hintikka sequence for ¢ is an infinite sequence agaias -+ - of
atoms satisfying the following conditions for every i > 0:

(L1) For every Xo1 € cl(p):
X1 €aiiff p1 € it

(€2) For every o1 U@, € cl(p):
o Uprea;iffprea;, orprca;and i U € ajy.

A pre-Hintikka sequence is a Hintikka sequence if it also satisfies
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(g) Forevery o1 U@ € a;, there exists j > i such that ¢ € a;.
A pre-Hintikka or Hintikka sequence a. matches a computation o if o; C a; for every i > 0.

Note that conditions (£1) and (£2) are local: in order to determine if o satisfies them, we
only need to inspect every pair a;, a4 of consecutive atoms. On the contrary, condition (g)
is global, since the distance between the indices i and j can be arbitrarily large.

Example 13.14 Let 9 =—(p A q) U (r As). We consider several sequences and examine
whether they are Hintikka sequences.

o Leta; ={p, —q, r, s, ¢}. The sequence ai" is not a Hintikka sequence for ¢, because o
is not an atom; indeed, by (al), every atom containing » and s must contain 7 A s.

« Let ap ={=p, r, =¢}. The sequence o is not a Hintikka sequence for ¢, because a; is
not an atom; indeed, by (a2), every atom must contain either ¢ or —g and either s or —s.

o Let a3 ={—-p, q, —r, s, rAs, ¢}. The sequence ag" is not a Hintikka sequence for
@, because a3 is not an atom; indeed, by (a2), every atom must contain either (p A g) or
—(pAg).

« Letas=1{p, g, (pAq), r, s, r As, =p}. The set a4 is an atom, but the sequence ay’ is
not a Hintikka sequence for ¢, because it violates condition (£2): since a4 contains (r A §),
it must also contain ¢.

« Letas={p, ~q, ~(pAq), —r, s, =(r As), ¢}. The set as is an atom, and the sequence
ag is a pre-Hintikka sequence. However, it is not a Hintikka sequence because it violates
condition (g): since a5 contains ¢, some atom in the sequence must contain (r A s), which
is not the case.

e Letag=1{p, q, pAQq), r, s, (rAs), ¢}. The sequences (a¢)® and (as 06)® are two
examples of Hintikka sequences for ¢.

It follows immediately from the definition of Hintikka sequences that if « = agaja; - - -
is a satisfaction sequence, then every pair a;, a;+1 satisfies (£1) and (£2), and the sequence
o itself satisfies (g). So, every satisfaction sequence is a Hintikka sequence. The follow-
ing theorem shows that the converse also holds: every Hintikka sequence is a satisfaction
sequence.

Theorem 13.15 Let o be a computation and let ¢ be a formula. The unique Hintikka
sequence for ¢ matching o is the satisfaction sequence sats(o , ).

Proof As observed above, it follows from the definitions that sats(o, @) is a Hintikka
sequence for ¢ matching o. To show that no other Hintikka sequence matches sats(o, @),
let a =apaa; - -+ be a Hintikka sequence for ¢ matching o, and let y be an arbitrary
formula of c/(p). We prove that for all i >0: y €q; if and only if y €sats(o,p,i). The
proof is by induction on the structure of .
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« y =true. We have true € sats(c, ¢, i) and, since a; is an atom, true € a;.

« y = p for an atomic proposition p. Since o matches o, we have p € «; if and only if p € o;.
By definition of satisfaction sequences, p € g; if and only if p € sats(o, ¢, 7). Thus, p € 0; if
and only if p € sats(o, ¢, 7).

o« w=¢1 A@y. We have
P1LAP2EO
< prea;andpr €q; (by condition (al))
< ¢ €sats(o,,i) and @, € sats(o, ¢, i) (by. ind. hypothesis)
< g1 Apyesats(o,,i) (by def. of sats(o, @)).

o w==g; or y = Xg|. The proofs are very similar to the last one.

cy=01Ugps.
(a) If 1 U@y € a;, then g1 Uy €sats(o, ¢, i).

By condition (¢2) of the definition of a Hintikka sequence, we have to consider two cases:
« @2 € a;. By induction hypothesis, ¢, € sats(o, ¢), and hence ¢ U g7 € sats(o, ¢, 1).

« 91 €a; and 91 U@y € a;j41. By condition (g), there is at least one index j > i such that
@2 € a;. Let j,; be the smallest of these indices. We prove the result by induction on j,, — i.
Ifi =j,, then p; € a;,,, and we proceed as in the case ¢; € a;. If i < ji,;, then since ¢ € a;, we
have ¢ € sats(o, ¢, i) (by induction on ). Since ¢1 U @2 € a1, we have either g3 € aj41
or 1 € ;1. In the first case, we have ¢, € sats(o,¢,i+ 1), and so ¢ U g € sats(o, ¢, i).
In the second case, by induction hypothesis (on j, — i), we have ¢ U ¢y € sats(o,¢,i+ 1),
and so ¢ U gy € sats(o, ¢, i).

(b) If 9y Ugy esats(o,,i), then 9 Ug) € a;.

We consider again two cases.
« ¢y €sats(o, ¢,1). By induction hypothesis, ¢, € a;, and hence ¢; U ¢; € 0.

o g1 €sats(o,p,i) and ¢ U@, €sats(o,p,i+1). By the definition of a satisfaction
sequence, there is at least one index j > i such that ¢, € sats(o, ¢,j). Proceed now as in
case (a). O]

13.3.2 Constructing the NGA for an LTL Formula

Given a formula ¢, we construct an NGA 4, recognizing L, (¢). By the definition of a
satisfaction sequence, a computation o satisfies ¢ if and only if ¢ € sats(o, ¢, 0). Moreover,
by theorem 13.15, sats(a, ¢) is the (unique) Hintikka sequence for ¢ matching o. Thus, 4,
recognizes the computations o satisfying: the first atom of the unique Hintikka sequence
for ¢ matching o contains ¢.
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To achieve this, we apply the following strategy:

(a) Define the states and transitions of the automaton so that the runs of the NGA A4, are
all the sequences

o0 ] a2
a)—> o] —> ay —> -+

such that 0 = o¢o - - - is a computation, and o = aga; - - - is a pre-Hintikka sequence of ¢
matching o.

(b) Define the sets of accepting states so that a run is accepting if and only if its
corresponding pre-Hintikka sequence is also a Hintikka sequence.

Condition (a) determines all but the accepting states of 4,,:

« the alphabet of 4, is 247;
« the states of 4,, are atoms of ¢;
« the initial states are the atoms a such that ¢ € a; and

« the output transitions of a state a, where « is an atom, are the triples a N p such that
o matches a, and the pair a, § satisfies conditions (£1) and (£2) (where a and S play the
roles of a; and @ 1).

The sets of accepting states of 4, are determined by condition (g). By definition of Hin-

tikka sequences, we must guarantee that in every run oy LN 1 BN , if any a; contains
a subformula ¢ U g3, then there is j > i such that ¢; € a;. By condition (£2), this amounts
to ensuring that every run contains infinitely many indices 7 such that ¢, € a;, or infinitely
many indices j such that —(¢; U ¢2) € a;. Thus, we choose the sets of accepting states as
follows:

« The accepting condition contains a set F, uy, of accepting states for each subformula
91 U@ of . An atom belongs to Fy, u, if it does not contain ¢ U g3 or if it contains ¢5.

The pseudocode for the translation is described in algorithm 57.

Example 13.16 We construct the automaton 4, for the formula ¢ =p Ug. The closure
cl(p) has eight atoms, corresponding to all the possible ways of choosing between p and —p,
g and —g,and p U g and —(p U ¢). However, we can easily see that the atoms {p, g, = (p U ¢)},
{—p,q,—(pUq)}, and {—p, =g, p U g} have no output transitions, because those transitions
would violate condition (£2). Since states without output transitions cannot appear in any
run, they can be removed, and we are left with the five atoms shown in figure 13.7.

The three atoms on the left contain p U ¢, and so they become the initial states. Figure 13.7
uses some conventions to simplify the graphical representation. Observe that every transi-
tion of 4, leaving an atom « is labeled by a N AP. For instance, all transitions leaving the
state {—p, ¢, pUgq} are labeled with {¢}, and all transitions leaving {—p, —¢, —=(p U q)}
are labeled with (3. Therefore, since the label of a transition can be deduced from its source
state, we omit transition labels in the figure.
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Algorithm 57 Algorithm to convert an LTL formula into an NGA.

LTLtoNGA(p)
Input: formula ¢ over AP
Output: NGA 4, = (0,27, 0y, 6, F) with L,, (4y) = Lo, (9)

1 Qo< f{acat(p):peal; Q<«0;0<«0
2 W(—QO

3 while W # 0 do

4 pick a from W

5 add « to Q

6 for all ¢ U g, e cl(p) do

7 if o1 Ugpa ¢ aor ¢y €a then add a to Fy, yy,
8 for all § € at(p) do

9 if o, f satisfies (£1) and (¢2) then
10 add (a,a NAP, ) to o

11 if f ¢ O then add S to IV

12 F<«0

13 forall p; Uy €cl(p) do F < FU{Fy ugp,}
14 return (0,247, 0y, 5, F)

Moreover, since ¢ only has one subformula of the form ¢ U ¢,, the NGA is in fact
an NBA, and we can represent the accepting states as for NBAs. The accepting states of
F,uy are the atoms that do not contain p U g—the two atoms on the right—and the atoms
containing g—the leftmost atom and the atom at the top.

Consider, for example, the atoms

a={-p,—q,—(pUq)}and g ={p,—q,pUgqg}.

Automaton 4, contains a transition « ﬂ) J because {p} matches f, and «, f satisfy con-
ditions (£1) and (£2). Condition (£1) holds vacuously, since ¢ contains no subformulas of
the form Xy, while condition (£2) holds as pUg € a and ¢ ¢ f and p ¢ a. On the other
hand, there is no transition from f to a as it would violate condition (£2): pUgq € £, but
neitherg€ fnorpUge€a.

NGAs obtained from LTL formulas by means of L7LtoNGA have a very particular
structure:

« As observed above, all transitions leaving a state carry the same label.

« Every computation accepted by the NGA has a single accepting run.
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Figure 13.7
An NGA (NBA) for the formula p U ¢, with three initial states and four accepting states.

By definition of the NGA, if ag LN o] . isan accepting run, then ag a1 -- - isthe
satisfaction sequence of og o1 - - -. Since the satisfaction sequence of a given computation

is by definition unique, there can be only one accepting run.

« The sets of computations recognized by any two distinct states of the NGA are disjoint.

Let o be a computation, and let sats(o, p) =sats(o, ¢,0) sats(o, ¢, 1) ... be its satisfac-
tion sequence. Then o is only accepted from the state sats(a, ¢, 0).

13.3.3 Size of the NGA

Let n be the length of the formula ¢. It is easy to see that the set c/(¢) has size O(n). Thus,
the NGA 4, has at most O(2") states. Since ¢ contains at most n subformulas of the form
¢1 U @3, the automaton 4, has at most n sets of accepting states.

We now prove a matching lower bound on the number of states. We exhibit a family of
formulas {¢,},>1 such that ¢, has length O(n), and every NGA recognizing L, (¢,) has
at least 2" states. For this, we exhibit a family {D,},>1 of w-languages over an alphabet X
such that for every n > 0:

(a) every NGA recognizing D, has at least 2" states, and
(b) there is a formula ¢, € LTL(X) of length O(n) such that L, (¢,) = D,,.
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Note that in (2), we are abusing language, because if ¢, € LTL(X), then L, (¢,) contains
words over the alphabet 2%, and so £, (¢,,) and D, are languages over different alphabets.
With L., (¢,) = D,, we mean that for every computation o € (2*)®, we have ¢ € Lq, (¢,,)
iff o ={a;}{az}{a3} - - - for some w-word ajaza;z - - - € Dy,.

We let £ ={0, 1,#} and choose the language D,, as follows:

D, = {ww#® :we {0, 1}"}.
(a) Every NGA recognizing D), has at least 2" states.

Assume that an NGA 4 = (0, {0, 1,#},9, g0, {F1, ..., Fr}) with |Q| < 2" recognizes D,,.
For every word w € {0, 1}", there is a state ¢, such that 4 accepts w#® from g¢,,. By the
pigeonhole principle, we have g,,, = gy, for two distinct words wy, wy € {0, 1}". But then 4
accepts wiw;#?, which does not belong to D,,, contradicting the hypothesis.

(b) There is a formula ¢, € LTL(X) of length O(n) such that L, (9,) = D,,.

We need three auxiliary formulas. The first one expresses that at every position, exactly
one atomic proposition holds:

o =GOV IVHEA=OAD)A=OA#) A1 AH)].

The second expresses that # does not hold at any of the first 2» positions, and it holds at all
later positions:

2n—1
i=1

The third formula expresses that if the atomic proposition holding at a position is 0 or 1,

then n positions later the atomic proposition holding is the same one, or #:

on3 = G[(0 = X"(0V#) A (1= X*(1V#)].

Clearly, ¢, = @n1 A @n2 A @p3 is the formula we are looking for. Observe that ¢,, contains
O(n) characters.

13.4 Automatic Verification of LTL Formulas

We sketch a procedure for the automatic verification of properties expressed by LTL
formulas. The input to the procedure is

« a system NBA 4, obtained either directly from the system or by computing the asyn-
chronous product of a network of automata,

« a formula ¢ of LTL over a set of atomic propositions AP, and
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« a valuation v: AP — 2€, where C is the set of configurations of 4, describing for each
atomic proposition the set of configurations at which the proposition holds.

The procedure follows these steps:

(1) Compute an NGA A4, for the negation of the formula ¢. Automaton 4, recognizes all
the computations that violate ¢.

(2) Compute an NGA 4, recognizing the executable computations of the system that
violate the formula.

(3) Check emptiness of Ayy.

Step (1) can be carried out by applying LTLtoNGA and step (3) by any of the algorithms
of chapter 12. For step (2), observe first that the alphabets of 4, and 4, are different: the
alphabet of 4, is 247, while the alphabet of 4; is the set C of configurations of the system.

So, we first apply the valuation V to transform A, into an automaton, say 4/, with C as

alphabet. For example, if ¢ M) ¢’ is a transition of 4,, where p; and p; are two atomic

propositions, then 4/, contains a transition ¢ N g for every configuration ¢ such that ¢ €
V(p1) N V(p2). The NGA A4, can then be computed as the result of applying IntersNGA to
A, and A, (algorithm 47 in chapter 11).

Example 13.17 In example 13.2, we proved the following property of the program
of example 13.1: all full executions starting at configurations satisfying x =y terminate
(first property of the example). For this, we represented the property by an w-regular
expression. Let us now examine the same property, but this time expressing it as an LTL
formula.

We choose the set of atomic propositions AP ={at_5,x=y}. The valuation assigns
to at_5 all configurations where the program is at line 5 and to x=y all configurations
where the values of variables x and y coincide. The LTL property we wish to verify
is p =x=y — Fat_5. The smallest NGA 4, for —¢p =x=y A G—at_5 is depicted in
figure 13.8.

{x=vy}

Figure 13.8
An NGA for —¢p = x=y AG—at_5.
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Applying the valuation, we obtain that the sets Cy and Ciy—,) of configurations satisfying
the corresponding sets of atomic propositions are

Cp =L, x,y]: £ #5 and x #y} ={[(, 0,11, [£,1,0]: £ # 5},
C{x=y} :{[€9xay]: 5755 andx:y}z{[g’();()]a [fs 13 1] 5755}

Both sets contain eight configurations. The automaton 4, is the result of replacing in 4, the
transition (qo, {x=v}, ¢1) by eight transitions of the form (g, ¢, g¢), one for each configu-
ration ¢ € Cy-, and proceeding similarly with the other two transitions. From this moment
on, we proceed as in example 13.2. The NGA A, is exactly the one shown in example 13.2
for the first property. Since it contains no accepting lasso, the program satisfies the property.

Observe that steps (1) to (3) can be carried out simultaneously. The states of 4, are pairs
[a, c], where « is an atom of ¢, and c is a configuration of the system. Let us see in detail
how to compute their successors. Algorithm 58 takes a pair [a, c] as input and returns its
successors in the NGA A,. The algorithm first computes the successors of ¢ in A;. Then, for
each successor ¢’ of ¢, it computes the set P of atomic propositions satisfied by ¢’ according
to the valuation. Finally, the algorithm computes the set of atoms f such that f matches P
and the pair «,  satisfies conditions (£1) and (£2) of definition 13.13. The successors of
[a, c] are all the pairs [B, ¢'].

Algorithm 58 Computation of successors.

Succ([a, c])

1 S<0¢
2 for all ¢’ € 45(c) do
3 P
4 for all p € AP do
5 if ¢ €v(p) then add p to P
6 for all §§ € at(p) matching P do

if a, B satisfies (€1) and (¢2) then add ¢’ to S
g return S

~J

This algorithm can be inserted in the algorithm for the emptiness check. For instance, if
we use SCCsearch, then we just replace

6 for all » € 6(g) do
by a call to Succ:

6 for all [B, '] € Succ([a, c]) do
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13.5 Exercises

77l Exercise 176. Prove formally the following equivalences:

(a) = Xp=X—¢ (d) XFp=FXgp
(b) =Fp=G—¢ () XGop =GXgp
(c) =Gp=F—¢

v¢ B Exercise 177. The weak until operator W has the following semantics:

cEQWe < 3k>0:(c"EpandV0O<i<k o' E=g¢)), orVk>0 (¥ =¢)).

Prove the following equivalences:

pWq=GpVv (pUg=F-p—> (@pUqg=pU(gVGp).

v & Exercise 178. Let AP={p,q} and T =247 Give LTL formulas defining the
following languages:

(@ {p.q} 9 X¢ () Z* {gq}”
(b)) * (p}+1{p.q}) Z* {q} ¢ (d) {p}Y* {q}* 0°

¥r I Exercise 179. Let AP = {p, g, 7}. Give LTL formulas that hold for the computations
satisfying the following properties. If you are unsure of the exact meaning of the property,
then choose an interpretation. Here are two solved examples:

- p is false before ¢: Fg — (—p U q).
« p becomes true before g: =g W (p A —q).

Now it is your turn:

(a) p is true between ¢ and r. (d) after p and g eventually r.
(b) p precedes g before r. (e) p alternates between true and false.
(¢) p precedes g after r. (f) p, and only p, holds at even positions,

and ¢, and only ¢, holds at odd positions.

v & Exercise 180. Let AP = {p, ¢} and let £ =24P. Give Biichi automata for the w-
languages over X defined by the following LTL formulas:

(@) XG—p (d) GeUp—9)

(b) (GFp) — (Fq) (e) Fg— (—q U (=g Ap))
(¢) pA—(XFp)
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7 B Exercise 181. Say which of the following equivalences hold. For every equiva-
lence that does not hold, give an instantiation of ¢ and y together with a computation
that disproves the equivalence.

(a) X(p VvV y)=XopVXy (h) GF(p v w)=GF¢p v GFy
(®) X(p Ay)=Xp A Xy (i) GF(p A y)=GFp AGFy
(c) X(pUy)=XpUXy) G pUeVvy)=(@Up)V(pUy)
(d) Flpvy)=FpVFy &) (pvy)Up=(pUp)V(yUp)
(e) Flp ny)=Fop AFy D pU@Ay)=(@Up)A(yUp)
(H) GlpVy)=GoVvGy (m) (pAy)Up=(@Up)A(yUp)

(@ Gl Ay)=Gop AGy

¥r M Exercise 182. Let V € {F, G}* be a sequence made of the temporal operators F and
G. Show that FGp =V FGp and GFp=V GFp.

¥7 l Exercise 183. Recall that a formula is a tautology if all computations satisfy it. Which
of the following formulas of LTL are tautologies? If the formula is not a tautology, then give
a computation that does not satisfy it.

(a) Gp— Fp (e) (Gp—>Fq)< (@PU(=pVyg)
(b) Gp—q9) — (Gp— Gq) (H (FGp— GFq) < G(U(—pVq))
(c) F(p Aq) < (Fp AFgq) (&) Glp— Xp)— (p— Gp)

(d) —=Fp — F—Fp

% 7= Exercise 184. We say that an LTL formula is negation-fiee if negations only occur
in front of atomic formulas (that is, —true or —a where « is an atomic proposition). In this
exercise, we show how to construct a deterministic Biichi automaton for negation-free LTL
formulas. In the remainder, we assume that ¢ denotes such a formula over a set of atomic
propositions 4P. We inductively define the formula af(¢, v), read “p after v” where v € 247,
as follows:

af(true,v) = true, af(p A y,v) =af(p,v) Aafly,v),
af(false,v) = false, afle vV w,v)=af(p,v) Vaf(y,v),
afla,v) =aflacv,v), afXp,v) =09,
af(—a,v) =afla ¢v,v), aflp Uy ,v)=afly,v) Vv (aflp,v) Ao U y).

We extend it to finite words: af(p, €) = ¢ and af(p, vw) = af(af(p,v), w) for every v € 24F

and every finite word w. Prove the following statements:
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(a) For every formula ¢, finite word w € (2AP )* and w-word w' € (ZAP )w:
ww' =g = W =aflp,w).

So, intuitively, af{(p, w) holds “after reading w” iff ¢ holds “at the beginning” of ww'.

(b) For every negation-free formula ¢: w = ¢ iff af(p, w') = true for some finite prefix v’
of w.

(c) Forevery formula ¢ and w-wordw € (2’“D )w: af(p, w) is a positive boolean combination
of subformulas of ¢.

(d) For every formula ¢ of length n: the set of formulas {af(p, w) : w € (247)"} has at most
22" equivalence classes up to LTL-equivalence.

(e) There exists a deterministic Biichi automaton recognizing L., (¢) with at most 22"
states, where 7 is the length of ¢. Hint: Use (b)—(d).

¥r of Exercise 185. In this exercise, we show that the reduction algorithm of exercise 150(2)

does not reduce the Biichi automata generated from LTL formulas, as well as show that a

little modification to the algorithm LTLtoNGA (algorithm 57) can alleviate this problem.
Let ¢ be a formula of LTL(4P), and let 4, = LTLtoNGA(p).

(a) Prove that the reduction algorithm of exercise 150(2) does not reduce 4, that is, show
that A = A/CSR.

(b) Prove that £, (B(ﬂ) =Ly (A(/,), where By, is the result of modifying 4, as follows:
« add a new state gp and make it the unique initial state.

n4P
« for every initial state g of 4,, add a transition gg i q to By, (recall that g is an atom
of cl(p), and so g N AP is well defined).

. q1NA4P q2NAP
» replace every transition g ——— ¢ of 4, by g1 —— ¢».

(c) Construct the automaton B,, for the automaton of figure 13.7.

(d) Apply the reduction algorithm of exercise 150(2) to B,. Is the resulting automaton
minimal?

v & Exercise 186. Let 4 = (0, X, 9,490, F) be an automaton such that O =P x [1..n] for
some finite set P and n > 1. Automaton 4 models a system made of n processes. A state
(p, i) € O represents the current global state p of the system, and the last process i that was
executed.

We define two predicates exec; and enab; over Q indicating whether process j is
respectively executed and enabled. More formally, for every ¢ = (p,i) € Q andj € [1..n], let

execj(q) <= i=},

enab;(q) <= (p,i) — (p',)) for some p’ € P.
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(a) Give LTL formulas over Q% for the following statements:

(1) All processes are executed infinitely often.

(ii) Ifa process is enabled infinitely often, then it is executed infinitely often.

(iii) If a process is eventually permanently enabled, then it is executed infinitely often.

(b) The three above properties are known respectively as unconditional, strong, and weak
fairness. Show the following implications, and show that the reverse implications do not
hold:

unconditional fairness = strong fairness = weak fairness.

% B Exercise 187. In this exercise, we prove that, in the worst case, the number of states of
the smallest deterministic Rabin automaton for an LTL formula can be doubly exponential
in the size of the formula. Let Xy ={a, b}, X1 ={a,b,#} and X ={a,b,#, $}. For every
n >0, let us define the w-language L, C £ as follows:

Ly= Y ZIi#w# IiSwH".

weX
Informally, an w-word belongs to L, iff

- it contains a single occurrence of $,

« the word to the left of $ is of the form wo#w # - - - #wy, for some &k > 1 and (possibly empty)
words wo, ..., wg € X5,

» the w-word to the right of § consists of a word w € X followed by an infinite tail #*, and

« wis equal to at least one of wy, ..., w,.
Show the following statements:

(a) There is an infinite family {¢,},>0 of formulas of LTL(X) such that ¢, has size On?)
and L, (¢,) = L. Here, “L,, (9,) = L,,” stands for o € L, (9,) iff 6 = {a1}{az}{as}- - for
some w-word ajazas - -+ € Ly,.

(b) The smallest deterministic Rabin automaton recognizing L, has at least 22" states.
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In chapter 8, we showed that the languages expressible in monadic second-order logic on
finite words are exactly the regular languages, and we derived an algorithm that, given a
formula, constructs an NFA accepting exactly the set of interpretations of the formula.
This result can be easily extended to the case of infinite words: in the forthcoming sec-
tion 14.1, we show that the languages expressible in monadic second-order logic on w-words
are exactly the w-regular languages.

In chapter 9, we introduced Presburger arithmetic, a logical language for expressing prop-
erties of the integers, and showed how to construct, for a given formula ¢ of Presburger
arithmetic, an NFA A4, recognizing the solutions of ¢. In the forthcoming section 14.2, we
extend this result to linear arithmetic, a language for describing properties of real numbers
with the same syntax as Presburger arithmetic.

14.1 Monadic Second-Order Logic on w-Words

Monadic second-order logic on w-words has the same syntax as its counterpart on finite
words and a very similar semantics as well.

Definition 14.1 Let X1 ={x,y,z,...} and X, ={X,Y,Z, ...} be two infinite sets of first-
order and second-order variables. Let ¥ ={a, b, c, . . .} be a finite alphabet. The set MSO(X)
of monadic second-order formulas over X is the set of expressions generated by the grammar

p=0,x) [ x<ylxeX|—p|loVve|Ixp|IX g

Aninterpretation of a formula ¢ is apair (w, V) wherew € X%, and) is amapping that assigns
every free first-order variable x a position V(x) € N and every free second-order variable X
a set of positions V(X) € N.! (The mapping may also assign positions to other variables.)

1. In chapter 8 it was convenient to split }V into two mappings V| and V), for first and second-order variables,
respectively. This is no longer necessary, and so now we write just V.
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The satisfaction relation (w, V) = ¢ between a formula ¢ of MSO(X) and an interpreta-
tion (w, V) of ¢ is defined as follows:

w,V) E Qu) iff wiV®]=a,
V) E x<y i V<V,

wV) E —¢ i wV)Eoe,

wV) E oiver i wV)EerorwV)Ee,

wYV) E Ixe iff someie N satisfies (w, V]i/x]) E ¢,
V) E xeX iff V) eVX),

w,V) E X iff  some S C N satisfies (w, V[S/X]) = o,

where wli] is the letter of w at position i, V[i/x] is the interpretation that assigns i to x
and otherwise coincides with V), and V[S/X] is the interpretation that assigns S to X and
otherwise coincides with YV — whether V is defined for x and X or not.

If w,V) =g, then we say that (w,V) is a model of ¢. Two formulas are equivalent
if they have the same models. The language L (¢) of a sentence ¢ € MSO(X) is the set
L(p)={we Z?:wk ¢}, where w= ¢ iff w is a model of ¢ w.r.t. the empty mapping. An
w-language L C X? is MSO-definable if L = L (¢) for some formula ¢ € MSO(X).

Example 14.2 The language a*b® over alphabet {a, b} can be expressed by the formula
WYy [ <x) > Qa(W)].

Variable x refers to the position of the first b.
14.1.1 Expressive Power of MSO(X) on w-Words

‘We show that the w-languages expressible in monadic second-order logic are exactly the w-
regular languages. The proof is very similar to its counterpart for languages of finite words
(proposition 8.26) and actually even a bit simpler.

Proposition 14.3  [f L C X% is w-regular, then L is definable in MSO(Y).

Proof Let A=(0Q, X,9,0Q0,F) be an NBA with Q={qo,...,q,} and L, (4)=L. We
construct a formula ¢4 such that for all we X%, w =g 4 iff w e L, (4).
We start with some notations. Let w=aja, - -- € £, and let

qu{ieN:qeg(qo,al-uai)}.

In words, i € P, iff 4 can be in state ¢ immediately after reading letter a;.

We can construct a formula VisitRecord(Xy, . .., X)) with free second-order variables
Xo, ..., X, exactly as in proposition 8.26. This formula has the property that V(X;) =P,
holds for every model (w, V) and for every 0 <i <. In words, VisitRecord(Xy, ... X}) is
only true when X; takes the value P, for every 0 <i<n. Thus, we can take the following
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formula, which further states that accepting states are visited infinitely often:

@4 :=3Xp - --3X, VisitRecord(Xp, ..., X;) AVx Iy | x <y A \/ veXi|. ]
qi€eF

It remains to prove that MSO-definable w-languages are w-regular. Given a sentence ¢ €
MSO(Y), we encode an interpretation (w, ) as an w-word. We proceed as for finite words.
Consider, for instance, a formula with first-order variables x, y and second-order variables
X, Y. Consider the interpretation

X2

Y6

X > set of prime numbers
Y > set of even numbers

a(ab)®,

We encode it as

a a b a b a b a
X 01 00 0 0 0 O
y 000 0 01 00
X 01 10 1 01 0
Y 01 01 0 1 01
corresponding to the w-word
allal|b||al|b||al]|b]|]|a
Ol{L1]]0]]0|]O0|]|0O])]0O]]0
0Oj[0]]0O]]0O]]O 1 010 over alphabet X x {0, )4,
011 tfjofjrfjofjr|j]o
offjryjofjrfjofjrfjof]|t

Definition 14.4  Let ¢ be a formula with n free variables, and let (w, V) be an interpreta-
tion of ¢. We denote by enc(w, V) the word over the alphabet £ x {0, 1}" described above.
The w-language of ¢ is L, (p) = {enc(w, V) : (w, V) E¢}.

A proof by induction on the structure of ¢ shows that L, (¢) is w-regular. The proofis a
straightforward modification of the proof for the case of finite words; it constructs a NGA
A, such that £, (A¢) =L, (p). Operations on NFAs are replaced by their corresponding
operations on NGAs.
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14.2 Linear Arithmetic

Linear arithmetic is a language for describing properties of real numbers. It has the same
syntax as Presburger arithmetic (see chapter 9), but formulas are interpreted over the reals,
instead of the natural numbers or the integers. Given a formula ¢ of linear arithmetic, we
show how to construct an NGA 4, recognizing the solutions of ¢. Section 14.2.1 discusses
how to encode real numbers as w-words, and section 14.2.2 constructs the NGA.

14.2.1 Encoding Real Numbers

We encode real numbers as infinite words in two steps. First, we encode reals as pairs of
numbers and then these pairs as words.

We encode each real number x € R as a pair (x7,xr), where x; € Z, xp €[0,1] and x =
x7 +xr. We call x; and xr the integer and fractional parts of x. So, for instance, (1,1/3)
encodes 4/3, and (—1,2/3) encodes —1/3 (not —5/3). Every integer is encoded by two
different pairs, for example, 2 is encoded by (1, 1) and (2, 0). We are not bothered by this;
note that in the standard decimal representation of real numbers, integers also have two
representations; for example, 2 is represented by both 2.0 and 1.9.

We encode each pair (x;,xr) as an infinite word w; x wg. The word wy is a two’s com-
plement encoding of x; (see chapter 9). However, unlike in chapter 9, we use the MSBF
encoding instead of the LSBF encoding. This is not essential, but it leads to a more elegant
construction. Thus, w; is any word w; =apa,_1 - - - ag € {0, 1} satisfying

n—1
xp=—a, 2"+ a;-2" (14.1)
i=0
The w-word wr is any infinite sequence b1byb3 - - - € {0, 1} satisfying
o
xp=y b2 (14.2)
i=1

The only w-word b1 by b3 - - - for which we have xp = 1 is 1. So, in particular, the encodings
of the integer 1 are the w-words of 0%1 x 0“ and 0*0 % 1“. Equation (14.2) also has two solu-
tions for some fractions, for example, the encodings of 1 /2 are the w-words of 0*0 x 10 and
0*0%01%. Other fractions have a unique form, for example, 0*0 * (01)® for 1/3.

Example 14.5 Numbers 3.3, 3, and —3.75 are encoded by
33+ 0%011%(01)®,
3> 0011 %0“ and 0¥010 % 1%,
—3.75+> 17100x010“ and 1*100 % 001¢.

When encoding tuples of reals, we use padding to make the symbols * fall on the same
column. For instance, a possible encoding of the triple (—6.75, 12.3,3) is
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[0}

1 1 0 0 1 *] [0 1 o] f[o
0 1 1 0 Ol %] 1|0 1 0 1
0] LO] LO 1 1 *| L0 [O 0] LO

14.2.2 Constructing an NGA for the Real Solutions

Given a linear arithmetic formula ¢, we construct an NGA 4, accepting the encodings of the
solutions of ¢. If ¢ is a negation, disjunction, or existential quantification, then we proceed
as in chapter 9, replacing the operations on NFAs and transducers by operations on NGAs.

Letus now consider an atomic formula of the form ¢ =a - x < b. The NGA 4,, (which will
actually be an NBA) must accept the encodings of all tuples ¢ € R” satisfying a - ¢ <b. We
decompose the problem into two subproblems for integer and fractional parts. Given ¢ € R",
let c; and cf be the integer and fractional part of ¢ for some encoding of ¢. For instance, if
c=(2.3,—-2.75,1), then we can have c; = (2, —3, 1) and ¢f = (0.3, 0.25, 0), corresponding
to the encoding

[010%(01)”,101%010,001 x0“],

or ¢y =(2,-3,0) and cr = (0.3,0.25, 1), corresponding to
[00010 % (01)®, 11101 %001, 00000 % 1*].

Let o™ and o~ be respectively the sum of the positive and negative components of a; for
instance, if a = (1, -2, 0,3, —1), then a* =4 and a~ = —3. We show the following:

Proposition 14.6 It is the case that c € R" is a solution of p = a -x <D iff:

ca-c;<b—oaT, or

e a-c;=p for some integer fe[b—at +1,b—a"landa-cr <b— p.

Proof First note that, since cr € [0, 1]", we have a-cp € [a ™, a™].

=) Let us assume that a-c; > b —a™, as we are otherwise done. Since c is a solution
ofp,wehavea-ci+a-cr=a- (c; +cr) =a-c<b. In particular, this means that a - ¢; <
b—a-cp and hence that a - ¢; < b — a~. By assumption, this implies that a - ¢; = 8, where
Belb—a'+1,b—a~]. Furthermore,a-cr <b—a-c;=b— .

<) Ifa-c; <b—a™,then we are done since

a~c=a~cl~|—a~cF§(b—a+)+a~cF§(b—a+)+(x+=b.

Thus, let us assume that a - ¢; = 8 for some integer f € [b—a™ +1,b—a~] such that a -
cr<b—pf. Wearedonesincea-c=a-ci+a-cr=f+a-cp,<p+b-p)=>b. 0

To simplify the notation, let 8~ =b —a™* + 1 and 7 =b — a~. By proposition 14.6, we
can decompose the solution space of ¢ as follows:

Sol(p)={c;+crza-c;<p}U | fer+eria-cy=panda-cp<b-p).
p=p=p+
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Example 14.7 We use ¢ =2x —y <0 as a running example. We have [a~,a "] =[1,2],
b=0and [f~, fT]=[—1,1]. Thus, (x,y) € R? is a solution of ¢ iff one of the following
conditions holds:

o 2x7 —y1§—2, o 2x7 — VI =O/\2xF—yF§0,
3 2x1—y1:—1/\2xF—yF§1, . 2x1—y1:1/\2xp—yF§—1.

Observe that solutions of a-c; < f~ and a-c; = f can be computed using algorithms
IneqZtoNFA and EqZtoNFA of section 9.3. Recall that both algorithms use the LSBF encod-
ing, but it is easy to transform their output into NFAs for the MSBF encoding: since the
algorithms deliver NFAs with exactly one final state, it suffices to reverse the transitions of
the NFA and exchange the initial and accepting states. This way, the new automaton rec-
ognizes a word w iff the old one recognizes its reverse wX, and so it recognizes exactly the
MSBF encodings.

Example 14.8 Figure 14.1 shows NFAs for the solutions of 2x; — y; < —2 in LSBF (left)
and MSBF encodings (right). The NFA on the right is obtained by reversing the transitions

Figure 14.1
NFAs for the solutions of 2x — y < —2 over Z with LBSF (left) and MSBF (right) encodings.
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]

NFAs for the solutions of 2x — y = —1 over Z with LBSF (left) and MSBF (right) encodings.

