N

N

An algebraic theory for state complexity
Edwin Hamel-de Le Court

» To cite this version:

Edwin Hamel-de Le Court. An algebraic theory for state complexity. Logic in Computer Science
[cs.LOJ]. Normandie Université, 2020. English. NNT: 2020NORMRO083 . tel-03329819

HAL Id: tel-03329819
https://theses.hal.science/tel-03329819
Submitted on 31 Aug 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03329819
https://hal.archives-ouvertes.fr

=)

Normandie Université

These
Pour obtenir le diplome de doctorat
Spécialité Informatique
Préparée au sein de I'Université de Rouen

An Algebraic Theory for State Complexity
Une Théorie Algébrique pour la Complexité en Etats

Présentée et soutenue par:
Edwin HAMEL-DE LE COURT

Composition du jury

Professeur des Universités ) N
Pascal Caron ) . Directeur de Theése
Université de Rouen

Professeur des Universités

Jean-Gabriel Luque Université de Rouen Co-directeur de These
Galina Jirdskova Slovak Aggifiizog,f Sciences Rapporteur
Sylvain Lombardy InstifurtO f’eoslsyetlé];ﬁrfisqgg ic‘l]ee rg(i)fdseaux Rapporteur
Jeffrey O. Shallit Univerls);tO; isfs‘(/)\l;a terloo Rapporteur
Emilie Charlier Chargée de cours Examinateur

Université de Liege

Professeur des Universités )
Anca Muscholl . L Examinateur
Université de Bordeaux

Samuele Giraudo Maitre de conférences Examinateur
Université Gustave Eiffel

RUNIVERSITE Q d Y lltls

DE ROUEN

N ORMANDII E







Contents

1 Introduction

2 Preliminaries

2.1 Notationsand conventions . . . . .. ... ... . ... . . o L
2.1.1 Standard notations and conventions . . . . . ... ... 0oL
2.1.2 Non-standard notations and conventions . . . . ... ... ......
22 Mappingsover[[n]l . ... ...
2.3 Equivalencerelations . . . . ... .. ... L o o o
2.4 Operations over languagesand DFAs . . . . ... ... ... .........
241 Alphabets, words and languages . . . . ... ... ... ........
2.4.2 Deterministic, finite and complete automata . . . .. ... ... ...
2.4.3 Accessible states, the Nerode equivalence and minimal DFAs
244 Language operations and regular operations . . . . ... ... .. ..
245 Statecomplexity . . ... ... . oo
24.6 Morphisms . .. ... .. ... .. e

Operads

3.1 Whatisanoperad? . . ... ... .. ... . ... e
32 Operationsoveraset . . ... ... ... . ... oo
3.3 Morphisms, quotient operads, and suboperads . . . .. ... ... . L.

Modifiers and 1-uniform operations

4.1 About l-uniform operations . . . . . .. ... Lo Lo

42 Modifiers . . . . ...
421 Definition . . ... ... ...
422 Examples . ... ... ... e
423 Alternativenotations . . . . . ... ... .. ... . L.
424 From modifiers to regular operations . . ... ... ... ... ....

4.3 The link with operational state complexity . ... ... ... .........
431 Monsters . . . . ... e
43.2 Modifiers and 1-uniform operations . . . . ... ... ... .. ...,
43.3 Computing the state complexity of 1-uniform operations . . . . . . .

3

11
11
11
13
13
15
15
15
16
18
19
21
22

23
23
28
31



5 Examples
51 Star . .. . .. e
5.1.1 Applying the star modifier to monsters . . . ... ... ........
512 Anupperbound . ...... ... ... ... ... o L.
513 Alowerbound . ........... ... ... . . L.
52 BooleanOperations . . . . ... ... ... .. o
52.1 Applying the modifiers describing boolean operations to monsters .
522 Anupperbound . .... ... ... o o oo
523 Alowerbound . ... ....... ... ... .. o oL
53 Catenation . . ... ... ... ... e
53.1 Applying the catenation modifier to monsters . . .. ... ... ...
532 Anwupperbound . .......... ... ... o oL
533 Alowerbound . ....... ... ... ... o

6 On the star of boolean operations
6.1 The star of the symmetric difference: a first analysis . . . ... ... ... ..
6.2 Computing the Nerode equivalence of My, —1j0p - - . -« . . o o o oo oL
6.3 Computing the accessible states of My, —1j0p -+« -+« v v o v o oo oo
6.4 Computing the state complexity of the language recognized by My,,_1}0; - -
6.5 Discussing the monsters’ finalstates . . . ... ... ... .. .........
6.6 Witnesses with a finitely bounded alphabetsize . . ... ... .. ... ...
6.7 Towardsthegeneralcase . . ... ... .. ... ... ... .. ... ......

7 Friendly and product modifiers
7.1 Friendly modifiers . .. ... ... ... . o
7.1.1 Friendly modifiers: anoperad . .. ... ... ... .. ... ....
7.1.2 Standard friendly modifiers . . . .. ... ... .. oo oL
7.1.3 Characteristicsequences . . . . . .. ... .. ... ... .......
714 Friendlyoperations. . . ... ....... ... ... .. ... ...
7.1.5  On the algebraic structure of friendly modifiers . .. ... ... ...
72 Productmodifiers . . . . . ... Lo
7.2.1 Product modifiers: anoperad . . . . ... ... ..o L L.
7.2.2  From product modifiers to standard modifiers . . . . ... ... ...
7.2.3  Product modifiers and quasi-boolean operations . . . . .. ... ...
7.2.4  On the algebraic structure of product modifiers . . ... ... ....
7.3 On the state complexity of friendly operations . . ... .. ... ... ....
731 Theunarycase . . ... ... ... . ...,
732 Thegeneralcase . ... .... ... ... ... .. ...
7.3.3 On the size of the witnesses” alphabets . . . ... ... ........

8 Conclusion
List of Notations and Symbols

Bibliography

CONTENTS

57
58
58
59
60
61
61
62
63
63
63
64
65

69
69
70
74
76
77
84
90

95
95
95
96
98
100
104
105
105
106
110
111
114
114
117
118

119

121

124



Chapter 1

Introduction

In the middle of the twentieth century, with the advent of the first computers, mathe-
maticians became increasingly interested in classifying the different ways with which a
machine computes. Automata are one of the simplest and most useful models that arose.
Since then, a large theory was constructed around this concept. This theory found many
practical applications like text processing, lexical analysis, or hardware engineering. In
addition, many connections have been built between automata and other areas of mathe-
matical research, like logic or algebra.

Many different kinds of automata have been defined and used in computer science.
However, in this thesis, we are only interested in complete, deterministic and finite au-
tomata. We explain in the following the idea behind each of these terms. Intuitively, finite
automata can be seen as machines that are able to enter a finite number of states. One
may go from one state to the other by "reading" a certain letter chosen in a finite set, called
an alphabet. We represent an automaton by drawing a circle for each state, with its name
inside, and by drawing arrows going from state to state, labelled by letters. For example,
in the automaton of Figure 1.1, we can go from state O to state 1 by reading either a or b,
we can go from state 2 to state 1 by reading either 4, b, or ¢, we can go from state 2 to state
2 by reading b, etc.

a,b c

Figure 1.1: A finite automaton.

Thus, we may go from one state to another by "reading" a sequence of letters, called
a word. For example, in the automaton of Figure 1.1, we may go from the state O to the
state 2 by reading the word ach: we go to state 1 by reading a, then we go to state 2 by
reading ¢, and then we stay in state 2 by reading b. Finite automata are designed to accept

5



6 CHAPTER 1. INTRODUCTION

or reject words, using this mechanism. Indeed, notice that some states of the automaton
of Figure 1.1 bear some markings. The states at the end of an arrow that does not come
from any other states (i.e., the states 0 and 1) are called the initial states. The states with
two circles around them (i.e., states 1 and 2) are called the final states. A word is accepted
by an automaton if we can go from an initial state to a final state by reading this word.
For example, the word bca is accepted by the automaton of Figure 1.1, because we can go
from 0 to 1 by reading b, then from 1 to 2 by reading c, and finally from 2 to 1 by reading
a. However, the word ab, for example, is not accepted by the automaton, because there is
no way to go from either 0 or 1 to either 1 or 2 by reading ab. Indeed, in order to read a,
the only initial state we can begin with is the state 0. Furthermore, reading a from state 0
leads us to state 1, and then reading b from state 1 leads us to state 0, which is not final. A
language is a set of words, and the set of all the words accepted by a finite automaton A is
called the language recognized by A. A language L recognized by an automaton is called
regular.

To be deterministic, a finite automaton must satisfy two conditions. The first one is to
have exactly one initial state. The second one is that, by reading a letter from any state,
there should be at most one state to which we can go. In other words, for every state g and
for every letter a, there should be at most one arrow labelled by a starting from state g. For
example, the automaton of Figure 1.1 is not deterministic because, by reading c from the
state 1, we can go either to state 0 or to state 2. Another reason would be that it has two
initial states, 0 and 1. However, for example, the automaton of Figure 1.2 is deterministic.

Figure 1.2: A deterministic and finite automaton.

A deterministic and finite automaton is complete if it is possible to read any letter
of its alphabet from any state. In other words, for every letter a of its alphabet, and for
every of its states g, there is an arrow labelled by 4 and starting at . For example, the
automaton of Figure 1.2 is not complete, because we cannot read the letter ¢ from the state
0. To summarize, a finite automaton is complete and deterministic if there is exactly one
possible state to go to by reading any letter from any state. For example, the automaton
represented in Figure 1.3 is complete, deterministic, and finite.



Figure 1.3: A complete, deterministic and finite automaton.

A language is recognized by a complete, deterministic, and finite automata (DFAs) if
and only if it is regular. The reason why DFAs are so interesting is that checking if a word
is recognized by one of them is easy. Indeed, we only need to read the word from its
initial state, and to check whether the state in which we end up is final. Since there is only
one way to read the word from the initial state, we do not need to worry whether there is
another way to read it that would lead to a final state, as is the case with non-deterministic
automata.

It is often interesting to work directly on regular languages to design algorithms.
However, the space used to run algorithms is limited, and we are often concerned with the
space we need to encode the objects we use. This raises the question of the space needed
to code a regular language. Since every regular language is recognized by an infinity of
DFAs, can we find the smallest DFA needed to recognize a regular language? And what
does "smallest" mean exactly, for DFAs? In other words, what is the "size" of a DFA?

Intuitively, the size of a DFA should roughly depend on the size of its alphabet, and
on how many states it has. However, by convention, we define the size of a DFA as
the number of its states. Given a regular language L, the size of the smallest DFA (with
respect to its size) that recognizes L is called the state complexity of L. Computing the state
complexity of a regular language L is usually not obvious to do. In the rest of this thesis,
we compute the state complexities of many regular languages, each time in a different
way.

Nonetheless, the main questions we address in this thesis do not concern the state
complexity of regular languages directly, but rather an extension of this notion to regular
operations. A regular operation is an operation acting over regular languages and return-
ing a regular language. The state complexity of a regular operation is the maximal state
complexity of its outputs, given the state complexity of its inputs. In other words, the state
complexity of a regular operation is a measure of how much more complex its output can
be compared to its inputs.

The state complexity of operations has been extensively studied in the past years. To our
knowledge, the first paper stating results about the state complexity of operations is [33].
In this paper, Maslov computed the state complexity of union, Kleene star, square root,
catenation, among others, without rigorous proofs. Furthermore, the state complexities
computed for the Kleene star and the square root were not accurate. Some time passed
before other computer scientists decided to explore more deeply the state complexity
of operations. Nonetheless, many papers computing the state complexity of different
operations were eventually published. These include the Kleene star, reversal, powers,
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proportional removals, catenation, binary boolean operations, among others [40, 35, 15,

,14,23,24,25,7]. A survey on the state complexity of operations has been published in
2017 [18]. Furthermore, the state complexities of some compositions of two or more well-
known operations have been computed, like the star of union, the star of intersection, star-
complement-star, multiple compositions of boolean operations and multiple compositions
of catenation, among others [27, 19, 31, 11, 16,29, 22, 8,9, 10].

Even though the state complexity of many different operations are known, there are
very little general results that can be applied to help us compute the state complexity of a
new operation. This is mainly due to the fact that we do not understand well enough how
to compute the state complexity of the composition of two operations, even when these
operations are simple. Moreover, the monoid structure underlying the transitions of a DFA
is well-known, but rarely used to formalize their results. Nonetheless, some similarities
can still be observed between computations of state complexity for most operations. Two
steps are usually needed when computing the state complexity of a regular operation.
The first one is to compute an upper bound using some ingenious tricks. The second is
to provide a family of languages, called a witness, whose image by the operation matches
this upper bound. Brzozowski [?] pointed out that some particular witnesses could be
used for several well-known operations. One of the explanations given by Brzozowski is
that they are "complex” in a certain sense: their syntactic monoid is as large as possible. In
this thesis, we take a step back and explain why this heuristic method works by adopting
an algebraic point of view on witnesses and regular operations.

To that aim, in Chapter 4, we build an algebraic framework, so that the new notions
we introduce may be more easily handled and deeply understood. To begin with, the
operations that fall into the scope of our results, which we call 1-uniform, are the regular
operations that commute with the inverse of every length-preserving morphism. This
class contains many well-known regular operations, like the (set-theoretic) complement,
the Kleene star, the Kleene positive closure, the cyclic shift, the mirror, all the boolean
operations, the catenation, the shuffle, etc. Furthermore, this class of operations is stable
by composition. Throughout our research, it appeared that this property of stability
by composition played an important role, and gave an interesting algebraic structure to
regular operations. Therefore, to formalize the results that come from this property, we
decided to use operads, an algebraic tool that comes from the study of different types of
algebras [32]. We introduce operads in Chapter 3. Operads are algebraic structures made
to mimic operations of higher arity. Their definition captures the way operations of higher
arity are composed with one another, in the same way that monoids captures the way by
which some objects can be added or multiplied with one another. For example, language
operations, regular operations, and 1-uniform operations alike form an operad.

In order to prove some results about the state complexity of 1-uniform operations,
we define modifiers, a counterpart to 1-uniform operations in the space of operations
over DFAs. Modifiers that are naturally associated with 1-uniform operations are called
coherent. We use modifiers to work directly over DFAs, which makes state complexity
computations easier. Furthermore, modifiers behave well with respect to composition. To
be more precise, modifiers form an operad, and the association between coherent modifiers
and 1-uniform operations, is described by a morphism of operads. The study of modifiers
leads to the main result of Chapter 4, which states that every 1-uniform operation admits



a certain type of DFA, called monster, as witness.

As their name suggests, monsters are DFAs with a very large alphabet. In fact, their
alphabet is composed of every possible transition function. Because of the size of their
alphabets, monsters are not usually given as witnesses when computing state complexities.
It is usually considered better to provide witnesses with small bounded alphabets (less
than 5 or 6 letters). However, strictly speaking, if our goal is solely to compute the state
complexity of a regular operation, we do not need to worry about the size of our witnesses’
alphabets. Therefore, to reach that goal, monsters are good candidates for witnesses, since
they give us as much leeway as possible for reachability and distinguishability proofs.
Moreover, one can reduce the size of their alphabets later, once a first proof is done.
Presenting certain state complexity computations this way may even be clearer, and easier
to understand.

Using the framework built in Chapter 4, we devise a method to compute the state
complexity of 1-uniform operations, and show that it works on simple examples in Chapter
5. Similar techniques have been used in numerous papers, the oldest of which would be
a paper published in 1978 by Sakoda and Sipser [37]. The authors created languages
composed of graphs, that "contain" in some way all the other languages recognized by
the automata they study. This idea led to some state complexity results about conversions
between different kinds of automata. Ravikumar [35] recognized the possible generality
of this technique and applied it to several problems. Despite two of them being about
the state complexity of operations (specifically about the Kleene star and the intersection),
Ravikumar did not give a general class of regular operations for which this technique can be
applied. Later on, many papers using this idea to prove results about the state complexity
of operations were published [39, 26, 15, 3, 8]. However, none of them described a general
framework that helps us knowing when we can apply such a technique, and the method
itself was never formalized.

In addition, it is well worth noting that a very similar framework to the one we built,
conveying similar ideas and using similar results, is described in the thesis of Sylvie Davies,
albeit with a different point of view [13]. Sylvie Davies found these results concurrently
and independently, and published them in [12]. This is not so surprising, as these ideas
formalize a heuristic commonly used to compute state complexities. Coincidentally, this
stresses the importance and fruitfulness of these ideas.

We put the method we devised to good use in Chapter 6, where we try to compute
the state complexity of the star of a boolean operation. This problem is of course harder
than computing the state complexity of either one of these operations, as there is no reason
for state complexity of their composition to be equal to the composition of their state
complexity. We manage to compute the exact state complexity of the star of symmetric
difference [4], using some combinatorial results of [8]. This is an entirely new result.
Combined with other results [16, 27], this gives us the state complexity of the star of every
binary boolean operation. However, computing the state complexity of the star of every
boolean operation is still out of our reach. We explain how our reasoning in the particular
case of the symmetric difference may be generalized in Section 6.7.

As we see in Chapter 6, it can be difficult to compute the state complexity of the
composition of two operations, even when these operations are well understood. As for
the composition of three or more well-known regular operations, the problem becomes
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highly complex, so much so that the most simple cases are already complicated [29, 22].
Therefore, in Chapter 7, we look for classes of operations that are non-trivial, but that have
a simple structure with respect to composition. We examine how the algebraic structure of
DFAs can be used to understand the algebraic structure of regular operations, in the hope
of proving some state complexity results about large classes of operations. To that aim, we
define two classes of modifiers, friendly modifiers and product modifiers, by simple algebraic
properties pertaining to the algebraic structures of their input and output DFAs. The
results of this chapter concerning friendly and product modifiers, are, to our knowledge,
entirely new. These two classes are stable by composition, and thus form an operad. We
show that friendly modifiers describe every composition of a boolean operation and some
roots, and that the operation described by product modifiers are a slight generalization
of boolean operations [6, 5] . Furthermore, we study in detail the underlying algebraic
structure, and show how the structure induced by product modifiers fits into the structure
induced by friendly modifiers. Finally, we compute the maximal state complexity of
friendly operations, depending on their arity.



Chapter 2

Preliminaries

2.1

Notations and conventions

2.1.1 Standard notations and conventions

o The cardinality of a finite set E, denoted by #E, is the number of elements of E.

e A set G is a subset of a set E if, for all g € G, we have g € E. In that case, we write

G C E. The set of all subsets of E is denoted by 2F.

A mapping f from a set E to a set G associates every element of E with an element of
G. We let f(e) denote the element of G associated with an element e of E. We say that
f(e) is the image of e by f.

The set of all mappings of a set E to a set F is denoted by FE. If f is a mapping from E
to E, we say that it is a mapping over E.

The identity over E, denoted by Idg, is the mapping such that, for all e € E, we have
Idg(e) = e. When E is clear from the context, to avoid cumbersome notations, we let
Idg denote Id.

Let f be a mapping from a set E to a set F. For every subset G of E, we let f(G) denote
the set of all elements y of F such that there exists x € G with y = f(x). We say that
f(G) is the image of G by f.

A partial function from a set E to a set F is a mapping f from a subset G C E to F. We
say that G is the domain of f.

Let E, F, and G be three sets, let f be a mapping from E to F, and g be a mapping
from F to G. We let f o g denote the mapping from E to G such that, for alle € E, we
have (f o g)(e) = f(g(e)). We call o the composition of functions.

The set of all non-negative integers is denoted by IN, and the set of all positive
integers is denoted by IN'\ 0.

11
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Let E be a set. A sequence with values in E is a mapping u from IN to E. We usually let
(4j)jen denote u, where u; = u(j) for all j € IN.

A sequence (1) en With values in a set E is eventually periodic if and only if there exist
two non-negative integers p and N, such that for alln > N, we have u,,, = u,.

For all non-negative integers k, a k-tuple of elements u of E, or a finite sequence with
values in E, is a mapping from {1, ..., k} to E, or equivalently an element of EF. When
the terminology of k-tuple is employed, we usually let (u4, ..., 1) denote u, where
uj =u(j)forallj € {1,...,k}. Furthermore, when the terminology of finite sequence is

.....

u, where u; = u(j) forall j € {1,...,k}.

For all non-negative integers k, we let EX denote the set of all k-tuples of elements of
E. The set E! is identified with E.

A mapping f from a set E to a set F is surjective if and only if, for all y € F, there exists
x € E such that y = f(x). A mapping f from a set E to a set F is injective if and only
if, for any two distinct elements x and x” of E, we have f(x) # f(x’). A mapping is
bijective if it is surjective and injective.

Let f be a bijective mapping from E to F. We let f~! denote the mapping from F to E
such that, forall y € F, f~!(y) is equal to the only element x of E that satisfies f(x) = y.

Let E be a set, and G be a subset of E. The complement of G in E, denoted by E \ G, is
the set of all elements e of E such that e is not in G.

The union of two sets E and G, denoted by E U G, is the set of all elements that are
either in E or in G.

The intersection of two sets E and G, denoted by E N G, is the set of all elements that
are in both E and G.

The symmetric difference of two sets E and G, denoted by EAG, is the set of all elements
that are either in E or in G, but not both. Notice that we have EAG = (E U G)\(E N G).

A monoid is a set M equipped with an associative operation e such that there exists
an element e € M that satisfiesc e x = x @ ¢ = x, for all x € M.

A group is a monoid (G, ) such that, for all element x € G, there exists an element y

in G such that x @ y = iy @ x = ¢¢. This element is called the inverse of x is denoted by
-1

X

Let (M, o) be a monoid, and H be a subset of M. We say that M is generated by H
if, for all x € M, there exists a finite sequence (/;)c(1,...m) Of elements of H such that
x=hieh,e---eh,,.

Let (G, ®) be a group, and H be a subset of G. We let H™! denote the set of all the
elements x of G such that there exists € H that satisfies x = h™!. We say that G is
generated by H if, for all x € G, there exists a finite sequence (/;)c(1,...m) of elements of
HUH 'suchthatx=hyeh,e---0h,,
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2.1.2 Non-standard notations and conventions

e For every set E and every element g of some set, we let [¢ € E] denote the number
equal to 1if ¢ € E, and 0 otherwise.

o A graded set is a sequence of sets (E,),en such that, for any two distinct non-negative
integers i and j, we have E; N E; = 0. We almost always identify a graded set (E,)uen
with the set E = U en Ej-

e Let E and F be two graded sets. A graded mapping f from E to F is a mapping from E
to F such that, for any non-negative integer n, for any e € E,,, we have f(e) € F,.

o Let Ey,...,E; be k sets, and let (fi,..., f¢) € Efl X -o X Ef". For any (ey,...,e) in
E; X --- X E, welet (fi,..., fi)(ei, ..., e) denote the element (fi(e1), ..., fi(ex)) of E; X
-+ +XEy. Inotherwords (fy, .. ., f¢) denotes at the same time an element of Efl X -XEf"
and an element of (E; X -+ X Ep)E*"*Ex. The reader should always be able to infer,
from the context, which one we are referring to. Notice that, as a consequence, for
any (g1,...,8) € Efl X o0 X Ef", we let (f1,..., fx) © (g1,...,8x) denote the element
(fiogi,- -, fxo g of Efl X e X Ef". Furthermore, if (Gy,...,Gy) € 251 x - x 2, we
let (f1,..., fi)(Gy, ..., Gi) denote the element (f1(Gy), ..., fi(Gy)) of 2F1 x - -+ x 2Ex. We
say that (f1(G1), ..., fi(Gy)) is the image of (Gy,..., Gi) by (fi,..., fi)-

e Let X be a set, k be a non-negative integer. A k-ary operation over X is a pair (k, f)
where f is a partial function from X* to X.

We put the arity k of an operation explicitly in the above definition, instead of relying
only on the domain of f, because the domain of f could be empty. This trick lets
us distinguish between two operations of different arity whose domains are empty.
Nevertheless, a k-ary operation (k, f) is almost always denoted only by the function
f, when the arity of the operation is clear from the context. We say that an operation
is unary when it is 1-ary, and that it is binary when it is 2-ary.

e For all positive integers n, we let [n]] denote the finite set {0, ...,n — 1}.

2.2 Mappings over [1]

-----

of [n], we let (iy, ..., i,) denote the mapping such that
il lf] =m
forall € ¢ {i1,..., i}, (i1, ..., in)0)=¢

forall je{l,...,m}, (i1,...,0n)0) = {

The mapping (i1, ...,i,) is called an m-cycle. A 2-cycle is called a transposition. Fur-
thermore, for all 7,j € [n], we let n§ denote the mapping such that, for all £ € [n], we

have
i | if€=1
nf(f) - { ¢ otherwise.
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A permutation is a bijective mapping over [n], for some positive integer n. The set
of all permutations over [n] is denoted by &,. It is well-known that, for all positive
integers n, ([n]", o) is a monoid, and that (S, o) is a group. It is well-known that, for
all integers n with n > 2, the monoid (&,, o) is generated by {(0,1),(0,1,...,n — 1)}. For
all positive integers 1, we let I, denote the subset of [n]I"! equal to {Id} if n = 1, and to
{(0,1),(0,1,...,n—-1), 7'(8‘1} otherwise. It is well-known that for all positive integers 7, the
monoid ([n]!", o) is generated by the set I,.

.....

[[nl]][[m]] X oo X [[nk]][[nk]]'

Definition 1. Let (ny,...,1x) be a k-tuple of positive integers, and for all j € {1,...,k} with

;> 2 lett; = (Id,...,1d,(0,1),1d,...,1d), ¢; = (id,...,1d,(0,1,...,n; — 1),1d,...,1d), and
j=1 elements j—1 elements

.....

j—1 elements

(1,...,1), and the set ‘ U {tj,cj,pj) otherwise.
JE(,... =2

Proposition 1. For all k-tuples of positive integers (n, . . ., nx), the monoid (I'y, . ,,, ©) is generated
by I,

Proof. Let (ny,...,nx) be a k-tuple of integers.

ool

(@1, .., ¢0) = (¢1,1d,...,Id) o --- 0 (Id, ..., 1d, ;,Id, ..., Id) 0 --- o (Id, ..., Id, ).
[ —
j—1 elements

However, for all j € {1,...,k}, there exists an integer m; and a finite sequence (¢;¢)ce(1,...m A
of elements of I, such that

(d,...,1d,¢;,1d,...,1d) = (id,...,1d,¢;1,1d, ..., Id) 0 --- 0 (Id, ..., 1d, ¢, 1d, . .., 1d).
—— ~—— ————
j—1 elements j—1 elements j—1 elements
However, by Definition 1, ¢;, = (Id,...,1d,¢;;,1d,...,Id) is an element of T} U
[ —

j—1 elements

{dd,...,1d)}. Furthermore, we have
((Pl,---,ﬁbk) = I,1)1,1 0"'0¢1,m1 Ol,bz,l 0"'01P2,m2 0"'°§bk,1 0"'O¢’k,mk-

if (nl,...,nk) =

///// R

(1,...,1), and is otherwise equal to

(d,...,1d,(0,1),Id, ...,1d) o (Id, ..., 1d, (0,1),1d, ..., Id),
Jj=1 elements j—1 elements

for all j such that n; > 2. In any case, we can always write (Id, ..., Id) as a composition of

As a consequence, (I'y,,.. 4, ©) is generated by I}, . m|

----- SN
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2.3 [Equivalence relations

A relation over a set E is a mapping from E X E to {0, 1}. For any two elements q,q" of E, if
r is a relation over E, we let grq’ denote the fact that r(g,4") = 1.

Let r be a relation over a set E. The reflexive closure of r is the relation v such that, for
all g,q' € E, gvq’ if and only if g = g’ or grq’. The symmetric closure of r is the relation
s such that, for all q,q" € E, gsq’ if and only if grq’ or q'rq. The transitive closure of r is
the relation t such that, for all g4,4" € E, qgtq’ if and only if there exists a finite sequence

L (h = q/

hd Qm = 0]//

e forall j€({l,...,m -1}, we have g;rq;,1.
The reflexive,symmetric, and transitive closure of r is the transitive closure of the symmetric
closure of the reflexive closure of r.

Anequivalencerelation ~ over a set E is arelation thatis equal to its reflexive, symmetric

and transitive closure. In other words, a relation ~ over a set E is an equivalence relation
if and only if

e forallg € E,wehaveqg~g,
e forallg,q' €E,ifg~¢q', thenqg ~q
e forallqi,q,,93 €E,if g1 ~ g2 and q» ~ g3, then q; ~ g5.
For all equivalence relations ~ over a set E, for all g € E, the equivalence class of q for ~,

denoted by 5, is the set of all 4° € E such that g ~ q’. Furthermore, the set of all equivalence
classes of E for ~, denoted by E/ ., is the set of all § with q € E. Notice that, for all 4,4’ € E,

ifg~q, thena = 57

We say that an equivalence relation ~ over a graded set E is graded for E if, for all integers
m and n, for all g € E,,, and for all 4° € E, such that g ~ g4', we have m = n. Equivalently, ~
is graded if, for all non-negative integers n, (E/.) N 2B = E, /.. Therefore, if ~ is graded,
the set E/. is naturally graded as follows: for all non-negative integers n, (E/.), is equal
to the set E,,/ .

2.4 Operations over languages and DFAs

2.4.1 Alphabets, words and languages

An alphabet is a finite set, whose elements are called letters. A word w over L is a finite
sequence (4;)e(1,..,) With values in X.. A word w = (a;)cy1,...¢) is usually denoted by a; - - - a,.
When ¢ = 0, we call w the empty word, and it is denotes by ¢. The catenation of two words
u=ay---a,and v = by --- by, denoted by u - v or uv, is the word a; - - -a,b; - - - b,,, that is the
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finite sequence with values in T obtained by putting the finite sequence (b;)c(1,...m) at the
inductively as w - w"™! with w° = e.

The set of all words over X is denoted by Z*. A language over an alphabet X is a pair
(L, X), where L is a subset of ©*. To avoid cumbersome notations, we identify a language
(L, X)) with the first element L of the pair, when the alphabet X is clear from the context.

By convention, the complement of a language L over an alphabet ¥ is the complement
of Lin X*.

The catenation of two languages L and L’ over the same alphabet ¥, denoted by L -L’, is
the language (over X) of all the words ww’ over X such that w € L and w’ € L',

For every non-negative integer k and every language L over an alphabet ¥, the k-th
power of L, denoted by L¥, is the language (over X) of all the words w; - - - wy over L such that
wj €L, forallje(l,... ,k}. In other words, for every non-negative integer k, Lk =L LK1
with L° = {¢}.

For any language L over an alphabet X, the Kleene star of L, denoted by L*, is the
language (over X) of all the words w; - - - wy over X, such that k is a non-negative integer,

+0o
and w; € Lforall j € {1,...,k}. In other words, L* = | Lk,
=0

For every non-negative integer n, the n-th root of a language L over an alphabet X,
denoted by VL is the language (over L) of all the words w such that w" € L. Notice that
VL = £* if ¢ € L and 0 otherwise, and VL = L. By convention, we let VL denote VL.

2.4.2 Deterministic, finite and complete automata

A complete and deterministic finite automaton (DFA) is a 5-tuple A = (%, Q, 1, F, 6) where X is
an alphabet, Q is a finite non-empty set, i is an element of Q, F is a subset of Q, and 6 is a
mapping from QXX to Q. The set Qs called the set of states of A, i is called its initial state, F is
called its set of final states, and 0 is called its transition function. The size of A, denoted by #A,
is the cardinality of Q. Asan example, let us consider the DFA A = ({, b}, {0, 1, 2},0,{0, 2}, 6),
of size 3, where for all j € {0,1,2}, we have 6(j,a) = (j + 1) mod 3, and 6(j, b) = (2j) mod 3.
This DFA is represented in Figure 2.1.

Figure 2.1: A DFA A.

As you can see in Figure 2.1, we represent the states of a DFA as circles with their name
inside. We put on the initial state an arrow that does not come from any other state, and
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we put around the final states another circle. Finally, we put an arrow labelled by a letter
a € X between two states g and ¢’, if and only if we have 6(g,a) = ¢4'.

For any DFA A = (£, Q, 1, F,0), any state g € Q and any letter a € X, we let 6°(q) denote
6(q,a). Notice that, for all letters a € L, " is mapping over Q. Furthermore, we extend the
transition function 6 to a mapping from Q X X* to Q in the following way: for all states
g € Q, and for all words w = a; - - -a, over L, we let 6(q, w) denote the state 6" o --- 0 6"(g)
(with 6(g, €) = q). We also let 6“(q) denote 6(gq, w).

We can associate a language with every DFA. Intuitively, we associate with a DFA every
word such that, after beginning at the initial state and following the arrows by "reading"
the letters one by one, we end up in a final state. More formally, the language recognized
by a DFA A = (%, Q,1,F,6), denoted by L(A), is the set of all words w such that 6*(i) € F.
A language is called regular if it is recognized by a DFA. Furthermore, the language L(A)
is always over the alphabet of A. Two DFAs are equivalent if they recognize the same
language.

For example, the language recognized by the DFA B of Figure 2.2 is the set of all words
over the alphabet {a} of odd length, i.e., the set {a®**! | k € NJ.

Figure 2.2: A DFA B.

We say that two DFAs are isomorphic if one is the same as the other up to a renaming
of states. More formally,a DFA A = (%, Q, i, F, 6) is isomorphictoa DFA A’ = (¥, Q’, 7', F’, &)
if X = ¥, and if there exists a bijection ¢ from Q to Q" such that ¢(i) = i/, ¢(F) = F’, and,
for all states g € Q and all letters a € X, we have ¢(6°(9)) = 0""(¢(9))-

Let A =(X,Q,i,F 0) be a DFA, and let ~ be an equivalence relation over Q. We say that
~ is compatible with A if

e forall states g, € Qwithg ~¢,ifg€ F, theng € F
o forall states q,q" € Q and all letters a € L, if g ~ ¢’, then 6°(q) ~ 6*(9').

Let ~ be an equivalence relation compatible with A. We let A/. denote the DFA
(Z,Q/-/1,F/-,0),

where, for alla € Q/., we have C“(a) = % Since 6°(g) ~ 6"(¢) when q ~ q’, the DFA A/.
is well-defined. We show by induction that, for all states g4 € Q and all words w over X, we

have Cw(a) = 5“’7@5 Therefore, we have 6“(i) € F if and only if Cw(;) € F/.. Hence, the DFA
A/ . recognizes the same language as A.
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2.4.3 Accessible states, the Nerode equivalence and minimal DFAs

Let A =(X,Q,i,F6) beaDFA. A state g € Q is accessible in A if there exists a word w over
Y. such that g = 6“(i). The accessible part of A is the DFA obtained when restricting A to its
accessible states, i.e., the DFA B = (£, Q’,i, F’,0"), where Q' is the set of all accessible states
of A, F’ is the set of all final states of A that are accessible, and ¢’ is the restriction of 0 to
Q’ x L. The non-accessible states are not relevant for computing the language recognized
by A. In other words, the accessible part of A recognizes the same language as A.

Let A = (X, Q,i,F 6) be a DFA. We say that two states g, 4" € Q are distinguishable in A if
and only if there exists a word w over X such that the states 6“(g) and 6“(q") do not have
the same finality, i.e., such that either 6“(g) ¢ F and 6“(g") € F, or 6“(q) € F and 6“(q") ¢ F.
In other words, two states g, q’are distinguishable if we can find a word w such that the
two states obtained by "reading" w from g and 4’ do not have the same finality. Two states
that are not distinguishable in A are said to be indistinguishable in A.