Figure 14.2

and exchanging the initial and final states. Similarly, figure 14.2 shows NFAs for the
solutions of 2x; —yy = —1.

It remains to show how to compute an automaton for the solutions of an inequation of
the form a - xp < f — b. This is done in the next section.

14.2.2.1 A DBA for the Solutions of a-xr <f —b

We construct a DBA recognizing the solutions of formulas of the form a - x7 <d such that
0 <xp < 1. The algorithm is similar to AFfoNFA from section 9.2. The states of the DBA are
integers. We choose transitions and accepting states so that the following property holds:

¢ € Z recognizes the encodings of the tuples ¢y € [0, 1]" s.t. a-cp <q. (14.3)
However, recall that a - cr € [a~, a™] for every cr € [0, 1]”, and therefore:

« all states ¢ > a™ accept all tuples of reals in [0, 1]” and can be merged with state &, and

- all states ¢ < o~ accept no tuples in [0, 1]” and can be merged with state (™ — 1).

Calling these two merged states “all” and “none,” respectively, the states of the DBA (not
all of them may be reachable from the initial state) are

all, noneand {(geZ:a” <g<a™}.

All of these states but none are accepting, and the initial state is . Let us now define the set
of transitions. Given a state ¢ and a letter ¢ € {0, 1}”, let us determine the target state ¢’ of
the unique transition labeled by ¢ from ¢. Clearly, if ¢ = a/l, then ¢’ = all, and if ¢ = none,
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then ¢’ = none. If q € Z, then we compute the value v that ¢’ must have in order to satisfy
property 14.3, and then we set

q ifvela,a™),
q = none ifv<a~,
all ifv>at.
To compute v, observe that a word w € ({0, 1}"")® is accepted from ¢’ iff the word ¢w is

accepted from ¢. Thus, the tuple ¢’ € R” encoded by w and the tuple ¢ € R” encoded by ¢w
are related by the following equation:

11,
il 14.4
¢ 2C+20 (14.4)

Since ¢’ is accepted from ¢’ iff ¢ is accepted by ¢, to fulfill property 14.3, we must choose
vsothata- (%C + %c’) <gholdsiffa-c¢ <vholds. We get v=2q —a -, and so we define
the transition function of the DBA as follows:

q if g € {none, all},

2g—a-¢ if2g—a-cela”,am),
9(q.0) = . _

none if2g—a-¢<a™,

all if2g—a-¢>a™.

Example 14.9 Figure 14.3 depicts the DBA for 2xr — yr < 1, where the trap state none
has been omitted for the sake of readability. Since a™ =2 and a~ = —1, the possible
states are {all,none,—1,0, 1}. The initial state is 1. Let us determine the target state of
the transitions leaving state 1. We instantiate the definition of d(g, ) with g=1, a™ =2
and o~ =—1, and get

Figure 14.3
DBA for the solutions of 2x —y < 1 over {0, 1}2.
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2-200+g if2-20+4€{-1,0,1},
6(1,¢) = | none if2—-20+¢6 <—1,
all if2-20+¢6>2,

which can be simplified to
all ifs=0,

{y otherwise.

5(1,4“):{

Recall that, by property 14.3, a state g € Z accepts the encodings of the pairs (xr, yr)
such that 2xr — yr <g. This allows us to immediately derive the DBAs for 2xp — yr <0
and 2xp — yp < —1: they are the DBA of figure 14.3 with 0 as initial state, and the same
DBA with —1 as initial state, respectively.

The procedure to construct the DBA for a - xp <d is summarized in algorithm 59.

Algorithm 59 Converting an inequality into a DBA recognizing the MSBF encodings of
its solutions.

IneqtoDBA(p)
Input: Inequation p = a-xp <d
Output: DBA 4= (0, X, 9,qo, F) such that L, (4) =L (p)
(without trap state)
0,0,F < 0;qo<d
W <« {d}
o < Zi:a;<0 ai; ot < Zi:aiZO a;
while 7 # () do
pick ¢ from W
add g to O
add g to FF
for all - € {0, 1}" do
q <2q—a-{
if ¢ > o~ then

=
= O W W I o U & w N =

ifg=allor ¢ > a™ then g’ < all
if ¢ ¢ O then add ¢ to W
add (¢,¢,q) to o

=R
w N

Example 14.10 Let ¢ =2x —y < 0. We construct the full NBA 4, by putting all the pieces
together. Recall that (x,y) € R? is a solution of ¢ iff (at least) one of the following conditions
holds:



374 Chapter 14

(1) 2x; —yr < -2, (ii1) 2x; —y;=0A2xp —yr <0,
(i) 2x; —yr=—1A2xp—yr <1, (iv) 2x; —yr=1A2xp —yr < —1.

The top of figure 14.4 depicts an NBA for (i). This NBA is easily obtained from the NFA
for the solutions of 2x; — y; < —2 depicted on the right of figure 14.1.

The NBA at the bottom of figure 14.4 recognizes pairs (x, ) € R? satisfying (ii), (iii),
or (iv). To construct it, we “concatenate” the NFA on the right of figure 14.2 and the DBA of
figure 14.3. The resulting NBA recognizes the solutions of 2x; — y; = —1 and 2xp — yr <1,
which is adequate for (ii). For (iii) and (iv), we respectively connect state 0 to 0 and 1 to —1
(with x).

Figure 14.4
NBA for the real solutions of 2x — y < 0 satisfying (i) (top) and (ii), (iii), or (iv) (bottom).
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14.3 Exercises

¢ & Exercise 188. Give an MSO({a, b}) sentence for each of the following cw-regular
languages:

(a) Finitely many as: (a + b)*b®
(b) Infinitely many bs: ((a + b)*b)®

(c) as at each even position: (a(a + b))

What regular languages would you obtain if your sentences were interpreted over finite
words?

v & Exercise 189. Let us revisit exercise 131 over infinite words rather than finite ones.
Consider a formula ¢ (X)) of MSO(X) that does not contain any occurrence of predicates of
the form Q,(x). Given two interpretations that assign the same set of positions to X, we have
that either both interpretations satisfy ¢ (X), or none of them does. Thus, we can speak of
the sets of natural numbers satisfying ¢ (X). This observation can be used to automatically
prove some (very) simple properties of the natural numbers. Consider, for instance, the fol-
lowing “conjecture”: every set of natural numbers has a minimal element.” The conjecture
holds iff the formula
Has_min(X):=3dxeX VyeX (x<y)

is satisfied by every interpretation in which X is nonempty. Construct an automaton for
Has_min(X), and check that it recognizes all nonempty sets.

¢ & Exercise 190. Construct a DBA for xz + 3 - vr <2 using IneqtoDBA.

¢ I&] Exercise 191. Let ¢ be a formula from linear arithmetic s.t. V = ¢ iff V(x) > V() >
0. Give an NBA that accepts the solutions of ¢ (over R), without necessarily following the
construction presented in the chapter.

¥r IE Exercise 192. Reconsider Exercise 191 with a strict inequality, i.e. V(x) >
V() =0.

7 [& Exercise 193. Linear arithmetic cannot express the operations y = [x] (ceiling) and
y=|x| (floor). Explain how they can be implemented with Biichi automata.

7 M Exercise 194. Let ¢ be an irrational number such as 7, e, or /2. Show that no formula
from linear arithmetic is such that V = ¢ iff V(x) =c.

2. We only proved the case of finite sets in exercise 131. Here, we handle finite and infinite sets.

o






Solutions

Solutions for Chapter 1

Y7 I Exercise 1. Give a regular expression for the language of all words over X = {a, b}

(a) beginning and ending with the same letter.
(b) having two occurrences of a at distance 3.
(c) with no occurrence of the subword aa.

Solution: Let us write X* for (a 4 b)*. The expressions are as follows:

(@) a+b+aX*a+bX*b
(b) Z*aXXaX*
(¢) (a+e)(b* + ba)* or equivalently (b* + ab)* (¢ + a)

¥7 M Exercise 3. Show that the language of the regular expression » = (a + &) (b* + ba)*
is the language 4 of all words over {a, b} that do not contain any occurrence of aa.

Solution:

« L(r)CA4. Letwe L (r). By definition of », we have w=uju> - - - u,, for some n > 1 and
some words u € {¢,a} and uy, . ..,u, € L (b* + ba). For the sake of contradiction, assume
that w contains an occurrence of aa. Since none of the #; contains aa, there must exist some
ie{l,...,n— 1} such that u; ends with @ and u; | starts with a. The only possible case for
Uj4+1 18 ujy1 = uy = a, which means that i = 0. This is a contradiction.
« ACL(r). LetweA. There exist n >0 and i,j1,j2, . . .ju, kK > 0 such that

o w=blabltab? - - - ab/rab*, and

e J15J2ssjn> 0.

Ifi=0, then w € L () since

w=ab'ba - B babt e L(ab ba - b*bab*) S L().

If i > 0, then w € L (r) since

w=b""ba b ba - B ba b e L (e b  bab*ba - b bab*)CLG). O
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v B Exercise 5.

(a) Prove that for all languages 4 and B, the following holds: 4 € B = 4* C B*.

(b) Prove that the regular expressions ((a + ab)* 4+ b*)* and X* represent the same lan-
guage, where X = {a, b} and where X* stands for (a + b)*.

Solution:

(a) Let us assume that A C B. Let w € 4*. We must show that w e B*. If w=¢, then w is
trivially in B*. Otherwise, there exist n > 0 and words vy, ..., v, € A suchthatw=v; - - - v,,.
Since 4 C B, we know that v; € B forevery i€ {1,...,n},and sow=vy...v, € B*. ]

(b) The language X* contains all words over alphabet X, so in particular, it con-
tains all words from L (((a¢ + ab)* + b*)*). For the other direction, let A=% and B=
L ((a+ ab)* + b*). We have 4 C B. Thus, by (a), we have 4* C B*, which means that
X*C L (((a+ab)* +b*)*). O

¥ & Exercise 7. For each of the following properties, provide a syntax that describes the
regular expressions r satisfying the property.

(@) L) =9,

(b) £L(r)={e},

(c) e€L(n),

(d) (L) =L(>r) = (L()=L7TY).

Solution:
(a) They are the regular expressions generated by the “two-level” syntax
ro=@|rs|srir+r

where s denotes an arbitrary regular expression. A simple proof by induction shows that if
r is generated by this syntax, then £ (r) = . For the converse, let 7 be an arbitrary regular
expression such that £ (f) =¢. If 1=, then we are done because ¢ is generated by the
syntax. The cases t=¢ and f=a are impossible. If t=1¢1>, then we have L (1) =0 or
L (t2) = ¥; by induction hypothesis, either #; or £, is generated by the syntax, and thus so
ist. If t=1t; + 1o, then we have L (1) =¥ and L (t;) = ; by induction hypothesis, both #;
and #, are generated by the syntax, and thus so is .

(b) They are the regular expressions generated by the syntax
ro=el|smr|s+rir+s|r+r|rt

where s denotes an arbitrary regular expression from (a).
(c) They are the regular expressions generated by the syntax

ro=elrr|r+s|s+r|s*

where s denotes an arbitrary regular expression.
(d) Suppose that £ (r) = L (rr). We have

L) =LnN L@ =LA LA)=Lr)=L(7).
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Hence, by repeated application of this argument, we obtain £ () = L (r) for every i > 1.
In particular, this means that £ (r)=L (rr) implies £ (*)={e}UL (r). We use this
observation to prove that the implication holds iff £ (r) # @.

=): Assume L (r) =@. Wehave L (rr) =0 = L (r),but L (r) =0 # {e} = L (r*), and so the
implication does not hold.

<): Assume L (r) # (). We consider two cases.

« Case c€L(r). If L)=L(rr) then L (r*)={e} UL (r) by the above observation.
Since ¢ € L (r), we get L (r*) ={e} U L (r) = L (r), and so the implication holds.

« Case ¢ ¢ L(r). Let k be the length of a shortest word in £ (7). The shortest word in
L (rr) has length 2k. Since ¢ ¢ L (r), we have k> 0 and so 2k #k. Thus, L (rr) £ L (r),
and the implication holds vacuously.

Consequently, the regular expressions satisfying the implication are exactly those whose
language is nonempty. These are the regular expressions generated by the syntax

ro=elalr|s+r|r+s|s*
where s denotes an arbitrary regular expression.

% [& Exercise 8. Use the solution to exercise 7 to define inductively the predicates
IsEmpty(r), IsEpsilon(r), and HasEpsilon(r) over regular expressions given by

o IsEmpty(r) < (L (r) =0),
o IsEpsilon(r) < (L (r) ={e}),
« HasEpsilon(r) < (¢ € L (7).

Solution:
o IsEmpty(r) is defined by
IsEmpty(#)) = true,
IsEmpty(e) = IsEmpty(a) = IsEmpty(r*) = false,
IsEmpty(ry + r2) = IsEmpty(r1) A IsEmpty(r),
IsEmpty(riry) = IsEmpty(ry) Vv IsEmpty(ry).
o IsEpsilon(r) is defined by
IsEpsilon(g) = true,
IsEpsilon(¥) = IsEpsilon(a) = false,
IsEpsilon(r) + r2) = (IsEpsilon(ry) A IsEmpty(rz)) vV
(IsEmpty(r1) A IsEpsilon(rp)) v
(IsEpsilon(ry) A IsEpsilon(ry)),
IsEpsilon(riry) = IsEpsilon(ry) A IsEpsilon(ry),
IsEpsilon(r*) = IsEpsilon(r) v IsEmpty(r).
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« HasEpsilon(r) is defined by
HasEpsilon(¢) = HasEpsilon(r*) = true,
HasEpsilon()) = HasEpsilon(a) = false,
HasEpsilon(ry + ry) = HasEpsilon(ry) vV HasEpsilon(ry),
HasEpsilon(ryry) = HasEpsilon(r1) A HasEpsilon(r,).

v I&E Exercise 10. Let L C {a, b}* be the language described by the regular expression
a*b*a*a.

(a) Give an NFA-¢ that accepts L.

(b) Give an NFA that accepts L.

(c) Give a DFA that accepts L.

Solution:

(a)
a b a
OO0

(b)
a b a
LS A

()

a,b

O

b
7 B Exercise 11. Let |w|, denote the number of occurrences of letter ¢ in word w. For

every k> 2, let Ly, ={w e {a, b}* : |w|, mod k=0}.

(a) Give a DFA with k states that accepts Ly ;.
(b) Show that any NFA accepting L,, , N L, has at least m - n states.
Hint: Consider using the pigeonhole principle.
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Solution:

(a) Graphically, the automaton 4 is as follows:

#0

Formally, we define 4 = ({q0,q1,- . .,qk—1},{a, b}, d,{qo0}, {g0}) where
qi+1mod k) ifx=oc,
0(gi,x) =
g, %) {qi ifx#o.

(b) Let A= (0, {a,b},d, o, F) be a minimal NFA that accepts L, , N Ly p. For the sake of
contradiction, suppose that |Q] <m -n. Let w;; = a'b/. Since wiJa(m_l)ib(”_l)j € L (A), the
word w;; can be read in A—that is, there exist p;; € Qg and ¢;; € O such that

Wiy
Pij — 4qij-

By the pigeonhole principle, there exist 0 < i,/ <mand 0 < j,; < n such that (i,)) # (,j)
and g;; =gy y. Moreover, since 4 is minimal, g;; can reach some final state gy € F through
some v € X*, as otherwise, ¢;; could be removed. Therefore, we have

Wi jv W’»/’</V
pij — qr and py y ——> qy.

This means that w; ;v € £ (4) and wy yv € L (4). Thus, we have

@i+ vlq) mod m=0= (' + |v|,) mod m,

G+ |v|p) mod n=0= (j' + |v|) mod n.
This implies i =i’ and j =, which is a contradiction. Hence, |Q| > m - n as claimed.  [J
77 B Exercise 15. Prove or disprove: Every regular language is recognized by an NFA

(a) having one single initial state,
(b) having one single final state,
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(c) whose initial states have no incoming transitions,
(d) whose final states have no outgoing transitions,
(e) all of the above,

(f) whose states are all initial,

(g) whose states are all final.

Which of the above hold for DFAs? Which ones for NFA-¢?
Solution: For NFAs:

(a) Yes. We can add a single initial state g¢, make all former initial states ¢ € Qp nonini-
tial, and add transitions d(qg, a) = (g, a). Moreover, we make ¢ final iff some g € Oy was
final.

(b) Yes. The argument is symmetric to (a).

(c) Yes. This follows from (a).

(d) Yes. This follows from (b).

(e) No. There is no such NFA accepting a*.

(f) No. There is no such NFA accepting {a}, as it would otherwise also accept ¢.
(g) No. There is no such NFA accepting {a}, as it would otherwise also accept €.

For NFA-¢, the same holds except for (e), which is true. Indeed, we can add a single initial
and final state respectively connected to the former initial and final states with e-transitions.
For DFAs:

(a) Yes. We do the same as for NFAs.

(b) No. There is no such DFA accepting {¢, a}.
(c) Yes. This follows from (a).

(d) No. There is no such DFA accepting {¢, a}.
(e) No. It is already false for NFAs.

(f) No. It is already false for NFAs.

(g) No. It is already false for NFAs.

¥ & Exercise 16. Given a regular expression r, construct an NFA A that satisfies £ (4) =
L (r) and the following properties:

« initial states have no incoming transitions,
« accepting states have no outgoing transitions,

« all input transitions of a state (if any) carry the same label,
« all output transitions of a state (if any) carry the same label.

Apply your construction on = (a(b + ¢))*.

Solution: Let 4= (0, X,5,0,F) be an NFA such that £(4)=L(r). We define
A'=(Q. 2.8, 0).F)as
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0'=0xx?
0y =00 x 22,
F' =Fx 22,

d = {((qﬂxay)ﬂya (}’,y,Z)) : (qaya I") Gé,xs}’e 2}

Clearly, every state (g,x,y) only has incoming transitions labeled with x and only has out-
going transitions labeled with y. To deal with the initial and final states, we modify A’
by copying every initial and final state and deleting all incoming or outgoing transitions,
respectively.

Alternatively, it is possible to construct an NFA inductively from r. If 7 is @, &, or a, then
we can take A4 as one of these three automata:

O O -0—=0

If r=ri+r or r=rir;, then by induction hypothesis, there exist NFAs 4=
(01, 2,601,001, F1) and 4y = (0, X, 62, O, F») that satisfy the above properties for r;
and . In the former case, it suffices to put 4| and A4, side by side. In the latter case,
we would like to “glue A, to the end of 4;.” However, since transitions with different let-
ters cannot enter a common state, we make | X | copies of 41. More formally, we construct
A=(0, X,9,0, F), where

0 ={qa:q€01,a€ 21Uy,
0 ={(Pa,b,qa) :q €1 (p,b),ac X}V
{(pa,a,q):peF1,a€ XZ,q€62(0n,a)}Ud,
Qo =1{qa:q € QOun},
F =F.

It remains to handle the case of » =s*. By induction hypothesis, there exists an NFA
A=(0, X£,0,00,F) that satisfies the above properties for s. Let us construct an NFA
A'=(0,%,0,0),F) that satisfies the claim. Note that s* is equivalent to & +s™. So it
suffices to deal with s and add a disjoint singleton NFA for ¢. Informally, we wish to con-
nect I’ to Q6 with e-transitions. However, we cannot use ¢-transitions. Moreover, we must
respect the constraints. Hence, we make 1 + | X| copies of each accepting state of 4. The
purpose of the first copy is to satisfy the fact that accepting states cannot have outgoing
transitions. Each other copy is associated to the letter that may leave an accepting state.
Formally, we define

Q' =QU{qs:qeF,ac L},
& =6U{(p,b,q0):qe FN&(p,b),ac T} U

{(pa’aaQ) :pEF’aE 2,q€5(Q0,a)},
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0y = O,
F =F.

Let us apply the construction on r = (a(b + ¢))*. We obtain the following NFAs for ¢ and
b+c:
00 00
00
By applying the construction for concatenation, we obtain
b
c
By cleaning the NFA, we obtain
-O=C0
-O=C=0

By applying the construction for the Kleene star, we obtain

O Q)
O O
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Solution:

We obtain the resulting NFA B in seven steps:

Solutions for Chapter 1

Iter. B=(Q0,%,8,0)F) &" (e-transitions) Workset IV
0 5 0) (.2, 9), (. .7)}
1 ‘9‘@ {p.e,7). (p,a.q),
-)@ @ (»,b,5)}
O
ot .a, ) 5 b’ N
L L O g
A 8@ ((p.b.5). (pr5.5)
Y ,D,8), ,E,8),
’ ®) ®g ,;@ (9.a,9),(q,b,5)}
4 “ @ {p,2,9), (g, a,9),
O—0O - o (4.5.5)
5 ersseenneniienens ) {( .a, ,( ’b’ }
—0 Oy g
a 0 a g@
6 @ @:... ...... p— >® ((@.5,5)}
b & ,@
7 @ ...................... >® p

©
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¢ I Exercise 19. Let 2, ={1,2,...,n}, and let L, be the set of all words w € X, such
that at least one letter of X, does not appear in w. So, for instance, 1221,32,1111 € L3 and
123,2231 ¢ L3.

(a) Give an NFA for L, with O(n) states and transitions.

(b) Give a DFA for L, with 2" states.

(c) Show that any DFA for L, has at least 2" states.

(d) Do the bounds of (a), (b), and (c) also hold for Z,,?

o 9

Zp\ {1} Zp\ {n}

Solution:

(a)

(b) We construct a DFA 4 = (Q, X£,0, qo, F)) whose states are subsets of the alphabet:
O="P(Zn),
J(S,a)=SU{a} forevery Se€ Q,a€ %,
q0 =19,
F=0\{Z}.

(c) For every word we X, let a(w) denote the subset of letters of X, that appear in w.
Let 4, =(0, £,,9,q0, F) be a DFA recognizing L,. Let wi,w; be two words such that
a(wy) #a(wy), and let ¢1, g2 € O be the states such that

w1 wp
go — ¢1 and go — q>.

We claim that q; # q». Since o (w1) # a(w;), we may assume w.l.o.g. that a(w;) Z a(w»).
Thus, there is a word v such that wiv contains all letters of X,, but wyv does not. By
definition of L,,, we have wiv ¢ L, and wpv € L,,, which implies ¢q; # g2, and we are done.

By the claim, the number of states of 4,, is larger than or equal to the number of subsets
of X, and hence 4,, has at least 2” states. O]
(d) Clearly, (b) holds as we can simply complement the DFA for L,,. Moreover, (c) holds
because the minimal DFAs for a language and for its complement have the same number
of states. We prove that (a) does not hold, that is, that every NFA for L, has 2" states.

Let X1, X5 be two different subsets of X, and let w; € £} and w, € XJ. Let 4 be an NFA

that recognizes L,. We show that 4 has runs p; on wi and p, on wy, leading to different
states ¢ and g;. Since X1 # X, w.l.o.g. there are words vy and v, such that wivi, wyvy €
Ly, but wovy & Ly,. Let p1, p2 be accepting runs for wivy and wavs. Let g1 and g2 be the
states reached by the runs after reading wy and wy. If g1 = ¢2, then wyv| € L,,, which is a
contradiction. Thus, g1 # ¢>. O
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¢ & Exercise 20. Let M, be the language of the following regular expression:
(04 1)*0(0+ 1)"'0(0 + 1)*.

These are the words containing at least one pair of Os at distance n. For example,
101101,001001, 000000 € M3 and 101010,000111,011110 ¢ Ms3.

(a) Give an NFA for M,, with O(n) states and transitions.
(b) Give a DFA for M,, with Q(2") states.
(c) Show that any DFA for M,, has at least 2" states.

Solution:
(a) We give an NFA for M3; the generalization to M,, is straightforward:

0,1 0,1

‘)& 0 \m 0,1 \m 0.1 \m 0 @

(b) The DFA has 2" + 1 states: one for each word from {0, 1}" and one final state gy. Intu-
itively, the DFA is at state by - - - b, € {0, 1}" if these are the last n letters that were read.
Accordingly, for every b, - - - b, € {0, 1}"‘1, the DFA has four transitions of the form

0by -+ by —> g1,
Oby -+ by —> by -+ byl,
1by -+ by —> by -+ b0,

by by —> by ---byl.

Initially, the DFA has not yet read anything, but this is equivalent to having read only Is so
far: in both cases, there can be no pair of Os at distance n before n steps. Thus, we take 1”
as the initial state.

(c) The proof is very similar to the one of exercise 19(c): one may show that the states
reached by the DFA after reading any two distinct words wy, wy € {0, 1}” must be different.

¥r 7 Exercise 21. Recall that an NFA 4 accepts a word w if at least one of the runs of 4 on
w is accepting. This is sometimes called the existential accepting condition. Consider the
variant where 4 accepts word w if all runs of 4 on w are accepting (in particular, if 4 has no
run on w, then it trivially accepts w). This is called the universal accepting condition. Note
that a DFA accepts the same language with both the existential and the universal accepting
conditions.

Intuitively, we can imagine an automaton with universal accepting condition as executing
all runs in parallel. After reading a word w, the automaton is simultaneously in all states
reached by all runs labeled by w and accepts if all those states are accepting.
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Consider the language L, = {ww:w € {0, 1}"*}.

(a) Give an automaton of size O(n) with universal accepting condition that recognizes L,,.

(b) Prove that every NFA (and so in particular every DFA) recognizing L, has at least 2"
states.

(c) Give an algorithm that transforms an automaton with universal accepting condition into
a DFA recognizing the same language. This shows that automata with universal accepting
condition recognize the regular languages.

Solution:

(a) Note that v e L, iff for every 1 <i <n the ith and i 4 nth letters of v coincide. This is a
conjunction of conditions. We construct a universal automaton that has a run on v for each
of these conditions, and the run accepts iff the condition holds.

. . . 0,1
The automaton has a spine of states qo, .. ., q,, with transitions ¢; — ¢,+1 for every
0 <i<n— 1. Atevery state ¢;, the automaton can leave the spine remembering the (i 4+ 1)th
letter by means of transitions

0 1,
gi— r1and g; — 7].

.. 0,1 0,1
The automaton then reads the next n — 1 letters by transitions ; — ;41 and r; — 7;
for every 1 <i<n—1 and checks whether the (i 4 n)th letter matches the (7 4 1)th letter
by transitions

0 ;1
rn — qr and vy, — gy,

where gy is the unique final state.

(b) We use the same technique as in exercise 19. Let 4 be an NFA recognizing L,,. For every
word ww € {0, 1}*", the automaton A has at least one accepting run on ww. Let g¢,, be the
state reached by one such run after reading the first w. We claim that for any two different
words w, w’ € {0, 1}", the states g, g, are different. For the sake of contradiction, suppose
that ¢, = ¢,». Automaton 4 has an accepting run on ww’, obtained by concatenating the
first half of the accepting run on ww and the second half of the accepting run on ww'. Since
ww' ¢ L, this is a contradiction. Consequently, 4 has a different state ¢,, for each word
ww € {0, 1}?", and hence it has at least 2" states. ]

(c) Itsuffices to replace line 6 of NFAtoDFA by if Q' C F then add Q' to F. In other words,
all states of Q' must be accepting rather than at least one.

% 7 Exercise 22. The existential and universal accepting conditions can be combined,
yielding alternating automata. The states of an alternating automaton are partitioned into
existential and universal states. An existential state g accepts a word w, denoted w € L (g), if
cither w=¢ and g € F or w= aw’ and there exists a transition (¢, a,q') such thatw’ € £ (¢').
A universal state ¢ accepts a word w if either w=¢ and g€ F or w=aw' and w' € L (q/ )
for every transition (g, a,q’). The language recognized by an alternating automaton is the
set of words accepted by its initial state.

Give an algorithm that transforms an alternating automaton into a DFA recognizing the
same language.
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Solution: As an example, let us consider this alternating automaton A4:

After reading the letter a, the automaton is in either state ¢; or g4, which we can write
as g1 V qa. If the automaton reads b from ¢y, then it is in g;. If it reads b from g4, then it is
“in both” g, and ¢3, which we write as g2 A ¢g3. Altogether, reading the word ab in 4 leads
to q1 V (g2 A g3). If we substitute each state g; by true iff g; is accepting, then the resulting
boolean value indicates whether the word is accepted. In our example, ab is accepted since
false V (true A true) = true.

Now, consider an arbitrary alternating automaton 4. Let Q={q1, ..., g,} be its set of
states. The above example suggests to define the states of the DFA as the set of all positive
boolean formulas over variables Q. However, since there are infinitely many such formulas,
we define the states as the equivalence classes of formulas (where, as usual, two formulas
are equivalent if they are true for the same valuations of the variables).

The initial state is the (equivalence class of) the formula gg. The final states are the for-
mulas that are true when all accepting states are set to true and all nonaccepting states to
false. Given a formula f, the unique formula /” such that (f, a,/”) belongs to the transition
relation is defined as follows. For each state ¢:

« If ¢ is existential and (¢, a, q1), . - ., (¢, a, g,) are the output transitions of ¢, then replace
every occurrence of ¢ in f by (g1 V - -+ V qp). If n =0, then replace it by false.
o If ¢ is universal and (¢,a,q1), ..., (q,a,qy,) are the output transitions of ¢, then replace

every occurrence of ¢ in f by (g1 A -+ - Agqp). If n=0, then replace it by true.

For example, the resulting DFA for the alternating automaton above is

C o D= D —oCmn)

¢ ¥ Exercise 24. Execute algorithm NFAstoNEA on the following NFA-¢ over T =

{ay,...,a,}toshow that the algorithm may increase the number of transitions quadratically:
al ap Aan
O=0=Om@s
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Solution: Let us execute the algorithm by prioritizing ¢-transitions. The contents of the
workset ¥ evolve as follows during the first few iterations:

Iter. /4

0 {(90,a1,41), (q0, €, 91)}

1 {(g0,a1,91), (90, a2, 92), (q0, €, 42)}

2 {(g0, a1, 1), (g0, @2, 92), (90, a3, q3), (g0 €, 43)}

n—1 {(qo,a1.91),(q0,a2,42),(90,a3,G3), . . ., (40, @n, Gn): (90, €, qn)}

n {(q0, a1, 91), (90,92, 92), (0, a3, 43), - - -, (905 Ans Gn)}

n+1  {(q0,a2,92),(q0,a3,93), . .., (qo> an, qn), (q1, a2, 92), (q1, €, 92)}

n+2  {(qo,a2,92),(q0,a3,93), . .., (q0, an. qn), (q1, a2, 92), (q1,a3,93), (91, €, 93)}

2n—1 {(q0,a2,92),(q0,@3,43); . .-, (qo> ans qn)> (q1, a2, 92), (91, a3,43), . . -, (1, Ans Gn), (1, €, Gn) }

2n {(q0,a2,92),(q0,a3,43), . . ., (q0, @n. qn), (q1,a2,92), (91,03, G3), . . ., (q1, An, qn)}

Thus, after these iterations, we have discovered transitions
{(g0,9j,9j) :0 <j<n}U{(q1,a;,9;) | | <j<n},

which will all be part of the resulting NFA. By continuing the execution, we will discover the
set of transitions {(g;,a;,q;) : 0 <i <j <n}, which has size (n — 1) +...+1=n(n—1)/2.
Thus, the resulting NFA has a quadratic number of transitions:

¢ [E Exercise 27. Let L be a regular language over X. Show that the following languages
are also regular by constructing automata:
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(a) VL={weZ*:wwel},
(b) Cyc(L)={vue X*:uvel}.

Solution: Let A= (0, X, 9, Qo, F) be an NFA that accepts L.

(a) Intuitively, we construct an automaton B that guesses an intermediate state p and then
reads w simultaneously from an initial state gp and from p. The automaton accepts if it
s}ilmultaneously reaches p and some gr € F. Formally, let B= (0, X,0', 0y, F') be such
that

0=0x0x0,
Qo ={p.q.p) :p€ 0,9 € O},

F'={(p.p,q):p€0.qF},
and, for every p,q,re Qandac X,

3 ((p.g.1),a)={(p.q",1") :q' €(q,a),”' €(r,a)}.

(b) Intuitively, we construct an automaton B that guesses a state p and reads a prefix v of
the input word until it reaches a final state. Then, automaton B moves nondeterministically
to an initial state from which it reads the remainder u of the input word, and it accepts if it
reaches p. More formally, let B=(Q', X, 0, 0, F") be such that

0'=0x{0,1}x0,
0y ={(p,0,p):pe 0},

F'={(p,1,p):pe0},
and, for every p,ge Qanda e X U {e},

{(p,b,q'):q' €6(q,a)} ifack,
5 ((p,b,q),a)=3{(»,1,4") :q' € Qo} ifa=e,b=0andgeF,
] otherwise.

¥ & Exercise 28. For every n € N, let MSBF(n) be the set of most-significant-bit-first
encodings of n (i.e., the words that start with an arbitrary number of leading zeros, fol-
lowed by 7 written in binary). For example, MSBF(3) = £ (0*11), MSBF(9) = L (0*1001),
and MSBF(0) = £ (0%). Similarly, let LSBF(n) denote the set of least-significant-bit-first
encodings of z (i.e., the set containing for each word w € MSBF (n) its reverse). For example,
LSBF(6) = £ (0110*) and LSBF(0) = L (0%).

(a) Construct and compare DFAs recognizing the set of even numbers w.r.t. the unary
encoding (where n is encoded by the word 1”), the MSBF-encoding, and the LSBF-
encoding.

(b) Do the same for the set of numbers divisible by 3.
(c) Give regular expressions corresponding to the languages of (b).
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Solution:
(a) Here are the three DFAs:

« Unary encoding:

« MSBF encoding:

« LSBF encoding:
0,1

(b) The DFA for the unary encoding is, loosely speaking, a cycle of length 3. We now
give a DFA for the MSBF encoding. The idea is that the state reached after reading a word
w corresponds to the remainder of the number represented by w when dividing by 3. We
therefore take as states O = {0, 1, 2} with 0 as both initial and final state. If a word w encodes
anumber k, then wa encodes the number 2k + a. Thus, for every state g € {0, 1,2}, we define

0(g,a) = (2q + a) mod 3.

This yields the automaton:

0 1
1 0
1 0

To obtain a DFA for the LSBF encoding, we “reverse” the DFA as follows: exchange initial
and final states, and reverse the transitions. In general, this yields an NFA, but in this case the
result of this operation is the same automaton! Thus, we have shown that a binary number
b1b; - - - by is divisible by 3 iff the number b,b,,_1 - - - by is also divisible by 3.

(c¢) For the unary encoding, we can take (111)*. For the two other encodings, we can take
the regular expression (0 + 1(01*0)*1)*.
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w B Exercise 29. Consider this DFA over alphabet {[0, 0], [0, 11, [1,01, [1, 1]}:

0 0

gy

A word w encodes a pair of natural numbers (X (w), Y(w)), where X (w) and Y(w) are
obtained by reading the top and bottom rows in MSBF encoding. For instance, the following

B 6 [ 6]

Show that the above DFA recognizes the set of words w such that X (w) =3 - Y (w) (i.e., the
solutions of the equation x — 3y =0).

S o U

Solution: We write {J to denote the implicit trap state. Let/: £* — Z be defined as f'(w) =
X(w)—3-Y(w). Note that —3 <f(c) <1 for all c € X. Further, by the definition of the
MSBF-encoding, f'(wc) =2f (w) + f(c) for every w e £* and ¢ € . We will show, for all
we X* that d(qg, w) =f(w) if f(w) € {0, 1,2}, and (qg, w) = ¥ otherwise. As the only final
state is 0, this shows that w is accepted iff /' (w) = 0. The proof proceeds by induction on the
length of w. Clearly, f(¢) = 0=0d(qo, ¢). For the induction step, let we £* and c € . We
consider the following two cases:

« If f(w) €{0, 1,2}, then f(wec) =2f(w) +f(c) (as above). It is easy to check for all g €
0 that d(q,c) =2q +f(c) holds if 2¢g+1(c) €{0, 1,2}, and (g, c) =@ otherwise. Using
the induction hypothesis, we have d(qq, we) = 6(d(qo, w), ¢) = d(f (w), ¢), and the statement
follows.

« If 6(go, w) =¥, then by induction hypothesis, we have either /' (w) > 3 or f(w) < —1. For
the former, we have f(wc) =2f(w) +f(c) > 6 —3 =3, and for the latter, 2/ (w) +f(c) <
—2+4+1<—1. (Recall =3 <f(c)<1.) In both cases, we have shown f(wc) ¢ {0, 1,2};
correspondingly, (@, ¢) =@ (due to ) being the trap state) implies the statement. O

% ™= Exercise 30. Algorithm NFAtoRE transforms a finite automaton into a regular
expression representing the same language by iteratively eliminating states of the automa-
ton. In this exercise, we present an algebraic reformulation of the algorithm. We represent
an NFA as a system of language equations with as many variables as states and solve the
system by eliminating variables. A language equation over an alphabet ¥ and a set V' of
variables is an equation of the form »; =, where | and 7, are regular expressions over
¥ U V. For instance, X =aX + b is a language equation. A solution of a system of equa-
tions is a mapping that assigns to each variable X a regular expression over X, such that the
languages of the left- and right-hand sides of each equation are equal. For instance, a*b is
a solution of X = aX + b because L (a*b) = L (aa*b + b).