The Nerode equivalence induced by A is a relation ~ over Q such that, for all states
7,9 € Q, we have g ~ ¢’ if and only if 4 and g4’ are indistinguishable in A. The Nerode
equivalence ~ induced by A is an equivalence relation, and is compatible with A. Therefore,
if ~ is the Nerode equivalence induced by A, the DFA A/. recognizes the same language
as A.

Let L be a language over an alphabet X, and let A be a DFA that recognizes L. A minimal
DFA that recognizes L, or a minimal DFA equivalent to A, is a DFA B such that B recognizes
L, and such that the size of B is minimal out of all DFAs that recognize L, i.e., such that
L(B) = L and #B = min{#C | L(C) = L}. It is well-known [36] that any two minimal DFAs
that recognize the same language L are isomorphic. Furthermore, given a DFA A, we can
compute a minimal DFA equivalent to A.

Let A be a DFA, let B be the accessible part of A, let ~4 be the Nerode equivalence
induced by A, and let ~p be the Nerode equivalence induced by B. Then the DFA B/, is
a minimal DFA equivalent to A, and so is the accessible part of A/., [36]. We make use of
this result repeatedly in Chapters 5 and 7.

As an example, consider the DFA C of Figure 2.3. The only state that is not accessible
in C is 5. Therefore, the DFA C’ of Figure 2.4 is the accessible part of C. The states 1
and 2 are indistinguishable in C’, as are the states 3 and 4. Furthermore, the states 1 and
3 are distinguishable in C’ by reading the empty word. In addition, 0 is distinguishable
from every other state. Therefore, the set of all equivalence classes of C’, for the Nerode
equivalence ~¢ induced by C’, is equal to {{0}, {1,2}, {3,4}}. As a consequence, the DFA D
of Figure 2.5 is equal to C’/._,. Hence, D is a minimal DFA equivalent to C. Furthermore,
the DFA D recognizes the language {a}. Therefore, D is a minimal DFA that recognizes {a}.
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@ a

Figure 2.3: A DFA C

:
@< al
T 5
@ a
Figure 2.4: The DFA C’: the accessible part of C

T

Figure 2.5: The DFA D: a minimal DFA equivalent to C.

2.4.4 Language operations and regular operations
What are languages operations and regular operations?

In computer science, and specifically in the research area of formal languages, a regular
operation is usually an operation that acts on k regular languages and returns a single
regular language, for some integer k. However, we have to clarify what we mean by that,
because two main different point of views are used, with slightly different definitions that
lead to different results. To this aim, we introduce some new notations. We let &£ denote
the set of all languages, and by L the set of all regular languages. Furthermore, for any
alphabet X, we let P(X*) denote the set of all languages over the alphabet ¥, and by Rat(X*)
the set of all regular languages over the alphabet L. In addition, we let £ denote the set
(P(Z*))k, and by Lf the set (Rat(X*))". Finally, we let %, denote the union of all the sets
(P(Z*))k, for all alphabets ¥, and by L the union of all the sets (Rat(X*))*, for all alphabets
.

From the unrestricted point of view, we see a k-ary language operation as an operation
over £ whose domain is ¥, i.e.,a mapping from ¥ to £. Similarly, we see a regular
operation as an operation over £ whose domain is £F, i.e.,a mapping from L* to £. From
the restricted point of view, we see a k-ary language operation as an operation that acts on
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k languages over the same alphabet X, and returns a language over X. Similarly, we see a
regular operation as an operation over L that acts on k regular languages over the same
alphabet X, and returns a regular language over L. More formally, from the restricted
point of view, a k-ary language operation ® is an k-ary operation over &£ whose domain is
Z (i.e.,a mapping from %; to &), and that satisfies ®((P(X*))¥) C P(L*), for any alphabet
Y. Similarly, a k-ary regular operation ® is a k-ary operation over £ whose domain is L
(i.e.,a mapping from L to £), and that satisfies ®((Rat(X*))¥) C Rat(X*), for any alphabet
L.

Even though the unrestricted point of view may seem simpler, it is probably easier, for
technical reasons, to study the concepts we introduce from the restricted point of view.
Therefore, it is the point of view that we adopt throughout this thesis. We stress here that
throughout the rest of this thesis, a k-ary language operation refers to a mapping ® from
Zx to & such that ®((P(Z*))*) C P(L*), for all alphabets ¥ and all non-negative integers
k. Furthermore, a k-ary regular language operation refers to a mapping ® from L to £
such that ®((Rat(Z*))") C Rat(Z*), for all alphabets * and all non-negative integers k.

You may have noticed that we purposefully defined regular operations so that their
domain was restricted to k-tuples of regular languages of &;. This decision is not without
consequences throughout this thesis. In particular, two distinct language operations may
have the same restriction to L, and thus may be equal if considered as regular operations.
Therefore, before using an operation over languages, it may be important to ascertain
its domain. To avoid this inconvenience, we state now that the domain of every k-ary
operation over languages considered in Chapters 4, 5, 6, and 7 is L. Even though every
operation we consider in these chapters is actually a regular operation, it is not obvious
for some of them. Therefore, making the statement here that every operations considered
are regular operations would require some of the proofs presented later on.

Boolean functions and boolean operations

An important class of language operations is the class of boolean operations. Boolean
operations are language operations that generalize the complement, the union, and the
intersection of languages. They are routinely used in computer science, and we use
them extensively throughout this thesis. They provide good examples, as their properties
are not trivial, but not overly complicated either when compared to other well-known
operations. In order to define boolean operations over languages, we first need to define
boolean functions.

Definition 2. A k-ary boolean function b is a k-ary operation over {0,1}.

In other words, a boolean function acts on k elements of {0, 1} and returns an element of
{0,1}. From every boolean function, we define a corresponding operation over languages.

Definition 3. Let b be a k-ary boolean function. We let ®y, denote the k-ary language operation
such that, for all k-tuples of languages (L, ..., L) over ¥, we have

®b(L1,...,Lk) = {ZU ey’ | b([w S L]],...,[w S Lk]) = 1}

A regular operation is boolean if it is equal to ®y, for some boolean function b.
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Example 1. The most usual boolean operations over languages can be defined as follows:

o Let c be the unary boolean function such that ¢(0) = 1 and c¢(1) = 0. The complement over
languages is equal to ®.. Indeed, we have

fweXl'lcwel)=1}={wel |[well=0={weX |w¢L}=L"
e For any two languages L, and L, over the same alphabet, we have ®union(L1, L2) = L1 U Ly,

®inter(L1,L2) = L1 N Ly, ®xor(L1, Ly) = L1AL,, where union, inter and xor are the boolean
functions respectively defined by Table 2.6, Table 2.7 and Table 2.8.

union |0 |1 inter |0 |1 xor |01
0 0|1 0 (00 0 |01
1 11 1 (01 1 |11]0
Figure 2.6 Figure 2.7 Figure 2.8
Truth table Truth table Truth table
for union. for inter. for xor.

2.4.5 State complexity

There are as many types of state complexities as there are types of automata. However, in
this thesis, we only study what is sometimes called deterministic state complexity, i.e., the
notion of state complexity that comes from DFAs.

The state complexity of a language L over an alphabet X, denoted by sc(L), is the size of
a minimal DFA that recognizes L. For example, from Section 2.4.3, the state complexity of
the language {a} over the alphabet {a} is 3 (the size of DFA D in Figure 2.5). We extend this
notion to regular operations. The state complexity of a regular operation is a measure of
how much it can increase the state complexity of its input languages. In other words, it is
the maximal state complexity of the output, given that the state complexity of the inputs
is less than or equal to a certain upper bound. More formally, the state complexity of a
k-ary regular operation ®, denoted by scg, is a map from (IN \ 0)* to N \ 0 such that, for all
k-tuples of positive integers (1, ..., 1), we have

scg(n1,...,ny) = max{sc(®(Ly,..., L)) [ (L1,...,Ly) € Ly Asc(Lj) <nj;, ¥je(l,... k}}

In this thesis, we develop a method for computing the state complexity of some regular
operations. In Chapters 5 and 7, we will see several examples of these kind of computa-
tions. However, there already are in the literature numerous examples ( see for example
[40, 15,14, 23, 22, 27]). The usual way to compute the state complexity of a regular op-
eration, is first, to find an upper bound, and then, to show that the upper bound is met
by providing a witness. A witness for a k-ary regular operation ® is a k-tuple of DFAs
(A, ..., Ar) (Whose alphabets are all equal), such that

sCe(n1, ..., 1) = sc(®(L(A1),...,L(Ax))),
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where 7; is the size of A, for all j € {1,...,k}. In other words, the usual way to compute
the state complexity of an operation ® is to prove that there is an upper bound b such that
scg(n1,...,1n;) < b, and then to find a k-tuple of DFAs (A, ..., Ai) such that each A; is of
size nj, and such that sc(®(L(A1), ..., L(Ax))) = b.

2.4.6 Morphisms

Let ¥ and I be two alphabets. A morphism is a function ¢ from X to I'", such that, for all
w,v € L', p(wv) = Pp(w)p(v). Notice that ¢ is completely defined by its value on letters,
since ¢(¢) = ¢. We say that a morphism ¢ from Z* to I is 1-uniform if, for alla € X, ¢(a) € I'.

Proposition 2. Let L be a regular language over alphabet X recognized by the DFA A =
(X, Q,i,F 0) and let ¢ be a 1-uniform morphism from I to ¥*. Then, ¢~ (L) is the reqular language
recognized by the DFA B = (I', Q, i, F, &) where, foralla € I and q € Q, 5'(g,a) = 6(q, P(a)).

Proof. A word w is recognized by B if and only if 6"“(i) € F. However, an easy induction
shows that 0’“(q) = (g, p(w)). Therefore, a word w is recognized by B if and only if
6?@(i) € F. However, for any word v, 6°(i) € F if and only if v is recognized by A. Therefore,
w is recognized by B if and only if ¢(w) is recognized by A. Hence, L(B) = ¢"'(L(A)). O

The next proposition is a direct consequence of Proposition 2.

Proposition 3. Let L be a reqular language and ¢ be a 1-uniform morphism. We have sc(¢p™'(L)) <
sc(L).



Chapter 3

Operads

3.1 Whatis an operad?

An operad is a structure designed to mimic the composition of k-ary functions. To our
knowledge, the word operad first appeared in a book of May about iterated loop spaces
[34]. This notion was also connected to the works of G.M. Kelly on coherence in categories,
and the definitions used in [34] arose from discussions between the two mathematicians.
In the 1990’s, the interest in operads was renewed by the works of Ginzburg and Kapranov,
who connected a duality phenomena in rational homotopy theory to the Koszul duality for
operads [20]. Since then, operads were widely used to encode different types of algebras,
like Poisson algebras, Lie and pre-Lie algebras, or Jordan algebras, to name a few. Using
operads to study these kinds of algebras allows us to simplify results and generalize them.
Nowadays, operads appear in many different areas of research, like algebraic topology,
differential geometry, combinatorial algebra, or computer science. One can find more
information on operads in [32]. The results of this chapter are well-known results from
the theory of operads that can be found in e.g. [21]. Nonetheless, a proof is given here for
everyone of them, in order to familiarize the reader with the notion of operads.

An operad is composed of a graded set O and some binary operations ©;. The idea is
that the binary operations ©; behave like a composition, and that an element in the set 0,
behaves like an n-ary operation. To explain intuitively the rules defining an operad, we

represent their elements as trees. An element of O, is represented by a tree whose root has
n children (Figure 3.1).

Figure 3.1: A representation of an element p of O,,.

23
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Furthermore, we represent the composition of two elements p o; q by replacing the j-th
child of the root of p with q (Figure 3.2).

Figure 3.2: A representation of p o; g with p € O,, and q € O,,.

For o; to "behave like" a composition, we set three rules that an operad must satisty.
The first one states that there must exists an element 1 of O; that behaves like the identity.
It is represented in Figure 3.3 below.

Figure 3.3: The "identity" rule.

The second rule is an associativity rule. It gives two different ways of composing three
elements of O, that correspond intuitively to arranging these elements in the shape of a
"line" (right part of Figure 3.4). That rule is represented in Figure 3.4 below.
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Figure 3.4: The "aligned" associativity rule.

Notice that, in the middle part of Figure 3.4, the element corresponding to the rectangle
is the element p o; q. As it is an element of Oy,,,—1, it is represented as a tree with m +n — 1
children, and then composed with r.

We can also compose three elements of O in the shape of a "triangle" (like in the right
part of Figure 3.5). Therefore, another associativity rule is needed (Figure 3.5).

12

w
—
[N]
B

12 i : m 12 . j m

Figure 3.5: The "triangular" associativity rule.

The "identity" rule, the "aligned" associativity rule, and the "triangular" associativity
rule, are the three rules that an operad must satisfy. We formalize this idea in the following
definition.

Definition 4. An operad is a graded set O equipped with a sequence (O;)jen\o of binary operations

over O = |J O,. Forall j € N\O0, ©; is defined for every pair of functions in O,, X O, withm > j
nelN
and n € IN, and returns an element of O,y.n-1. Furthermore, the sequence of binary operations

(©))jemno, must satisfy the following conditions:

o the "identity” rule (Figure 3.3): there exists an element 1d € O, such that, for all positive
integers n and i < n, and all elements p of O,, we have Id ©; p = p©; Id = p,
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e the "aligned” associativity rule (Figure 3.4): we have p ©; (q ©; r) = (P ©; q) Oiyj-1 ¥, for all
positive integers m, n, s, i < m, j < n,and all v, q, v, elements of O,,, O,, O respectively,

e the "triangular” associativity rule (Figure 3.5): we have (p ©; q) ©; t = (p O; 1) Ojys-1 9, for
all positive integers m, n, s, i, and j such that i < j < m, and all v, q, 1, elements of O,,, O,
O; respectively.

Notice that, for every operad, the element satisfying the "identity" rule is unique. It is
called the identity of (O, ®).
We end this section by giving an example of an operad.

Example 2. For all mtegers n, we let B, denote the set of all subsets of {0,1}". Furthermore,

we let B denote the set U By, naturally graded with the sequence (By)ken. For all non-negative
j=0

integers m, nand jwith 1 < j < m, for all E € B,, and E’ € B, we let E ®; E’ denote the set of all

(1,...,6min-1) € Byn_1 such that

o cither (e1,...,ej-1,1,€j4n,...,nin-1) € Eand (ej,...,€j4n1) € E
o or(e,...,€j-1,0,84n,...,6mn1) €EEand (ej,...,e54n-1) € E.

In order to illustrate the above definition, we show here that the graded set B equipped with © is an
operad, by checking that the three "rules” of Definition 4 hold. However, even though the example
seems simple, the direct proof given here is rather heavy. A faster proof is given in Example 6, using
the tools we develop in the next section.

o The element {1} of B, satisfies the "identity” rule of Definition 4. In other words, for all
positive integers n and i < n, and for all elements E of B,,, we have {1} ©; E = E®; {1} = E.

e For all positive integers m, n, s, i < m, j < n, and all E;, E,, E3, elements of B,,, B, B;
respectively, we have (ey, ..., €ninis—2) € E1 ©; (E2 ©; E3) if and only if

— either (e1,...,€i1,1,€i1nis1,- -+ €minss—2) € Evand (e, ..., €1n1s2) € E2 ©; E3
- or (61/ e €ic1, 0/ Citnts—1s++-s em+n+s—2) € El and (ei/ ceey ei+n+s—2) ¢ EZ ©] E3'
However, for all non-negative integers x, y and z with 1 < z < x, for all E € B,, for

all E' € By, and for all (e, ..., exsy-1) € Byriy-1, we have either (ej,...,e.y—1) € E" or
(€j...,eey1) €E" . If (ej,...,e24y-1) € E', then (ey,...,exsy1) € E®; E' if and only if

(1.1, L€y, Crry1) € E,
and if (ej, ..., ezry—1) € E’, then (ey, . .., exry-1) € E®; E' if and only if
(er,...,€:1,0,8:4y,...,6x4y1) ¢ E.
Therefore, we have (e, ..., ex+y-1) ¢ E ©; E" if and only if

— either (ey,...,6,-1,0,8.4y,...,6xy1) ¢ Eand (ej, ..., e;4y1) ¢ E

—or(ey...,e.1,1,84y,...,604y1) € Eand (ej, ..., e24y-1) € E'.
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Therefore, (e1, . .., emin+s—2) € E1 ©; (E2 ©; E3) if and only if

— either (e1,...,€i-1,1,€inss—1, - - -, Cninss—2) € Eq and

(ei, ... s Citj—2, 1/€i+j+n—1/ e Cirnes—2) € Ey and (€i+]'—1, . -,€i+j+s—2) € E3
—or(ey...,€-1,1,Cnts—1,- - Cmsnss—2) € Ey and

(i €i4j-2,0, 84 j4s-1, - -+, Ciynys—2) € Exand (eij-1,...,€ij4s2) ¢ E3
—or(ey,...,€-1,0,€hnts-1, - - Crsnss—2) € Ey and

iy €i4j-2,0, 84 j45-1, - -+, Cinys—2) & Exand (eij-1,..., € j4s2) ¢ E3
—or(ey,...,€-1,0,€hnis-1, - - -, Cmanss—2) € Ey and

(i, €ivj2,1,8xj4s 1, -+, Cinys—2) & Exand (eij-1,...,€ij4s2) € E3

Furthermore, (ey, ..., enin+s—2) € (E1 ©; Ez) ©i1j1 E3 if and only if

— either (ey,...,€iyj2,1, € jrs1,- -, Cminss—2) € E1 ©; Ey and (ei4j-1, ..., €ivjrs—2) € E3
—or(ey,...,€i4j-2,0,8jts-1, -, Cuinss—2) € E1 ©; Ex and (ej4j-1, ..., €isjss—2) & Es.
Thus, sincei+n > i+ j, by removing the ® in the above characterization of (E; ©;E»)©;4 -1 E3,

similarly to what we did in the case of E; ©; (E; ®; E3), we get that E; ©; (E; ©; E3) =
(E1 ©; E3) ©i1j-1 Es.

e For all positive integers m, n, s, i, and j such that i < j < m, and all E,, E,, Es, elements of
B, By, Bs respectively, we have (e, . . ., epninis—2) € (E1 ©; Ez) ©; Ez if and only if
— either (ey,...,ei-1,1,€iss, ..., Cninss—2) € E1 ©; Eyand (e;, ..., ei4s-1) € E3
- or (ell cees€in, 0/ Citsseeey em+n+s—2) € El ©] EZ and (eil o Iei+5—1) ¢ E3'
Therefore, (e1, . . ., €msn+s—2) € (E1 ©; E) ©; E3 if and only if
— either (ell - es6ic1, 1/ Citsr-vny ej+s—2/ 1/ ej+s+n—1/ SRR €m+n+s—2) € El
and (ejs—1,--.,€jssin-2) € Ex and (e;, ..., ei51) € E3

- or (61/ -ees6ic1, 1/ Citsr -y ej+s—2/ 0/ ej+s+n—1/ SRR em+n+s—2) € El
and (€jrs-1, - .-, €jrssn—2) € Ex and (e;, . .., €is1) € E3

- or (ell <o r6ic1, 0/ Citsr -y ej+s—2/ 1/ ej+s+n—1/ SRR em+n+s—2) € El and
(€jrs—1,+++,€jrsin2) € Exand (e;, ..., eis1) & E3
- or (ell -ees6ic1, 0/ Citsr -y ej+s—2/ 0/ ej+s+n—1/ SRR em+n+s—2) € El and
(€jrs—1,- -+, Cjrsin2) ¢ Exand (e, ..., eis1) € Es.
Furthermore, (ey,...,enin+s—2) € (E1 ©; E3) ©j45-1 Ey if and only if

= either (e1, ..., €52, 1, j4nss-1,- - -, Cminss—1) € E1 @; Ez and (ejis—1, ..., €junss—2) € Ez

—or(ey, .. ,€u4s2,0,8 10151, -+ Coninss—1) € E1 ©; Ez and (€jys-1, ..., €jsn+s—2) & Eo.

As a consequence, by removing the ® in the above characterization of (Ey ©; E3) ®j4s-1 E,
similarly to what we did in the case of (E; ©; E;) ©; E3, we get that (E; ©; E3) ©45-1 E2 =
(E1@; E3) ©; E3.

We have thus proved that the graded set B equipped with © is an operad.
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3.2 Operations over a set

Operations are extensively used throughout mathematics and computer science, the sim-
plest and most well-known example being the addition on integers, which is a binary
operation. In order to give to operations over a set a structure of operad, we need to
define a composition. This composition is a generalization of the composition of partial
functions, that we recall below.

Definition 5. Let X be a set, Y and Z be two subsets of X, f be a mapping from Y to X and g be
a mapping from Z to X. Let D be the set of all elements z of Z such that g(z) isinY. Welet fo g
denote the function from D to X such that (f o g)(x) = f(g(x)).

Notice that, in the above definition, the domain of f o g is not X nor is it the domain
of g, but rather the elements x in the domain of g such that g(x) is in the domain of f. We
generalize this idea to k-ary operations, and define the domain of p o; q similarly, based the
domains of p and q, but also on the operation q. We illustrate this in Figure 3.6, where q is
a unary operation over X of domain Z, p is a binary operation over X of domain Y, and D
is the domain of p o1 q. As you can see, D is the set of all pairs (x, y) in X? such thatx € Z
and (q(x),y) € Y.

X2 |

Figure 3.6: The domain D of p oy q.

As for the output of the composition p o; g in the general case where p is m-ary and q is
n-ary, we only need to follow Figure 3.2.

Definition 6. Let X be a set, let m, n and | be three integers with 1 < j < m, let p be a m-ary
operation over X of domain Y, and let q be a n-ary operation over X of domain Z. Let D be the set
of all m + n — 1-tuples (e1, . .., eyn-1)0f elements of X such that

(ej, v ,€n+]‘_1) e’
(ell R /ej—ll Cl(ej/ sy en+j—1)/ en+j/ R /en+m—1) €Y

We let p o; q denote the m + n — 1-ary operation t from D into X such that, for any element
e=(ey,.. emn-1) 0of D,

r= p(eli sy ej—l/ Q(ej/ R /en+j—1)/ en+j/ ey em+n—1)-
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We call the sequence of binary operations (o;)jen () the composition of operations.

Example 3. Let o, be the binary operation over Z. of domain Z?* such that, for any two integers
(i, ), 0+(i, j) = i + j. Furthermore, let v, be the binary operation over Z of domain Z. X (Z.\ {0})
such that, for any two integers (i, j) with j # 0, 0,(i, j) = 5. From Definition 6, the domain D of

0, 0y 0, is the set of all elements (x, y,z) of Z? such that 0,(y,z) # 0 (and equivalently such that

y +z # 0). Furthermore, for any element (x,y,z) of D, (0, 05 0,)(x,y,2) = 0/(x, 0.(y,2)) = ==

y+z°
We can see that the domain D that comes from Definition 6 indeed corresponds to the elements
(x, y, 2) for which 7 is well-defined.

When p is a unary operation over X, and q is any operation over X, for simplicity, we
let p o g denote the operation p o; q. We now prove that operations over a set indeed form
an operad.

Proposition 4. Let X be any set, and let O be a graded set such that, for any integer n € IN, O, is
the set of all n-ary operations over X. The graded set O equipped with the composition of operations
is an operad. We let (Mapy, o) denote this operad.

Proof. Notice that, by Definition 6, o; is indeed defined for every element of O,, X O, with
j < m, and returns an element of O,,,,—1. We now prove successively that (Miapy, o) satisfies
the three conditions of Definition 4.

e The identity over X satisfies the first condition of Definition 4.

e By Definition 6, we have

PO; (q Qj r)(elr ceey €m+n+s—1) =
(P ©i q) Oirj1 1)(e1, - - - Crnts—1) =
p(ell cees6im1y q(eil ceey ei+j—2/ r(ei+j—1/ ey €i+j+s—2)l €j+]'+s_1, ey ei+n+s—2)/

Civnts—1s+ -+ em+n+s—2)

Furthermore, the domain of p ©; (9 ©; 1) and of (p ©; q) ©iyj-1 ¥ is the set of all
(61, cee /em+n+s—1) with

(€ixj-1,---,Cisjss—2) € Dy
@iy s€irj2,X(Cixj1,- -+ ) Cisjss—2), Citjas—1s - -+, Cisnss—2) € Dy
(e1,...,ei-1,qei, ..., €itj-2, r(61'+j—1, ceey ei+j+s—2)r Citjas—1s+v~s Citnts—2),
Citnts—1r- -+ s Cmen+s—2) € Dy

where D,, D, and D, are the domains of r, g and p respectively.
e By Definition 6, we have
((p Qj C[) O; r)(elz sy em+n+s—1) =
((p Oi I') ®j+s—1 Q)(elf sy em+n+s—1) =

p(ell e, 61y r(ei/ sy ei+S—1)/ Citsrevey ej+s—2/ Q(€j+s_], sy en+s—2)/

Crts—1/-+s em+n+s—2)
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Furthermore, the domain of (p ©; q) ©; r and of (p O; 1) ©j4s-1 q is the set of all
(61, e /em+n+s—1) with
(61', e ,61'_,_5_1) €D,
(ej+s—1/ v /en+s—2) € Dq
(e1,---,€i1,0(€i, ..., Cirs-1),Civss -+, €jas—2, A(€j1s—1, - - -, Crys—2),
Crts—1/s-+-s em+n+s—2) € Dp

where D,, D,, and D, are the domains of r, g and p respectively.
O

As a consequence of the above proposition, the set of operations over languages, the
set of operations operations over DFAs, and the set boolean functions are operads, when
equipped with o.

We now define a generalization of the commutativity of two functions to two opera-
tions, when one of them is unary.

Definition 7. Let X be a set, let n be an integer, and let p and v be two operations over X,
respectively n-ary and unary. We say that p commutes with v if, for any n elements ey, ..., e, of
X, we have p(x(e1), - . ., v(en)) = 1(p(ey, ..., €n)).

We illustrate this definition with Figure 3.7 below.

p

Ek—»E

(r,...,r)l ‘r

Ek—’E

p

Figure 3.7: An illustration of Definition 7.

We next prove that, if two operations commute with a unary operation, then their
composition also commutes with this unary operation.

Lemma 1. Let E be any set, let n, m, and j be three positive integers such that j < m, and let p, q,
and x be three operations over E, respectively n-ary, m-ary, and unary. If p and q commute with x,
then p o; g commutes with r.

Proof. For any n + m — 1 elementsey, ..., e,m-1 of E, we have

poja(t(er), ..., t(emnin-1))
= p(r(er), - .., 1(ej-1), a(re)), - - -, v(€jrm-1))), ¥(€jrm), - - -, V(€nsm-1))
= p(x(er), ..., v(ej-1), v(alej, . - -, €jsm=1)), ¥(€jsm), - - -, ¥(€nim-1))
=x(per, ..., €i-1,a(8, .-, €jtm-1),€jsms - -, Crm-1))
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3.3 Morphisms, quotient operads, and suboperads

Similarly to subgroups or subrings, we define the notion of suboperad.
Definition 8. An operad (O’, @) is a suboperad of another operad (O, ©) if and only if
o O, isasubset of O,, foralln € N,
o the identity of O’ is the identity of O.

The next proposition is straightforward from Definition 8, and is very similar to the
cases of monoids, groups or rings. It states that, to prove that a subset of an operad is a
suboperad, we only need to examine the stability by composition of this subset, and to
check that the identity of the operad is in the subset. Therefore, we first need to define
what "stability by composition" means in the case of operads, even though it is extremely
intuitive.

Definition 9. Let (O, ®) be an operad. We say that a subset E of O is stable by © if, for any two
integers nand j < n, for any p € (O, NE) and any q € E, we have p ©; q € E.

Proposition 5. Let (O, ;) be an operad, and let E be a subset of O stable by ©; such that the
identity of O is in E. Let & be the graded set such that &, = O, N E, for any n € IN. We have
(&, 0j) is a suboperad of (O, ©;).

As a consequence of the above proposition, the set of language operations (graded by
their arity), and the set of regular operations (graded by their arity), are operads when
equipped with the composition of operations o. These are important examples that we
use throughout the rest of this thesis. We also develop below the example of boolean
operations.

Example 4. For any positive integers m and j with j < m, for any m-ary boolean function b, and
any boolean function b’, we have, from Definition 3, ®poy = ®p ©j 1. Furthermore, the identity
over languages is equal to ®y, where b is the identity over {0,1}. Therefore, the set of boolean
operations Oy equipped with o is an suboperad of the set of operations over languages equipped
with o. Thus, (O, 0) is an operad.

We define now the notion of morphism between operads, in a similar way to the notions
of morphisms between monoids, groups, or rings. As expected, similar properties arise.

Definition 10. Let (O, ®) and (O’, @) be two operads, and ¢ be a graded mapping from O to O'.
We say that ¢ is a morphism of operads if and only if

o the image by ¢ of the identity of O is the identity of O,

e for any three integers m, n and j with 1 < j < m, for any element p of O,,, and for any
element g of O,,, we have ¢ () @} P(a) = ¢(p O; ).

Furthermore, we say that ¢ is an isomorphism of operads if it is bijective.
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We mentioned in Example 4 that, for any positive integers m and j with j < m, for
any m-ary boolean function b, and any boolean function b’, we have ®, b = ®p 0j .
Furthermore, ®y4,,,, is the identity over languages. Therefore, the mapping from the set of
boolean functions to Oy, that maps a boolean function function b to the boolean operation
®y, is a morphism of operads. Another example is given below.

Example 5. Let ¢ be the mapping from the set of boolean functions to 8B (defined in Example 2)
such that, for any k-ary boolean function b, we have

(b)) = {(e1,...,e) € {0, 1} | bley, ..., e) = 1}.

For any non-negative integers k,k’,j with 1 < j < k, and any boolean functions b and b’,
respectively k-ary and k’-ary, we have

d(bo;b') =

{e1, ..., erri—1) € (0, 1 I bley, ... e, b (e), .. €jsim1), Cjais - - Charosn) = 1)
Hence, (b o; b’) is the set of all (ex, .. ., exir-1) € {0, 1)** = such that,
o cither b(ei,...,ej-1, 1, €j1n, ..., 6nin-1) = Land b'(ej, ..., e540-1) = 1,
e orb(er,...,ej-1,0,84n,...,€0m-1) = land b'(ej, ..., ej1n-1) =0

It follows from the Definition of B and ® that p(bo;b’) = Pp(b) ©; p(b’). Furthermore, p(Ido,1)) =
{1}. As a consequence, the mapping ¢ is an isomorphism of operads.

As expected, several properties of group or monoid morphisms have a counterpart for
morphisms of operads. For example, the image of an operad by a morphism of operads is
an operad.

Proposition 6. Let (O, 0) and (O’,@") be two operads, and let ¢ be a morphism of operads from
(0,0) to (O, ). We let p(O) denote the graded set such that ($p(0)), = ¢(O0,) = $(O) N O, for
any integer n. We have (p(O),@") is an operad, and ¢ is a morphism of operads from (O, ®) to

(¢(0),®).

Proof. Letm, jand n be three non-negative integers with 1 < j < m, and let 0] € (¢(0)),, and
any 0, € (¢(0)),. There exists o1, 0, € O such that ¢(o;) = 0] and ¢(v;) = 0}. Furthermore,
by Definition 10, as o] € O, and 0, € O, we have 0, € O, and 0, € O,. Therefore,
we have o] @} 0, = P(01) @} P(02) = (01 ©; 02). Hence, 0; ©j 0; € Opyyy—1, and we have
0} ©; 0; € ¢(Opsn-1). Furthermore, the image by ¢ of the identity of O is the identity of
O'. As a consequence, from Proposition 5, (¢(0),@’) is an operad. The fact that ¢ is a
morphism of operads from (O, ©) to (¢(0), @) is straightforward from Definition 10. O

Furthermore, as expected, the composition of two morphisms of operads is a morphism
of operads.

Proposition 7. Let (O, 0), (O',0) and (0", Q") be three operads, let ¢ be a morphism of operads
from O to O, and let Y be a morphism of operads from (O’, ®) to (O”,®"). The application 1 o ¢
is a morphism of operads from (O, ®) to (0", ®").
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Proof. The fact that the image by ¢’ o ¢ of the identity of O is the identity of O" is straight-
forward from Definition 10.

For any integer m, for any o € O,,, we have ¢(0) € O,,, and therefore (y o ¢)(v) € O,,.
Hence, 1 o ¢ is a graded mapping.

Furthermore, for any integers m, j with 1 < j < m, for any 0; € O,, and any o, € O, by
Definition 10, we have ¢(0,0;0) = qb(ol)@;.qb(oz). Therefore, again by Definition 10, we have

P(P(01) O p(02)) = P(P(01)) ©F P(¢(02)), and thus (1P 0 P)(01 O 02) = (Y 0 P)(01) OF (Y 0 P)(02).
O

As consequence, { o ¢ is a morphism of operads.

Another expected property is that the inverse of an isomorphism of operads is also an
isomorphism of operads.

Proposition 8. Let ¢ be an isomorphism of operads. Then its inverse ¢! is an isomorphism of
operads.

Proof. Let (O,0) and (O’, @) be two operads, and ¢ be an isomorphism of operads from
O into O’. The fact that ¢! is a graded mapping comes directly from the fact that ¢ is a
graded mapping. We check that ¢! satisfies the two conditions of Definition 10.

e The image of the identity of (O, ©) by ¢ is the identity of (O’, @’), and thus the image
by ¢! of the identity of (O’, @) is the identity of (O, ®).

e For any two integers m and n, for any element p of O,, and any element q of O, for
any j € {1,...,m}, we have

¢7'(0) 0j 07 (a) = @7 (PP (D) 0 97} (1)))
Therefore, by Definition 10,
¢ (P) 0; 7M@) = ¢ (PP (1) 0 PP~ (@) = p (P o q)
O

The next proposition shows that a bijection from an operad into any set induces a
structure of operad on its image.

Proposition 9. Let (O, ©) be an operad, let O’ be a graded set, and let ¢ be a graded bijection from
OtoO'. Let (9')jeno be the sequence of binary operations defined by ¢p(p) O P(a) = p(p ©; q), for
any integers m, j with 1 < j < m, any p € Oy, and any q € O. The graded set O’ equipped with
Q' is an operad.

Proof. We check that (O, @) satisfies the three conditions of Definition 4.

e Let Id be the identity of (O, ®). For any two positive integers n and i < n, and any
element p’ of O), there exists p € O, such that ¢(p) = v’, and we have

P(Id) O ¥ = ¢(Id) & @(p) = P(Id ©; p) = P(p ©;1d) = p" O P(Id).

Furthermore, we similarly have

$(Id) &) p" = p(Id) O p(p) = Pp(Id ©; ) = P(p) = ¥’
Therefore, ¢(Id) satisfies the "identity" rule for O'.
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e For any positive integers m, n, s, i < m, j < n, and any v, ¢, v/, elements of O,,, O,,
O respectively, there exists p € O, q € O,, and r € O, such that ¢(p) = p’, P(q) = o/,
¢(r) =1/, and we have

p'0i(0'0;1") = ¢(p)Oi(P(a)0;P(r)) = P(PO;(a0;1)) = P((POI9)Oiyj-11) = (P ;)i j-17.

e For any positive integers m, n, s, i, and jsuch thati < j < m,and any p’, ¢/, v, elements
of 0,,, O,, O, respectively, there exists p € O, q € O,,, and r € O, such that ¢(p) = v/,
¢(q) = o/, ¢(r) =1/, and we have

(M 0;q) 0t = (P(p) ©; P(a)) ©; P(¥) = P((P ©; q) O 1) = (P" O 1) Ojys-1 .

O

Example 6. Let ¢ be the bijection defined in Example 5, i.e., the mapping from the set of boolean
functions to B such that, for any k-ary boolean function b, we have

(b)) = {(e1,...,e) € (0,1} | bley,...,e) = 1).

Without knowing that ¢ is an isomorphism of operads, or even that (8, ®) is an operad, we could
follow the reasoning of Example 5 to prove that for any positive integers m and jwith 1 < j < m,
for any m-ary boolean function b, and any boolean function b’, we have p(b) ®; p(b’) = p(bo;b).
With this statement, Proposition 9 immediately gives us a new proof that (B, ©) is an operad.

We now introduce quotient operads. To this aim, we characterize equivalence relations
that preserve the operadic structure, so that the quotient of an operad remains an operad.

Definition 11. Let (O, ®) be an operad, and let ~ be a graded equivalence relation on O. We say
that ~ respects O if, for any positive integers m and j with 1 < j < m, for any p,v" € Oy, such
that p ~ p’, and any q,q" € O such that q ~ ¢, we have p ©; q ~ P’ ©; q'. Furthermore, we let
O/~ denote the sequence of binary operations over O/ . such that, for any integers j and m with

1<j<m,foranypeO,andqeO, wehave;(®/~)ja:;®\j_a.

Proposition 10. Let (O, ®) be an operad, and let ~ be a graded equivalence relation on O that
respects ©. The set O/ . equipped with ©/ . is an operad. It is called the quotient of (O, ®) by ~.

Proof. We check that (O/.,®/.) satisfies the three conditions of Definition 4.

o Let Id be the identity of (O,®). For any positive two integers n and j < n, and any
element p of O,,, we have

p(©/)1d=p0o;1d = p,

and similarly:

iaJ(®/~)1f1\5 =Idorp ;

Therefore, Id satisfies the "identity" rule for (O/.,0/.).
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e For any positive integers m, n,s,1 < m, j < n, and any p, q, 1, elements of O,,, O,, O;
respectively, we have

PO/)i(a(@/-)1) = p(©/)(a0;1) = P& (10, 1) = (P O q) Oy ¥

= (P O; O/ Disjat = (NO/)ia)(@F i jrt.

e For any positive integers m, n, s, i, and j such thati < j < m, and any », g, r, elements
of O,,, O,, O; respectively, we have

(1(0/-);0) @/t = (pO; )(@/)t = (PO; N Ot = (PO; 1) Ojras g

= (PO 1)(O/)j45-10 = (PO/ )@/ ) jss10.

O

Finally, we show how a morphisms of operad ¢ from (O,0) to (0’,®’), induces an
equivalence relation ~® on O, by which (O, ®) can be divided. Furthermore, we show that

there is a injective morphism ¢ that makes the diagram of Figure 3.8 commutative.

(@,0)

O/ 0,0/ 0)

Figure 3.8: Commutative diagram for ¢, / s, and 5

Definition 12. Let (O, 0) and (O’, ®") be two operads, and let ¢ be a morphism of operads from
(0,0) to (0,). We let ~% denote the equivalence relation over O such that, for any o,0" € O,

o ~? o' if and only if p(v) = P(v'). Furthermore, we let ?4; denote the function from O/ s to O’
such that, for any o € O, we have ?4;(3(;}) = ¢(p).

Notice that, in the above definition, ?q; is indeed well-defined, since for any o,0” € O

such that o = o, we have ¢(0) = P(0’), and therefore 5(3(#) = $(B7¢).
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Proposition 11. Let (O, ®) and (O’,®’) be two operads, and let ¢ be a morphism of operads from
(0,0) to (O’,@"). The set O/ s equipped with ©/ s is an operad, and ¢ is an injective morphism
of operads from (O/ .o, ®/ ) to (O, ).

Proof. Forany twointegersmandn,any o € O, andany o’ € O,,if o ~? 0/, then ¢(0) = p(v'),
and therefore m = n. The equivalence relation ~? is therefore graded for O.

Furthermore, for any integers m and j with 1 < j < m, for any oy, 0] € O,, and for any
0y, 0, € O such that 0; ~? 0] and 0, ~ 0}, we have

(01 0; 02) = P(01) O B(02) = B(0) @, () = (0] ©; 1),

and therefore (0, O] 0,) ~? (0] ©; 0,). As a consequence, by Proposition 10, (O/ s, 0/ ) is
an operad. Furthermore, for any oy, 0, € O/ s, we have

B0 (@) )02 ) = $(01 0, 02 ) = b(01 O 02) = B(on) O, (02) = Blon ) @, Bz ).

Therefore, EE is a morphism of operads, and the fact that it EB is injective comes directly
from its definition. O

We now have all the tools required to handle operads for the remainder of this thesis.



Chapter 4

Modifiers and 1-uniform operations

In this chapter, we build a framework to compute the state complexity of a certain kind
of regular operations, that we call 1-uniform. For this purpose, we define modifiers, a
counterpart to 1-uniform operations in the space of operations over DFAs. By studying
modifiers themselves and the link between modifiers and 1-uniform operations, we prove
that every 1-uniform operation admits a certain kind of DFA as witness, called monster.
Monsters are k-tuples of DFAs built to have alphabets as large as possible, while not having
two letters with the same transition functions. Furthermore, throughout this chapter, we
pay a close attention to the algebraic structure behind the notions we introduce, and
we summarize this structure in Figure 4.19. In fact, this is the main difference between
our approach and the work of Sylvie Davies in [13]. Indeed, even though Theorem 1 and
Theorem 2 (which are the main results of this chapter) are also proved in [13], we introduce
them Theorems with the point of view of operads. This allows us to cleanly capture how the
composition of operations is carried from modifiers to 1-uniform operations. Furthermore,
we introduce some new notations in Section 4.2.3 that are different from the ones used in
[13], and show that their use is correct (Proposition 17). We use these notations extensively
throughout the rest of the thesis, and we believe in particular that they make Chapter 7
much easier to read.

4.1 About 1-uniform operations

In this section, we define 1-uniform operations and give some examples of well-known
1-uniform operations. We also give an example of regular operation that is not 1-uniform,
and prove that 1-uniform operations are stable by composition.

Definition 13. A k-ary operation ® is 1-uniform if it is regular, and if it commutes with every
inverse 1-uniform morphism, i.e., for any k-tuple of reqular languages (L1, ..., Ly), for any 1-
uniform morphism ¢, (d(L1), ..., (L)) = ¢~H&(Ly, . . ., L))

In the rest of this thesis, the operations for which we give state complexity results are
all 1-uniform. Many well-known operations are 1-uniform. Let us illustrate this concept
by proving that the Kleene star is 1-uniform.

Proposition 12. The Kleene star is 1-uniform.

37
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Proof. Let Z and I' be two alphabets. Let L be a regular language over L, and let ¢ be
a 1-uniform morphism from I'* to £*. We first prove ¢~ 1(L)* € ¢~}(L*). Indeed, if v is a
word in ¢~(L)*, then there exists an integer n and n words uy, . .., u, such that v = uy - - - u,,.
Therefore, there exists n words of L t4,...,t, such that ¢p(u;) = t; foralli € {1,...,n}. We
thus have ¢(v) = w withw =t --- t, and v € ¢~ (L*).

Conversely, let v be a word of q)‘l(L*). There exists an integer n and t4, ...,t, n words
of L such that ¢(v) = w, with w = t;---t,. As ¢ is 1-uniform, ¢(v) = P(v1)--- P(vy), and
each ¢(v;) are letters of Z. Therefore, v and w have the same length, and ¢(v;) = w;, for all
j S {1, ey |U|} As a consequence, forallie {1, ey n}, if Ui = Ol |+t ++ti [ +1 ° Ol |+l ++I81 7
we have ¢(u;) = t;and v = uy - - - u,,. We thus have v € ¢(L)*, and ¢"'(L*) CHp~H(L)*. O

Another example of a 1-uniform operation is given by the union of two languages
(i.e., the operation ® defined by ®(L;,L;) = L; U L), which is a binary operation. This
follows from the following remark:

Remark 1. For any function ¢ from a set E to a set F, "4 (X UY) = ¢~1(X) U ¢~ (Y), for all
X, Y CF.

Indeed, to prove that the union of languages is a 1-uniform operation, we only have to
apply the above remark to the particular case of E = I and F = L* where L and I are any
two alphabets, and ¢ is any 1-uniform morphism from I'"" to .

We see many other examples of 1-uniform operations throughout this chapter. We
refrain from mentioning them all in this section, as we develop in the following sections
tools that make proving the 1-uniformity of regular operations very easy. However, even
though many well-known regular operations are 1-uniform, some of them are not. The
right quotient is an example of a regular operation that is not 1-uniform.

Example 7. The right quotient of two languages is defined by Ly - L;* = {u | uv € L, for some v €
L,}. We show that the operation ®(Ly,Ly) = Ly - L Yis reqular but not 1-uniform.

LetT = ¥ = {a, b}, and let ¢ be the 1-uniform morphism from I' to X.* such that ¢(a) = ¢(b) = a.
Furthermore, let Ly = {ab} and L, = {b}. We have ¢p~'(L;) = ¢ '(Lo) = 0, and therefore,
¢~ N (L1) - (¢ 7M(L2))™" = 0. However, Ly - L;' = {a}, and therefore ¢p~*(Ly - L;*) = {a,b}. We thus
have ¢~ (Ly) - o7 (La) ™" # ¢ (L1 - L") As a consequence, the right quotient operation ® is not
1-uniform.

Let O, be the set of all 1-uniform operations. From Lemma 1 and Definition 13, O,
is stable by the composition of operations o. Therefore, by Proposition 5, (Oy,0) is a
suboperad of the operad of regular operations.

Proposition 13. The set of 1-uniform operations equipped with the composition of operations o is
an operad.

The above proposition is quite important, as it means that the main result of this
chapter (Theorem 2) can be applied to a large number of interesting operations, some
already studied (for example the star of union [27], or star-complement-star [22, 29]), and
some that we have yet to study (for example the star of symmetric difference studied later
in Chapter 5).
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4.2 Modifiers

4.2.1 Definition

The definition of operational state complexity involves directly the state complexity of
languages. The definition of the state complexity of languages, in turn, directly involves
the notion of minimal DFA. The easiest way to compute the minimal DFA associated with a
language relies on first giving a DFA that recognizes this language, and then on minimizing
this DFA. Therefore, the most convenient way to compute the state complexity of regular
operations involves doing computations directly on DFAs. Hence, in order to prove state
complexity results for 1-uniform operations, it is convenient to link these operations over
languages with operations acting directly over DFAs. To this aim, we define a counterpart
of 1-uniform operations, constituted of operations over DFAs called modifiers. To give
more details, we first define the notions of state configuration and transition configuration.

Definition 14. A state configuration is a 3-tuple (Q, i, F) such that Q is a finite set, i € Q and
F € Q. The state configuration of a DFA A = (X, Q,1,F, 0) is the triplet (Q,i,F). A transition
configuration is a 4-tuple (Q,i,E,0) such that (Q,i,F) is a state configuration and 6 € QR. If
A = (%,Q,i,F0) is a DFA, the transition configuration of a letter a € ¥ in a A is the 4-tuple

(Q,1,E 6%).

In the graphical representation of a DFA, the state configuration corresponds to keeping
the states and removing the arrows, with the initial state and final states marked. A
transition configuration corresponds to state configuration equipped with a transition
function over its states.

We let ﬂlf‘ denote the set of all k-tuples of DFAs (A, ..., Ax) such that, for any j €
{1,...,k}, the alphabet of A; is Z. We also let A denote the union over all alphabets ¥ of
A?, ie., the set of all k-tuples of DFAs having the same alphabet.

A k-modifier is a k-ary operation over DFAs, that associates a k-tuple in A with a DFA
whose alphabet is also . However, intuitively, modifiers do not directly associate multiple
DFAs with a DFA, but instead use intermediate steps. Indeed, they first associate tuples
of state configurations with a state configuration, and then associate tuples of transition
configurations with a transition function. Finally, they naturally construct a DFA from
multiple DFAs using the previous steps. In other words, a modifier m is an operation over
DFAs that must satisfy the following conditions:

e the state configuration of the output of m only depends on the state configuration of
its inputs,

e the transition function of a letter a in the output of m only depends on the transition
configurations of the letter a4 in the inputs of m.

Furthermore, in order for the conditions above to make sense, we set that all the inputs of
a modifier must have the same alphabet as its output. More formally,

Definition 15. A k-modifier is a k-ary operation m of domain Ay that satisfies the following
conditions:
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o forany (A, ..., Ay) € A%, the alphabet of m(Ay, ..., Ay) is L,

o for any (Ay,..., Ax) € ﬂ,’:‘ and any (By,...,Bx) € AL, such that A; has the same state
configuration as B; for any j € {1, ..., k}, we have

— the state configurations of m(As, ..., Ax) and of m(By, ..., By) are the same,

— if there exist two lettersa € L and b € T, such that, for any j € {1, ..., k}, the transition
function of a in A; is equal to the transition function of b in B;, then the transition
function of a in m(As, ..., Ax) is equal to the transition function of b in m(By, ..., By).

In order to familiarize ourselves with this notion, we give many examples in the next
section.

4.2.2 Examples

At first sight, the definition of modifiers seem very broad, and may even seem to include
all operations over DFAs. However, this is not the case. First, it is straightforward that a
unary operation over DFAs that maps two DFAs with the same state configuration to two
DFAs with different state configurations is not a modifier. Furthermore, the third condition
of Definition 15 cannot be removed. Indeed, a unary operation o over DFAs that maps the
DFA A of Figure 4.1 to the DFA B, and the DFA C to the DFA D, is not a modifier, even
though it satisfies so far the first and second conditions of Definition 15. That is because
the transition configurations of the letter 2 in DFA A and DFA C are the same, while the
transition configurations of the letter 2 in DFA B and DFA D are not the same.

l a,b
O Wer - apc@— Do
DFHAA DFA B
P | =2
Yoo~ 6f_Joo
DFLIIAC aDFAD

Figure 4.1: An operation over DFAs that is not a modifier.

Several well-known constructions over DFAs can be seen as modifiers. The simplest is
probably the (set-theoretic) complement.

Example 8. For any DFA A = (X, Q, i, F, 0), we define

Comp(A) = (Z,Q,i,Q\ F0).



4.2. MODIFIERS 41

This modifier follows the classical construction for the complement of a DFA [36]. We use this
construction to compute the complement Comp(A) (Figure 4.3) of the DFA A (Figure 4.2).

a

ab @ a,b

Figure 4.2: A DFA A. Figure 4.3: Comp(A).

x

Example 9. For any DFA A = (X, Q, i, F, 0), we define

Sarti(A) = (Z,Q%,1dg, {¢p € QP (i) € F), 0",

where for any a € X, 6'(¢p) = 6" o ¢. Furthermore, we let Sqrt denote the modifier Sart,. The
DFA of Figure 4.5, where [if] represents the function ¢ such that ¢(0) = i and ¢(1) = j, is the

image of the DFA B (Figure 4.4) by the modifier Sqrt.
b

e

b b
l a, b a
o e —(on) (o)
a a
Figure 4.4: A DFA B. Figure 4.5: The DFA Sqrt(B).

The above modifier Sqrt follows the classical construction on DFAs for the square root operation
on reqular languages. This remains true in the general case of the k-th root.

Proposition 14. For any DFA A, we have y[L(A) = L(Sqrt(A)).
Proof. Let A = (X,Q,i,F 6) be a DFA, let Sarti(A) = (X,Q’, 7', F,0’), and let w be any word
of ©*. The word w* is accepted by A if and only if 6 (i) € F. However, we have

5 =8%0... 08Y = (5.

| ——
k times

Therefore, wk € L(A) if and only if 6“ € F’. But §“(’) = 6¥ o Idg = 6“. We thus have
wk € L(A) if and only if 5“(i’) € F’. Hence, we have +/L(A) = L(Sqrti(A)). O
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Example 10. We generalize the case of the complement to boolean operations. We define a modifier
from a boolean function by using the classical "product automaton” construction, and we show
that these modifiers correspond to boolean operations.

Definition 16. Let b be a k-ary boolean function. We let my, denote the modifier such that, for any
k-tuple of DFAs (A, ..., Ax) with A; = (%, Q,,1;, F;, 6)),

mb(All .. /Ak) = (Z/ Ql X QZ XX Qk/ (ill i2/ .o /ik)/PI/ (61/ 62/ ‘e /6k))l
where (q1,...,qx) € F' ifand only if b([q1 € F1l, ..., [qx € Fi]) = 1.

Figures 4.8, 4.9, and 4.9, display the image of the pair of DFAs (A1, A,) defined in Figures 4.6
and 4.7 by the modifiers Mynion, Minter, 1A Myoy.

Figure 4.6: DFA A;. Figure 4.7: DFA A,.

Figure 4.8 Figure 4.9 Figure 4.10
The DFA munion(Al,Az). The DFA minter(Al,Az). The DFA mxor(Al,Az).

The modifier my, corresponds to the operation ®y. In other words,
Proposition 15. For any boolean function b, and for any k-tuple of DFAs (A, ..., Ax), we have

L(my(Ay, ..., Ap) = @p(L(A1), ..., L(Ap)).
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Proof. Letb beaboolean function, and let Ay, ..., Acbe k DFAswith A; = (%, Q;,i;, F}, 6;) for
allje(l,...,k},letw =a;---a,beawordin X*, and let my(A4, ..., Ax) = (£,Q, 1, F 6). From
Definition 3, the word w is in ®,(L(A1), . .., L(Ay)) if and only if b([67(i1) € F1],..., [0} (i) €
Fi]) = 1. However, using Definition 16, an easy induction shows that wehave 6“(iy, . .. , ix) =
(67(i1), ..., 6, (ix)). Therefore, from Definition 16, w is in ®y(L(A1), ..., L(As)) if and only if
0“(i1,...,ix) € F. Consequently, as (i1, ..., i) = i, wis in ®,(L(A;),...,L(As)) if and only if w
is in L(mb(Al, . ,Ak)). O

4.2.3 Alternative notations

We let 9t denote the set of all modifiers. Before giving more examples, we clarify and
formalize the algebraic structure behind modifiers. First notice that modifiers naturally
form an operad.

Proposition 16. The set of modifiers equipped with the composition of operations is an operad.

Proof. We show that Mt is stable by the composition of operations o. Let k, k" and j be three
positive integers with j < k, and let m and m’ be two modifiers, respectively k-ary and
k’-ary. By Definition 6, as the domains of m and m’ are respectively Ay and Ay, the domain
of the k + k" — 1-ary operation m o; m” is A,y _1. Furthermore, recall that, by Definition 6,
for any (A4, ..., Akik-1) € Aksw-1, we have

m Oj m/(A1, ce /Ak+k'—1) = m(Al, ce ,Aj_l,m’(Aj, ce ,Ak/+]'_1),Ak/+]', .. ;Ak+k’—1)- (41)
This equality helps us check that m o; m’ satisfies the three points of Definition 15.

e Forany alphabet Z, and any (A4, ..., Ak+r-1) € &Z{,ik,_l, wehave (A),..., Apyj) € A,

and therefore the alphabet of m’(A;, ..., Axir—1) is Z. As a consequence,
(All e IAj—ll m/(Ajl s /Ak’+j—1)/Ak’+jl e /Ak+k’—1) € A]f‘/
and by (4.1), the alphabet of mo; m’(Ay, ..., Agip—1) is L.

e For any two elements (A, ..., Ag-1) of A- , | and (By, ..., Big-1) of AL, |, such
that, for any j € {1,...,k + k¥ — 1}, A; and B; have the same state configuration, we

have

- thestate configurations of m’(A4;, ..., Axsj-1) and of m'(B;j, ..., By j_1) are the same,
and therefore, by (4.1), the state configurations of m o; m’(Ay,..., Axw-1) and
mo; m’'(By, ..., Bxyr-1) are the same.

— If there exist two lettersa € X and b € I' such that, forany j € {1,...,k+k’ -1}, the
transition function of a in A; is the same as the transition function of b in B}, then
the transition function of 4 in m’(A;, ..., Ax) is equal to the transition function
of b in m'(By, ..., By), and therefore, by (4.1), the transition function of a in m o;
m'(Ay, ..., Axsr-1) is equal to the transition function of b in mo;m’(By, ..., Bxyr-1).
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Therefore, M is stable by o. Furthermore, it is easy to check that the identity over DFAs
is a modifier. In addition, by Proposition 4, the operations over DFAs equipped with the
composition of operations is an operad. As a consequence, by Proposition 5, (M, o) is an
operad. m|

Even though modifiers behave well with respect to the composition of operations, they
are not easy to handle in an algebraic context. One of the reasons is that they naturally
contain more information than necessary.

We let 7 C denote the set of all transition configurations. We seek to extract the essential
information contained in a modifier. To this aim, we associate with every modifier an
operation over 7 C, by examining the way it maps transition configurations to transition
configurations.

Definition 17. Let m be a k-ary modifier. We let m denote the k-ary operation over T C that
satisfies the following property: for any k-tuple of transition configurations

((Qu, i1, F1, 1), - - -, (Qrs ik, Fr, 1)),

if, forany j € {1,...,k}, we let 5; denote the mapping such that 6,(q;,a) = ¢;(q;) for any q; € Q,,
and by ({a}, Q, 1, F, 6) the DFA

m(({ll}, Ql/ il/ Fl/ 61)/ sy ({11}, Qk/ Z'k/ Fk/ 6k))/

then we have

m((Ql/ il/ Fl/ ¢l)/ R (Qk/ ik/ Fk/ CPk)) = (Q/ i/ F/ 6{1)'

It is interesting to take another look at Definition 15 to understand the above definition.
Indeed, in the above definition, if we let £ denote any non-empty alphabet, b denote any
letter of X, (Ay,...,Ax) denote any k-tuple of DFAs such that A; = (X, Q;,i;, F}, ;) with
6? = ¢j,and (£, Q, i, F’, &) denote the DFA

m((Z, Ql/ il/ Fl/ 61)/ ey (Z‘/ Qk/ ikl Fk/ 6k))/

then we have

m((Ql/ il/ Fl/ 6]51)/ R (Qk/ Z‘k/ Fk/ Qbk)) = (Q// i// F,/ 6/b) = (Q/ i/ P/ 6a)

In other words, for every transition configurations ty, ..., t, we can get m(ty, ..., f;) by first
applying m to any k-tuple of DFAs (Aj, ..., Ax) such that the transition configuration of a
certain letter b in A; is equal t;, and then by looking at the transition configuration of b in
the resulting DFA.

Example 11. Using the notations of Figure 4.11, if m is a unary modifier such that m(A) = B,
then m(t) = s.
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b a
P b |
o 5
a a,b
DFA A DFA B

o o = o

Transition configurationt  Transition configuration s

Figure 4.11: An illustration of Definition 17.

We now formalize the idea that m and m contain the same information. To this aim, we
prove that the application m +— m is injective, and that it behaves well with respect to the
composition of operations. Recall that Naps is the set of all operations over 7 C.

Lemma 2. The application m +— m is an injective morphism from the operad (M, o) to (Maps¢, o).

Proof. We first prove that the application m +— mtis injective. Let m and m’ be two different
modifiers. If m and m’ do not have the same arity, then m and m’ do not have the
same arity either, and are, therefore, different. If m and m’ have the same arity k, there
exists a k-tuple of DFAs (A4, ..., A), where all A; have the same alphabet X, such that
m(Ay, ..., Ax) # (A, ..., Ax). Asm(Ay, ..., Ar) and m'(A4, ..., Ax) have the same alphabet
Y, there exists a letter 4 € X such that the transition configuration of a in m(A, ..., Ax)
is different from the transition configuration of a in m’(A;, ..., Ax). Therefore, if, for any
jel, ...k}, t? is the transition configuration of ain A;, we have m(t{, ..., /) # m(t, ..., £).
As a consequence, the application m = m is injective.

We now prove that m - 1t is a morphism of operads from (9, o) to (MMaps¢, o). Let m

and m’ be two modifiers, respectively k-ary and k’-ary. We show that mo; m’ = mo; n.

First notice that, by Definition 17, the domains of ™ and m’ are respectively 7C*
(ie., TCx---x TC)and TC. Therefore, by Definition 6, the domain of fito m’ is 7C** .

k times
Furthermore, by Proposition 16, mo;m’ is a k+k’ — 1 modifier, by Definition 17, the domain

of mo;m’is also 7 CH*¥=1 Therefore, the domains of T o j m’ and m o j M are the same.

Let (ti,...,t-1) be any (k + kK — 1)-tuple of transition configurations, with t; =
(Qj,ij,Fj,¢j) for any j € {1,...,k+ k" -1}, and let (Ay,..., Axsr—1) be a k + k' — 1-tuple
of DFAs such that, forany j € {1,...,k+k' -1}, A; = ({a}, Qj, i;, F;, 6;), with 6;‘. = ¢;. By Def-
inition 17, the transition configuration of a in m’(A;,..., Ap4j-1) is W(tj, coo togjo1). Thus,
similarly, by Definition 17, the transition configuration of a in

m(All s /Aj—ll m’(A]'/ s /Ak'+j—1)/Ak’+j/ e /Ak+k’—1)
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ism(ty,..., tio, (tj, ... tyejc1), tesjs - - - tea—1). Hence, we have mo; m/(Ay, ..., Agp—1) =
mo; m'(Ay,..., Agp-1). In addition, m = m maps the identity of M to the identity of
Mapgc, and it is a graded mapping. Hence, by Definition 10, m + mt is a morphism of
operads. O

However, m + m is not an isomorphism of operads from (9, o) to (Maps¢, o). In order
to make it an isomorphism, we exhibit its image and its inverse on this image. We let §T
denote the set of all operations over 7 C whose first three coordinates depend only on the
tirst three coordinate of their input. In other words,

Definition 18. We let T denote the set of all operations tc over T C that satisfy the following
property: if (ti,...,tx) and (t},...,t,) are two k-tuples of transitions configurations (where k is the
arity of tc) such that, for any j € {1, ..., k}, the state configurations of t; and t’ are equal, then the
state configuration of te(ty, . . ., tx) is equal to the state configuration of te(ty, ..., t,).

Example 12. As we can see in Figure 4.12, any unary operation o over 7 C, such that o(t) = s
and o(t') = §’, is not in I, since the state configurations of t and t' are equal, but the state
configurations of s and s’ are not.

o e o

t

l l
@ -
v s’
Figure 4.12: An operation in Maps¢ but not in FT.

An operation over 7 C associated with a modifier is always in FT.
Lemma 3. For any modifier m, we have m € FT.

Proof. Let m be a k-ary modifier, let (¢, ..., ) and (s, ..., sx) be two k-tuples of transitions
configurations such that the state configurations of ¢; and s; are the same for any j €
{1,...,k}. Furthermore, let (Ay,...,Ax) and (B, ..., Bx) be two k-tuples of DFAs such that,
for any j € {1,...,k}, the alphabet of A; and B; is {a}, and the transition configurations of a
in A; and B; are respectively ¢; and s;. Notice that, as the state configurations of ¢; and s;
are the same for any j € {1,...,k}, the state configurations of A; and B; are also the same.
Therefore, by Definition 15, the state configurations of m(4;, ..., Ax) and m(B, ..., By) are
equal. As a consequence, by Definition 17, the state configuration of m(#;, ..., t) is equal
to the state configuration of m(sy, ..., sx). In conclusion, by Definition 18, m is in FT. O
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Conversely, we can naturally associate an operation over DFAs with an operation in
FT. We show that such an operation over DFAs is always a modifier.

Definition 19. Let k be an integer, and let tc be an element of §T. For any k-tuple of DFAs
(A,..., A with A; = (£,Qj, i, Fj, 6;). We let [tc](Ay, ..., Ax) denote the DFEA A such that

o the alphabet of A is L,
e the state configuration of A is the state configuration of
te((Qu, i1, Fr,1dg)), - - -, (Qk, ik, Fi, Idg,)),
e for any letter a of ¥, the transition configuration of a in A is equal to

tc((Ql/ Z'11 Fll 6?)/ R (Qk/ ik/ Fk/ 62))

Notice that the third condition of the definition above does not imply the second
condition in the case where X is the empty alphabet.

Example 13. Using the notations of Figure 4.13, if tc is a unary operation in T such that
te(ty) = s1 and te(ty) = sy, then [tc](A) =

Q%
f@

Transition configuration t;  Transition configuration s;

te

ek
At

Transition conﬁguration t,  Transition configuration s,

a,b @ [tc] @

a

e

DFA A DFA B

Figure 4.13: An illustration of Definition 19.

Lemma 4. For any operation tc of §, we have [tc] € M, and [tc] = tc.

Proof. Let tc be a k-ary operation of FT. We first show that [tc] € M by checking that it
satisfies the last two points of Definition 22, since the first one stems directly from Definition
19. Let (Ay,...,Ax) and (By, ..., By) be two elements of Ay, such that A; = (X, Q;,i;, F}, 6))
and B; = (I',Qj,i;,F;, Cj) forany j € {1,...,k}.
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e By Definition 19, the state configurations of [tc](A, ..., Ax) and of [tc](By, ..., By) are
equal to the state configuration of tc((Q1, i1, F1,1dg,), . . ., (Qk, ik, Fr, Idg,)).

e Suppose that 4 and b are two letters of  and I' respectively, such that, for any
jel, ...k}, 6‘; = C? = ¢;. By Definition 19, the transition configurations of a and b

in m(All o /Ak) are equal to tc((Ql/ il/F1/ (PI)/ SRR (th ik/ Fk/ (Pk))

Therefore, we have [tc] € 9t. We now show that [t_c] = tc. Let (#4,..., &) be any k-tuple of
transition configurations, and let (A;, ..., Ax) € ﬂ,{f} such that the transition configuration
of ain A; is t;. By Definition 19, the transition configuration of a in [tc](Ay, ..., Ax) is equal

to tc(Ay, ..., Ax). However, by Definition 17, [tc] is the transition configuration of a in
[tc](Aq, ..., Ax). Thus, we have [tc](tq, ..., t) = tc(ty, ..., k). ]

As a consequence of Lemma 3 and Lemma 4, the image of m - m is T, and therefore,
by Lemma 2, m - m is an isomorphism of operads between )t and FT. As a consequence,
by Proposition 8, its inverse tc - [tc] is also an isomorphism. To summarize,

Proposition 17. The application tc — [tc] is a isomorphism of operads from (FZT, o) to (M, o), and
its inverse is m — M.

We can now define any modifier by defining the application of FT it is associated
with. In addition to providing alternative definitions of Comp, Sqrt, and my, (Where b is a
boolean function) with this new formalism, we provide a definition of modifiers Conc and
Gtar that respectively follow the classical constructions of the catenation and the Kleene
Star [36].

For simplicity, in the following examples, an application tc of FT is denoted directly
by the 4-tuple (X, 1, , d) such that

tC(tl,. . .,tk) = (D(tl, . .,tk),i(tl,. . .,tk),f(tl,.. .,tk), b(tl,. . .,tk)).

Furthermore, we do not write the dependency of Q, i, and f over the fourth coordi-
nates of their input k-tuples, i.e., we do not write Q((Qs,11,F1,61), ..., (Qk i, Fr, 6x)), but
we write Q((Q1, 11, F1),...,(Qk ix, Fx)). We do not write either the dependency of d on
Q1,...,Qk as this information is already contained in (64,...,0x), i.e., we do not write
0((Q1,11,F1,061),...,(Qk, ik, Fx, 0x)), but we write d((i1, F1,61), ..., (ix, Fx, 0x))-

Example 14. The modifier Comp of Example 8 corresponding to the (set-theoretic) complement is
equal to [Q,1,§, d], where, for any transition configuration (Q, 1, F,0),

QQ,1,F)=Q,i(Q,i,F) =1,1(Q,i,F) = Q\ Ed(i,F, 0) = 6.

Example 15. We define the modifier Stax by Star = [Q, i, f, d], where, for any state configuration
(Q,i,F) and any 6 € Q%, QQ,i,F) =22, 1(Q,i,F) =0, f(Q,i,F) ={EC Q| ENF # 0} U {0},
and, forall E C Q,

{6(0)} ifE=0and 6(i) ¢ F
{6(1), 1} ifE=0and (i) € F
O(E) ifE#0and S(E)yNF =10
O(E)U i} ifE#0Qand S(EYNF #0

o(i, F,6)(E) =
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The modifier Stax follows the classical construction for DFAs of the Kleene star operation [30],
i.e., for any DFA A, L(Star(A)) = (L(A))*. Figure 4.15 represents the image of the DFA A of

Figure 4.14 by the modifier Gtar.

Figure 4.14: A DFA A. Figure 4.15: The DFA Gtar(A).

Example 16. The modifier Sart, defined in Example 9 is equal to [Q, i, fx, D], where, for any state
configuration (Q,i,F) and any ¢ € Q°, QQ,i,F) = Q% i(Q,i,F) = Idg, #(Q,i,F) = {¢ €
QCI¢*(i) € F}, and, for any i € Q9, v(i, E, ¢)(i)) = ¢ o ¢.

Example 17. For any k-ary boolean function b, my, is equal to [Q,1,{,d], where, for any k-tuple
((Ql/ il/ F]/ 61)/ ceey (Qk/ Z.k/ Fk/ 6k)) Ofelements OfTC/

QU(Q1, i1, F1), -+, (Qr ik, Fr)) = Q1 X -+ - X O,

[ ] i((QllillFl)l'"I(Qk!ik/Fk)) = (il,...,ik),
) Q1 i1, Fr), - (Qu ity F)) =

{1, q0) € Qi X+ X Q| b([q1 € F1l, ..., [gx € Fi]) = 1},
o and, for any (q1,...,qc) € Q1 X -+ X Qk,

o((i1, F1,61), - -, (i, Fr, 06)) (1, - - -, qi) = (01(q1), - - -, Ok(qx))-

Example 18. We define the modifier Conc = [Q, 1,1, 0], where, for any two elements of TC
(Qu, 11, F1,01) and (Qz, iz, F2, 62),

i ‘D((er il/ Fl), (Q2, i2, Fz)) = Ql X 2Q2

o i((Qui F1), (Qa s, F)) = { PRI A

o f((Q1,i1, F1),(Q2, 12, F2)) = {(q1,E) € Q1 X 2% | ENF, # 0}
e and, for any (q1,E) € Q1 X 2%,

2((i1, F1,01), (i2, F2,02))(q1, E) = { 81223: gig)u {in}) S;}(zzzufsefl
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This modifier follows the classical construction on DFAs corresponding to the catenation operation
on languages [36]. In other words, for any two DFAs A1 and A,, L(€onc(A;, A;)) = L(A1) - L(A2).
Figure 4.18 shows the DFA Conc(A1, Az), where Ay and A, are the DFAs of Figures 4.16 and 4.17.

l a,b
o e

Figure 4.16: DFA A;.