Solutions for Chapter 1 395

(a) Arden’s lemma states that, given two languages 4, B C ¥ *, the smallest language X C
¥* satisfying X = AX + B is the language A4*B. Moreover, if ¢ & A, then the solution is
unique. Prove Arden’s lemma.

(b) Consider the following system of equations, where variables X and Y represent
languages (regular expressions) over the alphabet £ ={a, b, c,d, e,f}:

X=aX+bY+c
Y=dX +eY+f.

Find the unique solution with the help of Arden’s lemma.
Hint: As a first step, consider X not as a variable but as a constant language, and solve the
equation for Y using Arden’s lemma.

(c) We can associate to any NFA 4 = (0, £, 9, {qo}, F) a system of linear equations as fol-
lows. We take Q as variables, which we call here X, Y,Z, ..., with X as initial state. The
system has the following equation for each state Y:

> az ifY¢F,
(Y,a,Z)ed
Y=

Z aZ | +¢ ifYeF.
(Y,a,2)ed

Consider the DFA (1)(a) from the Tour of Conversions on page 35.
Let X, Y, Z, W be the states of the automaton, read from top to bottom and from left to
right. The associated system of linear equations is

X=aY+bZ+¢ Y=aX+bW
Z=bX +aW W =bY +aZ.

Compute the solution of this system by iteratively eliminating variables. Start with Y, then
eliminate Z, and finally . Compare with the elimination procedure depicted in step (1) of
the Tour of Conversions on page 35.

Solution:

(a) We first show that 4*B is a solution of X = AX + B:

A*B= U A5 | B
k>0
— U 4B (by distributivity)
k>0
=BU U 4B
k>1
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=Bu4 || J4"|B (by distributivity)
k>0

= A(4*B) UB.

Now, let L be an arbitrary solution of X =AX + B. We must show that 4*B C L. Since
L=AL+ B, we have

L=AL+B
L=A(AL+B)+B =B+ AB+ AL

L=A(A(AL+B)+B)+B=B+ AB+ A*B+ A’L

and so, by induction, we get for all £ >0

k
L=A"LU UA"B.
=0

In particular, this implies A'BC L for every ¢ >0, and hence 4*B C L.

To conclude, let us consider the case where ¢ ¢ 4. Let we L and k= |w|. We have w ¢
AF1L and hence w e Uo<e<k A’B C A*B. Thus, L € A*B, which implies L = A*B.
(b) By Arden’s lemma, the unique solution of the equation

Y=dX 4 eY +f =eY + (dX +/)

is the language e*(dX + f) independently of the value of X. Substituting into the equation
for X, we obtain

X=aX+be*(dX +f)+c
= (a+be*d)X + be*f +c,
which by Arden’s lemma yields
X = (a+be*d)* (be*f +c)
Y =e"(d(a+ be*d)* (be*f +c) +f).

(c) In order to eliminate Y, we simply substitute the equation ¥ =aX + bW into the
remaining equations, yielding

X=aaX 4+ abW +bZ + ¢
Z=bX +aW
W =aZ + baX + bbW .
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Similarly, we may eliminate Z:
X =aaX 4+ abW + bbX + baW + & = (aa + bb)X + (ab+ ba) W + ¢
W =abX + aaW + baX + bbW = (aa+ bb)W + (ab+ ba)X.

By Arden’s lemma, the parametrized unique solution for W is (aa + bb)* (ab + ba)X . So,
we obtain the single equation

X = (aa+ bb)X + (ab + ba)(aa + bb)*(ab + ba)X + ¢
= (aa+ bb + (ab+ ba)(aa + bb)*(ab + ba)) X + ¢,
whose unique solution is
X= (aa + bb + (ab + ba)(aa + bb)* (ab + ba))* .

This is the same regular expression as obtained in the chapter. In fact, the elimination
of states corresponds to the elimination of the corresponding variables in the underlying
system of linear equations.

¥ [& Exercise 31. Consider a deck of cards (with arbitrary many cards) in which black
and colored cards alternate, the top card is black, and the bottom card is colored. The set
of possible decks is given by the regular expression (BR)*. Cut the deck at any point into
two piles, and then perform a perfect riffle shuffle to yield a new deck (where cards strictly
alternate). For example, we can cut a deck with six cards 123456 (with 1 as the top card)
into two piles 12 and 3456, and the riffle yields 345162 (we start the riffle with the first pile).
Give a regular expression over the alphabet {B, R} describing the possible configurations of
the decks after the riffle.

Hint: After the cut, the last card of the first pile can be black or colored. In the first case,
the two piles belong to (BR)*B and R(BR)* and in the second case to (BR)* and (BR)*. Let
Rif(r1,r2) be the language of all decks obtained by performing a riffle on decks taken from
L (r1) and L (ry). We are looking for a regular expression for

Rif ((BR)*B,R(BR)*) + Rif ((BR)*, (BR)") .

Use exercise 30 to set up a system of equations over the variables X = Rif((BR)*B, R(BR)*)
and Y = Rif((BR)*, (BR)*), and solve it.

Solution: By definition of a riffle, for every regular expressions r,ry,7, and letters
a,be X:

Rif(r,e)=r,
Rifle,r)=r,
Riftr1 + ra,r) = Rif(r1,r) 4+ Rif(ra, 1),
Rif(r, r1 +r2) = Rif(r,r1) + Rif(r, r2),
Rif(ria, r2b) = Rif(r1,12)ba.



398 Solutions for Chapter 1

Applying these identities, we get
Rif (BR)*B,R(BR)*) = Rif ((BR)*B, (RB)*R)

=Rif ((BR)*, (RB)*) RB,

Rif ((BR)*, (RB)*) =Rif (¢ + (BR)*BR, ¢ + (RB)*RB)
= (BR)* + (RB)* + Rif ((BR)*B, (RB)*R) BR.

By introducing variables X and Y for Rif ((BR)*B,R(BR)*) and Rif ((BR)*, (RB)*), we
obtain the following system of equations:

X=YRB

Y =(BR)" + (RB)* + XBR.
Substituting Y in the equation for X yields

X =((BR)* + (RB)* +XBR) RB= ((BR)* + (RB)*) RB + XBR
whose unique solution is
X =((BR)* + (RB)*) RB(BR)".
Substituting in the equation for Y yields
Y=((BR)* + (RB)*) (¢ + RB(BR)*BR) .

% B Exercise 32. Let L be an arbitrary language over a one-letter alphabet. Prove that L*
is regular.

Solution: We assume that L # ¢ and L # {¢}, as the claim is otherwise trivial. Let we L
be the shortest nonempty word of L. Let vo = &. Note that vo{w}* C L*. If L* = vo{w}*, then
we are done. Otherwise, let vi € L* be the shortest word such that vi € L* \ vo{w}*. We have
(vo +v){w}* CL* If L* = (vo + v1){w}*, then we are done. Otherwise, we can continue
this process by picking the shortest word v; € L* \ (vo +v| + ...+ v;—1){w}* and checking
whether L* = (vo +vi +. .. + v;){w}*. Let p = |w|. This process is guaranteed to terminate
in n <p steps, which means that L = (vo +vi + ...+ v,){w}*, which is regular. Indeed,
for the sake of contradiction, suppose it does not terminate in less than p steps. By the
pigeonhole principle, there exists 0 <i < p such that |v,|=|v;| (mod p). Since |v;| < |vl,
we have v, € v;{w}*, which contradicts the way v, was picked.

% B Exercise 34. Let K, = (V,,, E,)) be the complete directed graph of n nodes, that is,
with nodes V,, ={1,...,n} and edges E, = {(i,)) : 1 <i,j <n}. A path of K}, is a sequence
of nodes, and a circuit is a path that begins and ends in the same node. Let 4, =
(Ons Zn, 65 qon, Fy) be the DFA defined by O, ={1,...,n} U{Ll}, X, ={a;;: 1 <i,j<n},
qon=1, F,={1} and

1L ifg=_lorg#i,
6 ,a;ii) = . .
n(q, aiy) {j otherwise (if ¢ =1i).
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The language accepted by 4, consists of all words encoding circuits of K, from node 1 to
itself. For example, the following DFA A3 accepts a1 3a3.2a2,1, which encodes the circuit
1321 of K3.

The size of a regular expression r, denoted |r|, is defined recursively as 1 if r € {¢,J} U Z,;
|r1| 4+ 2| if r=r1 4+ry or r=riry; and |s| if r =s*. Similarly, we define the length of r,
denoted len(r), as 1 if r € {&, ¥} U X,;; max(len(ry), len(r)) if r =r; +r2; len(ry) + len(r)
if =ryry; and len(s) if » = s*. Note that |r| > len(r).

A path expression r is a regular expression over X, that encodes paths of K,,. We seek
to show that any path expression for £ (4,), and hence any regular expression, must have
length Q(2"). As a consequence, this means that DFAs can be exponentially more succinct
than regular expressions.

(a) Let 7 be a circuit of K, and let r be a path expression. We say that r covers z if L (r)
contains a word uwv such that w encodes 7. Furthermore, we say that r covers =* if L (r)
covers 7 ¥ for every k > 0. It can be shown that if 7 covers nz'len("), then it covers 7 *.

From this, show that if » covers 7 * and no proper subexpression of » does, then r = s*
for some expression s, and every word of £ (s) encodes a circuit starting at a node of 7.
(b) For every 1 <k <n+1, let [k] denote the permutation of {1,2,...,n+ 1} that cycli-
cally shifts every index k positions to the right. More formally, node 7 is renamed to i + &
ifi+k<n+1 and to i+k— (n+ 1) otherwise. Let 7 [k] be the result of applying the
permutation to . For example, if » =4 and 7 = 24142, we obtain

r[1]1=35253, n[2]=41314, n[3] =52425, n[4]=13531, n[5]=24142=m=.

Let # be a circuit of K,,. Show that 7 [k] is a circuit of K,1 that does not pass through
node k.

(c) Let us define a circuit g, of K, inductively:
g1=11,
g1 =1 (@[1D* @l2D? - (guln+1D% for every n > 1.
In particular, we have
g1=11,
g =1(22)" (11)%,
g=1233)> 22»)* 3 (11> 33)* 3)* (1 (22)> (1HH*.
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Prove, using (a)—(b), that every path expression  covering g, is such that |r| > 2",
(d) Show that any regular expression r,, such that £ (r,) = L (4,,) is such that |r,| >2"1.

Solution:

(a) Letrbe apath expression that covers 7 * and with no proper subexpression of » covering
7 *. For the sake of contradiction, suppose 7 is not of the form s*. If » =ry + 1, then, since
r covers 210" either r| or 1, covers 7 21(") This means that either 7| or 7, covers *,
which contradicts the minimality of . Similarly, if » = rr5, then, since r covers g dlen()+1
either 1 or 1 covers 721" which is a contradiction.

Thus, we have » = s* for some s. Let us consider two words of L (s):
W1 =iy iy Qg iy *** Qig_y iy, AN W2 =@y o s+ gy -

Since r is a path expression and r =s*, the words wiwy, wiwy, wowy, and wow, encode
paths. Consequently, we have i} =iy =j1 =i, =j,. Thus, all words of L (s) encode circuits
starting and ending at the same node, say i. It remains to prove that i is a node of 7. For
the sake of contradiction, suppose it is not the case. For every k> 1, any shortest word
of £ (s*) that covers 7¥ must also be a word of s, because the first and last letters of a
word of L (s) cannot be used to encode 7. It follows that s covers z*, contradicting the
assumption that no proper subexpression of » covers 7 *. O]
(b) Since 7 is a path of K,,, it does not pass through node n + 1. The node permuted to node
k by the permutation [k] is n 4 1. Thus, the circuit z [k] does not pass through node k. [J
(c) We proceed by induction. The claim is obvious for n =1 since |r| > 1 =2'"1. Now,
let » be a path expression covering g,+1 such that no proper subexpression of  covers
Znt1. By definition, r covers (g,[i])?" for every 1 <i<n+ 1. Thus, by (a), either » covers
(gnli])* forevery 1 <i<mn+1, or len(r) > 2"~!. Let us assume the former, as we are done
in the latter case since || > len(7). Expression r contains, for every 1 <i <n+ 1, a minimal
subexpression 7; covering (g,[i])*. By (a), 7; = s} for some expression s;. Let s be of minimal
size among sy, . . ., Sy+1. By (), there is a node j such that every word of £ (s) encodes a
circuit starting at j. Consider s* and s}‘. By induction hypothesis, each of them has size

at least 2"~2. By minimality of s*, we have that s]’-k cannot be a proper subexpression of
s*. Thus, there are two possible cases: (1) neither s* is a subexpression of sjf“, nor sj’f is a
subexpression of s*, or (2) s* is a subexpression of sj’»*. Let us handle both cases.

(1) We have |r| > |s*| +|sf| > 2" 2 42"~ 2 =2""1.

(2) Recall that s; covers g,[j], which by (b) does not pass through node ;. By (a), no word
of £ (sj) can encode a circuit starting at j. Recall that every word of £ (s) encodes a circuit
starting at j. This implies s 7 s;, and hence s* is a proper subexpression of s;. It follows that
s;[s% /€] (i.e., the result of substituting s* by ¢ in s;), still covers (g,[j1)*, since the substitu-

tion only loses circuits containing j, which (g, [j]1)* does not visit. By induction hypothesis,
s;[s*/e]| > 272 Since |s*| > 2"~2, we obtain |s;| > 21 Since s;.‘ is a subexpression of 7,

we finally conclude that |r| > 2" O
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(d) Let r, be a regular expression such that £ (r,) = L (4,). Note that L (r,) encodes all
circuits fr?m node 1 to itself. Thus, in particular, it covers circuit g,. By (d), we have
lrn| > 2"

% B Exercise 35. Let us introduce weakly acyclic DFAs, NFAs, and regular expressions:

« ADFA A4=(0, X,9,qo, F) is weakly acyclic if d(q, w) = g implies d(q, a) = ¢ for every
letter a occurring in w.
« An NFA 4=(0Q, X,9,Q0, F) is weakly acyclic if q € 6(q,w) implies d(q, a) = {g} for
every letter a occurring in w.
o Weakly acyclic regular expressions over an alphabet X are regular expressions gener-
ated by

ro=@|T" | A*ar|r+r where [,AC X andae X\ A.

Finally, a regular language is weakly acyclic if it is recognized by some weakly acyclic DFA.
Show the following statements:

(a) AnNFA 4= (0, X, 9, qo, F) is weakly acyclic iff it satisfies any of the following three
conditions:

(i) the binary relation < € O x Q, given by g < ¢’ iff 6(g, w) = {¢'} for some word w, is a
partial order;

(i1) each strongly connected component of the underlying directed graph of 4 contains a
single state; and

(ii1) the underlying directed graph of 4 does not contain any simple cycle beyond self-
loops.

(b) If 4 is a weakly acyclic NFA, then B = NFAtoDFA(A) is a weakly acyclic DFA.
(c) Forevery weakly acyclic regular expression 7, there is a weakly acyclic DFA that accepts

L(r).
(d) For every weakly acyclic NFA 4, there is a weakly acyclic regular expression for £ (4).

Since every weakly acyclic DFA is also a weakly acyclic NFA by definition, we conclude that
a language is weakly acyclic iff it is recognized by a weakly acyclic DFA iff it is recognized
by a weakly acyclic NFA iff it is the language of a weakly acyclic regular expression.

Solution:

(a) We only prove (i), because (ii) and (iii) follow immediately from (i) and the definitions
of strongly connected components and simple cycle.

=) Assume ¢ € d(q, w) implies d(g, a) ={g} for every letter a occurring in w. We prove
that the relation < is a partial order. For every state ¢, we have d(gq, &) ={¢q} and so ¢ < g,
which proves that < is reflexive. Since ¢’ € d(¢, w) and ¢” € d(¢’, w') implies ¢’ € d(q, ww'),
we conclude that ¢ < ¢’ and ¢’ < ¢” implies g < ¢”, which proves that < is transitive. It
remains to show that < is antisymmetric. For this, we assume that ¢ < ¢’ and ¢’ < ¢ hold
and show that ¢ = ¢’. By definition of <, there exist words w,w’ € £* and a state ¢’ such
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that ¢’ € d(q, w) and g € 5(¢', ') = {g}. It follows that ¢ € (g, wn') and so, by definition of
weakly acyclic NFAs, we have (g, a) = {q} for every letter a occurring in either w or w'.
This implies (g, w) = {g}. Since ¢’ € d(¢, w) by assumption, we get ¢ =¢’.

<) Assume that < is a partial order and that d(g, w) ={gq} holds for some state g and
word w. For every letter a occurring in w, there are words w/,w” € £* such that w=
waw”. Letting ¢/, ¢” be the states such that (g, w") = {¢'} and §(¢’, a) ={q"}, we have
o(q",w") = {q}, and from the definition of <, we get ¢ < ¢’ < ¢” <¢. Since < is a partial
order by assumption, this implies ¢ = ¢’ =¢”, and so §(q,a) =gq. O
(b) Let A=(0, X,3, 0y, F). Recall that the states of B are sets of states from 4 and that

01 > 0, is a transition of B iff 5(Qy, a) = Q,. Hence, by (a), applied to B, it suffices to
show that the relation < € 29 x 29 defined by O < 05 iff 6(Q1, w) = Q5 for some word w
is a partial order. It was shown in (a) that the relation is reflexive and transitive for any DFA,
and so it suffices to show that < is antisymmetric (i.e., that 6(Q1, w) = 0> and 6(Q2, wy) =
Qi implies Q1 = 0»).

Assume 6(Q1, wy) = Q> and 6(02, wr) = Q1. We say that a state ¢ € Oy is cyclic if there
is some n > 1 such that g € (g, (ww3)"). We prove that every state of Q; is cyclic, which
shows Q1 = 0. For the sake of contradiction, suppose Q| contains some acyclic state g. We
can pick ¢ minimal w.r.t. <. Since §(Q1, wiw;) = Q1 by assumption, there is some ¢’ € 0}
such that g € 6(¢’, wiwy), and so g > ¢’. Since g is acyclic, we have ¢’ # g, and so ¢ > ¢'. By
minimality of ¢, the state ¢’ is cyclic. Since 4 is weakly acyclic, we have d(¢’, a) = {¢'} for
every letter a that occurs in wywy, and so, in particular, 6(¢’, wyw;) = {¢’}. This contradicts
q#4q. O

(c) We proceed by structural induction on expression r. The claim is obvious for both =
@ and r=T%*. Assume r= A*ar for some A C X and a ¢ A. By induction, there exists
a weakly acyclic DFA 4= (0, X, 9, qo, F) such that £ (4) = L (r). The following weakly
acyclic DFA accepts A*aLl (r):

490

Z\(AU{a})

Assume r is of the form | 4+ ;. By induction, there exist weakly acyclic DFAs 4| =
(01, 2,01, 901, F1) and 43 = (02, X, 62, 902, F2) such that £ (4;) = L (r;) forbothi € {1, 2}.
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The NFAA = (Q1 U0, Z,01 U, {q01,q02}, F1 U F>) accepts L (r). Moreover, by (b), B=
NFAtoDFA(A) is a weakly acyclic DFA that accepts £ (4). Thus, we are done. O

(d) LetA=(0Q, X, 9, Qo, F) be a weakly acyclic NFA. If we omit the self-loops of 4, then
we obtain a directed acyclic graph and hence finitely many paths. Therefore, £ (4) is a
finite union of languages of the form Ajay --- Aya,I'* where Ay,...,A,, T C X and each
ai ¢ Aj. O

Solutions for Chapter 2

¢ [&] Exercise 36. For each language L C {a, b, c}* below, say whether L has finitely many
residuals, and, if so, describe the residuals.

(a) (ab+ba)*,

(b) (aa)*,

(c) {a"b"c":n=>0}.

Solution:

(a) We have L = L ((ab + ba)*), L* = L (b(ab + ba)*), L? = L (a(ab + ba)*), and L = ¢.
All other residuals are equal to one of these four.

(b) We have L? = L ((aa)*), L* = L (a(aa)*), and L? = @. All other residuals are equal to
one of these three.

(c) Every prefix of a word of the form a”5"¢" has a different residual. For all other words,
the residual is the empty set. Thus, there are infinitely many residuals.

¢ [E Exercise 37. Consider the most-significant-bit-first (MSBF) encoding of natural
numbers over alphabet £ = {0, 1}. Recall that every number has infinitely many encodings,
because all the words of 0*w encode the same number as w. Construct the minimal DFAs
accepting the following languages, where * denotes all words of length 4:

(a) {w:MSBF~!(w) mod 3 =0} X*.

(b) {w:MSBF '(w)isa prime} N 4.

Solution:

(a) The DFA must recognize the encodings of {0, 3, 6,9, 12, 15}—that is, the language
{0000,0011,0110,1001, 1100, 1111}.
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Thus, we obtain

(b) The DFA must recognize the encodings of {2, 3, 5,7, 11, 13}—that is, the language
{0010,0011,0101,0111,1011,1101}.

Thus, we obtain

v¢ l Exercise 38. Prove or disprove the following statements:

(a) A subset of a regular language is regular.

(b) A superset of a regular language is regular.

(c) If Ly and L L; are regular languages, then L, is regular.
(d) If Ly and L L, are regular languages, then L is regular.

Solution: All statements are false. Since ) and £* are both regular, any of (a) or (b) would
imply that every language is regular, which is certainly not the case (e.g. 4= {a”2 :n> 0}
is not regular). For (c), let L} = £ (¢*) and let L, = A. We have L|L, = L (a¢*), which is
regular, but L; is not. Similarly, (d) is disproved with L} =4 and L, = L (a*). O
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7 & Exercise 39. Consider the following DFA 4:

(a) Compute the language partition of 4.
(b) Construct the quotient of 4 with respect to its language partition.
(c) Give a regular expression for £ (4).

Solution:

(a)

Iter. Block to split Splitter New partition

0 — — {90.91-92-93.95: 96} (q4)
1 {q0- 91,492,493, 95. 96} (b,{q4}) {90-92: 96} {4143 95}, {q4}
2 none, partition is stable — —

The language partition is P = {{q0, 92, 96}, {91, 93,95}, {94}}.
(b)

(¢) (a+b)*ab.
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¥7 B Exercise 43. Let 4] and 4, be DFAs with n and n; states such that £ (4;) # L (47).
Show that there exists a word w of length at most n; +ny —2 such that we (L (41) \
L (42)) U (L (A2) \ £ (41)).

Hint: Consider the NFA obtained by putting A1 and A “side by side” and CSR(A).

Solution: Let 4 be the NFA obtained by taking the disjoint union of 4; and A,. Since
L (41) # L (43), automaton A4 has at least one final and one nonfinal state. Thus, the pro-
cedure that computes CSR(A4) initially has a partition of two blocks. Since every split
increases the number of blocks by 1, and the maximal possible number of blocks is
n1 + ny, the algorithm performs at most n; +mny — 2 splits. Hence, it suffices to show
that if two states ¢ and ¢ are put in different blocks at the kth split, then the language
(L(g)\L(q2))U(L(g2)\ L(gq1)) contains a word w of length at most k. We prove this
by induction on k. If £ =0, then exactly one of ¢; or ¢, is a final state, and we can take
w=e¢. If k > 0, then right before ¢ and ¢; are put in different blocks, there is a letter a and
transitions
a g a g
g1 — ¢y and g2 — q;,

such that ¢ and ¢ already belong to different blocks. By induction hypothesis, the language
(£(a)\£(a2)) U (£ (a2) \ L (1))
contains a word w’ of length & — 1. Thus, we can take w=aw’. O

* EkExercise 44. Let £ ={a, b}. Let Aj be the minimal DFA such that £ (4;) ={ww:
we X}

(a) Construct 4.
(b) Construct a DFA that accepts £ (Ay).
(¢) How many states does Ay contain for k£ > 2?

Solution:

(a) The trap state is omitted for the sake of readability:
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(b) We generalize the construction given in (a) for k£ =2: state ¢,, indicates that word w
has been read so far, and state r,, indicates that w must be read in order to accept. More
formally, let Ay = (0, £, 9, qo, F) be the following automaton, which we complete with a
trap state:

O={gw:we Xl W <k}U{r,:weX¥ |w| <k},
0={(qu> @, qua) : lul <k}U
{((Gav-a, 7)) :ae X, v =k—1}U
{(rav,a,ry):ae X, |v| <k—1},

qO ZCIaa
F={r.}.

(c) Note that 4; defined in (b) has £ (k) = 2! — 1)+ (2F — 1) + 1 =3 - 2F — 1 states. We
show that A is minimal. To prove it, we show that £ (4;) has f'(k) residuals. To simplify
the notation, let L = L (4y).

« We have LY = for every v € £* such that |v| > 2k. Hence, @ is our first residual.

« For every word v of length at most k — 1, we have L” = {uvu : u € £*, |vu| = k}. Note that
all of these sets contain at least two words, and they are all distinct. There are as many of

them as words of length at most k, and so we get Zf'{:_()l 21 =2k — 1 new residuals.

« For every word v such that k£ < |v| <2k, we have v =vvyv3, where |viv2| =k and |vi| =
[v3|. If vi #v3, then LY = @, which is not a new residual. If vi =v3, then LY = {,} is a new
residual as all other residuals we have seen so far had either zero or at least two words. Thus,

we get a new residual for every word vy of length 0 < |v,| < k, and hence Z?:o 20 =2kl _q
residuals.

In total, we have at least 1 4+ (28 — 1) + 2%t — 1) =3.2F — | residuals, which matches
the upper bound given by the number of states of Ay.

¥ M Exercise 45. For every language L C X* and word w e %, let"L={ue *:uwe L}.
A language L' C X* is an inverse residual of L if L' ="L for some w € Z*.

(a) Determine the inverse residuals of the first two languages of exercise 36: (ab+ ba)*
and (aa)*.

(b) Show that a language is regular iff it has finitely many inverse residuals.

(c) Does a language always have as many residuals as inverse residuals?

Solution:
(a) » We give the inverse residuals of L = L ((ab + ba)*) as regular expressions:
¢L = (ab+ ba)*, “L = (ab+ ba)*b,

bL = (ab+ ba)*a, “r=0.
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All other inverse residuals are equal to one of these four. The language has the same number
of residuals and inverse residuals, but they are not same languages.

« We give the inverse residuals of (aa)* as regular expressions:

¢ L= (aa)", L = (aa)*a, bL=g.
All other inverse residuals are equal to one of these three. In this case, the residuals and the
inverse residuals of the language coincide.

(b) Let L be a language and let L% be the reverse of L (see exercise 14). We have u € "L iff

uw € Liff wRuR e LR iffuR e (LR )WR. Thus, K is an inverse residual of L iff K® is a residual
of LR In particular, the number of inverse residuals of L is equal to the number of residuals
of LR, Consequently:

L is regular
iff LR is regular (by exercise 14)
iff LR has finitely many residuals
iff L has finitely many residuals.

(c) No. Consider the language L over {a, b} containing all words ending with a (i.e., (¢ +
b)*a). The language has two residuals:

w_ |(a+b)*a+e if wends with a,
(a+b)*a if w ends with b or w=¢.

but three inverse residuals:
(a+b)*a ifw=eg,
YL={(a+b)* ifwendswitha,
? if w ends with b.

¥r 7= Exercise 48. A DFA with negative transitions (DFA-n) is a DFA whose transitions
are partitioned into positive and negative transitions. A run of a DFA-n is accepting if

« it ends in a final state and the number of occurrences of negative transitions is even, or
« it ends in a nonfinal state and the number of occurrences of negative transitions is odd.
The intuition is that taking a negative transition “inverts the polarity” of the acceptance
condition.

(a) Show that the language accepted by a DFA-n is regular.

(b) Give a DFA-n for a regular language L, which has fewer states than the minimal DFA
for L.

(c) Show that the minimal DFA-n for a language is not necessarily unique.
Solution:

(a) Let A=(0, X, 9,90, F) be a DFA-n. We construct a DFA B that behaves as 4 but that
also remembers the parity of the number of occurrences of negative transitions. This allows
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the automaton to determine whether the current state should be accepting or not. More
formally, let B=(Q', £,d', g;,, F') be the DFA such that

0'=0x{0,1},

(0(g,a),1 —x) if (¢, a) is negative,

9 ((g,x),a) = { (6(q, a),x) otherwise,

90 =(q0,0),
F'={(q,0):qeF}U{(g,1):q ¢ F}.

A simple induction shows that £ (B) = L (4).

(b) Let L={we{a}*:|w|, is even}. The minimal DFA that accepts L has two states. The
following DFA-n, with a single negative transition, accepts L:

-O-
(¢c) Let L={we{a,b}*:wends witha <= |w|;, mod 2=1}. The minimal DFA that

accepts L has four states. The following DFA-n, whose negative transitions are colored
and dashed, both accept L:

~~~~~

Let us show that these automata are indeed minimal. Suppose they are not. This means
that there exists a DFA-n 4 with a single state ¢ that accepts L. It must necessarily
loop upon reading a and b. Moreover, ¢ is initial and also final since ¢ € £ (4). The a-
transition must be negative, as otherwise a € £ (4). Similarly, the b-transition must be
negative, as otherwise b € L (4). This implies that ab € L (4), which is a contradiction since
ab¢ L.

% B Exercise 49. We say that a residual of a regular language L is composite if it is the
union of other residuals of L and that it is prime otherwise. Show that every regular language
L is recognized by an NFA whose number of states is equal to the number of prime residuals
of L.

Solution: We define an NFA A7 = (O U{qo}, £, 1, Qo, F1) where

+ Oy is the set of prime residuals of Z;

« for every K € Oy and every a € X, we define d(K, a) as the set KC of prime residuals of L
such that | g/ K' =K%

« Qp is the set of prime residuals of L such that _J xeo, K=L; and

« F7 is the set of prime residuals of L that contain the empty word.
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We claim that a word w € £* is accepted from state K iff w € K. This implies £ (4;) =L as
desired.

We proceed by induction on |w|. If w=¢, then w is accepted from state K iff K € F iff
¢ € K. Assume that w = av for some letter « and word v. If w is accepted from K, then there
exists K’ € 6(K, a) such that v is accepted from K’. By induction hypothesis, we have v € K.
Since K’ € K“, we have v € K and hence w=av € K. Conversely, if w € K, then we have
v € K“. By definition of d, we have v € K’ for some K’ € (K, a). By induction hypothesis,
v is accepted from K’, which implies that w is accepted from K. O]

¢ Bl Exercise 53. Let Rev(4) be the algorithm of exercise 14 that, given an NFA 4 as input,
returns a trimmed NFA AX such that £ (AR) = L (4)R, where L% denotes the reverse of L.
Recall that an NFA is trimmed if every state accepts at least one word (see exercise 52).
Prove that, for every NFA 4, the following DFA is the unique minimal DFA that accepts
L (A):

NFAtoDFA(Rev(NFAtoDFA(Rev(A)))).

Solution: Let B= NFAtoDFA(Rev(A4)) and C = Rev(B). The following holds:

LB =LA and £(C)=L B =(L @R =L ().

Since B is deterministic, NFA C is reverse-deterministic. Moreover, since B has one single
initial state, C has a single final state. Finally, by definition of Rev, C is trimmed. Thus,
by exercise 52, D = NFAtoDFA(C) is a minimal DFA recognizing the same language as C,
which is £ (4). O

¥¢ & Exercise 54.

(a) Let X ={a,b}. Find a language L C X* that has infinitely many residuals and that
satisfies |L"| > 0 for all we X*.

(b) Let = ={a}. Find a language L C £*, such that L =L" = w=w' for all words
w,w e X*

Solution:

(a) L={ww:we X*}. First we prove that L has infinitely many residuals by showing that
for each pair of words of the infinite set {a'b:i> 0}, the corresponding residuals are not
equal. Let u=a'b and v=«b be such that i <. We have L # L' since u € L, but u ¢ L".
For the second half of the statement, observe that w € L" for any word w e X*.

(b) LetL={a* :n>0}.Leti <. We show that L* # L? . Let d; and d; denote respectively
the distance from i and j to the closest larger power of 2 (e.g., if i =13, then d; = 16 — i = 3).
If d; < d;, then we are done since a e L% and a% ¢ L7, Similarly, if d; > dj, then adi ¢ L
and a% € L? . Thus, assume d; = d;. Let d; and dj/ denote the distance from 7 and j to the
second closest larger power of 2 (e.g., if i = 13, then d] = 32 — i =19). These two numbers
must be unequal since the gaps between powers of 2 are strictly increasing. Thus, we are
done by repeating the above argument.
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7 M Exercise 55. Recall the master automaton M defined in section 2.1.1. Does M have. . .

(a) other states than ¢ and X* that can only reach themselves?
(b) states that cannot be reached from any other state?

(c) states that can reach all other states?

(d) states with infinitely many immediate predecessors?

(Le., states L such that L' = L for infinitely many states L'?)
(e) two states having the same successor for every letter of £?

(f) bottom strongly connected components with infinitely many states?
(A bottom strongly connected component is a maximal set of states S such that for every
state s € S, the set of states reachable from S is exactly S.)

(g) bottom strongly connected components with arbitrarily many states?
Solution: Let L, L’ denote both a language and a regular expression for it.

(a) No. The only two such states are ¢} and X*. If a state L can only reach itself, then the
canonical DFA for L has one state. There are two DFAs with one state, differing in whether
this state is final or not. They recognize the languages X* and ), and so these are the only
two states of M.

(b) No. For every language L, consider the language L' = a - L. We have L’ # L, because the
shortest words of L are strictly shorter than the shortest words of L'. The master automaton
has a transition L' — L. For example, in figure 2.4, we have aX + b(c + Z2%) ¥

(c) No. The states reachable from a state L are the states of the canonical DFA for L, and
there are only finitely many of them.

(d) Itdepends. If T has at least two elements, then every language of the forma-L+5-L”,
where a # b and L is arbitrary, has a transitiona - L +b - L” % L, and so every language L
has infinitely many predecessors. If the alphabet contains only one letter, say a, then L has
exactly two predecessors—namely, the languages aL and aL + ¢.

(e) Yes. Let L be any regular language such that ¢ € L. Languages L and L\ {¢} have
the same successors for every letter in the alphabet. In figure 2.4, we have X &, and
T + ¢ —> ¢, which is not depicted.

(f) No. If there were, then there would be states that can reach infinitely many other
states.

(g) Yes. Fix n>0 and a€ X. For every 0 <m <n, let L,, be the language of all words
w € X* such that the number of as in w is congruent to m modulo n. The set of languages
{Lo,...,Lp}1s abottom strongly connected component of the master automaton. For exam-
ple, over £ ={a, b}, there is a bottom strongly connected component consisting of words
with an odd number of as and words with an even number of as:

a

b b*a(b+ (ab*a))(b—|— (ab*a))* ’ b

a
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¥7 B Exercise 56. Recall the master automaton M defined in section 2.1.1. A symmetry
is a bijection f on the states of the master automaton such that L Ny Ty f(L) N ).
Loosely speaking, after applying /', we still obtain the same graph. Show that the bijection
given by /(L) = L is a symmetry.

Solution: We have L% = (L)* since
weldiffwe L% iffaw ¢ L iffaweLiffwe (L)°.

Let us show L -5 L/ iff L > 1’. Assume L —> L'. We have L' = L%, Further, L — (L)*
holds by definition of the master automaton. Since (L)*=L%=/(L), we get LI5T.

Now, assume L — L’. By the result we have just proved, we have L —> L', and so L — L'.
Observe, however, that the symmetry exchanges final and nonfinal states. Indeed, we have
¢ eLiffe ¢ L. In figure 2.4, this symmetry is graphically represented as a reflection on the
horizontal axis. O

% B Exercise 57. Recall that weakly acyclic DFAs were introduced in exercise 35. Show
that weakly acyclic DFAs are closed under minimization (i.e., prove that the unique minimal
DFA equivalent to a given weakly acyclic DFA is also weakly acyclic).

Solution: LetA = (0, Z,J, qo, F) be a weakly acyclic DFA. Given two states p, g € O, we

write p < ¢ if p —> ¢ for some word w € £*. As shown in exercise 35(a), the relation < is
a partial order.

Let B be the minimal DFA equivalent to 4. For the sake of contradiction, suppose that
B is not weakly acyclic. By exercise 35(a), B has a cycle of length at least 2. Since the
states of B are equivalence classes of the language partition of 4, this cycle contains two
distinct states Q1, 0> € Q. Since B is minimal, we have £ (Q1) # L (07), and L (Q)) #

@ # L (Q»). By definition of B, ¢ 25 s holds in A4 for some q,s€Q1,reQs, and
words wi, wp € £*, By definition of <, we have ¢ < r <s. Moreover, we have g # s because
otherwise, 4 would not be weakly acyclic. Since ¢, s € Q1 and r € O», we have £ (q) = L (s)
and L (q) # L (r) # L (s). We show that this leads to a contradiction.

Letw=w;wp, and let I" C X be the set of letters that occur in w. Let syhax be the maximal
state of 4 w.r.t. < such that ¢ %5 Smax for some n> 1. We have £ @"=Ls)=L(g).
Therefore, by repeating this identity » times, we obtain £ (¢) = £ (¢)" = £ (Smax). Fur-
ther, since spax 1S maximal, we have Smax N Smax- Finally, since 4 is weakly acyclic,

Smax N Smax forevery lettera € I'. So L (¢) = L (smax) = I "L for some nonempty language
L. Since L (r)= L (¢)"" and w; € I'*, we have £ (r) =T"*L. Thus, L (¢) = L (r), which is
a contradiction. ]

Solutions for Chapter 3

v I Exercise 60. Give a regular expression for the words over {0, 1} that do not contain
010 as subword.
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Solution: Different solutions are possible (e.g., (1 +00*11)*(0* 4+ 00*1)) which we can
obtain as follows. First, we construct an NFA for the words containing 010 as a subword:

40,491,493 'I

We safely remove the three rightmost states as they cannot reach final states:

We further turn the automaton into an NFA-¢, which can then be converted into a regular
expression:

We may now convert the automaton into a regular expression. After removing one state, we
obtain
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After removing a second state, we obtain

&+ 00* 4 00*1

1+00%11

After removing the last state, we obtain the final expression (1 +00*11)*(e + 00* 4+ 00*1),
which can be simplified to (1 +00*11)*(0* 4+ 00*1):

_)O (14+00*11)*(e + 00* + 00*1) @

¥ & Exercise 61. In example 1.9, we presented an automaton that recognizes words over
alphabet X ={—,-,0, 1,...,9} that encode real numbers with a finite decimal part (e.g., 37,
10.503, and —0.234 are accepted, but 002, —0, and 3.10000000 are not). This language is
described by these four properties:

(a) a word encoding a number consists of an integer part, followed by a possibly empty
fractional part; the integer part consists of an optional minus sign, followed by a nonempty
sequence of digits;

(b) if the first digit of the integer part is 0, then it is the only digit of the integer part;

(c) if the fractional part is nonempty, then it starts with “.” followed by a nonempty
sequence of digits that does not end with 0; and

(d) if the integer part is —0, then the fractional part is nonempty.

We seek to obtain the automaton presented in example 1.9 in a more modular and algorith-
mic way. More precisely, give an automaton for each of the above properties, construct the
pairing of these automata, and minimize the resulting automaton.
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Solution: Let D={0,1,...9} and let D, =D\ {0}. We represent properties (a) to (d),
respectively, by the following automata:

P0, 490,70, 50

EerZp:

The hatched and solid states above respectively have the same residuals. Hence, they can
be merged. This leads to the following minimal automaton, which is exactly the one of
example 1.9:



416 Solutions for Chapter 3

% [& Exercise 63. Find a family of NFAs {4,,},>1 with O(n) states such that every NFA
recognizing the complement of £ (4,)) has at least 2" states.
Hint: See exercise 21.

Solution: Let L, = {ww:w € {0, 1}""}. The language L, is made of the set X,, of all words
of length different from 2n, plus the set Y, of all words w such that the ith and (i 4+ n)th
letter of w differ for some 1 <i <n. Note that X, and Y, are not disjoint. We give NFAs for
these two languages for the case n = 3, from which the general construction can be easily
deduced. Here is a NFA recognizing X3:

0,1

. 0,1 . 0,1 . 0,1 . 0,1 . 0,1 . 0,1 ' 0,1 ﬁ

Let us construct an NFA for Y3. The NFA nondeterministically chooses a position
1 <i <3 and the letter at that position: if the letter is 0, it moves up, otherwise down. The
NFA then reads two more letters and checks that the next letter is the opposite of the one it
chose:

~

0,1

~

¥ l Exercise 65. Consider the variant of IntersNFA in which line 7
if (g1 € F1) and (g € F») then add [g1, g2] to F
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is replaced by
if (g1 € F1) or (g € F») then add [g, g2] to F.

Let A] ® A be the result of applying this variant to two NFAs 4| and 4>. An NFA 4 = (O,
%, 0, Qo, F) is complete if 6(q,a) ¥ forallge Qand alla € X.

« Prove the following: If 4| and 45 are complete NFAs, then £ (41 @ 42) =L (A1) U L (L»).

« Give NFAs 41 and 4;, which are not complete and such that £ (4| ® A>) =L (4;) U
L (47).

Solution:

« LetA; =(01, £,01,001,F1) and 43 = (0, X, 02, Oz, F>) be complete NFAs. Note that
any word can be read in both automata by completeness. Hence, if 4] accepts a word w,
then A, can read it (regardless of whether it is accepted or not) and vice versa. Thus, we
have

we L (A UL (4)
< 3901 = 91,902~ 92,901 € Q01,902 € Q02, (q1 € F1 V g2 € F2)

< 34901, 9021 > [q1, 921 and [q1, 2] € F.

o The two first NFAs below accept (a + b)*a and (a + b)*b, respectively, and the resulting
third NFA correctly accepts (a + b)*(a + b):

Y¢ [& Exercise 66. The even part of a word w=aja;y - - - a, over alphabet X is the word
aas - - - as.|n/2). Given an NFA 4, construct an NFA 4’ such that £ (4') is the even parts of
the words of L (4).

Solution: LetA4=1(Q, X,d, Qo, F). We define the NFA A’ = (Q, Z,d, Qo, F') as follows.
For every, g € Q and a,b € £, we let &' (¢, b) = d(g, ab). By taking F’ = F, we would obtain
an automaton A’ that accepts the even parts of the even-length words of £ (4). To deal
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with odd-length words, we instead set F' =F U{ge€ Q:(q,a) NF # @ for some a € X}.
For example:

2 & Exercise 67. Let L; = {w € {a}* : the length of w is divisible by i}.

(a) Construct an NFA for L = L4 U L¢ with a single initial state and at most eleven states.
(b) Construct the minimal DFA for L.

Solution: The NFA is as follows:

We construct DFAs for L4 (four states) and L¢ (six states), construct the union by tak-
ing the pairing (twenty-four states), and minimize. The resulting minimal DFA has states
0={0,1,...,11} organized in a circle (i.e., where (i, a) = (i + 1) mod 12). Its final states
are F'=1{0,4,6,8}.

7 «f Exercise 68. Modify algorithm Empty so that it returns a witness when the automaton
is nonempty (i.e., a word accepted by the automaton). Explain how could you further return
a shortest witness. What is the complexity of your procedure?

Solution: We can perform a breadth-first search of the automaton from the set of ini-
tial states. If the search terminates without finding any final state, then we return “empty.”
Otherwise, we halt the search as soon as some final state g, is found.

During the search, each time a state ¢ is discovered via a transition p1> q, we store
pred[g] = (p, @). This allows to reconstruct a shortest path (labeled by some word) backward
from gy to some initial state go. The procedure runs in linear time w.r.t. the number of states
and transitions. Note that if there is a total order on the letters (e.g., a <b <c <--- <z),
then prioritizing them in that order will further yield a shortest certificate with respect to
the lexicographical order.
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% & Exercise 72. Let X;,X, be two alphabets. A homomorphism is a map
h: £¥ — X3 such that i(¢) =& and A(uv) = h(u)h(v) for every u,ve X}. Observe that if
Y1 ={ai,...,a,}, then h is completely determined by the values A(ay),...,A(a,). Let
h: ¥ — X be a homomorphism.

(a) Construct an NFA for the language #(L (4)) = {h(w) :w € L (4)} where A is an NFA
over Xj.

(b) Construct an NFA for h~(L (4))={we Zi:h(w)e L(A)} where 4 is an NFA
over X,.

(¢) Recall that the language {0”1” : n € N} is not regular. Use the preceding results to show
that {(01¥2)"3" : k, n € N} is also not regular.

Solution:

(a) We consider 4 = (0, X1, 9, qo, F') to be a DFA as we could otherwise determinize it. We
construct a finite automaton 4" = (Q, X, d’, qo, ') whose transitions are labeled by words
over Xy, more precisely by the words 2(X1) = {h(a) : a € £1}. Note that this set is finite as
¥ is finite. We set &' (g, h(a)) = (g, a) for all a € £;. In other words, we apply 4 to the

edge labels of the graph underlying 4 (i.e., if g — ¢’ in 4, then ¢ LN q ind').
Let us show that £ (4") =h(L (4)).

D) Consider some word w=aja; - --a, € L (A). There is an accepting run of 4 on w,
that is,

quql g~-~&>qnWithqn€F.
By definition of ', we have g; M gi+1in A’ for all transitions along this run. So w’ = i (w)
is accepted by A', and so h(L (4)) € L (4').
C) Letw' € £ (4'). There is some accepting run of 4’

g0 g1 5 . X g, with g, € F and u; € h(Z)).

By definition of &', for every transition g; e qir1 of A’ there is some letter a; € 1 with
h(a;) = u; such that ¢; 4 ¢i+1 in A. By construction, the following is an accepting run of 4:

qoﬂqlg-uﬂ)qnwithqneF.

Therefore, ajay - - - ay € L (4) and h(ajay . . .ay) =w'. So, L (4") Sh(L (4)). O

(b) We consider 4’ = (Q, X1, d, qo, F) to be a DFA as we could otherwise determinize it. We
construct a finite automaton A accepting 2~ (£ (A’ )) Intuitively, a transition of 4 labeled
by a € ¥ summarizes the behavior of A’ when reading the word A(«). Let

5(g,a) =0'(¢, h(a)) forallae 2.

Letd=(Q, X1, 9, qo, F). We claim that 3(q0, w) = 5’(q0, h(w)) forevery w € X1. Its validity
shows that £ (4) =h~!(L (4')) as desired. Let us prove the claim by induction on |w|. If
|[w| =0, then w=¢ and the claim is obvious. If |w| > 0, then w = ua for some u € X} and
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ac Xq. We have

(g0, w) = 9(8(qo, u), a)

= 5(5’ (g0, h(w)), a) (by induction hypothesis)

= 5'(J (g0, h(u)), h(a)) (by def. of 5)

='(qo, h(w)h(a))

=5 (g0, h(ua)) (since % is a homomorphism)

=3'(q0, h(W)).- O

(c) Let L={(01%¥2)"3" : k,n > 0}. For the sake of contradiction, suppose that L is regular
(i.e., that there exists some finite automaton A with L = £ (4)). Let4: {0,1,2,3}* — {0, 1}*
be the homomorphism uniquely determined by

h(0)=0,h(1)=¢, h(2) =& and h(3) = 1.

We have 4(L) ={0"1" : n > 0}. By the preceding results, there is a finite automaton A" with
L (4')={0"1":n> 0}, which is a contradiction. O

Yr «f Exercise 74. Given alphabets X and A, a substitutionisamap f: £ — 22" assigning
to each letter a € X a language L, C A*. A substitution f can be canonically extended to
amap 2% — 22" by defining f(¢) = ¢, f (wa) =f (W)f (a), and f(L) =, ,.f (w). Note
that a homomorphism can be seen as the special case of a substitution in which all L,s are
singletons.
Let X ={Name,Tel,:,#}, let A={4,...,7Z,0,1,...,9,:,#}, and let f be the
substitution:
f(Name)=(A+-- -+ Z)*
J)={:}
f(1e1)=0049(1+...+9)(0+1+4...+ 910+
00420(1 +...+9)(O0+14...+9)8
S ={#}

(a) Draw a DFA recognizing L =Name: Tel(#Tel)™*.
(b) Sketch an NFA recognizing f(L).

(c) Give an algorithm that takes as input an NFA A4, a substitution f, and for every a €
an NFA recognizing f'(a) and returns an NFA recognizing /(L (4)).

Solution:

(a)

@ Name\m : Tel

C
~
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(b)

(c) As suggested by the above example, to replace each transition p 5 q, we remove the
transition, make a copy of the NFA for f'(a), add e-transitions from p to its initial states, and
add e-transitions from its final states to g. Once this is done, we can remove the ¢-transitions.

¥¢ Bl Exercise 75. Let A and A, be two NFAs with n1 and n, states. Let
B = NFAtoDFA(IntersNFA(A1, A3)),
C = IntersDFA(NFAtoDFA(A41), NFAtoDFA(A>)).

A superficial analysis shows that B and C have O(2"172) and O(2"17"2) states, respectively,
wrongly suggesting that C might be more compact than B. Show that, in fact, B and C are
isomorphic and hence have the same number of states.

Solution: The following claims follow easily from the definitions of NFAtoDFA and
IntersNFA:

e LetA=(0Q, X, 9,00, F) be an NFA. A set O’ C Q is a state of NF4toDFA(A) iff there is a
word w € X* such that Q' =46(Qg, w).

« Letd; = (01, Z,01, 001, F1)and 4y = (0, X, 62, On2, F2) be two NFAs. A pair [g1, 2] €
01 x Qs is a state of IntersNFA(A, Ay) iff there is a word w € £* such that g1 € 0;(Qp1, w)
and g2 € 02(Qo2, w).

Combining the claims, we obtain the following:

(a) Apair [Q],0,]1€P(Q1) x P(Q2) is a state of C iff there is w € Z* such that

[0}, 051=1[61(Qo1, W), 32(Qo2, W)].
(b) A set Q' € P(Q) x Q) is a state of B iff there is w € £* such that
0 =1(Qo1, w) x 32(Qo2, W).
By (a) and (b), the map P(01) x P(Q2) — P(Q1 x Q1) defined by [0}, 031 0 x O is

a bijection between the states of B and C. Moreover, the map preserves transitions; indeed,
by definitions of NFAtoDFA and IntersNFA, we have
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. [0],05] —a>(Q’1’, 7) in C iff there is w € * such that
(01, 051 =1[61(Qo1, W), 52(Q02, w)] and [O], 051 = [61(Qo1, wa), d2(Qo2, wa)] .
e N Q" in B iff there is w € * such that

0 =61(Qo1,w) x 52(Q02, w) and Q" = 61(Qo1, wa) x 5 (Qo2, wa).

The mapping also preserves initial and final states, and so it is an isomorphism between B
and C.

W 7= Exercise 76. Let A= (0, X, , qo, F) be a DFA. A word w € X* is a synchronizing
word of A4 if reading w from any state of 4 leads to a common state (i.e., if there exists
q € O such that for every p€ O, p = q)- A DFA is synchronizing if it has a synchronizing
word.

(a) Show that the following DFA is synchronizing:

(b) Give a DFA that is not synchronizing.
(c) Give an exponential time algorithm to decide whether a DFA is synchronizing.
Hint: Use the powerset construction.
(d) Show thata DFA A= (Q, X, 4, qo, F) is synchronizing iff for every p, ¢ € O, there exist
we X* andreruchthatp—W>randq—W>r.
(e) Give a polynomial time algorithm to test whether a DFA is synchronizing.
Hint: Use d.
(f) Show that (d) implies that every synchronizing DFA with n states has a synchroniz-
ing word of length at most (2 — 1)(n — 1).
Hint: You might need to reason in terms of pairing.
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(g) Show that the upper bound obtained in (f) is not tight by finding a synchronizing word
of length (4 — 1)? for the following DFA:

b b
(==
a,b a
((2)
b

Solution:

(a) ba is a synchronizing word:
b a
p—>p—r,
b a
q—s—r,
b a
r—s—r,
b a
s—>Ss—r.

(b) The following DFA is not synchronizing:

a

(c) Letd=(0Q, X,0,q0,F)beaDFA,andlet4, = (0, X,0,q,F) forevery g € 0. A word w
is synchronizing for 4 iff reading w from each automaton 4, leads to the same state. There-
fore, we build a DFA B that simulates every automaton 4, simultaneously and tests whether
a common state can be reached. More formally, let B= (P(Q), X, ', {Q}, F’), where

* 5/(Q/9 a) = {5(q7 a) N/AS Q/}a and
- F'={{q}:q €0}

Automaton 4 is synchronizing iff £ (B) # (. It is possible to construct B and test £ (B) # )
simultaneously by adapting NFAtoDFA:
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IsSynchronizing(A4)
Input: DFA A= (Q, X, 9, g0, F)
Output: 4 is synchronizing?

forallae X do
Q" < {d(¢q.a):q€ 0’}
if |Q”| =1 then return true
if 0" ¢ O then add Q" to W
10 return false
(d)
=) Immediate.
<) Let O0={q0,q1,...,qn}. For every 1<i,j<n, let w(,j)eX* be such that
0(qi, w(i,j)) = 0(g;, w(i,j)). Let us define the following sequence of words:

1 if |Q| =1 then return true
2 Q< W {0}

3 while W # @ do

4 pick Q' from W

5 add Q' to Q

6

7

8

e}

ur =w(qo,q1)
ug =w(O(ge, ruz -+ - ug—1),0(ge—1, Uz - - - ug—1)) forevery2<{ <n.

We claim that uqu; - - - u, is a synchronizing word. To see that, let us prove by induction
on ¢ that for every 1 <i,j <<,

For ¢ =1, the claim holds by definition of u;. Let 2 < ¢ <n. Assume that the claim holds
for{—1.Let1<i,j<¢{. 1fi,j <{, then

O(qisuruy -+ ug) = 0(8(qi, uru - - g 1), ug)
=0(3(gj, uruz - - ug—1), ug) (by induction hypothesis)
=0(gj, uruz - - ug).
Ifi=¢andj <, then
S(qinuruy - -up) = 6(5(qi, uruz - - up 1), ur)
=0((qiz1, uruy -+ - ug—1), ur) (by definition of ug)
= S(S(qj, upuy - Up—1),Ue) (by induction hypothesis)

=0(qj, uruz - - ug).

The case where i < ¢ and i = ¢ is symmetric, and the case where i =j ={ is trivial. [
(e) We use the approach used in (c), but instead of simulating every automaton 4, at once,
we simulate all pairs 4, and A,. From (d), this is sufficient. The adapted algorithm is as
follows:
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IsSynchronizing(A4)

Input: DFA A= (Q, X, 0, q0, F)

Output: 4 is synchronizing?

forallp,ge Os.t.p#qdo

2 if —PairSynchronizable(p, q) then return false
3 return true

[y

4 PairSynchronizable(p, q)

5 Q, < ;W< {{p.q}}
6 while VW #£ () do
7
8

pick O’ from W
add Q' to Q
9 forallae X do
10 Q" < {6(q,a):q€ O}
11 if |Q”| =1 then return true
12 if 0" ¢ Q then add Q" to W
13 return false

The for loop at line 1 is iterated at most |Q|? times. The while loop of the subprocedure
is iterated at most |Q|2, and the for loop within it is iterated at most | X| times. Hence, the
total running time of the algorithm is in O(|Q|* - | Z|).

Note that our algorithm runs in time O(|Q|*- | Z|) and computes a synchronizing word

of length O(|Q)3), if there exists one. It is possible to do better. An algorithm presented
in [Epp90] computes a synchronizing word of length O(|Q|?), if there exists one, in time
001 +10F - |Z).
(f) We say that a word w is (p, ¢)-synchronizing if S(p, w) = 3(61, w). In the proof of (d), we
have built a synchronizing word w=uju; - - - ujg|—1 where each u; is a (p, g)-synchronizing
word for some p, g € Q. We claim that if there exists a (p, ¢)-synchronizing word, then there
exists one of length at most |Q|> — 1. This leads to the overall (|Q| — 1)(|Q|* — 1) upper
bound. To see that the claim holds, assume for the sake of contradiction that every (p, q)-
synchronizing word has length at least |Q|2. Let w be such a minimal word. Let r = d(p, w).
We have

w
p—>r,
w
q—r.
This yields the following run in the pairing of 4 and itself:
p wo|r
=]

Since |w(p, )| = |0|?, by the pigeonhole principle, there exists, € Q,x,z€ £*,andye L+

such that w=xyz and
Pl sl |82 |
q t t |

Hence, xz is a smaller (p, ¢)-synchronizing word, which is a contradiction. O]
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Note that is possible to get a slightly better upper bound. If there exist s,7 € O, x,z € X*,
and y € =T such that w=xyz and

Mt i HE

then xz is a also a shorter (p, ¢)-synchronizing word. Moreover, if there exist s € O, x € £*,

and y € X7 such that w= Xy and
[ ] ; |:S] : |:ri| '
q N r

then x is a shorter (p, ¢)-synchronizing word. Thus, at most (;) states of the form [s ¢] appear
along the path of a minimal (p, ¢)-synchronizing word, followed by a state of the form [ 7].
Therefore, a minimal (p, ¢)-synchronizing word is of size at most (g) = (n? —n)/2. Overall,
this yields a synchronizing word of length at most (n — 1)((n*> — n)/2) =n3/2 —n* +n/2.
(g) ba’ba’b is such a word. It can be obtained, for example, from the algorithm designed
inc:
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For the interested reader, note that the Cerny conjecture states that every synchronizing
DFA has a synchronizing word of length at most (|Q| — 1)?. Since 1964, no one has been
able to prove or disprove this conjecture. To this day, the best upper bound on the length of
minimal synchronizing words is ((|0]> — |0])/6) — 1 (see [Pin83]).

% = Exercise 77.
(a) Prove that the following problem is PSPACE-complete:

Given: DFAs A1, ..., 4, over the same alphabet X;
Decide: whether ();_, £ (4;) =¥.

Hint: Reduce from the acceptance problem for deterministic linearly bounded automata.

(b) Prove that if the DFAs are acyclic, but the alphabet is arbitrary, then the problem is
coNP-complete. Here, acyclic means that the graph induced by transitions has no cycle,
apart from a self-loop on a trap state. Hint: Reduce from 3-SAT.

(c) Prove that if X is a one-letter alphabet, then the problem is coNP-complete.

Solution: (a) Recall that a linearly bounded automaton is a deterministic Turing machine
whose head never leaves the part of the tape containing the input (plus possibly two cells to
the left and to the right of the input, so that the machine can recognize when it has reached
the “border”). The automaton accepts an input w if its run on w visits some final state.

Given a linearly bounded automaton M and an input w=ay - - - a,, we construct DFAs
Ai, ..., A, such that M accepts w iff ()i, £ (4;) =@. Let O be the set of states of M,
and let X, be its alphabet. The transition function of M is of the form J: O x Xy —
0O x Xy x {L, R}, where L and R stand for “move left” and “move right.” The common
alphabet ¥ of the DFAs A4, ..., A4, contains all tuples (x,q,a,q’,a’,L) such that 0 <x <n
and d(q,a) =(q',d, L), and all tuples (x,q,a,q’,da’,R) such that 0 <x <n and d(q,a) =
(¢',d, R). Intuitively, a letter of ¥ contains all the information about a “move” of M: x, g,
and a are respectively the current position of the head, the current state, and the letter being
currently read; ¢’ and @’ are the new state and the new letter; and R or L gives the direction
of the move.

The states of the DFA 4; are the tuples (x,¢,a) where 0 <x<n+1,g€Q,and a € X,
plus a trap state 7. Intuitively, 4; is in state (x, ¢, @) if the head currently reads the xth cell,
the current state of M is ¢, and the current letter on the ith cell is a. The initial state of 4; is
(1, go, a;), where qq is the initial state of M, and a; is the ith letter of the input word w. The
final states of 4; are the tuples (x, ¢, a) such that ¢ is a final state of M.

The transition function J; of 4; is defined as follows. First, we define d;(¢, a) = ¢ for every
letter a € X (trap state). Let 0 = (x, ¢, a) be a state of 4;, and let a = (y, 91, a1, 92, az, D) be
a letter of . We only consider the case where D = R; the case D = L is analogous. We say
that o and a match if x =y, ¢ =q; and either x #i or x =i and a = a;. We define J;(c, a)
as follows:

 If o and @ match and x # i, then d;(c,a) = (x+ 1, ¢2, a).

Intuitively, as the head is not on the ith cell, after the move, the ith cell still contains an a.
« If 0 and @ match and x =1, a = ay, then d;(c,a) = (i + 1, g2, a2).

Intuitively, since the head writes on the ith cell, we update its contents to a;.
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« If o and a do not match, then d;(o, @) =1 (the trap state).
Intuitively, this corresponds to a “malfunction”: M executes a “wrong” letter.

By construction, M can execute a sequence of moves leading to a configuration with the
head on cell x, state ¢, and tape contents by - - - b, iff the run of each 4; on the word corre-
sponding to this sequence of moves leads to the state (x, ¢, b;). If M accepts x, then, after
accepting the sequence of moves, each 4; has reached a final state, and so (/_, £ (4;) # 2.
If M does not accept x, then for every word of £*, one of two cases holds: either the word
does not correspond to a legal sequence of moves, in which case after reading, it at least
one 4; is in its trap state, or it corresponds to a legal sequence of moves, in which case after
reading it, none of the 4; is in a final state. So we have (_; £ (4;) = .

(b) For the membership in coNP, observe that an acyclic DFA with m states can only accept
words of length at most m — 1. Therefore, the set (7_; £ (4;) is nonempty iff it contains

a word of length at most m — 1, where m is the maximal number of states of Ay, ..., 4,.
Consider the nondeterministic algorithm that guesses a word of length at most m — 1 and
checks whether it is accepted by all of 41, ..., 4,. Since the algorithm runs in polynomial

time, the emptiness problem is in coNP.

To prove coNP-hardness, we reduce 3-SAT to the nonemptiness problem. Let 9 = C] A
---ACy,, be a boolean formula in CNF over the variables X = {x1,...,x,}, where each
clause C; contains exactly three literals. For every clause C;, let L; € {0, 1}" be the lan-
guage of truth assignments to the variables of X that satisfy C;. For example, if n =35 and
Ci = (x1 Vx3 V —xg), then L; is the language of the following regular expression:

1O+ D*+ 0+ D210+ 1)+ (0+1)30(0+ 1).

It is easy to construct a DFA A; with O(n) states recognizing L;. Therefore, the words of
(M_; £ (4;) are the truth assignments that satisfy all clauses of ¢, and so (\_; £ (4;) # ¥
iff ¢ is satisfiable.

(c) Let ¢ be a formula as in (b), and let py, . . ., p, be the first n prime numbers. We encode a

truth assignment B=>b1 - - - b, € {0, 1}" as the number B= Z;’:I pf-)". Observe that different
assignments are encoded as different numbers because each number has a unique prime
decomposition.

For every clause Cj, let N; be the numbers that are divisible by the prime number corre-
sponding to some positive literal of C; or nondivisible by the prime number of some negative
literal of C;. For example, let us reconsider n =15 and C; = (x| V x3 V —x4). Since the first,
third, and fourth prime numbers are 2, 5, and 7, the set N; contains the numbers that are
divisible by 2, or divisible by 5, or not divisible by 7. It follows that a number belongs to N;
iff it is a multiple of the encoding of some assignment satisfying C;.

Let L; = {d* : k € N;}. We sketch how to construct a DFA 4; recognizing L; by means
of the above example. First, we construct three DFAs with 2, 5, and 7 states, recognizing
the languages of words whose length is divisible by 2 and 5 and not divisible by 7. Then,
we construct a DFA with 2-5-7 =70 states recognizing the union of these languages. In
general, if the literals of C; are p; , pi,, pi;, then the resulting DFA has p;, - p;, - pi; states.

It follows from this construction that ();_; £ (4;) # @ iff ¢ is satisfiable. Indeed, we have
d“e (M=) £ (4), iff the truth assignment that sets x; to true iff p; divides & is a satisfying
assignment of ¢. It remains to show that the DFAs have polynomially many states. For this,
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we use a well-known bound on the size of the nth prime number (see the prime number
theorem): p, < n(logn + loglogn) <2nlogn. Consequently, A; has at most O(n> log n®)
states, and we are done.

77 B Exercise 78. Let 4= (0, X,d,00,F) be an NFA. Show that, with the univer-
sal accepting condition of exercise 21, automaton 4" = (Q, X, 4, o, O \ F) recognizes the
complement of L (4).

Solution: Note that 4 and 4" have exactly the same runs on a given word w. Thus:
A accepts w
<= some run of 4 on w leads to a state of '
<= it is not the case that all runs of 4’ lead to a state of O\ F/
<= A’ does not accept w. O
¢ 7= Exercise 79. Recall the model of alternating automata introduced in exercise 22.

(a) Show that alternating automata can be complemented by exchanging existential
and universal states, as well as final and nonfinal states. More precisely, let 4=
(01,02, 2,0, 90, F) be an alternating automaton, where Q| and Q, are respectively the
sets of existential and universal states and where J: (Q1 U Q) x £ — P(Q1 U Q>). Show
that the alternating automaton 4 = (Q,, 01, X, J, o, O \ F) recognizes the complement of
the language recognized by A4.
(b) Give linear time algorithms that take two alternating automata recognizing languages
Ly and L, and that deliver a third alternating automaton recognizing L; U Ly and L; N L;.
Hint: The algorithms are very similar to UnionNFA.

(c) Show that testing emptiness for alternating automata is PSPACE-complete.
Hint: Use exercise 77.

Solution:

(a) For every state g and each automaton B, let Lz(g) be the set of words accepted by the
automaton with the same structure as B but having ¢ as initial state. We prove that for every
state ¢ and word w, the following holds: w € L4(q) iff w ¢ L7(g). We proceed by induction
on |w|.

If [w| =0, then w=¢. We have ¢ € L4(q) iff ¢ is a final state of 4 iff ¢ is not a final state
of Aiff & ¢ L4(g). If [w| > 0, then w = aw’ for some letter « and word w’. Assume that g is
an existential state of 4 and so a universal state of 4 (the other case is analogous). We have

aw' € Ly(q) <= \/ w eLs(q) (as ¢ is an exist. state of 4)
q'€d(g.a)
= \/ weLiq) (by induction hypothesis)

q'€d(q.a)
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— - /\ w eLy(q) (by De Morgan’s law)
q'€d(q,a)
— aw' ¢ L4(q) (as g is a univ. state of 4). [

(b) Let go1 and go2 be the initial states of the two alternating automata, and let d;,J, be
their transition functions. For union, we put the two automata side by side; add a fresh
initial existential state go, and add transitions from g to all states in d; (go1, @) U d2(q02, a)
for every letter a. For intersection, we proceed in the same way but making qo universal
instead of existential.

(c) We reduce from the following problem, which is shown PSPACE-complete in
exercise 77:

Given: DFAs 41, ..., A, over the same alphabet X;
Decide: whether (7_; £ (4;) =¥.

More precisely, given DFAs 41, . .., A,, we consider them as alternating automata made
of existential states. We then construct an alternating automaton for their intersection using

repeatedly the construction of (b). The resulting automaton has an empty language iff

77l Exercise 80. Recall that weakly acyclic DFAs were introduced in exercise 35. Show
that if 4 is a weakly acyclic DFA, then CompDFA(A) is also weakly acyclic, and that for all
binary boolean operator ©, if 41 and A, are weakly acyclic DFAs, then BinOp[®](41, A2)
is also weakly acyclic.

Solution: The first part follows immediately from the fact that the graphs of 4 and
CompDFA(A) coincide. For the second part, assume that 4; and A4, are weakly acyclic,
but B=BinOp[©®](41,A4>) is not. By exercise 35(a), B has a cycle of length at least 2.
Let [¢1,92] and [r1, 7] be distinct states of the cycle, and let w,v be words such that

[q1,92] o lr1,m] —v>[q1, q>2]. Assume without loss of generality that ¢; # r1. By defini-

tion of B, we have ¢ BN r BN q1 in A1. Thus, 41 has a cycle containing at least two
distinct states, contradicting that 4 is weakly acyclic. O

Solutions for Chapter 4

¥r of Exercise 81. Use ideas from the main text to design an algorithm for the pattern
matching problem that identifies a matched [i, j/]-factor of the text, where position j is min-
imal and where position i is as close to j as possible (i.e., maximal w.r.t. j). Run your
algorithm on text ¢ = caabac and pattern p =a™ (b + c)a™ + bac. What is the complexity
of your algorithm?

Solution: Let A=(0, X,9, 0o, F) be an NFA for p. Let us assume that ¢ & £ (4) and
L (4) #? as we can otherwise simply report (0,0) or L. Let A’ be the NFA obtained by
adding a fresh initial state gyt to A, by making Qg noninitial, and by allowing gyait to either
self-loop on a letter or move to where this letter would lead from Qy. More formally, let
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A" = (QU {qwait}, Z,9', {qwait}, F), where ¢’ extends d with &' (qwait, @) = {Gwait} U 9(Qo, a)
for each a € . Note that £ (4') = L (2*p).

We give an algorithm that constructs 4" from p and reads the text until a final state ¢ is
reached. The moment at which ¢ is reached determines the minimal position ;. In order to
find the position 7, we could store the predecessor of each discovered state and go back from
g to an ancestor p € Q whose predecessor is gywajt. This corresponds to the moment where
we moved to NFA A and started matching the pattern. There may exist many such moments
due to nondeterminism. Since we want the maximal i w.r.t. j, we more carefully store the
maximal moments we moved from gyt to 4:

FindFactorNFA(t, p)

Input: text f=ay - --a, € T, pattern p

Output: indices (i, /) s.t. the [i, j]-factor of  matches p, j is minimal and i is maximal
w.r.t. j; or L if no such factor exists.

1 A < RegtoNFA(p)
2 construct 4’ from 4
3 initialize start[¢] < —oo for each state g of 4’
4
58 < {qwait}
6 forallk=0ton—1do
7 N/
8 for allpe S do
9 for all g € §' (p, apy1) do
10 add g to S’
11 if p = gwait and g # gwait then start[q] < k
12 else if p # gwait then start[g] < max(start[g], start[p])
13
14 for all g €S’ do
15 if ¢ € F then return (start[g], k+ 1)
16 S <5

17 return L

The algorithm takes the same time as solution 1 from the main text (i.e., O(k(k 4+ m)? +
nm?)). Indeed, the construction of A’ from 4 and the initialization of “start” can be done
in linear time. The rest is as in solution 1 but with the extra constant time checks and
bookkeeping operations.

Let us illustrate the algorithm on text f = caabac and pattern p =a™* (b + c)a™ + bac. The
automaton A’ is as follows, where the original NFA A is depicted in a darker shade (with
states go and g4 formerly initial):
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Gwait

In other words, we can see column & of the above graph as the contents of S at iteration £,
and each arc (p, 0, ¢) indicates the discovery of state ¢ from state p via letter o. We stop
as soon as we discover a final state, here ¢g3. Paths from gyait to g3, with no intermediate
occurrence of gywait, correspond to factors that match the pattern. In our case, they are aaba
(factor [1, 5]) and aba (factor [2, 5]). We would like to return the latter as 2 > 1. Hence, the
algorithm memorizes the latest “start moment” of each state. Schematically, these numbers
would evolve as follows:
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Observe that suffix bac of the text (factor [3, 6]) is also a match. It is not detected as we stop
as soon as possible. It would be discovered if we were to read the last letter ¢ and discover
state g7.

77 «f Exercise 83. Suppose we have an algorithm that solves the pattern matching
problem—that is, that finds the first [7, j]-factor (w.r.t. j) of a text ¢ that matches a pattern p.
How can we use it as a black box to find the last [, j]-factor w.r.t. i?

Solution: We first construct the reverse of p inductively using these rules:

oR = (r1r)R = r§rf
K= 1 +r)f =rf 474
a®=a (r*)R = (rR)*.

We then solve the pattern matching problem for text /X and pattern p®. If the procedure (as
a black box) reports [, /], then we report [|¢] —/, || — i].

77 «f Exercise 84. Use the ideas of exercises 81 and 83 to obtain an algorithm that solves
the pattern matching problem, but this time by finding the first [7, j]-factor w.r.t. i (instead
of)).

Solution: The algorithm of exercise 81 stops as soon as it finds a final state. We can
easily adapt it to stop at the last encountered final state. This would yield a factor [4, ] that
matches the pattern and where j is maximal and i is as close to j as possible. Using the idea
of exercise 83, we can run our new procedure on X and p®. This will yield a factor [4, /] that
matches the pattern and where 7 is minimal and j is as close to i as possible.

¥7 B Exercise 86. We have shown that lazy DFAs for a word pattern may need more than
n steps to read a text of length » but not more than 2n 4 m, where m is the length of the
pattern. Find a text ¢ and a word pattern p such that the run of B,, on ¢ takes at most n steps
and the run of C, takes at least 2n — 1 steps.

Hint: A simple pattern of the form d* is sufficient.
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Solution: Let?=a""'hand p=a". The automata B, and C,, are as follows:

b; N by N by N a,b;N
The runs over f on B, and C,, are, respectively,

(01510, 1} 50, 1,2) % - 25401, ...n— 1} 210},

and
051525 . Su—nbu-2L2n-3>... 20

¥ «f Exercise 87. Give an algorithm that, given a text ¢ and a word pattern p, counts the
number of occurrences of p in ¢. Try to obtain a complexity of O(|¢] + |p|).

Solution: We could “slide a window” and count the number of occurrences of p. However,
this would not run in linear time. Instead, we construct a lazy DFA C,, for p and read ¢ in
C. We increment a counter each time the final state is reached.

Note that we technically have to count the number of times the final state is reached with
R (right move), not from N (no move). However, there is no transition to the final state with
N. Indeed, “no moves” occur when a state delegates to its tail. Moreover, the final state
contains #, while a tail cannot contain # since it is the largest number.

¥r 7= Exercise 88. Two-way DFAs are an extension of lazy automata where the read-
ing head is also allowed to move left. Formally, a two-way DFA (2DFA) is a tuple A =
(0, %,0,q0,F) where 0: O x (X U{F,-}) > O x {L, N, R}. Given a word w € £*, 4 starts
in qo with its reading tape initialized with - w — and its reading head pointing on . When
reading a letter, 4 moves the head according to J (Left, No move, Right). Moving left on -
or right on - does not move the reading head. 4 accepts w if, and only if, it reaches - in a
state of F'.
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(a) Let n e N. Give a 2DFA that accepts (a + b)*a(a + b)".

(b) Give a 2DFA that does not terminate on any input.

(c) Describe an algorithm to test whether a given 2DFA A accepts a given word w.
(d) Let A1,4>,...,4, be DFAs over a common alphabet. Give a 2DFA B such that

LB)=LANYNLA)N---NL(A4,).
Solution:

(a) The following 2DFA accepts (a + b)*a(a + b)". Transitions not drawn lead to a trap
state without moving the head.

L&
P

s L
L

a; L a,L a
000 o0

(b)

zzz

(¢) From (b), we know that simply reading an input word is not sufficient since the automa-
ton could loop forever. Instead, we keep track of all configurations that are encountered
when reading the input word w. A configuration is a pair (g,i) where ¢ is a state and
0 <i<|w|+ 1isaposition of the reading head. If (g7, [w| + 1) with g; € F' is encountered,
then the automaton accepts w. If a configuration is seen twice, then the automaton loops
forever.

We obtain the following algorithm:

Input: 2DFA A=(0, £,0,q0,F) and we X*
Output: we L (4)?
W <«—0;q<qo;i<0
while (¢,7) € W do
if g € F and i = |w| 4 | then return true

1
2
3
4
5 ifi=0then ¢q,d < d(q,F)

6 else if i=|w|+ 1 then ¢,d < d(g, )
7 else g,d < d(q,w;)

8

9

0

1

ifd=Landi>0theni<i—1
elseifd=Randi<|w|theni<i+1
return false
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(d) We build a 2DFA B that first simulates 4] on w. If a final state of 4; is reached in -,
then B rewinds the tape. Automaton B then repeats this process on 4y, ..., 4,. If every 4;
accepts w, then B finally moves the reading head to — in a final state. The construction looks
as follows:

Ay

Let 4; = (0i, 2, 0i, qi0, Fi). Formally, B is defined as B = (Q, X, J, {p}, {r}), where
« O0={p,stUQIUQyU---UQ,U{ri: 1 <i<n},

(910, R) ifg=panda=F,
(0i(g,a),R) ifgeQ;andac X,
(ri, L) ifgeFyanda= -,

s 0(q,a) =1 (r:,L) ifg=riandaec X,
(¢i+10,R) ifg=ri,a=Fand1<i<n,
(s,R) ifg=ry,a="+,
(s,R) ifg=s,ae X U{H}.

It is known that the infersection problem, which is defined as follows, is PSPACE-
complete [Koz77]:

Given: DFAsA;,4>,...,4,;
Decide: whether L (A1) NL (A2)N---NL(Ay).



Solutions for Chapter 5 437

We have seen how to build, in polynomial time, a 2DFA B such that £ (B) =L (4;)N
L(A))N---NL(A4,). Thus, testing emptiness for 2DFAs is “at least as hard” as the
intersection problem (i.e., it is PSPACE-hard). In fact, the emptiness problem for 2DFAs is
PSPACE-complete [GJ79, Hun73].

Solutions for Chapter 5

7 «f Exercise 90. In phone dials, letters are mapped into digits as follows:

ABCH 2 DEF—~ 3 GHI— 4 JKL — 5
MNO+— 6 PQRS+— 7 TUVI~>8 WXYZ+—9

This map can be used to assign a telephone number to a given word. For instance, the
number for AUTOMATON is 288662866.

Consider the problem of, given a telephone number (for simplicity, we assume that it
contains neither 1 nor 0), finding the set of English words that are mapped into it. For
instance, the set of words mapping to 233 contains at least ADD, BED, and BEE. Let
N be a given DFA over alphabet {4, ..., Z} that recognizes the set of all English words.
Given a number n, explain how to construct an NFA recognizing the set of all words
mapped to 7.

Solution: Let R be the set of all pairs (m,w) where m is a number, and w is a word
mapped to m, and let £ be the set of English words. We are looking for an NFA recognizing
Post({n},R)NE.

Let A4, be the obvious DFA over {2,...9} recognizing the number #n. The relation R is
recognized by the transducer Tk with one state g, both initial and final, and transitions

(q0> [25A]5 qO)’ (q()a [Z’B]) qo)’ AR ] (q07 [95 Y]’ qo)’ (q03 [9’ Z]’ qo)'
Thus, the NFA we are looking for can be computed as InterNFA(Post(Ay, Tr), N).

7w &f Exercise 91. As we have seen, the application of the Post and Pre operations to
transducers requires to compute the padding closure in order to guarantee that the resulting
automaton accepts either all or none of the encodings of an object. The padding closure
has been defined for encodings where padding occurs on the right (i.e., w belongs to the
padding closure of an NFA A4 iff w#* € £ (4) for some k € N). However, in some natural
encodings, like the most-significant-bit-first encoding of natural numbers, padding occurs
on the left. Give an algorithm for computing the padding closure of an NFA when padding
occurs on the left (i.e., where we consider #w).

Solution: Instead of enlarging the set of final states as done by PadClosure, we symmet-
rically enlarge the set of initial states Oy to the set

Orl
0, =1{q: g0 —> ¢ for some gy € Qp,n € N}.
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This modification yields the following algorithm:

PadClosure' (4, #)
Input: NFA A= (Z,0,6,00, F)
Output: new set 0 of initial states
W< Qo; Oy < %;
while W # () do

pick ¢ from W

add ¢ to Q)

for all (¢,#,4') €d do

if ¢’ ¢ O then add ¢ to W

return O,

~ o 0w N

For example, the NFA depicted below on the left recognizes the set of numbers {1, 3} under
MSBF encodings (# = 0). Its padding closure, which recognizes the same set, is depicted
on the right:

¥¢ & Exercise 93. Let U =N be the universe of natural numbers, and consider MSBF
encodings. Give transducers for the sets of pairs (n, m) € N> such that

(@) m=n+1,
(b) m=1n/2],
(c) n<2m.

Solution:

(a) Two words w,, and w,41 are MSBF encodings of » and n+ 1 of the same length iff
there is a (possibly empty) word w and some k > 0 such that w,, = w01¥ and w,, 4| = w10*.
Thus, the transducer is as follows:

0 1 1

071 0

_>

(b) The transducer has to recognize all pairs of words of the form [0Fwb, 0¥0w], where
we {0, 1}* and b € {0, 1} since dividing by 2 shifts the bits to the right.

The transducer is shown as follows. It reads [0, 0]s until it finds the first 1 of s, (if any).
From this moment on, it moves between the two states labeled by 0 and 1. The intuitive
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meaning of state 0 is “the last bit of n I have read was a 0” and similarly for state 1. The
transitions are then given by the requirement that the next bit of m must be equal to the last
bit of n. So, for instance, d(1, [0, 1]) =0 because the next bit of m must be a 1, and after
reading a 0, the last bit of z read by the transducer is a 0. Note that state 0 could be merged
with the initial state.

(c) We first construct the two transducers 77 and 7, respectively, as follows for relations
{(n, k) :n<k}and {(k,m) : k=2m}:

Hig : )

i

il

Hi

¢ l Exercise 94. Let U be some universe of objects, and let us fix an encoding of U
over X*. Prove or disprove: If a relation R C U x U is regular, then the following language
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is regular:
Lg = {wyw) : (wy,w)) encodes a pair (x,y) € R}.

Solution: False. Let U ={a, b}*, and consider the identity encoding (i.e., a word w €
{a, b}* is encoded by itself and its paddings). The identity relation R = {[w, w] : w € {a, b}*}
is regular. Indeed, it is recognized by a transducer with a single state ¢, both initial and final.
However, we have Lg = {ww : w € {a, b}*}, which is not regular.

7 «f Exercise 96. We have defined transducers as NFAs whose transitions are labeled by
pairs of symbols (a, b) € £ x X. With this definition, transducers can only accept pairs of
words (aj - - - ay, by - - - by) of the same length, which is not suitable for many applications.

An e-transducer is an NFA whose transitions are labeled by elements of (X U {e}) x
(Z U{e}). An e-transducer accepts a pair (w, w’) of words if it has a run

b b b
go 0% gy 2 I, o ithar b e T U fe)

such that w=a;---a, and w =b ---b,. Note that |w| <n and |w'| <n. The relation
accepted by the e-transducer 7T is denoted by L (7). The following figure depicts an &-
transducer over alphabet {a, b} that, intuitively, duplicates the letters of a word (e.g., on
input aba, it outputs aabbaa).

Give an algorithm Post® (4, T') that, given an NFA 4 and an e-transducer 7', both over a
common alphabet X, returns an NFA recognizing the language

postr, (A)={w:3w € L (4) such that (W', w) € L(T)}.
Hint: View ¢ as an additional letter.

Solution: Given an alphabet X, let £, = X U {¢}, where we consider ¢ as a symbol, not as
the representation of the empty word. Let T, be the standard transducer over X, obtained
from 7T by considering ¢ as another alphabet letter. So, for instance, if 7 is the e-transducer
above, then T, accepts, for instance, the pair (aebe, aabb). Further, let A, be NFA over X,
obtained from A by adding to each state ¢ of 4 a loop (g, €, q). Clearly, we have

L(A4,)= U e*a1e® - e*aye”
ay-an€L(A4)
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and therefore
posty, (A) =projs (postr, (4.)).

This equation leads to the following algorithm: first we construct A, ; then we construct the
NFA B, = Post(4;, T;), where Post is the algorithm defined in the chapter; and finally, we
construct an NFA B recognizing the projection of £ (B;) onto X. Since computing the pro-
jection is equivalent to considering ¢ as the empty word, we can take B = NFA¢toNFA(B,),
where we consider B, as an NFA-¢. Thus, more compactly:

Post® (4, T) = NEAstoNFA(Post(A;, T:)).

% B Exercise 97. In exercise 96, we have shown how to compute preimages and postim-
ages of relations described by e-transducers. In this exercise, we show that, unfortunately,
and unlike standard transducers, ¢-transducers are not closed under intersection.

(a) Construct e-transducers 7 and 7> recognizing the relations
Ri ={(d@"b",c*) :n,m> 0} and Ry = {(@"b", *") : n,m > 0}.

(b) Show that no e-transducer recognizes R1 N R,.

Solution:

(a)

(b) We have Ry N Ry = {(a"D", 02”) :n > 0}. For the sake of contradiction, suppose there

exists an e-transducer 7 recognizing R N R;. Let us replace each transition of the form
qﬂ)q/ by ¢ = ¢, wherex,y € = U {g}.

We obtain an NFA recognizing the language {a"b" : n > 0}, which is not regular. Thus, we

derive a contradiction, and hence no ¢-transducer recognizes Ry U R». O

¥ [&] Exercise 98. Consider transducers whose transitions are labeled by elements of (X U
{e}) x T*. Intuitively, at each transition, these transducers read one letter or no letter and
write a string of arbitrary length. These transducers can be used to perform operations on
strings like, for instance, capitalizing all the words in the string: if the transducer reads, say,
“singing in the rain”, it writes “Singing In The Rain”. Sketch e-transducers for the following
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operations, each of which is informally defined by means of two or three examples. In each
example, when the transducer reads the string on the left, it writes the string on the right.

Company\Code\index.html Company\Code
Company\Docs\Spec\specs.doc Company\Docs\Spec
International Business Machines IBM
Principles Of Programming Languages POPL
Oege De Moor Oege De Moor
Kathleen Fisher AT&T Labs Kathleen Fisher AT&T Labs
Eran Yahav Yahav, E.
Bill Gates Gates, B.
004989273452 +49 89 273452
(00)4989273452 +49 89 273452
273452 +49 89 273452

Solution: We give informal descriptions of the behavior of the ¢-transducers.

(a) Here, x ranges over all symbols and y over all symbols but the backslash:

(x,x) (v, ¢)

(\. &)

(b) Here, X ranges over uppercase letters and x is either a lowercase letter or a space:

(X, X)

(x,)

(c) Here, x ranges over all symbols but the space symbol. In order to prevent trailing spaces,
we remember seeing a space and output it before the next letter:

(x,x) _,e)
,e)

(x,_x)

(d) We assume that the string is always of the form Firstname Lastname. Here, x
ranges over all letters:
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(x,€) (x,x)
Co K )~ e~ @A
(A,S) Iu /u /u [4 (8,,)
(Z,¢) )f\ >f\ >f\ 3 (&,.)
o) Y e e @A
(x,8) (x,x)

(e)

[0,0],[1,1],...

29,91

[1,+49.89_11,...,[9,+49_89_9]

¥ 7 Exercise 100. Transducers can be used to capture the behavior of simple programs.
For example, consider this program P and its control-flow diagram:

1
x <«?

2
bool x, y init 0 write x
x <? 3
write x ready( |y#xAy
while true do 4
read yuntily=xAy y=xAy
if x =y then write y end x=y s O 6
x<x—1lory<x+y ot %ritey
if x # y then write x end 7
8 O7
Xex = LYY Lrite x
9 XV 1o

Program P communicates with the environment through its two boolean variables, both
initialized to 0. The instruction end finishes the execution of P. The 7/O-relation of P is the



444 Solutions for Chapter 5

set of pairs (w7, wp) € {0, 1}* x {0, 1}* such that there is an execution of P, during which P
reads the sequence w; of values and writes the sequence wo.

Let [7,x,y] denote the configuration of P in which P is at node i of the control-flow
diagram, and the values of its two boolean variables are x and y, respectively. The initial
configuration of P is [1, 0, 0]. By executing the first instruction, P moves nondeterministi-
cally to one of the configurations [2, 0, 0] and [2, 1, 0]; no input symbol is read and no output
symbol is written. Similarly, by executing its second instruction, the program P moves from
[2,1,0] to [3, 1, 0] while reading nothing and writing 1.

(a) Give an ¢-transducer recognizing the //O-relation of P.
(b) Can an overflow error occur? That is, can a configuration be reached in which the value
of x or yisnot 0 or 1?

(c) Can node 10 of the control-flow graph be reached?
(d) What are the possible values of x upon termination, that is, upon reaching end?
(e) Is there an execution during which P reads 101 and writes 01?

(f) Let / and O be regular sets of inputs and outputs, respectively. Think of O as a set of
dangerous outputs that we want to avoid. We wish to prove that the inputs from / are safe,
that is, when P is fed inputs from /, none of the dangerous outputs can occur. Describe
an algorithm that decides, given 7 and O, whether there are i € [ and o € O such that (i, 0)
belongs to the //O-relation of P.

Solution:

(a) The states of the transducer are the reachable configurations of P:
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(b) No.

(c) No. The node is redundant. In fact, the last line of P can be removed without changing
the behavior.

(d) 0 and 1, because the reachable final configurations are [7,0,0] and [7, 1, 1].

(e) Let T be transducer for P, and let A7 and Ao be NFAs recognizing / and O, respectively.
A possible algorithm for the task is

EmptyNFA(IntersNFA(Post® (A7, T), Ap)).

Solutions for Chapter 6

7 «f Exercise 102. Give an efficient algorithm that receives as input the minimal DFA of
a fixed-length language and returns the number of words it contains.

Solution: The algorithm recursively computes the number of words accepted by each
state ¢ of the DFA. If ¢ = gy, then the number is 0, and if g =g, then it is 1. Otherwise,
let ¥ ={ay,...,a,} be the alphabet of the DFA; the number of words accepted by ¢ is
the sum of the number of words accepted by the a;-successor of ¢g. In pseudocode, we
obtain

number(q)
Input: state g
Output: number of words recognized from ¢
1 if G(g) is not empty then return G(gq)
2 if g =gy then return 0
3 else if g =g, then return |
4 else
5 G(q) < number(q®') + - - - + number(g*")
6 return G(q)

77 «f Exercise 103. The algorithm for fixed-length universality given in table 28 has a
best-case runtime equal to the length of the input state ¢. Give an improved algorithm that
only needs O(| X |) time for inputs ¢ such that £ (g) is not fixed-size universal.

Solution: Let g be the input to the algorithm, and consider the set of states {¢“ :a € X}. If
the set contains two distinct states ¢ and ¢?, then, since every state recognizes a different
language, either ¢% or ¢” is not fixed-length universal, and we can conclude that ¢ is not
fixed-length universal. So the algorithm computes ¢¢ for every a € X in time O(|Z|). If at
least two states are different, then the algorithm returns false. If all states are equal to the
same state, say ¢’, then the algorithm calls itself recursively with input ¢’. In pseudocode,
we obtain:
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univ' (q)

Input: state ¢

Output: true if £ (¢) is fixed-length universal,

false otherwise

1 if g =qy then return false
2 else if ¢ =g, then return true
3 else

4 q <~ qg"

5 foralli=2,...,mdo

6 if ¢* # ¢’ then return false

7 return univ’(q)

¥r of Exercise 106.

(a) Give an algorithm to compute £ (p) - £ (g) given states p and ¢ of the fixed-length
master automaton.

(b) Give an algorithm to compute both the length and size of £ (g) given a state ¢ of the
fixed-length master automaton.

(c) The length and size of £ (¢) could be obtained in constant time if they were simply
stored in the fixed-length master automaton table. Give a new implementation of make for
this representation.

Solution:

(a) Let L and L' be fixed-length languages. We have

] ifL=0,

L.l = L if L=1{¢},
U a-L%- L' otherwise.
aex

These identities give rise to the following algorithm:

concat(p, q)

Input: states p and ¢

Output: state » such that £ (r) =L (p) - L ()
1 if G(p, q) is not empty then return G(p, q)
2 if p =gy then return gy
3 else if p =g, then return ¢
4 else

5 forallac X do

6 Sq < concat(p?, q)

7 G(p, q) < make(s)

8 return G(p, q)

(b) Let L be a fixed-length language. We have
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o0 ifL=0,
length(L)=14 0 if L={e},
length(L%) + 1 forany a € X s.t. LY #(  otherwise.
and
0 ifL=0,
IL|=14 1 if L={e},

Y aes LY otherwise.

These identities give rise to the following algorithm:

len-size(q)
Input: states g
Output: length and size of £ (q)

1 if G(g) is not empty then return G(gq)
if p = gy then return (oo, 0)
else if p = ¢, then return (0, 1)
else

k < o0
n<0
forallae X do
k', n' < len-size(q®)

9 if K’ #£ 00 then k < k' + 1
10 n<n+n'

11 G(q) < (k,n)
12 return G(q)

W ~J o b Ww N

(c) Let g be a state of the fixed-length master automaton. We denote the length and the size
of ¢, respectively, by len(q) and |g|. These values are encoded in two new columns of the
table. We set

len(gp) = oo, |ggl = 0,
len(g.) = 0, lge] = 1.
From the observations made in (b), we obtain the following algorithm:

make' (q)
Input: mapping s from X to the fixed-length master automaton states
Output: state g s.t. £ (q)* =s, foreachae X
if Table contains s then return associated state
7 <— new state number
k < o0
n<0
forallae X do
if s, # gy then k < |s,| + 1
n < n+len(sy)
Table(r) < (s, k, n)
return r

O 0 3 o U > w N
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¢ [&E Exercise 107. Let k€ N . Let flip: {0, l}k — {0, l}k be the function that inverts
the bits of its input (e.g., flip(010) = 101). Let val: {0, 1}¥ — N be such that val(w) is the
number represented by w with the “least-significant-bit-first” encoding.

(a) Describe the minimal transducer that accepts
Li= {[x, vl € ({0, 1} x {0, 1HF : val(y) = val(flip(x)) + 1 mod 2 } .

(b) Build the state r of the fixed-length master transducer for L3 and the state ¢ of the
fixed-length master automaton for {010, 110}.

(c) Adapt the algorithm pre seen in the chapter to compute post(r, q).

Solution:

(a) Let [x,y] € Ly. We flip the bits of x while adding 1. If x; = 1, then —x =0, and so adding
1 to val(flip(x)) results in y; = 1. Thus, for every 1 <i <k, we have y; = —x;. If x; =0,
then —x; = 1. Adding 1 yields y; =0 with a carry. This carry is propagated as long as
—x; =1 and thus as long as x; = 0. When some position j with x; =1 is encountered, the
carry is “consumed,” and we flip the remaining bits of x. These observations give rise to the
following minimal transducer for Ly:
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State 4 of the following fragment of the fixed-length master automaton accepts

{010, 110}:

(c) We can establish the following identities similar to those obtained for pre:

4 ifR={or L=,
postp(Ly =1 1! if R= ([, £]) and L= {s),
U b postpas (L?)  otherwise.

abex

To see that these identities hold, let € £ and v € T* for some k € N. We have
bvepostp(l) < Jac X, uc > st auel and [au,bv] € R

& JacX,ucl?st [au,bv] ER

e Jae X, uclst [uv] e R1*M

<= Ja € X s.t. v e Postpian (L?)

< ve U Post gian (L?)

acx

< bve U b - Post piap) (LY).

acx

We obtain the following algorithm:
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post(r,q)

Input: states » and ¢ of the fixed-length master transducer and automaton
Output: Postr(L (q)) where R= L (r)

1 if G(r, q) is not empty then return G(r, q)
2 else if r=ry or g = qy then return gy

3 elseif r=r, and ¢ = ¢, then return ¢,

4 else

5 forallbe X do

6 P<qy

7 forallae X do

8 p < union(p, post(rl@?), ¢4%))

9 Sp<p

0 G(r,q) < make(s)

1 return G(7, q)

Note that the transducer for L3 has a “strong” deterministic property. Indeed, for each
state 7 and b € {0, 1}, if %P1 £y, then 7% = . Hence, for a fixed b € {0, 1}, at most
one post(r?1, @) can differ from gy at line 8 of the algorithm. Thus, unions made on this
transducer are trivial, and executing post(6,4) yields the following computation tree:

post(6,4)

make(post(4,3), post(5,3))

@/ \@

make(post(2,qp), post(3,2)) make(post(3,2), post(3, qp))

e\ o/ \

make(post(re, qy), post(re, q.)) G(3.2)

Calling post(6, 4) adds the following rows to the fixed-length master automaton table and
returns 8:

Ident. | O-succ  1-succ

5 q9 qe
6 qp 5
7 5 qy
8 6 7
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The new fixed-length master automaton fragment:

v of Exercise 109. Given X € {0, 1,..., 2k — 1}, where k > 1, let Ay be the minimal DFA
recognizing the “least-significant-bit-first” encodings of length & of the elements of X.

(a) LetX +1={x+ 1 mod 2¥ : x € X}. Give an algorithm that on input Ay produces Ay .
(b) Let Ay = (0, {0, 1}, 0, qo, F). What is the set of numbers recognized by the automaton
A'=(0,{0,1},', q0, F), where ¢'(q,b) =d(q, 1 — b)?

Solution:

(a) The following recursive algorithm takes as input the initial state of Ay (from the fixed-
length master automaton) and returns the state for Ayy;:

Addl1(q)
Input: state ¢ recognizing a set X of numbers
Output: state of the same length as ¢ recognizing X + 1

G(q) < make(ro,ry)
return G(q)

1 if G(g) is not empty then return G(g)
2 if =gy or g =g, then return g

3 else

4 rg<—Addi(gh)

5 ry < qO

6

7

(b) Automaton A recognizes a word by - - - by iff Ax recognizes (1 — by) - - - (1 — by). Thus,
the set of numbers Y recognized by 4" is ¥ = {(2FK — 1) —x:x € X}.
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¥r M Exercise 110. Recall that weakly acyclic languages and DFAs have been introduced
in exercise 35. Recall that the relation < on the states of a weakly acyclic DFA, defined by
q < ¢ iff 6(q, w) = ¢ for some word w, is a partial order. Show that:

(a) Every fixed-length language is weakly acyclic.
(b) If L is weakly acyclic, then L" is also weakly acyclic for every w e £*.

Given weakly acyclic languages L and L', let L < L denote that L = (L")" for some word
w. Show that:

(c) < is a partial order on the set of all weakly acyclic languages.
(d) =< has no infinite descending chains.
(e) The only two minimal languages w.r.t. <, are J and X*.

Recall that, by exercise 57, the minimal DFA recognizing a given weakly acyclic language
is weakly acyclic. We define the weakly acyclic master automaton over alphabet X as
M= (Owm, Z,0m,Frr), where

« QO is the set of all weakly acyclic languages over X;
e J: Oy X X — Qyy is given by 0(L, a) = L for every g € Oy and a € X; and
o LeFyiffeel.

Prove the following result, which generalizes the corresponding one for fixed-length
languages:

(f) For every weakly acyclic language L, the language recognized from the state L of the
weakly acyclic master automaton M is L.

Solution:

(a) Let L be a fixed-length language of length n. We prove that L is weakly acyclic by
induction on n. If n=0, then L =0 or L = {¢}, which is clearly weakly acyclic. If n > 0,
then L has length n — 1 for every a € X, and by induction hypothesis, it is weakly acyclic.
So there is a weakly acyclic DFA 4¢ recognizing L. Let g( be the initial state of 4%, and
let A be the DFA obtained by putting the DFAs A side by side, adding a new initial state

q0, and adding transitions ¢g N q;, for every a € . We have L (4) = L. Further, since all
of the A% are weakly acyclic, so is 4, and therefore L is weakly acyclic. O
(b) Let A=(0, £, 9, qo0, F) be a weakly acyclic DFA recognizing L, and let ¢ be the state
such that d(go, w) =g. We have £ (q) =L". Let 4, be the DFA obtained by removing from
A all states not reachable from ¢ and making ¢ the initial state. Clearly, we have £ (Aq) =L".
Since removing states from a weakly acyclic DFA cannot destroy weak acyclicity, 4, is also
weakly acyclic.

(c) Therelation < is clearly reflexive and transitive. We show that it is also antisymmetric.
Let L,L’ C ¥* be weakly acylic languages, and let w,w’ € £* be words such that L' = L"
and L = (L' )W/. We prove that L=L". Let 4 = (Q, £, J, qo, F) be the minimal weakly acyclic
DFA recognizing L. Let g be the state such that d(gg, w) =¢. Since 4 is minimal, ¢¢ and
g are the unique states of A4 such that £ (go) =L and £ (¢) =L’. So we have §(q, w) = qo,
which implies gy < ¢ < go. Since < is a partial order, gg = ¢ follows, and so L=1L'. O]
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(d) This follows from (c) and the fact that a regular language has finitely many residuals.

O
(e) By definition of <, a language L is minimal w.r.t. < iff L = L? forevery a € X. Thus,
either L= orL=2X*. O

(f) By (d) and (e), it suffices to show that the property holds for L = and L = £*, and that
if L? satisfies the property for every a € X such that L% # L, then L satisfies it too. For L =@,
observe that L = L?, and so every transition leaving L is a self-loop. Further, L is not final.
Thus, the language accepted from L is . The proof for L = X* is similar. Finally, assume
that the language recognized from every state L such that L # L is L?. Let E, be defined
as {¢} if ¢ € L and ¥ otherwise. The language recognized from L is

ELU U al® | U U al

ac X, L#L acX L¢=L

=E U U al® | U U al®

ae X, L4#L aeX l4=L
—E U U al®
acex
=1L O

¥ f Exercise 111. Recall that exercise 110 establishes that weakly acyclic languages can
be represented by a weakly acyclic master automaton. A state g of the weakly acyclic master
automaton can be represented by a table as follows. A node is a triple (g, s, b), where

« g is a state identifier;

o« s=(ay,...,ay) is the successor tuple of the node, where for every 1 <i<m, the
component «; is either a state identifier or the special symbol SELF; and

« b e {0, 1} indicates whether the state is accepting (b= 1) or not (b =0).

For example, if ¥ = {a, b} and ¢ is an accepting state satisfying d(q,a) = ¢’ and 5(q, b) =
¢, then ¢ is represented by the triple (g, s, b), where s = (¢, SELF) and b= 1. The state
identifiers of the states for the languages ¥ and X * are denoted, respectively, by gy and gz +.

Given a table 7 that represents a fragment of the weakly acyclic master automaton, the
procedure make(s, b) returns the state identifier of the unique state of 7 having s as successor
tuple and b as boolean flag, if such a state exists; otherwise, it adds a new node (g, s, b) to
T, where ¢ is a fresh identifier, and it returns q.

(a) Give an algorithm to compute £ (¢1) N L (¢2) given states ¢q; and ¢, of the weakly
acyclic master automaton.

(b) Give an algorithm to compute £ (g1) U L (¢2) given states g; and ¢, of the weakly
acyclic master automaton.

(c) Give an algorithm to compute L (g) given a state g of the weakly acyclic master
automaton.
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Solution:

(a) The following properties lead to the recursive algorithm inter(q, q2) shown as below:
e if Ly=0orly,=0,thenLiNL,=0;

e if Ly=%X*and L =X*,then LiNLy=2X*; and

e if L, Ly ¢ B, 2%}, then LiNLy=(L1NLyN{e})U Uan a-(LyNLy)“.

inter(q1,q2)
Input: states g1, g2 of the weakly acyclic master automaton
Output: state recognizing £ (g1) N L (g2)
1 if G(gq1,q2) is not empty then return G(q1,q>)
2 if g1 =qy or g2 = gy then return gy
3 elseif gy =¢gx+ and g = gx+ then return gy -
4 else /*q1,92 ¢ {qp, gz} ¥/
5 foralli=1,...,mdo
6 if ¢' = ¢5' = SELF then r; < SELF
7 else if q?" = SELF then r; < inter(q, qgi)
8 else if ¢5' = SELF then r; < inter(q{', q2)
9 else r; < inter(q{ . q5)
b n b
10 b<q| g,
11 G(qlaqz)(_make(rla"'armﬁb)
12 return G(q1, q2)

(b) The following properties lead to the recursive algorithm union(qi,q2) shown as
follows:

o if Ly=0and L, =@, then L} UL, =0;

e if Lj=X%orLy=X% thenLi ULy, =X*; and

o if L1, Ly {0, 2%}, then LU Ly = (L1 N{e}) U(LrN{e})) U Uan a-(LyULy)“.

union(q1, q2)
Input: states ¢, g2 of the weakly acyclic master automaton

Output: state recognizing L (q1) U L (¢2)
if G(q1,¢q2) is not empty then return G(q1,¢2)
if g1 = gy and ¢» = gy then return gy
else if g1 =gx+ or g» = gy~ then return gy«
else /*q1,q92 ¢ {qp,qs+}*/
foralli=1,...,mdo
if ¢{' = q3' = SELF then r; <— SELF
else if ¢|' = SELF then r; <— union(q1,q5")
else if qgi = SELF then r; < union(q?", q2)

.45)

O ~J o U w N

O

else r; < union(q{’

i
()

b« q’l’ \V4 qg
G(‘]la‘]Z) <_make(7"1,. . -arm’b)
return G(q1,q2)

=
N
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(c) The following properties lead to the recursive algorithm comp(g) shown as follows:
« if L=y, then L= *%;

« if L=3*, then L=; and

« ifLg {0, =), thenL= LN {e}) UU,cyx a (L)

comp(q)
Input: state g of the weakly acyclic master automaton

Output: state recognizing £ (¢)
if G(g) is not empty then return G(q)
if ¢ = gy then return gz«
if g =gy~ then return gy
else /*q ¢ {qp,qz+}*/
foralli=1,...,mdo
if g% = SELF then r; <~ SELF