Figure 4.18: The DFA Conc(A;, Ay).

4.2.4 From modifiers to regular operations

We now explain how we associate a regular operation with a modifier. This association
follows a very natural intuition. We say that a modifier is coherent if it can naturally be
associated with a regular operation.

Definition 20. A k-modifier m is coherent if, for every pair of k-tuples of DFAs (A, ..., Ax)
and (By,...,Bx) such that L(A;) = L(B)) for all j € {1,...,k}, we have L(m(Ay, ..., Ay)) =
L(m(Bll sy Bk))

We let 9)i, denote the set of coherent modifiers.
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Definition 21. For any coherent modifier m, the operation ® such that, for all k-tuples of DFAs
(A1,..., A%, ®(L(A1),...,L(Ay) = L(m(A;4, ..., Ax)), is well-defined. We say that m describes
the operation ®, and we let desc denote the mapping from I, into the set of operations over
languages such that desc(m) = ®.

Every modifier given in an example above is coherent. Furthermore, by construction,
desc(my,) is equal to ®, for any boolean function b, desc(Conc) is the catenation of two
languages, desc(Star) is the Kleene star, and desc(Sqrt) is the square root.

Remark 2. Some modifiers are not coherent. For instance, consider the 1-modifier §tol = [Q, 1, , 1]
such that, for any transition configuration (Q, 1, F, 5), we have

6(q) ifqéF
QQ) =Q,i(Q,1,F) =i,1(Q,i,F) =F, and d(i,F, 0)(q) = 1 ifleQandgeF
0(q) otherwise.

In other words, this modifier changes the transition functions of its input DFA such that
the image of a final state by a transition function of the output DFA is 1 if possible. If A,
and Aj are two deterministic automata recognizing the same language then we have in general
L(Jtol(Ay)) # L(Ftol(A))) because the recognized language depends on the labels of the states of
Aj and A!. For instance, the two following automata recognize the same language a*a".

a

o et

But applying §tol on the first one gives

a
"
©——@_, !
which recognizes (aa)* while Ftol lets the second automaton unchanged.

Proposition 18. The set of all coherent modifiers equipped with the composition of operations o is
an operad. Furthermore, the mapping desc is a morphism of operads.

Proof. Let m; and m, be two coherent modifiers, respectively k;-ary and ky-ary, and let
® = desc(m;) and ® = desc(my). Let Ly,...,Li -1 be regular languages recognized
respectively by DFAs Ay, ..., Ay, +k,-1. We have

my oj my(Ay, ..., Ag+k,-1)
= ml(All e /Aj—l/ mZ(Aj/ v /Aj+k2—l)/ Aj+k2/ s /Ak1+k2—l)-

As a consequence, if m; and m; are coherent, then m; o;m; is coherent as well. Furthermore:

® Oj @(Ll, ceey Lk1+k2—1)
= ®(L1, N ,L]'_l,@(L]', o ,L]'+k2_1), L]'+k2, . /Lk1+k2—1)
= L(ml(Al, .. .A]'_l, mz(Aj, ce ,A]‘+k2_1),A]'+k2, .. ;Ak1+k2—1))
= L(myojmy(Ay, ..., Agtk,-1))-
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Thus, desc(m; o; my) = desc(m;) o; desc(ny). Therefore, from Definition 20, my o; m; is
coherent. Furthermore, the identity over M, denoted by 1d, is coherent, and that desc(Id)
is the identity over the set of regular languages L. Thus, by Proposition 5 and Proposition
16, (M., o) is an operad. In addition, by Definition 10, desc is a morphism of operads. O

4.3 The link with operational state complexity

In this section, we first define some specific DFAs with large alphabets called monsters.
Then, we use this tool to show that the regular operations described by coherent modifiers
are exactly all 1-uniform operations. Finally, we show that a 1-uniform operation always
has a witness that is also a monster.

4.3.1 Monsters

We first define the DFAs we use to find witnesses for 1-uniform operations, called monsters.
As we also want to deal with k-ary operations, and not only unary ones, monsters will not
necessarily be DFAs, but, in all generality, k-tuples of DFAs. The idea is to define k-tuples of
DFAs over the same alphabet, so that this alphabet is as large as possible, while not having
two letters with the same transition functions. In other words, every possible k-tuple of
transition functions of a monster should correspond to a single letter of its alphabet. This
will give us as much leeway as possible to prove reachability and distinguishability results
when minimizing the output DFA of 1-uniform operations. To use simple and intuitive
notations, the alphabet of a k-monster are k-tuples of functions. Furthermore, the k-tuple
constituted of the transition functions of a letter in the DFAs of the k-monster is the letter
itself. More formally, we have the next definition.

Definition 22. Let (n4,...,nx) be a k-tuple of positive integers, and let (Fy, ..., Fx) be a k-tuple

.....

(IMy, ..., My) such that, for any j € {1,...,k}, we have M; = (T, n,, 11,0, F;, 6;), where
L rnl,...,nk = [[nl]]llnl]] x T X [[nk]lllnk]]/

e forany (ay,...,ar) € L and for any q; € [n;]l, we have 6;(q;, (a1, - . ., ax)) = a;(q;).

We say that a k-tuple of DFAs is a k-monster if and only if it is equal to Monﬁi::;ii, for some

k-tuple of positive integers (ny, . . ., nx), and some k-tuple of sets (Fy, ..., Fy) with F; C [[n;] for any
jefl,... k).

Remark 3. When F; is different from O and Q;, M; is minimal.

Example 19. The 1-monster Mon{zl} is

[01],[o0] [11L[10]  [01],[11]

—( 0

[00], [10]
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where, for all i, j € {0,1}, the label [ij] denotes the mapping that maps O to i and 1 to j, which is
also a letter in the DFA above.

(15(1h
22

with 22 x 22 = 16 symbols where a;_ (respectively a_;) denotes the set of transitions a; . (respectively
ay ;) forx €{1,..., 4}

Example 20. The 2-monster Mon is given by the following pair of automata on an alphabet

m,_03,_ P20 4y a0, a3 1204 a0
@ @
as, ,a4, a.j3,a 4

Each symbol codes a pair of functions, denoted by the word of their image.

a1 = [01, 01] 01,2 = [01, 11] a1,3 = [01 00] 111,4 = [01, 10]
axq = [11, 01] apo = [11,11] ar3 = [11 00] ar4 = [11, 10]
asz1 = [00, 01] azp = [OO, 11] az3 = [OO, 00] azs = [OO, 10]
as1 = [10, 01] Agp = [10,11] ag3 = [10 00] Agq = [10, 10]

For instance, a1, = [01,11] means that the symbol a,, labels a transition from 0 to 0 and a
transition from 1 to 1 in the first automaton and a transition from 0 to 1 and a transition from 1 to
1 in the second automaton.

Notice that monsters only differ from one another only by the size and final states of
their DFAs. Therefore, when using them as witnesses, we will only need to discuss their
final states.

Monsters convey the key idea of our general approach in the sense that every k-tuple
of languages is in some way contained in a k-monster. This universality-like property is
formalized in the following lemma:

Lemma 5. Let (Ly,...,Ls) be any k-tuple of reqular languages over the same alphabet, and let
(Aq, ..., Ay) be any k-tuple of DFAs over the same alphabet, such that A; satisfies the following
properties forany j € {1,...,k}:

e A; recognizes the language L;,
o the states of A; is [n;]l for some integer n;,
e the initial state of A; is 0.

We let (Z,[[n],0,F},0)) denote A;, and we let (M, ..., M) denote Monii;jj:ﬁ’;. Furthermore,
we let ¢ denote the 1-uniform morphism from T to Iy, ., such that, for all a € T, we have
¢pa) = (6,65,...,080). Forany j € {1,...,k}, the language L; is the preimage of M; by the

1-uniform morphism ¢, i.e., we have

(L1, L) = (@~ (LIM), - .., ¢~ (L(My))). (4.2)
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Proof. Let j be an integer of {1,...,k}. By Definition 22, the transition function &; of IM;
satisfies 5;61 """ W = 6? . Therefore, by Proposition 2, a word is in ¢~ (L(DM))) if and only if it

is recognized by the DFA B; = (%, [1;],0, F;, C;), with, for any I € [1;]] and any a € X, we
have i)
...

a _ 9@ _ _ 4
G=¢& =& =9

To conclude, Aj = Bjand L; = ¢'(L(M))), for all j € {1,...,k}. O

4.3.2 Modifiers and 1-uniform operations

The next proposition shows that a coherent modifier always describes a 1-uniform oper-
ation, and that every 1-uniform operation is described by a coherent modifier. It is the
beginning of our algebraic analysis. This algebraic landscape is furthered in Chapter 7.
We let O, denote the set of 1-uniform operations.

Theorem 1. desc(9.) = O,.

Proof. Let ® be a k-ary 1-uniform operation. We define a k-modifier m as follows.

Let (A1, ..., Ax) be a k-tuple of DFAs with A; = (%, Q}“, i?,F}“,(SA,j), forany je{1,...,k}.
We can rename the states of each DFA in this k-tuple so that each A; becomes D; =
(Z,[n;1,0,F;,6). If Monjik = (My, ..., My), we let B = (T, Q, 7, F, &) denote the
minimal DFA of ®(L(IM;), ..., L(IMy)). We set m(Ay, ..., Ay = (X, Q', 7, F,0"), with 6'(g,a) =

&(q, (8%, ..., 89).

Notice that m is indeed a coherent modifier. First, (Q',#,F’) depends only on every
(Qf,i}“, F}“) for j € {1,...,k}. Second, &' depends only on (&],...,06{) and on &', which in
turn depend only on (Q;‘, i;‘,F}A) for je{1,...,k}, and on (65, ;, ..., 6 ,)-

Furthermore, by Proposition 2, L(m(Ay, ..., Ax)) = ¢~*(L(B)), where ¢ is the 1-uniform
morphism such that ¢(a) = (67,...,06}) for all a € Z. Therefore, we have

L(m(Ay, ..., Ap) = ¢ (®LIMy), . .., L(M))).
And, since ® is 1-uniform, we obtain from Lemma 5 and Definition 13
Ln(Ay, .., A)) = 8¢ (LML), ..., ¢ (LAY)) = &(Ly, .., Ly).

We thus have desc(in) = ®.

Conversely, let m be a coherent k-modifier, and let ® = desc(m). We must prove that ®
is 1-uniform. Let I and X be two alphabets. Consider a 1-uniform morphism ¢ from I'" to
X" and a k-tuple of languages (L1, ..., Ly) over L. Let (A4, ..., Ai) be a k-tuple of DFAs such
that A; = (£,Q;,i;,Fj,0;) and A, recognizes L; for any j € {1,...,k}, and let (By, ..., Bi) be
the k-tuple of DFAs such that, for any j € {1,...,k}, B; = (I, Q;,i;, F}, Sj), with 5‘]? = 6‘]?(’1) for
any letter a € I'. We have L(B)) = qf)‘l(L(A]-)) forjefl,... k}.

Let m(Ay,...,Ax) = (X,Q,i,F,6) and m(By,...,By) = (I, Q’, 7, F’, ). Since the state con-
figuration of each A; is the same as the state configuration of each B;, we have (Q,i,F) =
(Q', 1", F"). Furthermore, because the transition configuration of any letter a2 € I in B is equal



4.3. THE LINK WITH OPERATIONAL STATE COMPLEXITY 55

to the transition configuration of ¢(a) in A, we have 6" = 6*@. Hence, L(m(By, ..., By)) =
& (L(M(Ay, .., Ay))), which implies that ®(L(B1),...,L(By)) = ¢ ®L(A),..., LAY).
Therefore, ®(¢p(L(A1)), ..., " (L(Ax))) = ¢ (R(L(A1), ..., L(Ax))), as expected. O

To end this section, we give in Figure 4.19 a summary diagram of some propositions
above. Every set represented in this figure is an operad equipped with the composition
of operations o. Furthermore, every represented mapping is a morphism of operads.
Mappings represented with a two-headed arrow (i.e., »») are surjections, and mappings
represented with a double-ended arrow (i.e., <>) are bijections.

Operations over 7C Operations over DFAs | Operations over regular languages

Figure 4.19: The algebraic structure linking operations over transitions configurations,
operations over DFAs and regular operations.

4.3.3 Computing the state complexity of 1-uniform operations

The following theorem is the main result of this section. It is used later on to design a
method for computing the state complexity of 1-uniform operations.

Theorem 2. Every k-ary 1-uniform operation admits a family of monster k-languages as witness.

Proof. Suppose now that ® is a k-ary 1-uniform operation. Let (L, ..., L) be any k-tuple
of regular languages over ¥, and let (A, ..., Ax) be the k-tuple of DFAs such that each
A; = (,[[n],0,F;,6;) is a minimal DFA that recognizes L;. Let ¢ the 1-uniform mor-
phism such that, for alla € ¥, ¢(a) = (67,...,06;), and let Monﬁi:::ﬁi = (My,...,My). We
have ®(Ly, ..., L) = & HL(My)),..., ¢ (L(My)) by Lemma 5, and so ®(Ly,..., L) =
¢ H(Q(L(My), ..., L(My))) by Definition 13. It follows that

sc(®(Ly,...,Ly) = sc(qb_1(®(L(]M1), ..., L(Mg)))) < sc(®(L(IMy), ..., L(IMy)))

by Proposition 3. In addition, each L(IM;) has the same state complexity as L;. O
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We show, in the next section, how the above theorem may be used to compute the state
complexity of a 1-uniform operation, by giving some simple examples.



Chapter 5

Examples

In the last section, we showed that 1-uniform operations are described by coherent mod-
ifiers (Theorem 1). By combining this result with Theorem 2, we design a method for
computing the state complexity of a 1-uniform operation ®.

1. Construct a modifier m that describes ®, and consider the DFAs obtained by applying
it to monsters;

2. Find an upper bound, using Theorem 2;

3. Give a monster that allows us to reach this upper bound, by choosing its final states
appropriately.

One should not view this method as a hard and fast rule, but rather as a starting point
of research. Steps 2 and 3 can be intertwined for legibility purposes, like in Chapter 6. The
approach of many papers computing the state complexity of some 1-uniform operation
can be tied to this method [26, 15, 3, 8].

The state complexity of Kleene star and catenation were among the first to be computed
[33, 40]. The state complexity of union and intersection have been computed in [1], and
the state complexity of symmetric difference has been computed in [2], for example. These
three operations give us the state complexity of all binary boolean operations. As for
the state complexity of boolean operations of higher arity, a large part of the answer is
provided by [16]. In that paper, the authors compute the state complexity of every boolean
operation that "depends on each of its operands” [16]. We show that the method we
designed can be used to easily find all these results again. Furthermore, we use it in
Section 5.2 to compute the state complexity of boolean operations in the general case. In
[13], Sylvie Davies gives these examples and proves them in a very similar manner, using
the approach she developed (which is also very similar to ours). Nonetheless, we still
found it important to give them here using our formalism.

57
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5.1 Star

5.1.1 Applying the star modifier to monsters

Let n > 2 be an integer, and G be a subset of [n], and let A = (£, Q,1,F,6) = 6tar(MonS).
By the definition of Gtar (Example 15), we have L =T, = [n"l, Q =2, i =0, F={E €
QIENG#0}U {0} and, forany E€ Qand any ¢ € L,

{B(0)} if E=0and ¢(0) ¢ G

sopy < | 00,00 ifE=0and $(0) € G
E) =1 o) ifE#0and (E)NG =0
H(E)U{0} ifE#0and p(E)NG #0

We can represent a subset E of [1] as a "line" of squares, that may be empty or filled with a
cross. An empty square at position i represents that i ¢ E, and a square filled with a cross
at position i represents that i € E. All squares representing a position that is in G are in
red. For example, if n = 5, and G = {1, 2}, the subset {1,3} of [5] is represented with the
following line:

With this representation, we can alternatively display Figures 4.14 and 4.15 as Figures 5.1
and 5.2. In Figure 5.1, we identify the states 0 and 1 with the subsets {0} and {1} of {0, 1}.

aa
| a
EIN)»)
a

Figure 5.1: A DFA A. Figure 5.2: The DFA Gtar(A).

This representation gives us an interpretation of the transition function of A. Indeed,
in A, to go with the letter ¢ from the representation of a subset E, to the representation of
a subset E’ (in the case where E # (), one can change the positions of the crosses of E by
applying the function ¢ to them, and then put a cross at the beginning of the line if and
only if there is a cross in a red square. For example, if n = 4, G = {1,2}, ¢(1) = 2, $(2) = 3,
we have 6%({1,2}) = {0, 2, 3}, which is represented by Figure 5.3.
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1,2
1

Figure 5.3: A transition in Star(Mon

5.1.2 An upper bound

We first establish an upper bound on the state complexity of the Kleene star. Our reasoning
is based on the following remark:

Remark 4. If reading a letter ¢ from any state of A leads to a state with a cross in a red square,
then this state also has cross in the leftmost square. More formally, if E is any element of Q and ¢
any letter of Ty, if GN G(E) # 0, then 0 € 6°(E). Therefore, an easy induction shows that any state
E of A such that ENG # 0 and 0 ¢ E is not accessible in A. For example, the state at the left of
Figure 5.3 is not accessible in the DFA Gtar(Monf’S}).

Lemma 6. For any integer n > 2, the state complexity scsir 0f the Kleene star satisfies scgtar(1) <
2n=t 4 o2,

Proof. We distinguish several cases. First suppose that G = (). Then A has no final states,
and the size of the minimal DFA associated with A is 1. We next show that, in every other
case, the number of accessible states of A is less than or equal to 2"~ + 22,

Second, suppose that G = {0}. Let E be a state of A that is a singleton {j}. If ¢(j) = 0,
HGE)YNG # 0, and 6*(E) = {0} U {0} = {0}). If ¢(j) =1 # 0, then ¢(E) N G = O and
O?(E) = {¢(j)}. In both cases, 6°(E) is a singleton. This can be seen by relying on our
representation. Indeed, in this case, adding a cross to a line with only one cross via a
transition is impossible. From this, an easy induction shows that every accessible state of
Ais asingleton. Therefore, the number of accessible states of A isatmostn+1 < 271 4+2"72,

Finally, suppose that G ¢ {0, {0}}. From Remark 4, we deduce an upper bound on the
number of accessible states of A. We distinguish two cases:

e Suppose 0 ¢ G. The number of states E of A suchthat ENG # 0 and O ¢ E is
2n-1 _on=1-#G Therefore, since #G > 1, the number of accessible states of A is at most
omn _ 211—1 _ 2n—1—#G — 2n—1 + 2n—1—#G < 2n—1 + 211—2.

e Suppose0 € G. The number of states E of A such that ENG # @and 0 ¢ E is2"~1—2"#C,
Therefore, the number of accessible states of A is at most 2" —2"~1 —2n—#6 = pn=1 4 on—#G,
However, as G ¢ {0, {0}}, we have #G > 2. As a consequence, the number of accessible
states of A is at most 2"~ + 2772,

Therefore, we have proven, in every case, that the size of the minimal DFA associated with
Ais less or equal than 2"~! + 272, Therefore, by Theorem 2, scgar(11) < 2" + 2772, |
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5.1.3 A lower bound

{n-1}

. is a witness of the Kleene star,

We now prove that the language recognized by Mon
and the above upper bound is met.

Lemma 7. Le n be an integer greater than or equal to 2. If G = {n — 1}, then the size of the minimal
DFA associated with A is 2"~! + 22,

Proof. Let G = {n — 1}, so that A = Gtar(Monff'”). Let S be the set of all states E of A such
that,if n—1 € E, then 0 € E. We show that every state E of S is accessible in A, by induction
on the number of elements of E. We follow the intuition provided by Figure 5.4.

The empty set is initial in A. Every singleton of elements of [#] is in S, except for the
singleton {n — 1}. However, if j € [n — 1], {j} is accessible from the empty set by reading
any letter ¢ such that ¢(0) = j. Therefore, any element E of S such that #E < 1 is accessible
in A.

Now let j € {1,...,n — 1}, and suppose that any element E of S such that #E < j is
accessible in A. Let E’ be any element of S such that #E’ = j+ 1. If E’ = {0,n — 1}, then it
is accessible from {0} by reading the letter (0,n — 1). Otherwise, let l and I be two distinct
elements of E’ such that! #n—1,and let E = (0,])o (I',n —1)(E’). WehaveO € E,n—1 € E,
and #E = #E’. Furthermore, E is accessible from the set E” = E \ {n — 1} by reading the
letter (0,n — 1). Therefore, E’ is accessible from E”, by reading the letter (0, [) followed by
the letter (I',n — 1). Furthermore, #E£” = j, and n — 1 ¢ E”, which implies that E” € S.
As a consequence, E’ is accessible in A. Thus, we have shown that every element of S is
accessible in A.

(©,3)

Figure 5.4: A runin Gtar(Monf}) from the initial state () to the state {0, 1, 2}.

As a consequence, by Remark 4, the accessible states of A are exactly the states in S.
Now we show that the states of S are pairwise distinguishable in A. We follow the intuition
of Figure 5.5.

Let E and E’ be any two different non-empty elements of S. There exists an integer j
such that, either j € Eand j ¢ E’, or j ¢ E and j € E’. As both cases are symmetrical, we
suppose that j is an integer such that j € E and j ¢ E’. Let ¢ be the letter of I, such that
¢(j) = n — 1, and such that, for any I/ € [[n] that is not equal to j, ¢(I) = 0. Reading the
letter ¢ from the state E leads to the state {0, n — 1}. Furthermore, reading the letter ¢ from
the state E’ leads to the state {0}. However, both {n — 1} and {0,n — 1} are final in A, while
{0} is not final in A. Therefore, E and E’ are distinguishable in A. Furthermore, reading
the empty word ¢ from the state 0§ in A leads to @, which is final, but reading the empty
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word from the state {0} in A leads to {0}, which is not final. As a consequence, 0 and {0} are
distinguishable in A. Hence, any two distinct states of A are distinguishable.

Figure 5.5: How to distinguish between two states of Gtar(Monf}), with the letter ¢ such
that ¢(1) = 3, and ¢(0) = P(2) = P(3) = 0.

Thus, the size of the minimal DFA associated with A is the size of S, which is 2" ! +
271—2. O

{n—1}
n

Therefore, by Lemma 6 and Lemma 7, Mon is a witness for the Kleene star, and the

upper bound of Lemma 6 is reached.

Proposition 19. For any integer n > 2, the state complexity scsr Of the Kleene star satisfies
SCstar(n) = 271 + 22,

5.2 Boolean Operations

5.2.1 Applying the modifiers describing boolean operations to monsters

Let b be a k-ary boolean function, let (n,...,n) be a k-tuple of positive integers, let
(F1, ..., Fx) be a k-tuple of finite sets such that F; C [n;]], let Moni}::j:ﬁi = (My,..., My)
and let A = (T, n,Q,1,F0) = my(M;,...,My). Notice that every DFA that is equal to
mb(MonZ:::ﬁ;), for some (F}, ..., F;) with F; C [[n;], has the same set of states, the same
initial state, and the same transition function. It is only its set of final states that depends
onF,... F.

17 by

transition function of ¢ in M, is ;. Therefore, by Definition 16, for any element (q1, . .., qx) of Q,
%G, -, qx) = (D1(q1), - - ., dk(gr)). In other words, the transition function of (¢p1, ..., ¢x) in A is
itself, (p1, ..., ). This implies that, if w = ay - - - a, is a word over I'y,, _, witha; = (Crq, ..., Cx),
we have 6% = &, where

b=(Cr0o---0Ci1,...,Cr o0 Cup).
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As a consequence, if there is a run from a state q to a state q’ in A, then there exists a letter b of
and.;'f, in addition, F; & {0, [n;]} for any j € {1,...,k}, any two distinguishable states of A are
distinguishable with one letter only.

A consequence of the above remark is that any state (g;,...,qx) of A is accessible
from its initial state (0,...,0) by reading a letter (¢4, ..., ¢x) such that ¢;(0) = g, for all
j €11,...,k}. Therefore, to minimize the DFA A, we only need to compute the induced
Nerode equivalence.

5.2.2 An upper bound

Definition 23. For any positive integer k and € € {1, ...k}, we say that a k-ary boolean function
b depends on its {-th coordinate if there exist two k-tuples (uy, ... ,ux) and (v1,...,vx) of elements
of {0, 1}, such that u; = v; for any j # €, and b(uy, ..., ux) # b(vy, ..., ).

Lemma 8. Forany ¢ € {1,...,k}, if b does not depend on its {-th coordinate, then any two states
s1=1,...,q0) and s, = (q7,...,q;) of Qwith g; = q;.for all j # € are not distinguishable in A.

Proof. For any letter ¢ = (¢1,...,¢x) of I'y,,, and any two states s; = (g1,...,qx) and
s2 = (q5,---,q;) of Q with q; = q} for all j # I, we have, for any j # I, ¢;(g;) = qb]-(q;.) and
[¢i(q) € Fil=[¢ j(q;.) € F;]. Therefore, as b does not depend on its [-th coordinate, we have

b([$1(q1) € Fil, ..., [x(qr) € Fi]) = b([$1(q7) € Fil, ..., [Px(q;) € Fil),

and
b([q1 € F1l, ..., [qx € Fx]) = b(lq; € F1l, - .., [g; € FxD).

Thus, by Definition 16, s; € F if and only if s, € F, and 6%(s1) is in F if and only if 6?(sy)
is in F. Hence, s; and s, cannot be distinguished in A by reading the empty word. As a
consequence, by Remark 5, s; and s, are not distinguishable in A. O

Let Ey, be the set of all integers jin {1,...,k} such that b depends on its j-th coordinate.
As a consequence of the above lemma, any state (41, ..., qx) of A is equivalent (in the sense
of the Nerode equivalence) to the state (g3, ..., q;), where

q9; =4 forall j € Ey
q;=0  otherwise

However, there are exactly [] n; elements (q1,...,qx) of Q, such that g; = 0 for all j ¢ Ej.
jGEb

It follows that this number is an upper bound for the number of states of a minimal DFA

equivalent to A, and therefore an upper bound for the state complexity of ®y:

Corollary 1. Let Ey, be the set of all integers jin {1, ..., k} such that b depends on its j-th coordinate.

We have scg, (11, ..., 1g) < _H nj.
]EEb
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5.2.3 A lower bound

We now prove that this upper bound is tight. Furthermore, we prove that Monﬁi """ P is a
witness for ®y, if F; & {0, [n;]]} forall j € {1,...,k}.

Lemma9. If, forall j € {1,...,k}, F; & {[n;]l, 0}, then the size of the minimal DFA equivalent to
Ais [] n;.
j€Ep

Proof. We prove that any two distinct states of the set of all elements (g1, ..., qx) of Q such
that g; = 1 for all j ¢ Ey,, are distinguishable. Let (q1,...,qx) and (g}, ..., q;) be two states of
Q such that there exists j € Ep with q; # 4. As b depends on j, there exists two k-tuples
of elements of {0, 1}, (uy,...,ux) and (], ..., u;) such that b(uy, ..., w) =1, b}, ..., u;) =0
and such that u; = v; forall [ # j. Let ¢ = (¢1,...,¢r) be aletter I',  ,, such that

-----

e Foralll # j, ¢i(q1) and ¢i(g)) are equal to an element of Q; that is in F; if and only if
w=u =1,

e ¢j(g;) is equal to an element of Q; that isin F; if and only if u; = 1,
* ¢j(q)) is equal to an element of Q; that is in F; if and only if u} = 1.

We have ([¢1(q1) € Fil,..., [x(qr) € Fr]) = (uy,...,ux) and ([¢p1(q]) € Fil,..., [r(q;) €
F) = (uy,...,u). Therefore, b([¢1(q1) € Fil,...,[¢x(q) € Fr]) = 1 and b([¢1(q]) €
Fi],....[¢x(q;) € Fr]) = 0, which implies, by Definition 16, that (¢1(q1), - - -, ¢x(qx)) € F and
(P1(q}), - - -, Px(q;)) € F. As a consequence, (q1,...,qx) and (g}, ..., q,) are distinguishable in
A. O

The state complexity computed in the above lemma coincides with the upper bound

F; ¢ {[n;],0} forall j € {1,...,k}. We have thus computed the exact state complexity of
every boolean operation.
Proposition 20. We have scg, (n1,...,1r) = [] n;.

J€Ep

5.3 Catenation

5.3.1 Applying the catenation modifier to monsters

Let (n1,n,) be a pair of integers greater than or equal to 2, let (F;, F,) be a pair of finite
sets such that F; C [n1]] and F, C [[n,]], let Mon!#2 = (M;, M,) and let A = (£,Q,i,E,8) =

ny,ny

Conc(M;, M;). From Example 18 and Definition 22, we have
b Z‘ = ]-_'711,?12 = [[nl]][[nlﬂ X [[nZ]:IIIHZ]]/
o Q=[m] %21

. [ (0,0 ifogF
*'1 0o ifoeF
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e F={(q1,E) € [m] x2"V |ENF, # 0},

e and, for any (g1, E) € [n1] X 2121 and any (¢4, ¢2) € Ty s

L2 _ ) (1(q1), 2(E)) if p1(q1) € F
o (g, E) = { (¢1(q1), qbi(E) U {0}) othérmlzise. 1

To represent states of A, we use a representation very similar to the case of the Kleene
star (Figures 5.1, 5.2 and 5.3). However, this time, a state (g,E) of A is represented by
two "lines" of squares. The first one represents g, and thus has always exactly one cross.
The second one represents E, and thus has as many crosses as the size of E. For example,
ifng =4,n, =5 F =1and F, = {2,3}, the state (2,{1,3}) of A is represented with the
following pair of lines:

This representation gives us an interpretation of the transition function of A. Indeed,
in A, to go from a state (g, E) to a state (¢, E’) by reading a letter (¢1, ¢,) (in the case where
E # 0), one can change the positions of the crosses on the two lines representing (g, E) by
applying ¢, to the cross of the first one, and ¢, to the crosses of the second one, and then
by putting a cross at the beginning of the second line if and only if the cross of the first
line is in a red square. For example, if n; = 3, n, =4, F; = {2} ,F, = {1}, $:1(1) =2, $2(1) = 2,
$2(2) = 3, we have 6((1, {1, 2})) = (2,{0,2,3}), which is represented by Figure 5.6.

{2341}
1)

Figure 5.6: A transition in Conc(Mon

5.3.2 An upper bound

We first establish an upper bound on the state complexity of Catenation. Our reasoning is
based on the following remark:

Remark 6. If reading a letter from any state in A leads to a state whose cross on the first line is in
a red square, then this state’s second line has a cross in the leftmost square. More formally, if (g, E)
is an element of Q, if ({1, P2) is any letter of I'y, ,,,, and if p1(q) € F1, then, denoting by (q’, E’) the



5.3. CATENATION 65

state 5*192)(q, E), we have O € E’. Therefore, an easy induction shows that any state (q,E) of A
such that g € F1 and 0 ¢ E is not accessible in A.

Lemma 10. The state complexity scconc 0f Catenation satisfies SCeonc(11, 12) < (17 —1)2"2 4+ 21271,

Proof. 1f F1 = 0, any state (g, E) of A such that E # 0 is not accessible. Therefore, the number
of accessible states of A is less or equal to n;. Suppose that F; # (. The number of all states
(9, E) of Asuch that, if g € F; then 0 € E is (n; —#F;) X 2"2 + #F; x 2271, Therefore, by Remark
6, the number of accessible states of A is less or equal to (17 — #F1) X 2™ + #F; x 271 <
(n; — 1) x 2 4+ 2"71 In all cases, the number of accessible states of A is less or equal to
(11 —1) x 2™ +2m~1 Therefore, by Theorem 2, we have scconc(f11, 12) < (17 —1)2"2+2"71. O

5.3.3 A lower bound

{n1-1},{n2-1}
ni,ny

We now prove that Mon
is met.

is a witness for Catenation, and the above upper bound

Lemma 11. If F; = {ny — 1} and F, = {n, — 1}, then the size of the minimal DFA associated with
Ais (ng — 1)212 + 271,

Proof. Recall that n; and n, are both greater than or equal to 2. Let F; = {n; — 1} and
F, ={ny—1},sothat A = (Sonc(Mon,{q’ﬂgzl}’{”z_“). Let S be the set of all states (j, E) of A such

that, if j = n; — 1, then 0 € E. We show that every state (j, E) of S is accessible in A, by
induction on the number of elements of E. We follow the intuition provided by Figure 5.7.

The state (0, 0) is initial in A. A state (j,0) is in S if and only if j € [n; — 1]. However,
if j € [[ny — 1], (j, 0) is accessible from (0, @) by reading the letter ((0, j), Id). Therefore, any
element (j, 0) of S is accessible in A.

The state (17 — 1, {0}) is accessible in A from (0, 0) by reading the letter ((0, n; — 1), 1d).
Furthermore, any state (j, {m}) of S, where j € [n; — 1] and m € [[n,] is reached from the
state (n; — 1,{0}) by reading the letter ((n; — 1, ), (0,m)). Thus, any state (j, E) of S with
#E < 1 is accessible in A.

Now let! € {1,...,n; — 1}, and suppose that every element (j, E) of S such that #E <[ is
accessible in A. Let (j’, E’) be any element of S such that #E’ = [ + 1. Let r be any element
of E’, let ' be any non-zero element of (0,7)(E’), and let E = (0, 7)(E’) \ {r’}. The state (', E’)
is reached in A from the state (n; — 1, E) by reading the letter (Id,,-15, (0,7")) and then the
letter ((n1—1, j’), (0, r)). Furthermore, 0 € E, which implies that (n; —1,E)isin S, and #E = I.
As a consequence, (j’, E’) is accessible in A. Thus, we have shown by induction that every
element of S is accessible in A.
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HENE L[ Ix] ]

| [xIx] ]

(Id,(0,2)) ((2,3),(0,1))

Figure 5.7: A run in Gtar(Monfjl’B}) from the initial state (0, 0) to the state (2, {1,2}); where

Id = Idﬂ4]].

As a consequence, by Remark 6, the accessible states of A are exactly the states in S.
Now we show that the states of S are pairwise distinguishable in A.

Let (j,E) and (j’, E’) be any two different elements of S. We distinguish two cases, and
we follow the intuition given by Figures 5.8 and 5.9.

e First suppose that j # j’. Let ¢; be any function of [n;]I"!! such that ¢(j) = 0
and ¢1(j’) = n; — 1, and let ¢, be the function of [n,]"2! such that ¢,(l) = n, — 1,
for any I € [[n;]. Reading the letter (¢, ;) from the state (j, E) leads to the state
(0,{n, — 1}). Furthermore, reading the letter (¢, p,) from the state (j’,E’) leads
to the state (n; — 1,{0,n, — 1}). Therefore, if ¢p3 = Idy,; and ¢4 = (0,1, — 1), we
have §@192@3¢4)(j E) = (0,{0}) and §@v#)@09)(j" E') = (ny — 1,{0,n, — 1}). However,
(m1 —1,{0,ny — 1}) is final in A, while (0, {0}) is not, since n, > 2. As a consequence,
(j,E) and (j’, E’) are distinguishable in A.