else r; < comp(q“’)
b« —g”
G(q) < make(ry,...,ry,b)
10 return G(q1,¢2)

W o U w N

O

¢ 7= Exercise 112. Recall that we can associate a language to a boolean formula as done
in exercise 108. Show that the following problem is NP-hard:

Given: a boolean formula ¢,
Decide: whether the minimal DFA for £ (p) has more than one state.

Solution: We give a reduction from the NP-complete problem SAT. Recall that this pro-
blem asks whether a given boolean formula y is satisfiable. Let x1, . . ., x,, be the variables
that occur within y/, and let y be a new variable. Let p = w A y. We claim that y is satisfiable
iff the minimal DFA for £ (¢) has more than one state.

=) If y is satisfiable, then there exists w € {0, 1}" such that y (w) = true. Thus, wl € L (p).
Note that w0 ¢ L (p) as ¢ requires y to be true. Consequently, £ (¢) is neither empty nor
universal, which means that its minimal DFA has more than one state.

<) If the minimal DFA for ¢ has more than one state, then £ (p)# . This means
there exists w e {0, 1}" such that ¢ (w, 1) = true. In particular, this implies that y (w) =
true.
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v & Exercise 113. Exhibit a family {P,},> of sequential programs (like program 1)
satisfying the following conditions:

« P, has O(n) boolean variables, O(n) lines, and exactly one initial configuration;
« P, has at least 2" reachable configurations.

Solution: If nondeterminism is allowed, then we can simply define P, as a program that

nondeterministically sets variables xp,...,x, to 0 or 1 and terminates:
1 foralll<i<ndo

2 Xj<0orx; <1

3 end

If we require the program to be deterministic, then we can take P, as a program that
repeatedly increases an n-bit counter, where x; contains the value of the ith least signifi-
cant bit. For instance, if n = 3, then the program visits the sequence of variable valuations
000,001,010, ...,110,111. To increase a valuation, the program goes over all bits with
value 1, setting them to 0, and then sets the first bit with value 0 (if any) to 1:

1 forall0<i<ndox; <0
2 while true do

3 forall0<i<ndo

4 xi<—1—x;

5 if x; = 1 then break
6

end

These two programs have a constant number of lines, but the iterator of the loop is
not a boolean variable. If we want to strictly adhere to the specification of the exercise
(only boolean variables), then we can just replace the loop by a chain of if-then-else instr-
uctions.

¥ f Exercise 114. When applied to program 1, algorithm SysA4ut outputs the system
automaton shown in the middle of figure 7.1. Give an algorithm SysAut' that outputs the
automaton depicted at the bottom.

Solution: First we modify line 14 of SysAut so that it adds transition

[q15--5qn] [q] 5]
(915 > Gn) —T (4}, .., q,] rather than [q1, . . ., gn] ———

41, - qn)-

We must further drop the initial state i. However, every reachable configuration ¢ without
any successor must now have an outgoing transition, labeled with ¢, leading to a final state
f. We introduce a flag no_successor to determine if a configuration has some successor or
not. The resulting algorithm is depicted as follows. The flag is set to false right after adding
the first successor at line 15. If the configuration has no successors, then we add the new
transition at line 17:



Solutions for Chapter 7 457

SysAut' (A1, ..., Ay)
Input: anetwork of automata (41, ...4,), where

Al = (Ql) 219519Q019Q1)5 s 7An = (Qna znaéna QOn, Qn)
Output: a system automaton S = (Q, X, 9, Qo, F)

1 0,0,F <0

2 Qo< Qo1 X -+ X Qo

3 W<«Qp

4 while W #£0 do

5 pick [q1, ..., q,] from W

6 add [g1,...,g,] to O

7 add [¢1,...,g,] to F

8 no_successors <— true

9 forallae 2, U...UZXZ, do
10 for allie[1..n] do
11 if a € Z; then O] < di(¢;, a) else Q) ={q;}
12 for all [¢},...,q,]1€ 0] x...x 0, do
13 if[g},...,q,] ¢ Othenadd [¢),...,q,] to W
14 add ([q1,....qn),[q15- -, qn). 14}, . q})) t0 6
15 no_successors < false
16 if no_successors = true then
17 add f to O; add f to F; add ([q1,...,9.4]),[q91,---,qn],f) to O

18 return (Q, 2,0, 0o, F)

% [& Exercise 117. Consider two processes (process 0 and process 1) being executed
through the following generic mutual exclusion algorithm:

1 while true do

2 enter(process_id)

3 critical section

4 leave(process_id)

5 for arbitrarily many iterations do
6 noncritical section

7 end

(a) Consider the following implementations of enter and leave:

1 x<0

2 proc enter(i)

3 whilex=1—-1ido
4 pass

5 proc leave(i)

6 x<1—i

(i) Design a network of automata capturing the executions of the two processes.

(ii) Build the asynchronous product of the network.
(iii)) Show that both processes cannot reach their critical sections at the same time.
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(iv) If a process wants to enter its critical section, is it always the case that it can eventually
enter it? Hint: Reason in terms of infinite executions.

(b) Consider the following alternative implementations of enter and leave:

1 xo < false

2 x) < false

3 proc enter(i)

4 X; < true

5 while x;_; do
6 pass

7 proc leave(i)
8 x; < false

(1) Design a network of automata capturing the executions of the two processes.

(i) Say whether a deadlock can occur—that is, can both processes get stuck trying to enter
their critical sections?

Solution:

(a)
(i)

Note that the above network forces the processes to read the contents of x simultaneously.
To avoid this, we can add new disjoint actions x =0 and x = 1’ as follows:
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(i)

x=1 nco

neo

x=0 ney

ney

459

For the second solution where asynchronous reads are allowed, we obtain the following

automaton:
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x <1

(ii1) Both processes can reach their critical section at the same time iff the asynchronous
product contains a state of the form (x, cg, ¢1). Since it contains none, this behavior cannot
occur. It also cannot occur in our second modeling.

(iv) No. Consider the following infinite run:
(0, €0, 01) = (0,co, 1) % (0, Lo, €1) Z=> (1, neo, e1) 5 (1, nep, 1) 25 - -

illustrated as follows:
nco
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The second process remains in e throughout this infinite run, so it never enters its critical
section. Since we have restricted x to be read at the same time, a process can stay in its
noncritical section as long as it wants while the other one cannot do anything.

In our second modeling, this infinite run still occurs as illustrated below. However, here

the second process is not stuck since it could take transition (1, ncg, e1) E) (1, nco, c1)
to reach its critical section. Therefore, the colored infinite run only occurs if the pro-
cess scheduler can let a process i run forever even though process 1 —i could make
progress.
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(b)
(1)
x0=0 xo=1 x1=0 x1=1
xp <1 x; <1
x0 <0 x1 <0
xp <0 xp <1 x1 <0 x; <1

neo

ney

(i1) Yes, consider this fragment of the asynchronous product of the network:
xXo=t

When (z, 1, eé), e’l) is reached, both processes are still trying to enter their critical section,
and it is impossible to move to a new state.

¥ & Exercise 118. Consider a circular railway divided into eight tracks: 0 — 1 — ... —
7 — 0. Three trains, modeled by three automata 77, 7>, and 73, circulate on the railway.
Each automaton 7; is defined as follows:

« states: {gi0,...,4i7};
« alphabet: {enteri,j]: 0 <j <7}, where enter[i,j] models that train i enters track j;
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« transition relation: {(g;;, enter(i,j ® 1],¢;jp1):0<j =<7}, where @ denotes addition
mod 8; and

« initial state: ¢; »; (i.e., initially the trains occupy tracks 2, 4, and 6).

Describe automata Cy, . .., C7, called local controllers, that ensure that two trains can
never be on the same track or adjacent tracks (i.e., there must always be at least one empty
track between two trains). Each controller C; can only have knowledge of the state of tracks
j©o1,j,and j @ 1; there must be no deadlocks; and every train must eventually visit every
track. More formally, the network of automata A = (Cy, . .., C7, Ty, T>, T3) must satisfy the
following specification:

(a) C; only knows the state of local tracks: C; has alphabet {enter|i,j© 1], enterli, ],
enter[i,j®1]:1<i<3};

(b) no deadlock and each train eventually visits every segment: L (A)|x,= (enter[i, 2i]
enter[i,2i @ 1] - - - enter[i, 2i ® 7])* for each i € {1,2,3}; and

(¢) no two trains on the same or adjacent tracks: for every word w € L (A), it is the case
that w=u enterl[i,j) enter[i’,j'] v and i’ # i implies |j —j'| ¢ {0, 1, 7}.

Solution: Let us write x #9 y as a shorthand for ~(x =y Ax#7?) (i.e., x Zyorx=?7=y).
We define the states of C; as triples assigning a track number from {j©1,/,j® 1,?} to
each train, where ? stands for an unknown track number w.r.t. the knowledge of the local
controller:

Oi={xe{ioL,jj® 1,27 x1 #ox2,x1 #9x3,X #9 X3,
o\ {(tel@ el Lol e ljal}h
The constraints ensure that no two trains are either on the same track or on adjacent tracks
w.rt. {© 1,7,/ @ 1}. The sole initial state of C; is defined as (f;(1),£;(2),/;(3)), where
L J2i if2ie{jol,)jel},
5@ = {? otherwise.

The transition relation of C; is defined as o (x, enter[i, k]) =y, where y; =k and y, =x;
for ¢ #i. Note that an invalid move (e.g., train 1 moving to track j while train 2 is on track
Jj @ 1), leads to an implicit trap state as no such state belongs to Q.

The definition of C; takes care of (a) and (c). Item (b) follows by definition of 77, 1>,
and T3.

Solutions for Chapter 8

¢ & Exercise 119. Give formulations in plain English of the languages described by the
following formulas of FO({a, b}), and give a corresponding regular expression:

(a) Ix first(x)
(b) Vxx <ux
(©) [=IxTy (x <y A Qu¥) A Qp(UDIA [Vx (Op(x) > Ty x <y A Q)] A [3x —Fy x <]
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Solution:

(a) All nonempty words: (a + b)(a+ b)*.

(b) The empty word: €.

(c) The first conjunct expresses that no a precedes an occurrence of b. The corresponding
regular expression is b*a*. The second conjunct states that every b is followed (immediately
or not) by an a; this excludes the words of 5™ . Finally, the third conjunct expresses that there

is a last letter (which, by the second conjunct, must be an a@). So, the overall expression
is b*at.

¥ & Exercise 120. Let = = {a, b}.

(a) Give a formula ¢, (x,y) from FO(X), of size O(n), that holds iff y =x 4 2”. Note that
the abbreviation y =x + k on page 202 has length O(k) and hence cannot be directly used.

(b) Give a sentence from FO(X), of size O(n), for the language L,={ww:we
>*and [w| =2"}.
(c) Show that the minimal DFA accepting L, has at least 22" states.

Hint: Consider residuals.

Solution:

(a) To simplify the notation, let us write “y=x+ 2" for “p,(x,y).” We can define y =
x + 2" inductively as follows:

(=x+2"):=3 <t=x+2”_1 A y=t+2"_l) .
However, since the formula for n is roughly twice as long as the formula for n — 1, this

yields a formula of exponential size. It can be made linear by rewriting it in the foll-
owing way:

y=x+2")
=vxX' vy ((x’:x/\y’:t)—)y’:x’—i—Z”_l) A ((x’:t/\y’:y)—>y/=x’+2”_l)
= VX' VY (—-(x’:x/\y’zt) \/y’=x’~|—2”_1> A (ﬁ(x’zt/\y’=y)\/y’=x'—|—2”_l)
=V VY (- =xAY =)A= =tAY =p)) vy =x + 27
(

=3tvx' vy (x/=x/\y/=t)\/(x/=t/\y/=y))—>y/=x’+2"_l.
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(b)

word has length 2" 42"

(Ix, .y z first(x) Ay=x+2"AY =y+1Az=) +2" Alast(z))

A | VxVy /\ (Qa(x)/\y=x+2n)—>Qa(Y)

o€fa,b}

word is of the form ww

(¢) Letu,ve{a, b}* be distinct words such that |u| = |v| =2". We have uu € L, and vu & L,,.
Thus, all words of length 2" belong to distinct residuals. There are 22" such words; hence,
Ly, has at least 22" residuals. O]

% B Exercise 121. The nesting depth d(¢) of a formula ¢ of FO({a}) is defined inductively
as follows:

« d(Qy(x)) =d(x <y)=0,

« d(=y)=d(y),

« d(p1V @2) =max{d(p1),d(p2)}, and
« d@x w)=1+4+d(y).

Prove that every formula ¢ from FO({a}) of nesting depth » is equivalent to a formula f
of QF having the same free variables as ¢ and such that every constant k appearing in f
satisfies k < 2". Hint: Modify suitably the proof of theorem 8.17.

Solution: We prove the claim by induction on the structure of formula ¢. If it is of the
form Q,(x), then the claim trivially holds as Q,(x) is a tautology over {a}, and no constant is
involved. If ¢ (x,y) =x <y, thend(¢p) =0 and ¢p =x <y + 0. If p = =y, then, by induction
hypothesis, y to a formula f of QF with constants of at most 2¢, where d is the depth of y
and hence of ¢. By De Morgan’s rule, we can remove the negation (e.g., —(x < k) becomes
x>k). If p =¢1 V ¢, then the claim follows immediately by induction hypothesis.

Let us now consider the case where ¢ =3x w. Let d and d + 1 be the nesting depth
of w and ¢, respectively. By induction hypothesis,  is equivalent to a formula f* of QF
whose constants are at most 29, and we can further assume that £ is in disjunctive normal
form, say f =/ V...V f,. Thus, ¢ =3Ixf; vV IAxfr V...V 3xf,, and so it suffices to find a
formula g; of QF equivalent to Jxf; and whose constants are of size at most 291!, The
formula g; is a conjunction defined as follows. All conjuncts of f; not containing x are
also conjuncts of g;; for every conjunct of f; of the form x> k or x >y + k, the formula
gi contains a conjunct /ast > k; for every two conjuncts of f; containing x, the formula g;
contains a conjunct obtained by “quantifying x away.” We only explain this by means of
an example: if the conjuncts are x > k| and y > x + ky, then g; has the conjunct y > k| + k».
It is easy to see that g; = 3x f;. Moreover, since the constants in the new conjuncts are the
sum of the two old constants, the new constants are bounded by 2 - 2¢ = 24+1, O
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¢ [Z] Exercise 124. Give a formula Odd_card(X) from MSO(Z) expressing that the set
of positions X has odd cardinality. Hint: Follow the pattern of Even(X).

Solution: We first give formulas First(x, X)) and Last(x, X) expressing that x is the first
and last position among those of X. We also give a formula Next(x, y, X) expressing that
y is the successor of x in X. It is then easy to give a formula Odd(Y, X) expressing that ¥
is the set of odd positions of X. More precisely, Y contains the first position among those
of X, the third, the fifth, and so on. Finally, formula Odd_card(X) expresses that the last
position of X belongs to the set of odd positions of X.

First(x,X) :=(x e X) AVy (y <x) = (v ¢ X),

Last(x,X):=(xeX)AVy (y>x) > (y ¢ X),
Next(x,y,X) =@xeX)APeX) A <) A—-Tz (x <2) A (z<p) A (z€X),

0dd(Y,X) :=Vx (x e Y < (First(x, X) v 3z 3u (z € Y) A Next(z, u, X) A Next(u, x, X)),
Odd_card(X) :=3Y (Odd(Y,X) A Vx Last(x,X) - (x € ¥)).

v [& Exercise 125. Give formulas of MSO({a, b}) that define the following languages:

(a) aa*b*,
(b) the set of words with an odd number of occurrences of a, and

(c) the set of words such that every two b with no other b in between are separated by a
block of a of odd length.

Solution: We use the macros defined in the chapter and the solution of exercise 124:

(@) Ix Qu(x) A[VxVy (Qa(x) A Op()) = (x <),

(b) AX [Vx (x € X) <> Q,4(x)] A Odd_card(X),

(c) VX [Block(X) AVx Op(x) <> (First(x, X) Vv Last(x, X))] — Odd_card(X).

¥ & Exercise 126. Given a formula ¢ from MSO(Z) and a second order variable X not
occurring in ¢, show how to construct a formula ¢ with X as a free variable expressing
“the projection of the word onto the positions of X satisfies ¢.” Formally, o must satisfy the
following property: for every interpretation V of 9, we have (w, V) |= o iff Wy, V) =
@, where w|y(x denotes the result of deleting from w the letters at all positions that do not
belong to V(X).

Solution: We first define two macros:
IxeX y:i=I3x (xeX Ay),
Y CTX y:=3Y Vx(x€Y)— (xeX Ay)).
Now we define ¢ inductively as follows:

« if g is of the form Q,(x), x <y, x € X, =y or g1 V 93, then pX =g;
« if g =3x y, then p¥ =Ix e X y¥; and
e ifp=3Y y, then p¥ =3V C X y*.
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77l Exercise 128. Consider the logic PureMSO(X) with syntax
pu=XC 0| X<Y|XCY|—ploVe|[IX g

Note that formulas of PureMSO(X) do not contain first-order variables. The satisfaction
relation of PureMSO(X) is given by

wYV) E XcCQ, iff wlp]l=aforeverypeV(X),
wV) E X<Y iff p<p foreverypeV(X),p eV(Y),
wV) E XCY iff VX)CVQ),

with the rest as for MSO(X).

Prove that MSO(X) and PureMSO(X) have the same expressive power for sentences—
that is, show that for all sentence ¢ of MSO(ZX), there is an equivalent sentence y of
PureMSO(Z) and vice versa.

Solution: <) Let y be a sentence of PureMSO(X). Let ¢ be the sentence of MSO(X)
obtained by replacing every subformula of y of the form

XCY by Vx(xeX—xeY),
XS0, by Vx(xeX—0u),
X<Y by WaVy(xeXAyeY)— (x<y).

Clearly, ¢ and y are equivalent.

=) Let Sing(X) :=3x € X Vy € X (x=y) express that X is a singleton. Let ¢ be a sen-
tence of MSO(ZX). Assume without loss of generality that for every first-order variable x,
the second-order variable X does not appear in ¢ (otherwise, rename second-order vari-
ables appropriately). Let i be the sentence of PureMSO(ZX) obtained by replacing every
subformula of ¢ of the form

0.(x) by XSO,
x<y by X<Y,
xeY by XCv,
Ay’ by X (Sing(X) A y'[x/X]),
where w'[x/X] is the result of substituting X for x in y’.

Clearly, ¢ and  are equivalent. O
¥r B Exercise 129. Recall the syntax of MSO(X):
9:=04s(x) [x<ylxeX|—ploVe|Ixp|IX ¢
We have introduced y =x + 1 (“y is the successor position of x’) as an abbreviation:
=x+1)=@x<y)A—-Tz(x<zAz<Yy).

Consider now the variant MSO’(X) in which, instead of an abbreviation, y =x+ 1 is part
of the syntax and replaces x < y. In other words, the syntax of MSO'(Z) is

9 =04(x) | y=x+1|xeX|—=p|lopVe|Iep|IX ¢
Prove that MSO’(X) has the same expressive power as MSO(X).
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Solution: It suffices to give a formula of MSO’(X) with the same meaning as x < y.
Observe that x < y holds iff there is a set ¥ of positions containing y and satisfying the fol-
lowing property: every z € Y is either the successor of x or the successor of another element
of Y. Formally:

(x<y)y:=3FY yeYIAVzeY (z=x+ 1) VvIueY z=u+1))]. O

¢ & Exercise 131. Consider a formula ¢ (X) of MSO(X) that does not contain any occur-
rence of predicates of the form Q,(x). Given two interpretations that assign the same set of
positions to X, we have that either both interpretations satisfy ¢ (X), or none of them does.
Thus, we can speak of the sets of natural numbers satisfying ¢ (X).

This observation can be used to automatically prove some (very) simple properties of
the natural numbers. Consider, for instance, the following “conjecture”: every finite set of
natural numbers has a minimal element.! The conjecture holds iff the formula

Has_min(X):=3IxeX VyeX (x<y)

is satisfied by every interpretation in which X is nonempty. Construct an automaton for
Has_min(X), and check that it recognizes all nonempty sets.

Solution: After replacing abbreviations, we obtain the equivalent formula
Ix[xeXA (=T (eX Ay <x))].

The DFA for formula =3y (y € X Ay <x), where the encoding of x is at the top and the
encoding for X is at the bottom, is as follows:

-
oo

In words, this DFA checks that the 1 marking position x comes before or at the same time
as the ones encoding the elements of X. Intersecting this DFA with one for formula x € X
yields

1. Of course, it also holds for all infinite sets, but we cannot prove it using MSO over finite words.
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HEsl

After projection onto X (second row), we get a DFA for Has_min(X):

In words, this DFA recognizes all words with at least one 1, which corresponds to nonempty
sets.

Solutions for Chapter 9

¢ [E Exercise 133. Express the following expressions in Presburger arithmetic:

(a) x=0and y=1 (if 0 and 1 were not part of the syntax),

(b) z=max(x,y) and z=min(x, ).

Solution:

(@) x=x+xand (x <) A=[Fz =z <) A=y <2)],

b) [=x)=>=x)A=<y)—> =y ]and [()<x) > z=y) A X <y)—> (z=x)].

¥ «f Exercise 134. How can one determine algorithmically whether two formulas from
Presburger arithmetic have the same solutions?

Solution: Given two formulas ¢; and ¢, over the same free variables, we can construct
automata 41 and A,, respectively, for ¢ and ¢;. It then suffices to check whether £ (41) =
L (A7), which can be done, for example, by testing £ (A1) N L (Ay) =W and L (A1) NAr =0
using the pairing of 41 and A4>.

Y7 &% Exercise 136. Construct an automaton for the Presburger formula 3y (x = 3y) using
the algorithms of the chapter.

Solution: Let us rewrite the formula as Jy (x — 3y =0). We first use algorithm EqtoDFA
to obtain an automaton for the expression x — 3y =0:
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Tter. Current automaton /4

0 (0}

2 [(l’] 2

It remains to project the automaton on x (i.e., on the first component of the letters). We
obtain

0 1
1 0
1 0

% ¢ Exercise 137. Algorithm AFtoDFA yields a DFA that recognizes solutions of a linear
inequation encoded using the LSBF encoding. We may also use the most-significant-bit-first

encoding—for example,
2 ol" 1] o
wsor (3])=[o] L]

(a) Construct a DFA for 2x — y <2, w.r.t. MSBF encodings, by considering the reversal of
the DFA given in figure 9.1 for LSBF encodings.
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(b) Rename the states of the DFA obtained in (a) by their minimal state number, and explic-
itly introduce a trap state named 3. Compare values 2x — y and ¢ for tuples [x, y] that lead
to a state g. What do you observe?

(c) Adapt algorithm AFtoDFA to the MSBF encoding.

Hint: Design an infinite automaton obtained from a - c = g and make it finite based on (b).

Solution:

(a) Let us consider the DFA from figure 9.1. By reversing its transitions, making its
accepting states initial, and making its initial states accepting, we obtain this NFA:

0] o -
o) [
By determinizing the above NFA, we obtain this DFA:

il o] L2}

(b) By renaming the states of the DFA obtained in (a) by their minimal number, and by
adding a trap state 3, we obtain this DFA:
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By inspection, we observe that the tuples [x, y] that lead to state g € {—1,0, 1,2} are those
that satisfy 2x — y =¢. For example, the word [001001,010011] leads to state —1, and it
encodes [9, 19], which yields 2-9 — 19 =18 — 19 = —1. Furthermore, the tuples that lead
to states ¢ = —2 and g = 3 are those that respectively satisfy 2x —y < —2 and 2x — y > 3.

(c) We consider the language recognized by some state ¢ of an automaton 4 to be the
language recognized by 4 when making ¢ its unique accepting state. The hint and the
observation of (b) suggest to construct an automaton for a - ¢ < b that satisfies the following

property:
¢ € Z recognizes the encodings of the tuples ce N" s.t. a-c=gq. (0.1)

Let ¥ ={0, 1}". Given a state g € Z and a letter ¢ € X, let us determine the target state ¢’ of
the transition (g, ¢, ¢’) of the automaton. A word w € £* is recognized by ¢ iff the word w¢ is
recognized by ¢’. Since we use the MSBF encoding, if ¢ € N” is the tuple of natural numbers
encoded by w, then the tuple encoded by w¢ is 2¢ + ¢. Thus, ¢ € N” is recognized by ¢ iff
2¢ + ¢ is recognized by ¢'. Therefore, in order to satisfy property (0.1), we must choose ¢’
sothata-c=gq iffa- (2c+¢)=¢'. Consequently, ¢ =2(a-c)+a-¢=2q+a-¢, and so
we define the transition function of the automaton by d(g, (') =2¢ + a - . We observe that a
state is final iff it recognizes tuples ¢ such that a - ¢ = g for ¢ < b; hence, we make all states
q < b final. We choose 0 as the initial state since a - (0,...,0) =0.
The resulting automaton is infinite. For example, let us reconsider 2x — y <2. We have

1,0 0,0 0,0 0,0
o 101 5 100, 1001 o 1001 g

0,1 0,0 0,0 0,0
00N 00 00, (00

Nonetheless, once we reach —2 or 3, the next states are irrelevant: either we accept or reject
forever. Indeed, from —2 and 3, only numbers respectively from (—o0, 2] and [3, +00) can
be generated. More generally, let

A_= Z min(a;,0) and A4 = Z max(a;, 0) .

1<i<n 1<i<n
———o
sum of negative coefficients sum of positive coefficients

It can be shown that states from [max (b + 1, —A_), +00) can only reach states from this set
and that states from (—oo, min(b, — A ;)] can only reach states from this set. For example,
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for 2x — y <2, we obtain the previously identified numbers:
max(h+1,—A_)= max2+1,—(-1)= 3,
min(b, —A4+) = min(2, -2) =-2.

This leads to the algorithm AFtoDFA’'(p) below, where for clarity, the state corresponding
to k € Z is denoted by sy:

AFtoDFA'(p)
Input: Atomic formulagp =a-x<b
Output: DFA 4, = (0, £,,qo, F) such that £ (4,) =L (p)

1 Q,0,F «; qo <50

2 W < {so}

3 hi<max(b+1,—),_,_,min(g;0))
4 lo < min(b,— Y, _;-, max(a;,0))
5 while W#@do

6 pick s; from W

7 add s; to O

8 if k£ <b then add s; to F’

9 for all - € {0, 1}" do
10 j<2k+a-¢
11 if j > hi then j < hi
12 if j <lo then j < lo
13 if s; ¢ O then add s; to W/
14 add (s¢,¢,s/) to o

Let us now prove that it is indeed correct to “finitize” the states as we did. Let we **
and ¢ € . Assume that a - val(w) > max(b + 1, — A _). First, note that w is rejected since
val(w) > b. Moreover, we have a - val(w() > max(b+ 1, —A_) since

a-valwg)=2-a-val(w)+a-val(()
>2 -max(b+1,—A_)+a-val(()

>2-max(b+1,—A_)+ Y min(a;,0)

I<i<n
=2-max(b+1,—A_)+ A_
=max(2(b+1),—A_)
>max(b+1,—A_) (by —A_>0).

Thus, it is correct to “merge” all states from [max(b+ 1, —A_), +00) into a rejecting trap
state.
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Now, assume that « - val(w) < min(b, — A ;). First, note that w is accepted since val(w) <
b. Moreover, we have a - val(w') < min(b, —A ;) since

a-valwg)=2-a-val(w)+a-val(()
<2-min(b, —A4)+a-val()

<2-min(b, —A}) + Z max(a;, 0)

l<i<n
=2-min(b, —A+)+ Ay
=min(2b, —A})
> min(b, —A ) (by —A4 <0).

So, it is correct to “merge” all states from (—oo, min(b, —A ;)] into a self-accepting
state. 0

% o/ Exercise 138. Suppose it is late and you are craving for chicken nuggets. Since
you are stuck in the subway, you have no idea how hungry you will be when reaching
the restaurant. Since nuggets are only sold in boxes of 6, 9, and 20, you wonder if it will
be possible to buy exactly the amount of nuggets you will be craving for when arriving.
You also wonder whether it is always possible to buy an exact number of nuggets if one is
hungry enough. Luckily, you can answer these questions since you are quite knowledgeable
about Presburger arithmetic and automata theory.

For every finite set.S C N, we say that number n € N is an S-number if n can be obtained as
a linear combination of elements of S. For example, if S = {6, 9, 20}, then 67 is an S-number
since 67=3-6+1-9+2-20, but 25 is not. For some sets S, there are only finitely many
numbers that are not S-numbers. When this is the case, we say that the largest number that
is not an S-number is the Frobenius number of S. For example, 7 is the Frobenius number
of {3, 5}, and S = {2, 4} has no Frobenius number.

To answer your questions, it suffices to come up with algorithms for Frobenius numbers
and to instantiate them with § = {6, 9, 20}.

(a) Give an algorithm that decides, on input » € N and a finite set S Cgpite N, whether # is
an S-number.

(b) Give an algorithm that decides, on input S Cgpite N, whether S has a Frobenius number.
(c) Give an algorithm that computes, on input S Cgpite N, the Frobenius number of S
(assuming it exists).

(d) Show that S=1{6,9,20} has a Frobenius number, and identify it.

Solution:

(a) Let S={ay,a2,...,a;}. Anumber n € N is an S-number iff there exist x1,x2,...,x; €
N such that n =ajx| +axxy + ...+ arx; which is equivalent to n —ajx; —axxy — ... —
apxy = 0. Therefore, given S, we do the following:

(i) construct a transducer 4 that accepts the solutions of y —ajx; —axxy — ... —apx =0
using algorithm EqtoDFA,
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(i) construct an automaton B obtained by projecting 4 onto y,
(iii) test whether LSBF(n) is accepted by B, and

(iv) return true iff LSBF(n) is accepted.
Note that 4 is a DFA, but B might be an NFA due to the projection.

(b) Let B be the automaton constructed in (a). Observe that S has a Frobenius number iff
{n e N:LSBF(n) € L (B)} is finite. This suggests to complement B. Since B is an NFA, we
first convert it to a DFA B’ and then complement B'. Let C be the resulting DFA.

To test whether S has a Frobenius number, it is now tempting to test whether £ (C) is
finite. This is, however, incorrect. Indeed, every natural number has infinitely many LSBF
encodings (e.g., 2 is encoded by 010*). Thus, £ (C) will be infinite even if C accepts finitely
many numbers. To address this issue, we prune £ (C) by keeping only the minimal encoding
of each number accepted by C. Note that an LSBF encoding is minimal iff it does not
contain any trailing 0. Thus, we can construct a DFA M that accepts the set of minimal
LSBF encodings:

To prune L (C) of the redundant LSBF encodings, we construct a new DFA D obtained by
intersecting C with M.

It remains to test whether £ (D) is finite. By construction, every state of D is reachable
from the initial state. However, due to our transformations, it may be the case that some
states of D cannot reach a final state. We may remove these states in linear time. This can
be done by (implicitly) reversing the arcs of D (seen as graph) and then performing a depth-
first search from the final states. The states that are not explored by the search are removed
from D. Let D' be the resulting DFA. Testing whether £ ( / ) is finite amounts to testing

whether D’ contains no cycle. This can be done in linear time using a depth-first search.
The overall algorithm is as follows:

(i) convert B to a DFA B/,

(ii) obtain a new DFA C by complementing B’,

(ii1) obtain a new DFA D by intersecting C with M,

(iv) obtain a new DFA D’ by removing every state of D that cannot reach some final state,
(v) test whether D' contains a cycle, and

(vi) return frue iff D' contains no cycle.

Let us show that it is indeed the case that £ (D/ ) is finite iff D’ has no cycle or, equivalently,
that £ ( ’) is infinite iff D’ contains a cycle. Let D' = (Q, {0, 1}, d, qo, F).
=) Assume ﬁ( / ) is infinite. By assumption, D" accepts a word w such that |w| =m

for some m > |Q|. Let qo,91,...,q9m € O be such that gg AN q1 EY q - Yom qm-. By the
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pigeonhole principle, there exist 0 <i <j < m such that g; = ¢;. Thus, D’ contains the cycle

Wit Wit wj
qi > qi+1 > > .

<) Assume D’ contains a cycle ¢ 5 g for some g € Q and v € {0, 1} By construction of
D', state ¢ is reachable from ¢, and ¢ can reach some final state ¢ € F. Therefore, there
exist u, w € {0, 1}* such that

u v w
q0 = 49— 4 — 4qf-

Since g 5 g can be iterated arbitrarily many times, every word of uv*w is accepted by DV,
which implies that £ (D) is infinite.

(c) Assume S has a Frobenius number. Let D’ be the DFA obtained in (b). The Frobe-
nius number of S is the largest natural number n accepted by D'. By assumption, £ ( ’)
is finite. Thus, we could find » by using a brute-force approach where we go through all
words accepted by D'. Tt is, however, possible to find #» much more efficiently with dynamic
programming.

Observe that D’ is acyclic. Therefore, we may compute a topological ordering
q0,91, - - - ,qm of Q. For every 0 <i<m, let

(= argmax, ., value(w),

where L; ={w e {0,1}*: qo = ¢qi}. Due to the topological ordering, each ¢; can be computed
as follows:
& ifi=0,
¢;={ argmax,,y value(w), where Fis0
W={tj-a:0<j<iaec{0,1},0(g;,a) =q;} '
Once each ¢; is computed, we can easily derive 7 since n = max{value(¢;) : ¢; € F}.
Note that to test whether value(u) > value(v), it is not necessary to convert u and v to

their numerical values. Instead, the test can be carried by testing whether u is greater than
or equal to v under the colexicographic ordering (i.e., u® =ex V).

(d) By executing our procedure for S={6,9,20}, we obtain a DFA D’ with thirty states
and no cycle. Thus, S has a Frobenius number. By executing the procedure described in (c),
we obtain 43 as the Frobenius number of S.

¢ 7= Exercise 140. Converting a Presburger formula over k variables into a DFA yields an
alphabet of 2% letters. In order to mitigate this combinatorial explosion, one can instead label
transitions with boolean expressions. For example, [0, 1] can be written as —x A y, and the
set {[1,0],[1, 1]} can be written as x. Such expressions can internally be represented (e.g.,
as binary decision diagrams).

(a) Give DFAs for formulas x < y and y < z, using boolean expressions rather than letters.
(b) Construct a DFA forx <y <z.
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Solution:
(a)
XV -y —xVy yVv -z —yVz
XAy YAz
XAy YAz

(b) We intersect the two above DFAs by taking the conjunction of expressions. For example,

xvV-y —yAz . (xXV=Y)A(—yAZ)
po — po and qo —— q yields (po, g0) ————

(Po,q1)-

The expression (x VV —y) A (—y A z) can be simplified to —y A z. By proceeding this way and
simplifying boolean expressions, we obtain the following DFA whose trap state is omitted
for the sake of readability:

xV=Y)A(V—2) —yV (xAz)

O =)

a

YV (=xA—z) (=xVY)A(myVz)

XA=YA =z

Note that the above DFA has fourteen explicit transitions plus three implicit transitions
for the omitted trap states. The DFA we would obtain by using letters rather than boolean
expressions would have twenty-eight explicit transitions plus twelve implicit transitions for
the omitted trap states.
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Solutions for Chapter 10

¥ [&] Exercise 141. Construct Biichi automata and w-regular expressions, as small as pos-
sible, recognizing the following w-languages over the alphabet {a, b, c}. Recall that inf(w)
is the set of letters of {a, b, ¢} that occur infinitely often in w.

(a) {(wela,b,c}?:{a,b} Dinf(w)},
(b) {wela,b,c}? :{a,b} =inf(w)},
(c) {wela,b,c}”:{a,b} Cinflw)}.

Solution: Let us first provide w-regular expressions for the three languages:

(a) [(b+c)*ala+ c)*b]?,
(®) (@+b+c)*(a+b)®,
(©) (@a+b+c)*(aa*bb*)®.

We now provide Biichi automata for the three languages.

(a) The automaton must recognize the set of w-words containing only finitely many c.
We claim that the following Biichi automaton achieves this task. Indeed, every word with
finitely many occurrences of c¢ is accepted: the automaton just moves to g; after the last
c. Conversely, every accepting run must eventually move to ¢, and so the word accepted
contains only finitely many c.

a,b,c a,b

(b) The automaton must recognize the w-words containing infinitely many «, infinitely
many b, but only finitely many c. Every such w-word is accepted by the following automa-
ton: the automaton moves to ¢ after the last c. The rest of the word contains only @ and b,
both infinitely many times, and hence infinitely many occurrences of ab. At each of them,
the automaton takes the loop through ¢>. Conversely, every accepted word contains only
finitely many c¢, because after moving to g1, no further ¢ can be read, and both infinitely
many occurrences of a and b, because every accepting run must visit ¢, infinitely often,
and each visit contributes an ¢ and a b.

(c) The following automaton recognizes all w-words containing infinitely many a and
infinitely many b and either finitely or infinitely many c¢. To show that every such word is
accepted by the automaton, we have to modify the argument of (b): now every word in the
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language contains infinitely many subwords of ac*b, and the automaton accepts the word
by moving to ¢ at each of these subwords. For the converse, it is clear that every visit to
q1 requires to read an a and a b, and so every accepted word contains both letters infinitely
often. Note that we cannot remove ¢, and add a self-loop labeled by c to ¢1, because then
the automaton would accept, for instance, ac®.

¢ B Exercise 145. Recall that every finite set of finite words is a regular language. Prove
that this does not hold for infinite words. More precisely:

(a) Prove that every nonempty w-regular language contains an ultimately periodic w-word
(i.e., an w-word of the form uv® for some finite words u € T* and ve T ).

(b) Give an w-word w such that {w} is not an w-regular language. Hint: Use (a).
Solution:

(a) Let L be a nonempty w-regular language and let B=(Q, {0, 1},0, Qp, F) be an NBA
that recognizes L. Since Q is finite, there existu € 2*, ve X1, go € Qp, and g € F such that

g0 —>q—>q.

Consequently, we have uv® € L by iterating v from state q. O
(b) Let we {0, 1} be the word given by

|1 ifiisasquare,
=10 otherwise.
We prove that w is not ultimately periodic, which, by (a), implies that {w} is not w-regular.
For the sake of contradiction, suppose w = uv® for some u € {0, 1}* and v € {0, 1}T. If v € 0%,
then we obtain a contradiction. Thus, there exists 1 <i < |v|suchthatv;=1.Letm = |u| +i
and n = |v|. By definition of w, m +j - n is a square for every j > 0. In particular, there exist
0 < a < b such that
m+n-n=a*andm+n-n+n=>5h

Note that a > n. Moreover,
b2=a2+n§a2+a <d®>4+2a+1 =(a+ 1)2.

Therefore, a? < b? < (a+ 1)2, which is a contradiction. O]
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¥7 M Exercise 146. Consider the class of nondeterministic automata over w-words with the
following acceptance condition: an infinite run is accepting iff it visits an accepting state
at least once. Show that no such automaton accepts the language of all words over {a, b}
containing infinitely many @ and infinitely many b.

Solution: For the sake of contradiction, suppose there exists such an automaton B =
(0,{a, b}, 0, Qo, F) recognizing L. Let n=|Q|. Since w= (ab™)® belongs to L, there exist
u,v e {a,b}*, qo € Qo, qacc € F, and rg, 71, ..., 1, € O such that

u v b b b
40 —> Qacc —> V0 —> 11 —> > I'p.

By the pigeonhole principle, there exist 0 <i <j < such that 7; = r;. Therefore,

u vb! b b bt
40 —> Qacc —> Ti Tj Tj

We conclude that uvb' (b/~)® is accepted by B, which is a contradiction as it contains finitely
many occurrences of a. O

¥ & Exercise 147. The limit of a language L C X* is the w-language lim(L) defined
as w € lim(L) iff infinitely many prefixes of w are words of L (e.g., the limit of (ab)* is

{(ab)*}).

(a) Determine the limit of the following regular languages over {a, b}:

() (a+b)*a,

(i1) the set of words containing an even number of «,

(iii) a*b.

(b) Prove the following: An w-language is recognizable by a deterministic Biichi automaton
iff it is the limit of a regular language.

(c) Exhibit a nonregular language whose limit is w-regular.

(d) Exhibit a nonregular language whose limit is not w-regular.

Solution:

(a)

(1) The set of w-words containing infinitely many a.

(i) The set of w-words containing infinitely many a, plus the set of w-words containing a
finite even number of a.

(iii) The empty w-language.

(b) Let B be a deterministic Biichi automaton recognizing an w-language L. Consider B
as a DFA, and let L’ be the regular language recognized by B. We show that L = lim(L’).
If w e lim(L'), then B (as a DFA) accepts infinitely many prefixes of w. Since B is determin-
istic, the runs of B on these prefixes are prefixes of the unique infinite run of B (as a DBA)
on w. So the infinite run visits accepting states infinitely often, and so w € L. If w € L, then
the unique run of B on w (as a DBA) visits accepting states infinitely often, and so infinitely
many prefixes of w are accepted by B (as a DFA). Thus, w € lim(L'). O
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(c) Let L= {a”2 :n>0}. We have lim(L) ={a®}, which is w-regular, although L is not
regular. Alternatively, if L = {a"b" : n > 0}, then lim(L) = {J, which is also w-regular.

(d) Let L={a"b"c™ :n,m > 0}. We have lim(L) = {a"b"c” : n > 0}. Suppose this language
is w-regular and hence recognized by a Biichi automaton B. By the pigeonhole principle,
there are distinct n1, n, € N and accepting runs pp, po of B on @b ¢® and a"2b"2¢® such
that the state reached in p; after reading ¢! and the state reached in p; after reading a2
coincide. This means that B accepts a"!bh™ ¢, which contradicts the assumption that B
recognizes L.

vl Exercise 148. Let L; = (ab)® and let L, be the w-language of all w-words over {a, b}
containing infinitely many a and infinitely many b.

(a) Exhibit three different DBAs with three states recognizing L.
(b) Exhibit six different DBAs with three states recognizing L.
(c) Show that no DBA with at most two states recognizes L or L.

Solution:

(a) We obtain three DBAs for L from the one below by making go, g1, or both accepting

(b) Here are two different DBAs for L,. We obtain two further DBAs from each of these
automata by making either g or ¢; the initial state.
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(c) Assume there is a DBA B with at most two states recognizing L. Since L is nonempty,
B has at least one (reachable) accepting state g. Consider the transitions leaving ¢ labeled by
a and b. If any of them leads to ¢ again, then B accepts an w-word of the form wa® or wb®
for some finite word w. Since no word of this form belongs to L, we reach a contradiction.
Thus, B must have two states g and ¢’, and transitions

b
la=q—>¢ andtp=q —> ¢

Consider any accepting run p of B. If the word accepted by the run does not belong to L, we
are done. So assume it belongs to L. Since p is accepting, it contains some occurrence of
t, or tp,. Consider the run p’ obtained by exchanging the first occurrence of one of them by
the other (i.e., if 7, occurs first, then replace it by #, and vice versa). Then, p’ is an accepting
run, and the word it accepts is the result of turning an « into a b or vice versa. In both cases,
the resulting word does not belong to L, so we reach again a contradiction, and we are
done.

The proof for L, is similar. O

¢ B Exercise 150. In definition 2.20, we introduced the quotient A/P of an NFA 4 with
respect to a partition P of its states. In lemma 2.22, we proved L (4) = L (4/P;) for the
language partition Py that puts two states g1, g2 in the same block iff £4(q1) = L4(g2). Let
B=(0, X,0,Qo, F) be an NBA. Given a partition P of O, define the quotient B/P of B with
respect to P as for an NFA.

(a) Let P, be the partition of Q that puts two states ¢g1,q> of B in the same block iff
LeB(q1) =Ly B(q2), where L, p(q) denotes the w-language containing the words accepted
by B with ¢ as initial state. Does L, (B) = L, (B/P¢) always hold?

(b) Let CSR be the coarsest stable refinement of the equivalence relation with equivalence
classes {F, O\ F}. Does L, (4) = L, (A/CSR) always hold?

Solution:

(a) No. The following Biichi automaton, which is even deterministic, is a counterexample.
All states accept the same language: the words containing infinitely many @ and infinitely
many b. The quotient is an automaton with a single state, both initial and accepting, that
recognizes the set of all words. O
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(b) Yes. The relation CSR partitions the set of states into blocks such that the states of a
block are either all accepting or all nonaccepting (because every equivalence class of CSR
isincluded in F or O\ F). Moreover, since CSR is stable, for every two states g, 7 of a block
of CSR and for every (g, a, q) € J, there is a transition (7, a, 7’) such that ¢/, 7 belong to the
same block. This implies £ (¢) = L (r), because every run

ap a an
q—>4q1—>4q92 - —>{qn

can be “matched” by a run

a a ap
F—>r—> 1y —> 1y

in such a way that, for every i > 1, states ¢;, r; belong to the same block, and so, in particular,
qn 1s accepting iff 7, is accepting, which implies a1 - - - a, € L (q) iff a; - - - a, € L (7).
Observe that we not only have that g, and 7, are both accepting or nonaccepting: the
same holds for every pair g;, r;. Moreover, the property also holds for w-words: every in-
finite run
aip a as
q—q1 —>q2——>43 "

is “matched” by an infinite run
a a a3
r—ry——rn—r3y:--:
so that, for every i > 1, states ¢;, ; are both accepting or nonaccepting. This immediately
proves L, (4) = L, (A/CSR). O

¢ l Exercise 151. Let L be an w-language over alphabet X, and let we X*. The w-
residual of L is the w-language L ={w' € T?:ww' € L}. An w-language L’ is a residual
of L if L' =L" for some word we X*. We show that the theorem stating that a language
of finite words is regular iff it has finitely many residuals does not extend to w-regular
languages.

(a) Prove this statement: If L is an w-regular language, then it has finitely many residuals.
(b) Disprove this statement: Every w-language with finitely many residuals is w-regular.

Hint: Consider a nonultimately periodic w-word w and its language Tail,, of infinite tails.
Solution:

(a) Let B=(Q, X,6, 0o, F) be an NBA that recognizes L. For every O’ € 0, let L, (Q') be
the language recognized by B with Q0 as the set of initial states. For every we X*, let

Ow=1{q€Q:qo —> q for some go € O}

Clearly, we have L" = L, (Q,,). Therefore, L has at most 2!/ residuals. O

(b) Let w be some nonultimately periodic w-word (e.g., the one from the solution of exer-
cise 145 or the digits of 7). Let Tail,, be the set of all infinite suffixes of w, and define
L= X*Tail,,, where X is the alphabet of letters that appear in w. We show the following:

« L has only one residual.
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Let wi,wy € £*. We prove L"! =L"2. Let w € L"!. By the definition of residual and
of L, we have wiw' € £*Tail,,. Note that Tail,, is closed under suffix (i.e., if an w-word
belongs to 7Tail,,, then so do all their suffixes). Thus, we have w' =u v for some v € Tail,,.
Consequently, wouv € *Tail,,, which implies wow' € L, and so w' € L"2.

« L is not w-regular.

Assume L is w-regular. By exercise 145, L contains an ultimately periodic word uv®.
This means that some tail of w is of the form «/v*, and hence w = u”v* for some word u”,
contradicting the fact that w is not ultimately periodic. O

¥r o Exercise 152. The solution to exercise 150(2) shows that the reduction algorithm for
NFAs that computes the partition CSR of a given NFA A and constructs the quotient 4/CSR
can also be applied to NBAs. Generalize the algorithm so that it works for NGAs.

Solution: Let B=(0Q, 2,0, q0,{F1,...,F,}) be an NGA. Let us consider the following
partition of Q. Two states g, 7 € O belong to the same block if

foreveryie{l,...,n} either {g,7} S F; or {g,r} N F; =0.

Let CSR’ be defined as the coarsest stable refinement of this partition. For every two states
g, 7 € Q belonging to the same block of CSR’, we now have that every infinite run

ai a as
q—4q1 —>4q2 —>4q3 -

is “matched” by a run
ay a as
r——r——>rn—r3--:
so that for every i> 1 and for every je{1,...,n}, either {g;,r;} CF; or {g;,r;} N F;=0.
Thus, we get L, (B) =Ly, (B/CSR’).

ve Il Exercise 154. Show that a parity condition (F'1, F>,...,F2,) is equivalent to the
Streett condition {{(#, F1), (F2,F3), ..., {(Fom—2,Fom_1)}.

Solution: With the parity condition (F|, F>, ..., Fa;), arun p is accepting iff the smallest
index i satisfying inf p N F; # @ is even. This is equivalent to: A run p is accepting iff it is
not the case that the minimal index 7 such that inf(p) N F; % @ is odd. In other words, p is
accepting iff

not( inf(p) NF1 £0
or inf(p)NF, =0 and inf(p) NF3#0,
Or e
or inf(p)NFyy—2=0 and inf(p)NFru_1#£0 )

which can be rewritten as

inf(p)N@#@ or inf(p)NF1 =0,
and inf(p)NFy#0 or inf(p)NF3=0,
and ...
and inf(p)NFry—n#@ or inf(p)NFy,_1=0.

This is exactly the Streett condition {(@, F'1), (F2, F3),. .., (Fam—2,Fom—1)}. O]
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Solutions for Chapter 11

7 & Exercise 155. Consider the following two Biichi automata (NBAs). Interpret them as
generalized Biichi automata (NGAs), construct their intersection, and convert the resulting
NGA into an NBA.

A: B:

b c a

RO==0 O==0

Solution: We first obtain the following NGA with acceptance condition G = {Fy, F'1}
depicted respectively as hatched and filled states:

@ - @
a

By making two copies, we obtain the following equivalent NBA:

¢ £ Exercise 156. Let L, = {w € {a, b, c}*’ : w contains infinitely many &s}. Give deter-
ministic Blichi automata for languages L,, Ly, and L.; construct the intersection of these
automata interpreted as NGAs; and convert the resulting NGA as a Biichi automaton.

Solution: The following Biichi automata respectively accept Ly, Lp, and L,:

b,c a a,c b a,b c

a ‘ b ‘ C ‘
a, c

b,c > a,b
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By applying the intersection and conversion procedures, we obtain the following determin-
istic Biichi automaton:

v & Exercise 158. An w-automaton has acceptance on transitions if the acceptance
condition specifies which transitions must appear infinitely often in a run. All classes of
w-automata (Biichi, Rabin, etc.) can be defined with acceptance on transitions rather than
states.

Give minimal deterministic automata, for the language of words over {a, b} containing
infinitely many a and infinitely many b, of the following kinds: (a) Biichi (with state-
based accepting condition), (b) generalized Biichi (with state-based accepting condition),
(c) Biichi with acceptance on transitions, and (d) generalized Biichi with acceptance on
transitions.

Solution: Automata (a), (b), (c), and (d) are respectively as follows, where colored
patterns indicate the sets of accepting states or transitions:
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¥ £ Exercise 159. Consider the following Biichi automaton over X = {a, b}:

a,b b

(a) Sketch dag(abab®) and dag((ab)?).
(b) Let ry, be the ranking of dag(w) defined by

1 ifg=qo and (qo, i) appears in dag(w),
rw(q,i)=130 ifg=gq; and (q1, i) appears in dag(w),
1 otherwise.
Are Fgpgpe and r(gpye odd rankings?
(c) Show that r, is an odd ranking if and only if w & L, (B).

(d) Build a Biichi automaton accepting £, (B) using the construction seen in the chapter.
Hint: By (c), it is sufficient to use {0, 1} as ranks.

Solution:

(a) dag(abab®):

dag((ab)®):
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(b)
o Tapahe IS not an odd ranking since
a b a b b b
<4050) - <(10, 1> - (QOaz) - <4053) - <Cll,4> - (41,5) >

is an infinite path of dag(abab®) not visiting odd nodes i.o.

* F(abye Is an odd ranking since it has a single infinite path:

b b b
(90,0) = (g0, 1) = (q0,2) > (0,3) = (40, 4) = (g0, 5) = -+~
which only visits odd nodes.
(¢) =) Letwe L, (B). We have w=ub® for some u € {a, b}*. This implies that

b b b
(40, 0) = (o, lul) = {qu, lul + 1) => (g1, lu] +2) = - -

is an infinite path of dag(w). Since this path does not visit odd nodes infinitely often, r is
not odd for dag(w).

<) Let w & L, (B). Suppose there exists an infinite path of dag(w) that does not visit
odd nodes infinitely often. At some point, this path must only visit nodes of the form (g1, ).
Thus, there exists u € {a, b}* such that

b b b
(40, 0) = (g1, [ul) = {qu, lul + 1) = {qu, lul +2) = -~ .

This implies that w=ub® € L, (B), which is a contradiction. O
(d) By (c), for every w € {a, b}, if dag(w) has an odd ranking, then it has one ranging over
0 and 1. Therefore, it suffices to execute CompNBA with rankings ranging over 0 and 1. We
obtain the following Biichi automaton:
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Actually, by (c), it is sufficient to only explore the colored states as they correspond to
the family of rankings {r,, : we X£“}.

W 7 Exercise 162. A Biichi automaton 4 = (0, X,9, 00, F) is weak if no strongly con-
nected component (SCC) of 4 contains both accepting and nonaccepting states—that is,
every SCC C C Q satisfies either CC F or CC Q\ F.

(a) Prove that a Biichi automaton 4 is weak iff for every run p, either inf(p) C F or inf(p) C
O\F.

(b) Prove that the algorithms for union, intersection, and complementation of DFAs are
correct for weak DBAs. More precisely, show that the algorithms return weak DBAs recog-
nizing respectively the union, intersection, and complement of the languages of the input
automata.

Solution:

(a) For every run p, any two states of inf{p) are necessarily reachable from each other, and
hence inf(p) is contained in a SCC of 4. Let C, be this SCC.

=) If 4 is weak, then either C, CF or C, C O\ F, and so inf(p) CF orinf(p) SO\ F.

<) Assume that for every run p, either inf(p) C F or inf(p) C O\ F. Let C be an SCC
of 4. There is a word w such that the run p of 4 on w satisfies inf(p) = C. Therefore, we
have CCForCCQ\F. O
(b) We first consider the complementation algorithm CompDFA (section 3.1.2). Recall that
the algorithm simply exchanges accepting and nonaccepting states. Let 4 = (O, X, 6, qo, F)
be a weak DBA, and let 4 = CompDFA(A). Since the SCCs of A and 4 coincide, 4 is also
a weak DBA. Moreover, for every w-word w, both 4 and 4 have the same run p on w. If 4
accepts w, then by (a), we have inf(p) C F, and so 4 does not acept w. If 4 does not accept
w, then by (a), we have inf(p) € O\ F, and so 4 accepts w.

We now consider the algorithm for intersection (the union is similar). Let 41 = (01, 2,
d1,qo01,F1) and Ay = (02, X, 02,902, F2) be weak DBAs. Let us recall the algorithm for
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intersection—that is, the result of instantiating algorithm BinOp (section 3.1.3) with the
boolean operator “and.” It constructs a deterministic automaton 4 with set of states Q1 x O,
initial state [qo1, 021, and set of final states F'; x F>. Given an w-word w, we have that

ajl az [
P1=4901 —> q11 —> 421 - —> {qnl * -

aj a an
P2=4902 —> q12 —> 422 - —> {42 * -

are the (unique) runs of 4| and 4> on w if and only if

. [6]01} R [qn} @ [qm} R [%1}
q02 q12 q22 qn2

is the (unique) run of 4 on w.

We first show that A4 is weak. By (a), it suffices to show that for every run p, either
inf(p) C F orinf(p) € O\ F. Consider two cases:
« p only visits states of F finitely often. We immediately have inf(p) C O\ F.
« p visits states of F' infinitely often. Since F'=F| x F>, both p; and p, visit states of F
and F, infinitely often. Since A and A, are weak, we have inf(p) C F| and inf(p) C F>.
Thus, there are indices #; and i such that g;; € Iy for every j > iy, and g € I, for every
J = ip. Taking i = max{i1, 12}, we get [g;1, qj2] € I for every j > i, and hence inf(p) C F.

It remains to show that L, (4) =L, (A1) N L, (42) holds. Let we . Let py, pa, and
p be respectively the runs of 41, A2, and 4 on a word w.

Q) Assume w € L, (4). Since p is accepting, it visits | x F infinitely often, and hence
p1 and p; visit F| and F7 infinitely often.

D) Assume we Ly, (A1) N Ly, (42). Since p; and py are accepting, by (a), we have
inf(p1) C F'y and inf(py) C F>. Thus, there are indices i; and 73 such that g1; € | for every
J =11, and gy € F for every j > ip. Taking i =max{iy, i}, we get [q1;,q2;] € F for every
j >, and hence p is an accepting run of 4. Thus, w € L, (4). O

7 &f Exercise 163. Give algorithms that directly complement deterministic Muller and
parity automata, without going through Biichi automata.

Solution: Let us consider the case of a deterministic Muller automaton 4 with acceptance
condition F ={Fy, ..., Fu_1} C29. Since every m-word w has a single run p,, in 4, we
have w & L, (4) iff inf(p,,) € 2¢ \ F. Thus, to complement 4, we change its acceptance
condition to F' =29\ F.

Let us consider the case of a deterministic parity automaton 4 with acceptance condition
F1 C..-CFy,. Since every w-word w has a single run p,, in 4, we have

we Ly, (4) <= min{i:inf(p,) N F; % A} is even.

Thus, to complement 4, it suffices to “swap the parity” of states. This can be achieved
by adding a new dummy state g | to 4 and changing its acceptance condition to {g; } C
(F1U{g1}) C--- S (F2,U{g1}), where the purpose of ¢ is to keep the chain of inclusion
required by the definition.
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¢ B Exercise 164. Let A= (0, X, q0,9, {{(Fo,Go), ..., (Fm_1,Gn_1)}) be a determin-
istic automaton. What is the relation between the languages recognized by 4 seen as a
deterministic Rabin automaton and seen as a deterministic Streett automaton?

Solution: They accept the complement of their respective languages. Indeed, their runs
are unique due to determinism. Moreover, the acceptance condition of a Streett automaton
is the negation of the acceptance condition of a Rabin automaton.

% 7= Exercise 165. Consider Biichi automata with universal accepting condition (UBA):
an w-word w is accepted if every run of the automaton on w is accepting, that is, if every
run of the automaton on w visits accepting states infinitely often.

Recall that automata on finite words with existential and universal accepting conditions
recognize the same languages (see exercise 21). Prove that this does not hold for automata
on w-words by showing that, for every UBA, there is a DBA that recognizes the same
language. This implies that the w-languages recognized by UBAs are a proper subset of
w-regular languages.

Hint: On input w, the DBA checks that every path of dag(w) visits some final state infinitely
often. The states of the DBA are pairs (Q', O) of sets of the UBA where O C Q' is a set of
“owing” states. Loosely speaking, the transition relation is defined to satisfy the following
property: after reading a prefix w' of w, the DBA is at the state (Q', O) given by:

« O is the set of states reached by the runs of the UBA on w';
« O is the subset of states of Q' that “owe” a visit to a final state of the UBA (see the
construction for the complement of a Biichi automaton).

Solution: This algorithm constructs a DBA from a given UBA by using the hint:

UBAtoDBA(A)
Input: Biichi automaton 4 = (Q, X, J, Qo, F') with univ. accepting condition
Output: DBA B=(Q, X, A, Qo, F) with L (B) = L (4)

1 QA F<«0
2 if go € F then Oy < ({q0}, 9)
3 else Qo < ({q0}. {q0})
4 W={0Qo}
5 while W # () do
6 pick (Q', O) from W
7 add (Q',0) to Q
8 if O=( then add (0, O) to F
9 forallae X do
10 Q" <« 6(0,a)
11 if O =() then
12 if (0”,0"\ F) ¢ Q then add (Q",0" \ F) to W
13 else
14 0 < 6(0,a)
15 if (07,0 ¢ Q then add (Q”,0') to W
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77 & Exercise 166. Let B be the following Biichi automaton:

a b

(a) Execute the emptiness algorithm NestedDFS on B. Assume that states are picked in
ascending order with respect to their indices.

(b) Recall that NestedDFS is a nondeterministic algorithm and different choices of runs
may return different lassos. Which lassos of B can be found by NestedDFS?

(c) Show that NestedDFS is not optimal by exhibiting some search sequence on B.

(d) Execute the SCC-based emptiness algorithm on B. Assume that states are picked in
ascending order with respect to their indices.

(e) Execute the SCC-based emptiness algorithm on B. Assume that transitions labeled by
a are picked before those labeled by b.

(f) Which lassos of B can be found by the SCC-based algorithm?
Solution:

(a) Procedure dfs! visits qo, q1, 92, 43, 94, 45, g6, then calls dfs2, which visits gg, q1, q2,
q3, 94, 45, g6 and reports “nonempty.”

(b) Since g7 does not belong to any lasso, only lassos that contain state g or gg can be
found. In every run of the algorithm, dfs/ blackens ¢¢ before ¢1. The only lasso that contains
46 1590, 41- 93,94, 46, q1- Therefore, this is the only lasso that can be found by the algorithm.

(c) The execution given in (a) shows that NestedDFS is not optimal since it returns the
lasso g0, 41,93, 94, 96,91 even though the lasso qq, g1, g2, g1 was already appearing in the
explored subgraph.

(d) The algorithm reports “nonempty” after the following execution:
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Step Active states, visited states and ranks Stack

(90, {g0})

5 (q1-{q1})
(90, {g0})
(92,192}

3 (quAa1h)
(90, {90}

. (q1:191, 921

(qO: {g0}D)
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(e) The algorithm reports “nonempty’ after the following execution:

Step Active states, visited states and ranks Stack

| (g0- {90}
. LITRR >‘”" ---- > ‘1& i \(
_,(2
’ N (g1 {q1H)
(90,{q0})
© (93-193))
3 (q1-{q1)
: (90510}
L ‘ . Y AL e
L SRS R RED LIRS LT
_,(‘“
(q4a {g4})
‘ (93-{q3})
(91,191}

(90, {g0})
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(g7:197})
(94,194}
(g3, {g3)
(ql 5 {ql })
(90,190}

(g3, {qs8h)
(g7-1g97}
(94, {q4})
(93.1g3D)
(g1-{q1D)
(90, {90}

(g7:197})
(94,194}
(93-1q3})
(ql 5 {ql })
(90,190}

(q45 {‘I4})
(93-1g3D
(q1- {1}
(40, {q0H)
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(g5, {g5})
(94-{q4})
(93,193}
(ql 5 {41 })
(90, {90})

10

(91.191.93.94,95})
(90, {90})

(f) All of them. The lasso qo, q1, q2, 1 was found by the execution of (d). The lasso
40,41, 93,9495, 41 Was found by the execution of (¢). The lasso o, g1, 43, 44, 96, g1 Was

found by the following execution:

Step Active states, visited states and ranks

Stack

(q()a {g0})

1 {q1H)
(g0, {q90})
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(q3a {43 })
(q1-{q1})
(90, {90})

(94-{q4})
(93,193}
(ql 5 {41 })
(90> {90}

(96-196})
(94> {g4})
(93-{93))
(g1-{q1})
(q0> {qO})

(q1.191.93.94.96})
(90, {q0})
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7 I Exercise 167. Let 4 be an NBA, and let 4, be the sub-NBA of 4 containing the states
and transitions discovered by a DFS up to (and including) time ¢. Show that if a state ¢
belongs to some cycle of 4, then it already belongs to some cycle of Ay(g).

Solution: Let 7 be a cycle containing ¢, and consider the snapshot of the DFS at time
flgl. If 7 is entirely black, then 7z is a cycle of As[,), and we are done. Thus, assume that
it contains at least one nonblack state. Let » be the last state of z such that all states on the
subpath from ¢ to r are black. Such a node exists since ¢ is black. Let s be the successor of
rin z, as depicted as follows:

Since r is black and s is not black, we have f[r] <f[q] <f[s]. Moreover, since all suc-
cessors of 7 have been discovered at time f[r], we have d[s] <f[r]. Altogether, we obtain
d[s] <flr] <flq] <fIs]. By the parenthesis theorem, intervals [d[q],f[¢]] and [d[s], f[s]]
are either disjoint, or one is a subinterval of the other one. Consequently, since d[s] <
flql <f[s], we must have d[s] <d[q] <flq] <f[s]. By the parenthesis theorem, ¢ is a
DFS-descendant of s.

Let ' be the DFS-path from s to g. By the parenthesis theorem, each state p along =’
is such that d[p] < d[q] <f[ql <f[pl. In particular, d[p] < f[g] means that all states of 7’
have been discovered at time f[g]. Let o be the cycle obtained by concatenating the prefix
of  from g to r, transition (r,s), and ', as depicted in bold and color as follows:

Recall that: the prefix of 7 is entirely black, the transition from » to s has been explored,
and all states of 7’ have been discovered by time d[q] via =’. Thus, cycle 7’ belongs to
Afiq)- [

Y7 £ Exercise 169. Execute SCCsearch on the Biichi automaton as follows. When a state
has many outgoing transitions, pick letters in this order: a < b < c.
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Solution:

Active graph N

[(qu {goD]

[(g0,{g0D); (g1, {g1 D]

[(g0,{g0D); (g1, {q1D); (92, {g2D)]

[(g0-{g0)); (g1, {g1,92D)]

[(q0,{q0}); (@1, {q1,92}); (94, {g4}]

[(g0-{g0)); (g1, {q1,92D); (94, {g4}); (g5, {g5 )]

[(90-{g0)); (91, {q1-92D); (94, {94}); (g5, {g5});
(965 {9611

[(g0-{q0)); (91, {q1,92D); (94, {g4}); (g5, {g5 )]
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[(q0-{q0}); (q1,{q1,92}); (94, {q4})]

[(q0:{q0D); (q1,1q1,92,94})]

[(q0:{q0D); (91,191, 92, 94}); (g3, {g3})]

[(90,{g0}); (91,191, 92,93, 9411

lasso detected via g3

¥r & Exercise 170. Recall that SCCsearch runs in time O(|Q|+ |]) if we consider
set unions as atomic. However, set unions are generally not constant-time operations.
Explain how beads can be implemented so that SCCsearch truly runs in linear time.

Hint: Can two beads share a state?

Solution: First note that the beads of SCCsearch are disjoint sets, that is, two beads share
no state in common. Moreover, we need to support these operations: (1) initializing a trivial
bead, (2) merging a bead into another one, (3) obtaining the root of a bead, and (4) iterating
over the states of a bead. We have already taken into account that operation (4) works in time
O(|Q|) when analyzing case (vi) of SCCsearch. Thus, we must implement operations (1)
to (3) so that they operate in constant time.

We implement a bead (r, C) as a linked list whose head is » and whose elements are those
of C stored in an arbitrary order. We further keep a pointer to the last state of the list, which
we call the tail. The operations are respectively implemented as follows:

(1) We set r as both the head and tail, and we set the successor of 7 as “null.”

(2) Tomerge B'=(+,C’) into B= (r, C), we proceed as follows: the new head is 7, the new
tail is the tail of B’, and the successor of the tail of B becomes the head of B’ (i.e., r).

(3) We simply return the head.
(4) We iterate over the linked list from the head to the tail.

Operations (1) to (3) work in constant time as the head and tails are known.

Readers familiar with disjoint sets (also known as union-find) may have been tempted to
use this data structure instead. However, it yields quasilinear time, typically O(n logn) or
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O(a(n) - n), where a is the (very slow-growing) inverse Ackermann function. Disjoint sets
turn out to be an overkill since we do not need the “find” operation, that is, we never query
whether a given state belongs to a given bead. This explains why we are able to obtain a
better complexity.

% o/ Exercise 171. Recall that exercise 170 gives an implementation of SCCsearch that
truly works in linear time. Let us now take the memory usage into account. Let a; and b,
denote respectively the number of active states and the number of beads at time 7. Let f'(¢) be
the number of bits used at time # to store the current beads. Let w be the size of an address.
The solution of exercise 170 satisfies f(¢) =2(a; + b;)w. Indeed, it uses two addresses
per active state (one pointing to the state itself and one to its successor), plus two extra
addresses per bead (for the head and tail). Give an implementation of SCCsearch that halves
the memory usage—namely, one that runs in linear time and satisfies f'(#) = (a; + by)w.
Hint: Use two stacks, one for roots and one for active states.

Solution: Recall that the original implementation of SCCsearch uses stack N to store the
beads. We get rid of N. Instead, we use a stack R to store the roots and a stack J to store
the active states. We implement the algorithm in such a way that if ¢ is the top of R and
riry - - - rrq is on the top of 7, then (g, {r1, 72, . .., 7%, q}) is the current bead, that is, it would
be the top of NV in the original implementation. We call this a proper encoding of N. Such an
encoding stores all beads together in V, and the top element of R gives enough information
to pop the current bead from ¥, that is, it suffices to pop until we find the current root. This
can be achieved with the following pseudocode:

1 SRV <«—Wn<0

2 dfs(qo)
3 report EMP
4 proc dfs(q)
5 n<n+1;rank(q) <n
6 add ¢ to S; act(q) < true; push ¢ onto R; push g onto
7 for all » € 5(¢g) do
8 if » ¢ S then dfs(r)
9 else if act(r) then
10 repeat
11 pop s from R; if s € F' then report NEMP
12 until rank(s) < rank(r)
13 push s onto R
14 if top(R) = ¢ then
15 pop ¢ from R
16 repeat
17 pop » from V; act(r) < false
18 until r=g¢q

Let us explain why this implementation is correct. We do so by arguing that (R, V)
remains a proper encoding of the original stack N throughout the execution:
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« Line 6: Clearly, “push ¢ onto R; push ¢ onto V"’ properly implements “push (g, {¢})
onto N.”

« Lines 10-13: The difference with the original implementation is that there is no explicit
union of the beads. Let s be the state found after the repeat loop. Suppose that prior to the
loop,qr=s,R=q1---q¢---,andV =ry1---Fipq1- -Fe1---Fekqe - - - - After executing
the loop and pushing s, we obtain R=g¢,--- and V has not changed. Thus, the top ele-
ment of R correctly represents the bead obtained by merging beads (g1, {q1,1.-..,91.4})>
.., (qe,qe,15 - - -, qck, })- Note that this cleverly avoids any explicit union since /" has not
changed at all!

« Line 14: Since (R, V) is a proper encoding, we have “top(R) = ¢” iff ¢ is the top root in V.
« Lines 15-18: Since (R, V) is a proper encoding, all states from the top of / down to state ¢
correspond to the bead of ¢. Hence, the pop from R and the repeat loop properly implement
“pop (¢, C) from N.”

It remains to consider the running time and memory usage for the beads. The algorithm
runs in linear time. Indeed, the original analysis still applies but now without any set union to
consider at all. Moreover, at time ¢, we have | V| + |R| = a; + b;. Thus, by storing addresses
on the stack (pointing to the states), we use f'(#) = (a; + b;)w bits at time ¢.

77 & Exercise 173. Execute Emerson—Lei’s algorithm and MEL on this NBA:

N o ) >E @
NUA ) @

Solution: Let us first execute Emerson—Lei’s algorithm:

Iter. L
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4 Unchanged, report “nonempty” since it contains ¢.

The very first iteration of MEL filters {gs, g9} via line 4 and {q4, g5, g6, g7} via lines 5
and 6:

Iter. L

2 Unchanged, report “nonempty” since it contains g(.

¥ o Exercise 175. This exercise deals with a variation of Emerson-Lei’s algorithm.

(a) For every R,S C O, let pre™ (R, S) be the set of states g such that there is a nonempty
path = from ¢ to some state of R where 7 only contains states from S. Give an algorithm to
compute pre™ (R, S).

(b) Execute the algorithm from (a) on the following automaton, where states from R and S
are respectively solid and hatched:
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(c) Show that the following modification of Emerson—Lei’s algorithm is correct:

MEL2(A)
Input: NBA A=(0Q, X,0,00, F)
Output: EMP if £, (4) =), NEMP otherwise
L<Q
repeat
OldL < L
L<pre™(LNF,L)
until L = OldL
if g0 € L then report NEMP
else report NEMP

(d) What is the difference between the sequences of sets computed by MEL and MEL2?

~N o U w N

Solution:

(a)

Input: NBA 4=(0, X£,6,0o, F) and sets R,SC O
Output: pre™ (R, S)

1 L<RNS

2 repeat
3 OldL < L
4 L<pre(L)NnS
5 until L= OIldL
6 return L
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(b)

Iter. L
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(c) Let L[0O]=L[0]"=Q, Ln+1]=pre"(L[n]NF), and L{n+1]" =pret(L[n]'NF,
L[n]"). Emerson—Lei’s algorithm computes the fixpoint of the sequence {L[n]},>0, while
MEL?2 computes the fixpoint of the sequence {L[n]"},>0. Let L[] be the fixpoint of the first
sequence. We claim that L[i] € L[n]” C L[n] holds for every n > 0. This claim implies that
MEL? is correct. Indeed, let L[;]” be the fixpoint of the second sequence. Let £ = max(i, j).
We have L[] € L[£]” C L[£] = L[i]. Thus, L[i] = L[£]" = L[j]” and hence the two sequences
have the same fixpoint.

It remains to show the claim. We proceed by induction. For » =0, we trivially have
L[{] € Q=L[0]" =L[0]. Let n> 0. By induction hypothesis, we have L[i] C L[n]” C L[n].
Since L[i] is the fixpoint of the first sequence, we have pre™ (L[i] N F) = L[i]. This implies
pret (L[i) N F, L[i]) = L[i]. Thus, the following holds:

L{il=preT (L[i]|NF,L[i]) Cpret (L[n)" NF,Ln]")=L[n+1]".

Moreover, we have

Lin+ 11" =pret (L[n]" NF,L[n]") Cpret (L[n]" N F)
Cpret(LIn|NF)=L[n+1]. O

(d) At each iteration, MEL2 computes set (L) =pret (LN F, L), and MEL computes set
g(L) =pre™ (inf(L) N F). Set f(L) contains states that can reach an accepting state from L
via a nonempty path within L. Set g(L) contains states that can reach an accepting state from
L, from which there exists a lasso within L. Therefore, /(L) and g(L) are incomparable.

Solutions for Chapter 13
vl Exercise 176. Prove formally the following equivalences:

(a) =Xp=X—p (d) XFp =FXp
(b) =Fp=G—¢ (e) XGy =GXop
() “Gp=F—9p
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Solution:

(a)

(b)

(©)

(d)

o E=—Xp < 0 £EXp

o =—-Fp

o =—-Go

o =XFg

= ollyp
— 0! =—p
— o0 =X—op.

< —(o =Fp)

= =(Fk>0:0"E=9)
> Vk>0-(c"=p)
> Vk>0 (¥ =—p)
— G—op.

& —(0 =Gp)

= ~(Vk =0 (c" =9))
= F>0:=(c"=0p)
= F>0:(c" =—p)
— F—yp.

— 0! =Fo
= I*>0:(cHY o
= I*>0:c"' o
= U>0:6"E=Xp
— o =FXp.

507
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(©
0 EXGyp < o' =Gy
< Vk=0((c") =9)
& Vk>0 (¢ EXp)
< o =GXg. O

v & Exercise 178. Let AP={p,q} and T =247 Give LTL formulas defining the
following languages:

(@ {p,qt ¥ X¢ () *{g}”
® Z* ({p}+1{p.qh) T* {g} ¢ (d) {p}* {q}* 0°
Solution:

(@ @Ag AX(=pA—g).

() F(p AXF(=p A q)).

(c) FG(=pAg).

(@) A=) Ul(=pAq) UG(=p A —q)].

v & Exercise 180. Let AP = {p, ¢} and let X =24P. Give Biichi automata for the -
languages over X defined by the following LTL formulas:

(a) XG—p (d) G@UPp—q)
(b) (GFp) — (Fg) (e) Fg— (=g U (=g Ap))
(c) pA—(XFp)
Solution:
(@)
2,{q}

(b) Note that GFp — Fg=—(GFp) v Fg=FG—p Vv Fg. We build Biichi automata for
FG—p and Fgq and take their union:
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(¢) Note that p A =(XFp) =p A XG—p. We build a Biichi automaton for p A XG—p:

0.1q)
@ ). p.q) @
(d)
) AURAY
1% v.iq}. (p.q) (%

)
(e) Note that Fg — (—q U (=g Ap)) =G—q V (—q U (=g A p)). Computations that satisfy

the latter formula either have no occurrence of p, and hence of ¢, or a first occurrence of p
with no g before or at the same time:

YORRENG

7 Bl Exercise 182. Let V € {F, G}* be a sequence made of the temporal operators F and
G. Show that FGp =V FGp and GFp =) GFp.

Solution: Given LTL formulas ¢ and w, we denote by ¢ =y that every computation
satisfying ¢ satisfies . Note that p =0 iff ¢ =y and y [=¢. It is readily seen that the
following holds:

FFp =Fp, (14.6)
GGy =Go, (14.7)
Go E¢ and ¢ =Fop. (14.8)

Let us show that (a) FGp = GFGg and (b) GFp = FGFgp.

(a) We have GFGg |=FGg by (14.8). Let ¢ =FGg. There exists i > 0 such that ¢/ = ¢
for every j > i. Thus, for every k >0 there is some ¢ > 0 such that (6%)¢ = ¢. Indeed, if
k> i, then take £ =0, and if k < i, then take £ =i — k. Therefore, we have ¢* = FGg for
every k> 0, and hence 0 = GFGg. This means that FGg = GFGg.

(b) We have GF¢ |=FGF¢ by (14.8). It is the case that FGF¢ = GF¢. Indeed, if there