(D1, $2) X (Idpay, (0,3))

HENE

(1, $2) X (Idg4p, (0, 3))

X

X

Figure 5.8: How to distinguish between two states (1, {1, 3}) and (2, {1, 3}) of (Sonc(Monfi’{S})
when j # j/, with ¢1(2) = 3, ¢1(1) = 0, and ¢»(1) = P2(3) = 3.

e Suppose now that E # E’. There exists an integer j such that, either j € Eand j ¢ E’,
or j ¢ Eand j € E'. As both cases are symmetrical, we suppose that j is an integer
such that j € Eand j ¢ E’. Let ¢; be the function of [1;]I") such that ¢;(l) = 0, for
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any | € [n;]. Let ¢, be the function of [1,]"2! such that ¢,(j) = n, — 1, and such that,
for any | € [n,] that is not equal to j, ¢»(I) = 0. Reading the letter (¢, ¢,) from the
state (j, E) leads to the state (0, {n, — 1}) or to the state (0, {0, n, — 1}). Furthermore,
reading the letter (¢1, ¢,) from the state (j’, E’) leads to the state (0,{0}). However,
(0,{n, — 1}) and (0, {0, n, — 1}) are final in A, while (0, {0}) is not final in A. Therefore,
(j,E) and (j’, E’) are distinguishable in A.

(le/ ¢2)

(1, ¢2)

Figure 5.9: How to distinguish between two states (j, E) and (j’, E’) of (Eonc(MonLSL}l’{g’}) when

E # E, with ¢1(1) = $1(2) = 0, (1) = ¢2(0) = 0, and ¢(2) = 3.

Thus, we have shown that the states of S are pairwise distinguishable in A. Therefore, the
size of the minimal DFA associated with A is the size of S, which is (17, — 1)2" + 2271, 1O

{n-1},{nx-1}

o is a witness for Catenation, and

Therefore, by Lemma 10 and Lemma 11, Mon
the upper bound of Lemma 10 is reached.

Proposition 21. For any pair of positive integers (11, ny) with ny > 2, the state complexity SCconc
of Catenation satisfies SCconc(n1, 12) = (17 — 1)2™ + 2771,
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Chapter 6

On the star of boolean operations

We have computed in Section 5.2 the state complexity of boolean operations. A natural
question arises: what happens when we take the Kleene star of a boolean operation?
Although these combined operations do not seem much more complicated, their state
complexities are actually much harder to compute. In [16], the authors compute the
state complexity of the star of union and make some advances towards computing the
state complexity of the star of intersection. This state complexity was later computed in
[27]. However, in both cases, the methods used seem to be very specific to both of these
operations. Furthermore, in [17], the authors compute the state complexity of the star of
multiple unions, generalizing the method used in [16].

The results discussed above are not sufficient to compute the state complexity of the star
of every binary boolean operation. We completely answer this problem by computing the
state complexity of the star of symmetric difference, in a way that is inspired by [5]. This
computation requires some work, because it involves more complicated combinatorial
objects than in the case of the star of union or the star of intersection. Furthermore, we
give a witness for the star of symmetric difference with an alphabet of size 16. Finally, we
give some ideas to generalize our reasoning to the star of boolean operations in Section
6.7.

6.1 The star of the symmetric difference: a first analysis

We let ® denote the composition of Star and ®yer. In other words, ® is the binary regular
operation such that, for any pair of languages (L;, L) over the same alphabet, we have
®(Ly, L) = (L1ALy)*. By Example 15, Example 10, and Proposition 13, ® is a 1-uniform
operation. Furthermore, by Proposition 18, desc(Star o my,,) = ®, i.e., the modifier
Star o1 My, describes @. Therefore, to prove state complexity results about &, we first
give a formula that describes the application of ©tX = Gtar o; my,, to a pair of DFAs. This
formula is obtained directly from Example 15, Example 17, and Definition 6.

Let (A1, A;) be a pair of DFAs with A; = (X, Q1,11,F1,61) and Ay = (X, Qy, iz, F2, 62). We
have

StX(Ay, As) = (£,297%,0,{E C Q1 x Q2 | ENF # 0} U {0}, 0),

69
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where F = (F; X Q2)A(Q1 X F;) and where, for any letter a of X,
5°(0) = { (010, 036D} i €40 3 ¢ F

{(61(i1), 65(i2)), (i1, 12)} otherwise

(&7, 8%)(E) if (6%, 69)0(E) N F = 0

and, for all E # 0, 6"(E) = { (&%, 5)(E) U { (11,12)} otherwise.

Notice first that if n; = 1 or n, = 1, we can compute sc®(n1,n2) with the results of
Section 5.1. Suppose n; = 1 and n, > 2, for example, and let L; be a language over an
alphabet X of state complexity equal to 1. We have either L; = 0 or L, = X*. Thus, for any
language L, over L, if L; = (), then we have ®(L1, L,) = L. Furthermore, if L; = £*, then we
have ®(Li,L,) = (L)*. However, for any positive 1nteger 1, and any language Lz of state
complexity inferior or equal to 15, we know, from Example 8, that the state complexity
of L is at most n,. Hence, from Proposition 19, we have sc((L5)*) < 2"~ 14+ 2m72 and
sc(Ly) < 271 4+ 2"72, To summarize, we have sc(®(L1, Ly)) < 2™~ ’ + 272 for any positive
integer 1, and any language L, of state complexity inferior or equal to n,. However, from
Lemma 7, we also have sc(@®(0, L(Mon{”2 1)) = 2271 4+ 222, for any integer n, > 2. As a
consequence, we have scg)(11, 112) = 2"~ V4272 ifn; = 1 and np > 2. Similarly, if n, = 1
and n; > 2, we have scg)(11, 112) = 2m-1 4 2m-2 Therefore, for the remainder of this section,
we only concern ourselves with computing sc®(n1,n2) when n; and n, are superior or
equal to 2.

Since ® is a binary 1-uniform operation admits a family of 2-monsters as witness. Let
(n1,n2) be two integers greater than or equal to 2, and let (IM;, M;) = Monn’”nz1 A0 We are
going to show that (L(IM,)), L(IM,)) is indeed a witness for @. This allows us to compute
its state complexity. To be more precise, here is the outline of our proof. For any F; C [1]
and any F, C [n,], we let M, r, denote the DFA GSt%(MonF E ). We are going to minimize
the DFA My, 1) by first computing its Nerode equ1va1ence and then by computing its
accessible part. We will therefore have computed the minimal DFA equivalent to My, _1) (o,
and computing its size allows us to compute the state complexity of L(M,,-1) ;). We then
show that the state complexity of L(Mj,,-1},(0}) is the greatest out of all the state complexities
of L(ME, r,), with (F1,F;) € [[m1] X [[n2]. Theorem 2 allows us to conclude that the state
complexity of L(Mjy,-1},j0)) is indeed scgey(n1, 12).

6.2 Computing the Nerode equivalence of My, _1) (o)

In order to give a visual representation of the next proofs, we associate elements of 2["1xI1
with boolean matrices of size n; X n1,. Such a matrix is called a tableau of size 17 X 1, when
crosses are put in place of 1s, and 0Os are erased. The same symbol denotes the element
of 2lmIxInl the associated boolean matrix, and the associated tableau. If T is an element
of 2ImIxIn1 we let T, , denote the value of the boolean matrix T at row x and column y.
Therefore, the three following assertions mean the same thing: a cross is at the coordinates
(x,y)inT, T,,=1,(x,y) €T.

We say that a cross at coordinates (x, y) of a tableau, is in the final zone of Mg, p,, if
(x,v) € (F1 X [n2)A([n1]1 % F2). We notice that a tableau T of size n; X n, is final in Mg, g, if
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and only if T has a cross in the final zone of Mg, ,, or T is empty. We fix for the remainder
of this chapter two integers n; and n, greater than or equal to 2.

Definition 24. A tableau T of size ny X ny is right-triangle free if Vx,x" € [n1] such that x # x’
and ¥y, y’ € [ny]l, such that y # y', we have #({(x, y), (x, y'), (X', y), (x’, y" )} N T) # 3.

Example 21. Figure 6.1 is an example of a right triangle.

X X
X

Figure 6.1: A tableau with a right triangle.

Definition 25. We let — denote the relation over tableaux of size ny X ny that satisfies the
following property: for any two tableaux T and T’ of size ny X ny, we have T — T’ if and only if
there exist two pairs of integers (i, j) and (7', j') in [m]] X [n2]l, such that T" = T U {(7', j’)} and
(G, 1), ), G, i)} S T. Welet < denote the reflexive, symmetric and transitive closure of —.

For any tableau T, we define Sat(T) as the smallest tableau (relatively to inclusion)
with no right triangle containing T. The existence of Sat(T) comes from the fact that
T c 2ImIlml which is a right-triangle free tableau, and the uniqueness of Sat(T) comes
from the fact that the intersection of two right-triangle free tableaux is right-triangle free.
Two tableaux T and T" are therefore equivalent if Sat(T) = Sat(T").

Lemma 12. A tableau T of size ny X n, is right-triangle free if and only if, for all i,i" € [n1]], the
lines i and i’ are either the same (i.e., for all j € [n,], we have T;; = Ty ), or disjoint (i.e., for all
j € [n2ll, we have T;; =0V Ty ; = 0).

Proof. If T has a right triangle, that is there exists i,i" € [[n;]] and j, j/ € [n,] such that
{G7),@,)),3G ;) <STbut(i,;) ¢ T, then the lines i and i’ are neither the same nor disjoint.
Conversely, if there are two lines i and i’ that are neither the same nor disjoint, then

i # 1'. Since the two lines are not disjoint, there exists j € [n.] such that T;; = T;;; = 1.
Furthermore, since they are not the same either, there exists j* € [n;] such that T; ; # T7 ;.
As a consequence, T has a right triangle and is not right-triangle free. O

Lemma 13. Let F; C [[nq]] with F; ¢ {0, [n1]}, let F, C [no]] with F, & {0, [n,]]}, and let T and T’
be any two non-empty states of Mg, g, such that T — T’. Then T is final if and only if T' is final.

Proof. AsT C T’,if T is final, T" is also final. Now let us suppose T is final and let i, j,i’, j’
be the integers of Definition 25. If another cross of T’ than (i’, j’) is in the final zone, then
T is also final. Let us now prove that (7, ;') is in the final zone implies T is final. Thus, let
us suppose, for example that i € F;, and j* ¢ F,. Then, either j ¢ F, and (i/, j) is in the final
zone of T, either j € F, and i ¢ F; and (i, j) is in the final zone of T, or either j € F, and
i € F; and (i, j’) is in the final zone of T. In every case, T is final. O

Let us recall that the alphabet of Mg, g, is [, »,, = [ 111 x [np]J1"2).
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Lemma 14. Let F; C [m]] with F1 ¢ {0, [n1]}, let F, C [no]] with F, ¢ {0, [n:]}, and let T
and T’ be two non-empty states of Mg, g, such that T — T'. Then, for any a € T, ,,,, we have
OU(T) — 0(T") or 6(T) = 6*(T"), where 6 is the transition function of Mg, r,.

Proof. Let i, j, i, j’ be the integers of Definition 25. Leta = (f,g) € I'y,»,- We have, either

(£, (1) = (f,)(T") or (f, )T) = (f, eNT"). 1f (£, 8)(T) = (f, g)(T"), then obviously have
O(T) = &°(T"). Therefore, we suppose now that (f, g)(T) — (f, g)(T").

Suppose (f, g)(T) is not final. Then (f, g)(T") is not final and 6*(T) = (f,)(T) —
(f, 9)(T") = 6%(T"). Otherwise, if (f, g)(T) is final, then (f, )(T") is also final and 6*(T") =

(f, (T U{(0,0)} = (f, o)D) UL(f (), (j)), (0,0)} = 6°(T) U{(f(i’), &(j"))}- Hence, the lemma
follows from the fact that

(@), 8, (f(@), 8GN, (£ ('), g())} < 6°(T).
O

Proposition 22. Let Fy C [n1]] with F1 € {0, [n11}, let F» C [n,] with Fy ¢ {0, [n.]}, and let T, T’
be two non-empty states of Mg, g,. If T < T, then T and T’ are indistinguishable in Mg, f,.

Proof. Let 6 be the transition function of Mg, r,. From Lemma 14, we show by a straight-
forward induction that, for any word w, if T — T’, then 6“(T) — 6“(T") or 6“(T) = 6“(T").
From Lemma 13, if T — T’, then T and T” are indistinguishable. However, & s the

reflexive, symmetric and transitive closure of —. Hence, if T S T, then T and T are not
distinguishable in Mg, ,. O

We let ~ denote the equivalence relation over tableaux of size n; X 11, such that we have
T ~ T’ if and only if, either T, T € {0, {(0,0)}} or T & T'. Notice that, since {(0,0)} is final in
My, 13,001, @ and {(0, 0)} are not distinguishable in My, 1) ;. Therefore, ~ is compatible with
My, -11,10; (see Section 2.4.2 for a definition of compatible), and it makes sense to consider

Mi-11401/ ~-
Recall here that we let (i, j) denote the transposition exchanging i and j, by (i1, ..., im)

the permutation such that (i1, ..., ,)(i;) = i(j+1)modm, and by nf the application that sends j
to i, and does not change any other elements (for more details, see Section 2.2).

Lemma 15. Any two distinct non-empty states of My, 1) 10/~ are distinguishable in My,,_1} 10}/ ~-

Proof. Let us first recall that the final zone of My,,_1), is the set of all (i, j) € [m1] X [n2]
such that either i = n; — 1 or j = 0, but not both. We use this fact statement in the rest of
the proof. Let 6 be the transition function of My,,_1) (. Let T and T” be two right-triangle
free non-empty tableaux of size n; X 1, such that T # T’. Let (i, j) be such that T;; # Tf,j-
We prove that T and T” are distinguishable in My, 1) ;o). We suppose that T;; = 1 (the case
Tlf,]. = 1 is symmetrical), and we consider two cases.

Suppose that for all i” € [n1]], Tlf,,j = (. Then, since T” is not empty, (ngl_l, (0, /))(T") does
not have any cross on line 7; — 1 nor on column 0. However, (716”_1, 0,7, )) = (ngl_l(i), 0).
Therefore, (7'(6”_1, (0, /))(T) does have a cross on column 0, but not on line n; — 1 (the cross

nq—1 .
that comes from the coordinates (i, j) in T). As a consequence, 6™ ©)(T) is final in
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Miy,-1y,40), and 5 ON(T) is not final in M1y 0 since T” is not empty, which implies that
T and T” are distinguishable in My, _1) (o).

Wenow suppose that there exists x € [11] such that T;’j = 1. Let{iy, ..., i/} = {a| T;/j =1}
and let {ji,...,j,} = {B | T;1,5 = 1}. The two next properties are illustrated by Figure 6.2. We
designate them by Property 1 and Property 2 in the rest of the proof.

1. By Lemma 12, lines iy, ..., i, are the same, as they all have a cross on the column j.
Columns {jy, ..., j,} are also the same, as they all have a cross on line i;. It follows
that, if

(@, ) € (lir, it X (10, ma = Y\ {ju .., ju})) U
(0, m =D\ i, i) X (s i}
then we have Tlf,/]., =0.

2. Wehave jeljy,...,jtand i ¢ {iy,..., i}

j Cjp s
X i3IXX| X
i X ® OX
X i2[XIX| X
X X X
XX i (XXX
j

Figure 6.2: An example of two tableaux T and T".

We let (f, g) denote the pair of mappings such that, for any (7', j’) € [11] X [1.], we have

f(i'):{gl_l if i e fiy,... i) andg(].,):{o i € i, )

otherwise n, —1 otherwise.

If (f(i"), g(j")) is in the final zone of My,,_1) (0}, then

(@, 1) € (lir, it x (10, ma = Y\ {j, .., jp})) U
(40, m = W\ i, i) X s ) -

Hence, by Property 1, we have T, » = 0. As a consequence, (f,9)(T’) has at most two
crosses, one at (n; —1,0) and one at (0, n, — 1). Neither (1, — 1, 0) nor (0, n, — 1) is in the final
zone of My, _1)0;- As a consequence, (f, g)(T") = 6U9(T") is not final in My, _1 ;0. However,
by Property 2, since T;; = 1, we have ((f, §)(T))oo = 1. Therefore, (f, g)(T) = SY8(T) is final
in My, —1),0;. Thus, T and T” are distinguishable in My, -1} (0}

In both cases, T and T” are distinguishable in My, 1} 0;. Therefore, T and T” are distin-
guishable in My, _1) 0,/ ,- To conclude, since the representative of any state of My,, -1 10}/ -, is
a right-triangle free tableau, any two distinct states of M, -1}/, are distinguishable. O
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In particular, from the above lemma, we know that {(0, 0)} is distinguishable from any
other state of My,,_1),0; (except for 0). Hence, the equivalence class of () for the Nerode
equivalence induced by My,,_1) 0 is {0, {(0,0)}}. As a consequence, the following corollary
is straightforward from Lemma 15 and of Lemma 22.

Corollary 2. The Nerode equivalence induced by My, 1) () is equal to ~.

6.3 Computing the accessible states of Mj,,_1 ()

Lemma 16. The set of accessible states of My, 1,0 is the set of all tableaux T of size ny X ny such
that, if T has a cross in the final zone of My, -1y (), then T has cross at (0, 0).

Proof. Recall first that the final zone of My,,_1 o) is the set of all (i, j) € [[n1] X [n2] such that
either i = n; — 1 or j = 0, but not both. We use this repeatedly in the rest of the proof. We
let E denote the set of all tableau T of size n; X 11, such that, if T has a cross in the final zone
of My,,-1),05, then Ty = 1. It follows from the definition of the transition function of GtX
that every accessible tableau T of My,,_1) () is in E. We now prove that every tableau in E
is accessible.

Let 6 be the transition function of My,,_1) (0;. For any tableau T of size 1y X 1y, let #,¢T be
the number of crosses of T which are not in the final zone of My,,_1; (. Let < be the strict
partial order on tableaux such that T < T” if and only if, either #T" < #T”, or #T = #I" and
#arl < #.,¢T"). We prove that every tableau in E is accessible, by induction on non-empty
tableaux for the strict partial order < (the empty tableau is the initial state of My, 1, j;, and
so it is accessible). The only minimal element for the strict partial order < is the empty
tableau. Therefore, for any non-empty tableau T’ € E, we define a tableau T such that
T < T’,and T’ is accessible from T. We distinguish the following cases :

e Suppose that T” has no cross in the final zone of My,,_1) (. In particular, we have
Ty, = 0. Let (i, j) be any cross of T", let (£, ) = ((0,9), (0, j)), and let T = (f, g)(T"). We
have Ty = 1 and (f, 9)(T) = (f, 9)((f, g)(T")) = T". Therefore, since T € E, #T = #T",
and #.T < #.¢T’, and since T” is not final, we have T" = 6/8)(T) and T < T".

e Suppose now that T” has at least one cross in the final zone of My,,_1) (0}

- Suppose there exists (i, j) in the final zone of My,,-1)0;, such that (i, j) # (0,0)
and T’ = 1. Notice that this implies that Tj, = 1. Let (f,¢) = ((0,1),(0, j)), let
T” be the cross matrix obtained from T’ by deletmg the cross at (0,0), and let

= (f,9)(T”). Since ((f,9)(T""))o0 = Tl”] = 1, we have Ty = 1, and therefore
T € E. Furthermore, (f, 9)(T) = (f, 9)((f, )(T”)) = T”. In addition, T" has a cross
at coordinates (i, j), which is in the final zone. Therefore, 5/8/(T) = T U{(0,0)} =

T’. To summarize, since #T < #I”, we have 8Y89(T) =T', T € E,and T < T".
— Suppose now that (0, 0) is the only cross of T” in the final zone of My,,_1) (-

+ If T = {(0,0)}, then it is accessible from the initial state T = ( by reading
(Id, Id). We obviously have #T < #I”, and thus T' < T".
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+ If T" = {(0,0), (1, — 1,0)}, then T” is reached from the state T = {(0,0)} by
reading, for example, the letter, ((0, n; — 1), Id), then the letter (Id, (0, n, — 1)),
and finally the letter (Id, 7)>""). Indeed, 5(*=D1d({(0,0)}) = {(n; — 1,0)},

5090m=D)({(ny — 1,0)}) = {(0,0), (ny — 1,n, — 1)}, and 6% )({(0,0), (n; —
1,n,-1)}) = {(0,0), (11 —1,0)}. We obviously have #T < #T’,and thus T < T".

« If T ,0=1T# {(0,0)}, and T” # {(0,0), (n, — 1,0)}, then T” has a cross at
(i, ]) 'where i € [ni—1]and j € {1,...,n, — 1}. Let (f,g) = ((i, ;1 — 1),1d),
and let T = (f, ¢)(T"). Since T,,,_1,; = 1, T has a cross in the final zone distinct
from (0,0), and therefore #,I < #,/I". Furthermore, (f,g)(T) = T’, which
implies, since (0,0) € (f, g)(T) = T’, that we have 6/¢(T) = T". In addition,
(0,0) is equal to either (f, g)(n; —1,0) if i = 0, or (f, £)(0,0) if i # 0. In both
cases, we have Ty = 1, which implies that T € E. To summarize, since
#T = #T', wehave T € E, T' = 6Y8(T) and T < T’. We illustrate this case
with Figure 6.3.

X X
((0,4),1d)
X || X
X
X X

X

Figure 6.3: How to go from T" to T.

* Suppose now that T 1,=0 and T” # {(0,0)} (this naturally implies that
# {(0,0), (n; — 1, 0)}) Then there exists (i, ]) w1thz € [[my—1] and j €
{1,...,n2 — 1}, such that Tl’,] = 1. Let (f,9) us ' 1d), and let T be the
tableau of size n; X n, such that, for any (7/, j’) € [[nl]] X [n2]], we have
T, ifi=m-1
Ti/,]'/ = 0 ifi" =i
Tlf,,]., otherwise

For any i € [m] \ {0}, and any j € [n.]], we have (f, g)(T);; = T;; = Tf,j' We
also have (f, §)(T)y,-1,; = 0 = T, g and (f, §)(T)o,j = Ty,-1,j = T(’),j, for any
j € [n2]. Hence, since Tj, = 1, wehave Toy = 1, (f, g)(T) = T, #T = #I", and
#.¢T < #.T'. Therefore, since (0,0) € 6/8(T), we have T € E, T" = 5Y8(T)
and T < T’. We illustrate this case with Figure 6.4.

XX L X
XX e XX
X X
X

Figure 6.4: How to go from T" to T.
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O

For all (Fy, F,) C [[n1] X [n2]], we let 1\7[1?1,1:2 denote the restriction of the DFA Mg, r, to all
the states T that satisfy: if T has a cross in the final zone of Mg, r,, then T has cross at (0, 0).
The following corollary is straightforward from Corollary 2 and Lemma 16.

Corollary 3. 1\7[{”1_1},{0}/ ~ 1s a minimal DFA equivalent to My, _1) (0}

Before moving on, we state the following remark that stems from the formula given
for GtX.

Remark 7. The accessible part of Mg, r, is included in 1\/7[1;1,132.

This remark is useful later on to get an upper bound on the state complexity of Mg, r,.

6.4 Computing the state complexity of the language recog-
nized by M{n1_1},{0}

Let R, ., be the set of non-empty right-triangle free tableaux of size n; X n,. For any
(F1,F2) € [m] % [n2]l, we let T, £, denote the set of all T € R,,, ,, such that, if T has a cross
in the final zone of Mg, r,, then T\, = 1. The state {(0, 0)} is final in M, 1) 0}, and therefore

is not distinguishable from {0} in My, _1) ;. As a consequence, the size of My,,_1) o/~ is the
cardinality of 7, -1} 0)-

However, for any non-empty tableaux T of size n; X n1,, T has no cross in the final zone
of Myy,-1),0y if and only if T does not have any cross on line 7; — 1 or on column 0, except
maybe for a cross at (n; — 1,0). Therefore the set of all tableaux T of size n; X 1, such that
T has no cross in the final zone of My,_1y 0}, is equal to E U E’, where

E={T e Ry | Yie[m],Vjelnl Tip=0AT,_1,;=0}and
E = {T € Rnllm | Tnl—l,O =land Vie [[1’11 - 1]], VJ € {1, o, Ny — 1}, Ti,O =0A Tn1—1,j = 0}

However, #E = a;,_1,1,-1 — 1, and #E" = &, _1 4,-1, Wwhere a, , is the number of right-triangle
free tableaux of size x X y, for any positive integers x and y. Furthermore, since (0, 0) is in
the final zone of M,_1}10;, 7 (n,-1},00 1S equal to the disjoint union of the two following sets:
the set of all right-triangle tableaux that do not have any cross in the final zone of My,_1) (,
and the set of all right-triangle free tableaux that have a cross at (0, 0). Therefore, we have
#T (m-1,0) = 20 -1,m-1 + Q. — 1, where a7, the number of right-triangle free tableaux of
size x X y having a cross at (0, 0), for any positive integers x and y. Therefore, Corollary 3
gives us the state complexity of L(My,,-1)0})-

Lemma 17. The state complexity of L(M,,-1),10)) 15 20tn,-1,m-1 + @), ,,, — 1.

ny,mny

Closed formulas for a(x, y) and a’(x, y) are given in Corollary 20 and Proposition 22 of

[]

In the next section, we prove that ({n; — 1},{0}) is a pair of final states (F;, F,) that
maximizes the size of any minimal DFA equivalent to any DFA Mg, r,, with (F;, F,) C

[71] X [1:].
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6.5 Discussing the monsters’ final states

Definition 26. Let T be a right-triangle free tableau of size ny X ny, let £1,{> be two elements of
[111]], and let ¢y, c; be two elements of [ny]]. We let mergel(T, £y, £,) and mergec(T, ¢y, ¢) denote
the two tableaux such that, for any (i, j) € [n1] X [n2]l, we have

i=1{,
i=4,,
dc | Ti,c = Té’l,c = 1/
ordc|Tic =T =1,
T;; otherwise,

mergel(T, €1, 62);,; = max(Te, j, Te,j) if

and

j = (1,

j = C,
| Tej=Te, =1,
or Al | Tg,j = Tt’,cz = 1,

T; otherwise.

max(T;.,T; i
mergeC(T, Cl, C2)i,j = ( 1,017 1,(;2) f

The idea behind this definition is that mergel(T, {1, {,) (resp. mergec(T,c;, c;)) merges
the lines ¢; and ¢, (respectively the columns c; and ¢;) of T. In other words, in light of
Lemma 12, the function mergel applied to (T, ¢;, {») replaces all lines that are the same as line
t, or line ¢,, by a line containing all the crosses of ¢; and ¢,. Similarly, the function mergec
applied to (T, ¢y, cp) replaces all columns that are the same as column c¢; or column ¢,, by a
column containing all the crosses of c; and c¢,. Notice that by Lemma 12, mergel(T, ¢;, {3)
and mergec(T, c1, ¢) are right-triangle free tableaux. If S is a set of pairs of integers then
we let min(S) denote the minimal element using the lexicographic order. The next lemma
seems weirdly obvious, but we have not found any trivial proof.

Lemma 18. Let Fy C [[n1]] and F, C [[n,]] such that F1,F, # 0, F1 # [n1]l, and F, # [n,]], and let
F = (F; X [n2D)A([n1] X E») (F is the final zone of Mg, r,). We have

e if (0,0) € F, then Tk, r, < Tiny-11, 001
o and otherwise if (0,0) & F, then Tr, r, < T n,-13,00y — 1.

PT'OOf. Let Fl c |ITZ1]], F2 Cc [[1’12]], such that Fl,F2 * (Z), Fl * [[Tllll and Fz # |Ii’l2]]. We let F
denote the final zone of M, r,, i.e., the set (F1 X [n2])A([11] X F2). We have

#Trp, = #H{T € Ruyny | (V(0, j) € ETij = 0) V Top = 1}
= #{T S R”llr”lz | (V(l, ]) S P, Ti,j =0A TO,O = 0) \V/ TO,O — 1} (61)
=#T € Ry | Top =1} +#{T € Ry, | Top =0 AV, j) €FT; =0}

In particular, we have

#T (ny-1100) = T € Ry ny | Top = 11+

2
#HT € Ry, IVG, ) # (M —1,0),(i=nm-1Vvj=0) = T;; =0} (6.2)
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However, if (0,0) ¢ F, then

#{T € ﬂnl,nz | TO,O =0A V(l, ]) € P/ Ti/f = O}
= #{T € Ry | V(i /) EETyj =0y = #H{T € Rypy | Too = 1AY(G, ) €EET ;=0 (6.3)
<H#T € R | VG, j) €E T, =0} - 1.

Therefore, to prove the lemma, it suffices to prove that

#{T € Ry | VGG, j) € E Ty = 0) <

#T € Rupy VG, ) # (1 —1,0),(i=n -1V j=0) = T;; =0} 64)

We notice first that, in the case where n; = 2, since F1,F, # 0, F; # [[n1]], and F, # [[n,], we
have

#HT € Run, |IV(,j) € ET;j =0} =2"—1.
Therefore, in this case, #{T € R, ., | Y(i, j) € F, T;; = 0} does not depend on F; and F,, and

(6.4) holds. Inequation (6.4) similarly holds if n, = 2.
We now suppose that 1, and n, are greater or equal to 3. Notice that we have

#{T € Ry | V(i j) €ETij =0} = #{T € Ry, | V(i, ) € Hy, Tyj = 0}, (6.5)

where H; = (([r11] \ F1) X [n2)A([71] % ([n2] \ F2)). Indeed, the set {T € R,, ., | V(i,)) €
H;,T;; = 0} corresponds to a rotation of 180 degrees of every tableau T in the set {T €
Rum | V(i j) € E T;; = 0}. Furthermore, we also have

#HT € Ruyn, ¥, ) €ET;j =0} =#T € Rypn, | Y(j, 1) € Hp, T = 0}, (6.6)

where H, = (([n2] \ F2) X [m)A([n2] X ([71] \ F1)). Indeed, the set {T € R,, ., | V(j,i) €
H,, T;; = 0} corresponds roughly to an axial symmetry of every tableau T in the set
{T € Ry, n, | V(i, j) € E T;; = 0}, with respect to a straight line going through the coordinates
(0,0) and (min(ny, 1), min(ny, ny)) of the tableau T. From the two above remarks, we claim
that, to prove the lemma, it suffices to prove (6.4) for all F; and F, such that

1. either #F; < n; —2and #F, < n, — 2,
2. OI'#P1 = 1and#F2 :7’12—1

Indeed, suppose that #F; = ny —1or #F, = np,—1. If #F; = n; —1, we use (6.5) and "exchange"
Fi and F; for [n;] \ F; and [n:] \ F> respectively, and we fall into the scope of the first
case above if #F, # 1, and of the second case if #F, = 1. If #F, = n, — 1, we use (6.5) and
"exchange" F; and F; for [n,] \ F, and [[n1]] \ F; respectively, and we fall into the scope of
the first case above if #F; # 1, and of the second case if #F; = 1.

In addition, for any F| C [n;] such that#F| = #F,,and any F’, C [n,] such that #F’, = #F,
we have

#HT € Ruyn, IV(G, ) €ET;;j =0} =#{T € Ry n, | V(i,j) € F,T;j = 0},

where F' = (F; X [n2])A([n:] X F}). To summarize, to prove the lemma, since Fy, F, # 0,
Fi # [m], and F, # [n,]], it suffices to prove (6.4) when
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e 1 =1{(,...,n; — 1} for some {; with1 < ¢; <n; —1.
e [, ={0,...,0}, for some £, with0 < £, <n, — 2.
e cither #F; <n; —2and #F, <n, — 2, or #F; = 1 and #F, = n, — 1.

Hence, in the rest of the proof, we suppose that F; and F; satisfy the three conditions above.
In the following, we define a mapping ¢ from the set {T € R, ,, | Y(i, ) € F, T;; = 0}
into the set

{TeRumlV(Ej)#m—-10),G=n-1Vvj=0) = T;;=0}.
Furthermore, we also define a partial function ¢ from the set
{T€RumIVEj)#m-10),Gi=mn-1Vvj=0) = T;;=0}

to the set {T € R, ., | Y(i, ) € F,T;; = 0}, such that 1 o ¢ is the identity over {T € R, ., |
Y(i, j) € F, T;; = 0}. We have thus proven that ¢ is an injection. The inequation (6.4) follows.
We consider the following cases:

o If#F, = #F, =1, then F; = {n; — 1} and F, = {0}, and we set ¢ as the identity, which is
obviously an injection.

o If#F, =1and #F, =n, — 1, then F; = {n; — 1} and F, = [[n, — 1], and we set
0 if (i, ) € [ — 11 x 0},
¢(T);j=4 0 if (i, j) € {m1 — 1} X ([n2] \ {0}),

mergel(T,n; —1,0);; otherwise.

X XX X

Figure 6.5: An example for (11, 1,) = (5,5).

In this case, we define ¢ by

0 if(,j)elm - 1% [ — 11,
0 i@jj)=m-1n-1),

Y(T)ij=1 Tij if (G, ) € [m — 1] x{np -1},
To,; if (i, ]) € {ny — 1} x ([n2 — 1]\ {0}),
T;; if (1,7) = (m = 1,0).
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We have
0 if (i, j) € [y — 1] x [, — 1],
0 lf (Z,]) :(Tll—l,nz—l),
Wod)D)j=13 ¢(1); if (G j) €lln—1] x{na—1},
O(T)o,; if (i, 7) € {n1 — 1} X ([n2 — 1]\ {0}),
d(M)i; if (@, j) = (m —1,0).

We check that ¢ o ¢ is the identity by considering the following cases.

- If (i, j) € [m -1 x[n2—11, orif (i, j) = (11 -1, n2—1), wehave Y(¢(T));; = 0 =T ;.

- If (i, j) € [m — 1] X {np — 1}, for all ¢ < n, — 1, we have T;, = 0. Recall also that
Ty-1,1,-1 = 0. Therefore, since i € [n; — 1], we have

) i=0,
mergel(T,n; —1,0);; = max(To-, Tog) i { Ting-1 = Topm-1=1,
T;; otherwise.
Furthermore, since j = n, — 1, we have
T, it { 1=
gb(({)(T))i,j = mergel(T, n; — 1,0)1',]‘ = 0 T,;=Ty;=1,
T;; otherwise.

/]
Hence, we have Y(¢(T));; = T; ;.

-If (i,j) € {ny — 1} X ([n2 — 1] \ {0}), we have Ty; = 0. Therefore, P(¢(T));; =
mergel(T, ny — 1, 0)0’]‘ = max(Tnl_l,]-, TO,]') = Tﬂ1—1,j = Ti,]'.

- If (l, ]) = (1’11 — 1, 0), we have l/)(qi)(T))l,] = (P(T)i,j = T,‘,]‘.

e We can now suppose that #F; < ny — 1 and #F, < n, — 1. We distinguish several
cases for the definitions of both ¢ and . We first define the function ¢, and later the
function 1. The function ¢ is only defined on the image of ¢. For each case, ¢(T)
falls into the case of the same number in the definition of ¢. From there, in each case,
we can prove that 1 o ¢ is the identity function, in a similar way than what we did
for the case of #F; = 1 and #F, = n, — 1, by considering several cases for i and j based
on the definition of ¢ and 1.

1. IfT;j; = 0forall (i,j) # (n1 —1,0)such thati =n; -1V j=0,thenp(T) = T. In all
of the following cases, we suppose that there exists (i, j) # (n; — 1,0) such that
i=n1—1Vj=0WithTi’j=1.