exists 7 > 0 such that ¢/ |= ¢ holds for infinitely many j > i, then, in particular, ¢/ = ¢ holds
for infinitely many j > 0.

We prove FGop =V FGg by induction on the length of V. If V =g, then we are done. If
V =UF, then we have V FGp =U FGg by (14.6). If V = UG, then we have the same equiv-
alence by (a). By induction hypothesis, we get U/ FGp = FGg. The other equivalence is
proved similarly using (14.7) and (b). O]
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¥7 l Exercise 183. Recall that a formula is a tautology if all computations satisfy it. Which
of the following formulas of LTL are tautologies? If the formula is not a tautology, then give
a computation that does not satisfy it.

(a) Gp— Fp (e) (Gp—>Fq) < (@PU(=pVyg)
(b) Glp—q) — (Gp— Gq) (H (FGp— GFq) < G(pU(—pVq))
(c) F(pAq) < (Fp AFgq) (&) Glp—Xp)— (p— Gp)

(d) —=Fp — F—Fp

Solution:

(a) Gp — Fp is readily seen to be a tautology from the definitions of F and G.

(b) G(p — q) = (Gp — Ggq) is a tautology. The left-hand side states that any point of the
computation that satisfies p also satisfies ¢. Thus, if every point satisfies p, then every point
satisfies g.

(c) F(p Aq) < (Fp AFq) is not a tautology. The computation {p}{q}¥® satisfies Fp A Fg
but not F(p A q).

(d) =Fp — F—Fp is a tautology. The formula ¢ — Fg¢ is clearly a tautology for every
formula ¢ and hence in particular with ¢ =—Fp.

(e) (Gp— Fq) <> (pU (—pVq)) is a tautology. The left-hand side is equivalent to F—p Vv
Fg=F(—p V q). If the right-hand side holds, then some point of the computation satisfies
—pV ¢, and hence the left-hand side holds. If the left-hand side holds, then there exists a
first point at which —p Vv ¢ holds, and, since it is the first, all points before it satisfy p A —q,
and so in particular, they all satisfy p. Thus, the right-hand side holds as well.

(f) (FGp — GFq) < G(pU (—pV q)) is atautology. The left-hand side is equivalent to for-
mulas GF—p v GFg= GF(—p V gq). If a computation 0 = oo - - - satisfies the right-hand
side, then every suffix of ¢ satisfies p U (—p V ¢). So for every point of o, some future point
satisfies —p Vv ¢, which implies that the left-hand side holds. If a computation ¢ satisfies the
left-hand side, then its points can be partitioned into the infinite set of points satisfying
—p V q, and the rest, which satisfy p A ¢, and so, in particular, p. Therefore, every suffix of
o satisfies p U (—p V q), which implies that o satisfies G(p U (—p V q)).

(g) G(p — Xp) — (p — Gp) is a tautology. We have

G(p— Xp) > (p—> Gp)=—G(=pVXp) vV (-pV Gp)
=FpA—-Xp)Vv-pVvGp
=F-pVvGp,

which is clearly a tautology.

W ™= Exercise 184. We say that an LTL formula is negation-fiee if negations only occur
in front of atomic formulas (that is, —true or —a where « is an atomic proposition). In this
exercise, we show how to construct a deterministic Biichi automaton for negation-free LTL
formulas. In the remainder, we assume that ¢ denotes such a formula over a set of atomic
propositions 4P. We inductively define the formula af(¢, v), read “p after v where v € 247,
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as follows:
af(true, v) = true, afle AN y,v)=af(p,v) Aaf(y,v),
af(false, v) = false, aflp vV w,v)=af(p,v) Vafly,v),
afla,v)=aflacv,v), afXe,v) =0,

af(—a,v)=afla g¢v,v), aflo Uy,v) =afly,v) v (@flp,v) Ao Uy).

We extend it to finite words: af(p, €) = ¢ and af(p, vw) = af(af(p,v), w) for every v €
and every finite word w. Prove the following statements:

2AP

(a) For every formula g, finite word w € (247)" and w-word w' € (247):

ww' =g &= w E=aflp, w).

So, intuitively, af{p, w) holds “after reading w” iff ¢ holds “at the beginning” of ww'.

(b) For every negation-free formula ¢: w = ¢ iff af(p, w') = true for some finite prefix w’
of w.

(¢) Forevery formula ¢ and w-word w € (2A P )w: af(p, w) is a positive boolean combination
of subformulas of ¢.

(d) For every formula ¢ of length n: the set of formulas {af(p,w) :we (ZAP )*} has at most
22" equivalence classes up to LTL-equivalence.

(¢) There exists a deterministic Biichi automaton recognizing L, (¢) with at most 22"
states, where 7 is the length of ¢. Hint: Use (b)—(d).

Solution:

(a) First we prove the property for the case where w is a single letter v € 4 P—that is, we
prove

v Eo <= W =aflp,v) (14.9)

by structural induction on ¢. We only consider two representative cases.
« Case ¢ =a. We have

v kEa & acv
< af(a,v) =true
— w E=afla,v).
« Case p =¢' Ugp”. We have
v =o' Ugp”
= v =" V(e AX(p' Up")
= W EHVIOW E) AW E9 Up")]
= I Eaflo" IV IO E g, ) A O = U]
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— w Eaflp",v) Vv (aflp’,v) Ae' Ugp")
< W =aflp’ Up",v).

Now, let us prove the property for every word w by induction on the length of w. [f w = ¢,
then af(p, w) = ¢, and hence

w' =g = W =g <= W E=dfilp,w).
If w=vw" for some v € 247, then we have

W Eaflp,w) <= v =aflp,vw”

= w Eaflaflp,v),w") (by def. of af)

— w'wW E=aflp,v) (by induction hypothesis)
='W =g (by (14.9))

— w' Eo.

(b) If af(p,w') =true, then, by (a), we have w'w” = ¢ for every w”, and so in particular,
w = ¢. For the other direction, assume that w = ¢. The proof is by structural induction on
@. We only consider two representative cases as in (a).

« Case ¢ =a. Since w = ¢, we have w=vw’ for some word w’ and some v € AP such that
a € v. By definition of af, we have af{(a,v) = true.

. Case p=¢'Ug". By the semantics of LTL, there exists k€N such that w* |=¢”
and w! |=¢’ for every 0<¢ <k. By induction hypothesis, for every 0 <¢ <k, there
exists ig > ¢ such that af(¢p’, w[{..i¢]) = true. Furthermore, there exists iy >k such that
af(p” ,wlk..ir]) = true. Let m =max{i;: 0 <j <k}. We show that af(p’ U¢”, w[0..m]) =
true by induction on k.
+ Case k=0. We have

af(p’ U ", wl0..m])
= af(p”, wl0..m]) v (af(p’, w[0..m]) A aflp" U g", wll.m]))
= aflaf(p", wlk..ix]), wlix + 1..m]) v
(aflp’, wl0..m]) Aafip" U g", wll..m]))
= af(true, wliy + 1..m]) v
(aflp', wl0..m]) Aafiep’ Ug”, wll.m]))
= true V (af(p1, w[0..m]) A af(¢’ Ug” w[l..m]))

= true.

o Case k> 0. We have
af(p’ U ", wl0..m])
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= af(p”, w[0..m]) v (aflp’, w[0..m]) Aafip’ Up”, w[l.m]))
= af(p", wl[0..m]) v

(aflaf(e’, wl0..ig]), wlio + 1..m]) A af(e’ U ", w[l..m]))
= af(p", w[0..m]) v

(afitrue, wlio + 1.m]) A af(p’ Ug”, w[l..m]))
= af(p”, w[0..m]) v (true A af(p’ U ¢, w(1..m]))
= af(p”, w[0..m]) V (true A true)
= true,

where af(¢’ U ¢”,w[1..m]) = true by induction hypothesis.

(c) This follows by a straightforward structural induction on ¢ since all definitions only
involve true, false, A, Vv, and subformulas of ¢.

(d) We assign a boolean variable b, to each subformula y of ¢. Let
B, ={by : v is a subformula of ¢}.

Since ¢ has length n, the set B, contains at most » variables. By (c), we can assign to
each formula af{p, w) a boolean function f,, over B,,. Clearly, if f,, and f, are equal, then

afp, w) =af(p,w'). The result follows because there are 22° boolean functions over n
variables.

(e) The set of states are the equivalence classes of the formulas:
*
{af((o,w) Twe (ZAP) ] .

By (d), there are at most 22" states. The only initial and final states are respectively

the equivalence class of ¢ and true. The transition relation is given by [w1] —v>[(//2] iff
af(y,v) = . O

¥r & Exercise 185. In this exercise, we show that the reduction algorithm of exercise 150(2)

does not reduce the Biichi automata generated from LTL formulas, as well as show that a

little modification to the algorithm LTLtoNGA (algorithm 57) can alleviate this problem.
Let ¢ be a formula of LTL(4AP), and let A4, = LTLtoNGA(9p).

(a) Prove that the reduction algorithm of exercise 150(2) does not reduce 4, that is, show
that A =A4/CSR.

(b) Prove that £, (B,) =L, (4,), where By, is the result of modifying 4,, as follows:

- add a new state go and make it the unique initial state.

L . NAP )
« for every initial state g of 4,, add a transition g LN q to By, (recall that g is an atom
of cl(p), and so g N AP is well defined).

.- q1NAP q2NAP
» replace every transition g —— ¢ of 4, by g1 —— ¢».
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(c¢) Construct the automaton B,, for the automaton of figure 13.7.

(d) Apply the reduction algorithm of exercise 150(2) to B,. Is the resulting automaton
minimal?

Solution:

(a) Ifthe reduction algorithm merges two states ¢1 and ¢», then we have L, (¢1) = L, (¢2).
Since the automata for LTL formulas satisfy £, (¢1) N L, (g2) =¥ for every two distinct
states, no states are merged. O

(b) Recall that, for every computation ¢ = coy02 - - -, the unique run of 4, on o is
[40] (23] 02
o) —> 0] —> 0 —> ...

where o = agajay - - - is the unique satisfaction sequence for ¢ matching o . By definition
of By, the unique run of B, on o is

0 o1 o) 03
qo—> 09— 0] —>ay —> ... O]

(c) Automata 4, and B,, are respectively as follows:
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(d) The relation CSR’ has three equivalence classes:

Qo =190, {p, ﬁq,pUq}},

0= {p,q,pUq},{ﬂp,q,pUq},{ﬂpﬁqﬁ(pUq)}},

Or= {p,—'q,—'(pUq)}}-

This leads to the following reduced NBA:

{r} 9,{q}, {p. ¢} {r}
{g}, .9} {r}
{p} 7

Note that the above reduced NBA is not minimal since it could be simplified to

9.{p}. {q}. p. 4}

{»)
‘)& {q}. {p. q} @

Wl Exercise 187. In this exercise, we prove that, in the worst case, the number of states of
the smallest deterministic Rabin automaton for an LTL formula can be doubly exponential
in the size of the formula. Let Xy ={a, b}, X1 ={a,b,#} and X ={a,b,#,$}. For every
n >0, let us define the w-language L, C X as follows:

Ly=) Zi#w#I]SwH"

weXy
Informally, an w-word belongs to L,, iff

- it contains a single occurrence of $,

« the word to the left of $ is of the form wo#w1 # - - - #wy, for some k > 1 and (possibly empty)
words wo, ..., Wi € X7,

« the w-word to the right of § consists of a word w € X followed by an infinite tail #”, and
« wis equal to at least one of wy, ..., w,.

Show the following statements:

(a) There is an infinite family {¢,},>0 of formulas of LTL(X) such that ¢, has size O(n?)
and L, (¢,) = Ly. Here, “L,, (p,) = L,,” stands for o € L, (p,) iff o ={a1}{az}{a3}--- for
some w-word ajazas - -+ € Ly,.

(b) The smallest deterministic Rabin automaton recognizing L, has at least 22" states.
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Solution:

(a) We first define some auxiliary formulas.
(i) Let

Sing:=G [ \/ an /\ (mav-—p)

aeX a,fex

This formula expresses that at every position, exactly one proposition of X holds (i.e.,
the set of atomic propositions that hold is a singleton set). Therefore, for every computation
satisfying Sing and for every position n, we can speak of “the” letter of X at position 7.
(i) Let

One_$:=—-$U ($ A XG—S$).
Together with (i), this formula expresses that $ occurs exactly once.
(iii) Let

Match; :=# A /\ (Xia AG(S — Xja)) v, ((ij AG(S$— ij))) AXH
j=1

Together with (i) and (ii), this formula expresses that the current letter and the next i + 1
letters constitute a block of the form #w# for some word w € X, and moreover, w also
occurs immediately after the only occurrence of $.

(iv) For every i > 0, we define the formula After_$; inductively as follows:
After_$o := G#,
After_$;11 := (aV b) A X After_8$;.

Together with (i), After_$,, expresses that the next n letters are taken from the set {a, b} and
that they are followed by an infinite tail of #.
We choose

@n = Sing A One_$ A F (Match,) A G($ — After_$,).

Since the lengths of After_$, and Match, belong, respectively, to O(n) and O(n?), the
length of ¢, belongs to O (n?). Clearly, we have Ly, (¢,) = L,.
(b) Take an w-word of the form # wy # - - # wy # $ w #%, where all of wy, ..., w; are of
length n. The intuition is that, after reading the only occurrence of $, the DRA must have
stored in its state the set {wy,...,w,}, since otherwise, after reading w it cannot decide
whether it belongs to the set. Since there are 22" sets of words over {a, b} of length n, the
automaton also needs at least this number of states.

Formally, for every set S = {wy, ..., wy} of words from X, where w; is lexicographically
smaller than wy for all i <j, let wg=# w1 # ---# wy #§. Let 4 be a DRA recognizing L.
For the sake of contradiction, suppose that 4 has less than 22" states. There must exist

distinct sets S and 7" such that the state reached by A4 after reading ws and wr is the same.
Moreover, we may assume w.l.0.g. that there is a word w that belongs to S\ 7. Note that
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A accepts ws w #” and hence wr w #“. The latter does not belong to L,,, which yields a
contradiction. ]

Solutions for Chapter 14

vy & Exercise 188. Give an MSO({a, b}) sentence for each of the following w-regular
languages:

(a) Finitely many as: (a + b)*b”
(b) Infinitely many bs: ((a + b)*b)®
(c) as at each even position: (a(a + b))

What regular languages would you obtain if your sentences were interpreted over finite
words?

Solution:

(@) I Vy ((x <) = Op(»)

(b) Vx Iy ((x <y) A Op(»)
() X:[Vx(xeX < (x=0VvIy x=y+2AyeX)))]A[Vx ((xeX)— Q,(x))] where

(x=0):=Vy ~(y <x),
(x=y+2):=F[(<zArz<x) AN (y <Z A7 <x)— (' =2)))],
(@=2)==(C <2)V(z<Z)).
Over finite words, we obtain

@@ (a+b)*
(b) (a+b)*b
(¢) (a(a+b))*

v & Exercise 189. Let us revisit exercise 131 over infinite words rather than finite ones.
Consider a formula ¢ (X)) of MSO(ZX) that does not contain any occurrence of predicates of
the form Q, (x). Given two interpretations that assign the same set of positions to X, we have
that either both interpretations satisfy ¢ (X'), or none of them does. Thus, we can speak of
the sets of natural numbers satisfying ¢ (X). This observation can be used to automatically
prove some (very) simple properties of the natural numbers. Consider, for instance, the fol-
lowing “conjecture™: every set of natural numbers has a minimal element.> The conjecture
holds iff the formula
Has_min(X):=3dxeX VyeX (x<y)

is satisfied by every interpretation in which X is nonempty. Construct an automaton for
Has_min(X), and check that it recognizes all nonempty sets.

3. We only proved the case of finite sets in exercise 131. Here, we handle finite and infinite sets.
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Solution: After replacing abbreviations, we obtain the equivalent formula
I [xeXA(—Ty eX Ay <x))].

The Biichi automaton for formula =3y (y € X Ay <x), where the encoding of x is at the top
and the encoding for X is at the bottom, is as follows:

0
0
o)1}
of’|1 0 0
o1
The Biichi automaton for x € X is as follows:

bl

L @e

The intersection of the two automata is as follows:
0
0

T B
L S

After projection onto X (second row), we get a Biichi automaton for Has_min(X):

0
In words, it recognizes all w-words with at least one 1, which corresponds to nonempty
;‘;tfa Exercise 191. Let ¢ be a formula from linear arithmetic s.t. V = ¢ iff V(x) > V(y) >

0. Give an NBA that accepts the solutions of ¢ (over R), without necessarily following the
construction presented in the chapter.

Solution: We provide the following automaton. The part on the left deals with edge cases
where x or y begins with 1 but is equal to zero (e.g., x =1,1?). The part on the right deals
with the general case where both x and y begin with 0.
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¥ I Exercise 193. Linear arithmetic cannot express the operations y = [x] (ceiling) and
y=|x] (floor). Explain how they can be implemented with Biichi automata.

Solution: Letus consider the case of y = | x|, where both numbers begin with 0 (there are
other edge cases to consider, e.g., x =0x0” and y = 1 % 1?°). If the fractional part of x is not
1¢, then we can copy the integer part and set the fractional part to 0. However, there exists
a second representation of the resulting integer. For example, 0110 x010“ (6.25) becomes
either 0110% 0% (6.0) or 0101 1? (5.9). If the fractional part is 1?, then the number is
already an integer. We produce its two versions—that is, from MSBF (x) x 1“, we produce
MSBF(x) « 1¢ itself or MSBF (x + 1) 0“. For example, 0011 % 1 (3.9) becomes either
0011 1% (3.9) or 0100 %0 (4.0). The resulting automaton is as follows:
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The reasoning is symmetric for negative numbers. For example, 101 % 110 represents
—2.25, and its floor can be represented by 101+ 000? (—3.0) or 100x111? (—4+0.9).
Similarly, 110 % 1 represents — 1, and its floor can be represented either by itself (—2 4 0.9)
orby 111 %0% (—1.0).

Y7 M Exercise 194. Let ¢ be an irrational number such as 7, e, or /2. Show that no formula
from linear arithmetic is such that V =g iff V(x) =c.

Solution: For the sake of contradiction, suppose that there exists some formula from linear
arithmetic such that V = ¢ iff V(x) = ¢. There exists a Biichi automaton 4 = (Q, X, d, O,
F) for ¢. Recall that a Biichi automaton always accepts at least one periodic word. Since 4
only accepts encodings of ¢, which is irrational, this is a contradiction.

More precisely, A accepts some word of the form

W1 Wo*X1 - Xy (V1 - -+ Yn)?

for some m >0 and k,n > 1. Thus, c is rational as it can be expressed as a finite sum of
rational numbers:

n .
C_ZW[ 2€+Z +22m+zn Z%
=0 j=1

k— n—1 0
B ‘ Xj s 2"ty 2
_ZW[ 2 +Z +Z 2m+zn on
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k—1 m X

¢ +Z Y +
=0 Jj=1
f—

2y

=~
—_

m

~
I

1 m
X
20432
we +' 2]+
0 Jj=1

X;j
20432
we + : +
0 Jj=1

12"y, 20

2m+n

y1-2" 4y, 20

521

2G)

i=0

1

Qm+tn

yr-2n e 4y, 20

2 (1= (1/27)
———

#0 since n>1

where (*) follows from a geometric sum with »=1/2".

T ®)
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introduce the Myhill-Nerode equivalence relation on words. This equivalence relation has
one equivalence class for each state of the canonical automaton, say ¢, containing all words
leading from the initial state of the canonical automaton to ¢g. Our residuals are defined
differently; the residual for the state ¢ is the set of words leading from ¢ to the final states of
the canonical automaton. Hopcroft’s algorithm was presented in [Hop71]. The version of the
chapter is taken from a paper by Knuutila [KnuO1]. An extensive discussion of minimization
algorithms is conducted by Berstel, Boasson, Carton, and Fagnot in [BBCF21].

The reduction algorithm for NFAs is actually an algorithm that constructs the unique
minimal NFA that is strongly bisimilar to a given one. For the definition of strong bisimi-
larity, see, for example, the book by Milner [Mil89]. An efficient algorithm to construct this
automaton was proposed by Kannellakis and Smolka [KS90], later improved by Paige and
Tarjan [PT87]. The algorithm of Paige and Tarjan runs in time O(m logn + n) for an NFA
with n states and m transitions.

The characterization of the regular languages as those with a finite number of residuals
(theorem 2.31) is similar to the one given by Rabin and Scott in [RS59]: a language is regular
iff the Myhill-Nerode equivalence relation has a finite number of equivalence classes.

Exercise 50 was inspired by Thomas Henzinger. Exercise 53 presents Brzozowski’s min-
imization algorithm for DFAs [Brz62]; for a generalization, see [BT14]. Exercise 54 is due
to Salomon Sickert.

Chapter 3. Operations on Sets: Implementations

Rabin and Scott showed that the regular languages are closed under union, intersection,
and complement, and in particular, they introduced the pairing construction [RS59]. Their
approach is not algorithmic. The subsumption test for checking universality and inclusion
of NFAs is due to De Wulf, Doyen, Henzinger, and Raskin [WDHRO06]. Theorem 3.13
and proposition 3.14 showing that the universality and inclusion problems are PSPACE-
complete for NFAs can be traced back to Meyer and Stockmeyer [MS72], although the
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results appear more prominently in Hunt, Rosenkrantz, and Szymanski in [IRS76]. Both
papers reduce the membership problem for context-sensitive grammars (which is PSPACE-
complete, but this terminology was not established at the time) to universality and inclusion
of regular expressions.

The automaton from exercise 76 appears, for example, in [Vol08].

Chapter 4. Application I: Pattern Matching

Pattern matching (also called string matching) is a fundamental problem of computer sci-
ence, for example, see [AG97, NRO2]. Chapter 3 of [HMUO07] contains a brief introduction
to applications of regular expressions and finite automata to pattern matching. The chapter
is influenced by David Eppstein’s lecture notes for his course on the design and analysis
of algorithms.! In the literature, algorithm CompMiss is known as the Knuth—-Morris—Pratt
(string-searching) algorithm [KJP77]. Different variants were independently discovered by
James H. Morris, Donald Knuth, Yuri Matijasevich, and Vaughan Pratt.

Mohri presents in [Moh97] an automata-theoretic description of the Knuth—Morris—Pratt
algorithm, related to, but different from, ours. Lazy automata are a (very) restricted case of
two-way automata, introduced by Rabin and Scott [RS59] (see also exercise 88). In two-way
automata, the reading head can move right, stay put, or move left. Rabin and Scott show
that finite two-way automata have the same expressive power as finite (one-way) automata,
that is, they precisely recognize regular languages.

Chapter 5. Operations on Relations: Implementations

Transducers are automata that transform finite input words into finite output words. Early
definitions of transducers were introduced by Moore [Mo056] and Mealy [Mea55], known
in the literature as Moore and Mealy machines, respectively. An early appearance of
the term “finite transducer” is [Sch61]. The transducers defined in the chapter produce
exactly one output symbol for each input symbol and are often called length-preserving
transducers. More general transducers can also produce a (possibly empty) sequence of
output symbol and also produce outputs on e-input. For a modern introduction to finite
transducers, going beyond this chapter, see, for example, [HK21]. For applications to
language processing, see [Moh97]. Applications to program verification are discussed in
chapter 7.

The Collatz function, also known as the 3z + 1 function, is named after Lothar Collatz,
who formulated the conjecture in 1937.

Exercise 98 was inspired by [Gulll1].

1. See http://www.ics.uci.edu/~eppstein/teach.html.
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Chapter 6. Finite Universes and Decision Diagrams

This chapter is very influenced by Andersen’s introduction to reduced ordered binary deci-
sion diagrams (ROBDDs) [And98]. This model was introduced by Bryant as a data structure
for the representation and manipulation of boolean functions [Bry86]. ROBDDs are exten-
sively used in the field of formal verification, for example, in CTL model checkers such as
NuSMV [CCGR99]. The observation that the ROBDD of a boolean function is very related
to the minimal DFA recognizing its satisfying assignments (once a variable order is chosen)
is folklore, but, to our knowledge, it has not been explicitly described in the literature.

Chapter 7. Application II: Verification

The approach to formal verification presented in the chapter is usually known as model
checking, which consists of a systematic and exhaustive exploration of the set of reachable
configurations of the formal model of the system. Dedicated books on model checking
include [BK08, CGK*18, CHVBI18].

The application of automata-theoretic techniques to model checking was pioneered by
Kurshan in the early 1980s. Kurshan led the development of COSPAN, a software sys-
tem for the formal verification of coordinating processes [Kur95]. Kurshan used finite
automata to formalize both the behavior of single processes and their specification and
composed them by means of an operation similar to our asynchronous product. The idea
of modeling program variables as processes that communicate with the control process
appears in Milner’s book [Mil89]; see also work on Petri net semantics of concurrent
programs [Jen92, Bes96, Rei98].

Compositional verification is one of the raisons d’étre of process algebras such as
CSP [Hoa85] and CCS [Mil89]. The approach to compositional verification from the chap-
ter is close to that of software like FDR [GABR14] or CADP [GLMS13]. Symbolic state-
space exploration was proposed by Burch, Clarke, McMillan, Dill, and Hwanng [BCM*92].
NuSMV [CCG102] is, for example, a well-known symbolic model checker.

The Lamport-Burns’ mutual exclusion algorithm is taken from [Lam86]. The distinction
between safety and liveness properties is due to Lamport [Lam77].

Chapter 8. Automata and Logic

The equivalence of MSO(Z) and regular languages is due to Biichi [B60], Elgot [Elg61],
and Trakhtenbrot [Tra62]. The logic FO(Z) was first considered by McNaughton and
Papert [MP71], who established its equivalence with star-free languages (see exercise 123).
The algorithm that converts a formula of MSO(ZX) into an equivalent automaton is the core
engine of the MONA tool [HJJT95, KS99], a satisfiability checker for MSO(X). MONA
has been applied to the verification of hardware circuits [BK95].
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Chapter 9. Application III: Presburger Arithmetic

The first decision procedure for Presburger arithmetic was given by Presburger in
1929 [Pre29]. The connection of Presburger arithmetic and automata theory was first estab-
lished by Biichi in [B60], where he showed how to transform a formula ¢ into an automaton
that encodes the set of solutions of ¢.

It was shown by Cobham and Semenov that the subsets of integer vectors encodable
by finite automata in any base b > 2 are those definable in Presburger arithmetic [Cob69,
Sem77]. For a fixed base b > 2, the expressiveness extends slightly beyond Presburger
arithmetic as one can test for powers of 5 [BHMV94].

The algorithmic manipulation of Presburger formulas through automata was consid-
ered by Wolper and Boigelot [WB95, Boi98]. Dedicated constructions for translating
(in)equations into automata, as those presented in chapter 9, were presented in [BC96,
WBO00].

A column of Haase provides an overview on “the history, decision procedures, extensions
and geometric properties of Presburger arithmetic” [Haal8].

Exercise 138 is known as the chicken nuggets problem or the Frobenius coin pro-
blem, after the mathematician Ferdinand Frobenius. In the coin version, the problem asks
for the largest monetary amount that cannot be obtained using only coins of specified
denominations.

Chapter 10. Classes of w-Automata and Conversions

Automata on infinite words were introduced in the 1960s by several authors as a tool for
solving decision problems in logical theories. In particular, Biichi used what we now call
Biichi automata to give a decision procedure for monadic second-order logic on w-words, a
result discussed in chapter 14 [B62, BL69]. (Biichi’s works were collected by McLane and
Siefkes in [MLS90].)

Biichi automata, w-regular expressions, and their equivalence, demonstrated in sec-
tion 10.2.2.1, were introduced by Biichi [B62]. The determinization procedure for co-Biichi
automata of section 10.2.3.1 can be traced back to Miyano and Hayashi [MH84], but
the form shown in the chapter goes to Kupferman and Vardi [KV97, KV01]. The Rabin
condition was introduced by Rabin in [Rab68], although for automata on infinite trees, a
generalization of automata on infinite words. Theorem 10.18 is due to Safra [Saf88]. The
proof of proposition 10.20 can be found in [Bok18], a paper by Boker containing an exhaus-
tive analysis of the blowups involved in conversions between automata types. The Streett
acceptance condition was introduced by Street in [Str81]; again, it was originally defined
for automata on infinite trees. The conversion NSA — NBA is described by Choucka
in [Cho74]. The parity condition was introduced independently by Mostowski [Mos84]
and by Emerson and Jutla in [EJ91] under the name “chain Rabin condition.” A proof
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of theorem 10.25 due to Piterman can be found in [Pit06, Pit07]. Muller automata were
introduced by Muller in [Mul63]. McNaughton showed that every NBA has an equiva-
lent DMA [McNG66]. Proposition 10.20 is adapted from a similar result by Boker [Bok17].
Exercise 148 is inspired by Kupferman [Kup18].

For the reader interested in the theory of w-automata, there exist excellent publications
containing more advanced results. Thomas’s chapter in the Handbook of Theoretical Com-
puter Science presents a very clear account of the work of Biichi [Tho90]. The monograph
by Perrin and Pin presents the connection with algebra and topology. The most exten-
sive work is [GTWO02], a monograph by multiple authors. Wilke’s brief introduction to
w-automata for automata-theorists presents basic constructions one can use to implement
operations like complementation or determinization [WS21]. Kupferman’s chapter in the
Handbook of Model Checking, and the chapter by Kupferman, Vardi, and Esparza in the
Handbook of Automata Theory [Kupl8, EKV21] are oriented toward the application of
w-automata to program verification.

Chapter 11. Boolean Operations: Implementations

The conversion “NGA — NBA” appears in [Cho74], where it is used with a slightly dif-
ferent purpose—namely, to implement intersection of NBAs. The first complementation
procedure for NBAs, due to Biichi [B62], had a double-exponential blowup in the num-
ber of states. Sistla, Vardi, and Wolper presented in [SVW87] an improved construction
with a 200 blowup. The complementation procedure of section 11.3, with a blowup
of 20(logn) s due to Kupferman and Vardi [KVO01]. An improvement with the same
asymptotic blowup but a smaller constant in the O-notation was presented by Friedgut,
Kupferman, and Vardi [FKV06]. Schewe gave a construction that matches the lower bound
of section 11.3.3 modulo a O(n?) polynomial factor [Sch09]. Detlef Kihler and Wilke
introduced a different construction in [KWO08] that can be used to both complement Biichi
automata and determinize them. The 2€¢1°¢") Jower bound of section 11.3.3 is due to
Michel [Mic88]. The constant was improved by Qiqi Yan in [Yan08]. For a survey of these
developments up to 2007, see [Var07], and for an experimental comparison of different
algorithms, see [TFVT14].

Exercise 158 on automata with transition-based acceptance is inspired by the tool SPOT
of Duret-Lutz et al. [DLFT16] that offers translations into such automata. Exercise 162
is inspired by the work of Muller, Saoudi, and Schupp [MSS86] and Kupferman and
Vardi [KVO01] on weak alternating automata.

Chapter 12. Emptiness Check: Implementations

The introduction to depth-first search, at the beginning of section 12.1, particularly
the parenthesis theorem and the white-path theorem, is taken from the chapter on
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elementary graph algorithms of Cormen, Leiserson, Rivest, and Stein’s textbook on
algorithms [CLRS22]. The nested-DFS algorithm of section section 12.1.1 is due to
Courcoubetis, Vardi, Woper, and Yannakakis [CYWY90, CVWY92]. The improvement
of section 12.1.1.2 is due to Holzmann, Peled, and Yannakakis [HPY96]. The algorithm
and its use in the model checker SPIN [Hol04] is described in Holzmann’s chapter of
the Handbook of Model Checking [Hol18]. Gastin, Moro, and Zeitoun proposed a fur-
ther improvement in [GMZ04] with slightly higher memory requirements. A version that
incorporates the improvements of [HPY96, GMZ04] but without the additional mem-
ory requirements is Schwoon and Esparza’s four-color algorithm presented in section 3
of [SE05]. SCC-based algorithms for Biichi emptiness are modifications of Tarjan’s algo-
rithm for the computation of the SCCs of a graph [Tar72]. The first such algorithms were
proposed by Couvreur [Cou99] and Geldenhuys and Valmari [GV04]. Both of them are
optimal in the sense explained in the chapter. The algorithm of section 12.1.2 is based on
unpublished lecture notes by Schwoon. Emerson—Lei’s algorithm in section 12.2 is taken
from [EL86]. A comparison of several algorithms is presented by Ravi, Bloem, and Somenzi
in [RBS00]. The modified algorithm of section 12.2.2 is due to Fisler, Fraer, Kamhi, Vardi,
and Yang [FFKT01].

Chapter 13. Application I: Verification and Temporal Logic

The classification of program properties into “safety” and “liveness” properties (already
introduced in chapter 7) was introduced by Owicki and Lamport in [OL82]. A formal
definition of these terms was given by Alpern and Schneider in [AS85]. Lamport—Burns’
mutual-exclusion algorithm is described by Lamport in [Lam86].

Temporal logic was proposed as a formalism for the specification of program properties
by Pnueli [Pnu77, Pnu81]. Readers interested on a compact survey on LTL and other tem-
poral logics and their applications to program reasoning can consult the survey by Emerson
in the Handbook of Theoretical Computer Science [Eme90]. The standard textbook on lin-
ear temporal logic and its application to specification of reactive and concurrent systems
is the monograph by Manna and Pnueli [MP92]; a second volume by the same authors
focuses on the verification of safety properties [MP95]. More recent monographs have also
been authored by Kroger and Merz [KMO08] and by Demri, Goronko, and Lange [DGL16].
Dwyer, Avrunin, and Corbett carried out a survey of specifications formalized in LTL
and other temporal logics, and they compiled a set of useful property specification pat-
terns [DAC99]. The property specification language (PSL) is an IEEE standard that extends
LTL with regular expressions and syntactic sugar to ease specification and improve the
expressive power. For introductions to PSL, the reader can consult the monographs by
Cisner and Fisman [EF06]

A first translation of LTL to (generalized) Biichi automata is due to Wolper, Vardi,
and Sistla [WVS83, VWO94] (in fact, these papers translate an extension of LTL). The
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translation of section 13.3 closely follows unpublished lecture notes by Vardi. A more
efficient construction yielding smaller automata was presented by Gerth, Peled, Vardi, and
Wolper in [GPVW95] and implemented in SPIN [Hol04]. It is a tableau construction that
produces a Biichi automaton, instead of a generalized one, and was improved further by
Daniele, Giunchiglia and Vardi [DGV99], Etessami and Holzmann [EHO00], and Somenzi
and Bloem [SB00]. A new construction using very weak alternating automata as an inter-
mediate step was given by Gastin and Oddoux [GOO1]; it is also distributed with SPIN.
Couvreur proposed in [Cou99] a construction similar to the one of [GPVW95], but yield-
ing a generalized Biichi automaton with sets of accepting fransitions, instead of accepting
states; it always produces automata at most as large as those of [GPVW95]. Duret-Lutz
and Poitrenaud provided a more efficient implementation of Couvreur’s construction in the
SPOT tool [DP04], further improved by Duret-Lutz in [Durl4]. This is essentially the con-
struction implemented in SPOT 2.0 [DLF*16]. SPOT 2.0 offers an online translator from
LTL formulas into different automata models that constitutes an invaluable tool for teaching
LTL. The procedure for the automatic verification of LTL formulas described in section 13.4
was proposed by Vardi and Wolper in [VW86]. It is usually called the automata-theoretic
approach to model checking (of LTL). The approach is described in Kupferman’s chapter
in the Handbook of Model Checking [Kup18] and, among other topics, in the monographs
on model checking by Clarke, Grumberg, Kroening, Peled, and Veith [CGK™ 18] and Baier
and Katoen [BK08]. The approach was implemented by Holzmann in SPIN [Hol04].

Exercise 179 is taken from [DAC99], adapted by Salomon Sickert. Exercise 183 is due
to Schwoon. Exercise 187 is taken from Kupferman and Rosenberg [KR10].

Chapter 14. Application II: Monadic Second-Order Logic on @-Words and
Linear Arithmetic

Monadic second-order logic on @-words was studied by Biichi across several
papers [MLS90], and his successful attempt to finding a decision procedure for the logic led
to the introduction of Biichi automata. Thomas’s chapters in the Handbook of Theoretical
Computer Science and the Handbook of Formal Languages give very clear introductions to
this work and to its extension to monadic second-order logic on w-trees [Tho90, Tho97].

The idea of using Biichi automata as a data structure for sets of real numbers can be
traced back to Boigelot, Rassart, and Wolper [BRW98]. The algorithmics of this data
structure were developed by Boigelot, Wolper, and others in several publications [WBO00,
BIWO01, BJWO0S5]. The sets of real numbers representable by Biichi automata were studied
by Boigelot and Brusten [BB09]; Boigelot, Brusten, and Bruyére [BBB10]; and Boigelot,
Brusten, and Leroux [BBL09]. The constructions have been implemented in the tool LASH
(Liege Automata-based Symbolic Handler) [Las04]. Boigelot’s chapter in the Handbook of
Automata Theory is an excellent introduction to this work [Boi21].
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