2. If Tn1—1,0 = O, and
(a) If there exists (¢, c) € ([rn1] \ F1) X ([n2] \ F2) such that T, = 0, then

0if (i, j) € [ — 11 x {0},
G(T)yj =4 0if (i, ) € {m — 1} x (] \ {O)),

mergel(mergec(T, 0, j;),n; — 1,71);; otherwise,
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with (i1, j1) = min{({, c) € ([ ] \ F1) X ([n2] \ F2) | T = O}

X X X

X — X
X X X[ X
X

Figure 6.6: A first 5 X 5 example with F; = {3,4} and F, = {0, 1,2}.

(b) Otherwise

0 if (i, j) € ([l \ F1) X ([n2]1 \ F2),
Tipo if (i, j) € (F1 \ {m —1}) X {n, — 1},
&(T);, = Ty-1,; if (i, ) € {6 — 1} X (F2\ {0}),

v 0 if (i, j) € ([ ]\ {n1 — 1}) x {0},
0 if (i, j) € {n1 — 1} X ([n2] \ {0}),
T;; otherwise,

where ¢; is the minimal element of F;.

X[X

XX ¢

XX — [ |X
X[ X x| X
X

Figure 6.7: A second 5 X 5 example with F; = {3,4} and F, = {0, 1, 2}.

3. If Tnl—l,O = 1, and
(a) if there exists (¢,c) € ([n1] \ F1) X ([n2] \ F>) such that Ty, = 1, then
0if (i, ) € [ — 11 x {0},
d(T)ij =1 0if (i, ) € {n1 — 1} X ([n2] \ {0}),

mergel(mergec(T, 0, j1),n1 — 1,7;);; otherwise,

with (i1, j1) = min{(¢, c) € ([l \ F1) X ([0 \ F2) | Tec = 1}.

X X X
X ¢ X
x| — X
XX X X
XX X

Figure 6.8: A third 5 X 5 example with F; = {3,4} and F, = {0, 1,2}.
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(b) Otherwise,

if (i, j) € [m — 11 x {0},
if (i, j) € {m1 = 1} X ([n211\ {0}),
if (i, /) = (1 —1,m - 1),
if(1,7) = (0,6 + 1),
i0 ifj:nz—l/\iEFl\{nl—l},
m—-1,j ifizfl—lAjEFz\{O},
otherwise,

P(T);; =

e ==

i,j

where ¢, is the minimal element of F; and ¢, is the maximal element of F5.

X

¢

—_—

X X
X X

XX
XX X

Figure 6.9: An example for (n1,12) = (5,5), F1 = {3,4} and F, = {0, 1, 2}.

The application 1 is defined as follows :

1. It T;; = 0 for all (7, j) € (F1 X [n2])A([1]] X F2), then ¢(T) = T. We suppose in all the
following cases that there exists (i, j) € (F1 X [n2])A([[1] X F2) with T; ; = 1.

2. If Ty10 = 0, then there exists (i,j) € ([n:] \ F1) X ([n2]] \ F2) with T;; = 0. Let
(i1, j1) = min{(7, j) € ([ ] \ F1) X ([n2] \ F2) | T;; = O}.

(a) If there exists (i, j) € {i1} X (F2 \ {0}) U (Fy \ {my — 1}) X {j1} such that T;; = 1, then

0 if(i,j) € Fy x[[n]\ Fa,
0 if(Gj)eml\FixF,
T

I]D(T)l,] = i, ifi = n — 1A ] S F2 \ {O},
Ti,j1 iijOAiEPl\{Tll—l},
T;; otherwise.
(b) Otherwise
0 if (i, j) € Fy X [m2] \ P,

0 if (i, j) € [l \ F1 X Fy,

W(T),; = 1 if (i, j) € ([0 \ F1) X ([n20 \ F2)
v T ifi=ni—1AjeF\{0},

Ti,nz—l ifj:OAiEFl \{1’[1 —1},

T; otherwise,

J

where ¢; is the minimal element of F;.
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3. If Ty,10 = 1, then there exists (i,j) € ([n:] \ F1) X ([n2]l \ F2) with T;; = 1. Let
(i1, j1) = min{(i, j) € ([ \ F1) X ([n20 \ F2) | T;; = 1}.

(a) If there exists (i, j) € {i1} X (F2 \ {0}) U (Fy \ {my — 1}) X {j1} such that T;; = 1, then

if (i, j) € F1 X [m2]] \ Fy,

if (i, j) € [m] \ F1 X Fy,
in,j ifi:nl—l/\jer\{O},
ij1 ifj=0/\i€P1\{1’l1—1},
;  otherwise.

Y(T);; =

NS 4H00

~.

(b) Otherwise,

0 if (i, j) € F1 X [m2]l \ F2,

0 if(i,))eIml\FixF,

W(T);, = 0 if (i, j) € (Il \ F1) X ([n2]\ F2)
& Tf1—1,j ifi=n—-1A ] € F>\ {0},

Ti,nz—l lf] =0AiE€E Fy,

T; otherwise,

where ¢; is the minimal element of F;.
O

We know, from Proposition 22, that for any F; C [n;] with F; ¢ {0, [n:]}, and any

F, C [[n,]] with F, ¢ {0, [n2]]}, the equivalence relation S s compatible with Mg, r,. As a
consequence, by Remark 7, if (0, 0) is not in the final zone of Mg, r,, we have

sc(LIME, 5,)) <#Mp /o S Tep + 1 < T ny-1y,0)-

Furthermore, if (0, 0) is in the final zone of Mg, r,, then @ is not distinguishable from {(0, 0)}
in Mg, r,, and thus ~ is compatible with M, r,. Hence, in this case, we have

SC(L(MF1,F2)) < #MF1,F2/~ < TF1,F2 < ﬂnl—l},{o}'

However, by Corollary 3, we have

Tin-11,000 = #Mu 1,10/~ = sc(LMy,-1y,00)))

Thus, in both case, we have sc(L(Mg, r,)) < sc(L(Myy,-13,101))-

Notice also that if F; = 0 or if F; = [m]], then sc(L(Mp, £,)) < scg(1, 1) < 2m2=l 4 =2,
Furthermore, if F, = 0 or if F; = [12]], then sc(L(MF, r,)) < scg(n1, 1) < 2m-1 4 2m=2 Hence,
it is easy to check that, in both cases, we also have sc(L(Mp, r,)) < sc(L(M{y,-1,0))-

To summarize, for any F; C [n1] and any F, C [n:], sc(L(Mg, r,)) < sc(L(My,-1},01))-

Hence, Theorem 2 gives us the state complexity of ®.

Theorem 3. For any integer ny and n, greater than or equal to 2, we have sc®(n1,n2) =
200, 1py1 + ) . — 1. Furthermore, L(Mon!" "% is a witness for ®, i.e. for any inte-

ny,ny ny,ny
gers ny and n, greater or equal to 2, we have sc®(n1,n2) = sc(®(L(IM,), L(IM,))), where
(M1, Mz) = Mon{”l_l}’m}.

nq,12
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6.6 Witnesses with a finitely bounded alphabet size

We now prove that @ admits a witness with a finitely bounded alphabet. Let 11, n; be two
positive integers greater than or equal to 2, and let (IM;, M,) = MonL’j{;zl}'{O}. Let B; and B,

be the DFAs obtained by restricting the letters of respectively IM; and M, to the alphabet

= {(0,...,m = 2),1d),((1,...,m = 2),1d),(Ad, (1, ..., my = 2)),((1,...,m = 1),Id),
(Id,(,...,ny — 1)),((0,n; — 1),1d), (Id, (0, n, — 1)), ((0, 1), (0, 1)), ((0, 1), 1d),
(1d, (0, 1)), (e, 1d), (1d, ), (70,23, 1), (1d, 72 ), (g™, 1d), (1d, 72 ™).

n1—1’

We let F denote the final zone of My,,_1}0;, by B the DFA ©tX(B;, B,), by 6 the transition

function of B, and by B the DFA obtained by restricting B to the accessible states of My, -1 0},
i.e., the states T such that, if T has a cross in F, then T has cross at (0,0). We can obtain B
by restricting the letters of My,,_1) (0 to the alphabet X’. Therefore, since the equivalence
relation ~ is compatible with My, _1) 0}, it is also compatible with B (see Section 2.4.2 for

a definition of compatible). Furthermore, the DFA A = B/. is obtained by restricting the

letters of ﬁ{nl—l},{o} /~ to the alphabet ’. We show that A is a minimal DFA equivalent to B.

Recall first that every letter of I’ can be seen as a mapping over the set of all tableaux
of size n; X n,. Every word w of X’ can also be seen as such a mapping: if w = a;---a,,
for any tableau T of size n; X n,, we let w(T) denote the tableau a,, o - -- 0 a;(T). Therefore,
every word w of I’ also designates a mapping over the set of all tableaux of size 1y X n,.
When it exists, we let w™! denote the inverse of the mapping w. For any word w = a; - - - a,,
andany i, j € {1,...,m} withi < j, welet w[i, j] denote the subword 4; - - - a;. By convention,
if j=0o0rj<i wlij] = ¢ The two following lemmas are proven by a straightforward
induction on the length of w.

Lemma 19. Let w be a word over L', and T be a non-empty state of B. Suppose that, for any
integer 1 < k < |wl|, we have either (w[1,k](T))oo = 1, or w[1,k](T) has no cross in F. Then we
have 5“(T) = w(T).

Lemma 20. For any word w over L', for any non-empty tableau T of size ny X ny, for any
(i, 7) € [l x [n2], if (w(T)); ; = 1, then we have (6“(T)); ; = 1, where 6 is the transition function
of B.

We now show that the accessible part of B is equal to B.

Lemma 21. All the states of B are accessible.

Proof. This proof follows the same steps as the proof of Lemma 16. However, we now
have to make sure that all the letters we use are in ©'. We let E denote the set of all tableaux
T of size ny X n, such that, if T has a cross in the final zone of My,,_1,0;, then Ty = 1. The
fact that every accessible tableau T of B is in E comes directly from the formula given for
StX in Section 6.1. We now prove that every tableau of E is accessible in B.

Let 6 be the transition function of B. For any tableau T of size n; X ny, let #.T be the
number of crosses of T which are not in the final zone of My,,_1) (. Let < be the strict
partial order on tableaux such that T < T” if and only if, either #T" < #T”, or #T = #1" and
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#osl < #5617 .

We prove that every tableau in E is accessible, by induction on non-empty tableaux for the
partial order < (the empty tableau is the initial state of Mj,,-1}0;, and so it is accessible).
The only minimal element for the strict partial order < is the empty tableau. Therefore, for
any non-empty tableau T’ € E, we define a tableau T such that T < T", and T is accessible
from T. We distinguish the same cases as in the proof of Lemma 16. In order not to repeat
ourselves too much, we focus here only on the cases of the proof of Lemma 16 where the
letters used are not in X'.

e If T” has no cross in the final zone, according the previous remark, we have only to

examine the case where T;l_w = 0. Otherwise, we used the letters ((0,7; — 1),1d),

(Id, (0,n, — 1)), and (Id, ngz_l), which are in ¥’. Let (i, j) be the index of a cross of T".
Letw = (Id, (0, 1))((0, ..., n, —2),1d)'(1d, (1, ...,n,—1)) T and let T = w=(T"). We have
(1,1) € (Id,(1,...,n, = D)YYT), (1,1) € ((0,...,n; —2),1d)'Ad, (1,...,n, — 1)) Y(T"),
and therefore {0,0} € T. Furthermore, for all k € {1,...,|w|}, for all (i, j) # (n; — 1,0)
such thati = n;—1or j = 0, we have (w[1,k|(T));; = (wlk+1,|w[]]"}(T"));; = 0. Thus, by
Lemma 19, we have 6“(T) = T’. We also have T < T’, since #T = #T" and #.,¢T < #,T".

e Suppose now that T” has at least one cross in the final zone of My, 1) 0. Recall then
that T} , = 1. We consider the following cases.

— Suppose that T” has a cross in the final zone other than (0, 0). Let (i, j) be such a
cross. We consider two cases.

« If j = 0,then1 < i < ny —2. We consider the word w; = ((1,...,n; —2),Id)" L.
Let T” be the tableau obtained from w; Y(T”) by removing the cross at (0, 0)
(e, T = wi'(T") \ {(0,0)}), let w, = ((0,1),Id), and let T = w,(T"). We
have (0,0),(1,0) € w;l(T). As a consequence, T = ((0,1),Id)(T”) \ {(0, 1)},
and (0,0) € T. We thus have T” = ((0,1),Id)(T) U {(0,0)}. Furthermore,
(0,1) € ((0,1),1d)(T), which implies that ((0,1),Id)(T) is final. Therefore,
T’ = §ODI(T). In addition, every symbol of w; fixes (0,0). Hence,
(0,0) € wq[1,k)(T”), for any k € {1,...,i = 1}. Since T" = wy(T"”), by Lemma
19, we have T" = 6“(T”") = 6“*(T). Furthermore, T < T" as #T < #T".

+ Otherwise, let w; = ((1,...,1n; — 1), Id)"1(Id, (1, ...,1n, — 1))/}, and let T” be

the tableau obtained from w;l(T’) by removing the cross at (0,0), i.e., T" =
w;l(T’) \ {(0,0)}. Let w, = ((0,1),(0,1)), and let T = w,(T").
Notice first that Ty = 1, which implies that T € E. Furthermore, since
(wow1(T))op = Too =1, by Lemma 20, we have (6“*(T))oo = 1. Let k be the
minimal integer in {0, ..., |w;|} such that (6“'!'*(T"))oo = 1. Notice that, for
any integers ¢ € {0,...,k -1}, the tableau 5“LA(T") has no cross in the final
zone. Therefore, by Lemma 19, we have w(w[1, 1](T)) = 6“2*“1l/|(T), where
w, - w1[1,1] is the catenation of w, and w1[1,1]. Furthermore 6> A(T) =
w11, k](6“*(T)) U {(0, 0)}. Hence, since letters of w; [k + 1, |w|] do not change
line 0 or column 0, forany ¢ € {k, ..., |w; |}, we have (6“1 1A (5e2@llAl(T)))g o =
1. Hence, from Lemma 19, we have 6“2“'(T) = w1[k+1, |w1|](w1[1, k](6™2(T))U
{(0,0)}) = w1 (6™(T)) U{(0,0)} = w1 (T”)U{(0,0)} = T'. Moreover, as #T < #T”,
wehave T < T.



86 CHAPTER 6. ON THE STAR OF BOOLEAN OPERATIONS

— Suppose that the only cross of T” in the final zone of M,,_1) o, is at (0,0). Ac-
cording to the remark made just before the beginning of the induction, in ad-
dition to the case where T" = {(0,0)}, we only have to consider the case where

#1{(0,0),(n1 —1,0)},and forall j e {1,...,n, -1}, T(’),]. =0.

« If T" = {(0,0)}, then it is accessible from 0 by reading the word ((0,n; —
1),Id)((0, n; — 1), 1d).

+ Suppose that T” # {(0,0),(n; — 1,0)}, and for all j € {1,...,n, — 1}, T(’),]. = 0.
It follows that there exists (i, j) # (11 — 1,0) such that i # 0 and Tf,j = 1.
Let w = ((1,...,n; — 1),1d)" and let T = w™}(T’). By Lemma 19, since
(w[1,k](T))op = 1 for any k € {0,...,|w|]}, we have T € E and 6“(T) = T".
Furthermore, as #T = #T’ and #,;T < #,I’, wehave T < T".

O

We now show that any two distinct states of A are distinguishable in A, by proving

that any two distinct right-triangle free states of B are distinguishable in B. This result is
a refinement of Lemma 15, and unsurprisingly, its proof is also a refinement of the proof
of Lemma 15. The idea of the proof below is to replace the letters used in Lemma 15 with
words over Y. In order to make the proof easier, we first state the following lemma, which
is proven by a straightforward induction on the length of w.

Lemma 22. Let w be a word over X/, and T be a non-empty tableau of size ny X ny. Let (i, j) €
111 X [n2]] be a pair of integers such that T;; = 1, and let (i’,j') = w(i, j). We have 6“(T);,; = 1.

Lemma 23. Any two distinct states of A are distinguishable in A.

Proof. Itis sufficient to prove that any two distinct non-empty right-triangle free tableaux of

Bare distinguishable in B. Recall that a tableau T is final in B if and onlyif TNF # (. We use
this statement repeatedly in the rest of the proof. Let T and T” be two distinct non-empty

right-triangle free tableaux of size n; X n,. We show that T and T” are distinguishable in B.
Let (i, j) be such that T; ; # Tlf/].. We suppose that T;; = 1 (the case Tlf,]. = 1 is symmetrical).
We distinguish the same cases as in the proof of Lemma 15.

Suppose now that for all i’ € [n1]], we have T, =0.

o If j = 0, then T” is not final, as T does not have any cross on column 0 or on line
ni — 1. The same thing can be said of (r)' ', 1d)(T"). As a consequence, 6(”3171'1‘1)(7“’) is
not final in B. Furthermore, (ngl_l, Id)(i, j) is equal to (7,0) if i < n; — 1, and to (0, 0) if
i = m — 1. Therefore, by Lemma 22, 6(”3171'Id)(T) is finalin B. Asa consequence, T and
T’ are distinguishable in B.

o If j £ 0, thenletw = (n)' ', 1d)(Id, (1,..., n, — 1))27/(Id, (0, 1)). Let T” = (=", Id)(T").
IfT,=1orT, ;=1 then Ty, = 1 Furthermore if Tjy =0and T} ,, =0, then
T’ does not have any cross on hne 1 —1 or on Column 0 Therefore T” does not
have any cross on line 7; — 1 or on column 0 either. In both cases, we thus have

T = 6(7131 _1,Id) (T’)
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Notice that, since T does not have any cross on line n; — 1, for any k € IN,
(Id,(1,...,n, — 1))X(T”") does not have any cross on line 1; — 1 either. Furthermore,
(Id, (1,...,n, — 1)) does not change column 0. Therefore, either T” has a cross at
(0,0) and (Id, (1, ...,1, — 1))¥(T") is final in B for any k € IN, or T” does not have any
cross either on column 0 or on line n; — 1, and (Id, (1, ..., 1, — 1))(T”) is not final in
B for any k € N. In both cases, by Lemma 19, we have (Id,(1,...,n; — 1)) /(T”) =
5 Lo~ )2 () - Furthermore, T” does not have any cross on column j, and
recall that it does not have any cross on line n; — 1 either. As a consequence,
§0d @m0y (T) does not have any cross on column 1 or on line 1, — 1. There-
fore, (Id, (0, 1))((640-m=1Y27 (T*)) does not have any cross either on column 0 or on
line 1, — 1. Hence, (Id, (0, 1))((64/1--m2=0)"27 (7)) = 54001 m2=1)"27 (7Y To sum-
marize, 6“(T’) = w(T’), and 6“(T’) is not final in B. However, T;; = 1, w(i, j) = (0,0)
ifi=n—-1,and w(i,j) = (5,0)if 1 <i < n; — 1. Therefore, by Lemma 22, we have
(6“(T))op =1, and 6“(T) is final in B. The tableaux T and T’ are thus distinguishable
in B.

We now suppose that there exists x € [11] such that T;’]. =1. Let{iy,..., i} = {a| T;,]. =1}
and let {ji,..., j,} = {B | Tfl,ﬁ = 1}. We state the same two properties that we noticed in the
proof of Lemma 15. We designate them by Property 1 and Property 2 in the rest of the
proof.

1. By Lemma 12, lines iy, ..., i, are the same, as they all have a cross on the column ;.
Columns jy, .. ., j, are also the same, as they all have a cross on line i;. It follows that,
if

(@, 1) € (lir, it X (10, my = Y\ {ju .., ju})) U
(0, m =1\ i, i) X (s i}
then we have Tlf,’]., =0.

2. Wehave j € {ji,...,j,}and i € {iy,..., i}

The same reasoning as in Lemma 15 can be made. We let (f, g) denote the pair of mappings
such that, for any (7', ') € [m1] X [1.], we have

f(i’)={gl_1 if i € {iy, ..., i) andg(j,):{o if € {ji,..., jp)

otherwise n, — 1 otherwise.
If (f(i"), g(j)) is in F, then
(@, 1) € (lir, it X (10, ma = Y\ {ji,.., jp})) U
(40, = W\ i, ) X i, ) -

Hence, by Property 1, we have T, , = 0. As a consequence, ( f,9)(T") has at most two
crosses, one at (n; —1,0) and one at (0, 7, — 1). Neither (1; —1,0) nor (0, n, — 1) is in the final
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zone of My, _10)- As a consequence, (f, ¢)(T") = 6¥€(T”) is not final in My, _1) ;0 However,
by Property 2, since T;; = 1, we have ((f, §)(T))oo = 1. Therefore, (f,g)(T) = 6U8/(T) is
final in My, _1(0;. We now simulate the letter (f, g) with letters in X’. More precisely,
we show that there exists a word w over ¥’ such that 6“(T") = (f, g)(T’), and such that
Ay o---oa = (f,g), where a;---a, = w. If wis such a word, from Lemma 22, we have
(6“(T))o0 = 1, which implies that 5*(T) is final in B. Proving the existence of such a word
w is therefore sufficient to conclude our proof.

We consider two main cases. In the first case, the word used to simulate (f, g) is
ww,wswsws. In the second case, we read a word wy from the two tableaux T and T’, so
that the two resulting tableaux fall into the scope of the first case.

Let {ki, ..., k} = {i,...,id \ {O,m =1}, {k, ...k, o} = [mD\{O,m = Lk, ... ks,
ey, oot =, jpt \ {0,n; — 1}, and {ci,...,c;z_z_d} = [n\ {0,n, — 1,¢4,...,c4}. Re-
call that [x € {i,...,7}]isequal to 1 if x € {i3, ..., i}, and O otherwise.

1. (0,0) € T". In this case, we define a five words wy, w,, w3, wy, ws, and we let w denote
the word W1WrW3W4Ws.
(@) 0€{iy,...,4}and 0 € {jy,..., jp}

S

w = H [((1, oo, — 2), Id)m—kv—l(n(l)’ Id)((l, Ny — 2), Id)kv—l]

v=1

(7'(31_1, Id)[(”l—l)e{i1/~~~/i1}] .

The word w; does cyclic permutations on the lines so that the lines {ky, ..., k;}
which are the same as line 0 are permuted one after the other on line 1 and then
merged with line 0. The last line is merged with line 0 if it is in {7y, ..., i;}.

d
Wy = 1_[ [(Id, a,...,np— 2))112—61,—1(1(1, 7_((1))(1(:1’ A,...,n— 2))cv—1]

v=1
(Id, n(r)lz—l)[(”2—1)€[j1,4~~,jp]] .

The word w, does the same with columns {cy, ..., c;}, and with the last column.

n—2-s
wy= [ (@, m = 2),1d)" R 3 1Ay, . m - 2), 1d)%.
v=1
The word w; merges the lines {k/, .. .,k;l_z_s} with line n; — 1, but they are not
necessarily the same.
l/lz—z—d
wy= || (4,1, mp = 2)y72(0d, W2, (1, .., o = 2).
v=1
The word w, merges the columns {c/, ..., c;z_z_ 4,4 with column n, — 1.

ws = ((0, ny — 1), Id)
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(b) 0¢ {il,...,il} and 0 ¢ {jll-'-/jp}-

ny—2-s
w = H [((1, o = 2), 1A R (R 1d) A, . i - 2), Id)k;—l]
v=1
(ngl‘llld)[(nl—l)ﬂil ..... il
n2—2—d
wy= | [ad ... m0-2)=411d, m)Ad, (1, ..., n2 = 2)%7]
v=1

ad, Tcgz—l)[(nz—l)é{jl,.-.,jp}]_

ws = | [(@,...,m = 2),1d)" 2w 2, 1), ..o - 2), 1A
v=1

d
W, = H(Id, (1,...,mp = 2y 2(d, w2 2)(Id, (1, ny — 2))°.
v=1

Ws = (Id, (0, ny — 1))

2. (0,0) ¢ T". In every case except for case 2(a), we find a word wy such that the two
tableaux 6“°(T) and 6“°(1") fall into the scope of case 1.

@) {iy,..., i} ={n —1}.
Thisimpliesthatj = 0,0 <i <n;-2,and {jy,..., j,} = {0}. Letwy = ((0, n;—1),1d),
Ty = 6*(T), and T} = 6“°(T"). Since (0,0) € wo(T"), we have T; = wy(T"). Hence,
by Lemma 22, T; has a cross at the coordinates wy(i, j), while T; does not.
Therefore, the tableaux T; and T7 fall into the scope of case 1(a).

(b) {ill .. '/il} * {nl - 1}
This implies that there exists x € {iy, ..., i} such that x € {0, ..., n; — 2}. Further-
more, since (0,0) ¢ T’, we have 1 < j;.

o If x =0, let wy = (Id,(1,...,n, —1))"=171(1d, (1,0)). The tableau T’ has
no crosses in F since (0,0) ¢ T’. Furthermore, the letter (Id, (1,...,n, — 1))
does not change the column 0 or line n; — 1 if they are empty. In addition,
wo(i1, j1) = (0,0), which implies, by Lemma 22, that wy(T)oo = 1. Thus, by
Lemma 19, we have 6“°(T") = wo(T"). Let Ty = 6“°(T) and T; = 6**(T") =
wo(T"). Furthermore, by Lemma 22, T; has a cross at the coordinates wy(i, j) #
(0,0), while T{ = wy(T") does not, since (i, j) ¢ T'. Therefore, the tableaux T,
and T7 fall into the scope of case 1.

o If x #£0, then n; > 3. Let
wo = ((1,...,1n1 —2),Id)"™Y((1,0),1d)Ad, (1, ...,n, — 1)) 1714, (1, 0)).

The tableau T’ has no crosses in F since (0,0) ¢ T’. Furthermore, the
letters ((1,...,n; —2),1d), ((1,0),1d, and (Id,(1,...,n, — 1)) do not change
the column O or line n; — 1 if they are empty. In addition, wy(iy, j1) = (0,0),
which implies, by Lemma 22, that wy(T)o = 1. Thus, by Lemma 19, we have
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0 (T") = wo(T"). Let Ty = 6“°(T) and T} = 6“°(T") = wo(T"). Furthermore, by
Lemma 22, T; has a cross at the coordinates wy(i, j) # (0,0), while T} = wo(T")
does not, since (i, j) ¢ T'. Therefore, the tableaux T; and T fall into the scope
of case 1.

From a direct computation, we get a,, o --- o a; = (f,g), where a; ---a,, = W WLW3W4WS5.
Furthermore, in case 1, for all k € {0, ..., |w| — 1}, we have w[1,k](T")oo = 1. Furthermore,
w1, |lw| = 1](T") <€ {(0,0), (n; — 1,n, — 1)}. As a consequence, w(I’) N F = (. Therefore,
from Lemma 19, in case 1, we have 0“(T") = (f,£)(T"). Hence, 6“(T") is not final in B.
Furthermore, since T’ =0, we havei ¢ {iy,...,i}, and j € {jy,..., j,}, which implies that
w(i, j) = (0 0). Therefore from Lemma 22, we have (6“(T))o,0 = 1, which implies that 6“(T)

is final in B. Therefore, in case 1, T and T’ are distinguishable in B. Furthermore, in case
2, we have shown that the two tableaux 6*°(T) and 6“°(T”) fall into the scope of case 1.

Therefore, in these cases, 6“°(T) and 6“°(1") are distinguishable in B. Asa consequence, in

all cases, T and T” are distinguishable in B. To conclude, any two distinct states of A are
distinguishable. m|

Lemma 21 and Lemma 23 imply that A is minimal. However, A has the same size as

—_—

My, -13,001/ ,- Hence, by Theorem 3 A is witness for &®.

Theorem 4. The operation & has a witness with sixteen letters. More precisely, for any integers
ny and ny greater than or equal to 2, we have scgy(n1, n2) = sc(@(L(B1), L(B2))).

6.7 Towards the general case

Our guess is that the method we use to compute the state complexity of the star of the
symmetric difference can be generalized to compute the state complexity of the star of
every boolean operations. However, the aim of this section is not to describe precisely
how to generalize it, but just to give a few thoughts.

First notice that, since the Kleene star and boolean operations are 1-uniform (see Exam-
ple 15 and Example 10), and since 1-uniform operations are closed under composition by
Proposition 13, for any boolean function b, the regular operation &y, = (®(L1, ..., Lk))* is
1-uniform. Therefore, all these operations fall into the scope of our framework. A formula
for the modifier Star o m;, can be obtained directly from Example 15, Example 17, and
Definition 6, and is remarkably similar to the case of the symmetric difference (Section
6.1).

Let b be a k-ary boolean function, and let (Ay, ..., A¢) be a k-tuple of DFAs with A; =
(X,Qj,1j,F;, 0;). Recall that, if a is a letter of £ and E a subset of Q; X --- X Q, we let
(61, ...,0)(E) denote the set {(67(q1), - --,0;(qr) | (91, ---,qx) € E}. We have

Star o my(Ay, ..., Ax) = (L,29%%2% 0 (EC Q; X ---x Qx| ENF # 0} U {0},0)

where F is the set of all elements (g1, . .., qx) of Q1 X - - X Q that satisfy b([q1 € F1],..., [« €
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Fi]) = 1, and where, for any letter a of =, we have

5(0) = {05 (0), ..., 0%}, if (52(ih), ..., (k) ¢ F;
{(61(1), - .., 00(ix)), (i1, - - -, i)},  otherwise ;

and for any E € 29*Q«\ {0}, we have

5(E) = {(6‘;, -+ O0)(E), if (8%,...,60(E) N F = 0;
(07,..., 0)(E) U{(ir, ..., i)}, otherwise.

Notice that, if b is a binary boolean operation, the states of Star(m, (Monii::;ﬁ’k‘ )) are still
labelled by tableaux. What essentially changes between two binary boolean operations in
the above formula is what we called the "final zone" in previous sections, i.e., the set F of
all elements (g1, ...,qx) of Q1 X --- X Qk such that b([q; € F1],...,[gx € Fx]) = 1 (in the case
of the symmetric difference, we had F = (F; X Q2)A(Q1 X F») ). In that sense, the general
case where b is any k-ary boolean operation is similar to the binary case, albeit with a
generalization of tableaux to higher dimensions: a tableaux of size 17 X - - - X 1 is a subset
of [n1]] X -+ X [[n].

In the remainder of this section, b is a boolean function, (ny,...,n) is a k-tuple of
integers greater than or equal to 2, and (Fy, ..., F) is a k-tuple of sets such that F; C [[n;]
and F; ¢ {0,[n;]}, for any j € {1,...,k}. Our idea is to link the Nerode equivalence of

,,,,,

where, for any j € {1,...,k}, we have

G = {0} if OGF]‘ande;t[[Yl]‘]]
J {1} if 0¢F;andF; ¢ {0, [n]}.

We defined the DFA B so that it would "mimic" the DFA A, but with a much smaller
size. We speculate that the Nerode equivalence of B has enough information, so that we
may build upon it the Nerode equivalence of A. Using this idea, we begin to generalize
the reasoning presented in the previous sections of this chapter. This leads to Claim 1, a
generalization of Proposition 22.

We do not want the ideas introduced in this section to be sunk in an ocean of cum-
bersome proofs and notations. Therefore, we state Claim 1 without proof. The proof of
Claim 1 is not conceptually difficult and highly resembles the proof of Proposition 22; it
will be published in further work. It is worth noting that in all of the known cases (star
of intersection, star of symmetric difference, star of multiple unions), the upper bound
that can be naturally derived from Claim 1 is the actual state complexity of the operation
considered. Even though there is no reason to expect this to hold true in the general case,
Claim 1 could be used to compute non-trivial upper-bounds for the state complexity of
®)y,, for some boolean functions b.

The first step to generalize Proposition 22 is to generalize the equivalence relation
& defined in Definition 25. We do not generalize <> directly, but we define another
equivalence relation > such that its reflexive, symmetric and transitive closure > coincides

with <. To that aim, we introduce a way to link tableaux of size n; X - - - X 1 to tableaux
of size2 X --- X 2.
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Definition 27. A cube is a subset C of [n1]] X --- X [n]] such that there exists two k-tuples
(a1,...,ax) and (by,...,by) in [m] X --- X [nc]l, with a; < bj for any j € {1,...,k}, that satisfy
C ={ay, b1} X --- X {ag, be}.

For any cube C = {ay, b1} X --+ X {a, by}, with a; < b; for any j € {1,...,k}, we let by
& denote the k-tuple (&5, ..., &5), where cEjC is the mapping from {a;, b;} to {0, 1} such that

éf(bj) =1and éj.c(aj) =0.
Definition 28. For any cube C = {ay, b} X --- X {ay, by}, with a; < b; for any j € {1,...,k},

and any tableau T of size ny X - -+ X ny, we let TC denote the tableau of size 2 X - -+ X 2 such that
TC =&9(TNC).

Example 22. We represent TC in Figure 6.10, where T is the tableau of size 5 X 5 represented in
Figure 6.10, and C is the cube represented by the red squares of Figure 6.10.

X X

X
X

X

X

X
X

Figure 6.11: The tableau T¢, where

Figure 6.10: A tableau T of size 5 x 5. € =10,0),(0,2),(2,0), 2, 2));

Definition 29. We let >« denote the relation over the set of non-empty tableaux of size 11y X - - - X 1
such that, for any two non-empty tableaux T and T’ of size ny X - -+ X ny, we have T »< T" if and
only if there exists a cube C that satisfies

o the tableaux TC and T'C are indistinguishable in B,
o forall t ¢ C,we have { € T ifand only if ( € T".

Notice that, in the case where b is the symmetric difference, we have T »< T” if and
only if there exists a cube C such that T¢ and T’ are either equal, or both of size at least
3. Therefore, if T — T’, then T » T’. Furthermore, if #T€ = #T'C = 4, then T€ = T'C.
Therefore, if T »< T, then we have

=T if #TC = #T7°C = 4
T > T if #77C = 3 and #T€ = 4
T—>T if #77C = 4 and #T€ = 3

T (TUC)and T' — (T"UC) if#TC =3 and #T°° =3

However, we have TU C = T U C. Thus, if T>< T’, then T < T’. Hence, b is indeed equal

to <> when b is the symmetric difference.
It is also worth noting here that, when b is the union of k languages, A/ provides
the construction used in [17] to describe ®),, and later on to compute its state complexity.

Furthermore, when b is the intersection of two languages, we have T s« T’ if and only if
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T =T'. As a consequence, A/ also provides the construction used to compute the state
complexity of &, [27]. Therefore, studying A/. may be a good starting point to study the
state complexity of @, for any boolean operation b.

Now we state without proof a generalization of Proposition 22.

Claim 1. For any two non-empty tableaux T and T’ of size ny X - -- X ny, if T »a T/, then T and T’
are indistinguishable in A.

The above claim is a generalization of Proposition 22. Claim 1 could be used to compute
non-trivial upper bounds for the state complexities of the star of other boolean operations.
For example, we believe it is possible to obtain Theorem 3.1 of [17] (the upper bound part
of the state complexity) by using this proposition.

We do not yet have a complete proof that would allow us to compute the state com-
plexity of the star of every boolean operation. We suspect that Lemma 16 cannot be
easily generalized as is. Furthermore, if we want to carry on our reasoning, we have to
understand better why Lemma 18 holds true, because our proof seems too technical to
be generalized. Finally, if we want to push our reasoning to the end, we have to find a
way to generalize Corollary 20 and Proposition 22 of [3], which seems to be a difficult
problem of combinatorics. We do believe, nonetheless, that it would not be very difficult
to compute the state complexity of the star of union [16] and the state complexity of the
star of intersection [27], by beginning from Proposition 1, and by following the steps taken
from Section 6.3 onwards. However, the proofs brought about by these reasonings would
be of little interest, as they would be very similar to those already existing.

We end this section with a table of the state complexity of the star of every binary
boolean operation, Table 6.1, which is made possible by combining the values of the state
complexity of the star of union [16], the state complexity of the star of intersection [27],
and the state complexity of the star of symmetric difference.
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The binary boolean operation b

The state complexity of &), i.e., sc®b(n1, 1y)

nm :1,1’1222

n=>2,n=1

ni 22,1’1222

2

2

2

2

2n1—l + 2n1—2

2111—1 + 2n1—2

2112—1 + 2nz—2

2

2112—1 + 2n2—2

2111112—1 + 2111112—2

LU L)

L, UL)*

2112—1 + 2n2—2

2n1—l + 2111—2

Zan1_1,n2_1 +

ny,mny

2n1+n2—1 _ 2711—1 _ 2712-1 +1

-1

1

1

1

Table 6.1: The state complexities of the star of the 16 binary boolean operations.




Chapter 7

Friendly and product modifiers

In this chapter, we examine two suboperads of modifiers defined by simple algebraic
properties: product modifiers and friendly modifiers. We first characterize the operations
described by friendly modifiers, and we explore their algebraic structure. We then show
that we can fit into this structure the algebraic structure of product modifiers. Finally, we
show some state complexity results for friendly and product modifiers.

7.1 Friendly modifiers

In this section, we study the structure of the operad of coherent friendly modifiers (Dtf, o).
We prove that we can change every friendly modifier into a "standard" form, without
changing the operation it describes. Furthermore, we define friendly operations as the
composition of a generalized version of boolean operations and some roots. We prove
that the set of friendly operations Of is exactly the set of all the operations described
by friendly modifiers. Furthermore, we study the algebraic structure behind coherent
friendly modifiers, with respect to the composition of operations, in detail. We define a
quotient operad of (M, o) that is isomorphic to (Df, o). We also prove both of these operads
are isomorphic to an operad equal to the set of all k-tuples of eventually periodic sequences
with values in {0, 1}, equipped with some binary operation ©.

7.1.1 Friendly modifiers: an operad

Definition 30. We say that a k-modifier m = [Q,1,f,d] is friendly if, for any two k-tuples of

transition COnﬁguTﬂtiOﬂS (Ql/ il/ Pl/ (Pl)/ ey (Qk! ik/ Pk/ ¢k) and (Ql/ il/ Fl/ 17&1)/ ceey (Qk/ ik/ Fk/ 1;Dk)/
we have

b((iliFlr (P1 o l;bl)/ ey (ik, Pk/ (Pk o wk)) =
d((ir, F1, ¢1), - - -, (i, Fi, @x)) © D((ir, F1, 1), - . ., (i, Fx, 1))

The idea of the above definition is that d is a morphism of monoids with respect to its
third coordinate. For instance, it is easy to see that the modifier Gqrt is friendly, and that
any modifier my,, where b is a boolean function, is friendly.

95
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Lemma 24. The set of friendly modifiers is stable by the composition of operations o.

Proof. Let my = [Qq, 1,1, 01] and my, = [Qy, 1, T2, D2] be two friendly modifiers, respectively
k-ary and k’-ary, let j < k be a positive integer, and let m; o; m = [Q,{,f,0]. For any
k + k' — 1-tuple of transition configurations (ty,..., trw—1) with t; = (Q,i;, F}, ;) for any
je{l,...,k+k -1}, we have

b(tll ceey tk+k’—1) = bl(tll ey tj—l/ (DZ(t]/ sy tk’+j—l)/ iZ(i-]/ ey tk’+j—1)/

(7.1)
TZ(tj/ R tk’+j—1)1 DZ(tjl cey tk’+j—1))/ tk’+j/ sy tk+k’—1)'

However, for any two k + k' — 1-tuples of transition configurations (ti,..., tx-1) and
(t/, ey tll<+k’—1)’ with tj = (Q], ij, F]', (;D]) and t; = (Q], ij,Fj, (]5;) for any ] € {1, ee ,k + k' - 1}, we
have, since m, is friendly,

Dg(t;f’ ceey, tll<1+]._1) =

, , (7.2)
bz(t]‘, ey tk’+j—1) o bz(t], ceey tk’+j—l)’

wheret] = (Qg, ir, Fe, peo@)). Therefore, we get that m; o;m, is friendly from (7.1), replacing
orby @01, forany !l € {1,...,k+ k' — 1}, and using (7.2) and the fact that m; is friendly. O

We let Mf denote the set of friendly modifiers (graded by their arity). Since the identity
over DFAs is friendly, from Proposition 5 and Lemma 24, (M, o) is a suboperad of the
operad of modifiers (9, o).

Proposition 23. The set of friendly modifiers equipped with the composition of operations o is a
suboperad of (I, o).

7.1.2 Standard friendly modifiers

Our first goal is to get a grasp on the operations friendly modifiers describe. To reach this
goal, we prove that we can always change a friendly modifier into a form that is easier work
with, a standard friendly modifier, without changing the operation it describes. Furthermore,
notice that Theorem 5, proven later in Section 7.1.4, shows that every operation described
by a friendly modifier is described by a unique standard friendly modifier. In other words,
a standard friendly modifier is a canonical form for every coherent friendly modifier
describing the same operation.

Definition 31. We say that a k-modifier m = [Q, 1,, ] is standard friendly modifier if, for any k-
tuple of transition configurations ((Q1, i1, F1, 1), - .., (Qk, ik, Fx, ¢x)) and any element (Y, ..., Pr)
of(21Ql X X Qka/ we have

o Q(Qu it F1) ..., (Quit Fr) = QF x -+ x QX
o i((Q,i1,F1), ..., (Qk ix, Fr)) = (Idg,,...,1dg,)
o d((iy, F1,P1), ..., ik, Fr, ) (W1, ., ) = (P10, ..., P oY)
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It follows from the above definition that a standard friendly modifier is indeed friendly.
Notice that a standard friendly k-modifier m = [Q,1,{,d] is entirely defined by its third
coordinate f. We can naturally associate a standard modifier with any friendly modifier.

Definition 32. Let m = [Q,1,{,d] be a friendly k-modifier. We let mst denote the standard
friendly k-modifier [Q, 1,7, 0] such that , for any k-tuple of state confiqurations (sy, ..., k)
withs; = (Q,i;, F)) forany j € {1,...,k}, we have
1, 50) =
(1, i) € QP X -+ X QF 1 0((in, F1, 1), .-, (it Fi P)(i(s1, - -, 1)) € (51, .-, 5}

Example 23. Fiqures 7.1,7.2 and 7.3 describe the effect of Comp (defined in Example 14) and of
Comp' on a DFA A. In Figure 7.3, [if] represents the function ¢ such that ¢(0) = i and ¢(1) = j.

l a,b l a,b
@_Joer @I -

Figure 7.1: The DFA A. Figure 7.2: The DFA €(A). Figure 7.3: The DFA €{(A).

Lemma 25. For any coherent friendly modifier m, the standard modifier m* is coherent and
describes the same operation as m.

Proof. Letm = [Q, 1,1, d] be a coherent friendly k-modifier. We show that m and msf describe
the same operation, which proves that m* is coherent. Let (A4, ..., Ay) be a k-tuple of DFAs
withA; = (X, Q;,i;,F;, 6;) forany j € {1,...,k}, and let s; be the state configuration (Q;, i;, F).
A word @ya; - --a; is in L(m(Ay, . .., Ax)) if and only if

(i, Fr, 600%°) . (i Fi 502 ) (51, 5) =
(i1, F1, 07, - - -, (i, Fr, 6})) 0 d((i1, F1,017"), - ., (i, Fx, 6, )) o ...
od((i1, F1,67), ..., (ix, Fr, 0,"))(i(s1, . .., 5)) € (51, - .., S).
Equivalently,
(i, F1,67), - -, (i, Fi, 6)) 0 0 (i1, F1, 677), .., (i, Fi, 7)) 0 ...
od*((iy, F4, 61), -, (i, Fr, 6))(Idg,, . .., Idg,) = (67, ..., 60%"™)

is an element of ((Q1,i1,F1),...,(Q ir, Fx)). But this last statement is equivalent to
Mmay...a; € L(m*(Ay, ..., A). Therefore, L(msf(A4, ..., Ax)) = L(m(A4, ..., AY)). O

Therefore, in order to characterize the operations described by coherent friendly mod-
ifiers, we only need to look at the operations described by coherent standard friendly
modifiers. Thus, we now examine in detail coherent standard friendly modifiers.
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7.1.3 Characteristic sequences

As a standard friendly modifier [Q, 1, f, ] is entirely defined by the map f, which governs
the final states of the output DFA. We first show a regularity property on these final states
when the modifier is coherent. To that aim, we associate a characteristic sequence with
every state of the output DFA, in such a way that any two states associated with the
same characteristic sequence have the same finality. These characteristic sequences are
represented by k-tuples of eventually periodic sequences with values in {0, 1}.

We let U denote the set of all k-tuples (uy, . . ., ux) where each u; is an eventually periodic

sequence with values in {0, 1}. Furthermore, we let U denote the set |J U;. To simplify
keIN
notations, for all (j,p) € {1,...,k} X N, we let u;, denote (u;),,.

Definition 33. Let (t1, ..., t) be a k-tuple of transition configurations with t; = (Q;,i;, F;, ¢;) for
any j€{1,...,k}, and let q)’; be the function ¢jo--- o ¢;. Welet x(ty,...,tx) denote the k-tuple of

——
p times

sequences (uy, ..., ux) € Uy where, for any p € N and any j € {1,...,k}, uj, = [qbp(z]) € F;]. We
say that x(ti,...,t) is the charateristic sequence of the transition conﬁgumtzon (tl, o ).

Notice that, in the above definition, we indeed have (u;, ..., u;) € U, because q;’]’ (i) is
eventually periodic, since ¢; is a function from a finite set into a finite set.

Example 24. As represented in Figures 7.4, 7.5, let t; = ({0,1},0, {1}, ¢) and t, = ({0, 1},0, {0}, ¢)
where $1(0) = 1 and Pp1(1) = 0, and let (u1, up) = x(t1, t2). We have forall (j,p) € {1,2} x N,
uj, = lifand only if p + j is even.

Figure 7.4: Transition configuration t;. Figure 7.5: Transition configuration f,.

Recall that, if m is a standard friendly modifier and (A, ..., Ay) is any k-tuple of DFA
such that the set of states of A} is Q;, then the set of the states of m(A;, ..., Ay)is Q?l X - -XQ]?k.
The next proposition explains the link between characteristic sequences and finality in
standard friendly modifiers.

Proposition 24. Let m = [Q,1,f,d] be a coherent standard friendly k-modifier. Let (t,...,t)
and (t,,...,t;) be two k-tuples of transition configurations, with t; = (Qj,i;,F;,¢;) and t} =
(Q}, i}, F}, cp;.)for any j € {1,...,k}, such that x(t1,...,t) = x(t}, ..., t;). Then we have

(P1,..., Pr) € T((Q1, i1, F1), ..., (Qx ik, Fr))

if and only if
(P -, Pp) € QL 11, FY), - -+, (Qp 11, FY))-
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Proof. Let (t,...,t) and (t],...,t) be two k-tuples of transition configurations, with t; =
(Qy,ij,F;,¢j) and t;. = (Q;., i;., F;., qb;) forany j € {1,...,k}, such that x(t,..., &) = x(t], ..., 1)
Let (A4, ..., Ay) and (A7, ..., A}) be k-tuples of DFAs with A, = ({a}, Q, i, Fr, a¢) and A}, =
({a}, Qf,zg,Fg, ) such that for any ¢ € {1,...,k}, we have a] = ¢, and a{” = ¢). Since
x(ty, ... k) = x(t,...,t), we have, for any £ € {1,...,k} and any integer p, [(P?(l.g) € F/] =
[qb}p (iz,) € Fl. Therefore, for any ¢ € {1,...,k} and any integer p, we have [a/” (i) € F(] =
[a;“p(iz,) € F]]. As a consequence, for any ¢ € {1,...,k}, we have L(A;) = L(A}). Thus, since
m is coherent, we have a € L(m(Ay, ..., Ay)) if and only if a € L(m(A],...,A))). In other
words, as &f = ¢ and oc;” = ¢)forany £ € {1,...,k}, we have

t)((il/Fl/ (Pl)/ ceey (ik/ Fk/ (Pk))(IdQll RN Iko) € T((le illP].)/ SRR (Qk/ ikl Fk))

if and only if
0((iy, Fy, 03), - -, (i Fy )0y, . 1dgy) € F(QL i, By -, (Qfy 4 Fy)

Therefore, from Definition 31, we have

((Pl/ ceey (Pk) € f((er il/Fl)I sy (Qk! ikl Pk))

if and only if
(@1, - ) € T(Qy, 11, FY), -, (Qp iy, FR)-

O

The above result invites us to represent the third coordinate f of a standard friendly
modifier by a set of characteristic functions. In fact, Proposition 25, proven in Section 7.1.4,
shows that there is a one-to-one correspondence between standard friendly modifiers and
subsets of U. Therefore, we now define an application mod that allows us to compute a
standard friendly k-modifier from any subset of U.

Definition 34. For any integer k, for any E C Uy, we let mod(E) denote the standard friendly
modifier [Q,1,, ] such that, for any k-tuple of state configurations ((Q1,11,F1),...,(Qk, ik, Fx)),
we have

f((Ql/ il/ Fl) (Qk/ ik/ Fk)) =
(@1, 1) € QT x-+-x QF | X(Qu,in, Fi, 1), -, (Qu ik, Fi 1)) € E}.

We let M denote the set of coherent standard friendly modifiers (graded by their

arity). Furthermore, we let PU denote the set (J 22U, graded so that, for any k € N,
kelN

(PU), = 2% As a corollary of Proposition 24, every coherent standard friendly k-modifier
can be constructed from some subset of Uy, using Definition 34, i.e., M € mod(PU).
More precisely,

Corollary 4. Let m = [Q, 1,1, ] be a coherent standard friendly k-modifier, and let E be the set of
all k-tuples of sequences x(ti, ..., t), such that (t1,...,t) = ((Q1, i1, F1, 1), ..., (Qk, ik, Fr, §x)) is
a k-tuple of transition configurations with (¢1,...,¢x) € F((Q1,11,F1), ..., (Qk, ik, Fi)). We have
m = mod(E).
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Proof. For any k-tuple of transition configurations (t1, ..., t), with t; = (Q;,i;, F;, ¢;) for any
jel,... k},if x(t1,...,t) € E, we have, by Proposition 24,

((Pll ceey (Pk) € T((Ql/ i1,F1), sy (le ikl Fk))

The converse is obvious, and we have

f((Q1,11,F1), ..., (Qx ix, Fr)) =
(Pr, ., ) € Q% x -+ x Q% | x((Qu, i1, F1,P1), - ., Qi ik, Fr, 1)) € E.

Therefore, m = mod(E). O

7.1.4 Friendly operations

Examples 16 and 17 show that roots and boolean operations are described by friendly
modifiers. Therefore, by Proposition 23, and Proposition 18, any composition of a boolean
operation and some roots of languages is described by a friendly modifier, and therefore,
from Lemma 25, by a standard friendly modifier. These operations are not the only
ones to fall in the scope of our study. For instance, the operation Root [30], defined by

+00

Root(L) = |J VL, may also be described by a friendly modifier. To capture this kind of
p=1

operations, we extend the notion of boolean operations (Definition 3) to countable arity.

Definition 35. We say that a boolean function is N-ary if it is a function from {0, 1}N to {0, 1}.
For any IN-ary boolean function b, we let Ry, denote the operation producing a language when
acting over a sequence of languages in the following way: for any sequence of languages (L,)yen, a
word w is in By, ((Ly)pen) if and only if b([w € Li],[w € Ly],...,[w € L,],...) = 1. We call these
operations IN-ary boolean operations.

Example 25. Consider the N-ary boolean function b such that, for any sequence v in {0, 1},
b(v) = 1 if and only if, either for all p € N, v, = 1, or for all p € N, v, = 0. We have, for any
sequence of regular languages (L,)yen, W € Bp((Lp)pen) if and only if either, for allp € N, w € L,,

+00 +00
or forallp € N, w & L,. In other words, we have By ((Ly)pen) = () L, U () L.
p=0 p=0

We now have the tools to define friendly operations as the composition of a boolean
operation and some roots of languages, and we show in Proposition 25 that there is a one-
to-one correspondence between friendly operations, coherent standard friendly modifiers

and PU. Recall that, for any language L, VL = ©* if ¢ € L, and () otherwise.

Definition 36. A k-ary operation over regular languages ® is friendly if there exists an IN-ary
boolean operation R such that, for any k-tuples of reqular languages (L1, ..., Ly) over the same
alphabet,

&, L) = 8T, VT, VT V0, ATy e A0, AT AT ).
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Definition 37. Let (11, . .., ux) bea k-tuple of sequences with values in {0, 1}. For any k-tuple of reg-

ular languages (Ly, ..., Ly), we let {(u, ..., u), (L1, ..., Ly)) denote the language (| Ej,
(ip)ell,... k) xIN

where E;, = {[L; if u;, = 1,and E;, = {[L; otherwise.
Furthermore, we let {(u1, ..., ux), ) denote the k-ary operation over reqular languages such that,
for any k-tuple of reqular languages (L1, ..., Ly), we have

((my, ..., u), YLy, ..., Le) =(uy, ..., ux), (Lq, ..., Ly)).

Example 26. Let (11, uy) € U, be such that u;, = 1if and only if p + j is even. Then, for any two
reqular languages Ly and Ly, {(u1,uz), (L1, L)) is equal to

(Vi n VL0 i n Lo Vi 0 ) (VL0 VL n YL 0.

Remark 8. We can rephrase Definition 37 in the following way: for any integer k, for any k-tuple
of languages (L, . .., Ly), and any k-tuple of sequences (u1, . .., ux) with values in {0, 1}, a word w
is ((u,...,ux), (Ly,...,Ly)) if and only if, for any (j,p) € {1,..., k} X N, [w’ € L;] = u;,.

The next lemma proves that, {(u1,...,u),-) is the constant operation with the empty
set as output if (uy, ..., ux) is not in U;.

Lemma 26. For any integer k, if (L1, .. ., L) is a k-tuple of reqular languages, and if (uy, ..., uy) is
a k-tuple of sequences with values in {0, 1} such that ((uy, ..., ux),(L1,..., L)) # 0, then we have
uc ([/[k-

Proof. Let (Ay,...,Ax) be a k-tuple of DFA with A; = (X, Q;,i;,F;,6;) such that, for all
j€{l,...,kl, L(A;) = L;. We have w” € L; if and only if (6;")"(@) € F;. Therefore, if there
exists a word w and a k-tuple of sequences (v, ..., vx) with values in {0, 1} such that, for all
(ip) €{1,...,k} x N, we have [w € L;] = v;,, then [(6;.”)”(1']-) € F;] = vj,, which implies that
(v;p)pen is eventually periodic. To summarize, if

e | V(ip) € (1 kXN [ € L] = 0j,} %0,

then (vy, ..., v) € U;. We conclude from Remark 8. m]

We let Of denote the set of friendly operations (graded by their arity). The next lemma
proves that there is a one-to-one correspondence between PU and Of, which is given by
the following application.

Definition 38. Let op be the application such that, for any E € Uy, op(E) denotes the friendly
k-ary operation  \J  ((uq,...,ux), ).

(lll,...,uk)EE

The following lemma proves that there is a one-to-one correspondence between subsets
of Uy and k-ary friendly operations.

Lemma 27. The application op is a bijection from PU to OF.
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Proof. We first show that op is surjective. Let V = ({0, 1}N)¥, i.e., the set of all k-tuples
of sequences with values in {0,1}. Let ® be a friendly k-ary operation and b be a IN-ary
boolean function such that, for any k-tuples of regular languages (L4, ..., L),

Let

E={(uy,...,ux) € Uy | bluio, ... ugo, U1, .. Ukt o Uip,eeo, Ugp,...) =1},
and let

E' ={(vi,...,o) € Vi | b(U1,0,---, 00,011, Uk1s s Vlpseves Vkps---) = 1}

We show that ® = op(E). For any k-tuple of regular languages (L1, ..., L), we have

&Ly,...,.Ly= | {wez* | V(j,p)e{1,...,k}><N,vj,p=[we (/f]]}z

(01, 0k)EE’

L) @00, W L)

Notice that the union above is over a set which may involve sequences that are not
eventually periodic; However, from Lemma 26, we can remove from this union the k-tuple
of sequences that are not in U. Hence, we have

®Ly,...,L) = ) (G, u), Ly, L)) = (@pEN(La, ..., L.

We now prove that op is injective. Let E and E’ be two distinct subsets of U;. We
suppose that there exists (uy, ..., ux) € Ui such that (uq,...,ux) € Eand (uy,...,u;) ¢ E’ (the
other case is symmetrical). Since, for any j € {1,...,k}, (u;)en is eventually periodic, the
languagesL; = {a” | p € NAu;, = 1} are regular. We have [a € {/L_]] = ujp. Therefore, from
Definition 37, for any (uj,...,u;) € Uy, we have a € ((uy,...,u;),(Ly,...,Ly)) if and only if
(U, ..., u) = (ug, ..., u). It follows that if ® = op(E) and ® = op(E’), then a € (L, ..., L)
and a ¢ ®'(Ly,...,Ly), since (uq,...,ux) € E\ E’. As a consequence, ® # ® and op is
injective. O

Example 27. For any reqular language L, we have

Root(L) = op({u € U, | there exists i > 0 such that u; = 1})(L) = U VL.

i>1
We now show that any operation described by a friendly modifier is friendly.

Lemma 28. For any E € PU, mod(E) is coherent and describes op(E), i.e., desc o mod = op.
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Proof. Let E be a subset of U, let m = mod(E), let [Q,1,f,d] = m and let ® = desc(m). Let
(A1, ..., Ax) be any k-tuple of DFAs with A; = (%, Q;,i;, F;, 6;), forany j € {1,...,k}, and let
w = a; - --a, be a word of X*. Recall that, since m is friendly, we have
(07,...,00) =
(((ir, F1,07"), - .., (ix, Fx, 0")) o (d((ir, F1, 677", ..., (ix, Fr, 6Z"‘1 )o---
o(d((i1, F1, 6’;1), v, (ix, F, (S‘il))(IdQl, ..., 1dg,).

Therefore, w is in L(m(A;1, ..., Ay)) if and only if

61, 0¢) € T(Qu, i1, F1), - -, (Qus ik, Fi))-

As a consequence, by Definition 34, w is in L(m(A;, ..., Ay)) if and only if

X((Ql/il/ Pl/ 6;0)/ sy (Qk/ Z.k/ Fk/ 621)) €E.
As a consequence, since m = mod(E), w is in L(m(Ay,..., Ax)) if and only if there ex-
ists (uy,...,ux) € E such that, for any (j,p) € {1,...,k} X N, we have [(6;.")”(1']-) € Fj] =
uj,. However, for any (j,p) € {1,...,k} XN, (6;")”(@) € F; if and only if w € {/L(A)),
and thus we have [(6;")” (i) € Fj] = u;, if and only if [w € {/L(Aj)] = u;,. There-
fore, by Definition 37, w € L(m(Aj,...,Ay)) if and only if there exists (uj,...,u) in

E such that w € ((uy,...,ux), (L(A1),...,L(Ax))). We thus have ®(L(A1),...,L(Ay) =
U, ..., ux), (L(A1), - .., L(Ax))), and ® = op(E). O

uek

We let descs denote the restriction of desc to 90t¢, i.e., the set of coherent standard friendly
modifiers. The next proposition states that all applications of Figure 7.6 are bijections and
that the diagram is commutative.

mod op
m
desc;

Figure 7.6: Commutative diagram for op,mod and desc;.

Proposition 25. The application mod is a bijection from PU into M, and op and desc are
bijective. Furthermore, descs o mod = op.

Proof. By Lemma 28, we have desci o mod = op. However, by Lemma 28, we have
mod(PU) € N, and thus by Corollary 4, we have mod(PU) = M. As a consequence,
mod is a surjection from PU to N. Furthermore, by Lemma 27, op is a bijection, and,
therefore, so is descs o mod. Hence, mod is injective and thus a bijection from PU to N,
which in turn implies that desc; = op o mod ™" is also bijective. O
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As an obvious consequence of Proposition 25 and Lemma 25, we have :

Theorem 5. Every friendly k-ary operation is described by a unique coherent standard friendly
k-modifier. Conversely, any coherent friendly k-modifier describes a friendly k-ary operation.

7.1.5 On the algebraic structure of friendly modifiers

We now have all the tools to state the main result of this Section, concerning the link
between the algebraic structures of friendly modifiers and friendly operations. We first
define a sequence of binary operations © that makes an operad out of PU. Then, we define
a quotient operad of coherent modifiers, using standard friendly modifiers. Finally, we
rewrite Proposition 25 in terms of operads and isomorphisms of operads.

Let © be the sequence of binary operations over PU such that, for any positive integers
jand k with j <k, for any E € PU, and for any E’ € PU, we have

EQ;E" = op '(op(E) o; op(E")).

By Proposition 9 used with op™!, (PU,®) is an operad, and op is an isomorphism of
operads from (PU, ©) to (Of, o). We let ML denote the set of all coherent friendly modifiers,
and by ~; the equivalence relation over M such that, for any two modifiers m,m’ € M,
m ~; m’ if and only if m* = m’f. Recall that, from Definition 12, for any two friendly
coherent modifiers m and m’, we have m ~%¢ ' if and only if desce(m) = desce(’).
Therefore, since, for any friendly modifier, there is a unique standard friendly modifier
that describes the same operation, we have ~9¢%=~, As a consequence, by Proposition

11 and Proposition 18, (Mif/._, o/.,) is an operad, and desc; is an isomorphism of operads
from ML/, 0/..) to (Df, o). Let mod be the function from PU to M/ such that, for any

— 5§

E € PU, we have mod(E) = mod(E) . Since op = desc o mod, we have, for any E € PU,
from Definition 12,

—_—

desc(mod(E)) = desci(mod(E) ) = desci(mod(E) ) = desc(mod(E)) = op(E).

_— - _—
However, descs is an isomorphism, and therefore mod = desc; o op. Furthermore, by

Proposition 7, since op is an isomorphisms of operads, mod is also an isomorphism of
operads. We can now state a counterpart of Proposition 25 using operads, illustrated with
Figure 7.7.

Theorem 6. We have
e the function mod is an isomorphism of operads from (PU,®) to ML/, 0/..),
e the function op is an isomorphism of operads from (PU, ®) to (OF, o),

e the function desc is an isomorphism of operads from (M), o/..) to (DF, o).

Furthermore, descs o mod = op.
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(PU,0)

mod op

descs

Figure 7.7: Commutative diagram for op,mod and descy.

7.2 Product modifiers

In this section, we study a kind of simple friendly modifier, called product modifier. Product
modifiers are defined so that their output is a product DFA of the input DFAs, without
putting any restrictions on their initial state or their final states. We show that the opera-
tions they describe are compositions involving boolean operations of finite arity, and the
O-th root. Furthermore, we study the underlying algebraic structure, and show that it is
very similar to the algebraic structure given in Theorem 6.

7.2.1 Product modifiers: an operad

We first show that product modifiers can also be equipped with a structure of operad.

Definition 39. A k-modifier m = [Q, 1, , d] is a product modifier if, for any k-tuple of transition
configurations (ti,.. ., t), with t; = (Q;,i;, F;, ¢;) forany j € {1,...,k}, we have

1. Q((Ql/ilrljl), ceey (Qk, ik/Fk)) = Ql X oo X Qk/

2. and, for any (q1,...,qx) € Q1 X -+ X Qx, we have
b((ill Fl/ (Pl) TR (ik/ Fk/ (Pk))(qll ceey Qk) = ((Pl(ql)/ sy (Pk(Qk))

In other words, if m is a product modifier, then m(A;,...,As) is a product DFA
of the DFAs A;,..., A, but with final states §((Q1,7,F1)...,(Qx, ix, Fx)) and initial state
i((Q1,11,F1) ..., (Qk, ix, Fr)). We let MP denote the set of all product modifiers. We check
that the set of product modifiers is stable by the composition of operations, thus making
it an operad.

Proposition 26. The set MP equipped with o is an operad.
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Proof. Let my = [Qy, 1, f1, 01] and my = [Qy, B, T2, D2] be two product moditfiers, respectively
k-ary and k’-ary, let j < k be a positive integer, and let m; o; m, = [Q, 1, f, d]. By Proposition
5, to show that (9P, o) is an operad, it is enough to show that m; o;m; is a product modifier.
For any (k + k' — 1)-tuple of transition configurations (t,, ..., tir-1) with t; = (Q;, i, Fj, 6;)
forany je€{l,...,k+k" -1}, we have, from Definition 39,

Qo(tj, - tjrr-1) = Qi X -+ X Qjaw-1, (7.3)
and therefore, by Definition 6 and 39,

D(tll R tk+k’—1) = D1(’{-1/ ceey tj—ll (QZ(t]/ SRR tj+k’—1)1 iZ(t]/ ceey tj+k’—1)l TZ(t]/ ceey tj+k’—1)l

(7.4)
Dot .o tjik—1)) bk oo s tkar—1) = Q1 X -+ X Qrair—1

Similarly, for any (g1, ..., k+k—1) € Q1 X - -+ X Qksr—1, we have

Doty tie-1)Gjs -+ qjk-1) = (@i(q)), - - Pjsk—1(Gjsr-1)),
and therefore

D(t1, v tiar—1)(G1 -+ s Grar—1) = D1y, oo tior, (Rt oo tegjo1), 2t o Bt jo1),
P2t tosjo1), D2t ot jm)) b oo o o=@ oo, Gt (G- - Gjk—1), Gskes - - - o Grk—1)
= (P1(q1), - - - » Prarr—1 (G -1))-
(7.5)
As a consequence, M, o; M, is a product modifier. ]

7.2.2 From product modifiers to standard modifiers

In order to characterize the operations recognized by product modifiers, we take a path
similar to the one taken for friendly modifiers. However, in this case, instead of looking
at the whole characteristic sequences in U, we look only at the first two terms of every
sequences in the k-tuple. In other words, intuitively, we replace characteristic sequences,
which are originally k-tuples of sequences with values in {0, 1}, with k-tuples of pairs in
{0,1}%. These pairs represent the same thing as did the first two values of the complete
characteristic sequence. We begin to formalize this idea by proving a proposition similar
to Proposition 24, for product modifiers.

Proposition 27. Let m = [Q, 1, , d] be a coherent product k-modifier, and let ms* = [Q, it §f, p¥f].
Let (t1,...,t) and (t], ..., t;) be two k-tuples of transition configurations with t; = (Qj,i;, F;, ¢;)
and t;. = (Q;., i;.,F;., gb;.),for any j € {1,...,k}. If, forany j € {1,...,k}, [i; € F;] = [i; € F;.] and
[¢(i) € Fj] = [(p(i}) € F;], then we have

(1, .., dx) € P (Q1 i1, Fr), - - -, (Qu ik, Fr))

if and only if
(¢4, ) € FH(QL i1, FY), - (Qp i, FY))-
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Proof. Let m = [Q,1,,0] be a coherent product k-modifier, and let msf = [Qsf, if, {f, 0*f]. Let
(t1,...,t)and (#}, ..., ;) be two k-tuples of transition configurations with t, = (Qc, i¢, F¢, ¢¢)
and t’ Q7. i, F, qi)f), forany ¢ € {1,...,k}. Suppose that, forany ¢ € {1,...,k}, [ic € F/] =
[7} € F’] and [¢(i¢) € F(] = [¢(7}) € F}].

We let (hy, ..., ) denote i((Q1, i1, F1), - - ., (Qk ik, Fr)), and we let (hy, ..., h;) denote

Q1 Fs -, (Q 1 )

The idea of this proof is the same as the proof of Proposition 24. We define two k-tuples
(A1,...,Ap) and (A7, ..., A}) of well-chosen DFAs such that L(A;) = L(A}), and conclude
from the coherence of m. However, this time, we do not define the transition functions of
ain A, and A} as ¢, and ¢}, but rather as a modified version of them. To that aim, for any

t€fl,...,k}, welet ¢, and ¢, denote the two functions of Qg‘ and Q}Qlf respectively such
that

1. if he # i and K} # i}, then

1’

_ ig 1fq€:ig _ Z lfq _i
Yeqe) = { ¢(qe)  otherwise and y;(q,) = { ) (qé,) otherwise

2. it he = i and h} = i}, or if hy = ig and I}, ¢ {i}, ¢} (i})}, then

_ | Qo) ifqe = elic) oy — 3 Q) it gy = Qi)
Pelge) = { qb:(qi) otflerwigseg and v (q,) = { (pf(qi) otlrferwige.f

3. if hy = ip and h} = ¢}(i;), then
(a) if [} € F}] = [¢}(i}) € F}], then

pta={ S 0= 0D ana g - {

¢e(qe) otherwise

!

i ifq, =1,
¢;(q;) otherwise

(b) if [i} € F}] # [¢}(i}) € F}], then one of them is equal to [¢;(h}) € F}], and
i. if [i; € F|] = [¢}(h}) € F}], then

i ifge = ¢uliy) oy = | Peiy) ity = Pk
Ye(qe) = { (Pf({;?t‘) Otﬁerwfsef and ¢;(q;) = { qu(qi) otﬁerwfse

ii. if [¢)(1)) € F}] = [¢(}) € F}], then

_ | Qo) ifqe = e(ic) ooy = | Qi) it gy = Pyhy)
Yelqe) = { (pf(q{;) otﬁerwifse[ and v (q,) = { qbf(qi) otflerwfseg

4. ithe # ¢¢(ic) and ), = i}, then 1, and 1} are defined in a symmetrical way with respect
to the cases 2 and 3
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Notice that, if i, = ¢;(i}), cases 2 and 3(a) may overlap. However, they lead to the same
definition of Y, and ;. Welet (Ay, ..., Ay) and (A7, ..., A}) denote the two k-tuples of DFAs
such that A, = ({a}, Q¢ i¢, Fr, a¢) and A} = ({a}, Q, 1}, F’f, o)), with af = ¢ and &}" = 1, for
any £ € {1,...,k}.

Notice that, if p = 0, we have ¢/ (i) = i and ¢}/ (i}) = i, forany £ € {1,..., k}. However,
recall that we supposed [i; € F¢] = [i; € F;] and [¢e(ir) € F/] = [¢pe(i}) € F}], for any
¢ €{1,...,k}. Therefore, if p = 0, since /" = 1,[)? and az,”p = ¢7, we have [a,” (i;) € F(] =
[, (i7) € F] for any € € {1,...,k}. We prove that [a," (i¢) € F] = [} (i}) € F;] still holds
true forany ¢ € {1,...,k} and any positive integer p, in a similar way, by computing ¢/ (i)
and 1;”(i}) in every one of the above cases. Thus, for any positive integer p and any
tef{l,...,k}, wehave

1. if he # i and K} # i}, then
V(i) = ic and ;7 (i}) =
2. it he = igand h} = i), or if hy = ig and I}, ¢ {i}, ¢} (i})}, then
Yh(ic) = Pelie) and Y7 (1)) = P;(iy)
3. if he = ig and K}, = ¢} (i;), then
(a) if [} € F}] = [¢;(i}) € F}], then
Yh(ie) = Pelic) and Y}F (iy) = 7,

(b) it [i; € F}] # [¢}(i}) € F}], then
i. if [i, € F}] = [¢}(h}) € F}], then

p if p is even oo _ ) Pp(hy) if pis even
Yelio) = {@(15) ifpisodd Ve (lf)‘{ o) if pis odd

ii. if [¢)(#)) € F}] = [¢(}) € F}], then

. . , . ’ hl -f .

4. if he = ¢e(ic) and K, = i), then ¢} and ¢ are symmetrical with respect to the case 3.

We check by a direct computation that, in all of the above cases, we have [gb?(ig) € F/] =

[/ (i) € F}] for any ¢ € {1,...,k} and any integer p. However, a” = ¢/ and a," = ¢}, for
any £ €{1,...,k} and any mteger p- Therefore, forany € € {1,...,k}, we have L(A,) = L(A}).
Thus, since m is coherent, we have a € L(m(A;,...,Ay)) if and only if a € m(A/,... k)

Hence, denoting f((Q1, 71, F1), ..., (Qx, ix, Fx)) by G and f(Qy i, F), -+, (Q i, Fr)) by G’, we
have
b((ill Fl/ aq)/ ceey (ik/ Fk/ aZ))(hll ce /hk) €G
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if and only if
o((iy, F7, ai“), o (L F a,'{“))(h’l, o) eG

In other words, since m is a product modifier, we have

(1(n), .., Yui)) € G if and only if (¥ (i), ..., ¥y() € G.

However, it follows from the definition of ¢, and v} that, for any ¢ € {1,...,k}, we have
Ye(he) = @e(he) and Y (h}) = ¢)(h}). Therefore, we have

(@1(1), - .., dx() € G if and only if (7)), ..., ¢()) € G-

As a consequence of the definitions of friendly and standard modifiers, we have

(1, .., ) € F(Qu, i1, F1), - .., (Qk, ix, Fr))

if and only if
(@1 - D) € PHQ1 11, F, -, (Qu iy FY))-

O

We let PCy denote the set of all subsets E of U that verify the following property: for
every (uy,...,ux) € Uy such that there exists (vy,...,vx) € E, with vjy = ujp and v;; = uj,
for any j € {1,...,k}, we have (uy,...,ux) € E. Furthermore, we let PC denote the set

U PCk. We know that any standard modifier can be associated with an element of PU
keN

by the isomorphism of operads mod~'. From Lemma 27, we prove that, if m is a product
modifier, then mod ™" (m*) is in PC. This intuitively comes from the fact that only the first
two elements of every u; matter, when (u, ..., ux) € PC.

Corollary 5. Let m be a product modifier. We have mod ™' (m*') € PC

Proof. Let m = [Q,1,f,0] be a product k-modifier, and let msf = [Qsf, i¥f, i, 0f]. Let E’ be
the set of all k-tuples of sequences x(ti, ..., ), such that (t;, ..., t) is a k-tuple of transition
configurations with (¢q,...,¢x) € #((Q1,11,F1),...,(Qx ix, Fr)). Let E be the set of all k-
tuples of sequences (uy, ..., u;) € Uy such that there exists (vy,...,vx) € E' with v;9 = u;y
and v;; = u;;, for any j € {1,...,k}. It follows from the definition of PC; that E € PC;.
We now show that m* = mod(E). To that aim we first prove that, for any k-tuple of
transition configurations (ti, ..., ), with t; = (Q;,i;, Fj, ¢;) for any j € {1,...,k}, we have
(b1,.-., ) € H((Qu, i1, F1), - .., (Q ik, Fr)) if and only if x(t,..., ) € E.

Let (t,,...,tx) be a k-tuple of transition configurations, with t; = (Q;,i;, F;, ¢;) for any
j€{l,...,k},such that (¢1,...,¢Px) € 8((Qn, i1, F1), . .., (Qk, i, Fr)). From the definition of E/,
we have x(¢1,...,¢r) € E/, and thus x(ti,..., &) € E.

Conversely, let (¢, .. ., ty) be a k-tuple of transition configurations, with t; = (Q;,i;, F;, ¢;)
for any j € {1,...,k}, such that x(t;,...,t) € E. Let (uy,...,ux) = x(t1,...,t). From
the definition of E, there exists a k-tuple of sequences (vy,...,v) = x(t},...,t) in E/,
where (t],...,t;) is a k-tuple of transition configurations, with t;. = (Q;., i;., F;., (j);) for any
j€{l,...,k}, such that v;o = u;p and v;; = u;;. However, it follows from the definition of
characteristic sequences that we have [i; € F;] = [i;. € P;.], and [¢;(i;) € Fj] = [qb;.(i;.) € F;.].
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Furthermore, from the definition of E’, we have (¢},...,¢;) € TSf((Qi, i, F),. .. Q1 F)).
Therefore, by Proposition 27, we have (¢1, ..., ¢x) € #(Qu, 11, F1), . .., (Qx, ix, Fr)).
As a consequence, for any k-tuple of transition configurations (ti,..., ), with t; =

(Q]/ l]/ F]/ (P]) for any ] € {1/ s /k}/ we have (¢1/ ceey (Pk) € TSf((Qllilr Fl)/ ceey (ri ik/ Fk)) if and
only if x(ti,...,t) € E. Thus, we have

P(Qu i, Fr), -, (Qu ik, Fi)) =
(@1, ) € Q% x -+ x Q% | X((Q1, i1, Fy, 1), -, (Qu ik, Fr, 1)) € E}.

Therefore, from the definition of mod, we conclude that m*f = mod(E).
O

In the following section, we formalize the idea that the operations in the image of PC
by op should only involve the composition of a boolean operation with 0-th roots and
identities.

7.2.3 Product modifiers and quasi-boolean operations

Definition 40. A k-ary operation over regular languages ® is quasi-boolean if there exists a
2k-ary boolean operation @ such that, for any k-tuples of reqular languages (L1, ..., L),

@(L],-..,Lk) = ®(\O/L—1/ \O/L_ZI"'I \O/L_lellLZ/---/Lk)-

We let OP denote the set of all quasi-boolean operations.

Proposition 28. The image of an element of PC by op is a quasi-boolean operation, i.e., op(PC) C
OP.

Proof. Let E € PCy, and, for any j € {1,...,k}, let G; = {(u;0, uj1) | (w1, ..., ux) € E}. We have
E={(u,...,u) € Us | (ujo,uj1) € G;, forany j € {1,...,k}}.

Therefore, from Definition 38, we have

OP(E) = U <(u1/-~-/uk)/'> = U <(1/l1,...,1/lk),'>.

(u1,..,ux)€E (1, ) EURI(uj0,u1)€G, Y jELL,.. K}

However, from Lemma 26, we have

(0, 10), ) = | (@1, 00,),
(u1,...,uk)e(L(k|(uj,0,uj,1)eG/,Vje{l ,,,,, k} (Z}l ..... Uk)E(Vk|(7]]‘,0,?]]‘,1)EGj,VjE{l,...,k}

where we let V; denote the set of all k-tuples of sequences with values in {0, 1}. Therefore,

for any k-tuple of languages (L4, ..., L), we have
N, (o)

op(E)(Ly, ..., Li) = (
((@1,b1), A, b)) (@}, b))€G ;Y jeElL, ..k} \ jEL,... .k}
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where for any language L, (0,L) = L and (1,L) = L*. To conclude, we have

OP(E) = ®(\O/L_11 \O/L—ZI- ey \O/L_k/LllLZI' . 'ILk)I

where ® is the 2k-ary boolean operation such that, for any 2k-tuple of regular languages
(L1, Lo, ..o, L, LY, LY, .o, L),

®(Li, Lo, ..., Li, L}, Ly, ..., L) = g () (@ LNy Lp)
((a1,b1),--(a b)), b))EG Y jE(L,... .k} \ jE(L,... Kk}

O

Now we prove the last tool we need to connect quasi-boolean operations, product
modifiers, and PC, which is that every quasi-boolean operation is described by a product
modifier.

Lemma 29. Let ® be a quasi-boolean operation. There exists a product modifier m such that
desc(m) = Q.

Proof. Let ® be a k-ary quasi-boolean operations, and let ® be a 2k-ary boolean operations
such that, for any k-tuple of regular languages (L4, ..., L), we have

®(Ll/---/Lk):®,(\O/L_l/ \O/L—Zl--‘/ \O/L_k/ {/L_ll\l/L_L'-w \I/L_k)

For any k-tuple of regular languages L" = (L}, ..., L;), we let ®. denote the k-ary regular
operation such that, for any k-tuple of languages (L, ..., Ly), we have

ou(Li L) = & ({10 3Ly L L)

Notice that, for any language L over an alphabet X, VL is either @ or ©*. Therefore, for any k-
tuple of regular languages L’ = (L}, ..., L;), ® (L1, ..., Lx) is aboolean operation. We let bl
denote a boolean function such that ®;, = ®,v. Furthermore, we let m denote the k-modifier
such that, for any k-tuple of DFAs (A, ..., Ax), we have m(Ay,..., Ay) = muL(Ag, ..., Ap),
with L = (Ly,...,Ly) = (L(A1),...,L(Ax)). By Proposition 15, we have

L(mye(Ay, ..., Ax) =®pt(Ly, ..., Ly) =&(Ly, ..., Ly) =
& (VL1, VLo .., VLo L1, Lo, ..., L) = &(L1, ..., L)

Therefore, desc(m) = ®. O

7.2.4 On the algebraic structure of product modifiers

We now state the main theorem of this section, concerning the algebraic structure of
product modifiers, using the algebraic structure of friendly modifiers described in Section

7.1.5, and the notations introduced for that purpose. Furthermore, we let MP denote the
set of all friendly modifiers m such that there exists a product modifier m’ with n’sf = msf,
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Theorem 7. We have
o the mapping mod is an isomorphism of operads from (PC,®) to P/ 0/),
o the mapping op is an isomorphism of operads from (PC, ®) to (OP, o),
o the mapping descy is an isomorphism of operads from MP/_,0/_) to (P, o).

Furthermore, the operations described by coherent product modifiers are exactly all quasi-boolean
operations.

—_ -1
Proof. From Corollary 5, we have (mod) (,‘JJ?:?’ /~.) € PC. Furthermore, from Proposition

28, we have op(PC) € OP. We also have, from Lemma 29, @f_l(DP) - iIRiP /~.. Therefore,
(mod)”(desc; (OF)) C (mod) (MP/.) € PC. Thus, O = op((mod)  (desc; (OF)) C
op(PC). Hence, we have op(PC) = OP. Similarly, we have mP [~ = (mod)(?’C) and

OP = d/ES\Cf(SIRip /~.). As a consequence, by Lemma 25, OP is the image by desc; of MY,
where MY is the set of all coherent product modifiers.

From Proposition 26 and Proposition 18, (MY, o) is an operad. Therefore, from Propo-

— -1
sition 6, (OP, o) is an operad. Furthermore, using Proposition 6 again, used with desc;
and op~!, we have that (iUiiP/ ~.,°/~,) and (PC, ©) are also operads. Therefore, as op, desc,

and mod are morphisms of operads, we have

e the mapping mod is an isomorphism of operads from (PC, ©) to MP/_,0/.),

e the mapping op is an isomorphism of operads from (PC, ©) to (OP, o),

——

e the mapping descs is an isomorphism of operads from (P ~.,0/~,) to (OP,0).

We summarize our results for coherent friendly modifiers, coherent product modifiers,
and the operations they describe, in Figure 7.8.
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Figure 7.8: The algebraic structure behind friendly modifiers, product modifiers and the
operations they describe.
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7.3 On the state complexity of friendly operations

We have shown that every k-ary quasi-boolean operation ® is described by a product
k

k-modifier. Therefore scg(n1, ...,nk) < [] n;. This upper bound is met, for example, for the
i1

intersection of k languages by the k-monster Mon
However, the case of friendly modifiers is not as easy

We know that the state complexity of the square root operation [7] is sc, (1) = n" — (3),
and that it is equal to the state complexity of the operation Root [30]. However, our
construction of standard modifiers (Definition 31) gives us at first sight an upper bound
of scg(n) < n", for any unary friendly operation ®. This raises the question of whether the
state complexity of some unary friendly operation reaches this bound and, if not, whether
we can give an explicit tight bound. Similar questions arise for the general case of k-ary

, as shown in Proposition 20.

k ,

friendly operations with the obvious upper bound scg(,...,1r) < |1 n?’ deduced from
j=1

Definition 31.

7.3.1 The unary case

We show that the bound 1" is not tight for the state complexity of unary friendly operations,
and we give an explicit tight bound. We first show that the state complexity of L is at most
n"—n+1.

Proposition 29. For any positive integer n and any friendly unary operation ®, we have scg(n) <
n"—n+1.

Proof. Consider any subset E C U;. Let ® = op(E) and m = mod(E). Let A = (X, Q,1, F a)
be a DFA with size n € N\ 0. For all s, t € Q, we let ¢, denote the function of Q9 such that

[ ifjeF
8s(j) = t otherwise,

and by G the set of all functions g;,, for s, t € Q. Furthermore, we let 0 denote the sequence
(0,0,...) of Uy, we let 0! denote the sequence

0,1,1,...,1,...),
we let odd denote the sequence
0,1,0,1,...,nmod 2,...),
and we let even denote the sequence
(1,0,1,0,...,(n+1)mod 2,...).

It follows from the definition of g, that, for any C € Qf and for any gs; € G, we have
Co gt = Qus)cm- We use this property extensively in the rest of the proof, and we will refer
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to it by saying that G is stable by external composition. We show that sc(L(m(A))) is at most
n" —n+1, by studying the Nerode equivalence relation induced by A. We distinguish two
main cases, i € Fand i ¢ F.

We first suppose that i ¢ F. Notice that we have

e if t € F, then

- if s € F, then we have x(Q,i,F, g;) = 0,
— otherwise if s ¢ F, then we have x(Q,i,F, g;;) = odd

e otherwiseif t ¢ F, then x(Q,i,F, gs:) = 0.
Let E; = {0,0',0dd} N E and E, = {0,0', 0dd} \ E;. We distinguish the following cases:

o If #E; = O (respectively #E; = 3), then for any s,t € Q, since x(Q, 1, F, g:) € E (respec-
tively x(Q,1,F, g;+) € E) , the state g, is not final in m(A) (respectively final in m(A)).
Since G is stable by external composition, all the states in G are in the same Nerode
equivalence class. Therefore, sc(L(m(A))) <n"—n*+1<n"—n+1.

o Otherwise if #E; = 1 (respectively #E; = 2), then we let u denote the unique element
of #E; (respectively #E,).

— Suppose that u = odd. For any positive integer p and any state g € Q, ¢%.(9) =
255(q). Thus, for any s € Q, we have x(Q,i,F, g;s) € {0,0'}. Therefore, the
stability of G by external composition implies that two states g, and gy s, with
s,s" € Q, are not distinguishable in m(A), for any s,s” € Q. As a consequence,
sc(L(m(A))) <n" —n+1.

— Suppose that u = 0!, and let s, be two elements of Q. If x(Q,i,F g;;) = 0,
then t,s € F, which implies that x(Q,i,F, g;s) = 0'. Furthermore, similarly, if
x(Q,i,F, g5) = 0!, then x(Q,i,F gs) = 0. As a consequence, x(Q,i,F gs) =
0! if and only if x(Q,i,F gis) = 0'. Therefore, the stability of G by external
composition implies that the two states g, and g, are not distinguishable, for
any s,t € Q. As a consequence, we have sc(L(m(A))) < n" - %n(n -1)<n"—n+1.

— Finally, suppose thatu = 0,and lets, s’, t be three elements of Q. If x(Q, 1, F, gst) =
0, then t ¢ F, which implies that x(Q,i,F, g+:) = 0. Furthermore, similarly,
x(Q,i,F, gv) = 0implies that x(Q,7,F, gss) = 0. Asa consequence, x(Q,i,F, gs;) =
0 if and only if x(Q,i,F,g++) = 0. Therefore, the stability of G by external
composition implies that the two states g;; and gy, are not distinguishable in
m(A), for any s,s” € Q. As a consequence, we have sc(L(m(A))) < n" —n(n-1) <
n"—n+1.

The case i € F is symmetrical to the case i ¢ F in the following way: we replace in the proof
all the occurrences of s € Fbyt ¢ F,of s¢ Fbyte€ F,oft€ Fbys¢ F,oft ¢ Fbys €F,
of 0 by (1,1,...), of 0' by (1,0,0,...,0,...), and of odd by (1,0,1,0,...,(n + 1) mod 2,...).
Furthermore, in the case of u = (1,1, ...), it is the finality of g;; and g, that is the same.
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To summarize, in all the cases, we have sc(L(m(A))) < n"—n+1. Hence, scg(n) < n"—n+1,
for any friendly unary operation ®.
|

We now show that this bound is tight for ®; = op({0,0'}), where 0 = (0,0,...) and
0! =(0,1,1,...,1,...). Notice that, for any regular language L over alphabet X, if ¢ ¢ L,
then we have

®(L)={weXl*|we VL, forany k> 0} Ufw e Z* |w ¢ \k/zforanyk>0},

and if ¢ € L, then we have ®,(L) = 0. Let w; = mod({0,0'}). We let A, denote the DFA
w;(Mon!"™"), for any integer n. We determine a lower bound for the state complexity of

®1 by computing the minimal DFA equivalent to A,. Recall, by Definition 22, Definition
31 and Definition 34, that the alphabet of A, is I, = [#]01, that its set of states is also
[7]"], and that every state ¢ of A, is accessible from its initial state Idy,; by reading
the letter ¢. For any function ¢ € [n]I"l, we let x(¢) denote the characteristic sequence
X([n],0,{n — 1}, ¢). To compute the Nerode equivalence induced by A,, we show the
following result.

Lemma 30. For any positive integer n, and every two distinct functions ¢, ¢ € [n]U" such that ¢
is non-constant, there exists C € [n] such that «x(C o ¢) € {0,0'} if and only if x(Co ) ¢ {0,0}.

Proof. We consider two main cases, ¢(0) # ¢(0) and ¢(0) = ¢(0).

Suppose that ¢(0) # ¢(0). If P(0) # P(n — 1), then we set {(¢(0)) = L(Y(n—1)) =0
and {((0)) = n — 1, and this implies that x(C o ¢) = 0 and x(C o ) = (0,1,0,...) ¢ {0,0'}.
Symmetrically, if ¢(0) # ¢p(n — 1) then we obtain the same result by permuting the role of
Y and ¢ in the previous case. Now suppose that ¢(0) = ¢(n — 1) and ¢(0) = Pp(n—1). As
is not constant, there exists i > 1 such that ¢(n — 1) # (7). We set {(¢(0)) = C(¢())) =n -1
and C(¢(0)) = i, which implies that x(C o ¢) = 0' and x(C o ¢) = (0,0,1,...) ¢ {0,0}.

Now suppose that ¢p(0) = 1(0). Then there exists j > 0 such that ¢(j) # ¢(j). We
have ¢(j) # ¢(0) or ¢ (j) # ¥ (0). Suppose that ¢(j) # ¢(0) (the other case can be treated
symmetrically). If j < n — 1, then we set {(¢(0)) = C(Y(j)) = j and C(P(j)) = n — 1.
In that case, we have x(C o ¢) = (0,0,1,...) ¢ {0, 0'} and x(C o ¢) = 0. Otherwise if
j =n—1, then we set {(¢(0)) = {(Y(n — 1)) = n -1 and C(p(n — 1)) = 0, which implies that
k(Co ) =1(0,1,0,...) ¢ {0,0'} and x(C o ¢) = 0'. This concludes the proof. O

By Definition 34, the above lemma implies that any two distinct states of A, such that
at least one of them is non-constant are distinguishable. Therefore, any non-constant state
is distinguishable from every other state and the size of the minimal DFA equivalent to A,,
is at least equal to the cardinality of the set of all mappings over [#] that are not constant.
Thus, for every n € IN'\ 0, the size of the minimal DFA equivalent to A, is at least n" —n + 1.
Hence, we have scg (n) > n" —n + 1, for any positive integer n. As a consequence, from
Proposition 29, we have scg, (1) = n" —n + 1, for any positive integer n. We have thus
proved the following theorem.

Theorem 8. For any positive integer n and any friendly operation ®, scg(n) < n" —n+1, and the
bound is tight for ®, i.e., we have scg (n) = n" —n + 1. Furthermore, L(Mon,{{‘_”) is a witness

for ®.
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7.3.2 The general case
Surprisingly, unlike the unary case, we show that there are friendly operations which state
k.
complexity meets the upper bound [] n?’ . We assume that k > 2, and we let ®; denote the
j=1

k-ary operation op(Ey), where Ex = {0,0'}*\ {(0, .. .,0)}. For any k-tuple of positive integers
(m,...,m), we let A,, . denote the DFA @k(MonL’;{:ﬁ,’;"{”k—”). Furthermore, for any k-
tuple of functions (¢, ..., Px), with ¢; € [n,]I"1 for any j € {1,...,k}, we let k(1 ..., )
denote the characteristic sequence

X(([[nl]]/ O/ {nl - 1}/ le)/ cey ([[nk]]/ O/ {nk - 1}/ ¢k))

Theorem 9. For any integer k > 2 and for any k-tuple of positive integers (n, ..., ny), we have

k _ k .
sc®k(n1,...,nk) = Hln?. Furthermore, sc®k(L(Anl,_“,nk)) = Hln?], i.e., (L(My),...,L(IMy)) is a
j= j=

witness for @, where (My, ..., My) = Monil”l{:,l} """ =1},

Proof. Our proof is inspired by the unary case. Let k be an integer with k > 2, and let
(m1,...,n) be ak-tuple of positive integers. Furthermore, let (¢4, ..., ¢r) and (¢4, ..., k) be
two k-tuple of mappings, with ¢;,; € [n;]" for any j € {1,...,k}, such that (¢1, ..., ¢x) #
(1, - .-, Pi). We show that there exists (Cy, ..., &), with ¢; € [n;]1"! for any j € {1,...,k},
such that x(Cy o @1, ..., G o ¢k) € Ey if and only if x(Cq o ¢y, ..., Gk 0 Yx) ¢ Ej.

Let ¢ such that ¢, # 1. We consider two cases.

e If both ¢, and 1, are constant functions, then we let {; denote any mapping over
[72,] such that C/(¢(0)) = 0 and C,(1(0)) = n, — 1. Furthermore, for any j # ¢, we let
C; denote the constant function sending any element to 0. We have

K(ClO(Pl/"'/Cko(pk):(01"'/0)¢Ek1
and
0 ifj+#¢
K(Clol,bl,.--,Ckoybk)=(M1,-.-,uk)€Ek,Whel‘eMj={ 0! ;f;:€

o If one of the functions ¢, and 1, is not constant, then we can suppose that 1, is
not constant (the other case is symmetrical). Therefore, by Lemma 30, there exists a
mapping C; over [[1,] such that x(, o ¢¢) € {0,0'} if and only if x(C, oY) ¢ {0,0'}. We
assume that x(C, o ¢¢) € {0, 0'} (the other case is symmetrical). Furthermore, for any
j€{l,...,k} with j # £, we let {; denote the constant function sending any element
ton; — 1. We have

k(G oY, ..., o) =(0,...,0", k(Cro W), 0% ...,0" ¢ Ey,
since x(C, o ¥() ¢ {0,0'}. Furthermore, we have

K(Cio¢1,...,Choy) = (01,...,01,K(Cg oqbg),Ol,...,Ol) € E,
because x(C; o ¢¢) € {0,0'}.

Therefore, in both cases, there exists (Cy, ..., (), with (; € [ j]][[”i]I foranyje€{l,...,k}, such
that k(Cy o ¢4, ..., Gk o ¢x) € Ex if and only if x(Cy © Yy, ..., G o ) € Ex. We conclude with
Definition 22, Definition 31, and Definition 34. O
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7.3.3 On the size of the witnesses” alphabets

Witnesses usually given for regular operations have a finitely bounded alphabet. How-
ever, the witnesses given in Theorem 9 and in Theorem 8 are monsters, and thus have
exponential alphabet size. We show that every k-ary friendly operation actually has a
witness with an alphabet of size 3k. This is not hard to prove, and comes directly from the
definition of friendly modifiers. Recall that the definition of I';, , is given in Definition
1.

Definition 41. Let k be a non-negative integer, (n1,...,nx) be a k-tuple of positive integers,
(Fi, ..., Fx) be a k-tuple of sets with F; C [n;], for any j € {1,...,k}, and let (M, ..., My) =
Monii:j:ﬁi. We let Biijjjjik denote the k-tuple of automata (By, .. ., By), where, forany j € {1,...,k},

k

the DFA B; is equal to the DFA M, restricted to the alphabet T,

Theorem 10. Let k be a non-negative integer, ® be a friendly operation, (ns, ..., 1) be a k-tuple
of positive integers, and let m be a friendly modifier that describes ®. There exists a k-tuple of sets

.....

. FiiFe :
i.e., such that B, is a witness for ®.

.....

Proof. Let k be a non-negative integer, ® be a friendly operation, (1, ..., n) be a k-tuple
of positive integers, and let m be a friendly modifier that describes ®. Recall that, by

From Theorem 2, there exists (Fy, ..., F), with F; C [n;] for any/“].', € {1,...,k}, such that
sc(LM(M, 7)) = seo(ny, ..., mi). Welet A = (£,Q,i,F,6) denote the DFA m(Mon,"t),

Recall that from Definition 22, the alphabet of all DFAs of the k-tuple Moni}::;i’k‘, and
therefore the alphabet £ of A, is equal to T, _,, = [ J0"1 x - - x [ 0.

.....

~~~~~~~~~~

.....

and therefore sc(L(m(Bii:jjﬁi))) = sCg(M1, ..., ). O



Chapter 8

Conclusion

To this day, computing the state complexity of an operation remains a messy, ad-hoc
business. Even though the state complexity of many well-known operations has been
computed, we seem to start all over again every time we switch to a new operation.
This still holds true for combinations of two or more operations, even when every one
of their state complexities is already known. As the operations we study become more
complicated, so do our computations, proofs, and results. To keep them from becoming
toolong and heavy, we need a new framework and some new general results. Even though
the road ahead is still long, we have taken the first steps towards that goal.

We began our efforts by bringing in a tool used to classify algebras, operads. Oper-
ads are useful structures to formalize results around the composition of operations. In
particular, any set of operations stable by composition is an operad. Furthermore, other
kind of operads can be defined to understand the structure of such a set of operations.
Using this notion, we introduced a new framework to help compute the state complexity
of operations. The regular operations that fall into the scope of our framework are called
l-uniform, and form an operad (O, ©). This operad has a counterpart in the space of
operations over DFAs, the operad of modifiers (M, o). However, modifiers themselves
are not so easy to handle. Therefore, we extracted the essential information contained in
modifiers by defining a set of operations over transition configurations, denoted by <.
We used this results to compute the state complexity of 1-uniform operations. To that
aim, we defined large DFAs called monsters. Every 1-uniform operation admits a monster
as witness. Therefore, when searching for the state complexity of a 1-uniform operation,
we need only concern ourselves with giving a modifier that describes that 1-uniform
operation, and applying it to monsters.

Using this framework, we designed a method to compute the state complexities of
1-uniform operations, and showed that it works on simple examples like the Kleene star,
catenation, and boolean operations. Furthermore, we used this method to compute the
state complexity of a new operation, the Kleene star composed with symmetric difference.
Combined with previous results [16, 27], this allowed us to compute the state complexity
of every binary boolean operation. We then tried to tackle the more general problem
consisting in computing the state complexity of the star composed with any boolean
operation. We explained how our approach in the particular case of the star composed
with symmetric difference may be generalized. We firmly believe that, with some more
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work, it would be possible to devise a close link between the state complexity of the star
of boolean operations and combinatorial objects involving tableaux and cubes in higher
dimension. Counting these objects, however, is another problem entirely, that we have yet
to explore.

Finally, we studied two suboperads of (O,, o) defined with simple algebraic properties,
the operad of friendly operations, and the operad of quasi-boolean operations. We showed
that their simple definition is reflected by their clear structure. Friendly modifiers describe
exactly all compositions of boolean operations of infinite arity and roots, and product
modifiers describe a weak generalization of boolean operations. We studied in detail
the algebraic structure underlying these two operads. Using these results, we found the
maximum state complexity of k-ary friendly operations, for any positive integer k. To get
this bound, it is possible to use witnesses with only 3k letters.

Our work on friendly modifiers and product modifiers is an example of a more general
technique that could be used to study the state complexity of operations. This technique
consists in putting a particular operation into a larger family of operations, and then to
get some information about the state complexity of that particular operation by studying
the entire family. For example, we are now certain that the state complexity of any unary
friendly operation is at most n" — n + 1, however, this result would not necessarily be
obvious to prove for a particular unary friendly operation. Claim 1 is another example
of application of this technique. This claim could give non-trivial upper bounds for the
state complexity of the star of any boolean operation, without the need to invent a new
method for every single one of these operations. To summarize, we should not be afraid
to study large families of operations, as this may yield better results than studying only
some particular and isolated operations.

One of the most interesting things about friendly operations is that their algebraic
structure is simple enough that we have some hope of answering general questions on
their state complexity. For example, can their state complexity attain a growth somewhere
between exponential and linear? If so, what ranges of growth for their state complexities
can we obtain? We could also try to compute their maximal state complexity over a unary
or binary alphabet, thereby carrying on the work done in [30]. Giving witnesses for these
operations with a smaller alphabet is also another possible line of research. There are
probably some k-ary friendly operations whose witnesses always have an alphabet of size
greater than k. But do they all have a witness of size 2k, or even maybe of size k plus a
constant?

It is worth noting that the Kleene star, catenation, boolean operations, roots, and all of
their compositions are not the only well-known operations that are 1-uniform. It is also
the case, for example, of the shulffle, the cyclic shift, and powers. As a consequence, the
framework we developed could also be used to study these operations and all of their
compositions. However, several well-known operations do not fall into the scope of our
framework. This is the case, for example, of the right quotient or of the proportional
removals. Another limitation of our framework is that there is no systematic way of re-
ducing the alphabets of the witnesses we use, which are of exponential size. Even though,
for some operations like the shuffle [3], witnesses have an alphabet of at least linear size,
we do not know of any operation that would require an alphabet of exponential size. Does
there exist any? From this question arises a notion that one may call "alphabetic complex-



121

ity". The alphabetic complexity of a 1-uniform operation would be the minimal size of the
alphabets of all the witnesses of that operation. Numerous other simple questions about
alphabetic complexity are left unanswered. For example, can we characterize 1-uniform
operations that have a finitely bounded alphabetic complexity? What is the maximal al-
phabetic complexity of all 1-uniform operations? How does alphabetic complexity behave
with respect to composition?

We have sought recently to obtain some results about alphabetic complexity for some
well-defined classes of operations. This line of research could also be considered another
extension of our work on friendly and product modifiers, as its main goal is to study
other operads, similarly defined by simple algebraic properties. To be more precise, for
any modifier m = [Q, {,1, 0], the goal would be to study what some well-chosen algebraic
properties of the application d entail on the operation that m describes. When d is a
morphism for its third coordinate, we have seen that m describes a friendly operation.
But what happens when d only behaves like a morphism when its inputs satisfy some
restrictive property? This is the case for several well-known regular operations, like the
Kleene star and catenation. For example, for the Kleene star, we have

2(Q, L, F o) =0Q,iF¢)odQ,iE),

when (i) = i and ¢(Q \ F) € Q \ F. We are currently exploring whether operations
satisfying some similar properties always have witnesses with alphabets of linear size,
or even maybe of finitely bounded size, i.e., whether their alphabetic complexity is linear,
or even maybe finitely bounded. We have made some encouraging progress towards
showing that their alphabetic complexity is indeed at most linear, but we cannot state this
result with certainty yet. That result would be quite general as it would also encompass,
for example, all compositions of Kleene star, catenation, union and intersection.

Another interesting line of research would be to adapt our framework to other types of
automata, like non-deterministic finite automata, or alternating finite automata. We could
even try to extend our results to infinite automata. In fact, the main idea of the method
we developed does not seem to be specific to a certain type of automata, and it would be
interesting to have a more general theory encompassing many types of automata.

To summarize, the in-depth study of the state complexity of operations in recent years
consisted in trying to compute the state complexity of some specific regular operations,
well-known for other purposes in automata theory. However, we believe that looking at
the wider picture with an algebraic point of view would be fruitful. In other words, instead
of trying to compute the state complexity of increasingly complex particular and isolated
operations, we could try to define new classes of operations, tailor-made to comprise
operations close enough to some operations already well-known, but simple enough for
us to compute their state complexity. This would help us start a more general theory, that
may eventually lead to computing the state complexity of more complex operations. For
example, a simple question that remains to be answered is the following: can we define a
large class of operations, stable by composition, and that contains an interesting operation
that is not boolean (or quasi-boolean), so that we are able to compute the state complexity
of every one of its operations?
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List of Notations and Symbols

This is a list of the most frequently used notations and symbols.
e [n]: Theset{O,...,n—1}

o T, . Theset [ng]l"dx - x [l
. 51 The set of all ¢ € E such that g ~ ¢/, where ~ is an equivalence relation over E

e £/.: Thesetof all 5, wheng € E

e o: See Definition 6

e O/.: See Definition 11

e ~? when ¢ is a morphism of operads: See Definition 12

J ?4;: See Definition 12

e [Q,1,f,0]: See Definition 19

e Ji.: The set of all coherent modifiers (Definition 20)

e O,: The set of all 1-uniform operations

o Nif; The set of all friendly modifiers (Definition 30)

e ME: The set of all coherent friendly modifiers (Definitions 20 and 30)
o OFf: The set of all friendly operations (Definition 36)

o m*: See Definition 32

e 9i%: The set of all coherent standard friendly modifiers (Definitions 20 and 31)
e x(ty,...,t): See Definition 33

e Vi: The set of all k-tuples of sequences with values in {0, 1}

Uy The set of all (uy, ..., ux) in Vi such that every u j is eventually periodic
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e PU: The set |J 2% (Definition 39)

keN

MiP: The set of all product modifiers (Definition 39)

MP: The set of all coherent product modifiers (Definitions 20 and 39)

MP: The set of all friendly modifiers m such that there exists a coherent product
modifier m’ with msf = m’sf (Definitions 20, 39 and 32)

OP: The set of all quasi-boolean operations (Definition 40)

PCy: Theset of all E in 2% such that, if (i1, . . ., ux) isin E, then any k-tuple of sequences
(v1,...,0) € U, withvjy = u;p and v;; = vj for any j, is also in E

PC: The set | PCx

keIN

mod: See Definition 34

op: See Definition 38

desc: See Definition 21

descy: The restriction of desc to friendly modifiers (Definitions 21 and 30)

~%: The equivalence relation over friendly modifiers such that m ~* m’ if and only if
msf — m/sf

mod: The application such that, for any E € PU, we have mod(E) = ms
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